
 
 

 

 

 

 

 

 

 

Entrained Flow Gasification of Victorian Brown Coals 

using CO2 as Reactant 

 

 

 

Tao Xu 

 

 

 

Supervisors: Prof. Sankar Bhattacharya 

                            Prof. Dr.-Ing. Klaus R.G. Hein 

 

 

This thesis is presented in partial fulfilment for the degree of  

Doctor of Chemical Engineering 

at Monash University 

 

 

September 2017   



ii 

Statement of Authorship 

Under the Copyright Act 1968, this thesis must be used only under the normal conditions of 

scholarly fair dealing. In particular, no results or conclusions should be extracted from it, nor should 

it be copied or closely paraphrased in whole or in part without the written consent of the author. 

Proper written acknowledgement should be made for any assistance obtained from this thesis. 

  



iii 

List of Publications 

Publications published or submitted to date from the project include: 

Journal Papers 

1. T. Xu, S.C. Srivatsa, S. Bhattacharya, In-situ synchrotron IR study on surface functional group 

evolution of Victorian and Thailand low-rank coals during pyrolysis. J Anal Appl Pyrolysis. 

2016; 122:122-130.  

2. P.P. Sripada, Xu, T., M. Kibria, S. Bhattacharya, Comparison of entrained flow gasification 

behaviour of Victorian brown coal and biomass. Fuel, 2016; 203:942-953. 

3. T. Xu, and S. Bhattacharya, Entrained-flow Gasification of Victorian brown coals and chars 

using CO2: gasification behaviour and pollutant gas emission, Applied Energy, 2017. (submitted 

to the Journal) 

4. T. Xu, and S. Bhattacharya, Entrained flow gasification behaviour of Victorian Brown coal char 

at low temperatures, Fuel, 2017 (submitted to the Journal) 

Conference Papers 

1. T. Xu, and S. Bhattacharya, Entrained flow gasification behaviour of Victorian Brown coal at 

low temperatures, in The 40th International Technical Conference on Clean Coal & Fuel Systems 

2015: Clearwater, Florida, USA. 

2. T. Xu, and S. Bhattacharya, Entrained flow pyrolysis and gasification of Victorian Brown coal, 

in International Conference on Coal Science & Technology 2015 (ICCST & 2015), Melbourne, 

Australia. 

3. T. Xu, and S. Bhattacharya, A study on Entrained Flow Gasification of Victorian Brown Coal, in 

5th Annual Monash University Chemical Engineering Conference 2015 

  



iv 

Thesis including published works declaration 

I hereby declare that this thesis contains no material which has been accepted for the award of any 

other degree or diploma at any university or equivalent institution and that, to the best of my 

knowledge and belief, this thesis contains no material previously published or written by another 

person, except where due reference is made in the text of the thesis.  

 

This thesis includes two original papers published in peer reviewed journals and two unpublished 

publications. The core theme of the thesis is entrained flow gasification. The ideas, development and 

writing up of all the papers in the thesis were the principal responsibility of myself, the student, 

working within the Chemical Engineering under the supervision of Prof. Sankar Bhattacharya. 

 

In the case of chapter 4-6 and chapter 8, my contribution to the work involved the following: 

 

Thesis 

Chapter 
Publication Title 

Status 

(published, in 

press, 

accepted or 

returned for 

revision) 

Nature and % of 

student 

contribution 

Co-author name(s) 

Nature and % of Co-

author’s 

contribution* 

Co-

author(s), 

Monash 

student 

Y/N* 

4 

In-situ synchrotron IR 

study on surface 

functional group 

evolution of Victorian 

and Thailand low-

rank coals during 

pyrolysis 

Published 

70%, Concept and 

collecting data and 

data analysis and 

writing first draft 

1) Srikanth 

Chakravatula 

Srivatsa, input into 

manuscript 10% 

2) Sankar 

Bhattacharya, input 

into manuscript and 

editing 20%  

Yes 

 

Yes 

5 

Entrained flow 

gasification 

behaviour of 

Victorian brown coal 

char at low 

temperatures 

submitted 

80%, Concept and 

collecting data and 

data analysis and 

writing first draft 

1) Sankar 

Bhattacharya, input 

into manuscript and 

editing 20% 

Yes 

 

6 Entrained flow 

gasification of 

submitted 80%, Concept and 

collecting data and 

1) Sankar 

Bhattacharya, input 

Yes 



v 

Victorian brown coals 

using CO2: 

gasification 

behaviour and 

pollutant gas 

emission 

data analysis and 

writing first draft 

into manuscript and 

editing 20% 

 

8 

Comparison of 

entrained flow 

gasification 

behaviour of 

Victorian brown coal 

and biomass 

Published 

35%, Concept and 

collecting data and 

data analysis and 

writing first draft 

1) Pavan Pramod 

Sripada, input into 

manuscript 35% 

2) M.A. Kibria, input 

into manuscript 

10% 

3) Sankar 

Bhattacharya, input 

into manuscript and 

editing 20% 

Yes 

Yes 

 

Yes 

 

I have not renumbered sections of submitted or published papers in order to generate a consistent 

presentation within the thesis. 

 

Student signature:                                                     Date: 10/09/2017  

 

The undersigned hereby certify that the above declaration correctly reflects the nature and extent of 

the student’s and co-authors’ contributions to this work. In instances where I am not the responsible 

author I have consulted with the responsible author to agree on the respective contributions of the 

authors. 

 

Main Supervisor signature:                 Date: 17/09/2017 



vi 

Acknowledgements 

Firstly, I acknowledge my supervisor, Professor Sankar Bhattacharya, for his guidance and support 

throughout the research project. His knowledge and feedback have been extremely useful in helping 

me to construct my experimental plan and final thesis, in addition to preparing us with essential skills 

that would be helpful for our future careers. He has been caring, wise, friendly and supportive, and 

my debt to him is enormous. I also gratefully acknowledge the support from China Scholarship 

Council (CSC), Brown Coal Innovation Australia (BCIA), and Monash University for their various 

contribution to this project. 

Colleagues in schools and Chemical Engineering department have had a huge influence on my career, 

which is reflected in this study. In particular, I would acknowledge Joanne Tanner, Srikanth 

Chakravartula Srivatsa, and Kim Phu, who gave me a lot of valuable guildance and training on my 

project; Pavan Pramod Sripada, Mahmud Kibria, Xiaocheng Lin, and Yang Wang. Their wisdom, 

support, guidance and friendship over the years have been most important.  

I would also like to thank Jane Moodie for her teaching and guidance on research writing. Jane also 

helped me proofread and edit my research papers and thesis. I have learnt so much on academic 

writing from her. 

I have always valued the contribution of my parents, Xiangchun Xu and Wei Zhang, who made 

enormous sacrifices to give me the best education when I was younger, and for their unconditional 

love and support at all stages of my career. 

  



vii 

Abstract 

Victoria has abundant brown coal resource, but they are mainly used for mine-mouth power 

generation units with very low efficiency and high greenhouse gas emissions. Entrained flow 

gasification is a technology with great potential for Victorian brown coal utilization to produce high-

value products. However, little is known about entrained flow gasification of Victorian brown coal. 

Therefore, the major objective of this study is to obtain a better understanding of entrained flow 

gasification of Victorian brown coal with CO2 using different experimental and modelling 

approaches. The focus of this research is to examine: 

1) the effect of a wide range of operational variables on gasification performance and emission 

of air pollutants, 

2) the mineral transformation during coal pyrolysis and char gasification, 

3) a comparison of entrained flow gasification behaviour of Victorian brown coal and biomass,  

4) the kinetic modelling of char-CO2 gasification of Victorian brown coal. 

The experimental gasification work was performed with CO2 using two entrained flow reactors 

(EFR), a low temperature reactor (up to 1000 °C) and a high temperature reactor (up to 1650 °C). 

The entrained flow gasification behaviour was examined, in particular, gasification performance 

(carbon conversion and gas composition) and the emission of air pollutants (H2S, HCN, and NH3). 

The mineral transformation was also investigated by measuring the char and gasification residue 

obtained from the experiments with XRD and SEM-EDX instruments. 

The effect of five main factors (total gas flow rate, residence time, temperature, CO2 concentration, 

and gasification process) on entrained flow gasification behaviour was investigated. All five factors 

had a significant effect on the gasification performance. The total gas flow rate significantly affected 

the gas velocity in the reactor and therefore influenced the gasification performance by changing the 

mode of gas-particle contact from gas-controlled entrained flow to solid-controlled falling flow. It 

was found that gasification under entrained flow condition achieved better gasification performance 

than gasification under falling flow condition. The longer residence time also improved gasification 

performance. At 1000 °C, the residence time of Victorian brown coal (Yallourn and Morwell) for 

complete carbon conversion was found to be around 20 s. This indicates that entrained flow 

gasification of Victorian brown coal should be undertaken above 1000 °C. Moreover, both the higher 

temperature and higher CO2 concentration improved the gasification performance. Interestingly, 

higher temperature increased the H2S and HCN emissions, but higher CO2 concentration decreased 
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H2S and HCN emissions. The different gasification processes, direct and two-step gasification, had 

little effect on the carbon conversion but had a strong effect on gas composition. Compared to two-

step gasification, direct gasification generated little CH4 and more CO because of the reverse water-

shift reaction. It is clear that 1200 °C is sufficient to achieve high carbon conversion (~98%) for the 

Victorian brown coals (Yallourn, Loy Yang, and Maddingley) tested in this study for gasification 

using CO2 up to 40% concentration. 

Mineral transformations during coal pyrolysis and char gasification were observed at high 

temperatures between 1000 °C and 1400 °C. In addition, mineral transformation during coal 

pyrolysis and char gasification varied for parent coals (Yallourn, Loy Yang, and Maddingley). The 

decomposition of CaSO4 and the formation of Fe3O4/ MgFe2O4 were found in Maddingley and 

Yallourn coal. Loy Yang coal mainly had one major mineral phase, quartz, and had no significant 

mineral transformation during coal pyrolysis and char gasification. 

Victorian brown coals are low-rank fuels. Therefore, entrained flow gasification of one Victorian 

brown coal (Loy Yang) was compared with that of another low-rank fuel - a biomass (pine bark) - by 

direct gasification of the fuels. The Loy Yang coal and pine bark were found to have similar carbon 

conversion (>95%) at 1200 °C. The product gas of the two fuels was CO-rich because of the 

Boudouard reaction, and Loy Yang coal achieved higher H2 and CO concentration than pine bark. 

The pollutant gas emission varied for the fuels. No NH3 was observed for Victorian brown coal and 

no H2S was observed for pine bark during entrained flow gasification in CO2. 

Kinetic modelling of Victorian brown coals (Yallourn and Maddingley) was investigated using 

thermo-gravimetric analyser and EFR data. A modified volumetric model was validated for 

Victorian brown coals by fitting the TGA data, and it was used to calculate the kinetic parameters. 

Using the kinetic parameters, a mathematical equation was developed for predicting the carbon 

conversion of Victorian brown coal chars at 1000-1400 °C. It showed good agreement with the 

experimental EFR data at high temperature. 

This study presents a comprehensive investigation on entrained flow gasification of Victorian brown 

coal with CO2. It offers an important understanding of the effects of operational variables on 

gasification performance, the emission of air pollutants, and mineral transformation during entrained 

flow gasification. The information generated in this study will advance the development of Victorian 

brown coal gasification for commercial applications.     
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Chapter 1 Introduction 

A comprehensive study of entrained flow gasification of Victorian brown coals is presented in this 

thesis. In this chapter, an overview of the research problem is introduced, the objectives of the study 

are stated, and the structure of the thesis is outlined. 

Overview of the research problem 

Brown coal, often referred to as lignite in the literature, is considered as the lowest rank coal among 

different coals. Low-rank coals account for 28% of the coal reserve worldwide. In Australia, 

Victorian brown coal represents a significant, low cost energy resource but its use is limited to mine-

mouth power generation at relatively low efficiencies and large green house emission. Therefore, 

there is great interest in the assessment and development of alternative utilisation strategies for this 

vast resource.  

Gasification is a feasible technology with great potential for Victorian brown coal utilization towards 

high-value products. Gasification is a thermochemical conversion process which is divided into two 

fundamental processes: coal pyrolysis and char gasification. Gasification can convert coal to syngas 

by reacting the coal with gasifying agents such as air, oxygen, steam, and carbon dioxide. Moreover, 

the syngas obtained from gasification has numerous of applications such as producing fuels and 

chemicals. The low cost of Victorian brown coal has seen much of the interest focus on conversion 

of these coals via gasification to liquid fuels and chemicals. 

Commercial gasification technologies can be divided into three major types: fixed bed gasifiers, 

fluidised bed gasifiers, and entrained flow gasifiers. Of these types, entrained flow gasifiers are the 

most attractive for commercial plants because of their flexibility in feedstock handling and high 

gasification efficiency. In particular, for syngas production, the entrained flow gasifiers dominate the 

world market, compared to the other two gasifier types. However, scientific and technical 

information on the entrained flow gasification of brown coal is scarce in the public domain.  

Kinetic data of coal/ char gasification is required to understand the physical and chemical process 

during the reaction that will enable the design of coal gasifiers. The kinetic data also can be used in 

reaction models for analysing the gasification rate, this is much required for gasifier design. There is 

very limited kinetic data available for Victorian brown coal gasification. Only one study [1] has 

reported kinetic data of CO2 and steam gasification of Victorian brown coals using random pore 
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model. Nonetheless, it is limited to one reaction model and the validity of the kinetic data for 

entrained flow gasification is still unknown. 

There have been few studies (small to pilot scale) into the gasification of Victorian brown coal. Most 

laboratory scale gasification studies have mainly focused on the effect of alkali and alkaline earth 

metals on pyrolysis and gasification using fixed bed and fluidised bed reactors [2-5]. Pilot scale 

studies were carried out at low temperatures using the fluidised-bed and transport gasifiers, resulting 

in low carbon conversion and poor gas quality. Few studies have investigated the entrained flow 

gasification behaviour of Victorian brown coal using CO2 as reactant through two-step gasification 

(pyrolysis followed by gasification of char) [6]. It was found that no tar was detected at high 

temperature pyrolysis and gasification, and gas yield of CO and H2 increased with increasing 

temperature and CO2 concentration. However, these studies are limited to one Victorian brown coal 

(Morwell) and two step gasification. The effect of another gasification process, direct gasification, 

and residence time on the gasification behaviour of Victorian brown coals is still unknown. The 

behaviour of mineral matters during pyrolysis and gasification is also unclear. Moreover, Victorian 

brown coal and biomass are both known as low rank fuel, but their differences in entrained flow 

gasification behaviour have not been investigated.  

Objectives of the research 

This thesis is a significant extension of the previous work carried out at Monash University on 

gasification of Victorian brown coal. One main objective of this research is, therefore, to expand 

entrained flow gasification data for Victorian brown coal in CO2 and deepen the understanding of 

mineral transformation during gasification process. The specific objectives of this research are: 

• to identify the evolution of functional groups in Victorian brown coal during the initial step of 

gasification-coal pyrolysis; 

• to understand the effect of five main operational variables (total gas flow rate, residence time, 

temperature, CO2 concentration, and gasification processes) on gasification performance (carbon 

conversion and gas composition) and emission of gas pollutants (HCN, NH3 and H2S) during 

entrained flow gasification; 

• to identify the mineral transformation of Victorian brown coals during entrained flow pyrolysis 

and gasification over a wide range of temperatures from low (700 ºC) to high (1400 ºC); 



3 

• to understand the similarities and differences of entrained flow gasification behaviour of 

Victorian brown coal and biomass with respect to gasification performance, emission of gas 

pollutants, and mineral transformation; 

• to develop a mathematical model for predicting the carbon conversion of Victorian brown coal 

during CO2 gasification.  

Structure of the thesis 

This thesis describes the experimental and modelling work carried out to achieve these objectives. In 

this thesis, an overview of brown coal resources and properties, gasification background, and gasifier 

technologies, and a review of recent research into Victorian brown coal gasification are presented in 

Chapter 2. In Chapter 3, the sample properties and preparation used in this study are introduced, the 

experimental setups of pyrolysis and gasification studies are outlined, and the analysis methods of 

gasification behaviour and coal/char samples are described.  

Chapter 4 presents the experimental results of the changes of functional groups of Victorian brown 

coal during coal pyrolysis obtained using in-situ synchrotron IR. 

Chapters 5 and 6 present the results of an experimental investigation into the effect of total gas flow 

rate, residence time, temperature, CO2 concentration, and gasification processes (direct using coal vs 

two-step by first pyrolysing the coal and then gasifying the char) on the gasification performance and 

the emission of gas pollutants of Victoria brown coals during entrained flow gasification.  

Chapter 7 presents the results of an experimental investigation into mineral transformations of 

Victorian brown coals during pyrolysis and gasification obtained through XRD measurements for the 

chars and gasification residues collected from low temperature and high temperature entrained flow 

gasification experiments. 

Chapter 8 presents a comparison of entrained flow gasification behaviour of Victorian brown coal 

and biomass in terms of gasification performance, emission of gas pollutants, and mineral 

transformation through direct gasification. 

Chapter 9 presents the results of the kinetic modelling of char-CO2 gasification of Victorian brown 

coals, and contains a comparison of the modelling results and entrained flow gasification results. 

Chapter 10 presents the major findings obtained in this study, and provides recommendations for 

future work. 
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The structures and objectives of this thesis are presented in Figure 1.1. 

 

Figure 1.1: An overview chart of the thesis 
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Chapter 2  Literature review 

Gasification is a thermochemical conversion process which can turn low-value feedstocks into high-

value products. In practice, the use of CO2 as gasifying agent is of interest as this has several 

advantages:  

1) It can lower or avoid using steam which is expensive to produce; 

2) The H2/CO ratio in fuel gases can be easily adjusted to meet the specific requirement for 

chemical or fuel synthesis;  

3) The gasification of CO2, instead of air, can lead to flue gas with high percentage of CO2, 

which is suitable for direct recovery and recycle of CO2.  

However, the reaction of CO2 with carbon is highly endothermic, and therefore energy has to be 

supplied by partial combustion of carbon which will require some oxygen to be fed. The use of CO2 

allows the production of high-value products such as platform chemicals or fuels.  

This chapter presents the background of this project and relevant previous studies. Firstly, the target 

of the project, brown coal, and the background of coal gasification are introduced. The gasification 

technologies for brown coal and kinetic studies of brown coal/char gasification with CO2 are then 

described. The recent research into Victorian brown coal is also summarized. Moreover, current 

development of Victorian brown coal gasification is analysed. 

2.1 Global and Victorian brown coalThis section briefly describes the quantity and quality 

of brown coal worldwide and in Australia. 

2.1.1 Brown coal worldwide 

Brown coal, often referred to as lignite in the literature, is considered as the lowest rank coal among 

different coals. Currently, brown coal is used primarily for electricity generation, but its use for other 

applications is expected to increase in the future because it does have a number of advantages over 

black coal. These advantages include low mining cost, high amount of volatiles, high reactivity, and 

low pollution-forming impurities such as sulphur, nitrogen, and heavy metals [7]. 

According to the BP Statistical Review of World Energy in 2017, there are 323 billion tons of brown 

coal reserves left, accounting for 28% of the coal reserve worldwide [8]. Current world brown coal 

reserves is sufficient to meet 153 years of global production based on current production rate 1024 

million tonnes/ year. By country (Figure 2.1), 28.1% of worldwide brown coal reserves are located in 
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Russia (90.7 billion tonnes), 23.7% (76.5 billion tonnes) in Australia, 11.2% (36.2 billion tonnes) in 

Germany, 9.3% (30.1 billion tonnes) in US, 4.3% in the China (14 billion tonnes), 3.3% (10.9 billion 

tonnes) in Turkey, 2.5% (8.2 billion tonnes) in Indonesia, with 17.4% in the other countries [8]. It is 

evident that Australia has the second largest brown coal reserves in the world, and approximately 97% 

of its total brown coal resources are located in Victoria [9], as shown in Figure 2.2. The properties of 

Victorian brown coal are presented in the next section.  

 

 

Figure 2.1: Distribution of proven reserves of brown coal worldwide 2017 by country [8] 

 

Figure 2.2: Distribution of brown coal reserves in Australia 2012 by state [9] 
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2.1.2 Victorian brown coal 

Brown coal in the state of Victoria, Australia, is distributed in three major basins of the Latrobe 

Valley: the Murray Basin, Otway Basin and Gippsland Basin, as shown in Figure 2.3. The brown 

coal reserves in the Murray and Otway Basins are 19.6 and 15.5 billion tons, respectively. The 

Gippsland Basin is much larger than the other two, with an estimated reserve of 65 billion tons 

brown coal, which is account for more than 80% of Victoria’s resource [10]. Seams of brown coal in 

the Gippsland basin are typically located under only 10-20 meters of overburden. The favourable 

lignite to overburden ratios in the Gippsland basin are between 0.5: 1 and 5:1, which indicates a high 

tonnage of resource for every cubic meter of non-coal material mined. This combines with easy 

digging characteristics, making it some of the lowest cost coal in the world [11]. 

 

Figure 2.3: Victorian brown coal distribution in the Latrobe Valley [11] 

Victorian brown coals have a low carbon content, 25–35% (65–70%, daf.) of raw coal. More than 

half of the carbon present in the coal is of aromatic nature, while the rest of the carbon is present in 

aliphatic chains and various functional groups. Brown coals have high oxygen content where oxygen 

is present as –COOH, −OH, ether or carbonyl forms. The sulphur content in as-mined Yallourn (YL) 

and Morwell (MW) coals ranges between 0.2 and 0.4% on a dry basis. The sulphur content in the 

Latrobe seam, one of the oldest coal seams near Morwell, averages 0.6% and exceed 1.5% in some 

locations. Sulfur present in Victorian brown coals is mostly organic [12]. Typical properties of 

Victorian brown coal are shown in Table 2.1 [13]. 

 

http://www.sciencedirect.com/science/article/pii/S0360128513000300#tbl1


8 

 

Table 2.1: Typical properties of Victorian brown coal [13] 

Items   

Ultimate analysis (ash free basis, wt%)  

Carbon 65-70  

Oxygen 25-30 

Hydrogen 4.0-6.0 

Nitrogen 0.36-0.85 

Sulphur 0.14-5.36 

Proximate analysis  

Ash (dry basis, wt%) 0.5-12.8 

Moisture (wt%) 43.7-71.0  

Calorific value  

Energy value (gross dry, MJ/kg) 25-29  

Energy value (net wet, MJ/kg) 5.24-13.87 

A comparison of different low-rank coals around the world including Victorian brown coals is shown 

in Figure 2.4 [14]. This figure shows the unique nature of Victorian brown coals with high moisture 

and low ash content compared to other low-ranked coals. 
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Figure 2.4: Comparison of different low rank coal [14] 

Due to the special properties of Victorian brown coal- high moisture content and high reactivity, 

there are some real difficulties in coal transportation. As a result, Victorian brown coal is currently 

used in mine-mouth power generation plants, generating over 90% of electricity in Victoria [9]. 

However, it is also considered as a large contributor to greenhouse gas emissions because of this. 

