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Abstract 

A novel study on biomass-air gasification using a horizontal entrained-flow 

gasifier and catalytic processing of the product gas has been conducted. The study 

was designed to investigate the effect of catalyst loading on the product gas. The use 

of a horizontal entrained-flow gasifier reactor was used to assess the effect of the 

gasifier reactor orientation on the gasification process. Both experimental and 

computational fluid dynamics (CFD) approaches were employed. The gasification 

tests were conducted at 800 oC and equivalence ratio of 0.23 while the product gas 

was catalysed at 350-400 oC and a gas hourly space velocity (GHSV) of 8000 h-1. 

Preparation and characterisation of wood powder and catalysts were performed using 

classical methods. Moreover, the syngas and tar composition were analysed using a 

gas chromatograph (GC) and GC-mass spectrometer (GC-MS) respectively.  

The research findings showed that maximum fuel conversion and cold gas 

efficiency using a horizontal entrained-flow gasifier were 99 % and 70 % 

respectively. The gasifier length can also be reduced from the common 1000-2000 

mm to 500 mm. The catalysis study showed that pumice and kaolin have limited 

catalytic effect on the product gas. However, doping with CeO2, ZrO2, CuO and NiO 

improved the syngas heating value, coking resistance and tar conversion. A notable 

increase in syngas LHV was achieved using ceria doped pumice (8.97 MJ/Nm3) and 

copper doped pumice (8.66 MJ/Nm3) compared to 6.67 MJ/Nm3 of non-catalytic test. 

For the tested catalysts, CeO2 doped pumice exhibited highest coking resistance. 

Furthermore, catalytic tar conversion was mainly through cracking and partial 

oxidation reactions. The lowest tar yield was found to be 3.55 g/Nm3 using kaolin-

ceria-zirconia catalyst compared to 14.92 g/Nm3 of non-catalytic gasification. Tar 

reduction using untreated pumice was through adsorption and ranged 4-6 g/Nm3.   

In general, the results of this study suggest that there exist a sensitivity to the 

gasifier orientation on the overall gasification process. It has also shown that metal 

oxides have both beneficial and detrimental effects of syngas composition. Although 

syngas heating value increased with increasing catalyst loading, H2 showed a 

decreasing trend highlighting that further catalyst modification is required. 

Furthermore, pumice and kaolin can be utilised as catalyst support in the gasification 

technology. However, further experimental investigation on doping various catalytic 

metals and testing at different operating conditions are hereby proposed.  
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Biomass gasification has found many applications including internal 

combustion engines, gas turbines, boilers and cooking stoves. Syngas can also be 

used as feedstock for the production of liquid biofuels [5].  Biomass gasification 

plants can be installed in remote areas for power generation and water pumping 

systems. Feedstock from agricultural and municipal wastes can be utilised 

effectively, thus, reducing environmental pollution [6]. 

However, the presence of tar in the syngas hinders the technology 

development. In most cases, tar forming compounds condense on critical surfaces 

such as processing surfaces, potentially causing blockages as revealed in Figure 1.1. 

Various techniques have been applied to reduce tar in the syngas stream to meet 

recommended concentration limits. Tar removal from syngas has been achieved 

through filtration using water scrubbers and porous materials [7].  These approaches 

result in the loss of output energy in the tar. Other tar treatment methods are thermal 

cracking and the use of catalysts. While the former require intensive heating (>1200 
oC), the latter, can be achieved at lower temperatures (approx. 350 oC) [8, 9].  

 

 

(a) Tar from biomass gasification (b) Blocked heat exchanger 

Figure 1.1 A typical effect of tar on processing surfaces 

 

Catalysts have been successfully used in biomass gasification plants for tar 

conversion into useful gases such as H2, CO and CH4. Tar conversion is possible 

through cracking, reforming or reduction and oxidation reactions (redox). These 

methods use catalysts composed of metal oxides such as those of copper, nickel, 

cerium or zirconium. In many cases, supported catalysts (heterogeneous) are used as 

they can resist higher temperatures more than liquid (homogeneous) ones [10, 11].  

Catalyst supports such as monolith, activated alumina, activated carbon, kaolin and 
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pumice have been employed in catalytic processing of gasification product gas. 

Despite the low cost of pumice and kaolin compared to others, their application in 

biomass gasification is limited. A typical pumice and kaolin are shown in Figure 1.2. 

 

 

 
(a) Pumice sample 

 
(b) Raw kaolin sample 

Figure 1.2 Pumice and kaolin samples 

 

Since the Tanzania government was the main sponsor of this research, the 

research focuses on improving biomass gasification technology utilising natural 

resources such as pumice and kaolin which are readily available in Tanzania. This 

research provides a contribution to the energy supply, specifically, to the remote 

areas in Tanzania. 

 

1.2 Energy Situation in Tanzania  

Electricity generation in Tanzania is mainly from hydropower sources which 

has not been reliable nowadays due to hydrological uncertainties. According to 

Tanzania national policy [12], electricity generation is 863 MW of which 559 MW is 

from hydro-based and the balance is from thermal sources. This power supplies only 

10 % of the population (34.6 millions) in Tanzania. A number of strategies to 

increase power generation to meet a target of 6546 MW by 2033 have been initiated 

by the country. These include effective exploitation of natural resources such as 

natural gas, coal and biomass derivatives. Moreover, availability of uranium deposits 

has shown a possibility of developing nuclear power generation, however the 

programme is still at the consideration stage [13]. Therefore, the goal is to build 

capacity of energy production in Tanzania to support the national energy strategies. 
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1.3 Biomass as Energy Resource 

While the use of fossil fuels is debatable, the biomass shares about 10-15 % 

(45x1018 J) of total annual fuel use in the world [14]. According to World Energy 

Report [15], the global wood biomass was estimated to be 1.665x 1021 J (390 Gtoe) 

which will deplete in 75 years (assuming zero growth rate). However, to avoid 

deforestation, the total sustainable worldwide biomass energy potential is estimated 

at 100x1018 J/a (2.38 Gtoe) with a woody biomass share of 40% [16].  

In Tanzania, the scenario for energy share is that about 90 % of total primary 

energy (19.616x106 toe) supply is from biomass resources and the balance is oil, 

natural gas, hydro and coal as shown in Figure 1.3 [17].  In most cases, biomass in 

the form of wood or charcoal is used domestically for heating and food processing. 

Biomass resources are estimated to be 4.39 billion m3 (31.4x1018 J) as a growing 

stock with a mean annual increment of 140 million m3 (1.0x1018 J) [15]. However, 

the consumption is approximately 24% of annual increment thus contributing to 

deforestation at an estimated rate of 91,276 ha/yr. The major cause of high 

consumption is due to the inefficient (typically 11-25%) biomass conversion 

methods such as simple pryrolysis for charcoal production [18, 19]. Another cause is 

due to the ineffective use of biomass waste such as sawdust and agricultural residues.  

It has been reported that 6920 tonnes/year of sawdust (dry basis)  are produced as 

waste at Sao Hill Mill company [20]. Furthermore, agricultural residues generated 

from coffee, sisal, sugar, and cereal are estimeted to be 468,100 tonnes/year [21]. 

Therefore, utilising such bio-wastes using gasification can reduce deforestration and  

sustain biomass and other energy resources such as natural gas and coal. 

 

 
 

Figure 1.3 Share of total primary energy supply in Tanzania [17]. 
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1.4 Aims of the Research 

This study has two primary aims:  The first aim was to investigate the effect 

of catalyst loading on the biomass gasification product gas. Both syngas and tar 

composition were measured for each catalyst loading test. The overall goal was to 

improve the heating value of the product gas. 

The second aim was to assess the performance of a lab-scale entrained-flow 

gasifier. The study focused on the effect of gasifier reactor orientation and 

geometrical sizing. The gasifier was configured horizontally to increase the particles 

residence time as opposed to a vertical entrained-flow system, where gravity forces 

results in lower residence time. Additionally, the enhanced particle to metal surface 

contact promotes heat transfer to the particle, thus increasing fuel conversion. As the 

design requires high flow rates to cause efficient premixing of the fuel and the 

oxidizing agent, particle separation can be achieved using a common cyclone 

separator (not considered in this study).  

A 3 kW (based on fuel mass flow rate) biomass gasifier reactor was used for 

the experimental study. In addition, computational fluid dynamics (CFD) employing 

FLUENT 12.1 software was used to study the non-isothermal characteristics relative 

to the gasifier reactor geometry. Moreover, a 200 ml catalytic reactor was employed 

for catalysis study of the gasification product gas. Furthermore, comparison between 

the experimental and modeling data was also carried out.  

 

1.5 Research Hypothesis 

The uncertainty of energy security and the increasing risks from global 

climate change highlight the need to develop efficient energy conversion systems.  

Although a number of researches have been conducted on biomass gasification, 

syngas quality in terms of tar content and heating value still need further 

improvement. This study aimed to address the following research hypotheses:  

 

(i) Whether the horizontal configuration of the entrained flow gasifier has 

significant effect on the gasifier reactor performance. This configuration 

could result in different product gas yield compared to the well known 

vertical designs. 

(ii) Whether catalyst loading has a significant effect on the syngas and tar 

composition. Tar cracking is possible through further oxidation in an 
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enhanced environment. This approach can be achieved using catalysts 

with redox properties which could have additional impact on tar 

cracking, carbon conversion and product gas composition. 

(iii) Whether pumice has a chemical effect on the biomass gasification 

product gas and is a potential catalyst support. 

(iv) Whether catalytic activity of pumice and kaolin can be improved by 

doping metal oxides. 

 

1.6 Thesis Structure  

Chapter 1 highlights the general overview on the energy conservation and 

climate change. Energy resources are discussed and alternative approaches to 

reducing sources contributing to the climate change are presented. The aims of the 

current research and hypotheses are also described. 

 Chapter 2 provides overview on the biomass gasification and catalytic 

processing of the product gas. Factors affecting gasification process and syngas 

quality are discussed in detail. The development of the entrained-flow gasifier 

reactor from coal feedstock to biomass is highlighted. The use of catalysts for 

processing the syngas is also discussed. 

Chapter 3 describes the materials and methods of characterisation that were 

performed on the wood powder and catalysts used in this study. Experimental 

procedures are described in detail for reproducibility of the research. In addition, 

equipments and reagents used in this study are also presented.  

 Chapter 4 details the experimental layout and describes procedures that were 

used during the gasification and catalysis studies of this work. Study parameters of 

interest and operating conditions for all experimental tests are explained in detail.  

 Chapter 5 describes the theory and modeling procedures used in predicting 

gasifier performance as well as the effect of catalysts loading on the product gas. 

Partially Premixed Combustion and Species Transport models were chosen and their 

background theory is highlighted.  

 Chapter 6 presents and discusses experimental results obtained from this 

study. Product gas and tar composition under different experimental tests are 

discussed. Moreover, the effect of catalysts loading on the product gas is also 

discussed. Furthermore, catalyst screening is presented to compare the performance 

of the catalysts employed.  
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Chapter 7 presents and discuses the CFD modeling results for both non-

catalytic and catalytic studies. The comparison between the horizontal and vertical 

design is provided to study the effect of gasifier orientation on the overall 

gasification process. Results for catalytic processing of product gas are also 

presented. 

Chapter 8 compares the model results with those measured experimentally. 

The general interaction between the gasification product gas and the catalysts is also 

highlighted.  

Chapter 9 concludes the findings from experimental and numerical modeling 

undertaken in this study. The recommendations for future work in the field of 

gasification to improve syngas heating value are highlighted. Further improvement 

on the catalytic activity of pumice and kaolin is also proposed.  
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2 LITERATURE REVIEW 

2.1 Biomass Gasification 

2.1.1 Gasification Process 

The gasification process involves thermal conversion of carbonaceous fuel to 

gaseous products in a controlled environment. The feedstock undergoes drying where 

moisture content is driven off before being pyrolysed to evolve volatiles to produce 

char. Both char and volatiles are then partially oxidised with oxygen, air and/or 

steam to produce mainly carbon monoxide (CO), hydrogen (H2) and carbon dioxide 

(CO2). The latter reduces to CO when it comes in contact with hot carbon. Feedstock 

in the form of solid, liquid or gases such as coal, biomass, residue oils, natural gas 

and municipal waste can be employed within the gasification process.  

With regard to environmental pollution from energy conversion systems, 

gasification has been proven to be a green technology for synthetic gas production. 

However, the lower limit of low heating value (LHV) for the feedstock material is 

suggested to be 7-8 MJ/kg [4]. This limitation dictates pretreatment of feedstock such 

as drying, pelleting and briquetting to qualify for use in the gasification process.  

There are various thermal processes taking place during gasification 

including pyrolysis, combustion, cracking and reforming as illustrated in Figure 2.1. 

The quality of the product gas depends on the rate of pyrolysis and partial 

combustion processes in the reactor. Pyrolysis releases volatiles (>350 oC) which are 

mainly heavy hydrocarbons (tar), while partial combustion produces combustible 

gases and also generate heat to sustain the overall process. In order to attain clean 

product gas, these major conversion processes need to occur simultaneously. This 

can be achieved by increasing the rate of heating the fuel particles. Higher heating 

rates can be achieved by particle size reduction and minimisation of temperature 

gradient within the gasifier reactor.   

During the gasification process various chemical reactions occur which are 

mainly dependent on operating conditions. These reactions take place in the reactor 

and some may occur in the gas downstream depending on the level of activation 

energy. Typical reactions for coal or biomass gasification are presented in Table 2.1. 
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Table 2.2 Tar classification adapted from Li and Suzuki [3] 

Class Class name Property  Representative compound 

1 GC-undetectable Very heavy tars that can not be 

detected by GC 

Determined by removing the 

GC-detectable tar 

fraction from the total 

gravimetric tar 

2 Heterocyclic 

aromatics 

Tars containing hetero atoms; 

highly water soluble compounds 

Pyridine, phenol, cresols, 

quinoline, isoquinoline, 

dibenzophenol 

3 Light aromatic 

(one ring) 

Single ring compounds: No 

problem regarding condensability 

and solubility 

Toluene, ethylbenzene, 

xylenes, styrene 

4 Light PAH 

compounds 

2 and 3 rings compounds: 

Condenses at low temperature 

even at very low concentration 

Indene, naphthalene, 

methylnaphthalene, 

biphenyl, 

acenaphthalene, fluorene, 

phenanthrene, anthracene 

5 Heavy PAH 

compounds 

Larger than 3-ring: Condenses at 

high-temperatures at low 

concentrations 

Fluoranthene, pyrene, 

chrysene, perylene, 

coronene 

 

Moreover, tar represented as CnHx decomposes to light hydrocarbons (CmHy) 

through thermal cracking, as well as steam reforming, and dry reforming yielding 

CO and H2 as illustrated in Table 2.3. Tar reduction through thermal cracking require 

temperatures above 1100 oC [8]. These temperatures can be attained at the expense 

of preheating the gasifying agent [22] or burning part of the product gas.  

Plasma gasification has been reported to generate gasification temperatures as 

high as 9,927 oC. Heat is generated between electrodes where high voltage is 

supplied. With this technology, tar in syngas was reported to be less than 4 % by 

volume, whilst gas yield is about 25 % more than conversional pyrolysis.  However, 

the overall efficiency of the plasma gasification is as low as 6 % as a result of 

thermal and circuit losses amounting to about 30 % each [23]. 

Han and Kim [24] reviewed the development of gasification technologies for 

tar control and reduction. The review showed that tar can be extracted from the 

product gas by different combination methods of water scrubbing, cyclone, 

electrostatic precipitation (ESP) and rotational particle separator. However, the 
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        (a)      (b) 

Figure 2.2 Schematic diagrams of (a) Downdraft gasification, and (b) Updraft 
gasification [26] 

 

 
Figure 2.3 Moving bed gasifier reactor (Lurgi) [4] 

 

The fluid-bed gasifiers suspend the materials providing good mixing with the 

gasifying agent as illustrated in Figure 2.4. It employs feed particles at a maximum 

size of 25 - 50 mm for biomass application with temperatures limited to 950-1100 oC 

for coal and 800-950 oC for biomass. At the low temperatures high tar content in the 

syngas is produced. This problem has been reduced by employing high slip velocity 

(5-8 m/s) to ensure good mixing of gas and feedstock hence promoting excellent heat 
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Figure 2.5 The schematic diagram of cyclone air gasification [28] 

 
 

 
Figure 2.6 The schematic diagram of the innovated cyclone gasifier [27]. 
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Gasification process can also be achieved using entrained flow gasifiers. 

These reactors have been shown to be more efficient, producing less tar in the gas 

stream with ash being trapped as inert slag. However, this performance depends on 

the working temperatures employed. As this reactor is of interest in this study, more 

details are provided in Section 2.1.3. 

 

2.1.2.2 Feedstock  

The chemical properties of biomass as a feedstock are important in 

establishing gasification operating conditions. This characterisation involves 

proximate analysis where moisture content, ash, volatiles and fixed carbon as well as 

heating value are determined. Further analysis takes account of inherent elements 

such as C, H, O, S, N and other trace elements. A typical analysis of biomass is 

provided in Table 2.4. It can be concluded that biomass is composed of 

heterogeneous constituents. Moreover agricultural biomass contains more trace 

elements than forestry biomass. However, in the comparison made, a significant 

difference in element contents was observed which imply that biomass composition 

could be different from one site to another.  