Therefore, new applications towards high-value products are vital for the future of Victorian brown 

coal. Gasification, as one of the most potential and feasible technique for brown coal utilization, is 

investigated in this study, which can be used to generate syngas and value-added chemicals. 

2.2 Background of coal gasification 

This section introduces the background of coal gasification in terms of gasification process, 

gasification chemistry, and gasification applications.  

2.2.1 Gasification process 

Gasification is the reaction of a carbonaceous material, such as coal, with a gasifying agent, such as 

air, oxygen, carbon dioxide, or steam, to produce syngas (mainly of H2 and CO) with fuel-dependent 

concentrations of CO2, H2O and CH4 as well as trace amounts of various other permanent and non-

permanent gases [15]. The gasification process can be divided into two fundamental processes: coal 

pyrolysis (also known as thermal decomposition or devolatilisation) and char gasification. The 

schematic gasification processes are shown in  

Figure 2.5 and the general equations are given below: 

Pyrolysis: coal → char + tars + gases 

Gasification: char + reagent → gases + ash 

First of all, combustion starts as soon as the fuel is introduced into the reactor and quickly consumes 

the majority of the available oxygen in the process to create the reducing atmosphere required for 

gasification. 

Pyrolysis begins once the coal particles reach fuel-dependent temperatures, approximately 523 K 

[16]. The initial heating and devolatilisation of the coal takes place and results in the release of 

volatile matters and the breakage of covalent bonds and crosslinks, converting hydroaromatic groups 

into aromatic structures. This thermal decomposition also includes a series of complicated reactions 
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such as decarboxylation, cracking and repolymerisation, to release more volatile matters. It also 

results in the change of the mineral matter within the coal, for example, conversion of inorganic 

components to metal oxides.  

After coal pyrolysis, the remaining char gasifies with a multiple of reactants including CO2 and 

steam at approximately 1073 K [17]. This process produces the desired combustible syngas by a 

series of heterogeneous reactions. The product gases then react further among themselves and with 

the initial reagents to produce the final gas mixture. 

 

Figure 2.5: Schematic gasification processes [15] 

 

2.2.2 Chemistry of gasification 

Any gasification process can be divided into heterogeneous solid-gas reactions and homogeneous 

gas-phase reactions. The final gas product is composed mainly of CO, H2, CO2, and CH4, but the 

composition of the final gas varies by the combination of heterogeneous solid-gas reactions and 

homogeneous gas-phase reactions. The heterogeneous and homogeneous reactions are shown as 

follows [18]: 

Heterogeneous solid-gas reactions 

Combustion                                                          𝐶(𝑠) + 𝑂2 → 𝐶𝑂2                                            (R 2.1) 

Partial combustion                                               𝐶(𝑠) +
1

2
𝑂2 → 𝐶𝑂                                             (R 2.2) 

Boudouard reaction                                            𝐶(𝑠) + 𝐶𝑂2⟶ 2𝐶𝑂                                          (R 2.3) 

Water-gas reaction                                             𝐶(𝑠) +𝐻2𝑂 ⇌ 𝐶𝑂 +𝐻2                                    (R 2.4) 

Hydrogasification                                             𝐶(𝑠) + 2𝐻2 ⇌ 𝐶𝐻4                                            (R 2.5) 
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Homogeneous gas-phase reactions 

CO oxidation                                                     𝐶𝑂 + 1

2
𝑂2 → 𝐶𝑂2                                              (R 2.6) 

Water - gas shift                                                𝐶𝑂 +𝐻2𝑂 ⇌ 𝐶𝑂2 +𝐻2                                   (R 2.7) 

Steam reforming                                             𝐶𝐻4 +𝐻2𝑂 ⇌ 𝐶𝑂 + 3𝐻2                                   (R 2.8) 

Hydrogen combustion                                            𝐻2 +
1

2
𝑂2 → 𝐻2𝑂                                        (R 2.9) 

Methane dry reforming                                      𝐶𝐻4 + 𝐶𝑂2 ⇌ 2𝐶𝑂 + 2𝐻2                            (R 2.10) 

Of the five heterogeneous reactions (R 2.1)-(R 2.5), the first three are essentially complete under 

gasification conditions. Combustion reaction (R 2.1) is rapid and exothermic, which can provide heat 

for the later reactions and consumes the majority of oxygen in the gasifier. When the oxygen 

concentration falls and cannot meet the stoichiometry for combustion, partial oxidation (R 2.2) 

happens together with other heterogeneous reactions. The Boudouard reaction (R 2.3) is endothermic 

and is much slower than the partial oxidation under the same conditions. This is because that it is 

limited by a product gas (CO), and proceeds very slowly when the temperature is below 700°C [19]. 

In addition, the water-gas reaction (R 2.4) is endothermic and favoured by low pressure and high 

temperature [20]. It proceeds slowly below 900°C without catalyst but faster than the Boudouard 

reaction under the same conditions [19]. This reaction produces CO and H2 by consuming carbon, 

which is an important source for syngas generation in the gasifier. The hydrogasification reaction (R 

2.5) proceeds very slowly unless at high pressure (i.e. 70 bar). 

The final gas composition is also affected by gas-phase reactions (R 2.6) – (R 2.10). The water-gas 

shift reaction adjusts the H2/CO ratio, which is important for syngas applications into corresponding 

chemicals. The dry methane reforming reaction (R 2.10) can produce CO and H2 by consuming CH4. 

However, it occurs very slowly without using catalyst or high pressures [21]. 

2.2.3 Coal to products 

As discussed in section 2.2.1, coal gasification converts coal to syngas, which is predominately a 

mixture of carbon monoxide and hydrogen. Syngas is a precursor to a wide range of energy and 

chemical products: it can be combusted in a combined cycle turbine system for efficient production 

of electricity, fed into a Fischer-Tropsch plant for the production of liquid fuels, reformed to methane 

to provide synthetic natural gas (SNG), converted to methanol to produce gasoline, or used as a 
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precursor for the production of a range of fertilisers, explosives and other chemicals [22-24]. Generic 

applications of coal-derived syngas are presented in Figure 2.6. 

 

Figure 2.6: Applications of coal-derived syngas [25] 

Most of these downstream processes are based on technologies that have a long history of 

development and improvement, requiring very little R&D to support their implementation into coal-

to-products processes. However, the variability in the properties of the feedstocks and the different 

requirements of downstream processes mean that there is a range of gasification technologies, each 

one having particular requirements in terms of feedstock properties and producing syngas of varying 

quality and composition. The common gasification technologies are presented in the next section. 

2.3 Gasification technologies 

This section gives an overview of the main gasification technologies in use around the world, and 

provides some context for the traditional approaches to gasification of Victorian brown coal for 

power generation, and it also outlines the likely implications of a shift towards gasification of these 

materials for the production of liquid fuels, chemicals, hydrogen, and other. 

Gasification technologies are generally classified based on bed types as listed in Table 2.2:  

• Fixed bed gasifiers (also known as moving bed, dry ash or slagging) 

• Fluidised bed gasifiers (dry ash or agglomerating) 

• Entrained flow gasifiers (slagging) 

• Transport gasifiers (modified fluidised bed, dry ash)  
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Table 2.2: Characteristics of different gasification technologies 

Category Fixed bed Fluidised bed Entrained flow Transport 

Ash condition Dry  Slagging Dry Agglomerating Slagging Dry 

Typical processes Lurgi, SEDIN BGL 
Winkler, HTW, 

CFB,TRIG 

KWR, U-Gas, 

AFB 

Shell, GE,E-Gas, 

Simens,KT, and 

others 

KBR,HRL 

       
Feed characteristics 

      
Preferred coal rank Any High Low Any Any Low 

Coal particle size (mm) 5-80 5-80 <6 <6 <0.1 <6 

Gas velocity Low to moderate Low to moderate 

Low to 

moderate (3-

8m/s) 

Moderate  High 
High (11-

18m/s) 

       
Operating characteristics 

      
Typical operating temperature  900-1200ºC 900-1200ºC 800-900ºC 850-1100ºC 1200-1600ºC 950-1065ºC 

Pressure Moderate(20-35 bar) 
Moderate (20-35 

bar) 

Moderate (25-

30 bar) 

Moderate (25-30 

bar) 

Moderate to high (20-

70 bar) 

Moderate (11-

18 bar) 

Outlet gas temperature  Low( 450- 650 ºC) Low( 450- 650ºC) 
Moderate (900-

1050ºC) 

Moderate (900-

1050ºC) 
High (1250-1600ºC) 

Moderate 

(900-1050ºC) 

Scale Small Small 
small to 

medium 
small to medium Large 

small to 

medium 

       
Ash content No limitation <25%  No limitation No limitation <25% prederred No limitation 

Tars produced Moderate to high Moderate to high Intermediate Intermediate Absent Low 

       

Key technical issues 

Utilisation of fines 

and hydrocarbon 

liquids 

Utilisation of fines 

and hydrocarbon 

liquids 

Lower carbon 

conversion 

Lower carbon 

conversion 
Raw gas cooling 

Commercial 

application 
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2.3.1 Fixed bed gasifiers 

Fixed bed gasifiers, also called moving bed gasifiers, operate in a manner similar to blast furnaces, 

where lump coal is fed from the top and air or oxygen is supplied from the bottom [26]. The 

residence times of solids are high (1–2 hours) and coal mineral matter is removed either dry, as in the 

Lurgi FBDBTM gasifier, or as a slag, as in the slagging BGL/Envirotherm technology. Dry-ash fixed 

beds usually have a rotating grate system at the bottom of the bed to facilitate removal of the ash. 

There are no moving parts at the bottom of the BGL gasifiers, as shown in Figure 2.7 (a). These 

characteristics mean that fixed bed gasifiers are relatively easy to operate but they have high 

maintenance requirements: this is why fixed-bed gasifier installations typically have two or more 

gasifiers with at least one idled for maintenance as part of the operation. The Lurgi FBDBTM Mk 

PlusTM gasifier is the most recent offering from this technology suite, operating at higher pressures 

(up to 60 bar) and with greater throughputs, as shown in Figure 2.7 (b). 

Fixed-bed gasifiers have specific requirements of coal properties: structural stability of the slowly 

moving bed of coal and char is important, as is the ability for gas to permeate uniformly through the 

coal and char bed.  The formation of fines, therefore, is not favourable as they significantly reduce 

this permeability. These gasifiers have relatively low throughput per unit, low degree of fuel 

flexibility and the tendency for the syngas to contain relatively high levels of methane, liquor, and 

tars.  This makes them generally better suited to specific applications such as SNG production than 

for large scale FT or IGCC power generation applications. Considerable scale and reliability, 

however, can be achieved through the use of banks of many gasifiers, such as the Sasol plant in 

South Africa which uses more than 80 Lurgi gasifiers in a parallel configuration.  

Fixed bed gasifiers can be attractive for high moisture coals because the coal is dewatered and heated 

by the hot gas moving countercurrently with the downward moving lump coal, resulting in low 

oxygen consumption. However, the use of lump coal immediately poses the problem of what to do 

with the fines that are usually present. Furthermore, dirty gases leave the gasifier at temperatures 

below 500 °C. This relatively low temperature and the presence of tars and liquor means that waste 

heat boilers or syngas coolers cannot be used. 
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(a)                   (b)  

Figure 2.7: (a) The Lurgi FBDBTM fixed-bed, dry-bottom gasifier[26] and (b) the BGL (Envirotherm) 

slagging gasifier (www.netl.doe.gov, accessed May 2014). 

The Great Plains Synfuels plant in the US gasifies lignite in an oxygen-blown dry-bottom fixed bed 

Lurgi gasifier producing about 153 million cubic feet of synthetic natural gas each year, as well as 

CO2 which is sent to EOR applications in Canada.  Current expansion of the facility to produce 1,100 

tpd of urea will be completed by 2017, demonstrating the success of the operation as well as the 

flexibility afforded by gasification-based systems to respond to market changes. The Vresova IGCC 

plant in the Czech Republic gasifies approximately 2000 tonnes per day of lignite, also using Lurgi 

fixed-bed dry-bottom gasifiers, to produce power in an IGCC configuration. Clearly, lignites can be 

successfully gasified using fixed-bed technologies, provided that an adequate understanding of their 

structural and fragmentation properties shows them to be suitable.   

2.3.2 Fluidised bed gasifiers 

Fluidised bed gasifiers require coarse (1–10 mm) and dry coal (or biomass) particles in a bed 

fluidised by air or oxygen and steam [27]. To minimise agglomeration and prevent defluidisation of 

the bed, the operating temperature is usually kept below the ash softening temperature which for 

most coals is around 1000 °C. The gasifiers are known to operate at atmospheric or higher pressures.  

There are two variants of fluidised bed gasifiers that have been commercialised: High Temperature 

Winkler (HTW) and U-Gas gasifiers. The HTW gasifier, shown in Figure 2.8(a), is a circulating 

fluidised bed gasifier operating at 3–5 m/sec fluidisation velocity and pressure up to 30 bar. A mix of 

incoming feed, partially converted coal and dry ash constantly circulates inside the bed maintaining a 

constant temperature in the bed. To keep the bed fluidised and minimise agglomerates, a part of the 

http://www.netl.doe.gov/
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mix is also constantly discharged from the bed. This discharge from the bed and low operating 

temperature also result in low carbon conversion (80-90%) in the gasifier. While Rhinebraun AG 

(now RWE) developed the process in 1926, ThyssenKrupp Uhde acquired the HTW technology in 

2010. 

The U-Gas gasifier, shown in Figure 2.8(b), is also a circulating fluidised bed gasifier but with air/O2 

and steam injection at the conical bottom to improve the carbon conversion to about 95%. It can 

operate up to 1100 °C, and large agglomerated ash is discharged from the bottom of the gasifier. The 

U-Gas gasifier was developed by the Gas Technology Institute in Chicago, while commercial 

licensing rights were acquired by Synthesis Energy Systems. In 2013, three plants were in operation 

at Hennan, Shandong and Inner Mongolia in China, all for chemicals production. 

In the air-blown mode, fluidised bed gasifiers are known to produce low-calorific value fuel gas 

(around 5 MJ/kg), while oxygen-blown mode operation will result in medium calorific value fuel gas 

(around 9 MJ/kg). Because of lower operating temperature, fluidised bed gasifiers are inherently 

more suited for reactive coals, such as brown coal. However, low carbon conversion does remain a 

problem due to the low operating temperature. 

          

(a)                                                                                                 (b) 

Figure 2.8: Fluidised bed gasifiers - (a) High temperature Winkler type (b) U-Gas type 

(www.netl.doe.gov, accessed April 2014) 

 

http://www.netl.doe.gov/
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2.3.3 Transport gasifiers 

The transport gasifier (Figure 2.9) is another circulating fluidised bed gasifier, but it operates at a 

higher velocity than a HTW gasifier promoting better mixing between the coal and the reactants. The 

main body of the gasifier has two sections: a larger-diameter mixing zone on the bottom, and a 

smaller-diameter riser section on the top. The larger diameter of the mixing zone lowers a gas 

velocity promoting solids mixing and consequently increasing solids retention time and therefore 

carbon conversion. 

The transport gasifier can handle lower feed particle size compared to HTW gasifiers. Air or O2 and 

steam addition at the bottom of the larger diameter mixing zone also improves carbon conversion. 

Due to low operating temperatures, the transport gasifier is also inherently more suited for reactive 

coals, such as brown coals and lignites. Since the operating temperature of the transport gasifier is 

under 1000 °C, the calorific value of a fuel gas produced is similar to that from fluidised bed 

gasifiers. 

The transport gasifier technology has been developed by Kellog, Brown and Root and Southern 

Company at the Power System Development Facility at Wilsonville, Alabama and the EERC at the 

University of North Dakota. This has formed the basis for the 582 MW Transport Reactor Integrated 

Gasification powered IGCC plant at Kemper County in Mississippi. At the time of drafting this 

chapter (September 2017), this project has been kept on hold for cost reasons. The gasifier will 

operate in air-blown mode for the production of power and fertiliser, as well as CO2 for enhanced oil 

recovery. Designs are known to be available for oxygen-blown operation. Another plant is known to 

be under negotiation for construction in Dongguan, China. 
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Figure 2.9: Transport Gasifier (www.netl.doe.gov, accessed August 2017). 

 

2.3.4 Entrained flow gasifiers 

Entrained flow gasifiers require pulverised coal at high pressures into a chamber where temperatures 

and pressures are high (up to, and possibly over 1800–2000 K and 2.0–4.0 MPa) and residence times 

are low (usually several seconds). Due to these intense reaction conditions, entrained flow gasifiers 

offer high throughput and conversion for a wide range of feedstocks, making them the most 

commonly used gasification technology for large-scale IGCC and coal-to-products applications 

(Table 2.2). Entrained flow gasification is currently feasible only at large scale. Some example 

schematics of common entrained flow gasifiers are given in Figure 2.10. 

Table 2.3: Characteristics of the leading commercial entrained flow gasification technologies [28]. 

Technology Stages Oxidant Feed Configuration Gasifier Wall 

Shell, PRENFLO 1 O2 Dry Up-flow* Water-wall 

GE 1 O2 Slurry Down-flow Refractory 

CB&I  E-Gas 2 O2 Slurry Up-flow Refractory 

MHI 2 Air Dry Up-flow Refractory & Water-wall 

Siemens 1 O2 Dry Down-flow Water-wall 

*More recently a down flow variant of this technology has been developed. 

http://www.netl.doe.gov/
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(a)  (b) (c)  

 

(d) (e)  

Figure 2.10: Examples of entrained flow gasifier technologies: (a) Shell, (b) GE, (c) MHI, (d) E-Gas, (e) 

Siemens [29]. 
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The available commercial entrained flow gasification technologies are differentiated by particular 

combinations of the feeding method and oxidant type, gasifier configuration, construction material, 

and mode of syngas quench. The impacts of these variations on fuel requirements and syngas quality 

mean that most technology vendors are continually exploring variants to their gasifier design and 

syngas processing configuration. For example, Shell now offers a partial quench system and Siemens 

are developing a radiant syngas cooler configuration to suit specific applications.   

Slurry-fed gasifiers, such as the GE and E-gas gasifiers, overcome issues associated with feeding 

powdered solids into pressure vessels and can operate at very high pressures; however, the increased 

reliability and decreased capital cost comes at the expense of a greater oxygen demand due to the 

increased thermal load. Refractory-lined slagging gasifiers, such as GE and E-Gas, are sensitive to 

the quality and quantity of the ash and slag, and are more susceptible to ceramic liner erosion and 

corrosion than water-wall gasifiers. Water-wall gasifiers, such as Shell and Siemens, require a 

protective slag layer to form, which is strongly dependent on the properties of the coal used. 

Two-stage gasifiers, such as the MHI and E-Gas, gasifiers have two coal injection points: one in the 

‘combustion’ stage, where heat is generated to melt the mineral matter and to drive the gasification 

reactions, and one in the second stage, where coal and char is ‘gasified’ using the heat and gaseous 

products from the combustion stage. The second stage also serves as a ‘chemical quench’, whereby 

the progress of the gasification reactions partially cools the syngas and stores this heat as chemical 

energy in the syngas. They consequently have greater cold gas efficiencies than single-stage gasifiers; 

however, this can be offset by higher rates of unconverted carbon and the possible production of 

some tar species. Two-stage gasifiers often have a char recycling capability, which increases the total 

carbon conversion but also increases the capital cost. 

Most entrained flow gasifiers are oxygen blown, as the presence of significant amounts of N2 is 

detrimental to the downstream chemicals and liquid fuels production processes. Furthermore, for 

gasification-based IGCC power plants which are designed for integrated carbon capture and storage, 

oxygen blown systems are favoured for similar reasons. In oxygen blown gasification, air is 

separated in an air separation unit and high purity O2 (usually over 99%) is used as the oxidant, 

usually with steam to manage the temperature and enhance the production of syngas.  There are 

significant capital and operating costs associated with operating an air-separation unit: the ASU can 

comprise up to 15% of the capital cost of an IGCC plant, and consume up to 20% of the power 

generated [30]. 
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It is not common for air-blown gasifiers to be used in chemical and liquid fuel production processes. 

Air blown gasifiers are typically used in applications in which lower cost is important, such as some 

IGCC applications. The Nakoso IGCC plant in Japan, for example, was designed for high-efficiency 

power generation and was not initially designed for use with integrated carbon capture [31]. The 

greater gas volumes associated with air-blown gasification are significant: gasifiers must be larger, 

and downstream syngas cooling and cleaning plants must also be larger [32]. For IGCC applications, 

therefore, there is a trade-off between capital and operating cost and reliability. 

The need for higher efficiencies and lower cost entrained flow gasification systems, particularly for 

Victorian brown coal utilisation, is driving new initiatives in gasifier design. 

 

2.4 Kinetics studies of brown coal/char gasification with CO2 

Kinetics data of brown coal/char gasification is required to design coal gasifiers. Many research have 

been conducted for coal/char gasification kinetics. In this section, the mechanism, reaction rate, and 

reaction models for brown coal/char gasification with CO2 are introduced. 

2.4.1 Char-CO2 mechanism 

Different mechanisms for the char-CO2 reaction have been proposed and reviewed [33-35]. They are 

interpreted by either an oxygen exchange mechanism [36], or a combination of oxygen exchange and 

CO inhibition [37]. The surface mechanism is based on the following reactions: 

𝐶 + 𝐶𝑂2

𝑘1
⇌
𝑘−1

𝐶(𝑂) + 𝐶𝑂                                                  (R 2.11) 

𝐶(𝑂)
𝑘2
→ 𝐶𝑂 + 𝐶( )                                                              (R 2.12) 

𝐶( ) + 𝐶𝑂
𝑘3
⇌𝐶(𝐶𝑂)                                                             (R 2.13) 

Where 𝐶( ) represents available active sites on the surface of a char particle, C(O) and C(CO) are the 

occupied sits, and k1, k-1, k2, and k3 are rate constants. 
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Initially, CO2 reacts with an active carbon on the surface (R 2.11) to generate CO and form a 

complex of the oxidised surface. Secondly, it is carbon gasification (R 2.12), where CO and new 

active sites are generated. It is widely acknowledged that the second step, carbon gasification, 

determines the reaction rate.  

Later, some researchers [38] have found the inhibition influence of CO, the product of the CO2 

gasification, on the reaction by adsorbing and occupying active sites (R 2.13). Therefore, the reaction 

rate (rs) is expressed as follows: 

𝑟𝑠 =
𝑘1𝑝(𝐶𝑂2)

1+
𝑘−1
𝑘2
𝑝(𝐶𝑂)+

𝑘1
𝑘2
𝑝(𝐶𝑂2)

                                                  (E 2.1) 

Where p(CO) and p(CO2) are the partial pressure of each gas. 

2.4.2 Gasification reaction rate 

There are two gasification rate equations for CO2 gasification: the nth order reaction rate equation 

and the Langmuir-Hinshelwood (L-H) reaction rate equation [34, 39]. The nth order reaction rate 

equation assumes that the overall gasification rate is proportional to the partial pressure of the 

reagent gas (CO2), and it follows Arrhenius equation: 

k = 𝐴0exp (−
𝐸𝑎

𝑅𝑇
)𝑃𝑛                                                     (E 2.2) 

where 𝐴0 is a pre-exponential factor, 𝐸𝑎 is activation energy, R is gas constant, T is temperature, P is 

the partial pressure of the gasifying agent, and n is reaction order. 

According to the Arrhenius equation, the temperature has the greatest effect on reaction rate, and the 

effective reaction rate is controlled by the following three temperature regimes, shown in Figure 2.11:  
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Figure 2.11: The effective reaction rate at different temperature regimes [40] 

• Regime I (a low temperature zone, approximate < 1000 °C). The overall rate is controlled by 

the chemical reaction, and the gasification occurs throughout the particle [35]. In this 

temperature zone, the activation energy and all other kinetic parameters determined are the 

intrinsic values for the reaction [20]. Therefore, the kinetic parameters should be determined 

by the chemical reaction controlled temperature range, Regime I, to obtain the true values. 

• Regime II (a medium temperature zone). The chemical reaction rate increases exponentially 

and gets higher, but it is limited by the gas diffusion within the pores [35]. In this regime, the 

measured activation energy is approximately the half of the true activation energy and the 

reaction order is approximately the half of the true order plus 1 [41].  

• Regime III (a high temperature zone). The reaction rate is limited by the mass transfer within 

the boundary layer around the particle. The concentration of gaseous reactant at the external 

surface of the char particle is essentially zero and the reaction is controlled by external mass 

transfer. The activation energy in Regime III is negligible (~ 0) [35] and the char properties 

has no effect on the reaction rate. 

The partial pressure of reactive gases has significant effect on char gasification rate. It is found that 

the gasification rate increases with pressure, and its effect is more marked in low pressure zone. At 

high pressure above 1 MPa, the enhancement of pressure on gasification rate diminishes with 

increasing pressure because of the inhibition effect of CO formed [42]. Hence, the Arrhenius 

equation is more applicable to low pressure gasification, and gasification rate (Ink) is a linear 

function of reaction order. 
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The L-H reaction rate equation is applied in order to explain the change in the dependence of the 

partial pressure on gasification rate: 

k = S
𝑘1𝑝(𝐶𝑂2)+𝑘4𝑝

2(𝐶𝑂2)

1+𝑘2𝑝(𝐶𝑂2)+𝑘3𝑝(𝐶𝑂)
                                                          (E 2.3) 

where S is the surface area of the char particle. The following elementary reactions were considered 

in this equation and the reaction rate constants 𝑘𝑗 (j=1, 2, 3, 4) follows Arrhenius equation 

𝐶𝑂2
𝑖1
→ 𝐶𝑂 + (𝑂)                                                  (R 2.14) 

𝐶𝑂
𝑖2
←
𝑖3
→ (𝐶𝑂)                                                     (R 2.15) 

𝐶 +(𝑂)
𝑖4
→ 𝐶𝑂                                                      (R 2.16) 

𝐶𝑂2 + (𝐶𝑂)
𝑖5
→ 2𝐶𝑂 + (𝑂)                                     (R 2.17) 

𝐶𝑂 + (𝐶𝑂)
𝑖6
→ 𝐶𝑂2 + 𝐶                                           (R 2.18) 

𝑘1 = 𝑖1;   𝑘2 =
𝑖1

𝑖4
+
𝑖5

𝑖3
;  𝑘3 =

𝑖2

𝑖3
+
𝑖6

𝑖3
;  𝑘4 =

𝑖1𝑖5

𝑖3
                          (R 2.19) 

The L-H equation has been successfully used for the intrinsic kinetics of the CO2 gasification by 

many researchers [43-46]. Compared to the nth order equation, the L-H expression has three 

important characteristics [47]: 

1) The intrinsic reactivity of the CO2 gasification is a non-linear function of CO2 partial pressure 

and the reaction order, n, is not used. 

2) The mechanism of the expression considers an adsorption – desorption reaction. 

3) It includes the inhibition effect of CO, the product gas. 

However, the main problem for the L-H equation is to evaluate the large number of the adsorption 

and kinetic constants when various gases are present. 

Table 2.3 shows the kinetic parameters presented in previous kinetic studies for char-CO2 

gasification using the Arrhenius equation and L-H type equation. As seen, there are clear differences 

in both the activation energy and pre-exponential factor for low-rank coals, which could be a result 

of a combination of sample properties and preparation, experimental reactors, and gasification 

conditions. 
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Table 2.4: Kinetic parameters for char-CO2 gasification 

Coal type Char sample Ea (kJ/mol) Pre-Exponential Factor (s-1) Reference 

Lignite Victoria 146.4 n.r. [48] 

Lignite Turkish coals 29-124.8 n.r. [49] 

Lignite Utrillas 169.5 n.r. [42] 

Lignite n.r. 149.1 8.21 x 102 [50] 

Lignite Yallourn 170 6.60 x 103 [51] 

Lignite Loy Yang 160 1.31 x 103 [52] 

Densified Lignite Morwell 230 n.r. [53] 

Bituminous coal Australian coal 283 1.09 x 109 [54] 

Bituminous coal Pittsb. and Illinois 247.9 n.r. [55] 

Bituminous coal n.r. 171 n.r. [43] 

Bituminous coal Australian coal 257 2.54 x 107 [56] 

Bituminous coal American and Chinese coal 240-280 1.12 x 108-1.19 x 109 [57] 

n.r. = not reported 

2.4.3 Reaction models 

Different models have been proposed to describe the coal char gasification reaction with CO2. 

Models without considering coal structural changes during reaction are most simple. The volumetric 

model (VM) and the grain model (GM) are examples of this type of models. Other than these models, 

modified volumetric model (MVM) and random pore model (RPM) are introduced here as well. 

2.4.3.1 Volumetric model 

This model is the simplest, it reduces the heterogeneous gas-solid reaction of coal gasification to a 

homogeneous reaction by assuming that the gas is reacting with char in all possible places, both 

outside and inside the particle surface [58]. The kinetic expression for the reaction rate is given 

below: 

𝑑𝑋

𝑑𝑡
= 𝑘𝑉𝑀(1 − 𝑋)                                                                    (E 2.4) 

3[1 − (1 − 𝑋)
1
3⁄ ] =  𝑘𝐺𝑀𝑡                                                       (E 2.5) 

Where 𝑘𝑉𝑀 is the kinetics reaction constant and 𝑋 is the conversion. 
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2.4.3.2 Grain model 

The grain model assumes that the reaction occurs at the external surface of char particle [59, 60]. As 

the reaction gradually moves inside the particle, only ash layer remains. At the intermediate 

conversion of a sample particle, there is a shrinking core of unreacted solid, which diminishes with 

the course of the reaction, the reactivity expressions are given below: 

𝑑𝑋

𝑑𝑡
= 3𝑘𝐺𝑀(1 − 𝑋)

2
3⁄                                                        (E 2.6) 

3[1 − (1 − 𝑋)
1
3⁄ ] =  𝑘𝐺𝑀𝑡                                                 (E 2.7) 

Where 𝑘𝐺𝑀 is the kinetics reaction constant. 

2.4.3.3  Random pore model 

The random pore model was found by Bhatia and Perlumutter [61] who considered the random 

overlapping of pores’ surface, which reduced the area available for reaction. Those changes are 

expressed with the structural parameter, ψ, which is the characteristic for this model. The RPM can 

predict the occurrence of the maximal rate in the course of the reaction. The ψ parameter can be 

calculated by (E 2.8) when initial porosity, ε0, surface area, S0 , and pore length, L0, of the solid are 

known: 

𝜓 =
4𝜋𝐿0(1−𝜀0)

𝑆0
2                                                                     (E 2.8) 

In addition, the structural parameter can be calculated by means of maximal conversion degree of 

solid, 𝑋𝑚𝑎𝑥, for which maximal reaction rate is observed. The value of 𝜓 can be estimated according 

to relation (E 2.9). As a result, the basic kinetic expressions are shown in (E 2.10) and (E 2.11). 

𝜓 =
2

2𝑙𝑛(1−𝑋𝑚𝑎𝑥)+1
                                                             (E 2.9) 

dX

dt
= (1 − X)√1 − ψln(1 − X)                                              (E 2.10) 

2

𝜓
(√1 − 𝜓 ln(1 − 𝑋) − 1) = 𝑘𝑅𝑃𝑀𝑡                                       (E 2.11) 
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2.4.3.4  Modified Volumetric model 

This model is first developed by Kasaoka et al [62] and it modifies the equation of volumetric model 

by adding a new parameter-the time power (b). The reaction rate can be expressed by (E 2.12)- (E 

2.14): 

𝑑𝑋

𝑑𝑡
= 𝑘𝑀𝑉𝑀(1 − 𝑋)                                                           (E 2.12) 

                                                𝑘𝑀𝑉𝑀 = 𝑎
1

𝑏𝑏[−𝑙𝑛(1 − 𝑋)]
𝑏−1

𝑏                                               (E 2.13) 

                                                   −ln(1 − 𝑋) = 𝑎𝑡𝑏                                                         (E 2.14) 

Where a and b are empirical constants. This model applies a reaction order (b) to the volumetric 

model. It seems that the expressions of the volumetric model get closer to the random model by 

applying this order. 

There are several other models developed for coal-char gasification and they are shown in Table 2.5. 

The efficiency of kinetic models in predicting the reaction rate during the coal gasification mainly 

depends on the type of coal, the experimental conditions, and the purpose of char reactivity 

evaluation.  

However, the work for kinetics study of Victorian brown coal gasification is limited in the open 

literature. Only Tanner et al. reported kinetic data on CO2 and steam gasification of Victorian brown 

coal chars generated from entrained flow pyrolysis using random pore model [1]. It suggests that 

other reaction models, i.e. grain model and volumetric model, could be applicable for Victorian 

brown coals. Moreover, the kinetic modelling results have not been compared with the experimental 

data in an entrained flow gasifier for their validity. 
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Table 2.5: Characteristics of different reaction models 

Models Equations Comments Applications 

Volumetric model 𝑑𝑋

𝑑𝑡
= 𝑘(1 − 𝑋)  A homogeneous reaction model by assuming the gas is reacting with 

the char  in all possible places. 

X verse t, dX/dt verse t,  

kinetic constants 

Grain model 𝑑𝑋

𝑑𝑡
= 3𝑘(1 − 𝑋)

2
3⁄   Char particles are considered as spherical grains.  X verse t, dX/dt verse t, kinetic 

constants 

Random pore model 𝑑𝑋

𝑑𝑡
= (1 − 𝑋)√1 − 𝜓 𝑙𝑛(1 − 𝑋)  

𝜓 =
4𝜋𝐿0(1−𝜀0)

𝑆0
2   

This model considers the random overlapping of surfaces of pores. It 

assumes the pores are cylindrical and they are enlarged with the 

progress of the reaction and eventually merge together. 

X verse t, dX/dt verse t, kinetic 

constants 

Modified Volumetric model 𝑑𝑋

𝑑𝑡
= 𝑎

1

𝑏𝑏(1 − 𝑋)[−𝑙𝑛(1 − 𝑋)]
𝑏−1

𝑏   

−ln(1 − 𝑋) = 𝑎𝑡𝑏  

This model applies a reaction order b (time power) and modified 

volumetric model. This model gets closer to RPM, in which a two 

order polynomial is the power of time.  

X verse t, dX/dt verse t, kinetic 

constants 

The Adschiri and Furusawa model [63] 𝑑𝑋

𝑑𝑡
= 𝑆(𝑋)𝑘 = 𝑘(1 − 𝑋)  

𝑆(𝑋) is the surface area  

This model considers the volumetric model is enough for high 

porosity (>0.5) char and includes the value of surface area. 

X verse t, dX/dt verse t 

Unification theory model [64] 𝑑𝑋

𝑑𝑡
= 𝑅𝐶𝑂(1 − 𝑋)

𝑚  

𝑋 = 1 − [1 − 𝑅𝐶𝑂(1 − 𝑚)𝑡]
1

1−𝑚  

m is the reaction order of gas  

This model is based on the fact that when conversion (x) is plotted 

against dimensionless time γ=t/t1/2 , where t1/2 is the half time for 

char-gas  reaction, irregardless of temperature, pressures, gasifing 

agents and coals, all the experimental plots can be described by only 

one curve for conversion <0.7. 

X verse t, kinetic constants 
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2.5 Recent gasification research into Victorian brown coal  

Between 1994 and 2006, the CRC for Clean Power from Lignite carried out a considerable amount 

of research on the pyrolysis and gasification of Victorian brown coals and South Australian lignites. 

The work involved both modelling and experimental work at laboratory and pilot scale at facilities of 

the CRC partners (Monash University, University of Adelaide and CSIRO) and external 

collaborators (HRL Limited and the Energy and Environmental Research Centre (EERC) at the 

University of North Dakota, USA). Most of the experimental work was carried out at low 

temperatures, up to 900 ºC, relevant to the fluidised bed or transport gasifier.  

This section summarises some of the important work and its major findings. The intention is to 

demonstrate the breadth and nature of the research that has been undertaken into gasification of 

Victorian brown coals. 

2.5.1 Laboratory-scale studies 

Considerable laboratory-scale experimental research into brown coal gasification was carried out at 

Monash University, the University of Adelaide, and Swinburne University of Technology. These 

studies have mainly focused on assessing alkali and alkaline earth metal (AAEM) emissions and 

their catalytic effects during pyrolysis and gasification of Victorian brown coals and South 

Australian lignites. Table 2.4 gives an overview of this work. Some highlights from work are 

discussed in this section, noting that the experimental conditions used make many of the outcomes 

difficult to apply to O2-blown gasification conditions.   

The volatilisation of sodium and other alkali and alkali earth metal (AAEM) species during pyrolysis 

was extensively studied during the CRC program and beyond [2, 3]. During the gasification of coal 

at conditions characteristic of a fluid bed process, the sodium species formed will depend on the 

initial form of sodium present in coal on gas atmosphere. This dependence on the gas atmosphere is 

particularly apparent for organically bound sodium, with CO2 atmosphere favouring the formation of 

sodium carbonate (Na2CO3) although oxygen levels and temperature–time histories make the 

ultimate fate of sodium complex. 

The release behaviour of sodium is temperature- and heating rate-dependent. Under fast heating 

conditions, the volatilisation of sodium from raw and NaCl-loaded coal samples increase 

monotonically until almost total volatilisation occurred at 900°C. Under slow heating rate conditions, 
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the volatilisation of Na from raw coal also increases monotonically although <20% of the total 

sodium is volatilized at 900°C. Sodium and chlorine does not show evidence of volatilisation 

together as NaCl molecules, as they show different trends in their volatilisation during pyrolysis.  

The volatilisation of sodium from char during pyrolysis/gasification can reach a plateau due to the 

formation of a stable form of sodium. This lower ‘retention limit’ is independent of the level of 

loaded sodium in the coal. More sodium can be stabilised in the char at lower temperature compared 

to high temperature: this is believed to be related to the level of oxygen in the char. Significant 

volatilisation of calcium and magnesium occurs during CO2 gasification of coal. This contrasts to its 

stability in inert atmosphere. Calcium and magnesium does not show a great difference in volatility 

between inert and steam atmospheres. 

Most of this fundamental work was carried out at low temperatures relevant to fluidised bed 

pyrolysis and gasification under air-blown conditions. While these studies provide a strong scientific 

foundation that can be useful for understanding the AAEM behaviour during low temperature stages 

of gasification, their usefulness for oxygen-blown, high temperature (>1000 °C) gasification is likely 

to be limited.
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Table 2.6: Australian laboratory-scale experimental work at Monash University, Swinburne University, and the University of Adelaide 

Year Coals &Size Temperature Pressure Medium Sample Reactor Key Findings: 

2000 [65] Lochiel coal, 

South Australia 

 106-150 µm 

650-850°C Atmospheric Steam, CO, 

CO2, H2 

Containing 1% 

NaCl and 10% 

Si 

Horizontal 

tube furnace 

1. Under inert gas environment, Na transformed to 

Na2CO3 , and further reduced by the char to element 

sodium and evaporated. 

2. Under a steam environment, the melting point 

temperature of sodium carbonate found to decrease. 

2000 [5] Bowman coal, 

Morwell, Loy 

Yang, Yallourn 

Char 

180-350µm 

750-950°C Atmospheric Steam, 

CO2, O2 

0.28-0.3kg/hr 

 

Fluidised-bed 

reactor 

1. Bed temperature, oxygen concentration, particle size, 

moisture content and coal rank were found to influence 

the devolatilisation time. 

2. The devolatilisation time was found to be directly 

proportional to the particle diameter tv=Adp
n. 

3. A new theoretical treatment to distinguish between 

heat transfer and chemical kinetically controlled 

regimes of coal devolatilisation has been used. 

2005 [66] Loy Yang, 

Yallourn coal 

0.5-2.0 mm 

850°C Atmospheric Air, 

Air/steam 

7.2-8.7 kg/hr Fluidised-bed 

Reactor 

1. 21 vol% CO for air gasification, 21 vol% H2 for 

air/steam gasification. 

2. Air gasification only yielded syngas richer in CO 

compared with air/steam gasification 

2002 [4] NaCl-loaded, 

Na-exchanged 

and Ca-

exchanged Loy 

Pyrolysis: 

500-900°C 

Gasification: 

Atmospheric Ar /CO2 

Ar /steam 

1.0-2.0g Fluidised-

bed/fixed-bed 

reactor 

1. The valency and the chemical/physical form of the 

AAEM* species in the coal can affect their 

volatilisation during pyrolysis. 

2. Na present as NaCl in the coal could exhibit good 
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Yang coal 

106-150 µm 

900°C 

 

catalytic activity during gasification. The differences in 

char structural changes between the two atmospheres 

also have a effect on  reactivity.with steam atmosphere 

having a larger positive effect. 

3. Longer exposure to temperature makes the  char less 

reactive to subsequent gasification 

2004 [67] Loy Yang coal 

 106-150 µm 

500-600°C Atmospheric O2 in Ar 10-390 

mg/min 

Fluidised-

bed/fixed-bed 

reactor 

1. Increased yields of HCN and NH3 during gasification 

in Oxygen at 500°C. 

2. During gasification, NO2 is formed from NO via 

reactions with  HO2 radical. 

2005 [68] H-Form and Fe-

loaded Loy 

Yang coal 

106-150 µm 

Pyrolysis: 

400-600°C 

Gasification: 

800°C 

Atmospheric Steam 1.5-2.0g Fluidised-

bed/fixed-bed 

reactor 

1. In the presence of iron species, the production of 

hydrogen during the gasification of chars from iron-

loaded brown coal is greatly enhanced. 

2. Both reduced-iron and magnetite finely dispersed in 

chars are strong catalysts for char gasification with 

steam.  
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2.5.2 Bench-scale studies in a fluidized bed gasifier 

As part of the Lignite CRC research program, an experimental investigation on gasification of 

Victorian brown coal was performed at EERC, University of North Dakota [69]. In this study, the 

experimental rig had a maximum capacity of 2 kg/hr, operating pressure up to 10 bar and 

temperature up to 1000 °C. Pyrolysis and gasification tests of air dried Loy Yang coal were 

undertaken over a range of temperatures (400–800°C) and two pressures (1 and 10 bar) at low 

fluidisation velocity of around 0.3 m/sec representative of bubbling fluidised beds.  

The study has generated data on the pyrolysis and gasification of large (~2 mm) low-rank coal 

particles over a range of temperatures and two pressures (1 and 10 bar) under pyrolysis and 

gasification conditions relevant to bubbling fluidised bed conditions. The data include the yield and 

composition of the char, tar, and gas. These data allow the efficiency and gas phase concentration 

of alkali and tar to be estimated when the advanced pressurised fluidised bed combustion (A-

PFBC) process was investigated. 

The salient features of the study are summarised below: 

• The char yield decreased with temperature under both pyrolysis and gasification conditions. 

The gasification tests at 10 bar showed the char yield was about 34% at 700°C and 27% at 

800°C. The energy content of the dry fuel gas was estimated to be in the range 3.5–4.0 and 

3.5–4.6 MJ/kg respectively.  The yield and heating value of the gas were found to be 

adequate for an A­ PFBC process with the carboniser operating at 800°C. At higher pressures, 

the char yield decreased and the heating value of the gas increased. 

• The gas yield from the 700°C gasification test at 10 bar was about 64% which was not 

sufficient to achieve a temperature at the topcombustor of 1270°C. 

• A solid residence time of about 55 minutes appeared to yield about 30% char yield at 800°C. 

To obtain the same yield using a smaller size of particles, it was expected that lower 

steam/coal ratio and shorter residence time should be required. 

• During the process of pyrolysis and gasification, chlorine and sulphur were depleted 

preferentially to sodium. Under gasification conditions at 800°C and 10 bar, retention of Na, 

Cl, and S in char was found to be about 65%, 20%, and 30% respectively. However, the gas 

phase alkali concentration estimated from this data was an order of magnitude above the 

currently acceptable limits for gas turbine operation. It was concluded that low temperature 
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carbonisation alone could not limit the concentration of gas phase alkali to an acceptable 

level. To achieve this, separate means such as gas cooling and/or use of alkali sorbents would 

be required. 

• The tar yield under pressurised gasification condition was low (<3%) and was not expected to 

be a problem for the hot gas filters. 

The information generated during these tests was relevant to part of the A-PFBC process that the 

CRC was assessing at the same time. The gaseous environment, fluidization velocity, particle size, 

and particle residence time used in the tests generated information that cannot be directly related to 

oxygen blown, CO2-rich, high temperature (>1000°C) gasification.  

2.5.3 Pilot-scale studies in a transport gasifier  

The pilot scale studies in a transport gasifier were part of a collaborative project between the EERC 

and the CRC for Clean Power from Lignite [70]. In the project, the gasification performance of 

U.S. and Australian lignites w a s  compared in two variants of fluidised-bed gasifiers, the 

transport gasifier and the high-temperature Winkler (HTW) gasifier, through short-duration (4–8 hr) 

tests under similar conditions of temperature and pressure. 

The Transport Reactor Development Unit (TRDU) was modified to accommodate oxygen-blown 

operation that could produce power, chemicals, and fuel. These modifications consisted of changing 

the loop seal design from a J-leg to an L-valve configuration, thereby increasing the mixing zone 

length and residence time. In addition, the standpipe, dipleg, and L­valve diameters were increased to 

reduce slugging caused by bubble formation in the lightly fluidised sections of the solid return legs. 

A seal pot was added to the bottom of the dipleg so that the level of solids in the standpipe could be 

operated independently of the dipleg return leg. A separate coal feed nozzle was added that could 

inject the coal upward into the outlet of the mixing zone, thereby precluding any chance of the fresh 

coal feedback-mixing into the oxidizing zone of the mixing zone; however, difficulties with this coal 

feed configuration led to a switch back to the original downward configuration. Instrumentation to 

measure and control the flow of oxygen and steam to the burner and mix zone ports was added to 

allow the TRDU to be operated under full oxygen-blown conditions. A schematic of the TRDU is 

shown in Figure 2.12. 
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Figure 2.12: TRDU in the EERC gasification tower [70] 

In total, five test were conducted and the data compared for this particular comparative study. These 

tests were conducted under both air blown and oxygen blown conditions. During these tests, 335 

hours of operation on low rank coals such as North Dakota lignite and an Australian brown coal were 

performed. Data from these tests indicated that the transport gasifier performed better on the lower 

rank feedstock because of their higher char reactivity with the gasification reactions. 