 

Table 2.4 Typical analysis of biomass composition [6, 29-31]  

Proximate Analysis  Trace Elements (ppm) 
Moisture content (wt %) 6-10  As  0-5 Ti  10-214 
Ash (wt % db) 1-15  Ba  0-125 V  0-9 
Volatile matter (wt %) 61-76  Cd  0-1 Zn  11-162 
Fixed carbon (wt %) 13-21  Co  0-9 Al  19-5001 
Calorific value (MJ/kg) 16-20  Cr  2-23 Si  1-46000 
 
Ultimate Analysis (wt %) 

 Cu  1-128 Ca  650-23301 
 Mn  17-1052 Mg  160-7613 

C 38-58  Mo  0-7 Fe  26-4867 
H 5-8  Ni  0-60 K  400-25000 
O 32-47  Pb  1-86   
S <0.4  P  75-2900   
N 0-2  Na 24-3497   
 

Furthermore, the presence of chlorine in feedstock results in the consumption 

of H2 generated as it reacts to form HCl. High nitrogen content leads to the formation 

of ammonium chloride which causes corrosion to plant equipments. Additionally, 

chlorine can foul the heat exchanger within gasification temperature range [32, 33]. 
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Many researchers have studied the influence of the feedstock particle size on 

the gasification process. Marsh et al, [6] conducted an experimental study on 

compressive strength of wood, paper and refuse derived fuels (RDF) pellets 50 mm 

diameter. The pellets were exposed to a temperature of 800 oC and different 

residence time prior to cooling. The results showed that the compression strength of 

the pellets decreased significantly as a result of devolatization, thus disqualifying the 

size for gasification process.  

Another study by Tinaut et al, [34] revealed that particle diameter decrease 

by approximately 30 % during oxidation and diminishes more slowly during 

gasification of char. Further observation deduced that the particle size was inversely 

proportional to the rate of gasification and had no influence on the maximum 

temperature. However, this study was limited to biomass feedstock with a diameter 

of 4 mm, 9 mm and 15 mm. Moreover, the advantages gained over the smaller 

particle size are high gas quality, yield as well as gasification efficiency [35, 36]. 

This finding was based on biomass particle sizes ranging between 0.10 mm and 1.20 

mm.  

 

2.1.2.3 Gasifying agent 

A gasifying agent is the fluid used to oxidise the biomass during the 

gasification process. These oxidants include pure oxygen, air and steam which can be 

employed individually or in a combination. While the oxygen or air oxidants offers 

more CO, steam reforming favours H2 production during gasification process. In 

pneumatic fuel feed system, higher flow rates are required to enhance particle 

transport.  These operating conditions can be achieved easily with air compared to 

pure oxygen due to high mass per mole.   

 

2.1.2.4 Equivalence ratio  

Equivalence ratio (ER) is a dimensionless parameter describing the 

proportion of the actual air-fuel ratio to the stoichiometric condition and gives an 

indication of the type of thermal conversion taking place.  Depending on the 

combustion environment, the products are highly influenced by equivalence ratio. 

Findings from the previous researches show that an optimal ER range between 0.2 

and 0.25 for biomass gasification [37-39].   
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2.1.2.5 Temperature 

Many researchers have investigated the effect of temperature on gasification 

product gas. Zang et al [8] conducted an experimental study on tar destruction and 

coke formation during rapid pyrolysis and gasification of biomass in a drop tube 

furnace in the temperature range of 600 to 1400 oC. The results showed that tar 

concentration decreased with increasing temperature from 900 to 1200 oC. However, 

benzene and toluene derivatives were detected in significant amounts. A similar 

finding was reported by Phuphuakrat et al [40] in the gasification of dried sewage 

sludge. Another study by Gang et al [22] revealed that increasing gasification 

temperature increases the heating value of syngas as a result of increasing H2 and 

CO. This correlation was a maximum at the temperature range of 1200 to 1300 oC.  

Although higher temperatures improves gasification product gas, achieving 

these temperatures require additional heat through either preheating the gasifying 

agent or increasing the equivalence ratio. While the latter results in the consumption 

of combustible gases, the former requires additional component for preheating. 

Another possible approach to improving syngas quality is through catalytic 

processing. With catalysts, tar conversion to useful gases such as CO, H2 and CH4 

can be achieved at temperatures as low as 350 oC [41, 42]. 

 

2.1.2.6 Pressure 

A central problem in operating at higher pressure during gasification is the 

energy required to reach the required value. On one hand, Higman and Burgt [4] 

reported that increasing pressure to 100 bar in the gasifier increases energy content of 

the syngas as a result of CH4 increase. On the other hand, CO and H2 decrease as a 

result of increase in oxygen which oxidises H2 and CO to form H2O and CO2 

respectively, thus causing low gas yield. While at pressures above 30 bar carbonyl is 

formed, CO reacts with water to form formic acid hence increasing cost of gas 

cleaning up. Moreover, higher operating pressures require complex equipments such 

as valves, fluidising systems and compression of fluidising gases. Furthermore, as 

the resulting product gas is toxic, it makes such system difficult to commercialise in 

especially rural areas where safety awareness issues are limited. 
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(a) Down-flow EFG [4] 

 
(b) Up-flow EFG [4] 

 

 
Gasifier (mm)  Burner (mm) 

I.D Length   D1 D2 D3 D4 

200 1000  60 13.28 12 3 

 

(c) Typical geometrical parameters of EFG [51] 

Figure 2.7 Schematic diagrams for typical entrained flow gasifiers 
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2.2 Catalytic Processing of Gasification Product Gas 

2.2.1 Catalysis overview 

Catalysis is the study of catalytic reactions. These reactions occur in cyclic 

processes where the reactants are bound to one form of the catalyst and the products 

are released from another after the reaction. Most industrial catalysts are either liquid 

(homogeneous) or solid (heterogeneous).  Catalytic reactions are widely employed in 

industrial processes such as purification of crude oil, production of chemicals, 

emissions control and of particular interest, biomass gasification. 

In gasification processes, heterogeneous catalysts are widely employed due to 

their ability to resist higher operating temperatures. The use of catalysts is aimed at 

enhancing syngas quality in terms of heating value and to reduce impurities. The 

major impurities in this perspective are heavy hydrocarbons (tar), unwanted side 

products and trace elements. The former is more critical in biomass gasification 

compared to the others. Cracking of hydrocarbons depend on several factors which 

can be explained from the individual steps of catalytic reactions [52]. Various 

catalysts have been tested in gasification processes as reviewed in Section 2.2.4.  

 
2.2.2 Steps in heterogeneous catalytic reactions 

Catalytic reactions in heterogeneous catalysts involve individual steps which 

are purely physical and chemical. The chemical reactions take place when the 

reactants are in contact with the active sites. The transport of reactants to the active 

sites is promoted by physical processes namely: diffusion, adsorption and desorption. 

Typical steps for heterogeneous catalysts are [53]: 

(i) Diffusion of the feed materials to the surface of the catalyst. 

(ii) Diffusion of the feed materials into the support pores. 

(iii) Adsorption of the reactants on the inner surface of the pores. 

(iv) Chemical reaction on the catalyst surface. 

(v) Desorption of the products from the catalyst surface. 

(vi) Diffusion of the products out of the pores. 

(vii) Diffusion of the products from the catalyst surface. 

 

Of particular importance, is the enhancement of the chemical reactions 

occurring on the catalyst surface. This process depends on the adsorption of the 

reactants and desorption of the products. The rate of adsorption increases with 
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temperatures, but, lower temperatures can lead to formation of toxic compounds. For 

instance, at temperatures below 150 oC, nickel catalysts deactivates by forming a 

highly toxic nickel tetracarbonyl in the methanation of synthesis gas [53]. This 

implies that, apart from losing the required chemical reaction, poor control of the 

process temperature may yield unwanted products. 

 

2.2.4 Catalytic oxidation of hydrocarbon compounds 

Catalytic oxidation of hydrocarbons involves addition of an oxygen atom to 

cause selective oxidation or complete combustion. While the complete combustion 

results in water and carbon dioxide, selective oxidation produce several by-products 

such as syngas, alcohols, aldehydes and ketones [57, 58]. Further oxidation of 

alcohols can lead to formation of carbonyl compounds while aldehydes and ketones 

form acids. These reactions are mainly controlled by free-radical co-oxidation [59].  

On the other hand, major aromatic compounds such as benzene, toluene and 

naphthalene found in biomass gasification tar can be oxidised at lower temperatures 

using catalysts with reduction oxidation (redox) characteristics. For instance, 

benzene-air and toluene-air mixtures can be oxidised to CO2 and H2O over redox 

catalyst (Ce0.5Zr0.5O2/Al2O3, CeO2/Al2O3) at 350 oC and gas hourly space velocity 

(GHSV) of 40,000 h-1 [9, 60].  Another study on naphthalene oxidation over ceria at 

temperatures ranging 100 to 350 oC revealed that naphthalene was completely 

oxidised to CO2 at 350 oC [61]. In this study, the feedstock was composed of 

naphthalene at 450 vppm, 20 % O2 and 80 % Helium by volume, while the GHSV 

was ranged from 20,000 to 75,000 h-1. Similar findings have been reported when air 

was employed as the carrier gas for naphthalene oxidation over ceria catalysts [41, 

42]. On the other hand, oxygenated compounds such as phenols are easily oxidised at 

lower temperatures compared to aromatic compounds. Phenol oxidises readily over 

CeO2/Al2O3 catalyst at temperature around 180 oC [62]. 

Copper (II) oxide (CuO) is another catalyst used for oxidation of 

hydrocarbons. CuO oxidises benzene, toluene and naphthalene with air as the carrier 

gas at temperatures around 350 oC and GHSV between 20,000 and 60,000 h-1 [63-

65]. The use of CuO for CO and H2 oxidation has been reported elsewhere [66]. The 

temperatures required for these reactions are similar to those of hydrocarbons. 

Therefore, the overall reaction depends on the adsorption capacity of the reactants on 

the catalyst surface. 
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Catalysts such as CeO2, CuO and NiO catalyst have found great applications 

in catalytic converters owing to the high capability in promoting redox reactions [67, 

68]. Additionally, the oxides promote not only the water-gas shift reaction and steam 

reforming, but also control the oxygen levels in the gas stream as they can switch 

between different oxidation states. For instance the oxidation states of cerium are 

Ce4+ and Ce3+ [69]. Similarly, copper exists as Cu0, Cu+ or Cu2+ while nickel is Ni2+, 

Ni3+ and Ni4+ [70-72]. These features suggest that redox catalysts can be employed 

for partial oxidation of hydrocarbons present in the syngas. However, the presence of 

other gas species such as H2, CO and CO2 and other complex hydrocarbons from a 

real gasification process can affect the catalyst selectivity, therefore, an investigation 

of their effect is important. 

 

2.2.5 Catalyst supports 

Catalyst supports are usually employed to enable the formation of catalyst 

particles that are held relatively immobile and thus cannot coalescence. There are 

important criteria for selecting a catalyst support. The desirable features include: 

inertness, resistance to attrition, high surface area, porosity and low cost. Based on 

these criteria, only alumina, silica and activated carbon can be used as catalyst 

support. However, their cost is relatively high compared to natural occurring pumice. 

Another catalyst support material is kaolin. Kaolin is a clay mineral composed of 

mainly silica and alumina. Although these materials suffer attrition, its high alumina 

content suggests possession of thermal stability and can be utilised in gasification 

process. Other researchers have used kaolin in fluidised bed gasification to reduce 

alkali metals in the syngas as it can react to form alkali-silicate. The resulted silicate 

has higher melting point, thus ensuring stable operations [73]. 

Previous studies have proved the viability of doping pumice with transition 

metals to improve catalytic selectivity [74, 75]. The formation and characterisation of 

pumice have been reported elsewhere [76-78]. The generalisation of this overview 

has shown that pumice possesses excellent properties as a catalyst support. The 

major beneficial features of pumice include comparatively high porosity which 

ensures low pressure drop in packed bed reactors [79, 80]. It also maintains thermal 

stability to about 900 oC due to its high silica and alumina content [81]. The presence 

of alkali compounds or metal oxides on support materials can have a promoting 
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effect on syngas reactions. These oxides can be dispersed over the support surface 

using impregnation.  

In Tanzania pumice deposits are found in Langijave (Arusha), Holili 

(Kilimanjaro) and Rungwe (Mbeya) as illustrated in Figure 2.8. Pumice deposits at 

Langijave, Holili and Rungwe originates from Mount Meru, Kilimanjaro and 

Rungwe volcano respectively. Kaolin deposits are found at Pugu Hills in the Coastal 

region of Tanzania as well as in Chimala (Mbeya) and Malangali (Iringa). In most 

cases, pumice is used as aggregate for production of light weight concrete. Other 

uses of pumice include abrasive and polishing materials, filter and landscaping. 

Although pumice has shown possession of good properties as a catalyst support, 

information on its use in biomass gasification is very limited.  

 

 
 

Figure 2.8 Map of Tanzania showing locations of pumice and kaolin deposits [82] 
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2.2.6 Preparation and characterisation of supported metal catalysts 

Supported catalysts are often used in gas-phase reactions owing to high 

dispersion of active surface with high thermostability of the catalytic component.  

These catalysts are usually prepared by precipitation and impregnation methods [83].  

The precipitation involves mixing the metal salt solution with the catalyst support. 

Enough alkali solution is then added to cause precipitation and the catalyst is dried to 

remove water. Further treatments include calcination to decompose the metal salt and 

where necessary, reduction to metal is carried out.  

Catalyst preparation using impregnation method involves filling the pores of 

the support with the solution of metal salt. The support is then dried to remove 

embedded liquids followed by calcining to decompose the metal salt. The resulting 

oxide can be reduced to metal depending on the application of the catalyst. The 

concentration of the metal catalyst over the support can be increased by carrying out 

several successive impregnations. Another approach is to increase the strength of the 

impregnation solution to increase the number of pores containing crystallites [83]. 

Impregnation method is usually applied to the preformed catalyst support including 

porous materials, an example of which is pumice.   

Characterisation of supported catalysts can be achieved in different ways. 

There are three main characteristics to be determined in terms of (i) support 

properties, (ii) metal dispersion and location, and (iii) nature of active component. 

These properties can be determined using a range of methods and equipments as 

summerised in Table 2.6. Although all properties are important, the state of catalyst 

is crucial during reforming reactions. 
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2.4 Summary 

The literature review on biomass gasification and catalysis studies on syngas 

treatment has been conducted. The gasification process has been highlighted as well 

as the development of entrained-flow gasifier reactors employing biomass as a 

feedstock. Factors affecting the gasification process have been reviewed and 

measures to alleviate the shortcomings are presented. Other biomass conversion 

methods are also highlighted. 

In catalysis studies, the types of catalysts for selective oxidation of 

hydrocarbons are described. Preparation and characterisation methods are described 

for the understanding of the experimental procedures. In addition, factors affecting 

the performance of catalysts are highlighted, as well as catalyst screening criteria. 

Furthermore, Pumice as catalyst supports has been described in detail. The modeling 

of gasification and catalytic processes using CFD software has been described.  In 

both cases, appropriate models for predicting a particular process are highlighted. 

The overall review suggests that: 

(i) Biomass is an alternative fuel to fossil and can be gasified to produce 

green fuel. Effective biomass gasification process using air as gasifying 

agent can be achieved at temperatures ranging 800 oC to 900 oC. The 

corresponding equivalence ratio is between 0.20 and 0.25.  

(ii) Entrained flow gasifiers can be configured in different orientations to 

enhance fuel conversion. 

(iii) Pumice and Kaolin can be used as catalyst support. The former possess 

high surface area and the latter catalytic characteristic. Moreover, tar 

formation during gasification depends on the process temperatures. These 

compounds can be oxidised using metal oxides at temperatures as low as 

350 oC. 

(iv) CFD modeling can be used to study the effect of orientation of the 

entrained-flow gasifier reactor to the overall gasification process. 

 

The next chapter describes the materials and methods for characterisation 

studies. 
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dissolve. Another 6 ml composed of 32 % HCl and 70 % HNO3 at 1:1 volume ratio, 

was added to each sample in a Teflon vessel before transferring into the digester. The 

microwave was programmed to digest the sample by heating to 200 oC at a ramp rate 

of 15 oC/min and held for 30 min. After cooling, the HF acid in the digestate was 

neutralized by adding 12 ml of 4 % boric acid and reheated to the previous 

temperature in the microwave ramped at 5 oC/min and held for 15 min. Finally, the 

deionised water was added to the solution to make 50 ml in a plastic bottle for 

loading to the ICP-OES. The targeted elements were phosphorous, silicon, titanium, 

aluminium, iron, manganese, magnesium, calcium, sodium and potassium [107]. 

 

 
Figure 3.4 ICP-OES analyser (PerkinElmer Optima 4300 DV) 

 

The trace elements in the pumice were determined using X-ray Fluorescence 

(XRF), (InnovXsystem X-50) shown in Figure 3.5. A minimum weight of 2 g of the 

powdered pumice was spread over an ultralene film, 4 µm thick and 64 mm 

diameter. Prior to analysis, the XRF analyser was calibrated using standard 316 

specimens. A Soil 3 Beam method was employed to detect trace elements in the test 

sample. The method utilizes 3 beams with voltage levels at 50, 35 and 15 kV 

respectively. These voltages were chosen to detect the elements commonly found in 

minerals. The final results were averaged from all 3 beams and expressed in parts per 

million (ppm).  
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3.4 Preparation of Ceria (CeO2) doped pumice  

3.4.1 Experimental rig set-up 

Depositing ceria over the particle surface of pumice was carried out using an 

impregnation method. The process involved preparation of the ceria precursor 

solutions before mixing with the pumice particles. Figure 3.7 illustrates the 

experimental set-up employed during preparation of the ceria precursor solution and 

the impregnation process of the pumice samples described in Section 3.4.2. The 

solutions were prepared by mixing the reagents at required ratios in a flask and 

stirring with a magnetic bar stirrer. A metal plate was used to heat the mixture and 

the evolving gases were scrubbed in 2 dreschel bottles filled with water. A similar 

configuration was adopted while impregnating the pumice support. As the emitted 

gas products including acid vapor are harmful, the assembly was installed in the 

fume hood equipped with an extraction fan. 