Test data indicated that these low rank feedstock provided similar fuel gas heating values; however, 

in general, the brown coals had lower carbon conversions than the North Dakota lignite. The high 

sodium levels in all of these coals led to lower operating temperatures in order to avoid bed 

agglomeration and deposition problems. This lower operating temperature resulted in lower than 

desired carbon conversions; however, the brown coal seemed to be more affected by the lower 

temperatures than the lignite, possibly due to its high thermal friability. Tests of a brown coal with 

fines removed suggested that removal of all of the fines resulted in lower carbon conversions and 

lower syngas heating value than the coals with the fines left in. For all fuels, the carbon conversion 

tended to increase and the heating value of corrected dry product gas decreased with an increasing 

oxygen/maf coal ratio. Comparable carbon conversions were achieved at similar oxygen/coal ratios 

for both air-blown and oxygen-blown operation. The fuel gas under oxygen-blown operation was 

high in hydrogen and carbon dioxide concentration since the high steam injection rate drives the 

water-gas shift reaction to produce more CO2 and H2 at the expense of the CO and water vapour. 
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However, the high steam and CO2 partial pressures also greatly retarded the reaction of hydrogen 

sulphide with the calcium based sorbents. 

The TRDU tests generated key performance data on carbon conversion, fuel gas calorific value, and 

some information on pollutant gases in the temperature range 800-900°C at pressure up to 10 bar. 

While these results could be representative of low temperature dry ash gasification, low carbon 

conversion (around 75%) means higher temperature or longer residence times will be required to 

obtain high carbon conversion. 

2.5.4 Pilot-scale studies in a Winkler gasifier  

A pressurised fluidised bed gasifier process development unit (PDU) was leased from HRL Ltd as 

part of the CRC research program [71]. The facility was designed as a high temperature Winkler 

(HTW) unit, built and commissioned by the State Electricity Commission of Victoria in 1992, and 

used in their test program. It was capable of operating at pressures up to 10 bar, temperatures up to 

1000°C, and feed rates up to 300 kg/hr of dried coal. As the PDU had not been operated for a 

number of years, it was re-commissioned by the CRC in August 2001 following three tests.  

The objective of the project was to provide data for the development of gasification based 

technologies using lignites, and for use in the validation of gasifier mathematical and process models. 

The data were generated under both air-blown (air and steam as gasification agents) and oxygen-

enriched air-blown conditions through short-duration (approximately 2–4 hours steady-state 

condition) and longer-duration tests. Coals used were pre-dried by evaporative drying. 

A schematic of the PDU plant is shown in Figure 2.13. In its original configuration, it consisted of an 

air blown gasifier based on the High Temperature Winkler (HTW) process. In 2002, HRL fitted its 

own O2-enhanced system with a facility for oxygen injection up to level 3. The CRC decided to lease 

this system, and based on its tests, decided to retrofit oxygen and steam supply at freeboard level 4. 

The system requirements for oxygen-enhanced gasification were identified in conjunction with Air 

Liquide, who were also the suppliers of nitrogen and nitrogen storage system for the PDU use.  
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Figure 2.13: Schematic of the HTW Process Development Unit [71]. 

In this project, 140 tests were conducted at different pressures (2–8 bar), different temperatures 

(750–900 °C), with different gasification agents (air and oxygen) and feedstocks (10 Australian 

brown coals). It expected that carbon conversion would improve with the following: 

• a narrower size distribution of the coal feed with little or no fines  

• use of multiple efficient cyclones 

• longer residence time (as in taller or commercial scale gasifiers, as well as gasifiers with 

expanded freeboard) 

Additionally, it was expected that an acceptable fuel gas with LHV of 4 MJ/kg would be attained 

during commercial-scale gasification of these lignites. Tar was not a problem in any of the tests. 

There was no sign of any tar deposition on the filter elements in the gas filter, or any tar in the 

condensate from the fuel gas during the sampling period. During the tests, the fuel gas was cooled 

down to 400°C before being filtered of the dust. Based on the analysis, the majority of the alkali in 

the coal was transferred to the bed char and filter dust, rather than to the fuel gas. 

Based on the test results, it was concluded that it would be difficult to obtain C-conversion in excess 

of 90% with Victorian and South Australian lignites on a consistent basis in fluidised bed gasifiers of 

a HTW type, which required coarse particles as feed material. This was due to the friable nature of 
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these coals which generate fines when dried. Fines lead to elutriation problems, but at the same time 

were also more amenable to gasify more quickly than coarse particles. It is, therefore, worthwhile 

assessing the gasification performance of these lignites in higher temperature gasifiers, which would 

convert carbon faster and also can use fine particles better, such as entrained flow gasifier or 

transport reactor gasifier. 

2.5.5 Large-scale studies in an entrained flow gasifier 

The large-scale studies in an entrained flow gasifier were conducted at Monash University [6, 72-74]. 

In this project, the experimental rig has a maximum capacity of 2 g/min, residence time up to 15s, 

and temperature up to 1600°C. Two step gasification (coal pyrolysis followed by the gasification of 

char) of  dry Mowell coal and Rhenish lignite was carried out over a range of temperature (800-

1400°C) and CO2 concentration (10-80%) at a high gas flow rate of 16 L/min in an atmospheric 

entrained flow gasifier. 

The study has generated data on pyrolysis and gasification of low rank coals at a wide range of 

temperatures (800-1400°C) under entrained flow conditions. The gasification performance, emission 

of air pollutants, yield and composition of char, tar, and gas were included in the data generated. The 

major findings from this project are summarized below: 

• Few tar was generated during entrained flow pyrolysis and gasification below 1000°C, and no 

tar was detected at high-temperature pyrolysis and gasification above 1100°C. 

• Entrained flow pyrolysis generated high surface and reactive chars for the subsequent 

gasification. However, the char yield generally decreased with increasing pyrolysis 

temperature at a high temperature between 1100°C and 1400°C.  

• The gas yield of CO and H2 increased with increasing temperature and CO2 concentration.  

• Morwell char required around 6 s for complete conversion at 1000 °C and 20% CO2. 

• The yield of hydrocarbon contaminants decreased with gasification temperature increases. No 

NH3 was detected at high temperature pyrolysis and gasification. By contrast, H2S and HCN 

were detected at ppmv level which requires gas cleaning.  

However, the data generated from these tests are limited to one Victorian brown coal and two step 

gasification process. The information on other Victorian brown coals, direct gasification process, and 

effect of residence time is still missing, which needs to be further investigated. Moreover, biomass 
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and Victorian brown coal are both known as low rank fuel, but the similarities and differences of the 

two fuels in entrained flow gasification behaviour have never been studied. 

 

2.6 Analysis of Victorian brown coal gasification  

Although some gasification research of Victorian brown coal using different gasifiers and 

technologies has been performed, the related design requirements for the different gasifiers and the 

effects on conversion behaviour and syngas volumes for the different technologies are not well 

understood for Victorian brown coals. Moreover, these technologies for Victorian brown coal have 

their challenges and difficulties.  

Bubbling fluidised beds are expected to pose particular challenges with localised hot spots 

potentially arising from the significantly greater concentration of O2 at air inlets. These hot spots 

may lead to alkali vaporisation or agglomeration of the mineral matter in the coal particles.  

Agglomeration in a bubbling fluidised bed has significant impacts on operability and stability.  

Steam can be added to try and manage these temperature effects; however, knowledge of the fuel and 

technology specific requirements is needed to ensure that the addition of steam does not have an 

adverse impact on the overall gasification process. This is particularly relevant to very high moisture 

coals such as Victorian brown coals. 

Recirculating fluidised beds and transport gasifiers are affected by the reduced syngas volume and 

also the low ash content managing the ‘solids inventory’ and gas velocities are seen as issues that 

need particular consideration. This is especially relevant for the transport gasifier (and entrained flow 

gasifiers which rely on char recycling systems, such as the two-stage entrained flow variants) given 

the importance of cyclone filtration to effective operation.  

Fixed bed gasification has been successfully used to convert lignites to synfuels using oxygen blown 

gasification (e.g. at the Great Plains Synfuels plant). However, fixed bed technologies have very 

specific requirements for feedstock properties, in particular regarding coal and char strength, 

structure, and permeability. There is very little knowledge of how Victorian brown coals perform 

within such requirements and therefore their suitability for this kind of technology.  

Compared with these gasification technologies, entrained flow gasifiers obtain high carbon 

conversion and tar-free product gas by requiring very short residence time (several seconds) and high 

temperature. Moreover, entrained flow gasifiers have the flexibility of feedstock handling especially 
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for coal, and no specific requirements for coal type [27]. Entrained flow gasification is the 

technology with the most potential for Victorian brown coals because of these advantages. 

Little research has been conducted on gasification of Victorian brown coals using entrained flow 

technologies. Only Tanner et al. reported the gasification behaviour and mineral reactions during 

gasification for one Victorian brown coal (Morwell) using a high temperature entrained flow reactor 

[6, 72-75]. However, their studies are limited to one coal and two-step gasification process in which 

char is firstly produced from coal and then used for gasification. In practice, the majority of 

gasification companies, such as Shell, GE, and Siemens, use coal directly in their commercial 

entrained flow gasifiers [76]. 

In this study, we investigate entrained flow gasification of four Victorian brown coals at both 

laboratory and large scale. The two gasification processes, direct and two-step are studied and the 

gasification performance of Victorian brown coals is compared. Furthermore, the mineral matter 

behaviour of Victorian brown coals during pyrolysis and gasification is examined. This study offers 

new comprehensive understandings of entrained flow gasification of Victorian brown coals and 

provides valuable experimental data for industry to design gasifiers for low-rank coal. 

2.7 Chapter summary 

Victoria has abundant brown coal resources but these are mainly used for mine-mouth power 

generation units with large greenhouse gas emissions and low energy efficiency. Gasification is one 

of the most potential and feasible technologies for Victorian brown coal utilization into high-value 

products. Using gasification can convert Victorian brown coal to syngas for multiple applications. 

Therefore, there need to be a study of gasification of Victorian brown coal to require a deeper 

understanding of the gasification of brown coal for syngas generation. 

Currently, there are three main types of gasifier: the fixed bed gasifier, the fluidized bed gasifier, and 

the entrained flow gasifier. The entrained flow gasifier can achieve higher carbon conversion with 

short residence time (a few seconds) and handle different types of coal feed from dry to slurry, and 

from low-rank to high-rank. In practice, commercial gasification technologies are almost all based on 

entrained flow technology. Furthermore, most entrained flow gasifiers are oxygen-blown because 

these gasifiers result in the absence of significant amounts of N2, which is disadvantageous to the 

processes of CO2 capture or downstream production of chemicals and liquid fuels. Hence, there is a 

need for higher efficiencies and lower cost entrained flow gasification systems, in particular for 

Victorian brown coal utilisation. 
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For coal gasifier design, kinetics of coal/char gasification is necessary in order to understand the 

physical and chemical process during the reaction. Moreover, the kinetic data can be used for the 

existing models which can be adapted for brown coal gasification process. Currently, the kinetic data 

for entrained flow gasification of Victoria brown coals is very limited, and only one study [1] has 

reported on Victorian brown coal chars. However, this study is limited to one reaction model and the 

validity of kinetic data for experimental entrained flow gasification is still unclear. 

Some research has been performed on the gasification of Victorian brown coals and South Australian 

lignites. These research involve experimental work at both laboratory and pilot scale at facilities of 

the CRC for Lignite. However, most of the experimental work was carried out at low temperatures, 

up to 900°C, relevant to the fluidised bed or transport reactor pyrolyser or gasifier, which results in 

low C-carbon conversion and poor quality of gas. Few investigations on entrained flow gasification 

of Victorian brown coal can be found in open literature. Tanner et al. reported the data of entrained 

flow pyrolysis and gasification using an atmospheric entrained flow reactor including gasification 

performance and emission of air pollutants [6]. However, their studies are limited to one Victorian 

brown coal and two step gasification. Moreover, there is no study to compare entrained flow 

gasification behaviour between Victorian brown coal and another low rank fuel- biomass. 

Therefore, this PhD project study is a significant extension of the previous work on Victorian brown 

coals and major objective is to expand the entrained flow gasification data of Victorian brown coal. 

In this project, the entrained flow gasification behaviour of four Victorian brown coals through direct 

and two step gasification was examined. The behaviour of mineral matters during entrained flow 

pyrolysis and gasification was also investigated. Victorian brown coal was compared with another 

low rank fuel- biomass- with respect to gasification performance, emission of gas pollutants, and 

mineral transformation. Furthermore, kinetics data of CO2 gasification of Victorian brown coals 

using modified volumetric model was generated to develop a mathematic model for predicting 

carbon conversion of Victorian brown coal. This study would advance the development of the 

utilisation of Victorian brown coal in higher value product processes by generating fundamental 

experimental and modelling data at the laboratory and large scale.   
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Chapter 3 Experimental methodology 

This chapter introduces the coal samples used in this study, main experimental setups for the 

research, and the analysis method for gasification behaviour and coal/char samples.  

3.1 Coal samples 

In this study, four Victorian brown coals have been selected for entrained flow gasification. The four 

Victorian brown coals are Morwell (MW), Loy Yang (LY), and Yallourn (YL) coal from Latrobe 

Valley, and Maddingley (MD) from Maddingley mine in Victoria. The coal samples were air dried 

and sieved with a particle size of 90-106 µm. The sieved coals were oven dried overnight before 

gasification experiments. As these dried coals can reabsorb moisture to some extent, the moisture 

content was determined immediately prior to the experiments. The properties of these coals were 

presented in Table 3.1. 

Table 3.1: The properties of coal samples selected in this study 

 Items MW MD LY YL 

Moisture (oven-dried, wt.%) 0.56-2.35 1.01-1.50 0.49-1.50 0.8-1.25 

     Proximate analysis (dry basis, wt.%) 

    Volatile matter  49.31 47.50 48.00 48.18 

Fixed carbon  48.65 37.26 43.58 51.82 

Ash  2.04 15.24 8.42 2.32 

     Ultimate analysis (dry basis, wt.%) 

    Carbon  60.42 50.91 60.01 62.99 

Hydrogen  4.59 4.56 4.68 4.98 

Nitrogen  1.54 0.51 0.58 0.54 

Sulfur  0.86 3.34 0.70 0.40 

Ash 2.04 15.24 8.42 2.32 

Oxygen (by difference) 30.55 25.44 25.61 28.77 

 

 

 

3.2 Experimental equipment 
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Four analytical and experimental equipment were used in this project: synchrotron infrared micro-

spectroscopy, thermo-gravimetric analyzer, low temperature entrained flow reactor (up to 1000°C), 

and high temperature entrained flow reactor (up to 1650°C).  

3.2.1 Synchrotron infrared micro-spectroscopy 

The infrared microspectroscopy (IRM) at the Australia Synchrotron is utilized in this project for in-

situ FTIR experiments to investigate the change of surface functional groups during pyrolysis, as 

shown in Figure 3.1. The IRM beamline is composed of a Bruker V80v Fourier transform infrared 

(FTIR) spectrometer and a Hyperion 2000 IR microscope, which offers high signal-to-noise ratios at 

between 3-8 μm diffraction limited spatial resolutions. It is perfect for the analysis of microscopic 

samples and is able to focus on a single small particle. In addition, the microscope attached to the 

system allows users to observe the morphology change of their samples during the experiment. The 

facility can be heated up to 550 °C with different heating rates, up to 150 °C/min, in N2.  

 

Figure 3.1: The picture of the synchrotron infrared micro-spectroscopy 

3.2.2 Thermo-gravimetric analyzer (TGA) 

A thermo-gravimetric analyzer (Netzsch STA model 449 F3 Jupiter) is utilized in this project for 

thermo-gravimetric analysis to investigate the gasification reactivity, as shown in Figure 3.2. 

Thermo-gravimetric analysis allows high precision measurements of mass change and temperature 

under various environment-pyrolysis, combustion or gasification. The furnace can be programed 
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either for a constant heating rate with various temperature, or the time for an isothermal reaction. In 

the experiments, a small amount of sample (around 10 milligrams) is placed in a small crucible 

inside an electrically heated furnace equipped with a mass balance and thermocouple for accurate 

measurements of temperature and mass loss. The maximum temperature of the TGA used in this 

project is 1250 °C.  

 

Figure 3.2: The picture of the Thermo-gravimetric analyzer (Netzsch STA model 449 F3 Jupiter) 

 

3.2.3 Low temperature entrained flow reactor 

An electronically heated entrained flow reactor was employed for low temperature char gasification, 

as shown in Figure 3.3. Variations in temperature, gasification medium and residence time allow the 

gasification process to be examined in terms of carbon conversion, gas composition and quality, char 

properties. The facility can be operated at wall temperature up to 1000 °C using pulverised coal or 

char (~100 µm). The input CO2 gas flowrate between 0.25 and 1.5 L/min can generate CO2 

concentration of between 5% and 30%. The residence times of ~ 6 s can be achieved.  
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Figure 3.3: Schematic diagram of low temperature entrained flow reactor [77] 

 

3.2.4 High-temperature entrained flow reactor 

A high temperature electrically heated entrained flow reactor was employed to investigate the 

entrained flow gasification behaviour of low-rank coals at a variety of temperatures, CO2 

concentrations and residence time. The facility can be operated at wall temperature up to 1650 °C, is 

fed with pulverised coal or char at a feeding rate up to 2 g/min. Input CO2 gas flowrate between 1.6 

and 6.4 L/min can generate CO2 concentration of between 10% and 40%. The residence times of 

between ~5 and 9s can be achieved. A schematic drawing of the entrained flow reactor is shown in 

Figure 3.4 [78]. 
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Figure 3.4. The schematic diagram of the high temperature entrained-flow gasifier [78] 

3.3 Gasification behaviour 

In this project, the gasification behaviour of coal is characterised in terms of carbon conversion, gas 

composition, and emission of air pollutants. 

3.3.1 Carbon conversion 

Carbon conversion represents the amount of carbon in the feedstock that has reacted to gas phase. 

It can be calculated using ash as a tracer (solid phase) or carbon balance between feed solid and 

gas phase (gas phase), and their calculations are given below: 

Solid-phase carbon conversion:  X(%) =
𝑚𝐶,𝑓𝑒𝑒𝑑−𝑚𝐶,𝑎𝑠ℎ

𝑚𝐶,𝑓𝑒𝑒𝑑
× 100   

Gas-phase carbon conversion:  X(%) =
(𝑋𝐶𝑂+𝑋𝐶𝑂2+𝑋𝐶𝐻4)×12

𝑚𝐶,𝑓𝑒𝑒𝑑+𝐶𝑂2
× 100 
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Where 𝑚𝐶,𝑓𝑒𝑒𝑑 is the mass of carbon in the feeding inlet, 𝑚𝐶,𝑎𝑠ℎ is the mass of carbon in solid 

residuce collected from the outlet, 𝑋𝐶𝑂 , 𝑋𝐶𝑂2, 𝑋𝐶𝐻4 is the molar flowrate of CO, CO2 and CH4 in 

the outlet gas, 𝑚𝐶,𝑓𝑒𝑒𝑑+𝐶𝑂2is the mass flowrate of the carbon including the feed coal/char and feed 

CO2 in the inlet. 

However, both the calculations have their own uncertainty. The uncertainty of sold-phase method 

includes the incomplete solid recovery at the outlet and due to ash evaporation; the uncertainty of 

gas-phase method is mainly from the inaccuracy of the gas analysis by the gas analyzer. The 

variations in results of the two methods ranged 0.4-7.6%. In this study, the carbon conversion was 

calculated in both solid and gas basis. 

3.3.2  Gas composition 

The gas composition of the product gas was analyzed using a micro-GC. The micro-GC is capable of 

online sampling the gas from the the downstream every three minutes to measure the concentration 

of the H2, O2, N2, CO, CH4, and CO2. Before the experiments, the micro-GC was calibrated using 

external standard gases to ensure its accuracy. At least 20 data points, when the system is in the 

steady state after coal feeding, were collected for each run. Those gas composition data were 

normalized, averaged and presented in the study. 

3.3.3 Pollutant gas emission 

The NH3, HCN, and H2S emission level during gasification were measured three times respectively 

using a Dräger-Tube during steady state. The concentration of NH3, HCN, and H2S was averaged 

from measurements and presented in the study. The measurement accuracy of NH3 is ± 10-15%, 

HCN is ± 10-15%, and H2S is ± 5-10%.  

3.4 Coal and char properties 

In this project, the coal and char samples from pyrolysis and gasification experiments were 

characterised for chemical composition, particle size, morphology, and mineral matter. 

3.4.1 Chemical composition 

The chemical composition was measured by proximate analysis and ultimate analysis. The proximate 

analysis was carried out in a Thermo-Gravimetric Analyser (Model STA 449 F3 Jupiter®, 
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NETZSCH-Gerätebau GmbH, Germany) , according to Australian standards of low rank coal-AS 

2434.2, 2434.7-2434.8. The moisture content is determined from the mass loss that a sample 

undergoes after it has been heated to 110 °C under N2 atmosphere and the final mass stabilised. The 

volatile content of sample corresponds to the volatile products evolved between 110-900 °C under 

N2 as a result of thermal decomposition. Ash is the residue that after the sample has lost moisture and 

volatile and fixed carbon has undergone combustion at 815 °C in air. The fixed carbon was 

determined by difference between sample weight after losing the volatile and ash content [79]. 

Ultimate analysis was conducted by CHNS/O analyser (Model 2400, Perkin-Elmer, USA). To 

determine carbon, hydrogen, nitrogen, and sulfur, the sample was combusted at 975 °C to obtain CO2, 

H2O, N2, and SO2, and analyzed through a chromatographic column. The system detects the gases by 

matching their thermal conductivity and directly gives the concentration of C, H, N, and S in weight 

percent by comparing with calibration standards. Ash content was determined by combustion the 

sample at 800 °C. The oxygen content was calculated by difference.  

3.4.2 Particle size distribution and morphology 

The particle size distribution of samples was examined by the Malvern Mastersizer 2000. The 

Mastersizer 2000 is a practical and reliable technique for a broad range of particle sizes based on the 

physics of light scattering. During the measurement, the loaded particles are passed through a 

focused laser beam. Particle scatter light at an angle that is intensively proportional to their size. The 

angular intensity of the scatter light is then measured by a series of photosensitive detectors to give a 

result on the particle size distribution of the samples. Special methods were required to prevent 

particle agglomeration whilst ensuring that the fragile coal and char particles were not damaged. 

Therefore, the coal and char samples were dispersed in ethanol, and analysed with no ultrasonic 

agitation.  