 

 

 

Figure 3.7 Experimental set-up for preparation of ceria doped pumice 

 

3.4.2 Impregnation process 

Impregnating ceria (CeO2) over pumice particle surfaces involved precursor 

preparation, impregnation, drying and calcination. Three solutions were prepared at 

different mixing ratios of the reagents. In the first batch, 10 g of CeO2 weighed to the 

nearest 0.1 mg was placed in a flask. 100 ml of 70 % HNO3 was added and the 

Flask  
Dreschel 
bottles 

Heating 
plate 

Fumehood 
cover  
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mixture heated to 90 oC while stirring with a magnetic bar. After the set temperature 

was reached, 100 ml of peroxide (H2O2) was introduced dropwise until the solution 

cleared. Addition of peroxide was necessary to promote ceria reduction under acidic 

conditions [112]. Heating continued until the solution cleared. The resulting 

precursor solution was cooled and stored in a glass bottle. The mixing proportion for 

the second precursor solution was 20 g CeO2 and 90 ml 70% HNO3 and 30 % H2O2. 

While the third was 30 g CeO2 and 90 ml 70% HNO3 and 30 % H2O2. These batches 

were named as B1, B2 and B3 respectively. All reagents were sourced from Fisher 

Scientific.  

Three bulk samples of the pumice (2-4 mm) were impregnated with the 

prepared precursor solutions of ceria. The first sample was prepared by mixing 50 g 

of dried pumice with 200 ml of B1 and left for 24 hours. Following this, the treated 

pumice was filtered and dried at 120 oC for 36 hours before degassing at 550 oC for 2 

hours in the muffle furnace. After cooling to room temperature, the final catalyst was 

stored in a dark glass bottle to avoid photocatalytic activity. The same technique was 

employed for the second and third samples using solution B2 and B3 respectively.  

 

3.5 Preparation of nickel doped pumice  

Impregnating nickel over the pumice support employed nickel nitrate 

(Ni(NO3)2.6H2O) from Fisher Scientific as a nickel source. Two catalysts samples 

were prepared in a 250 ml conical flask at different nickel source concentrations. The 

first catalyst was prepared by dissolving 10 g of nitrate in a 100 ml of deionised 

water at room temperature and stirred gently with a magnetic bar for 2 hours. The 

resulting precursor solution was mixed with 40 g of pumice and left for 24 hours to 

adsorb. Following this, the treated pumice were filtered and heated at 120 oC to 

vaporise water. Once drying was completed, the treated pumice was air-calcined at 

450 oC for 4 hours to remove nitrites. After cooling to room temperature, the catalyst 

was stored in a dark glass bottles. A similar approach was employed for the second 

catalyst samples. However, the mass of nickel nitrate was 20 g.   

 

3.6 Preparation of copper doped pumice  

Copper doped pumice was prepared in a 250 ml conical flask using copper 

sulphate salt as a copper source. Three samples were prepared by varying the 

concentration of salt as shown in Table 3.1. In each sample, copper sulphate (from 
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Fisher Scientific) and deionised water were mixed and heated at 60 oC for 2 hours 

while stirring gently with a magnetic bar. The resulting precursor solution was 

cooled to room temperature and transferred to a flask containing pumice.  The 

mixture was left for 24 hours to cause adsorption of species into the support pores. 

Following this, the treated pumice was filtered and heated at 120 oC to vaporise 

water. Finally, the treated pumice was air-calcined at 900 oC for 4 hours to 

decompose sulphates. The calcined catalyst was then cooled to room temperature and 

stored in the dark glass bottles to prevent photocatalytic activity. 

 

Table 3.1 Mixing ratios for the preparation of copper doped pumice 

 

S/N 

 

Material  

Catalysts  

Sample 1 Sample 2 Sample 3 

1 Copper sulphate (g) 20 30 40 

2 Deionised water (ml) 150 150 150 

3 Pumice (g) 40 40 40 

 

3.7 Preparation of kaolin catalysts 

3.7.1 Extraction of kaolin 

Kaolin from Pugu Hills, Tanzania was extracted by dissolving raw kaolin in 

deionised water and left for 24 hours for mixture separation as shown in Figure 3.8 

(a). Due to density differences, three distinct layers were formed as seen in Figure 

3.8 (b). Starting at the bottom the layers were: sand particles, fine kaolin and clear 

water. After settling, the water and kaolin were decanted respectively in different 

flasks. The extracted kaolin was dried in an oven at 120 oC for 16 hours and then 

cooled to room temperature.   
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                   (a) Kaolin after mixing with distilled water 
 

 
  (b) Distinct layers formed after 16 hours 

Figure 3.8 Extraction of kaolin from raw sample 

 
3.7.2 Kaolin-Ceria (KL/CeO2) 

The extracted kaolin was mixed with ceria at different concentrations as 

shown in Table 3.2. It should be noted that the density of ceria is 3 times that of 

kaolin, thus, a high viscous solution was required to enhance dispersion of ceria.  For 

each catalyst set-up, the materials were mixed with 100 ml of deionised water and 

stirred for 30 minutes. Following this, the mixture was spread over flat glass dishes 

at a maximum depth of 5 mm and dried in the oven at 120 oC for 16 hours. The dried 

sample was then crushed to give 2-4 mm particles. These particles were calcined at 

800 oC for 4 hours in the muffle furnace. The calcined catalyst was then cooled to 

room temperature and stored in a dark glass bottle.  

 

Table 3.2 Mixing proportions of kaolin and ceria  

No. Mass of kaolin (g) Mass of ceria (g) Percentage  ceria 

1 90 10 10 

2 85 15 15 

3 80 20 20 

Kaolin   

Sand   

Water  
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method. Other catalysts composed of kaolin and ceria at different weight ratios were 

prepared by solid mixing in deionised water. All catalysts were calcined between 550 

and 900 oC to remove salts and other volatiles.  

The next chapter presents the test rig and detailed description of the 

experimental procedures used during gasification trials.   
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4 GASIFICATION TRIALS AND MEASUREMENTS 

4.1 Introduction 

This chapter describes detail of the experimental rig and other equipment 

used during gasification trials and data measurements. Geometrical dimensions of the 

horizontal entrained-flow gasifier are presented. Testing parameters for gasification 

and catalysis studies are also provided. The fuel feedstock and catalysts employed 

have been discussed in Chapter 3. Procedures used in determining the fuel 

conversion and cold gas efficiency for evaluating the performance of the gasifier are 

provided. Similarly, the activity, selectivity and coking resistance of catalysts are 

described in detail. Furthermore, as the gasification products are potentially 

hazardous, safety considerations are also highlighted.  

 

4.2 Testing Parameters 

4.2.1 Performance of the horizontal entrained-flow gasifier 

Prior to catalytic reforming of the gasification products, the gasifier was 

examined for smooth operation. Due to the horizontal configuration, a specific 

particle size range was necessary to optimise pneumatic fuel injection and the 

gasification process. Three different particle size ranges were used in this study as 

shown in Table 4.1. Other parameters were chosen using different methods. For 

instance, equivalence ratio was based on preliminary CFD modeling while the 

gasification temperature was chosen for optimal tar yield. Similarly, a gas hourly 

space velocity (GHSV) of 8000 h-1 and catalyst temperatures of 350 oC have been 

reported to be sufficient for hydrocarbon oxidation [9, 42, 60]. Tar sampling 

temperature and volumetric requirement of isopropanol were chosen according to a 

current existing standard proposed for tar capture in biomass gasification [114]. 

In all test phases, syngas and tar composition were measured as well as 

carbon in the residues as described in Section 4.5. Syngas composition was important 

for determining the cold gas efficiency. Both syngas and tar composition were 

required for catalyst performance comparisons. The unburnt carbon in the residues 

was analysed for determining fuel conversion. 
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premixing zone was OD 10 x 40 x 2.11 mm.  A distance of 40 mm from the gasifier 

reactor inlet to the injector nozzle was sufficient to cause mixing before entering the 

gasifier. The two parts and the second hopper were connected with a T-socket. All 

pipes and fittings were sourced from RS components. 

 

4.3.3 The furnace 

The tube furnace that was used as a source of heat during warming-up and 

thermal insulator throughout the gasification process is shown in Figure 4.3 (a). The 

furnace (TF 825) from Severn Furnaces Ltd comprised of a ceramic tube with an 

inside diameter of 40 mm and a length of 515 mm. The tube was heated by a series 

of seven heater bands which were controlled individually with PID temperature 

controllers manufactured by CAL controls. The rated power output of the furnace 

was 1.5 kW while the maximum and nominal operating temperatures were 1200 oC 

and 850 oC respectively.  
 

 

Figure 4.1 Schematic layout of the gasification trials set-up  
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the insulation box to avoid overheating that could damage the freezer and the 

surrounding tubing. This input was set at 50 oC as a safety limit.  

           

 

(a) Gasifier and feed mechanism  illustrating material flow  

 

 

(b) Geometrical parameters  

Figure 4.3 Schematic diagram for the gasifier reactor and the fuel feed mechanism  
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4.3.6 Tar sampling system 

The tar sampling system was designed according to the standard method for 

sampling and analysing tar from gasification processes [114]. The design consisted 

of four positions for fixing standard dreschel bottles MF 29/3/250 as detailed in 

Figure 4.2. The inner tubes for each bottle position were made from 316 stainless 

steel pipe Ø 6 x 145 x 1 mm. This pipe size is similar to the standard 250 ml dreschel 

bottle head. Solvent cooling was achieved using a freezer (BEKO, ZA630W) rated 

50 W and minimum temperature of -15 oC. The freezer was able to accommodate the 

impinger bottles assembly. On the top side of the freezer, 2 holes Ø 10 mm were 

drilled for connecting the inlet pipe from the reactor and the outlet to the remaining 

bottle train. Selective screening of tar compounds was performed using isopropanol 

(99.8 %) from Fisher Scientific. The use of silica gel ensured complete removal of 

water vapor in the gas stream. A schematic diagram of the tar sampling system is 

shown in Figure 4.5. 

 

 
 

 

 

 

 

 

 

 

Figure 4.5 Schematic diagram of the tar sampling system 

 

4.3.7 Vacuum pump 

A vacuum pump was necessary to provide a flow of syngas by overcoming 

the pressure drop resulting from the pipe bends and constriction, bed material and tar 

sampling solvent. The pump was sourced from Heidolph with a maximum rated 

speed of 1200 rev/min at 75 W. This pump was installed after the tar sampling unit to 

provide smooth gas flow. 

 

Tar sampling system. Impinger bottles 1-4 (each 100 ml of isopropanol) in the 
freezer at -15 oC. Bottles 5and 6 contain silica gel and kept in dry bath at 20 oC 

 

1 2 3 4 5 6 

Product gas from 
catalytic reactor 

Product gas to GC 
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4.3.8 Sundry equipment  

In setting-up the experimental rig, various accessories were used including 

pipes and fittings, tubing and rotameters. The connections between components were 

made according to the material and size. Stainless steel pipes and fittings of grade 

316 were used for connecting the gasifier to the tar sampling system through the 

catalytic reactor. These materials were selected for their ability to withstand higher 

temperatures from the syngas stream. As the syngas cools in the tar sampling unit, 

further connections to the GC and the exhaust were made of 9 mm diameter Un-

Reinforced PVC Tube.  

 

4.4 Gasification Process Procedures 

4.4.1 Gasification operating procedures 

The biomass gasification and catalytic reforming of the product gas were 

conducted according to the set-up described in Section 4.3. Prior to gasification 

trials, the gasifier was preheated to the required operating temperature. Wood powder 

from the vibrating fuel feeder was introduced under gravity and the pressurised air 

conveyed the particles to the mixing chamber where partial premixing was achieved. 

As a result of higher pressure in the mixing chamber than in the reactor, the air-fuel 

mixture was propelled into the preheated gasifier reactor. The resulting gas product 

was passed through the preheated catalytic reactor. The product gas from the reactor 

was passed through the tar sampling system. In order to provide consistent gas 

outflow, a constant outflow rate was used. This flow rate was achieved by adjusting 

the control valve located before the pump (Figure 4.1) and the rate was measured 

using a rotameter. Finally, the gas composition was analysed using a gas 

chromatograph at discrete time intervals before exhausting the gas to the extraction 

duct. 

 

4.4.2 Preparation procedures  

Prior to experimental operation, the rig was tested with regard to safety and 

consistent operation. The preparation procedures for the set-up were as follows: 

(i) To assemble the rig and ensure that all joints were securely fixed as well 

as venting the exhaust to the extraction system. 

(ii) Preconditioning the 250 ml dreschel bottles by cleaning using laboratory 

detergent and dried at 120 oC for 4 hours, to remove any contaminants. 
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(iii) When the gasifier temperature reached 200 oC, the extraction system in 

the laboratory was activated to remove any resulting combustible or toxic 

gases. 

(iv) A vibrating feeder was then calibrated gravimetrically to give 5 g/min of 

sawdust by direct weighing of the fuel for 1 minute. This procedure was 

repeated 3 times to ensure repeatability was achieved. Thereafter, about 

60 g of sawdust measured at 1 mg scale was filled in the hopper ready for 

the gasification trial. However, in the catalyst deactivation trials, 100 g of 

fuel was used. 

(v) When the temperature in the gasifier reached 750 oC and the solvent was 

below -15 oC, the outflow rotameter control needle valve was opened 

fully before activating the suction pump. This was necessary to avoid 

back pressure that could damage the meter. Once the valve was opened, 

the pump was activated. Following this, the inlet air flow rate was set at 5 

l/min to give an equivalence ratio of 0.23 (by mass) and the outflow rate 

of 15 l/min on the air rotameter. This setting was equivalent to a GHSV 

of 8000 h-1. The fuel feeder was then activated to start the gasification 

process and the temperature data logging was initiated. 

(vi) After the gasification process stabilised (about 1-2 min), the outflow 

sampling pipe was connected to the gas chromatograph to analyse the 

syngas composition. Gas measurements were repeated until the test 

sample was completely gasified. In most cases, the gasification test took 

10 minutes. 

(vii) To ensure there were no gas leaks at the end of the test, the suction pump 

was left on for further 5 minutes to remove all gases in the pipelines. 

(viii) When shutting down, the air inlet valve was closed and then the freezer, 

furnace, feeder and the heater band controller. The pump was shut down 

in accordance with step (vii). 

(ix) Finally, the content of the impinger bottles were decanted into a storage 

bottle. The impinger bottles were rinsed with isopropanol and the 

resulting solvent was combined with the actual sample. These samples 

were kept in the freezer below 5 oC for immediate analysis. Similarly, the 

spent catalysts were stored in the dark glass bottles to prevent 

photocatalytic reactions. While the tar containing samples were analysed 
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by GC-MS, the catalysts were analysed for chemical composition using a 

variety of equipments including carbon and sulphur analyser and XRD as 

described in Chapter 3, Section 3.2. 

 

4.5 Experimental Data Measurements 

4.5.1 Temperatures 

The gasification process is highly dependent on operating temperatures as 

temperature affects the product gas composition. Similarly, temperature controls the 

catalytic reaction rates of the reactants over the active sites. Furthermore, the 

isopropanol solvent solution requires low temperatures to prevent vaporisation which 

reduces the performance of the tar sampling system [114]. Measuring these 

temperatures was important in controlling the overall process.  

Throughout the experimental work, the temperatures were recorded using a 

thermometer (YCT YC-737D) data logger manufactured by TMS Europe Ltd. The 

thermometer has 3 thermocouple input channels with data logging up to 10,000 

records per channel at resolution of 0.1 oC. A range of thermocouples can be 

accepted including K-type and J-type. The accuracy of the thermometer using these 

thermocouples is ±0.1 % full scale reading + 0.7 oC at a range of 100 ~ 1300 oC. 

Prior to gasification trials, the temperature distribution along the gasifier was 

measured to ensure uniform heating and establish a reference position for the 

thermocouple. The furnace was heated to 800 oC where the temperatures were taken 

at an interval of 50 mm using a K-type thermocouple, while purging air at a flow rate 

of 5 l/min. The temperatures in the catalytic reactor and tar sampling system were 

measured using a K-type and J-type thermocouples respectively. In the latter, the 

thermocouple was attached to the fourth bottle of the sampling system. The choice of 

this location was based on the fact that, the fourth bottle experiences the lowest 

temperature compared to the others. During the gasification trials, the time interval 

for data acquisition was set at 30 seconds. 

 

4.5.2 Syngas analysis 

A variety of gas analysers are available with different detection ranges and 

types of gas components. These factors are the major criteria for selecting an 

appropriate analyser for a particular application such as gasification. A gas 

chromatograph (GC) was chosen for measuring the composition of the product gas.  
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In this study, the syngas composition was analysed using a micro gas 

chromatograph (Varian, CP-4900) shown in Figure 4.2. The GC was controlled with 

a Galaxie Workstation using software version 1.9.3.2. Gas analyses were performed 

using a programmed method where 2 chromatography channels and the sample line 

were controlled independently. For channel 1, the measured gases were H2, O2, N2, 

CO, and CH4 with argon (Ar) as a carrier gas. During analysis, the column and 

injector temperatures were kept at 70 oC while the column pressure was 150 kPa. On 

the channel 2, four gases were measured under helium (He) atmosphere. These gases 

were CO2, C2H6, C3H8 and C4H10. In this channel, the column and the injector were 

heated at 109 oC and a pressure of 75 kPa was maintained in the column. The sample 

line was kept at 70 oC. The channels and sample line conditions were design to 

minimise condensation and to ensure sample integrity.  

Prior to measurements, the GC was calibrated on air and a standard syngas 

mixture (sourced from Scientific & Technical Gases Ltd). The standard was 

composed of 15 % H2, 15 % CO, 15 % CO2, 5 % CH4, 2 % C2H6, 2 % C3H8, 1 % n-

Butane and the balance was nitrogen in volume percentage. This gas composition is 

typically found in gasification processes where air is employed as an oxidizing agent. 