Scanning Electron Microscope images of samples were generated on a Field-emission scanning 

electron microscope (FE-SEM) (Hitachi SU8010). SEM has been extensively used to study the 

morphology and cross section of coal and coal char. Analysis of the SEM image can provide 

valuable information such as particle size, swelling of the particles during conversion, and structure 

of char or ash.  
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3.4.3 Mineral matter  

The mineral matter of coal and char samples was assessed by the X-ray powder diffraction. The X-

ray diffraction (XRD) analysis is the widely used method for identifying mineral phases and minerals 

in coal and char. XRD of coal and char reveals important qualitative and quantitative information on 

the mineral matter composition in coal and the interaction of mineral matter during conversion 

process. It is a rapid and nondestructive technique, in most cases, it provides an unambiguous 

mineral determination[80].  

In this study, a MiniFlex 600 XRD instrument was used to record X-ray intensities from the 

examined coal or char samples. Copper K radiation (30 kV, 30 mA) was used as an X-ray source. 

Samples were packed in to a round cavity in an aluminium holder and scanned in a step-scan mode 

(0.1o /step) over the angular range of 5 to 100 o (2θ). The spectrum was then collected and analysed 

by the XRD software.  
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Chapter 4 Functional group evolution during pyrolysis  

The gasification is a heterogeneous reaction where the devolatilization, also known as pyrolysis, and 

gasification steps occur. As the initial step in the coal gasification process, pyrolysis is important, 

accounting for up to 70% weight loss of coal. What happens during the pyrolysis process affects the 

structure of the residual solids (char) and their gasification behaviour, including emission of gaseous 

pollutants during the subsequent gasification step. Pyrolysis reactions might be more dominant at lower 

temperatures while gasification reactions at high temperatures. Therefore, it is important to understand the 

pyrolysis behaviour as a function of temperature, which improves understanding of any gasification 

process, either direct gasification or two step gasification (pyrolysis followed by char gasification). 

Moreover, the gas yield and char characteristics of pyrolysis are largely affected by the change of 

surface functional groups during coal pyrolysis. However, studies on the behaviour of functional 

groups during pyrolysis of low rank coals are very limited in the literature, especially for Victorian 

brown coals. 

In this chapter, the evolution of surface functional groups of four Victorian brown coals (MW, YL, 

LY, and MD) and one Thailand lignite during pyrolysis was investigated at Australian Synchrotron. 

The change of functional groups during coal pyrolysis from 30 °C to 550 °C (the maximum capacity 

of the synchrotron IR) was in-situ examined by the synchrotron IR. To further explore the change of 

functional groups at a higher temperature (>550 °C), chars pyrolysed at 700-1000 °C in an entrained 

flow reactor were prepared in advance and then analysed by the synchrotron IR at room temperature. 

This study for the first-time presents important information on the behaviour of surface functional 

groups during coal pyrolysis by the synchrotron IR. 

This chapter reproduces the following published paper in Journal of Analytical and Applied 

Pyrolysis.  
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Chapter 5 Entrained flow gasification behaviour at low temperatures 

(<1000 °C) 

After examining the pyrolysis behaviour of four Victorian brown coals in Chapter 4, their 

gasification behaviour is investigated at low temperature for study of these coals. Entrained flow 

gasifiers are most attractive for commercial applications and dominate the world market due to their 

flexibility to handle different feedstock. Therefore, gasification using entrained flow gasifiers, also 

known as entrained flow gasification, is selected and examined for Victorian brown coals.  

As Victorian brown coals are quite reactive, these may obtain good gasification performance, carbon 

conversion and gas composition, at low temperatures below 1000 °C. To understand if Victorian 

brown coal is suitable for low temperature gasification, one needs to know optimal entrained flow 

gasification performance at low temperatures. The other important information is to assess the 

residence time required for 100% carbon conversion at low temperature. So far, only one study has 

reported the entrained flow gasification behaviour of one Victoria brown coal, Morwell coal, at low 

temperatures. This study was conducted at temperatures up to 1000°C and concluded that 6 second 

residence time at 1000°C and 20% CO2 resulted in only 56% carbon conversion. However, the 

entrained flow gasification behaviour of other Victorian brown coals and the residence time for 

complete carbon conversion at low temperatures were not investigated. 

In this chapter, the entrained flow gasification behaviour of two Victorian brown coals, Yallourn and 

Morwell, at the temperature of 700-1000 °C and at the CO2 concentration of 5-30% is reported, 

including their char properties and reactivity, carbon conversion, and gas composition. As part of this 

study, a quantitative explanation for the effect of residence time on carbon conversion and gas 

composition at 1000 °C is also developed by gasifying the chars in the same reactor until 100% 

carbon conversion was obtained.  

This chapter reproduces the following submitted paper to the Journal of Fuel.  
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Abstract 

This paper presents a study of the behaviour of entrained flow gasification data was generated for 

two Victorian brown coal chars (Yallourn and Morwell coal char) in CO2 at temperatures between 

700-1000 °C. The effect of temperature, total gas flow, reactant gas concentration and residence time 

on char reactivity, carbon conversion, and syngas yield and composition was investigated. The 

results indicate that at a higher temperature and CO2 concentration, carbon conversion increases as 

expected, along with syngas yield and concentration. It is found that gasification under entrained 

flow condition achieves higher carbon conversion and gas yield than that under dropping flow 

condition, even if with a shorter residence time. The finding suggests that the gasification 

experiments should be conducted under entrained flow condition (the gas velocity > the particle 

velocity) for better gasification performance. At 1000 °C, with an increase in residence time, the 

carbon conversion and syngas yield gradually increases to nearly 100% and an estimated equilibrium 

value, respectively. The experimental data establishes that for a complete char conversion, 17.4 

seconds and 21.4 seconds residence times are required for Yallourn and Morwell, respectively, if 

gasification is conducted at 1000 °C in an environment of 20% CO2. This finding indicates that 

Victorian brown coals need to be gasified at a higher temperature above 1000 °C to shorten the 

residence time considering that the typical residence time of industrial entrained-flow gasifier is 6-10 

s.  

Keywords: Entrained flow, Gasification, Victorian brown coal, residence time, low temperature 
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1. Introduction 

Coal is still the most important fuel for primary energy production in the world, and it will continue 

to dominate the global power sector in the foreseeable future [1]. The latest BP statistical report 

indicates that current coal resources (1139 billion tons) can largely meet the world’s coal demand 

until 2170 at current consumption rates [2]. Low rank coals, including sub-bituminous and brown 

coals, make up approximately 30 of the coal reserves worldwide. In Australia, Victorian brown coals 

represent a significant, low cost energy resource with reserves of 430 billion tons [3]. However, its 

utilization is limited to mine-mouth power generation using conventional pulverized coal-fired 

combustion units at relatively low efficiencies. Therefore, it is necessary to assess and develop 

alternative utilization techniques for this vast resource, such as the production of high-value 

chemicals.  

Gasification is an alternative mode of coal utilization. Coal gasification is a thermochemical 

conversion method that produces syngas, consisting of carbon monoxide, hydrogen, and methane, by 

reacting coal with gasification mediums like steam, carbon dioxide, and oxygen. A variety of 

chemicals and liquid fuels can be obtained from the syngas produced from coal gasification [4].  

The major gasifier types currently used in large scale include fixed bed, fluidized bed, and entrained 

flow gasifiers [5]. Of these, the entrained flow gasifier is attractive for commercial plants due to its 

flexibility of feedstock handling. For syngas production, entrained flow gasifiers dominate the world 

gasification market [6], but specific technological information for gasification of brown coals is 

limited. 

Several studies on entrained flow gasification of coal have been reported in the literature. The 

numerical simulation on coal gasification performance in oxygen was developed by Wang et al. [7]. 

The effect of temperature on the carbon conversion and gas quality of a German lignite during 

gasification at high temperature (1000-1400°C) under oxygen atmosphere was investigated by 

Tremel et al. [8]. While the gasification characteristics, including gas compositions and carbon 

conversion, of coke and bituminous coal under oxygen atmosphere was studied by Lee et al. [9]. 

Under oxygen atmosphere, investigations on gasification behaviour of Victorian brown coal are 

limited, although there are some studies assessing alkali and alkaline earth metal (AAEM) emissions 

and their catalytic effects during pyrolysis and gasification of Victorian brown coals [10-12]. There 

has been one study reporting on pressurized fluidized bed gasification of Victorian brown coals at a 

pilot scale [13]. This study concluded that fluidized bed gasification may not be suitable for 

http://www.sciencedirect.com.ezproxy.lib.monash.edu.au/science/article/pii/S0016236112003675
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Victorian brown coals and recommended entrained flow gasification from low to high temperature 

ranges. Only one study [14] is reported in the literature on entrained flow pyrolysis and gasification 

of one Victoria brown coal ( Morwell coal) at low temperature. This study was conducted at 

temperatures up to 1000°C and concluded that 6 second residence time at 1000 °C in an atmosphere 

of 20% CO2 and 80% N2 resulted in only 56% carbon conversion. It was not known what residence 

would be required for ~100% carbon conversion.. 

In this study, the gasification behaviour of two Victorian brown coal chars, Yallourn and Morwell 

coal char, is reported including their char properties and reactivity, carbon conversion, and gas 

quality during CO2 gasification. As part of this study, the relation between 100% carbon conversion 

and residence time was examined based on regasifying the chars after every run of 5-6s residence 

time. This study generates fundamental information that will be useful for the development of 

commercial entrained-flow gasifiers using Victorian brown coals.  

2. Experimental 

2.1 Sample preparation 

The coal samples used in this study are Yallourn (YL) and Morwell (MW) coals, two brown coals 

from the Latrobe Valley, Victoria, Australia. Proximate analysis was carried out in a Thermo-

Gravimetric Analyser (Model STA 449 F3 Jupiter®, NETZSCH-Gerätebau GmbH, Germany), 

according to Australian standards -AS 2434.2, 2434.7-2434.8. The ultimate analysis was conducted 

by an analyser (Model 2400, Perkin-Elmer, USA). The proximate and ultimate analysis of Yallourn 

and Morwell coal are listed in Table 1. 

For the preparation of char, coal samples were firstly grounded, air-dried, and sieved to 90-106 µm. 

Then, char was generated from the prepared samples by pyrolysis at 1000°C in nitrogen in an 

entrained flow reactor. The char properties are listed in Table 1. The average size of the char is 

around 100 µm.  
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Table 1: Proximate and ultimate analysis of coal and char samples 

Items YL coal YL char MW coal MW char 

Proximate analysis (wt%) 
  

  Moisture (as received) 5.82 0.59 14.92 3.01 

Volatile matter (d.b.) 48.18 7.61 49.31 9.94 

Fixed carbon (d.b.) 51.82 79.71 48.65 82.91 

Ash (d.b.) 2.32 12.68 2.04 7.13 

     Ultimate analysis (d.b., wt%) 
  

  Carbon 62.99 86.46 60.42 88.12 

Hydrogen 4.98 0.45 4.59 0.82 

Nitrogen 0.54 0.2 1.54 0.2 

Sulfur 0.40 0.21 0.86 0 

Ash 2.32 12.68 2.04 7.13 

Oxygen (by difference) 28.77 0 30.55 3.73 

                   d.b. = dry basis 

2.2 Apparatus and procedure 

An electrically heated entrained flow reactor was employed for the gasification experiments, as 

described elsewhere [14]. The furnace is of 2 m length and consists of six separately controllable 

heating zones. Thus, an isothermal gas-temperature zone in the entire reactor tube can be obtained. 

Inside of the quartz reactor is designed to have two layers with an inner diameter of 50 and 80 mm, 

respectively. The pyrolyzed coal char was fed continuously from the top of the reactor at an average 

rate of 600 mg/min by a piezoelectric feeder and introduced into the inner chamber through a water-

cooled injector. For each run, primary gas of N2 was fed from the top of the reactor at a rate of 0.5 

L/min entraining the coal char into the reactor. The majority of the secondary gas used for 

gasification was introduced from the bottom of the reactor at a total rate of 4.5 L/min into the 

external chamber. Therefore, it was heated up to the furnace temperature before entering into the 

inner reaction chamber along with the mixture of the coal and primary gas at the top of the reactor.  

In the downstream piping, a glass beaker connecting the quartz reactor was used to collect solid 

products like ash and char residue. A water-ice box was used to condense the volatile matter in the 

produced gas. To remove the moisture and small particles mixed in the produced gas, a thimble filter 

was installed before the gas analyzer. 
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The reactor was heated up to the desired temperature before feeding the sample. To avoid reaction of 

other reactant gas with coal inside the reactor and downstream piping, inert gas N2 was fed for at 

least 30 minutes until the micro-GC showed that there was only N2 in the outlet gas. Then, reactant 

gas CO2 at controlled flow rate was introduced into the reactor. After stable CO2 composition had 

been measured by micro-GC, the coal char was fed at the top of the reactor. At the end of the 

experiment, the solid products were collected.  

The experiments were conducted at various, and temperatures (700 - 1000°C), gas flow rate (2 – 5 

L/min), CO2 concentrations (5 - 20%) in N2and residence time (6 - 24s). Therefore, their effects on 

gasification behaviour of Victorian brown coals were investigated in this study.  

2.3 Data analysis  

2.3.1  Solid and liquid phase analysis 

Both proximate and ultimate analysis were performed on the solid residues - gasified chars. The 

morphology change of the solid products is observed by an emission scanning electron microscope 

(FEI Nova NanoSEM 450).  

To investigate the gasification reactivity of the gasified chars with different residence time, the 

thermo-gravimetric analyzer (Model STA 449 F3 Jupiter®, NETZSCH-Gerätebau GmbH, Germany) 

was used for isothermal gasification at 800°C. Around 10mg was used for each reactivity test. Under 

N2 atmosphere, the temperature was raised to 110°C at a heating rate of 5 K/min and then to 800°C 

at a heating rate of 10 K/min. CO2 was then introduced to the furnace and gasification was conducted 

for 2 hours at 800°C. According to our previous study [14], little or no tar is generated from 

entrained flow gasification, so it is negligible and not discussed in this study.  

2.3.2  Gas phase analysis 

The produced gas was analyzed by a micro gas chromatograph (Varian 490-GC). During each 

experiment, a sequence of at least 30 consecutive gas sampling runs was set, and each consisting of 

210 s measurement and 40 s equilibration time. After the gas composition had reached a steady state, 

the data were selected and averaged to give the final result. According to the gas composition, carbon 

conversion was calculated. 
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Carbon conversion represents the amount of carbon in the char that has reacted, i.e. is present in 

the gas phase. Here, the main char-gas reaction during CO2 gasification of char is the Boudouard 

reaction, given below:  

𝐶(𝑠) + 𝐶𝑂2⟶ 2𝐶𝑂                                                                               (R 1) 

As CO is the carbon from char the gas phase, carbon conversion (X) is calculated by using the 

following equation: 

X(%) =
0.5×12𝑋𝐶𝑂

𝑚𝐶
× 100                                                                         (E 1) 

Where 𝑋𝐶𝑂 is the molar concentration of produced CO from char gasification, and 𝑚𝐶 is the mass 

of carbon in the feed coal. As the mass of carrier gas N2 is kept constant during the gasification 

process, the 𝑋𝐶𝑂 can be calculated based on the given equation: 

𝑥𝐶𝑂 =
𝑉𝑁2𝑋𝐶𝑂

′

24.5𝑋𝑁2
′                                                                                     (E 2)  

Where 𝑉𝑁2is the inlet flow rate of N2 in L/min,  𝑋𝐶𝑂
′  is the CO concentration of the produced gas,  

𝑋𝑁2
′  is the N2 concentration of the produced gas, and 24.5 is a constant for the molar volume of an 

ideal gas at 1 atmosphere of pressure and 25 °C. 

2.4  Residence time 

According to Rhodes’ and Kawnish’s studies [15, 16], the residence time (t) is determined by 

particle velocity (𝑈𝑃) and gas velocity (𝑈𝑔):  

𝑡 =
𝐻

𝑈𝑃+𝑈𝑔
                                                                          (E 3) 

𝑈𝑃 =
𝑥2(𝜌𝑝−𝜌𝑔)𝑔

18𝜇
                                                                           (E 4) 

𝑈𝑔 =
4𝐹𝑔

𝜋𝐷2
                                                                              (E 5) 

Where x is the particle size (m), 𝜌𝑝 is the particle density (kg/m3), 𝜌𝑔is the density of reactant gas 

( g/L), 𝜇 is the viscosity of reactant gas (PI), 𝐹𝑔 is the total gas flow rate (m3/s), D is the diameter of 

the inside chamber (m). This calculation of the residence time is based on two assumptions: a) the 

size of the particle does not change during the gasification; b) the density of the particle does not 
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change during gasification. The total gas flow rate in the furnace is affected by the operating 

temperature, and it is calculated by the following equation: 

𝐹𝑔 =
𝑇1𝐹𝑔,0

𝑇0
                                                                  (E 6) 

Where T0 is the room temperature (297.6K), T1 is the furnace temperature (K), and 𝐹𝑔,0 is the inlet 

total gas flow rate at room temperature (m3/s). 

2.5 Thermodynamic equilibrium calculation 

Factsage 6.4 was used for equilibrium calculations to estimate the gas composition and gas yield of 

produced gas based on the thermodynamic equilibrium in the temperature ranges from 700°C to 

1000°C. The input file included all components of coal char expressed in grams together with the 

gasification conditions including temperature (700-1000 °C), pressure (1 atm.), and reactant gas (20% 

CO2/80% N2). 

3. Results and discussion 

3.1 Combined effect of temperature and residence time 

According to the residence time calculation model, the total gas flow rate (Fg) can affect the gas 

velocity and change the residence time. Here, two different values for Fg (5 L/min and 2 L/min) 

were used to obtain different residence times, when other operating parameters were kept the same. 

The corresponding residence times at various temperatures is presented in Table 2. 

Table 2: Experimental conditions for the study of the combined effect of residence time and 

temperature 

Experimental  Condition           

Fuel  T (°C) Fg (L/min) Up ( m/s) Ug (m/s) t(s) 

YL char 700 5 0.13 0.15 6.71 

 800 5 0.13 0.17 6.36 

 900 5 0.13 0.18 6.04 

 1000 5 0.13 0.20 5.76 

 700 2 0.17 0.06 9.88 

 800 2 0.16 0.07 9.57 

 900 2 0.14 0.07 9.28 

 1000 2 0.14 0.08 9.01 
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 Figure 1 shows the comparison of carbon conversion and syngas yield of Yallourn char at various 

temperatures under the total gas flow rate of 2 L/min and 5 L/min. As seen in Figure 1(A) and 

1(B), regardless of gas flow rate change, the increase of temperature from 700 °C to 1000 °C 

resulted in a significant increase in carbon conversion from 3.5 wt% to 63.5 wt%. Likewise, the 

CO yield of YL char increased significantly from 0.2 L/g coal to 4.5 L/g coal, with increasing 

reaction temperatures from 700 °C to 1000 °C. As expected, the high temperature facilitated the 

endothermic Boudouard reaction (equation 1), thus improving the carbon conversion and CO yield. 

According to Tanner’s study [14], carbon conversion and CO yield of MW char also increased 

with increasing temperatures, as well. Therefore, it can be concluded that high temperature has a 

positive effect on the carbon conversion and CO yield of Victorian brown coals. As the maximum 

temperature, 1000 °C (the maximum capability of the reactor) was chosen for the further 

experiments. 

When the total gas flow rate decreased from 5 L/min to 2 L/ min, the residence time increased by 

around 3 seconds. However, the increasing residence time at a given temperature did not give rise to 

an increase in carbon conversion and syngas yield. Instead, carbon conversion significantly 

decreased by 59% at 800 °C, by 49% at 900 °C, and by 38% at 1000 °C. The CO gas yield also 

decreased by 58% at 800 °C, by 47% at 900 °C, and by 36% at 1000 °C, respectively. This is 

because the decrease in total gas flow rate to 2 L/min decreases the gas velocity (Ug) and makes it 

slower than the particle velocity (Up), which results in a change in the particle moving mode from 

“entrained” to “dropping”. More specifically, as shown in Figure 2, when Ug > Up, the particle is 

entrained by the fluid and the voidage between particles increases (H2 > H1). This means char 

particles are reacted with more reactant gas (CO2) and, therefore, char gasification rate increases 

correspondingly. By contrast, when Ug < Up, the particle gravity dominates the whole particle 

moving. The voidage between particles is smaller so that char gasification rate decreases. The results 

suggest that the gas flow rate affect the particle moving mode in the reactor by changing the gas 

velocity.  

Here, the entrained flow gasification is defined as when Ug > Up, the particle is entrained and 

dominated by the fluid gas in the reactor during gasification and dropping flow gasification is when 

Ug < Up, the particle is controlled by its own gravity in the system. The findings indicate that the 

entrained-flow gasification with a shorter residence time achieves better gasification performance 

than the dropping flow gasification. Consequently, further gasification experiments were conducted 

under entrained flow condition. 
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Figure 1: Comparison of carbon conversion and syngas yield of YL char at various temperatures using 

the total gas flow rate of 2 L/ min and 5 L/min (A: carbon conversion; B: syngas yield) 
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Figure 2: Particle moving mode in the dropping-flow gasification and entrained-flow gasification 

3.2 Effect of CO2 concentration 

Table 3 shows the influence of input CO2 concentration on the gasification behaviour of YL char at 

1000°C. It can be seen that with increasing input CO2 concentration from 5 vol.% to 20 vol.%, 

generated CO yield increased from 1.52 L/g coal to 4.48 L/g coal., and the CO concentration on N2 

and CO2 free basis correspondingly increased from 92.87 vol.% to 94.91 vol.%. The carbon 

conversion also went up by 15.16 % with input CO2 concentration. As expected, carbon content in 

gasified char decreased with the increase of CO2 concentration because of the increased carbon 

conversion. Similar trends for the syngas yield and quality, and carbon conversion could be found 

with Morwell char in the literature. In Tanner’s study [14], the CO gas yield and carbon conversion 

of MW char increased by 3.3 L/g coal and 16.3 wt.% respectively, with input CO2 concentration 

increasing from 5 vol.% to 20 vol.%. The results show that higher CO2 concentration improves the 

gasification performance of Victorian brown chars with an increased syngas yield and carbon 

conversion. This because the higher CO2 concentration boosts Boudouard reaction (equation 1) to 

generate more CO. For a maximum CO2 concentration, 20% CO2 was chosen as the optimal 

concentration for further experiments. 
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Table 3: Gasification behaviour of YL char at various input CO2 concentration and 1000 °C 

Fuel  YL char 

Atmosphere  5%CO2 10%CO2 20%CO2 

Temperature (°C) 1000 1000 1000 

Syngas yield (L/ g coal) 
   

H2 0.12 0.14 0.24 

CO 1.52 2.42 4.48 

Total 1.64 2.56 4.72 

    

Syngas composition (N2 and CO2 free basis, vol.%,)    

H2 7.13 5.39 5.09 

CO 92.87 94.61 94.91 

 
   

Carbon conversion (wt.%) 35.31 37.97.56 50.47 

    

Ultimate analysis (dry basis, wt.%)    

C 75.73 74.82 73.01 

H 1.43 1.39 0.57 

N 0.55 0.61 0.57 

S 0.34 0.35 0.40 

O (by difference) 7.77 6.66 6.45 

ash 14.18 16.17 18.32 

 

3.3 Effect of residence time 

To study the effect of residence time, the gasification experiments were conducted at 1000 °C under 

20% CO2/80% N2 with a total gas flow rate of 5 L/min. The coal chars of 50 g were initially placed 

in the piezoelectric feeder and fed at a frequency of 70 Hz. The gasified char was then collected and 

recycled three times in total to increase the residence time. The corresponding gasified chars of MW 

and YL prepared at different times of gasification process were marked as YL1, YL2, YL3, YL4, 

MW1, MW2, MW3, and MW4. The residence time of each char gasification is presented in Table 4.  
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Table 4: Experimental conditions for the study of the effect of residence time 

Experimental  Condition         

Fuel  T (°C) Fg (L/min} Up ( m/s) Ug (m/s) t(s) 

YL1 1000 5 0.13 0.2 5.75 

YL2 1000 5 0.12 0.2 6.04 

YL3 1000 5 0.09 0.2 6.66 

YL4 1000 5 0.07 0.2 7.02 

MW1 1000 5 0.17 0.2 5.18 

MW2 1000 5 0.16 0.2 5.37 

MW3 1000 5 0.14 0.2 5.55 

MW4 1000 5 0.14 0.2 5.58 

 

3.3.1 Gasified char properties and reactivity 

The YL and MW gasified chars with different gasification times were analysed by using proximate 

analysis and ultimate analysis. For YL samples, as shown in Table 4, with increased residence time, 

the fixed carbon value for gasified chars decreased from 73.5 wt% to 52.1 wt%. Likewise, the 

ultimate analysis results show a steady decrease in carbon content in the char samples from 86.5 wt% 

to 61.4 wt% with increased gasification time. For MW char, after three recycling gasification, the 

fixed carbon and carbon content decreased to 76.0 wt% and 71.0 wt%, respectively. As expected, a 

longer residence time leads to a higher carbon release from char, converting more char to CO.  