Once the calibration was completed, the outflow syngas was sampled at an interval 

of 3 minutes. In order to monitor the accuracy of the experimental data, the GC was 

calibrated after every 10 readings. On average, the accuracy of the GC for the 

calibration gas was found to be ± 1 % error. 

 

4.5.3 Tar Analyses 

4.5.3.1 Reagents  

Various reagents were employed in quantifying a selection of the tar 

compounds using a gas chromatograph-mass spectrometer (GC-MS) described in 

Section 4.5.3.3. These reagents were mainly isopropanol and certified reference 

standards listed in Table 4.2. Isopropanol was used as the rinsing solvent during the 

analysis of the test samples. The reference mixes were chosen for confirming the 

presence of similar compounds in the gasification products. All standards were 

sourced from Restek Corporation (Appendix A). 
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Table 4.3 Reference standards for identifying tar compounds 

No. Standard  Compounds  
1 8040 Phenols mix #1  Phenols 
2  BTEX standard Volatile Organic Compounds (VOC) 
3 OLM 01.1 Revised SV 

MegaMix  
Semi Volatile Organic Compounds 
(SVOC) 

4 SV calibration mix #5 Polycyclic Aromatic Hydrocarbon (PAH). 
 

 

4.5.3.2 Sample preparation  

Prior to analysis, a bulk tar containing solution from gasification test was 

mixed thoroughly to ensure homogeneity. Following this, a 10 ml sub-sample of the 

solution was filtered through a 47 µm filter to remove any particles that could block 

the chromatogram column.  After filtration was complete, 2 ml of the filtrate was 

transferred to a 2 ml vial and then capped to prevent loss by evaporation. The 

concentrated standards were diluted to give calibration mixtures of 50, 100 or 200 

ppm. Another sample of blank solution of isopropanol was also prepared. The 

prepared sample was then loaded into the GC-MS against the standards and the blank 

isopropanol. Depending on the type of compounds to be determined, the analysis 

method was set according to the specifications of the respective reference standard as 

detailed in Appendix A. 

 

4.5.3.3 The Gas Chromatograph- Mass Spectrometer (GC-MS) 

The tar samples produced from the gasification trials were analysed using a 

PerkinElmer GC-MS (Clarus 500GC).  The analyser was fitted with a capillary 

column (Elite-5MS), autosampler and mass spectrometer. The column has an internal 

diameter of 0.25 mm x 30000 mm long and operated between -60 and 350 oC. The 

column separates the individual compounds as the mixture flows through. After the 

sample had been injected and separated in the column, the compounds were detected 

using a mass spectrometer (MS).  The MS was interfaced with the GC through 

TurboMass version 5.0.0 software. The software was calibrated to search specific 

components based on the actual retention time and mass spectrum. Identification of 

an individual compounds present in the test sample was performed by comparing the 

unknown peak spectrum with the respective reference standards and mass spectra 

library. Commercial standards shown in Table 4.3 were used to verify the PAH, 

phenols, volatile organic aromatics (VOA) and semi-volatiles (SV) compounds. The 
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rates ranging 3 to 24 l/min with accuracy of ± 5 % of full scale. Both air and reactor 

were kept at room temperature.  

 

 

 

      

 

 

 

  

 

Figure 4.7 Schematic layout for the pressure drop experiments 

 

 

Figure 4.8 Pumice sample for 2-4 mm size 
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4.6 Summary 

In this chapter the approaches used during gasification trials and data 

measurements are presented. The designed experimental rig set-up provides 

capability for investigating the performance of the horizontal entrained flow gasifier 

and the effect of catalysts on the gasification products. In the gasification procedure 

section, the overall process is described in detail including setting up and operating 

procedures. Similarly, all parameters necessary for the investigation are presented in 

the section of experimental data measurements. Flow parameters such as velocities 

and particle trajectories are important in evaluating the performance of the gasifier 

and the catalytic reactor. These parameters provide the visualisation of the flow field 

in which areas with detrimental recirculation zones can be identified and rectified. 

However, their experimental studies are intensive and costly. An alternative 

approach is through modeling using a CFD.  Through this tool, optimal experimental 

operating parameters such as feed rate and syngas outflow can be determined at low 

cost. The next chapter describes the modeling procedures for the gasification process 

and catalysis studies. 
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5 MODEL DEVELOPMENT 

5.1 Introduction   

This chapter presents the development models for the gasification process 

and catalytic processing of the gasification products. The gasification models were 

used to investigate the performance of an entrained flow gasifier in a horizontal 

configuration. In addition a vertical configuration is presented for comparison 

purposes. The principle operating theories of the gasification unit under 

consideration are not yet known in terms aerodynamics and gasification 

characteristics. Since the experimental study of the former requires intensive velocity 

measurements, computational fluid dynamics (CFD) adopting FLUENT 12.1 

software models were employed as an alternative tool. Non-isothermal flow field 

prediction was important as it helps to establish appropriate experimental operating 

parameters such as air-fuel flow rates and temperatures. The gasification process can 

be modeled using a partially premixed model and compared to the experimental data 

[116]. Furthermore, wood particle combustion and particle trajectories are predicted 

using a discrete phase model. Particle combustion along the gasifier provide clear 

evidence on the effect of configuration on the gasifier performance. 

Modeling the catalytic processes was intended to investigate selective 

oxidation of gasification products using catalysts with reduction oxidation (redox) 

characteristics. The catalysed gas-solid modeling was performed using a species 

model available in the FLUENT software. The species model consisted of chemical 

kinetic laws which allow the determination of reaction rates and catalytic parameters 

for the specified reactions. The gas species input to this model are derived from the 

gasification model described earlier and the numerical results can be compared with 

the experimental data. This research covered only modeling of the gasification 

process using the entrained-flow gasifier reactor and catalytic processing of the 

product gas. Both horizontal and vertical configurations were simulated to compare 

their performances. The effect of catalyst loading on the product gas was studied 

using ceria doped pumice. 
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5.2 Gasification Predictions 

5.2.1 The model geometry 

The configuration of the experimental set-up used in this study is shown in 

Section 4.3.1 was adapted in developing the model for gasification predictions. Since 

the gasification processes were carried out in the gasifier and the products were 

processed in the reactor, only these two parts were considered for simulations. Figure 

5.1 shows the model geometry comprised of a gasifier and a catalytic reactor. The 

two parts were connected with a pipe, 10 mm diameter of the same material. It 

should be noted that the air-fuel mixture requires partial premixing before injection 

into the gasifier. This process was achieved in a pipe (Ø10 x 40 mm) connected at 

the inlet of the gasifier.  Coupling the gasifier and the catalytic reactor provided 

accurate predictions by accounting the effect of porosity in the catalytic bed 

materials. Similar components were generated for predicting the performance of the 

entrained flow gasifier in a vertical configuration.  

 

 

 

 

 

 

 

Figure 5.1 The Model geometry representing the experimental rig 

 

5.2.2 The computational domain and grid quality 

The computational domain represents the area in which the gasification 

process and the resulting products were predicted. This region includes the swept 

volumes of the gasifier, reactor and the connecting pipes as described in the model 

geometry in Section 5.2.1. Since the geometry was symmetrical, the computational 

domain could be treated as 2D or 3D. Although the former simplifies the 

computation, treating it in 3D was necessary to capture the particle trajectories [95]. 
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Figure 5.2 Types of 3D mesh cells 

 

Figure 5.3 shows the mesh grids on the computational domain. The gasifier 

and reactor were modeled using hexahedral cells. Although tetrahedral meshes were 

generated on the connecting pipe between the gasifier and reactor, its consequence 

on computation cost was negligible. The maximum skewness achieved was 0.78 and 

average of 0.22 which were in good agreement with the recommended value of less 

than 0.95 and 0.33 respectively [95]. 
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5.2.3 Gasification models 

The gasification process was predicted using partially premixed combustion 

and discrete phase models. The partially premixed combustion model discussed in 

Section 2.3.2 was selected based on the experimental procedures employed during 

the study. The model solves the transport equations for the species fractions and 

temperature. It employs the beta Probability Density Function in computing the 

chemistry interaction of the reactants. As the sawdust contains volatile matter, the 

secondary stream was enabled to treat separately the volatile matter and char. The 

gasification process yields many species and varies with operating conditions. 

Sixteen species were chosen based on the experimental results of this study. These 

components include: C, H, O, N, S, CH4, H2, N2, O2, C(s), CO, CO2, H2O, OH, C2H6 

and C3H8. Although OH and H2O were not measured in this study, these species are 

typically found in biomass gasification process [116]. While the concentration of the 

product species is dependent on the overall gasification process, the profile along the 

gasifier explains the effect of configuration. 

The discrete phase model was employed to study the characteristics of wood 

particles under gasification conditions.  The model predicts the trajectory of a 

discrete phase particle by integrating the force balance on the particle including the 

effect of heat, momentum and mass transfer. Fuel injection into the gasifier was 

defined by an inlet face with three tries to capture possible particle trajectories. As 

wood particles were non-spherical (Figure 6.3), a shape factor of 0.7 was chosen to 

affect the drag force in order to improve the prediction of particle velocity [116]. 

Based on the sawdust characterisation results, the maximum particle size was set at 

500 µm while the minimum size was assumed to be 1 µm. The size distribution of 

wood particles was modeled to match the Rossim-Rammler equation with mean 

diameter of 388 µm. The dispersion of particles due to turbulence in the gas stream 

was predicted using a stochastic tracking model (random walk). This model takes 

into account the effect of instantaneous turbulent fluctuation of velocity on the 

particle trajectories, which improves the accuracy of the simulation. Particle 

properties were set as shown in Table 5.1. 
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Furthermore, in enhancing smooth flow, a pressure of -50 Pa absolute was set at the 

outlet face to overcome the pressure drop in the bed material. This value chosen 

based on the experimental measurement at air low rate of 5 l/min as will be discussed 

in Section 6.4. Temperatures at the inlet and outlet were set to 300 K to represent 

ambient conditions. 

 

Table 5.2 Parameters setting for boundary conditions 

Parameter  Unit  Inlet Outlet 

Mass flow rate kg/s 0.0003  

Temperature  K 300 300 

Mean mixture fraction  0.21  

Pressure outlet Pa  -50 

Mean particle diameter mm 0.388  

 

 

 

Figure 5.4 PDF curve for biomass combustion 
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5.3 Modeling of the Catalytic Processing of Gasification Products 

5.3.1 The model geometry 

Figure 5.5 shows the model geometry used for catalytic processing of the 

gasification products. The geometry represents the setup employed for the 

experimental study. The system comprised of a reactor with inlet and outlet ports just 

as the configuration of the rig in the Chapter 4. The inlet ports represented the pipe 

connecting the gasifier and the reactor while the outlet port represented the reactor to 

the tar sampling system. All parts were made from a 316 stainless steel. Bed 

materials represented the catalysts used for selective oxidation of the gasification 

products. The reactor was kept vertical and the gas flow direction was top to bottom. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.5 Model geometry of the catalytic reactor 

 
 
5.3.2 The computational domain 

Figure 5.6 shows the computational domain for the catalytic reactor used in 

selective oxidation of the gasification products. The reactor was divided into fluid 

and porous zones. The fluid part comprised of the top section of the reactor and the 

connecting pipes at the inlet and outlet port. This region represents the syngas 

species transport and no chemical reactions take place. On the other hand, the porous 

zone represents the catalyst bed materials where the catalytic reactions occur. It 

should be noted that the empty space in the top portion of the reactor was intended to 
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Flow   
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enhance uniform diffusion of the reactants across the substrate through flow 

expansion.  

 

 

 

 
 

Figure 5.6 Computational domain of the catalytic reactor 

 

 

5.3.3 Modeling approach 

Catalyst bed and packing simulation involves modeling through porous 

media. The nature of the gas flow influences the performance of the catalytic reactor. 

The pressure gradient and velocity distribution through the substrate are of particular 

importance. These parameters are used to explain how the catalyst materials are 

loaded during the process and they can be investigated using a Species Transport 
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Table 5.3 Boundary conditions for catalysis trials as measured experimentally 

Parameter  Inlet Outlet 

Mass flow rate (kg/s) 0.00021  

Temperature (K) 623 623 

Pressure outlet (Pa)  -50 

   

Syngas composition (mole fraction)   
H2 0.1410  
CO 0.2175  

CO2 0.1374  

CH4 0.0356  

C2H6 0.0163  

C3H8 0.0037  

N2 (by difference) 0.4321  

   

Tar (mole fraction)   

Phenol 0.0015  

Cresol isomers 0.0006  

Benzene 0.0085  

Toluene 0.0028  

Ethylbenzene 0.0004  

Xylene isomers 0.0015  

Naphthalene 0.0007  

Acenaphthylene 0.0002  

 

 

5.4 Solution Algorithms and Accuracy 

The computations of process parameters for predictions of gasification and 

catalytic processing of the product gas were performed adopting the Pressure-Based 

Segregated Algorithm. This algorithm was chosen due to memory-efficient 

compared to the Pressure-Based Coupled Algorithm [95]. In the segregated 

algorithm, the governing equations are solved sequentially and the solution loop is 
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carried out iteratively to obtain converged numerical solution. The solution steps for 

the segregated algorithm are illustrated in Figure 5.7. 

 

 

Figure 5.7 Pressure-Based Segregated Algorithm 

 

As illustrated in Figure 5.7, steps in each iteration involve updating fluid 

properties such viscosity, density, specific heat and others based on the current 

solution. Momentum equations are then solved using recent updated values of 

pressure and face mass fluxes to obtain new values of velocity field and mass-flux. 

The updated velocity and mass-flux are then used in solving pressure correction 

(continuity) equation. Face mass fluxes, pressure, and velocity field are then solved 

using the recent updated pressure. The obtained values are used to solve additional 
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scalars such as energy, species, turbulent, quantities, radiation intensity and others. 

The outcome at this stage is updated and checked for numerical solution 

convergence. The solution loop continues until the convergence criteria are met.    

The accuracy of the numerical solution was based on the second-order 

upwind discretisation scheme. In this approach, higher-order accuracy is achieved at 

cell faces through a Taylor series expansion. The under relaxation values were used 

to control the convergence. For gas species these values were set in the range of 0.5 

to 1, while for the pressure, energy and momentum were 0.3, 0.8 and 0.4 

respectively. Furthermore, skewness of less than 0.8 was used as a driver for the grid 

sensitivity  [95]. The residue values for solution convergence were set at 10-4 for all 

parameters except energy which was 10-6. 

 

5.5 Summary  

Modeling of gasification processes and selective oxidation of gasification 

products have been reported. The introduction highlights the research topic, the 

purpose of the modeling approach and the use of FLUENT 12.1 as the software used 

for modeling. In the gasification model, the chapter describes the layout of the model 

geometry representing the experimental rig as well as the quality of mesh cells. In 

addition, theories relevant to the gasification process are explained in terms of a 

partially premixed combustion model. To account for the effect of wood particle 

thermodynamics, a discrete phase model has been incorporated. Furthermore, 

boundary conditions are provided to simulate the experimental conditions.  

For catalytic processing of gasification products, the model geometry 

describes the catalytic reactor and the bed material while the computational domain 

details the grid cells and the quality. The theories on catalytic process are based on 

the Species Transport Model using particle surface reaction. Detailed descriptions of 

major chemical reactions and boundary conditions are also provided.    
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6 EXPERIMENTAL RESULTS  

6.1 Introduction 

This chapter presents and discusses the research findings obtained from the 

experimental study. The results for characterisation of wood powder, pumice and 

other catalyst are presented and discussed. Analysis of the gasification product gas 

from non-catalytic tests is provided to evaluate the performance of the entrained-flow 

gasifier in a horizontal configuration. Similarly, catalytic gasification results are 

discussed to explain the effect of the catalysts on the gasification product gas.  

 

6.2 Material Characterisation  

6.2.1 Characterisation of the feedstock 

Table 6.1 highlights the proximate and ultimate analysis of a commercial 

wood powder. It can be seen that the fuel is composed of mainly volatile matter 

(approximately 82 %) with fixed carbon around 14 %, while ash content is 

considered to be of trace amount.  The observed low moisture content (2.47 %) is a 

result of preconditioning the fuel through a drying process. Drying increases energy 

density of the feed fuel and is of particular importance as it enhances the pneumatic 

feed which is crucial in entrained flow gasification. The ultimate analysis show that 

carbon and hydrogen values are 49.40 % and 5.90 % respectively. The oxygen 

content is high at 40.68 which must be taken into account during the gasification 

process. Sulphur is found in trace amount (0.02 %) which ensures low formation of 

hydrogen sulphide (H2S) that could poison the catalysts. 

 

Table 6.1 Proximate and ultimate analysis of sawdust 

Proximate Analysis (%wt) Ultimate Analysis (%wt) 

Moisture content 2.47 C 49.40 

Ash 0.43 H 5.90 

Volatile matter 82.73 S 0.02 

Fixed carbon 14.37 N 0.30 

Total 100.00 O by difference 40.68 

Gross calorific value, (MJ/kg) 19.09   
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6.2.2 Thermogravimetric analysis 

Investigation on the thermal behavior of sawdust is presented in Figure 6.1. 

The figure shows four distinct phases of mass loss. These losses are due to moisture 

release at temperatures below 105 oC followed by a large loss of volatiles between 

130-300 oC. Further heating to 300-500 oC results in significant loss of volatile and 

above 500 oC the loss is considered a trace amount. The volatiles released at 130-150 
oC has been identified as hemicellulose while at 300-500 oC are mixed cellulose and 

lignin and above 500 oC mainly lignin [118, 119]. From these results it can be 

concluded that, most of the hydrocarbon compound leaves the biomass at about 500 
oC, thus suggesting being a minimum working temperature for wood powder 

devolatisation. This temperature is important in setting the range at which the gasifier 

reactor need to be preheated before feeding the feedstock fuel. 