YL and MW gasified char samples contained low volatile matter at around 10 wt% and 7 wt%, 

respectively. By contrast,  the ash content of YL and MW gasified chars was significantly increased 

with the residence time. This is because when the carbon in the char was increasingly converted to 

the gas phase, more ash would be left and accumulated. 
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Table 5: Property of gasified char samples of Yallourn and Morwell 

Fuel t (s) 

Proximate analysis (wt%) Ultimate analysis (d.b., wt%) 

Moisture  

( a.r.) 

Volatile matter  

( d.b.) 

Fixed carbon  

(d.b.) 

Ash  

(d.b.) 
C H N S 

O (by 

difference) 

YL char 0 0.59 7.61 79.71 12.68 86.46 0.45 0.2 0.21 0 

YL1 5.7 0.48 10.38 73.45 16.17 82.71 0.41 0.48 0.23 0 

YL2 11.6 0.24 9.68 65.79 24.53 74.38 0.39 0.45 0.25 0 

YL3 17.5 0.46 10.68 57.34 31.98 67.10 0.31 0.35 0.26 0 

YL4 23.4 0.59 10.27 52.07 37.66 61.42 0.32 0.32 0.28 0 

MW char 0 3.01 9.94 82.93 7.13 84.73 2.75 0.46 0.42 4.51 

MW1 5.2 1.82 7.00 81.06 11.94 82.67 1.60 0.68 0.45 2.66 

MW2 10.6 1.88 7.38 81.08 11.32 81.76 1.59 0.71 0.46 4.16 

MW3 16.1 1.64 7.05 70.57 22.38 71.01 1.42 0.74 0.47 3.98 

MW4 21.7 1.59 8.44 67.11 24.45 67.01 1.21 0.75 0.47 6.11 

t= residence time, a.r.= as receive, d.b.= dry basis 
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Figure 3 shows the comparison of carbon conversion of YL and MW chars gasified in 90% 

CO2 at 800 °C using a TGA. The comparison was based on t50, the time needed for 50% 

carbon conversion. As expected, the t50 of YL gasified chars also increased by 14 mins when 

the gasification time increased from 6s to 23s. The t50 of MW gasified chars increased by 9 

mins (48%) with the increasing gasification time from 5s to 22s. This considerable increase 

in t50 indicates the reactivity of MW and YL chars decreased with the increased gasification 

time. According to the findings of Hattingh and Everson’s study [17], the gasification 

reactivity of coal in CO2 decreased with the increased ash content. This confirms that when 

gasification time increases, more carbon is released, and more ash is accumulated in the 

residues.  

 

 

Figure 3: Comparison of carbon conversion of progressing gasification of the YL and MW 

chars at 90% CO2 and 800 °C 
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3.3.2  Carbon Conversion 

Figure 4 shows the influence of residence time on the carbon conversion of YL and MW char 

at an atmosphere of 20% CO2/80% N2 and 1000 °C. As seen, with the increasing residence 

time, the carbon conversion of YL char steadily increased 96.2 wt% (17.5 s), then sightly 

increased to 99.6 wt% (23.4 s). For MW char, the carbon conversion also increased steadily 

from 46.5 wt% (5.2s) to 98.1 wt% (21.7s) with the residence time. The results show that the 

increase of residence time improves carbon conversion of YL and MW char. It is found that 

under 20% CO2/80% N2 and 1000 °C, nearly 100% carbon conversion can be obtained for 

YL and MW char at a minimum residence time of 17.4s and 21.7s, respectively. In 

comparison with YL char, MW char needs four more seconds residence time than YL coal 

char to obtain nearly 100% carbon conversion. This finding indicates that YL char has better 

gasification reactivity than MW char. Considering that the typical residence time for a 

commercial-scale entrained flow gasifier is 6-10 s [18-20], it indicates that the residence time 

of YL and MW char for complete conversion at low temperature is too long so that a higher 

temperature above 1000 °C is required for the entrained flow gasification of YL and MW 

char shorten the residence time. 
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Figure 4: Influence of residence time on carbon conversion of YL and MW char at an 

atmosphere of 20% CO2/80% N2 and 1000 °C.  
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3.3.3 Syngas yield and quality 

Figure 5 and Figure 6 show the influence of residence time on syngas yield and gas quality 

during CO2 gasification of YL and MW char. For MW char, CO gas yield and concentration 

significantly increased from 4.1 L/ g coal and 15.5 vol% to 7.93 L/ g coal and 30.6 vol%, 

respectively, when the residence time increased from 5.1s to 21.7s. At the same range of 

residence time, H2 gas yield also increased from 0.19 L/ g coal to 0.29 L g coal, and H2 

concentration increased from 0.7 vol% to 1.1 vol%. 

For YL char, CO concentration increased significantly from the 16.1 vol% to 28.6 vol%, 

when residence time increased from 5.8s to 17.5s. However, the increase of residence time 

from 17.5s to 23.4s resulted in CO concentration increase from 31.9 vol% to 33.0 vol% only. 

Likewise, the CO gas yield firstly increased considerably from 4.0 L/g coal (5.8s) to 7.2 L/ g 

coal (17.5s), and then slightly increased to 7.3 L/ g coal (23.4s). The results show that the 

increasing residence time increases the syngas yield and concentration of YL and MW char. 

This is a result of increased char-CO2 reaction (Boudouard reaction) with residence time.  

The “estimated syngas (H2/CO) concentration” shown in Figure 6 was calculated by Factsage 

6.4. As seen, with the increasing residence time, the value of experimental syngas yield and 

concentration gradually climbed and was getting closer to the equilibrium concentration 

value. At nearly complete carbon conversion, the experimental value of MW and YL char 

was nearly the same as the equilibrium concentration. The results demonstrated that the YL 

and MW char were completely converted at 23.4 s and 21.7 s respectively. 
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Figure 5: Influence of residence time on syngas yield of YL and MW char under 20% 

CO2/80%N2 at 1000 °C 
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Figure 6: Influence of residence time on syngas composition of YL and MW char under 20% 

CO2/80%N2 at 1000 °C 

3.3.4 Char morphology change 

To gain a better understanding of the morphology change during char gasification, the 

morphology observations were measured by the SEM. Figure 7 shows the SEM photographs 

of YL char at carbon conversion of 0, 45%, 88%, 96%, and 99% at 1000 °C. As seen, no 

significant changes in overall particle size were found with the increasing carbon conversion. 

This finding demonstrates the hypothesis of the residence time calculation that particle size 

does not change during the gasification and ensure the accuracy of the calculated residence 

time. As the carbon conversion increased, more small-diameter particles were observed in the 

SEM pictures, suggesting the fragmentation of the char particle because of the particle 

collision between particles or with the reactor wall, and the formation of the ash because of 

the Boundary reaction. In terms of the morphology change of the single particle, mineral 

constituents were found on the surface of the pyrolysed YL char at 1000 °C. With the 

progress of the gasification, more small pores were observed on the particle surface at carbon 

conversion of 45% and 88%, a result of increased Boudouard reaction between carbon in char 

with CO2. At high carbon conversions of 96% and 99%, a smooth surface was found for the 

particle which can be contributed by the melting of mineral constituents on the surface. 

Figure 8 shows the SEM photographs of MW char at carbon conversion of 0, 47%, 73%, 

92%, and 98% at 1000 °C. Like YL char, with the increasing residence time, the overall 

particle size of MW chars does not significantly change and more pores were observed on the 
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surface of the char particle. By contrast, no significant melting of mineral constituents was 

found on the surface of MW gasified char at higher carbon conversions of 92% and 98%. 

These are because the gasified MW chars at high conversions have less mineral content (12-

14% mineral content) compared to the rich-mineral YL samples (32-37% mineral content). 
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Figure 7: SEM photographs of YL char at carbon conversion of 0, 55%, 85%, 98%, and 99%, respectively (1000 °C) 
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Figure 8: SEM photographs of MW char at carbon conversion of 0, 47%, 73%, 89%, and 96%, respectively (1000 °C) 
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SEM photographs of MW char with carbon conversion of 99% are shown in Figure 9. As seen, at 

nearly complete carbon conversion, MW char presented mainly four morphology change:  

(1)  The particle fragmentation. As shown in Figure 9(A) and (B), the observed hemisphere 

particle is generated through the self-fragmentation of the particle during gasification, and the 

small sphere particle can be from the fragmentation of one large particle. The particle 

fragmentation results in the decrease of the particle size [21]. 

(2)  Unconverted char. Some unconverted particles have a porous surface, as shown in Figure 

9(C).This finding indicates that carbon in char releases from outside and inside of the particle, 

but does not change particle size. Some particles with a smooth surface are also observed, as 

shown in Figure 9(D). This smooth surface is resulted by the melting of the mineral 

constituents of the rich-mineral particle. 

(3)  The particle agglomeration, as shown in Figure 9(E). This agglomeration can be derived 

from the melting of the mineral constituents and results in the increase of the particle size. 

(4) Tiny ash particle, as shown in Figure 9(F). In the end, the char particle is completely 

converted to form the ash particle. Compared to the particle shape mentioned above, the 

dimeter of the ash is much smaller (around 1µm).  
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Figure 9: SEM photographs of MW char at carbon conversion of 99% 

4 Conclusions 

This study provides fundamental data on the effect of temperature, input CO2 concentration, and 

residence time on entrained flow gasification behaviour of YL and MW chars in CO2. The findings 

show that an increase of temperature and input CO2 concentration results in an increase in carbon 

conversion and syngas yield. By contrast, the increase of residence time by decreasing the total gas 

flow rate from 5 L/min to 2 L/min results in lower carbon conversion and syngas yield. This is 

because a decrease in total gas flow rate decreases Ug. When Ug < Up, the moving mode of particles 

in the reactor changes from entrained to falling. Comparing the two conditions, entrained flow 

gasification (Ug > Up) with a shorter residence time attains better gasification performance in terms 

of higher carbon conversion and syngas yield than dropping flow gasification (Ug < Up) at the same 

temperature and CO2 concentration. This finding suggests, as expected, that entrained flow condition 

can achieve better gasification performance than the fixed-bed or dropping flow condition.  

As expected, when the residence time increases, the carbon conversion and syngas yield of YL and 

MW char improve, and the carbon content and gasification reactivity of their gasified char decrease. 
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The experimental data establish that the residence time required for complete conversion of the YL 

and MW char at 1000 °C and 20% CO2 is 17.4s and 21.7s, respectively. At the reaction time, the 

measured syngas yield and concentration of YL and MW char also approximately equals the 

equilibrium concentration value, demonstrating the completion of the conversion. As the residence 

time for complete conversion of YL and MW char is almost double longer than that for the typical 

commercial-scale entrained flow gasifier (6-10s), it is recommended that the gasification of Victoria 

brown coal is carried out at a higher temperature above 1000 °C to shorten the residence time for 

complete carbon conversion.  

No significant change in the overall particle size of YL and MW chars was found during the 

gasification progress at 1000 °C. At a high carbon conversion above 98%, the melting of mineral 

constituents on the particle surface was only found in YL gasified char, not MW gasified char. At the 

carbon conversion of MW char at 98%, four major changes were observed in the samples: the 

particle fragmentation, particle agglomeration, unconverted chars and tiny ash. 
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Chapter 6 Entrained flow gasification behaviour at high 

temperatures (>1000 °C) 

According to the findings of low temperature gasification in chapter 5, Victorian brown coals 

required more than 16 s, almost double the residence time used in large scale commercial gasifiers, 

for complete carbon conversion at 1000 ºC. Entrained flow gasification behaviour at high 

temperatures (>1000 ºC) was, therefore, investigated and is discussed in this chapter. Only one study 

is reported in the literature on the high temperature gasification behaviour of Victoria brown coal in 

an entrained flow reactor [6]. It was found that char conversion and syngas yield increased with 

increasing temperature and CO2 concentration. Nonetheless, it is limited to only one Victorian coal -

Morwell coal, and only two-step gasification (meaning coal pyrolysis followed by gasification of the 

pyrolysis char). Therefore, the effect of high-temperature and input CO2 on parent Victorian brown 

coals under two different gasification processes, direct and two-step coal gasification, has not been 

investigated. 

In this study, the effect of high temperature and CO2 concentration on gasification behaviour of three 

Victorian brown coals, Maddingley, Loy Yang, and Yallourn coal, is investigated in a high 

temperature atmospheric entrained flow reactor. Two coal gasification processes – direct and two-

step coal gasification – are compared in gasification performance and emission of air pollutants (H2S, 

HCN, and NH3). In particular, the following information is generated:  

• gas composition and carbon conversion under different pyrolysis and gasification conditions, 

• emission of H2S, HCN, and NH3 during direct and two-step gasification at different 

temperatures and CO2 concentration, 

• the morphological change and particle size change of gasification residues at different 

temperatures. 

This chapter reproduces the following submitted paper to the Applied Energy. 
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Abstract 

This study assesses the gasification behaviour and pollutant gas emission of three Victorian brown 

coals in CO2 using a bench - scale entrained flow reactor by comparing two gasification processes - 

firstly using coal and secondly using two steps of producing char through pyrolysis and then using 

this char for gasification. The effect of temperature (1000-1400 °C) and input CO2 (10-40 vol.%) 

concentration was investigated. Higher temperature and input CO2 concentration increased CO 

concentration and carbon conversion. Higher temperature increased H2S and HCN emissions, but 

higher CO2 concentration decreased the H2S and HCN emissions. The gasification process (direct 

and two-step gasification) had little effect on the overall carbon conversion but had a significant 

effect on the gas composition of the product gases. Direct gasification generated little H2 and more 

mailto:Sankar.Bhattacharya@monash.edu
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CO in the product gases than two-step gasification. During two-step gasification, coal pyrolysis 

contributed to around 65% carbon conversion, 50-80% HCN emission and almost all H2S emission. 

It was found that entrained flow gasification achieved very high carbon conversion (~ 98%) for 

Victorian brown coals at 1200 °C with around 7s residence time for the particle size of 90-106 

microns. No NH3 emissions were detected during the entrained flow gasification but HCN and H2S 

emissions were still high in the ppmv level. 

Keywords 

Gasification, Pollutant gas emission, Entrained flow, Two-step gasification, Direct gasification, 

Brown coal  

1. Introduction 

In Australia, Victorian brown coals represent a significant, low cost energy resource with reserves of 

430 billion tonnes. These brown coals are the primary energy source in the state of Victoria, 

supplying approximately 85% of the state’s electricity [1]. However, brown coal utilisation is limited 

to mine-mouth power generation using conventional pulverised coal-fired combustion units at 

relatively low efficiency and high greenhouse gas emission [2]. Therefore, beyond its direct 

combustion, great effort is being made by the industry and academia to develop low-emission coal 

technologies, to utilise such vast resources for higher value products with low emission[3]. As one 

clean coal technology, gasification is a thermochemical conversion method where fuel reacts with 

reactants like steam and carbon dioxide to produce syngas (CO/H2) which can be used for generation 

of power and a variety of chemicals and liquid fuels [4-7]. Among three major gasifier types - fixed 

bed, fluidized bed, and entrained flow gasifiers -, the entrained flow gasifiers dominate the world 

gasification market for syngas production, and is potentially the only gasification process for reliable 

co-production of power and chemicals using brown coals [8]. However, fundamental understanding 

of the process and information on the gaseous products of entrained flow gasification using brown 

coals is limited. 

Relatively few experimental studies on entrained flow gasification of low-rank coals have been 

reported in the literature. Tremel et al. investigated pyrolysis and gasification behaviour of a German 

lignite in an entrained flow reactor [9]. They found that with the increase of temperature and 

residence time, the carbon conversion increased. Harris et al. examined entrained flow gasification 

behaviour of Australian sub-bituminous coals at high temperature and pressure [10], and assessed the 

effect of temperature and coal types on coal conversion. Cristina et al. [11] and Guo et al. [12] found 

http://www.sciencedirect.com.ezproxy.lib.monash.edu.au/science/article/pii/S0016236112003675
http://www.sciencedirect.com.ezproxy.lib.monash.edu.au/science/article/pii/S0010218011002033
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that high CO2 concentration improved carbon conversion of sub-bituminous and bituminous coal in 

an entrained flow reactor. However, since the quality and composition of coal vary considerably 

from one coal to another, the influence of high temperature and CO2 concentration on different 

brown coal type can be different, especially for Victorian brown coal with several unique physical 

and chemical characteristics - high moisture content (50-66%) in the as-received coal, low minerals 

content ( <4%) varying mineral composition, and high oxygen content (>25%) [13].  

There have been some studies assessing alkali and alkaline earth metal (AAEM) emissions and their 

catalytic effects during pyrolysis and gasification of Victorian brown coals in a fixed bed [14, 15], 

and one study reporting on pressurised fluidised bed gasification of Victorian brown coals at a 1.6 

MW scale [16]. The latter study suggested that fluidised bed gasification may not be suitable for 

Victorian brown coals and recommended entrained flow gasification from low to high temperature 

ranges. In entrained flow gasification, use predominantly of CO2 is of interest as this can lower or 

avoid the use of steam and oxygen which are expensive to produce. However, investigations on 

entrained flow gasification behaviour of Victorian brown coals are limited. Only one study [17] is 

reported in the literature on the high-temperature pyrolysis and gasification behaviour of Victoria 

brown coal in an entrained flow reactor. It was found that char conversion and syngas yield increased 

with increasing temperature and CO2 concentration. Nonetheless, it is limited to only one Victorian 

coal - Morwell coal, and only two-step gasification (meaning coal pyrolysis followed by gasification 

of the pyrolysis char) [17]. The effect of high-temperature and input CO2 on parent Victorian brown 

coals and their chars under different gasification processes - two-step and direct coal gasification - 

has never been investigated.  

In this study, the effect of high temperature and CO2 on gasification behaviour and pollutant gas 

emission of three Victorian brown coals - Maddingley, Loy Yang, and Yallourn coal- is investigated. 

Two gasification processes – direct and two-step coal gasification – are compared. This study offers 

new insight on entrained flow gasification of Victorian brown coals and their chars comparing the 

performance of coal and char gasification. In particular, the following information is generated:  

a) gas quality and carbon conversion under different pyrolysis and gasification conditions;  

b) the release of NH3, HCN, and H2S under various pyrolysis and gasification conditions;  

c) the particle size evolution and morphology change during pyrolysis and gasification process.  

The resulting data is useful to examine the further use of the fuel gas for chemical products and 

power generation. 
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2. Experimental 

2.1 Sample  

The three Victorian brown coal samples used in this study are Yallourn (YL) and high-ash Loy Yang 

(LY) coal from the Latrobe Valley, and Maddingley (MD) coal from the Maddingley mine. As these 

dried coals can reabsorb moisture to some extent, the moisture content was determined immediately 

prior to the experiments. The proximate analysis, ultimate analysis and ash composition of these 

three coals are listed in Table 1. Coal samples were ground, oven-dried, and sieved to 90-106 µm for 

the experiments.  
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Table 1: Proximate analysis, ultimate analysis and ash composition of Maddingley, high-ash Loy Yang, 

and Yallourn coal 

Items Maddingley coal High-ash Loy Yang coal Yallourn coal 

Moisture (oven dried, wt.%) 1.01-1.50 0.49-1.50 0.64-2.72 

Proximate analysis (dry basis, wt.%)     

Volatile matter  47.50 48.00 48.18 

Fixed carbon  37.26 43.58 51.82 

Ash  15.24 8.42 2.32 

 

   

Ultimate analysis (dry basis, wt.%)    

Carbon  50.91 60.01 62.99 

Hydrogen  4.56 4.68 4.98 

Nitrogen  0.51 0.58 0.54 

Sulfur  3.34 0.70 0.40 

Ash 15.24 8.42 2.32 

Oxygen (by difference) 25.44 25.61 28.77 

    

Ash composition (dry basis, wt %)    

SiO2 19.02 47.16 1.36 

Al2O3 15.24 22.11 1.75 

BaO 0.02 0.01 0.28 

CaO 9.24 2.05 8.29 

Fe2O3 20.55 4.11 51.59 

K2O 0.08 0.61 0.18 

MgO 7.58 5.51 17.69 

Na2O 8.92 7.87 5.78 

SO3 19.02 7.41 12.55 

TiO2 0.34 3.17 0.54 

 

2.2 Apparatus and procedure 

An electrically heated entrained flow reactor was used for the gasification experiments. The furnace 

is of 3 m length and consists of nine separately controllable heating zones. The fused alumina reactor 

has an inner diameter of 89 mm. The samples were fed continuously from the top of the reactor by a 

screw feeder and introduced into the chamber through a water-cooled injector. For each run, primary 
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gas of N2 was fed from the isolation box within the screw feeder at a rate of 4 L/min, entraining the 

samples into the reactor. The majority of the secondary gas used for gasification was introduced from 

the top of the reactor at a total rate of 12 L/min into the chamber, after heating to 500 °C through a 

gas preheater.  

A stainless steel solid collector was used to collect the solid products - ash and char residue. After 

passing through the gas cleaning and cooling system consisting of three impinger vessels, the outlet 

gas was analysed by Dräger tubes for pollutant gas emission and a micro-gas chromatograph (Varian 

490-GC) for composition of the major gases - H2, CO, CO2, CH4, and N2. The solid products were 

collected, weighed and analysed offline. A schematic drawing of the entrained flow reactor is 

available in our previous paper [17]. 

As mentioned earlier, two gasification processes were investigated: (1) two-step coal gasification, 

oven-dried coal samples were pyrolysed in N2 to prepare char under entrained flow conditions, then 

the char was gasified with CO2. (2) direct coal gasification, oven-dried coal samples were directly 

gasified with CO2. The experiments were conducted at various input CO2 concentrations (10-40 

vol.%) and temperatures (1000-1400 °C), to investigate the effect of input CO2 and temperature on 

gas composition and carbon conversion. The residence time of two-step gasification is around 14s 

(coal pyrolysis: ~7s, char gasification: ~7s), and the residence time of direct gasification is 

approximately 7s. 

2.3 Data collection 

The operating parameters of the reactor - furnace temperature, pressure, feeding rate and gas flow 

rate - are controlled, monitored and recorded by a custom LabVIEW CompactDAQ system. The 

reactor was heated up to the desired temperature before feeding the sample. Inert gas N2 was fed for 

at least 1 hour until very low oxygen level (<0.3 vol.%) was achieved in the outlet gas. Then, 

reactant gas CO2 at controlled flow rate was introduced into the reactor. After the CO2 composition 

had been measured by micro-GC, the samples were fed at a controlled rate from the top of the 

reactor. The pressure of the system is strictly controlled at atmospheric pressure by manually 

adjusting the power of the vacuum pump. The steady state is defined when the major gas 

composition measured by the micro-GC stabilised, as shown in Figure 1. The Micro-GC can 

determine the vol. % of H2, CO, N2, CH4, and CO2. The Micro-GC data in the steady state operation 

were collected and presented here. The NH3, HCN, and H2S level during gasification process were 

also measured three times respectively using Dräger tubes during steady state.  
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In terms of the solid products, those were collected from the main solid collector and weighed by a 

precision balance. The particle size distribution and morphology were examined by Mastersizer 2000 

and emission scanning electron microscope (FEI Nova NanoSEM 450 FEGSEM), respectively. The 

impinger vessels were used for tar collection during the run.  

 

Figure 1: Typical gas composition profile of gasification for LY char at 1200 °C and 20 vol.% CO2 in N2 

during steady state operation.  

2.4  Data analysis 

2.4.1 Gasification behaviour 

The gasification behaviour of Victorian brown coals and chars is evaluated through fuel gas 

composition, its calorific value, and carbon conversion.  

The data of fuel gas composition from micro-GC were averaged and presented here. Typically, 

little or no N2 is generated from coal pyrolysis, the gas composition for coal pyrolysis is shown on 

a N2-free basis. According to the gas composition, its calorific value is calculated from the respects 

of low heating value (LHV) and high heating value (HHV) as follow: 

LHV(MJ/𝑚3 ) = 𝑥𝐻2 × 10.78 + 𝑥𝐶𝑂 × 12.63 + 𝑥𝐶𝐻4 × 35.81                                                  (E 1) 

HHV(MJ/𝑚3 ) = 𝑥𝐻2 × 12.76 + 𝑥𝐶𝑂 × 12.63 + 𝑥𝐶𝐻4 × 39.75                                                 (E 2) 
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Where 𝑥𝐶𝑂 , 𝑥𝐶𝑂 , 𝑥𝐶𝐻4 is gas concentration of CO, CO2, and CH4, vol.%. 

Carbon conversion represents the amount of carbon in the feedstock that has reacted. It can be 

calculated using ash (solid phase) or carbon-containing produced gas (gas phase) as a tracer, and 

their calculations are given below: 

Solid-phase carbon conversion:  X(%) =
𝑚𝐶,𝑓𝑒𝑒𝑑−𝑚𝐶,𝑎𝑠ℎ

𝑚𝐶,𝑓𝑒𝑒𝑑
× 100                                                  (E 3) 

Gas-phase carbon conversion:  X(%) =
(𝑋𝐶𝑂+𝑋𝐶𝐻4+𝑋𝐶𝑂2,𝑜𝑢𝑡−𝑋𝐶𝑂2,𝑖𝑛)×12

𝑚𝐶,𝑓𝑒𝑒𝑑
× 100                           (E 4) 

Where 𝑚𝐶,𝑓𝑒𝑒𝑑 is the mass of carbon in the feeding inlet, 𝑚𝐶,𝑎𝑠ℎ is the mass of carbon in solid 

residuce collected from the outlet, 𝑋𝐶𝑂 , 𝑋𝐶𝑂2,𝑜𝑢𝑡, 𝑋𝐶𝐻4 is the molar flowrate of CO, CO2 and CH4 

in the outlet gas, 𝑋𝐶𝑂2,𝑖𝑛 is the molar flowrate of CO2 in the inlet, 𝑚𝐶,𝑓𝑒𝑒𝑑is the mass flowrate of 

the carbon including the feed coal/char in the inlet. 

However, both the calculations have their own uncertainty. The uncertainty of solid-phase method 

includes the incomplete solid recovery at the outlet and due to ash evaporation; the uncertainty of 

the gas-phase method is mainly from the inaccuracy of the gas analysis by the micro-GC analyzer. 

The variations in results of the two methods ranged 0.4-7.6%. In this study, the carbon conversion 

was calculated in both solid and gas basis. 

2.4.2 Pollutant gas emission 

The NH3, HCN, and H2S level during gasification process were also measured three times 

respectively using Dräger tubes during steady state. The concentration of NH3, HCN, and H2S was 

averaged from measurements and presented here. The measurement accuracy of NH3 is ± 10-15%, 

HCN is ± 10-15%, and H2S is ± 5-10%. Because the gas temperature in the impingers, 

approximately 40°C, is higher than the boiling temperature of NH3 (35.6°C), HCN (25.6°C) and H2S 

(- 60°C), these species are unlikely to have condensed in the impingers. 

3. Results 

3.1 Two-step coal gasification 

Coal gasification is a mix of heterogeneous and homogeneous reactions. Pyrolysis and gasification 

steps take place simultaneously which makes the gasification reactions too complicated to study. 

Two-step gasification simplifies and separates the gasification process into two stages: 1) coal 
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pyrolysis; 2) gasification of char from pyrolysis, which allows us to have a better understanding for 

each stage. After knowing what happened at each stage, two-step gasification can be compared with 

direct gasification which enables a better understanding of the overall products from coal pyrolysis 

and char gasification. 

3.1.1 Step 1-coal pyrolysis 

Pyrolysis experiments were conducted at 1000 °C, 1200 °C and 1400 °C using oven-dried pulverised 

YL, LY and MD coal with a particle size (90-106 µm) at a feeding rate of 2.6 ± 0.3 g/min. Fuel gas 

composition was measured online, and the solid char was analysed after experiments. The pyrolysis 

behaviour regarding producer gas composition, char yield, LHV and HHV, and char property is 

presented in Table 2.  

The three Victorian brown coals have a similar trend in pyrolysis behaviour with temperature. With 

increasing pyrolysis temperature, the concentration of H2 and CO increased sharply from 46-50% 

and 36-46% (1000 °C) to 51-59% and 40-49% (1200 °C), respectively, then gradually increased to 

52-59% and 41-48% (1400 °C), respectively. However, the gas composition of the CH4 and CO2 

correspondingly decreased. The concentration of CH4 and CO2 firstly significantly decreased from 

2.9-5.4% and 2.9-7.4% (1000 °C), respectively, to 0.1-0.9% and 0-0.4% (1200 °C), respectively, and 

then both decreased to 0 (1400 °C). The very low concentration of CH4 and CO2 can be a result of 1) 

in-situ gasification (R1) between the nascent char and the CO2 generated from pyrolysis (R2) [18]; 2) 

gas-phase reactions between CH4 and steam from coal moisture (R3), and between CH4 and CO2 (R4) 

above 1000 °C [19, 20].  

Boudouard reaction:                               𝐶(𝑠) + 𝐶𝑂2⟶ 2𝐶𝑂                                                          (R 1) 

Pyrolysis:                            Coal 
ℎ𝑒𝑎𝑡
→   𝐻2 + 𝐶𝑂 + 𝐶𝑂2 + 𝐶𝐻4 + others                                       (R 2) 

Steam - methane reforming:            𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 +  3𝐻2                                                      (R 3) 

Dry methane reforming:                    𝐶𝐻4 + 𝐶𝑂2  → 2𝐶𝑂 +  2𝐻2                                                  (R 4) 

Reverse water-gas shift reaction:           𝐶𝑂2 + 𝐻2 → CO + 𝐻2𝑂                                                    (R 5) 

These are endothermic reactions and their rates increase with an increase of temperature, which 

results in the increase of the H2 and CO yield and the corresponding decrease of CO2 and CH4 yield. 

[21]. When the available CO2 and H2O are completely consumed, the H2 and CO yield reached a 

peak at 1400 °C. As expected, the carbon conversion of the three Victorian brown coals increased 
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with increasing temperature. The char yields at three pyrolysis temperatures are similar, ranging 

from 29% to 37%. However, a slight decrease in char yield was seen with increasing temperature 

because of the in-situ gasification. The value of LHV and HHV decreased slightly with the rising 

temperature, ranging from 11.6-12.5 MJ/m3 (LHV) and 12.7-13.6 MJ/m3 (HHV), as the methane 

content (which has higher calorific value) decreased.  

Regarding char composition, the volatile matter content in three Victorian brown coal char steadily 

decreased with the increase of the pyrolysis temperature, and the carbon content increased as 

expected. However, the change of the ash content was different depending on the coal type. A sharp 

decrease of ash content by 38.6% was observed for YL char from 1200 °C to 1400 °C, which can be 

attributed to the evaporation of ash above 1200 °C. This suggests that YL ash cannot be used as a 

tracer for C-conversion calculation above 1200 °C, and, therefore, C-conversion of YL coal/ char 

above 1200°C is presented using the gas-phase method. On the contrary, the ash content of LY and 

MD coal increased when pyrolysis temperature increased. Clearly, high temperature has a large 

influence on pyrolysis behaviour of Victorian brown coals especially on gas composition and char 

composition. However, above 1200 °C, this influence becomes limited. 
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Table 2: Pyrolysis behaviour of MD, LY and YL coal at various temperatures in the entrained flow reactor 

Sample MD coal High-ash LY coal  YL coal 

Atmosphere  100% N2 100% N2 100% N2 100% N2 100% N2 100% N2 100% N2 100% N2 100% N2 

Temperature (°C) 1000 1200 1400 1000 1200 1400 1000 1200 1400 

Gas composition (N2 free basis, vol.%) 
  

  
  

  
  

  

H2 46.75 51.35 52.25 50.28 58.95 59.35 48.52 53.72 53.78 

CO 45.57 48.52 47.75 36.72 39.99 40.65 43.66 45.4 46.22 

CH4 2.95 0.11 0 5.40 0.64 0 4.90 0.88 0 

CO2 4.73 0 0 7.41 0.43 0 2.92 0 0 

Carbon conversion (wt.%) 60.64 63.06 63.90 59.37 61.66 64.64 60.59 69.85 68.45 

Char yield (wt.%) 34.44 33.81 29.19 36.96 34.26 30.66 32.15 29.19 30.52 

LHV (MJ/m3) 11.85 11.70 11.66 11.99 11.63 11.53 12.50 11.84 11.64 

HHV (MJ/m3) 12.89 12.72 12.70 13.20 12.83 12.71 13.65 12.94 12.70 

  
  

  
  

  
  

  

Char property  
  

  
  

  
  

  

Proximate analysis (dry basis, wt.%) 
  

  
  

  
  

  

Volatile matter  19.56 17.68 8.62 8.92 7.47 5.74 11.50 6.14 5.14 

Fixed carbon  51.84 50.13 61.99 79.93 77.34 76.95 80.60 86.28 89.01 

Ash  28.60 32.19 29.39 11.15 15.19 17.31 7.90 7.58 5.85 

          

Ultimate analysis (dry basis, wt.%)          

C 59.86 61.34 63.48 70.94 72.22 74.46 83.17 88.62 89.28 

H 1.09 1.36 1.35 1.38 1.24 0.87 1.42 1.24 0.82 

N 0.45 0.44 0.48 0.68 0.56 0.59 0.61 0.78 0.66 

S 5.35 4.45 5.30 0.71 0.57 0.43 0.39 0.34 0.30 

O ( by difference) 4.65 0.22 0 15.14 10.23 6.34 6.51 1.42 3.07 

Ash 28.60 32.19 29.39 11.15 15.18 17.31 7.90 7.58 5.85 
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3.1.2 Step 2-char gasification  

After pyrolysis, the effect of temperature and CO2 on gas composition and carbon conversion during 

the gasification of Victorian brown coal char is presented in this sub-section. The char samples were 

fed to the reactor at a feeding rate of 1 ± 0.3 g/min. To compare the carbon conversion calculated by 

the gas-phase and solid-phase method, a carbon mass balance was conducted for each experiment, 

which is in the range of 92-98%. It is found that the error of the gas composition was within 2%, and 

the difference between solid-phase and gas-phase carbon conversion was 0.4-6.5%. Because of the 

relatively small difference, carbon conversion is presented based on solid-phase calculation in the 

subsequent sections.  

3.1.2.1 Effect of temperature 

The char generated at 1000, 1200, and 1400 °C were subsequently gasified at their corresponding 

pyrolysis temperatures under 20 vol.% CO2 in N2. The effect of temperature on entrained flow 

gasification behaviour is shown in Figure 2. The overall trend of three Victorian brown chars is 

almost the same. As expected, higher temperature enhances the Boudouard reaction (R1) and char 

gasification rate, which results in higher CO concentration and higher carbon conversion. When the 

temperature increased from 1000 °C to 1400 °C, CO concentration increased significantly from 4.6-

8.8% to 9.4-12.9%, and solid-phase carbon conversion also largely increased from 84-91% to 99-

100%. As expected, CO-rich syngas (CO&H2) is generated from CO2 gasification, and CO 

concentration and CO/H2 ratio on N2 & CO2 free basis account for 95-99% and > 35:1 respectively. 

Therefore, this syngas ratio is not suitable for direct chemical synthesis (typical 2:1 for methanol) 

and will have to lower the ratio by water-gas shift reaction. Nearly 100% carbon conversion was 

observed for YL char at 1200 °C, and for MD and LY char at 1400 °C after 7-second gasification. 

This indicates that the YL char has the highest reactivity among the three Victorian coal chars. 

However, the decrease of H2 by 55-81% was shown for all Victorian brown chars with the increasing 

temperature. This decrease can arise from the reverse water-shift reaction (R5) above 400°C: the 

reverse water-shift reaction is favoured by a higher temperature [22]. 

Clearly, a higher temperature enhances the CO concentration and carbon conversion from 

gasification of Victorian brown coal chars, and by 1400 °C, Victorian brown coal chars achieve 

nearly 100% carbon conversion after 7 seconds gasification under 20 vol.% CO2. 
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Figure 2: Effect of temperature on gasification behaviour of MD, LY, and YL char at 20 vol.% CO2: (A) 

syngas composition, (B) solid-phase carbon conversion 

3.1.2.2  Effect of input CO2 concentration 

To investigate the influence of input CO2, the char generated at 1200 °C were gasified at the same 

temperature under a variety of input CO2 concentrations (10-40 vol.%) at a total feed gas flowrate of 

16 L/min. As the main reaction of the coal/char gasification is Boudouard reaction (R1), in essence, 

the change of the input CO2 concentration affects the CO2/C ratio of the R1 which is defined as:  
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𝐶𝑂2 ∶ C  ratio =  
𝑁𝐶𝑂2,𝑖𝑛𝑝𝑢𝑡

𝑁𝐶,𝑓𝑒𝑒𝑑
                                                    (E 5) 

Where 𝑁𝐶𝑂2,𝑖𝑛𝑝𝑢𝑡 is the molar flowrate of the input CO2 in mol./min, 𝑁𝐶,𝑓𝑒𝑒𝑑 is the molar flowrate of 

the carbon in feed coal or char in mol. /min. A molar ratio of CO2/C equals to 1, meaning enough 

CO2 from all sources convert the carbon fed in coal or char to CO. 

Figure 3 shows the influence of CO2/C ratio on gas composition and carbon conversion. As is 

evident, enough CO2 was fed based on the CO2/C ratio (>1), the input CO2 showed a positive effect 

on gasification performance of three Victorian brown coals with the increasing CO2/C ratio. When 

CO2/C ratio increased from 1.4-1.8 (10% CO2) to 5.5-7.1(40% CO2), CO concentration and carbon 

conversion significantly increased by 1.6-3.4% and 5-16%, respectively.  

The optimal input CO2 at 1 CO2/C ratio would ideally result in highest CO concentration if infinite 

time was allowed for the Boudouard reaction to occur. However, in our experiments, the residence 

time of Victorian brown chars is limited to 7-8 s. Therefore, the observed trend of the increased CO 

concentration and carbon conversion with increasing CO2/C ratio is contributed by the increase of 

char reactivity. Higher CO2 concentration facilitates the char-CO2 reaction rate at a given 

temperature because the reaction rate is proportional to the CO2 concentration [17]. By contrast, the 

hydrogen gas concentration steadily decreased from 1.4-2% to 0.4-0.6%, with increasing CO2/C ratio. 

The generated hydrogen should mainly evolve from the very low amount of hydrogen in char sample 

itself, considering that dry coal char is used in this study with a low moisture content below 1 wt.%. 

The decrease of hydrogen is due to the high input CO2 promoting the reverse water-gas shift reaction 

(R5) converting H2 to CO. Overall, the majority of syngas generated is CO whose concentration on 

N2 & CO2 free basis makes up 98-99%, and H2 concentration accounts for 2-0.4%. 

.It was found that YL char reached a high carbon conversion (95.48%) at a CO2/C stoichiometry of 

1.4, and the higher CO2/C ratio (>6.2) was required for MD and LY char to reach at a similarly high 

carbon conversion at 1200 °C. These results indicate that YL char has the highest reactivity, 

followed by MD char and LY char, respectively. The results also indicate that MD and YL chars 

achieve complete conversion at a higher CO2 input as 40% CO2 and at 1200 °C, but LY char requires 

a higher CO2 input for complete conversion. 
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Figure 3: Effect of CO2/C ratio on gasification behaviour of MD, LY, and YL char at 1200 °C: (A) 

syngas composition (B) solid-phase carbon conversion.  

3.2 Direct coal gasification 

This section presents the effect of temperature (1200-1400 °C) and input CO2 concentration (10%-

40%CO2) on gas quality and carbon conversion by direct gasification of Victorian brown coals. The 

coal samples were fed directly to the reactor at a feeding rate of 1 ± 0.3 g/min. The carbon balance 

was carried out for each experiment to calculate carbon conversion by both the solid-phase and gas-
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phase method; the C-conversion generally ranged around 91-95%. Gas composition of each 

experiment varied by 3%, and solid-phase and gas-phase carbon conversion varied by 2.2-7.6%. 

3.2.1 Effect of temperature 

Direct coal gasification of MD, LY, and YL coal was conducted at 1200 °C and 1400 °C by directly 

using oven-dried coal having a sieved particle size (90-106 µm) under 20% CO2 in N2. The effect of 

temperature on coal gasification is shown in Figure 4. As expected, the CO concentration and carbon 

conversion increased steadily for the three Victorian brown coals with temperature. It was found that 

CO concentration slightly increased from 9.36-10.25% (1200 °C) to 9.61-12.64% (1400 °C), and 

carbon conversion steadily increased from ~91% (1200 °C) to 100% (1400 °C). This is because that 

both coal pyrolysis and char gasification are thermodynamically favoured at the elevated 

temperatures. It was found that YL coal reached nearly 100% carbon conversion at 1200 °C, but MD 

and LY coal required a higher temperature of 1400°C for complete carbon conversion. This indicates 

the YL coal has the highest reactivity during both coal pyrolysis and char gasification among three 

coals. Incidentally, YL coal contains high-level Fe-based minerals (51.59%) which are known to 

significantly improve the gasification reactivity. Not unexpectedly, high temperature has a positive 

effect on direct gasification of Victorian brown coal resulting in higher CO gas concentration and 

carbon conversion. A comparison of the effect of temperature on gas composition and carbon 

conversion between direct and two-step gasification is presented in section 3.3. 
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Figure 4: Effect of temperature on gasification behaviour of MD, LY, and YL coal at 20 vol.% CO2: (A) 

syngas composition, (B) solid-phase carbon conversion.  

3.2.2 Effect of input CO2 concentration 

To investigate the influence of input CO2, the coal samples were gasified at 1200 °C under a range of 

input CO2 concentrations (10-40 vol.%) at a total feed gas flowrate of 16 L/min. The different carbon 

content in each coal results in the different ratio of feed CO2 and feed carbon (CO2/C ratio), although 

using the same input CO2 concentration. Figure 5 shows the effect of CO2/C ratio on coal 

gasification behaviour at 1200 °C. As seen, the same upward trend in CO gas concentration and 

carbon conversion was found for all Victorian brown coals, with an increasing CO2/C ratio. More 

specifically, CO gas concentration increased from 7.5-12% (1.1-1.2 CO2/C ratio) to 10.3-12.6% (5.1-

6.7 CO2/C ratio). In addition, the carbon conversion increased from 85-99% (1.1-1.2 CO2/C ratio) to 

95-100% (5.1-6.7 CO2/C ratio).This is because the increased input CO2 can accelerate char 

gasification in the direct coal gasification process. However, it was found that at 1200°C, YL coal 

obtained nearly 100% carbon conversion at 1.1 CO2/C ratios, and MD and LY coal required 6.7 and > 

6.7 CO2/C ratios, respectively, to reach such high carbon conversion. This different requirement of 

CO2/C ratio determined by the reactivity consequence of Victorian brown coal chars in CO2: YL> 

MD> LY. The results show that increased input CO2 improves CO concentration and carbon 

conversion of Victorian brown coals because higher input CO2 increases char gasification reactivity. 

A comparison of the effect of input CO2 on carbon conversion between direct and two-step 

gasification is presented in section 3.3. 
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Figure 5: Effect of CO2/C ratio on gasification behaviour of MD, LY, and YL coal at 1200 °C: (A) 

syngas composition (B) solid-phase carbon conversion.  

3.3 Comparison of direct and two-step coal gasification 

3.3.1 Gas composition 

As discussed in section 3.1 and 3.2, at a high temperature above 1200°C, the gas products of direct 

coal gasification is CO and H2. The gas products of two-step gasification are derived from coal 

pyrolysis (H2, CO, and very little CH4) and char gasification (CO and H2). Hence, the gas 
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composition (NX) of direct and two-step gasification above 1200 °C was calculated by the following 

equation: 

Direct gasification: 𝑁𝑋(%) =
𝑉𝑋

𝑉𝐶𝑂+𝑉𝐻2
× 100                                                                             (E 6) 

Two-step gasification: 𝑁𝑋(%) =
𝑉𝑋

𝑉𝐶𝑂,𝑆1.+𝑉𝐻2,𝑆1+𝑉𝐶𝐻4,𝑆1+𝑉𝐶𝑂,𝑆2.+𝑉𝐻2,𝑆2
× 100                               (E 7) 

Where Vx is the gas yield of the gas species of X in L/ g coal, VCO and VH2 is the gas yield of CO 

and H2 in L/ g coal; 𝑉𝐶𝑂,𝑆1, 𝑉𝐻2,𝑆1, and 𝑉𝐶𝐻4,𝑆1are the gas yield of CO, H2, and CH4 during coal 

pyrolysis in L/ g coal, 𝑉𝐶𝑂,𝑆2 and 𝑉𝐻2,𝑆2 the gas yield of CO and H2 during char gasification in L/ g 

coal. The gas composition and total gas yield of direct and two-step gasification is shown in Table 3. 