 

 

Figure 6.1 Thermogravimetric behavior of pinewood sawdust 

 

6.2.3 Particle size distribution 

Figure 6.2 shows the particle size distribution for the wood powder employed 

during gasification tests. It can be observed that about 80 % of particles falls below 

0.5 mm and the balance ranges from 0.5 to 1.18 mm. It should be noted that, 

although all particles were screened using 0.5 mm mesh size in a cutting mill 

machine, the prescence of the balance is mainly due to nospherical shape as revealed 
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by Scan Electron Microscope (SEM) as shown in Figure 6.3. The d50 value particle 

distribution was found to be 0.39 mm as determined by interpolation. The averaged 

difference between the total mass of the test portion and the total mass of all fractions 

was 0.77 % which is within a recommended range (<2.0 %) by BS EN 15149:2010  

[106].  

 

 

Figure 6.2 Particle size distribution of the wood powder 

 

 

Figure 6.3 Particle size and shape of wood powder 
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6.3.2 Thermogravimetric analysis 

Thermogravimetric analysis was important in determining the thermal 

stability of the catalyst support.  Figure 6.5 presents thermal characterisation of 

pumice and it can be observed that mass loss is higher in the temperature ranging 

from 200 to 500 oC and remains constant thereafter until 1000 oC. This loss is due to 

removal of volatiles that could be present in the pumice sample as confirmed by the 

loss on ignition (LOI) reported in Table 6.2. Moreover, at temperatures above 900 
oC, pumice particles shrunk significantly showing a sign of phase change. According 

to thermal analysis (DTA-TG), shrinking and melting have been linked to the change 

of amorphous structure in the pumice particle [97]. The present findings support the 

hypothesis that pumice has good thermal stability. 

 

 

Figure 6.5 Mass loss analysis of the dried pumice 

 

6.3.3 Characterisation of catalysts 

The prepared catalysts were characterised based on the concentration on the 

catalyst support and the results are presented in Table 6.3. The concentration of 

active sites was determined by ICP-OES, while XRD was employed for determining 

the oxidation state of the catalysts. These compositions were used to determine the 

total mass of the catalyst used for each test, respectively.  
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Figure 6.6 XRD analysis of the pumice and the derived ceria doped pumice catalysts 

 

Figure 6.7 XRD analysis of the pumice and the derived copper doped pumice 

catalysts 
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798 oC. The temperature in the catalytic reactor was between 379 oC and 345 oC.  

From Figure 6.12 (b) it can be seen that the temperature in the tar sampling system 

increased with time from -10 oC to 16 oC.  

The observed peak in the gasifier highlights the existence of the combustion 

process favoured by high air-fuel ratio for the gasification process. The temperature 

difference in the catalytic reactor could be attributed to the additional heat due to 

catalytic reactions as well as the temperature fluctuations of the feed gas. For the tar 

sampling system, the rise in temperature can be linked to the heat exchange between 

syngas and isopropanol solution. It should be noted that tar compounds such as 

benzene and toluene can slip in the tar sampling system at ambient temperatures due 

to their low volatility [129]. Therefore, a combination of sampling time and 

temperature of the isopropanol can affect the concentration of tar compounds. The 

loss of isopropanol due to temperature rise has also been reported by Malhotra [130]. 

 
(a) Temperature profile in the gasifier and catalytic reactor 

 
(b) Temperature profile in the tar sampling system 

Figure 6.12 Temperature pattern of the experimental set-up 

0 

200 

400 

600 

800 

1000 

0 2 4 6 8 10 12 14 16 

Te
m

pe
ra

tu
re

 (o C
) 

Time (min) 

Gasifier 
Cat. reactor 

-12 

-8 

-4 

0 

4 

8 

12 

16 

20 

0 2 4 6 8 10 12 14 16 

Te
m

pe
ra

tu
re

 (o C
) 

Time (min) 



101 
 

6.6 Performance of the Horizontal Entrained-flow Gasifier Reactor  

6.6.1 Fuel conversion 

The performance of the horizontal entrained-flow gasifier on fuel conversion 

(FC) is shown in Table 6.4. The maximum fuel conversion attained for non-catalytic 

gasification was found to be 99.0 % compared to 91.4 % by Hernandez et al [43] and 

87.4 % by Zhao et al [38] who used a vertical configuration. A possible attribute to 

this higher conversion could be due to the particle to metal contact. It should be 

noted that the gasifier wall acts as a heat source to initiate and sustain the gasification 

process in addition to the heat of combustion from the feedstock. Stainless steel is 

believed to have good heat transfer properties, thus, improving fuel conversion. 

Another attributing factor could be the geometrical ratios of the gasifier reactor 

which enhances low temperature gradient across the reactor. The typical geometrical 

parameters for the design used in this study are provided in Section 4.3.4.  

 

6.6.2 Cold Gas Efficiency (CGE) 

Although a comparative high fuel conversion was achieved in the gasifier 

reactor, the higher conversion could be attributed to the combustion rather than 

intended gasification process. Thus, further verification of the performance was 

determined and expressed in terms of cold gas efficiency (CGE) as described in 

Section 4.5.5. The CGE is the measure of conversion of the chemical energy in the 

primary fuel (wood powder) to the secondary fuel (syngas). The maximum CGE 

achieved in this gasifier reactor was 70 %. With the exception of sensible heat, the 

balance is the loss of energy mainly in the form of tar and fractions of char. 

Comparing with the previous studies for the vertical entrained flow gasifier 

undertaken at similar conditions,  the highest CGE achieved was in the range of 

40.77 to 62.8 % [38, 48, 131]. The observed increase on CGE substantiates the 

conversion efficiency of the horizontal entrained-flow gasification of biomass 

feedstock. 

 

6.6.3 Syngas composition 

Table 6.4 shows the syngas composition from gasification of biomass using a 

horizontal entrained-flow gasifier reactor. These results were obtained when the 

catalytic reactor was empty in order to establish a baseline for comparison with 

catalysis studies. It can be seen from the table that the maximum H2 achieved was 
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14.33 %, while CO, CO2 and CH4 were 13.97 %, 22.11 % and 3.62 % by volume 

respectively. Moreover, light hydrocarbons such as ethane (C2H6) and propane 

(C3H8) were detected in trace amounts. With this gas composition, the corresponding 

low heating value was found to be 6.67 MJ/Nm3. Furthermore, the CO/CO2 and 

H2/CO2 ratios were more than 1 and the yield of total energy containing gases (H2, 

CO, CH4, C2H6 and C3H8) was 0.85 Nm3/kg of fuel.  

An interpretation to these results can be explained by a number of factors. 

The observed high CO/CO2 and H2/CO2 ratios confirm the existence of partial 

oxidation atmosphere which favours the gasification process. The observed high 

concentration of H2 and CH4 could also be related to the tar cracking in the gasifier 

reactor promoted by low temperature gradient. 

 

Table 6.4 Syngas composition and yields from biomass gasification using a 
horizontal entrained-flow gasifier reactor 

 
Parameter 

Gas Composition 
(vol. %, db) 

Gas yield 
(Nm3/kg fuel, db) 

H2 14.33 0.29 
CO 22.11 0.45 
CO2 13.97 0.29 
CH4 3.62 0.07 
C2H6 1.66 0.03 
C3H8 0.38 0.01 
N2 43.93 0.90 
Char (g) 0.18  
   
Gas ratios   
CO/CO2 1.58  
H2/CO2 1.03  
CH4/CO2 0.12  
H2/CO 0.65  
   
LHV (MJ/Nm3) 6.67  
Fuel Conversion (%) 99.0  
Cold gas efficiency (%) 70.0  

 

6.6.4 Tar composition 

Table 6.5 presents the composition of tar compounds screened from the non-

catalytic gasification of wood powder. The reported compounds are grouped as 

oxygenated and aromatic compounds. It can be observed that more than 80 % of the 

tar yields are in the form of aromatic compounds.  In this fraction, benzene and 

toluene share 50 % and 20 % respectively. The oxygenated compounds were found 
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at approximately 15 % of the total tar detected and the balance was contributed by 

trace amounts of both aromatic and oxygenated hydrocarbons. Phenol and cresols 

were observed as major compounds representing oxygenated compounds resulted 

from the gasification of wood powder. Moreover, the chlorophenol family were 

below detection limit. The overall results indicate that, the total tar yield was almost 

5 % wt of the wood powder (i.e. 50 g of tar per kg of fuel). 

There are several factors that can be associated with the composition and 

yield of tar from gasification of wood powder. The observed high concentration of 

aromatic compounds compared to the oxygenated compounds suggests limited 

partial oxidation of volatiles in the gasifier reactor. The presence of nitrogen (as 

inert) in the gas stream is one of the factors limiting the reactivity of volatiles with 

the oxidant [132]. It should be noted that, excessive partial oxidation can lead to 

combustion of combustible gases such H2, CO and CH4. Thus, lowering the heating 

value of the syngas as revealed in the study by Cao et al [133]. Although tar yield 

exceeded the threshold recommended for internal combustion engines (<100 

mg/Nm3), the resulted syngas (Table 6.4) highlights the viability for application in 

internal combustion engines [134].  

Another possible explanation of the high yield of aromatic compounds can be 

related to the high volatile matter in the wood powder as reported in Table 6.1. These 

volatiles are mainly composed of hydrocarbons in form of CxHy and CxHyO. The 

undetected chlorophenols could be attributed to the low chlorine content in the 

feedstock [135]. It is important to note that, the derivatives of chlorophenol 

compounds are classified as highly toxic, mutagenic and carcinogenic for living 

organisms [136]. With the exception of other hydrocarbon compounds, biomass tars 

are mainly composed of benzene, toluene, xylene isomers, phenol, naphthalene and 

cresol isomers. These findings are in good agreement with those obtained by Zhang 

et al [8] in the gasification of hinoki cypress sawdust at 800 oC. 
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6.7.2 Ceria (CeO2) Doped Pumice 

6.7.2.1 Effect of ceria doped pumice on syngas composition 

Figure 6.13 presents the experimental results on the effect of ceria doped 

pumice on syngas composition from biomass gasification. Figure 6.13 (a) provides 

the trends of an individual gas species (H2, CO, CO2, CH4) and total light 

hydrocarbons (C2H6 and C3H8) at different ceria loading. It can be observed that the 

increase of CeO2 concentration on pumice resulted in a decrease in H2 and CO2 in the 

produced syngas. The decrease was in the range of 2-3 % by volume. The 

concentration of CO and CH4 increased with increasing ceria loading. Their increase 

was in the range of 3-10 % and 1-3 % respectively. Furthermore, there was no 

significant effect on light hydrocarbons for all tested catalysts. In Figure 6.13 (b), the 

performance of catalyst on specific gas products is provided. These results were 

obtained by subtracting the selectivity of non-catalytic gasification from those of 

catalytic gasification.  It can be seen from the figure that H2 and CO2 decreased for 

all catalysts trials, while CO and CH4 increased significantly. Another observation is 

a slight increase of light hydrocarbons with increasing ceria concentration on the 

pumice particles. The syngas heating value was found to be 7.80, 7.94 and 8.97 

MJ/Nm3 for catalyst loading of 0.65, 1.44 and 1.73 g respectively. 

Figure 6.13 (c) presents the corresponding changes in cold gas efficiency 

(CGE) as a result of catalytic effects on syngas composition. Additional analyses on 

CO/CO2 and H2/CO2 (all in percentage by volume) were provided to investigating 

the reforming reactions environment. The former ratio was used to assess the 

oxidation conditions, while the latter aimed at exploring the correlation between H2, 

CO2 and CeO2. The results showed that CGE increased with increasing ceria 

concentration on the pumice support. Similar trend was observed with the CO/CO2 

and CH4/CO2 ratios while the H2/CO2 ratio highlighted a decrease.  

There are several possible explanations for these results. The observed 

increase in CGE can be linked to the increase in CO and CH4 as revealed in Figure 

6.13 (a). Comparing the data in Figure 6.13 (a and b), a positive correlation can be 

found between H2, CO2 and CeO2.  A combination of CO/CO2 and CH4/CO2 rise and 

the decrease of H2/CO2 ratio confirm the existence of a redox atmosphere dominated 

with Ce4+ and Ce3+ oxides. A previous study by Holmgren [137] reported on the 

interaction of O2- exchange between CeO2 and H2 was higher compared to CO and 

the reduced cerium oxide reacts rapidly with CO2 to produce CO.   
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(a) Syngas composition 

  
(b) Selectivity to gaseous products 

 
 

  
(c) Cold gas efficiency (CGE) and gas ratios 

Figure 6.13 The effect of CeO2 loading on (a) syngas composition, (b) Selectivity to 
gaseous products and (c) Cold gas efficiency (CGE) and gas ratios 
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Figure 6.14 Carbon deposition profile in the catalytic reactor with fresh 
pumice (FP) and ceria treated pumice 

 

6.7.3 CuO doped pumice  

6.7.3.1 The effect of copper doped pumice on syngas composition  

Figure 6.15 presents the effect of catalyst loading on the syngas composition. 

It can be observed that increasing the CuO loading has a significant effect on the 

syngas composition. The CO concentration increased from 22.11 % to 31.87 % by 

volume when CuO on pumice was increased from 0 to 2.81 g. Similarly, CH4 

concentration increased from 3.62 % to 6.50 % by volume. It was also noted that H2 

and CO2 decreased from 14.33 % to 9.93 % and 13.97 % to 11.22 % by volume 

respectively. Further observations revealed an insignificant effect on light 

hydrocarbons (C2H6 and C3H8) with increasing CuO loading. The syngas heating 

value was found to be 7.67, 8.20 and 8.66 MJ/Nm3 for catalyst loading of 0.74, 1.79 

and 2.81 g respectively. 

Figure 6.16 shows the effect of CuO loading on the selectivity to gas 

components in the syngas. It can be observed that CuO decrease H2 and CO2, while 

promoting CO, CH4 and light hydrocarbons. However, there was no significant 

change of catalyst selectivity on CO and CH4 at higher CuO loading as revealed at 

1.79 g and 2.81 g compared to 0.74 g doping.  

The gas ratios and cold gas efficiency at different CuO loading are provided 

in Figure 6.17. It can be observed from the figure that CO/CO2 and CH4/CO2 ratios 

increased with increasing CuO loading. This increase almost doubled that of the non-
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catalytic test.  The H2/CO2 decreased from 1.03 to approximately 0.7 at CuO loading 

between 0.74 g and 1.79 g. Moreover, there was no significant difference of H2/CO2 

ratio at 2.81 g CuO loading when compared with the non-catalytic test as seen in 

Table 6.4. 

 

 

Figure 6.15 Syngas composition at different CuO loading 

 

 

Figure 6.16 Catalyst selectivity on gaseous product at different CuO loading 
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at 0.74 g CuO loading showed an increase of benzene yield by 1088 mg/Nm3, higher 

catalyst loading decreased these compounds in the range of 400-1100 mg/Nm3. Other 

aromatic hydrocarbons such as toluene, ethylbenzene, xylene isomers and 

naphthalene showed a noticeable decrease. However, their concentrations were still 

above the recommended threshold for internal combustion engines (100 mg/Nm3). 

Moreover, acenaphthylene and fluorene showed a slightly decrease with increasing 

catalyst loading. Biphenyl was not detected in all catalyst loading experiments. For 

oxygenated compounds, phenol was found to be the largest concentration 

contributing to more than two-third of the total yield. Cresol isomers were also 

detected at concentration ranging 400-500 mg/Nm3 for all catalyst tests. These 

compounds showed a slight increase with increasing catalyst loading. 

Further analysis on the effect of CuO on tar destruction is highlighted in 

Figure 6.18 and Figure 6.19. These results were expressed as percentage of the non-

catalytic tests, whereas at zero concentration of CuO represented the untreated 

pumice support. Comparison between catalyst tests revealed a decreasing trend of the 

aromatic compounds with increasing copper concentration as observed in Figure 

6.18. Also noted was that oxygenated compounds showed a slight increase with 

increasing CuO on pumice. Light tar showed a decreasing trend with increasing CuO 

concentration on the catalyst support as well. The decrease ranged 5-20 % compared 

to the untreated pumice. For heavy tar, there was no significant change with 

increasing catalyst concentration. 

The effect of CuO loading on tar destruction can be explained by several 

factors. The decrease of aromatic and the increase of oxygenated compounds can be 

correlated to the partial oxidation of hydrocarbons which favours formation of CO, 

CO2, alcohols and acids.  This interpretation is further highlighted by the observed 

increase of CO as shown in Figure 6.15. The increase of dibenzofuran has been 

coupled to the partial oxidation of fluorene and biphenyl over the CuO catalysts 

[149]. The increase of phenol derivates can be associated with benzene oxidation 

over CuO catalyst as reported by Parida and Rath [150]. The increase of methane as 

a result of benzene and toluene conversion has also been reported by Grimes et al 

[151] and Lee et al [152] during the decomposition of aromatic hydrocarbons on the 

copper (II) oxide catalyst. Another possible explanation for the decrease of aromatic 

hydrocarbons could be due to cracking which favours coke formation and methane 

yield.  





118 
 

 

 

Figure 6.18 The effect of CuO loading on tar yield 

 

 

Figure 6.19 The effect of CuO loading on light tar yield 

 

These findings suggest that the activity of copper doped pumice on biomass 

tar at 350 oC is governed by the redox characteristics of the catalyst. Other 

researchers have related the activity of CuO as a result of good dispersion over the 

catalyst support and also promote reduction reactions [153]. These reactions involve 

ions exchange with a reduced copper (Cu2+). 
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6.7.4 Nickel doped pumice 

6.7.4.1 The effect of nickel doped pumice on gasification products  

Nickel doped pumice was studied during the catalytic processing of the 

gasification product gas at 350 oC. Based on the non-catalytic tests, the feed was 

mainly composed of gases (H2, CO, CO2, CH4, C2-C3) and tar as reported in Table 

6.4 and Table 6.10 respectively. The tested catalysts were prepared at concentration 

of 1.07 g and 2.04 g of nickel oxide on the pumice support. 

Figure 6.20 shows the measured composition of syngas at different NiO 

loading. It can be seen from the figure that CO and CH4 increased significantly with 

increasing NiO. With a 2.04 g loading, the concentration of CO increased from 22.11 

% to 28.01 % by volume. Similarly, CH4 increased from 3.62 to 5.06 %. 

Furthermore, the concentration of the H2 decreased from 14.33 % to 8.16 %, while 

CO2 decreased from 13.97 % to 10.61 %. There was no significant difference in light 

hydrocarbon between non-catalytic and catalytic tests. The syngas heating value was 

found to be 6.71and 7.26 MJ/Nm3 for catalyst loading of 1.07 and 2.04 g 

respectively. 

The selectivity of NiO to gaseous components is shown in Figure 6.21. The 

negative selectivity means consumption of a particular species, while positive 

selectivity means the species was generated by the catalytic reactions. It can be seen 

from the figure that NiO consumed H2, CO2 and light hydrocarbons slightly. With an 

increase of NiO loading from 1.07 g to 2.04 g, the H2 selectivity increased from 

13.02 % to 17.08 % by volume. Similarly, the selectivity to CO2 rose from 5.85 % to 

8.05 %. Under similar catalyst loading, CO selectivity increased from 8.89 % to 

14.14 %. Although the selectivity to CH4 was positive, there was no significant 

change with the doubling of the catalyst concentration. 

Figure 6.22 presents the gas ratios and cold gas efficiency obtained at 

different NiO loading. The results show that CO/CO2 and CH4/CO2 ratios increased 

with increasing NiO concentration on pumice support. This increase almost doubled 

that of the non-catalytic test. However, the H2/CO2 ratio decreased to 0.77 compared 

to 1.03 of the non-catalytic test. The cold gas efficiency showed no significant 

change with all tested catalysts. 

There are several possible explanations for these results. A combination of 

CO/CO2 and CH4/CO2 ratios increase at decreasing H2/CO2 ratio confirms the 

activity of the NiO on partial oxidation of hydrocarbon that were present in the 
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gasification product gas. This activity could be a possible source for the increase of 

CO and CH4 in the product gas identified in Figure 6.20.  Moreover, the increased 

selectivity to H2 destruction correlates with an insignificant change of cold gas 

efficiency for all gasification tests as shown in Figure 6.22.  

 

 

Figure 6.20 Syngas composition at different NiO loading 

 

 

Figure 6.21 Catalyst selectivity at different NiO loading 
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Figure 6.22 The effect of NiO loading on cold gas efficiency and gas ratios 

 

6.7.4.2 The effect of nickel doped pumice on tar yield  

The composition and yields of tar forming compounds as detected by the GC-

MS during testing of nickel doped pumice catalysts are shown in Table 6.10. As seen 

from the table, the main tar forming compounds were benzene, toluene, xylene, 

phenol, naphthalene and cresol isomers. From these compounds, only phenol and 

cresol isomers are oxygen containing hydrocarbons. With the increase of NiO 

loading from 0 to 1.07 g, the concentration of aromatic compounds decreased from 

9343 mg/Nm3 to 7780 mg/Nm3. This decrease was mainly contributed by the 

decrease of toluene and xylene isomers to about 880 and 870 mg/Nm3 respectively.  

In addition, naphthalene contributed to a decrease of 280 mg/Nm3. With the 

exception of benzene, further increase of NiO loading to 2.04 g resulted in increase 

of all aromatic compounds. However, the increase was still lower compared to the 

untreated pumice. The oxygenated compounds presented similar a trend to that of 

aromatic hydrocarbons. At the 1.07 g NiO loading, the observed decrease of 

oxygenated compound was mainly contributed by phenol. Further increase of NiO 

loading to 2.04 g, resulted in an increase of all oxygen containing hydrocarbons. 

Furthermore, there was no significant effect on the tar destruction as revealed in 

Figure 6.23 and Figure 6.24. 
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Figure 6.23 The effect of NiO loading on tar yield 

 

 

Figure 6.24 The effect of NiO loading on light tar yield 
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on biomass tar. A noted decrease of tar at 1.07 g NiO loading compared to 2.04 g 
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formation highlighted in Figure 6.20 and Figure 6.32 respectively. Furthermore, the 

increase of oxygenated compounds can be linked to the catalytic partial oxidation of 

hydrocarbons. A previous study by Patcas and Patcas [154] showed that NiO 

oxidises hydrocarbons yielding various products including CO, CO2, alcohols and 

acids. This activity can be correlated to the increase of CO as shown in Figure 6.20.  

Other researchers [155] have also reported that toluene and naphthalene could be 

converted into CO and CH4 over a NiO catalyst under similar reaction conditions. 

Furthermore, the observed increase and decrease of compounds between 1.07 g and 

2.04 g NiO loading can be explained as catalyst concentration dependency while the 

decrease of xylene could be due to the partial oxidation [156]. In general, the 

increase of cold gas efficiency and the decrease of tar, while preliminary, suggests 

that nickel doped pumice could be employed for catalytic reforming of the 

gasification product gas. 

 

6.7.5 Kaolin-Ceria (KL/CeO2) 

6.7.5.1 The effect of Kaolin-Ceria catalysts on gasification product gas  

Kaolin catalysts were prepared at different blends with ceria as active sites. 

The use of ceria aimed at increasing the mobile oxygen which was responsible for 

the oxidation of tar present in the biomass gasification product gas. A typical 

composition of the feed for gas species is provided in Table 6.4  and for the tar in 

Table 6.10. The concentration of ceria in the Kaolin mix for the tested catalysts was 

0, 9.2, 14, 21 g respectively. 

Figure 6.25 shows the composition of syngas at different kaolin-ceria mix 

ratios. It can be seen that CO reached its maximum value of 28 % by volume at ceria 

loading between 9.2 g and 14 g. At higher catalyst loading (21 g CeO2), CO 

decreased to approximately 24 %. Unlike CO, the CH4 showed an increasing trend 

with increasing ceria in the kaolin. The increase was more than one-half of that 

measured in the non-catalytic tests.  Although H2 and CO2 showed no difference at 

CeO2 loading of 9.2 g and 14.0 g, their concentrations were about 6 % and 3 % lower 

compared to that of the non-catalytic test. Furthermore, for all catalytic tests, there 

was no significant effect on the concentration of light hydrocarbons. The syngas 

heating value was found to be 7.34, 7.13 and 6.24 MJ/Nm3 for catalyst loading of 

9.20, 14 and 21 g respectively. 



125 
 

The selectivity of the kaolin-ceria to gas components in the syngas is shown 

in Figure 6.26. These results were obtained by subtracting the selectivity of the non-

catalytic test from those of catalytic tests. The negative values means consumption, 

while the positive selectivity means generation. It can be observed that for all 

catalytic tests, H2, CO2 as well as light hydrocarbon were consumed while CO and 

CH4 were generated.  Both H2 and CO2 reached a maximum decrease of 12 % at a 

kaolin-mix of 21 g CeO2. For light hydrocarbon the increase was only 1 %. Under 

the same catalyst loading, the selectivity to CO and CH4 showed the lowest positive 

values of 4 % and 3 % respectively. The maximum selectivity to CO and CH4 of 

kaolin mix catalyst reached 14 % and 4 % at ceria concentration of 9.2 and 14 g 

respectively. 

The effect kaolin-ceria catalyst on gas ratios and cold gas efficiency is shown 

in Figure 6.27. For the gas ratios, a significant increase was observed for CO/CO2 

with increasing the CeO2 in the kaolin mix. This rise (1.58 to approx. 2.50) remained 

unchanged despite the increasing ceria loading. The CH4/CO2 reached a maximum 

value of 0.67 at 9.2 g CeO2 in the mix and gradually decreased with increasing ceria. 

Furthermore, there was a decrease of H2/CO2 ratio in the range of 0.15 to 0.30. The 

performance of the catalysts are also presented by the cold gas efficiency curve in 

Figure 6.27. The CGE reached its maximum value of 77 % at 9.2 g CeO2 loading and 

gradually decreased with increasing ceria in the kaolin mix. 

The effect of kaolin-ceria catalyst on syngas composition can be explained by 

the atmosphere in which the reactions were taking place. The decreasing trend of gas 

ratios confirms the existence of partial oxidation reactions. These reactions may be 

attributed to the interaction of O2- released from the catalyst and the hydrocarbons 

that are present in the gasification product gas. Furthermore, the observed decrease 

of H2 can be explained as a result of oxidation in which O2- could be responsible 

[137]. The consequence of this side reaction is the decrease of cold gas efficiency as 

shown in Figure 6.27. Another finding was the low concentration of CO produced 

compared to that of ceria doped pumice catalysts discussed in Section 6.6.1. 

Although kaolin-ceria mix catalyst consisted high ceria compared to that of pumice 

support, the results suggest that catalytic activity was mainly on the surface rather 

than the bulk catalyst.  
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Figure 6.25 Syngas composition at different CeO2 loading in the Kaolin-ceria mix 

catalysts 

 

 

Figure 6.26 Catalyst selectivity at different CeO2 loading in the kaolin-ceria mix 

catalysts 
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Figure 6.27 The effect of CeO2 loading on cold gas efficiency in the kaolin-ceria mix 

 

6.7.5.2 The effect of Kaolin-Ceria catalysts on tar yield  

Table 6.11 shows the yield of tar forming compounds over kaolin catalysts as 

detected by the GC-MS. It can be seen from the table that pure kaolin presented high 

tar slip compared to the ceria doped kaolin. While tar reduction was observed at 14 g 

CeO2 loading, further increase of CeO2 concentration to 21 g showed an insignificant 

effect on the total yield for both oxygenated and aromatic compounds. Specifically, 

benzene and toluene showed a further decrease of more than one-fourth at 14 g CeO2 

compared to 9.2 g. Other aromatic compounds such as xylene isomers, naphthalene, 

acenaphthylene and phenanthrene decreased with increasing catalyst loading. 

Furthermore, the effect of kaolin catalysts on the light and heavy tar compounds is 

presented in Figure 6.28 and Figure 6.29 respectively. It can be seen that light tar 

decreased in the range of 20-30 % with ceria concentration between 9 and 21 g. In 

this range there was no significant change for the heavy tar destruction. 

The effect of ceria doped kaolin on tar from biomass gasification can be 

associated with several factors. The decreasing trend of the total tar yield as 

highlighted in Figure 6.28 can be correlated to the increase of CH4 and CO in the 

product gas as previously shown in Figure 6.26. A combination of these findings can 

be explained as catalytic cracking and partial oxidation of hydrocarbons respectively. 
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Figure 6.28 The effect of CeO2 loading on tar yield using kaolin-ceria mix catalysts 

 

 

Figure 6.29 The effect of CeO2 loading on light tar yield using kaolin-ceria mix 

catalysts 

 

The observed low reactivity of heavy tar with catalysts could be attributed to the 

competitive adsorption to the active sites. Heavy tar has low adsorption capacity 

compared to the light tar fraction and the reactive gases such as hydrogen and carbon 

monoxide. The observed decrease of light and heavy PAH can also be linked to 

condensation over the catalyst surface as revealed by carbon analysis discussed in the 

next section of catalyst screening.  
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6.7.6 Kaolin-Ceria-Zirconia (KL/CeO2/ZrO2) 

6.7.6.1 The effect of Kaolin-CeO2-ZrO2 on biomass gasification product gas  

The effect of doping zirconia with ceria doped kaolin on gasification product 

gas has been examined. Addition of zirconia on the kaolin-ceria blend aimed at 

increasing the oxygen storage capacity (OSC) of the resulting catalyst. Increasing 

OSC promotes redox reactions due to the enhanced atmosphere of mobile oxygen 

responsible for the oxidation of hydrocarbons. Feed composition employed during 

the study is provided in Section 6.5. The comparison was made between ceria doped 

kaolin with a 14 g CeO2 loading and the kaolin-ceria-zirconia composed of 14 CeO2 

g, 14 g ZrO2 with kaolin making up the balance to a 100 g total product.  

Table 6.12 compares the performance of the kaolin-ceria and kaolin-ceria-

zirconia catalysts on the biomass gasification product gas. It can be seen from the 

table that addition of zirconia in the kaolin-ceria system resulted in an increase of 

hydrogen and methane in the product gas. H2 increased from 8.69 to 11.32 (% vol.) 

as well as CH4 increased 5.17 % to 7.40 %. Contrary to the expectations, this study 

did not find a significant increase of CO in the product gas. The syngas heating value 

increased from 7.13 MJ/Nm3 to 7.74 MJ/Nm3. 

 

Table 6.12 The effect of doping zirconia in the kaolin-ceria mix catalyst on the 

biomass gasification product gas 

Parameter  
Catalysts 

KL/CeO2 KL/CeO2/ZrO2 
Syngas composition (% vol.)  

 H2 8.69 11.32 
CO 27.65 27.39 
CO2 11.25 11.52 
CH4 5.17 7.40 
C2H6 1.53 0.99 
C3H8 0.29 0.23 

 
 

 Gas ratios  
 CO/CO2 2.46 2.38 

H2/CO2 0.77 0.98 
CH4/CO2 0.46 0.64 
H2/CO 0.31 0.41 

 
 

 LHV (MJ/Nm3)  7.13 7.74 
Cold gas efficiency (%) 74.73 81.07 
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These results may be explained by a number of factors. The observed 

increase of methane and hydrogen in the product gas could be attributed to the tar 

cracking. The slightly decrease of light hydrocarbons can be associated with partial 

oxidation over the active sites. In addition the possible interference of competitive 

adsorption of the species over the catalyst can not be ruled out. The increase of cold 

gas efficiency from 74.73 % to 81.07 % highlights the contribution of CH4 and H2 in 

the syngas heating value.  

 

6.7.6.2 The effect of Kaolin-CeO2-ZrO2 on tar destruction  

The effect of adding zirconia in kaolin-ceria mixes (kaolin-3, 14 g CeO2) on 

tar destruction is shown in Table 6.13 and Figure 6.30. It can be seen from the table 

that addition of 14 g ZrO2 resulted in a significant decrease in the aromatic and 

oxygenated compounds. The former decreased by more than 60 %, while the latter 

decreased by 25 %. The decrease of aromatic compounds was highly related to the 

decrease of benzene and toluene. Light hydrocarbons decreased by 50 % as shown in 

Figure 6.30. In addition, there was no significant effect on heavy tar as result of 

doping zirconia with the kaolin-3. 

 The effect of doping zirconia with kaolin-ceria catalyst can be explained by 

various factors. A significant decrease of aromatic compounds with a slight decrease 

of oxygenated compounds suggests the existence of the partial oxidation of 

hydrocarbons. Moreover, the interpretation can be correlated to the increase of CO as 

observed in Table 6.12. These findings are in good agreement with the study by 

Juutilainen et al [157] and Viinikainen et al [158] who examined the effect of 

zirconia on toluene and naphthalene conversion. In their study, zirconia catalysts 

showed a remarkable conversion of toluene and naphthalene at temperatures around 

500 °C. A high activity of zirconia on tar decomposition is mainly promoted by its 

basicity characteristics. Another possible attribute to the tar conversion is through 

cracking as confirmed by the increase of methane reported in Table 6.12.  Therefore 

it is possible that zirconia increases the heating of the syngas from biomass 

gasification by promoting tar cracking.   
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Figure 6.30 The effect of adding ZrO2 in the CeO2 doped kaolin on tar yield, 

(KL=kaolin) 

 

6.8 Catalyst Screening 

This section provides a comparison on the activity of catalysts employed for 

catalytic processing of the biomass gasification product gas. The criteria used for 

catalyst screening were selectivity, coking resistance and cold gas efficiency. These 

parameters are described in detail in Section 4.5. A summary of all experimental tests 

are also provided. 

Figure 6.31 (a-e) compares the catalyst selectivity of pumice treated with 

CeO2, CuO and NiO at different catalyst loading.  From Figure 6.31 (a) it can be seen 

that all catalysts showed a decrease of hydrogen concentration in the product gas. 

The decrease was found to be in the range of 4.64 % to 11.03 % for catalyst loading 

of 0.65 g to 1.73 g. Ceria doped pumice showed a lowest conversion of H2 at 0.65 g 

loading compared to other catalysts and it exhibited highest conversion at 1.73 g 

loading. While copper doped pumice showed a slight difference in H2 conversion at 

different catalyst loading, nickel doped pumice increased with increasing catalyst 

loading.  

Figure 6.31 (b) indicates that the increase in selectivity of catalysts to gases 

range from 5.40 % to 23.22 % at 0.65 g to 1.73 g loading. At 0.65 g loading, copper 

doped pumice showed highest selectivity to CO, while the nickel doped pumice 

showed least selectivity. Similarly, at 1.23 g loading, nickel catalyst showed low 
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Furthermore, catalyst selectivity to gaseous product depends on the type and 

concentration of the catalyst.  

 

 

 
(a) Catalyst selectivity to H2 

 

 
(b) Catalyst selectivity to CO 

 

 
(c) Catalyst selectivity to CO2 

 

 
(d) Catalyst selectivity to CH4 

 

 
(e) Catalyst selectivity to C2-C3 

 

 
(f) Comparison on selectivity 

between kaolin/CeO2 and 
Kaolin/CeO2/ZrO2 catalysts 

Figure 6.31 Comparison on the selectivity of catalysts to gaseous products  
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Overall results suggest that ceria and copper doped pumice can be employed 

where high selectivity to CO, CH4, and light hydrocarbons are required. Specifically, 

copper doped pumice can also be used for catalytic dry reforming processes which 

have also been reported by Laosiripojana and Assabumrungrat [140].  

The carbon deposit on the CeO2, CuO and NiO doped pumice catalysts is 

presented in Figure 6.32. The carbon deposit over the catalyst was chosen to compare 

the activity of the catalysts on the coking resistance. It can be seen from the figure 

that the carbon deposition on fresh pumice (FP) and Kaolin (KL) were almost similar 

(0.40 %). Kaolin-ceria catalyst showed high deposited carbon compared to other 

catalysts. Treating these supports with redox catalysts resulted in a noticeable 

decrease of deposited carbon. For instance doping pumice with ceria decreased 

carbon deposition to 0.06 %, while with CuO and NiO decreased to 0.15-0.2 %. A 

similar trend was observed for the kaolin mix catalysts. The observed high carbon 

deposition on kaolin-ceria catalysts can be explained as a result of light and heavy tar 

deposition as reported in the previous Section 6.7.5.2. This could be attributed to the 

limited dispersion of ceria over the catalyst surface as revealed by XRD analysis 

(Figure 6.8). The overall results suggest that ceria doped pumice exhibits highest 

coking resistance compared to other catalysts.  

Figure 6.33 compares the maximum cold gas efficiency achieved by each 

catalyst employed in this study. These catalysts were pumice doped with CeO2, CuO 

and NiO and kaolin treated with CeO2, and ZrO2. From the figure it can be seen that 

ceria and copper doped pumice showed highest cold efficiency indicating that they 

are potential catalysts for catalytic processing of the gasification product gas. 

Furthermore, the performance of the ceria doped kaolin can be improved by further 

doping with zirconia. 

Table 6.14 summarises the results from both non-catalytic and catalytic 

experimental tests.  For non catalytic tests, maximum LHV was 6.67 MJ/Nm3 

composed of H2, CO, CO2, CH4 and C2H6, C3H8 at 14.33, 22.11, 13.97, 3.62, 1.66, 

0.38 % vol. respectively. The corresponding tar yield and cold gas efficiency was 

70.78 %. Maximum LHV for doped pumice was 8.97 MJ/Nm3 and the concentration 

of H2, CO, CO2, CH4 and C2H6, C3H8 was 11.41, 31.80, 11.51, 6.24, 2.26 and 0.60 

%vol., while tar yield and CGE were 11.14 g/Nm3 and 94.02 % respectively. Kaolin 

doped with ceria and zirconia showed highest LHV of 7.74 MJ/Nm3 and the CGE 

was 81.07 %. This catalyst system also showed highest CH4 and least tar yield. 
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Figure 6.32 Activity of different catalysts based on coking resistance 

 

 

Figure 6.33 A comparison on the maximum cold gas efficiency achieved by different 

catalysts  
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Table 6.14 Summary of results from all experimental tests 

Experimental Test 
Gas Composition (% vol.) LHV 

(MJ/Nm3) 
Tar Yield 
(g/Nm3) 

CGE 
(%) H2 CO CO2 CH4 C2H6 C3H8 

None 14.33 22.11 13.97 3.62 1.66 0.38 6.67 14.92 70.78 
Mexican Pumice 14.64 20.95 13.39 3.80 1.59 0.65 6.46 10.93 65.49 
Arusha Pumice 7.75 22.71 12.01 3.92 1.23 0.32 5.01 9.84 56.87 
Kaolin 7.93 20.74 10.67 3.33 1.13 0.27 5.34 13.58 55.98 
Glass Beads 15.05 21.27 12.29 3.84 1.68 0.53 6.31 12.62 73.18 

          Pumice supported catalysts 
         0.65 g CeO2 11.41 25.54 13.59 5.71 1.89 0.57 7.80 10.79 81.73 

1.44 g CeO2 12.07 29.17 11.39 4.76 1.89 0.53 7.94 10.19 83.20 
1.73 g CeO2 11.41 31.80 11.51 6.24 2.26 0.60 8.97 11.14 94.02 
0.74 g CuO 8.80 29.02 11.56 5.46 1.72 0.46 7.67 10.08 80.74 
1.79 g CuO 8.21 31.78 12.15 6.58 1.67 0.36 8.20 8.67 86.31 
2.81 g CuO 9.93 31.87 11.22 6.50 2.02 0.46 8.66 7.81 91.16 
1.07 g NiO 10.44 25.82 11.53 4.78 1.31 0.16 6.71 9.06 70.32 
2.04 g NiO 8.16 28.01 10.61 5.06 1.65 0.42 7.26 10.29 76.10 

          Kaolin supported catalysts 
         9.2 g CeO2/kaolin 8.13 27.83 11.51 5.45 1.70 0.35 7.34 10.38 76.91 

14 g CeO2/kaolin 8.69 27.65 11.25 5.17 1.53 0.29 7.13 8.62 74.73 
21 g CeO2/kaolin 7.62 23.64 8.97 4.69 1.25 0.33 6.24 8.53 65.40 
14 g CeO2-14 g ZrO2-kaolin 11.32 27.39 11.52 7.40 0.99 0.23 7.74 3.58 81.07 
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6.9 Material and Energy Balances 

Material and energy balances in the gasification system were conducted to 

monitor the conversion of wood powder into desired product gas as well as the 

residues as shown in Figure 6.34. Wood powder and air were fed to the gasifier as 

described in Section 4.4.3 and the products were classified as volatiles and char. The 

latter represented the unburnt carbon from the gasification residues while the former 

represented tar, carbonaceous gases (CO, CO2, CH4, C2H6, C3H8) and non-

carbonaceous gases (H2 and N2). These classes were considered as main streams in 

determining the mass, carbon and energy balances of the whole gasification system 

for all experimental tests. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.34 Distribution of the material flow in the gasification system 

 

Mass balance in the gasification system was determined using Equation 6.7. 

the mass of fuel and char were weighed using a laboratory scale, while the mass of 

tar was taken as a sum of all compounds detected by GC-MS. The mass of air and 

gas were calculated using Equation 6.8 and Equation 6.9 respectively.  
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Table 6.16 outlines an example of the material and energy balances of a 

gasification system based on experimental data obtained from the non-catalytic test.  

It can be seen from the table that the mass of gas was more than 75 % of the total 

input and the balance was tar and char. The overall mass balance between input and 

output stream was at 8.05 % error. Analysis on the carbon balance showed high 

carbon content was in the gas stream compared to that of tar and char. The carbon 

balance was found to be at 22.39 % error. Energy content in the gas stream was also 

found to be high compared to that of tar and char. The deviation between input and 

output was 30.82 % error. 

 

Table 6.16 Material and energy balances for non-catalytic test 

  Mass balance (g) Carbon balance (g) Energy balance (MJ) 
 Stream  In Out % error In Out % error In Out % error 
Wood powder 60.00     29.64     1.01     
Air 45.83                 
Gas   94.00     20.04     0.63   
Tar   3.13     2.87     0.07   
Char   0.18     0.10     0.00   
Total 105.83 97.31 8.05 29.64 23.00 22.39 1.01 0.70 30.82 

 

Table 6.17 summarises the material flow and energy balance of all 

gasification tests and their detailed streams are shown in the Appendix D. It can be 

seen from the table that at given constant mass inflow of 105.83 g, the mass outflow 

for all tests ranged between 90 g and 105 g. The mass balance compares in the range 

from 1 % to 14 % error. Total carbon input was 29.64 g and in the output stream 

showed a total ranging 20 g to 29 g. The carbon balance compared at 5-32 % error. 

For the energy balance, the output stream was in the range of 0.63 MJ to 0.93 MJ 

compared to 1.01 MJ input. The corresponding deviation was found to be 15-38 % 

error.  

Figure 6.35 shows the comparison trends for mass, carbon and energy 

balances of a gasification system used in this study. It can be seen from this figure 

that a linear relationship existed for all balancing parameters. Increase in mass output 

also resulted in an increase in carbon and energy in the outflow stream.  
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Table 6.17 Material and energy balances for all experimental tests 

  Mass balance (g) Carbon balance (g) Energy balance (MJ) 
 Test In Out % error In Out % error In Out % error 
None 105.83 97.31 8.05 29.64 23.00 22.39 1.01 0.70 30.82 
0.65 g CeO2 105.83 104.65 1.12 29.64 25.54 13.85 1.01 0.81 19.75 
1.44 g CeO2 105.83 100.84 4.72 29.64 25.56 13.76 1.01 0.82 18.84 
1.73 g CeO2 105.83 104.68 1.09 29.64 28.07 5.31 1.01 0.93 8.58 
0.74 g CuO 105.83 99.50 5.99 29.64 24.96 15.78 1.01 0.77 23.75 
1.79 g CuO 105.83 103.41 2.29 29.64 26.74 9.80 1.01 0.82 19.47 
2.81 g CuO 105.83 103.72 2.00 29.64 26.36 11.08 1.01 0.86 15.56 
1.07 g NiO 105.83 96.12 9.18 29.64 22.55 23.90 1.01 0.68 33.11 
2.04 g NiO 105.83 98.10 7.30 29.64 23.69 20.08 1.01 0.74 27.42 
9.2 g CeO2/kaolin 105.83 99.40 6.08 29.64 24.33 17.90 1.01 0.74 26.66 
14 g CeO2/kaolin 105.83 98.04 7.36 29.64 23.65 20.21 1.01 0.72 29.40 
21 g CeO2/kaolin 105.83 91.04 13.98 29.64 20.20 31.85 1.01 0.63 37.69 
14 g CeO2-14 g 
ZrO2-kaolin 105.83 96.88 8.46 29.64 23.44 20.91 1.01 0.75 26.06 

 

 

  

Figure 6.35 Relationship between material and energy balance in a gasification 

system 

 

These results can be explained by a number of factors. The observed decrease 

for mass balance could be attributed to the loss of material in the form of water and 

undetected tar. As the latter contains carbon, loss of these compounds could also be a 

source for deviations in the analysis of carbon and energy balances. Moreover, the 

high deviation on energy balance can be explained as the loss of product gas due to 

combustion. Combusting part of the product gas was necessary to provide sufficient 

heat for sustaining the gasification process. A clear linear trend for mass vs carbon 
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output shown in Figure 6.35 highlights the dependency of energy output on the 

carbonaceous gases excluding CO2. In general, the material and energy balances 

results suggest that catalytic processing of gasification product gas exhibit a 

noticeable variation of gas components for different catalysts. 

 

6.10 Summary  

This chapter has shown the viability of using a horizontal entrained-flow 

gasifier and the possible utilisation of pumice and kaolin as catalyst support for 

improving syngas quality. The performance of pumice and kaolin doped with redox 

catalysts on the gasification product gas has been discussed in detail. The major 

findings show that pumice has limited catalytic activity on the gasification product 

gas. However, the activity can be improved by doping with cerium, copper, and 

nickel oxides. Similarly, Ceria and zirconia improves catalytic activity of kaolin on 

the gasification product gas. Although all tested catalysts increased the syngas 

heating value, the concentration of hydrogen gas showed a noticeable decrease and 

further tar conversion was limited. 

The following chapter presents and discusses the prediction results from 

gasification process and catalytic processing of the product gas. In addition, a 

comparison between the model and the experimental data measured from a 

horizontal entrained flow gasifier reactor are provided.  
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7 MODELLING RESULTS 

7.1 Introduction  

This chapter presents and discusses the modeling results for the biomass 

gasification using an entrained-flow gasifier reactor. Gasification predictions are 

provided for the gasifier reactor while the catalytic predictions considered a catalyst 

reactor only. The effect of the gasifier orientation on the gasification process is 

provided by comparing between the vertical and horizontal designs.  

 

7.2 Gasification Predictions 

Figure 7.1 shows the temperature profile in the gasifier reactor under 

gasification conditions. It can be seen that the steady operating temperature was 

between 978 and 1010 K. This temperature was attained at 75 mm from the gasifier 

reactor inlet and remained constant thereafter. A temperature gradient exists between 

the gasifier inlet and 75 mm distance. The observed temperature gradient at the inlet 

could be due to heat consumed by feed materials. These results confirm the existence 

of favourable temperature to enhance the gasification process. Furthermore, the 

constant temperature along the reactor ensures stable gasification conditions are 

attained.  

 

 

Figure 7.1 Predicted temperature profile in the gasifier reactor 

Temperature K 
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Figure 7.2 through Figure 7.9 show the concentration of gas species 

according to biomass gasification modeling. It can be seen from Figure 7.2 that the 

maximum mole fraction of CO was 0.242 (24.4 %). The distribution of CO 

concentration after generation is almost uniform throughout the gasifier reactor. 

Prediction for CO2 reached a maximum mole fraction of 0.0942 (9.42 %) as seen in 

Figure 7.3. Moreover, the maximum mole fraction of H2 and CH4 were 0.398 (39.8 

%) and 0.0431 (4.31 %) as shown in Figure 7.4 and Figure 7.5 respectively. The 

consumption of O2 and char (C(s)) is shown in Figure 7.6 and Figure 7.7 

respectively. It can be seen that O2 was completely consumed during gasification 

process while char fraction was found to be 0.193 (19.3 %) as residues. Furthermore, 

Figure 7.8 and Figure 7.9 show the particle residence time and volatile fraction as it 

moves along the gasifier reactor during gasification process. It can be seen from 

these figures that the particle residence time in the gasifier reactor was around 0.52 s 

and the volatile fraction was completely released into gas. In general the gasification 

conditions were attained at a distance between 150 mm and 200 mm from the 

gasifier reactor inlet. 

There are several possible explanations of these results. A combination of 

high char, high H2 and low CO2 fractions can be correlated to the O2 deficiency. This 

is due to the limitation of a single oxidising stream available in the partially 

premixed combustion model. Similar findings have been reported by Fraser [116] in 

predicting the gasification process in an inverted cyclone gasifier. Oxygen is 

responsible for partial oxidation of both volatiles and char during gasification 

process. Thus, providing additional oxidizing stream could result in an effective char 

conversion. Poor char conversion could also be attributed to the limited particle 

fragmentation not considered in this study. Char fragments when it comes into 

contact with the gasifier reactor wall at temperatures above 350 oC [116, 161]. Since 

gasification conditions were attained at almost half length of the reactor, it can be 

suggested that a length of 350-450 mm was sufficient for the gasification process 

under given operating conditions described in Section 4.4. Comparisons of these 

results with the experimental data are discussed in Chapter 8. 
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Figure 7.2 Contours of mole fraction of CO 

 
 

Figure 7.3 Contours of mole fraction of CO2 
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Figure 7.4 Contours of mole fraction of H2 

 
 

Figure 7.5 Contours of mole fraction of CH4 
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Figure 7.6 Contours of mole fraction of O2 

 
 

Figure 7.7 Contours of mole fraction of C(s) 
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Figure 7.8 Particle traces colored by particle residence time (s) 

 
 

 

Figure 7.9 Particle traces colored by particle volatile fraction 
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given operation conditions. Furthermore, the observed difference between model and 

XRD results could be due to the re-oxidation of Ce2O3 on the spent catalyst in air 

during experimental shutdown. This is due to the unstable characteristics of Ce2O3 in 

air at room temperature [162]. 

 

 

 

Figure 7.10 Vector plot of the axial velocity along the catalytic reactor 
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(a) Mole fraction of CO   (b) Mole fraction of CO2 
 

Figure 7.11 Contour plots for CO and CO2 concentration 

 
 

 

    (a) Mole fraction of H2   (b) Mole fraction of CH4 
 

Figure 7.12 Contour plots for H2 and CH4 concentration 
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    (a) Mole fraction of toluene (C7H8)  (b) Temperature profile (K) 
 

Figure 7.13 Contour plots for tar conversion and temperature profile 

 
 

    (a) Surface coverage of CeO2  (b) Surface coverage of Ce2O3 
 

Figure 7.14 Contours of surface coverage of catalysts 
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7.4 Gasifier Reactor Orientation 

The effect of gasifier orientation on the gasification process was studied 

considering the horizontal and vertical designs. The results of these designs were 

obtained using CFD modeling described in Chapter 5. Figure 7.15 (a) compares the 

temperatures along the reactor length. It can be seen from the figure that the 

maximum temperature in the horizontal design was achieved at 100 mm distance 

from the gasifier reactor inlet while for the vertical occurred at 300 mm. In addition 

the temperature profile for the horizontal design showed a single rise while the 

vertical design showed two distinct stages of increase. In the vertical design, the first 

rise occurred at 50 mm distance with an increase of 300 K and the second stage 

occurred at 300 mm with a further 378 K rise. All designs attained a maximum 

temperature of 1010 K.  

Figure 7.15 (b-f) compares the major product gas components. It can be seen 

from Figure 7.15 (b) that the profile for CO generation for all designs are almost 

similar to those of temperature shown in Figure 7.15 (a). For the vertical design, the 

mole fraction of CO increased to 0.10 and 0.242 at 50 mm and 300 mm respectively. 

In the horizontal design the mole fraction of CO rose suddenly to 0.242 at 100 mm 

distance. Moreover, a slightly different profile was observed for CO2, H2 and CH4 

compared to that of CO for the vertical design. CO2 increased gradually from the 

gasifier inlet with a sharp rise at 340 mm distance as seen in Figure 7.15 (c). Similar 

trend was seen for H2 and CH4 as seen in Figure 7.15 (d) and Figure 7.15 (e) 

respectively. The mole fraction of char decreased gradually along the gasifier reactor 

as seen in Figure 7.15 (f). 

These results can be explained by a number of factors. Comparing the trends 

of temperature and CO for the vertical design, it can be suggested that CO generation 

during gasification process is highly dependent on temperature. In addition, carbon 

monoxide is the primary gas product during biomass thermal decomposition. The 

correlation between gradual increase of CO2, H2 and CH4 with decreasing char mole 

fractions explains that these gases are secondary products and the formation depends 

on the particle surface reactions. In addition the sharp rise at 340 mm distance 

highlights the occurrence of the devolatisation in the fuel particle. The observed long 

distance at which the devolatisation occurred can be associated with limited heat 

transfer due to high particle velocity. Unlike vertical design, the horizontal type 

showed particle surface reactions occurs rapidly in a short transport distance. The 
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finding from the horizontal design suggests that both pyrolysis and partial oxidation 

reactions occurs almost simultaneously. The implication of this is enhanced gas yield 

during the gasification process as also reported by Higman and van der Burgt [4]. 

Hence the results demonstrate that there exists a sensitivity to the gasifier reactor 

orientation on the overall gasification process. 

 
(a) Temperature profile  

 
(b) Mole fraction of CO 

 
(c) Mole fraction of CO2 

 
(d) Mole fraction of H2 

 
(e) Mole fraction of CH4 

 
(f) Mole fraction of C(s) 

Figure 7.15 Comparison between a horizontal and vertical gasifier configurations on 

the gasification process   

0 

200 

400 

600 

800 

1000 

1200 

0 100 200 300 400 500 

Te
m

pe
ra

tu
re

 (o C
) 

Axial Distance (mm) 

Vertical 
Horizontal 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0 100 200 300 400 500 

M
ol

e 
fr

ac
tio

n 
of

 C
O

 
Axial Distance (mm) 

Vertical 
Horizontal 

0 

0.02 

0.04 

0.06 

0.08 

0 100 200 300 400 500 

M
ol

e 
fr

ac
tio

n 
of

 C
O

2 

Axial Distance (mm) 

Vertical 
Horizontal 0 

0.1 

0.2 

0.3 

0.4 

0 100 200 300 400 500 

M
ol

e 
fr

ac
tio

n 
of

 H
2 

 

Axial Distance (mm) 

Vertical 
Horizontal 

0 

0.005 

0.01 

0.015 

0.02 

0 100 200 300 400 500 

 M
ol

e 
fr

ac
tio

n 
of

 C
H

4 

Axial Distance (mm) 

Vertical 
Horizontal 0 

0.1 

0.2 

0.3 

0.4 

0 100 200 300 400 500 

M
ol

e 
fr

ac
tio

n 
of

 C
 (s

) 

Axial Distance (mm) 

Vertical 
Horizontal 



158 
 

7.5 Summary  

This chapter has shown the effect of gasifier orientation on the performance of 

the horizontal and vertical configuration using CFD modeling. Similarly, catalytic 

processing of the product gas has been presented and discussed, however, only ceria 

doped pumice was considered taking into account possible major reactions. The 

major findings are summarised hereunder: 

 

(i). There exists a sensitivity to the gasifier reactor orientation on the 

overall gasification process. Particle surface reactions are enhanced in 

the horizontal compared to the vertical gasifier reactor design. 

(ii). Kinetic study has shown that reduction of hydrogen and carbon 

dioxide in the gas stream is due to the redox characteristics of ceria 

doped pumice. Consequently, tar conversion over the catalyst is 

inhibited.  

(iii). Prediction of gasification process showed limited char combustion 

reaction for the partially premixed combustion model. This is 

attributed to the single oxidising stream compared to the double fuel 

streams. 
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8 COMPARISON OF EXPERIMENTAL AND MODEL RESULTS 

8.1 Introduction  

This chapter presents and discusses the comparison between the modeling 

results and the experimental data. The experimental data were obtained from biomass 

gasification using a horizontal entrained-flow gasifier reactor and catalytic 

processing of product gas using ceria doped pumice catalyst. The study on whether 

the gasifier orientation has an effect on the gasification process is also provided by 

comparing the vertical and horizontal designs. The interaction of product gas with 

the catalyst is also provided. The results from all simulation tests were taken at the 

axial axis of the respective reactor.  

 

8.2 Gasification Model Results 

Table 8.1 compares the temperature and gas composition between the model 

and experimental data from a horizontal entrained-flow gasifier reactor. For the 

model, the temperature was taken at 250 mm from the gasifier inlet, while the 

concentration of gases was taken at the exit of the catalytic reactor. It can be seen 

from the table that the comparison for temperature and CO concentration shows good 

agreement between the model and experimental data. This agreement was found to 

be within 10 % error. Moreover, the predicted concentrations for H2, CO2 and CH4 

deviated from those measured experimentally by a factor ranging 1.5 to 2. Although 

light hydrocarbons C2H6 and C3H8 were considered in the PDF mixture, the model 

under-predicted the concentration of these compounds as seen in the Table 8.1. 

 

Table 8.1 Comparison between model and experimental data 

Parameter Model Experimental % error 
Temperature (oC) 769 800 -4.03 
Gases (% vol.) 

   H2 29.88 14.33 52.05 
CO 19.96 22.11 -10.79 
CO2 6.2 13.97 -125.36 
CH4 1.64 3.62 -120.86 
C2H6 0 1.66 - 
C3H8 0 0.38 - 
C(s) (% wt) 13.78 1.00 92.74 
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the experimental data was within 25 % error. Moreover the prediction for CH4 

showed a noticeable deviation as seen in Figure 8.1 (d). This deviation was found to 

be 65 % error.  

 

 

(a) Mole fraction of CO 

 

(b) Mole fraction of CO2 

 

(c) Mole fraction of H2 

 

(d) Mole fraction of CH4 

Figure 8.1 Comparison between model and experimental data on catalytic processing 

of gasification product gas 
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8.5 Summary  

This chapter has validated the modeling results and those measured 

experimentally. The major findings are summarised hereunder: 

 

(i). The partially premixed combustion model exhibited limited char 

combustion reaction for gasification process compared to the 

experimental results. This limitation can be attributed to the single 

oxidising stream compared to the double fuel streams. 

(ii). Although the Species Transport Model predicted well the temperature 

and the reduction of H2 and CO2, the model under-predicted the 

concentration of CO and CH4.   
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9 CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions  

It has been shown that there exists a sensitivity to the gasifier orientation on the 

overall gasification process. The horizontal configuration showed high fuel 

conversion compared to the vertical design. The maximum fuel conversion was 99 % 

while syngas heating value and cold gas efficiency were 6.67 MJ/Nm3 and 70 % 

respectively. Total tar concentration without catalyst support was found to be 14.92 

g/Nm3 (55.22 g/kg wood fuel). Furthermore, using a horizontal configuration, the 

gasifier reactor length can be reduced from 1000-2000 mm to 500 mm with an inlet 

to the reactor diameter ratio of 0.5. 

The experimental investigations have shown that pumice is an inert material, 

thus it has limited chemical effect on the gasification product gas. In addition, 

pumice has good resistance to concentrated acidic solutions. Although different 

pumice materials may have similar chemical composition, other properties such as 

strength and porosity are different. While the strength is important as it ensures 

resistance to attrition, the porosity ensures high surface area at low pressure drop. 

Furthermore, pumice can be used for tar reduction in the product gas. The reduction 

was found to be in the range of 4-6 g/Nm3. However, the reduction was mainly 

through adsorption. From the studied samples, pumice from Arusha Tanzania 

showed highest porosity which is an important feature in heterogeneous catalysis.  

It has also been shown that the catalytic properties of pumice can be improved 

by doping with ceria. The observed low carbon deposition on the ceria doped pumice 

confirms the coking resistance possessed by ceria. In addition the syngas heating 

value increases with increasing ceria content on the pumice support. The maximum 

heating value achieved was 8.97 MJ/Nm3 at 1.74 g CeO2 loading. Furthermore, tar 

conversion over ceria doped pumice results in the formation of intermediates which 

are mainly oxygenated hydrocarbons. The concentration of CO and CH4 increased 

with in the product gas, while H2 and CO2 showed a slightly decrease. Although tar 

conversion was limited, the observed conversion was found to be through cracking 

and partial oxidation reactions. The presence of H2 and CO2 in the product gas could 

be responsible for the inhibition of tar conversion.   

The experimental results of this study have shown that copper doped pumice 

has an effect on the gasification product gas. While H2 and CO2 decreased, CO and 

CH4 increased with increasing CuO concentration.  The maximum heating value of 
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syngas was found to be 8.66 MJ/Nm3 at 2.81 g CuO loading. Furthermore, tar 

concentration in the product gas decreases with increasing CuO concentration on the 

pumice surface. The governing reactions between tar and the catalyst are through 

cracking and oxidation as confirmed by increasing of CO and CH4 concentration in 

the syngas. The lowest tar yield was found to be 6.12 g/Nm3 at 2.81 CuO loading 

compared to 10.93 g/Nm3 of untreated pumice. These findings suggest that copper 

doped pumice can be employed for tar conversion into gas product during biomass 

gasification. 

This study has shown that increasing nickel loading on pumice support 

increases CO and CH4 in the product gas while H2 and CO2 decreases. Moreover, 

nickel oxide has limited effect on the light hydrocarbons. The maximum heating 

value of the syngas was found to be 7.26 MJ/Nm3 at 2.04 g NiO loading. It was also 

shown that nickel doped pumice possesses tar cracking and partial oxidation 

properties with respect to the gasification product gas. However, the performance can 

be limited by the carbon deposition over the catalyst surface. The lowest tar yield 

was found to be 7.78 g/Nm3 at 1.07 g NiO loading. 

It has also been shown that ceria improves catalytic activity of kaolin on the 

gasification product gas. The selectivity to H2 and CO2 conversion increases with 

increasing ceria concentration in the kaolin, while CO and CH4 yield were promoted. 

The maximum heating value of the syngas was found to be 7.13 MJ/Nm3 at 14.0 g 

CeO2 loading. Furthermore, the reduction of tar concentration in the product gas 

could be attributed to the activity of kaolin/CeO2 on cracking and partial oxidation 

reactions. The lowest tar yield was found to be 7.27 g/Nm3 at 14 g CeO2. Another 

finding from this study showed that the addition of zirconia to the kaolin-ceria 

catalyst promotes tar cracking on the gasification product gas. Aromatic compounds 

showed a noticeable decrease while oxygenated compound decreased slightly. 

Furthermore, the addition of 14 g ZrO2 in the kaolin-ceria containing 14 g CeO2 

increased the syngas heating value from 6.96 to 7.74 MJ/Nm3. Addition of zirconia 

also reduced tar yield from 7.27 g/Nm3 to 3.55 g/Nm3. 

The overall catalysis study has shown that ceria and copper doped pumice are 

potential catalysts for the catalytic processing of the gasification product gas. Their 

catalytic activity is demonstrated by a noticeable increase in cold gas efficiency. 

Other catalysts such as nickel doped pumice and kaolin-ceria/zirconia mixes also 

showed a noticeable improvement to syngas heating value and tar conversion. 
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Furthermore, all catalysts exhibited cracking, reduction and partial oxidation of 

gasification product gas. 

 

9.2 Recommendations for Future Work 

Although the experimental investigation has shown viability in using a 

horizontal entrained-flow gasifier reactor, a number of possible future studies are 

obvious. The experimental work covered in this study was mostly conducted at a 

fixed gasifier reactor temperature and equivalence ratio to provide a strong basis for 

further investigations. Possible future studies may include experimentation at 

different operating conditions such as temperature, equivalence ratio and gasifying 

agent to explore their effect on the syngas and tar yield. In addition, the incorporation 

of the cyclone particle separator is important in the overall syngas cleaning process. 

Since CFD modeling has shown a clear difference between a horizontal and vertical 

configuration, a further experimental comparison is therefore proposed. Modeling 

gasification process using partially premixed combustion model has shown limitation 

on char combustion due to insufficient oxidising agent. Therefore, further work is 

required to improve char combustion and gasification process predictions.  

In catalysis study, the current work has only examined the effect of doping 

pumice and kaolin with particular metal oxides on the gasification product gas. Thus, 

further investigation and experimentation into doping with various catalytic metals in 

form, either in metallic form or as oxide is proposed. Moreover, the study was 

limited with regard to the catalytic reactor temperature and gas hourly space velocity 

(GHSV). It would therefore be important to perform further tests on the performance 

of the catalysts by varying these parameters. Unlike treated pumice catalysts, all 

kaolin treated catalysts experienced a significant attrition. Further work need to be 

done to improve the resistance to attrition.  
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Appendix A. Gas Chromatography-Mass Spectrometer calibration standards
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Appendix D: Material and energy balances for all experimental tests 

(a) Non-catalytic 
  Mass balance (g) Carbon balance (g) Energy balance (MJ) 
 Stream  In Out % error In Out % error In Out % error 
Wood powder 60.00     29.64     1.01     
Air 45.83                 
Gas   94.00     20.04     0.63   
Tar   3.13     2.87     0.07   
Char   0.18     0.10     0.00   
Total 105.83 97.31 8.05 29.64 23.00 22.39 1.01 0.70 30.82 

          
          (b) Ceria catalysts 

        0.65 g CeO2 
         

 
Mass balance (g) Carbon balance (g) Energy balance (MJ) 

Stream  In Out % error In Out % error In Out % error 
Wood powder 60.00     29.64     1.01     
Air 45.83 

 
    

 
    

 
  

Gas   101.07     22.71     0.74   
Tar   3.40     2.73     0.07   
Char   0.18     0.10     0.00   
Total 105.83 104.65 1.12 29.64 25.54 13.85 1.01 0.81 19.75 

          1.44 g CeO2 
         Wood powder 60.00     29.64     1.01     

Air 45.83 
 

    
 

    
 

  
Gas   97.45     22.92     0.75   
Tar   3.21     2.55     0.07   
Char   0.18     0.10     0.00   
Total 105.83 100.84 4.72 29.64 25.56 13.76 1.01 0.82 18.84 

          1.73 g CeO2 
         Wood powder 60.00     29.64     1.01     

Air 45.83 
 

    
 

    
 

  
Gas   100.99     25.16     0.85   
Tar   3.51     2.81     0.08   
Char   0.18     0.10     0.00   
Total 105.83 104.68 1.09 29.64 28.07 5.31 1.01 0.93 8.58 
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(c) Copper catalysts 
       0.74 g CuO 

         
 

Mass balance (g) Carbon balance (g) Energy balance (MJ) 
Stream  In Out % error In Out % error In Out % error 
Wood powder 60.00 

 
  29.64 

 
  1.01 

 
  

Air 45.83 
 

    
 

    
 

  
Gas   97.20     23.15     0.72   
Tar   2.12     1.71     0.05   
Char   0.18     0.10     0.00   
Total 105.83 99.50 5.99 29.64 24.96 15.78 1.01 0.77 23.75 

           1.79 g CuO 
         Wood powder 60.00     29.64     1.01     

Air 45.83 
 

    
 

    
 

  
Gas   101.41     25.22     0.77   
Tar   1.82     1.42     0.04   
Char   0.18     0.10     0.00   
Total 105.83 103.41 2.29 29.64 26.74 9.80 1.01 0.82 19.47 

          2.81 g CuO 
         Wood powder 60.00     29.64     1.01     

Air 45.83 
 

    
 

    
 

  
Gas   101.90     24.99     0.82   
Tar   1.64     1.26     0.04   
Char   0.18     0.10     0.00   
Total 105.83 103.72 2.00 29.64 26.36 11.08 1.01 0.86 15.56 

 
(d) Kaolin-ceria catalysts 

     9.2 g CeO2 
         

 
Mass balance (g) Carbon balance (g) Energy balance (MJ) 

Stream  In Out % error In Out % error In Out % error 
Wood powder 60.00 

 
  29.64 

 
  1.01 

 
  

Air 45.83 
 

    
 

    
 

  
Gas   97.04     22.48     0.69   
Tar   2.18     1.75     0.05   
Char   0.18     0.10     0.00   
Total 105.83 99.40 6.08 29.64 24.33 17.90 1.01 0.74 26.66 

          14 g CeO2 
         Wood powder 60.00     29.64     1.01     

Air 45.83 
 

    
 

    
 

  
Gas   96.05     22.03     0.67   
Tar   1.81     1.44     0.04   
Char   0.18     0.18     0.00   
Total 105.83 98.04 7.36 29.64 23.65 20.21 1.01 0.72 29.40 

          21 g CeO2 
         Wood powder 60.00     29.64     1.01     

Air 45.83 
 

    
 

    
 

  
Gas   89.05     18.66     0.59   
Tar   1.81     1.44     0.04   
Char   0.18     0.10     0.00   
Total 105.83 91.04 13.98 29.64 20.20 31.85 1.01 0.63 37.69 
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(e) Kaolin-ceria-Zirconia catalyst 
     14 g CeO2 

         
 

Mass balance (g) Carbon balance (g) Energy balance (MJ) 
Stream  In Out % error In Out % error In Out % error 
Wood powder 60.00 

 
  29.64 

 
  1.01 

 
  

Air 45.83 
 

    
 

    
 

  
Gas   95.96     22.81     0.73   
Tar   0.75     0.53     0.02   
Char   0.18     0.10     0.00   
Total 105.83 96.88 8.46 29.64 23.44 20.91 1.01 0.75 26.06 

 
(f) Nickel catalysts 

      1.07 g NiO 
         

 
Mass balance (g) Carbon balance (g) Energy balance (MJ) 

Stream  In Out % error In Out % error In Out % error 
Wood powder 60.00 

 
  29.64 

 
  1.01 

 
  

Air 45.83 
 

    
 

    
 

  
Gas   94.03     20.93     0.63   
Tar   1.90     1.53     0.04   
Char   0.18     0.10     0.00   
Total 105.83 96.12 9.18 29.64 22.55 23.90 1.01 0.68 33.11 

          2.04 g NiO 
       Wood powder 60.00     29.64     1.01     

Air 45.83 
 

    
 

    
 

  
Gas   95.76     21.96     0.69   
Tar   2.16     1.63     0.05   
Char   0.18     0.10     0.00   
Total 105.83 98.10 7.30 29.64 23.69 20.08 1.01 0.74 27.42 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