As seen, the gas composition of MD, LY, and YL coal during two-step gasification is consists of 

73.1-78.8% CO and 21.2-26.8% H2 at 1200-1400°C. Of these, coal pyrolysis contributed to almost 

all H2 and 22.4-30.5% CO, and char gasification contributed to 69.5-77.6% CO. By comparison 

between direct and two-step gasification, it is found that the decreased H2 yield during direct 

gasification almost equalled the increased CO yield. The results indicated that during direct 

gasification, the reverse water-gas shift (R5) occurred at 1200-1400 °C which converted H2 from 

pyrolysis to CO. Moreover, little or no CH4 was observed during entrained flow pyrolysis and 

gasification at above 1200 °C. It is very likely that dry methane reforming (R4) happened in which 

CH4 reacted with CO2 from pyrolysis or environment to generate more CO and H2, considering the 

low moisture content of feed coal and char ((< 1%). Therefore, during direct gasification, the CO of 

three coals was generated from coal pyrolysis (18.8-24.2%), Boudouard reaction (55.1-66.5%), and 

the reverse water-gas shift reaction (13.1-19.3%). The total gas yield of direct and two-step 

gasification is similar within 8% and gradually increased with temperature because of increased 

carbon conversion.  

Table 3: Gas composition and total gas yield of direct and two-step gasification at 20% CO2 

Fuel 
Temperature 

(ºC) 

Direct gasification 
Two-step gasification 

Coal pyrolysis Char gasification 
Total gas yield 

(L/g coal) H2 (%) CO (%) 
Total gas yield 

(L/g coal) 
H2 (%) CO (%) H2 (%) CO (%) 

MD 1200 4.98 95.02 1.63 24.36 22.99 0.32 52.31 1.76 

 
1400 4.98 95.02 1.67 23.89 21.80 0.35 53.97 1.77 

LY 1200 6.99 93.01 1.86 25.72 17.46 0.60 56.24 1.78 

 
1400 7.34 92.66 2.18 26.56 18.18 0.31 54.95 2.03 

YL 1200 8.10 91.90 2.10 20.79 17.67 0.40 61.12 2.15 
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The equilibrium calculation for gas composition and total gas yield was performed by Factsage 6.4. 

In the calculations, all reactants including coal (C, H, N, and S content of coal) and reactant gas (20% 

CO2 in N2) were input and calculated under the same experimental condition (1 atm and various 

temperatures of 1200-1400 °C).The predicted results is shown in Table 4. It was found that the gas 

composition of direct gasification is much closer to the predicted equilibrium gas composition than 

that of two-step gasification. However, the experimental gas yield of direct and two-step gasification 

was both below the predicted gas yield. 

Table 4: The predicted gas composition and total gas yield by equilibrium calculations 

Fuel Temperature (ºC) 
Equilibrium 

H2 CO Total gas yield (L/g coal) 

MD 1200 6.67% 93.36% 2.39 

 
1400 5.63% 94.37% 2.42 

LY 1200 6.97% 93.03% 2.75 

 
1400 5.89% 94.11% 2.76 

YL 1200 7.44% 92.56% 2.90 

 

3.3.2 Carbon conversion 

Figure 6 shows the comparison of two-step and direct coal gasification in overall carbon conversion 

for MD, LY, and YL coal. As seen in Figure (A), (B) and (C), for three Victorian brown coals, the 

overall carbon conversions of direct and two-step coal gasification were both high as 91.4-99.4% at 

1200 °C and almost 100% at 1400 °C. Their differences decreased as the temperature was increased 

from 1200°C (0.1-2.8%) to 1400°C (0.2-0.5 %). The results indicate that at a high temperature above 

1200 °C, a high overall carbon conversion (>91%) is obtained for both direct and two-step 

gasification of Victorian brown coals, and their differences become smaller with increasing 

temperature. It is clear from two-step gasification that pyrolysis contributed ~65% carbon conversion 

and char gasification only contributed ~35% carbon conversion at 1000-1400 °C 

Regarding the effect of input CO2, the results of Figure (D), (E) and (F) indicated that direct and two-

step coal gasification achieved similar carbon conversion regardless of the input CO2. When the 

value of CO2/C ratio increased from 1.1-1.8 (10 vol.% CO2) to 5.1-7.1 (40 vol.% CO2), their 

differences in overall carbon conversion decreased from 3.6% to 0.4% for MD coal, decreased from 
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2.3% to 1.9% for LY coal, decreased from 3.6% to 0.4% for YL coal. It was also found that YL coal 

reached nearly 100% carbon conversion at a CO2/C ratio of 1.1-1.4 (10% CO2), but MD and LY coal 

required a higher CO2/C ratio of more than 5.2-7.1 (40% CO2) for complete carbon conversion. This 

is due to the fact that YL coal/char has higher reactivity than the other two coals, presumably due to 

the high Fe concentration. 

Overall, the gasification process, direct and two-step gasification, had little effect on the overall 

carbon conversion but had a significant effect on the gas composition of the product gases. 

Compared to two-step gasification, direct gasification generated little H2 and more CO in the product 

gases. Moreover, the decreased H2 yield almost equalled the increased CO yield. It was very likely 

that the reverse water-gas shift reaction occurred during direct gasification in which CO2 reacts with 

H2 from coal pyrolysis to form CO. The dry methane reforming was also very likely to occur during 

pyrolysis and CO2 gasification, considering the very little amount of CH4 formed and the low 

moisture of feed coal (< 1%). 

Both direct and two-step gasification achieved similar high carbon conversion ( ~ 98%) for Victorian 

brown coals at 1200 °C. However, two-step gasification obtained a better H2 /CO ratio (around 1:3) 

in the product gases than direct gasification, so it was more suitable for downstream synthesis of 

some chemicals. It is clear that 1200 °C temperature is sufficient to achieve high carbon conversion 

for the brown coals tested in this study for gasification using CO2 up to 40% concentration.  
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Figure 6: Comparison of direct and two-step coal gasification for MD, LY, and YL coal in overall 

carbon conversion on solid basis: (1) effect of temperature on overall carbon conversion of MD coal (A), 

LY coal (B), and YL coal (C); (2) effect of CO2/C ratio on overall carbon conversion of MD coal (D), LY 

coal (E), and YL coal (F) at 10%, 20% and 40% CO2 in the feed gas. 
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3.4 NH3, HCN, and H2S release during gasification 

N and S are the major pollutant-forming elements in coals. NH3 and HCN are known to be the main 

N-containing gaseous products from heteroaromatic ring systems which have been reported to be the 

main source of coal-N for Victorian brown coals [20]. H2S is a principal S-containing gasification 

product from coal gasification [23]. Therefore, to assess the extent of the emission of the NH3, HCN, 

and H2S from MD, LY, and YL coal during gasification was measured by Dräger tubes under the 

two different gasification processes, over a range of temperature (1000-1400°C) and CO2 

concentration (10-40 vol%).  

3.4.1 Effect of temperature 

The influence of the temperature on the H2S emission of three Victorian brown coals at 20%CO2 in 

N2 is shown in Figure 7 (A), (B) and (C). As is evident, for two-step coal gasification, the H2S 

emission from coal pyrolysis comprised the majority of the total gas concentration, and by contrast, 

only a small concentration (less than 10.31%) are from char gasification. This indicates that the H2S 

emission during two-step coal gasification is determined by coal pyrolysis. In the coal pyrolysis, the 

measurements of MD coal at 1000 °C and 1200 °C is limited by the maximum measurement range of 

the Dräger tube-200 ppmv. However, the H2S emission of LY and YL coal slightly increased with 

temperature increasing from 1000 °C (116 and 11 ppmv, respectively) to 1200 °C (145 and 21 ppmv, 

respectively). 

Sulfur in the Victorian brown coal is nearly 70% organic sulphur, and it exists as thermally unstable 

organic sulphur (such as aliphatic structures and small S-containing heteroaromatic ring systems), 

and thermally stable organic sulphur (such as thiophenes) [23]. As LY coal for example, it consists 

of around 50% unstable sulphur and 50% stable sulphur [24]. Thermally unstable sulphur is 

completely released at low temperatures around 600 °C. However, the thermally stable sulphur is not 

released until 1000 °C. Therefore, this increase of H2S emission is due to the increased 

decomposition of thermally stable sulphur which is released at a higher temperature [23]. However, 

when the temperature was increased from 1200 °C to 1400 °C, the H2S emission from different coals 

showed a different trend. The H2S emission of YL coal steadily increased by 18 ppmv because of the 

increased decomposition of thermally stable sulphur. In contrast, the H2S emission of MD and LY 

coal decreased to 180 and 64 ppmv, respectively. This is attributed to the gas phase reaction between 

produced H2S and CO2 from pyrolysis (R6) [15, 25]. 

𝐻2𝑆(𝑔) + 𝐶𝑂2(𝑔) ↔ 𝐶𝑂𝑆(𝑔) + 𝐻2𝑂(𝑔)                                                        (R 6) 
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Compared to two-step gasification, direct coal gasification showed lower H2S concentration in the 

gas phase. This is because more gas-phase reactions get involved especially for reaction 8 which 

decrease the H2S gas concentration by reacting with the CO2 from pyrolysis and input. Comparing 

the three Victorian brown coals, it is found that the sequence of H2S emission is MD > LY > YL. 

This corresponds to sulphur content in their coals because H2S is derived from the sulphur in coal. 

The influence of temperature on HCN emission at 20% CO2 in N2 is shown in Figure 7 (D), (E) and 

(F). As seen, like the H2S emission, HCN is mostly released from coal pyrolysis during two-step coal 

gasification. It is found that during the coal pyrolysis, the measurements of MD coal (1000-1400 °C), 

LY coal (1200-1400 °C), and YL coal (1200-1400 °C) are limited to the maximum measurement 

range of the Dräger tube - 50 ppmv. However, it is clear that HCN emission of LY and YL coal from 

coal pyrolysis increased significantly, by at least 17.5 and 15.5 ppmv respectively, when temperature 

increased to 1200 °C. This increase can be attributed to the increased thermal decomposition of N-

heterocyclic rings in coal and increased thermal cracking of tar-N and char-N at high temperature 

[26]. During char gasification, the HCN emission steadily increased with increasing temperature 

because of the positive effect of temperature on the decomposition of heteroaromatic ring systems of 

char-N. However, the HCN concentration from char gasification was comparably smaller than that in 

pyrolysis. Overall, the HCN emission during the two-step gasification increased with temperature. 

In contrast, HCN concentration decreased by 11.5-53 ppmv at 1200 °C during direct coal 

gasification. Moreover, the HCN emission of MD and LY coal significantly decreased to near-zero 

with temperature increasing to 1400 °C. There are two reasons for this. Firstly, it is the inhibition of 

CO2 on the formation of HCN where CO2 from pyrolysis and atmosphere consumes the H-radicals 

on the surface of the nascent char and inhibits the formation of the HCN [27]. More importantly, this 

can be attributed to increased gas-phase reactions as the oxidation of HCN with O-radicals and OH-

radials from coal pyrolysis at a higher temperature. For the three Victorian brown coals, it is found 

that the sequence of HCN emission during direct coal gasification is MD > LY > YL.  
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Figure 7: The influence of temperature on the gas concentration of the H2S and HCN during direct and 

two-step coal gasification of MD, LY, and YL coal under 20 vol.% CO2: (1) effect of temperature on the 

H2S emission of MD coal (A), LY coal (B), and YL coal (C); (2) effect of temperature on HCN emission 

of MD coal (D), LY coal (E), and YL coal (F) 
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3.4.2 Effect of input CO2  

The influence of input CO2 on H2S emission for three Victorian brown coals at 1200 °C are shown in 

Figure 8 (A), (B) and (C). As seen, for two-step coal gasification, the input CO2 has a significant 

effect on H2S emission during char gasification. For three Victorian brown coals, they have a similar 

trend of H2S emission. The H2S emission decreased steadily when the input CO2 concentration 

increased from 10% to 40%. This reduction is due to increased input CO2 promoting the gas-phase 

reaction between H2S and CO2 (R6). 

Like two-step coal gasification, the H2S emission during direct coal gasification also decreased with 

the increase of CO2 concentration, although the measurement of MD coal is limited by the maximum 

measurement range of the Dräger tube-200 ppmv. This reduction confirmed, to some extent, that 

increasing CO2 concentration can shift the H2S-COS equilibrium of R6 to the products side. Overall, 

it can be concluded that higher CO2 concentration inhibits H2S emission during entrained flow 

gasification.  

Figure 8 (D), (E) and (F) show the influence of input CO2 concentration on HCN emission from 

three Victorian brown coals at 1200 °C. As seen, for two-step coal gasification, the CO2 has a 

significant effect on HCN emission during char gasification. The HCN emission decreased steadily 

for all three Victorian brown coals when input CO2 concentration increased. This decrease confirmed 

that presence of high CO2 concentration inhibits the emission of HCN (R7) [28].  

Similarly, a significant drop of HCN emission was found for MD and YL coal during direct coal 

gasification with the increase of the CO2 concentration, due to the inhibition by CO2. Interestingly, 

for LY coal, the HCN concentration remained steady at 29-30 ppmv. The result shows the CO2 

concentration does not significantly affect HCN emission of LY coal during direct coal gasification. 

Compared with the two-step gasification, HCN concentration decreased by more than 30.5 ppmv 

during the direct coal gasification.  
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Figure 8: The influence of input CO2 on the gas concentration of the H2S and HCN during direct and 

two-step coal gasification of MD, LY, and YL coal at 1200°C: (1) effect of input CO2 concentration on 

H2S emission of MD coal (A), LY coal (B), and YL coal (C); (2) effect of input CO2 concentration on 

HCN emission of MD coal (D), LY coal (E), and YL coal (F)  
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However, no NH3 was detected during coal pyrolysis and gasification experiments. There are two 

reasons for this result. Firstly, the majority of NH3 in the coal gasification is usually from amine 

functional groups in the coal [29, 30]. However, the amine functional groups are very low in the 

Victorian brown coals [31], and their char-N are typically heteroaromatic which leads to the 

formation of HCN, not NH3 [17]. In addition, the absence of NH3 can arise from the secondary gas-

phase reactions between NH3 and CO2 from coal pyrolysis or gas inlet (R7)-(R9) [30] are following:   

2𝑁𝐻3 + 𝐶𝑂2 ↔  𝑁𝐻2𝐶𝑂𝑂𝑁𝐻4                                                    (R 7) 

2𝑁𝐻3 + 𝐶𝑂2 + 𝐻2𝑂 ↔ (𝑁𝐻4)2𝐶𝑂3                                                   (R 8) 

𝑁𝐻3 + 𝐶𝑂2 +𝐻2𝑂 ↔ 𝑁𝐻4𝐻𝐶𝑂3                                                    (R 9) 

The above reactions (R7)-(R9) can occur slowly at room temperature and atmospheric pressure but 

favoured at the high temperature. Therefore, entrained flow pyrolysis and gasification at a high 

temperature above 1000°C can increase the extent of the secondary gas-phase reactions between NH3 

and CO2, resulting in lower NH3.  

The total concentration of gaseous polluting species in the syngas is generally required to be ppbv 

range for power or chemical products [6]. Given the high level of pollutants in the fuel gas identified 

from these experiments, it will be necessary to remove HCN, and H2S from syngas of Victorian 

brown coals by installing gas cleaning system following gasification. 

3.5 Evolution of particle physical characteristics during gasification  

As is well known, the gasification process is divided into coal pyrolysis and char gasification. To 

understand the evolution of particle physical characteristics during CO2 gasification, the raw coals, 

chars and gasified chars from two-step coal gasification were examined for particle size distribution 

and morphology. The MD, LY, and YL coal were sieved with a particle size between 90 and 106 µm. 

Their chars from coal pyrolysed at 1000°C, 1200°C, and 1400°C were examined to investigate the 

effect of temperature on particle physical characteristics during coal pyrolysis. The above chars were 

gasified at the corresponding pyrolysis temperatures using 20% CO2 in N2 to investigate the 

influence of temperature on particle size distribution and morphology change during char 

gasification. For the effect of input CO2 during char gasification, the chars generated at 1200°C were 

gasified at the same temperature using 10% CO2, 20% CO2, and 40% CO2. 
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3.5.1 Evolution of particle physical characteristics during coal pyrolysis 

According to results from the Mastersizer, the volume mean diameter (D50) of MD, LY, and YL 

chars generated at 1000-1400 °C was in the range of 91-105 µm which is almost the same as the coal 

particle size (90-106 µm). The results indicate that the pyrolysis temperature had no significant effect 

on particle size distribution of MD, LY, and YL char and particle size did not significantly change 

after coal pyrolysis. The particle size of the char depends primarily on particle swelling, particle 

agglomeration, and particle fragmentation. Particle swelling during devolatilization is a result of 

fluidity and volatile yield [32] and contributes to the increase in particle size. Particle agglomeration 

results from the melting mineral constituents, which also account for the increase in particle size. 

Conversely, particle fragmentation is due to the inter-particle collision or the reactor wall, resulting 

in the reduction of char particles.  

From the SEM images of MD, LY, and YL chars, it was found that the size of char particles was 

similar and the average particle size was ~95 µm. There was also no significant particle swelling, 

fragmentation and agglomeration observed in the chars. At 1400 °C, inorganic constituents were 

found to be migrated on the surface of porous chars,as shown in Figure 9. The SEM results 

demonstrate that particle size did not significantly change after coal pyrolysis, possibly due to no 

particle swelling, fragmentation, and agglomeration occurring during pyrolysis. 
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Figure 9: SEM images of MD, LY and YL char at 1400 °C 

 

3.5.2 Evolution of particle physical characteristics during char gasification 

During char gasification, the temperature shows a significant effect on particle size distribution. As 

seen in Figure 10, the D50 of MD and YL char decreased significantly by 39%, with the temperature 

increasing to 1400 °C. In theory, the char, both inside and outside, reacts with the gas. With the 

progress of the reaction, the particle becomes smaller in size and form the fine ash particle at the end. 

Therefore, the char particle size decreases because carbon conversion increases with the increasing 

MD 

LY 

YL 

100 µm 5 µm 

100 µm 

100 µm 

5 µm 

5 µm 

5 

µ

m 



118 

temperature. At 1400°C and 20% CO2, the SEM images of MD and YL gasified chars in Figure 11 

show that average particle size dramatically decreased to ~50 µm and the majority of particles were 

small ash particles (< 10 µm), a result of high carbon conversion. The agglomerations between ash 

and ash, ash and gasified char were observed from the SEM images as well, which accounts for the 

increase in the particle size.  

 

Figure 10: Effect of temperature on particle size distribution of MD and YL char at 20%CO2 in the 

char gasification. In the figure, the D50 ( volume mean diameter) was presented for chars prepared at 

1200 °C, and gasified chars at 1000°C, 1200°C, and 1400°C (using char produced at the same 

temperature). 
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Figure 11: SEM images of MD and YL gasified chars at 1400 °C and 20%CO2. 

Figure 12 presents the influence of CO2 concentration on particle size distribution of MD and YL 

gasified chars at 1200 °C during char gasification. As seen, with the increasing CO2 concentration to 

40% CO2, Volume mean diameters (D50) of MD and YL chars decreased steadily by 30.2% and 

64.7%, respectively. This decrease is attributed to the positive effect of increased CO2 concentration 

on carbon conversion.  More carbons are converted, smaller particle size becomes. 
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Figure 12: The influence of CO2 concentration on particle size distribution of MD and YL char at 

1200 °C during char gasification. In the figure, the D50 ( volume mean diameter) was presented for 

chars prepared at 1200 °C, and gasified chars at 10% CO2, 20% CO2, and 40% CO2. 

Interestingly, the effect of temperature and CO2 concentration on the particle size distribution of LY 

char was not significant during the char gasification, even though the carbon conversion increased 

sharply with temperature and CO2 concentration. The possible reason is that most of the fine 

particles from char gasification escape with the exhaust gas and not efficiently collected by the main 

solid collector and impingers. This hypothesis is verified by the SEM images of LY gasified char 

where the particle size of LY gasified char remained stable after 97% char conversion at 1400 °C and 

20% CO2.  

4 Conclusions 

This study investigated the influence of temperature and input CO2 on gasification behaviour and 

pollutant gas emission of three Victorian brown coals in a high-temperature entrained flow reactor. 

Two gasification processes were investigated: a) gasification of coal in a single step, b) pyrolysis of 

coal followed by gasification of the char in two steps. Regardless of the gasification process, high 

temperature and CO2 input improved CO concentration and carbon conversion, due to the increased 

char gasification reactivity. Among the three Victorian brown coals, YL coal achieved the highest 

carbon conversion, followed by MD coal and LY coal.  
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The gasification process, direct and two-step gasification, had little effect on the overall carbon 

conversion but had a significant effect on the gas composition of the product gases. Compared to 

two-step gasification, direct gasification generated little H2 and more CO in the product gases 

because the reverse water-gas shift reaction happened. Very little CH4 was found during pyrolysis 

and gasification above 1200 °C because of the dry methane reforming, considering the low moisture 

of feed coal (< 1%). Both direct and two-step gasification achieved similar high carbon conversion 

(~ 98%) for Victorian brown coals at 1200 °C. However, two-step gasification obtained a better H2 

/CO ratio (around 1:3) in the product gases than direct gasification, so it was more suitable for 

downstream synthesis of some chemicals. 

Regarding pollutant gas emission, the pyrolysis process is the primary source of H2S emission as 

evident from the results of two-step gasification. Higher temperature increased H2S and HCN 

emission because of the thermal decomposition of stable sulphur and heteroaromatic ring systems in 

coal. However, Higher CO2 concentration reduced the H2S and HCN emission due to the gas phase 

reaction with CO2. Compared with two-step gasification, direct coal gasification released less H2S 

and HCN. Interestingly, NH3 was not detected during pyrolysis and the gasification experiments. 

Given the high-level emission of H2S and HCN, the gas cleaning system is essential for entrained 

flow gasification of Victorian brown coals. 

Coal gasification is divided into coal pyrolysis and char gasification. During entrained flow 

gasification of Victorian brown coals at 1000-1400 °C, pyrolysis played a crucial role, contributing 

to around 65% carbon conversion, 50-80% HCN emission and almost all H2S emission. In contrast, 

char gasification resulted in around 35% carbon conversion, 20-50% HCN emission and very little 

H2S emission. 

Overall, entrained flow gasification achieved very high carbon conversion (~ 98%) for Victorian 

brown coals at 1200 °C with around 7s residence time for the particle size of 90-106 microns. No 

visible tar was found downstream of the entrained flow gasifier. There was also no NH3 emission 

during the entrained flow gasification. However, the emission of HCN and H2S is still high in the 

ppmv level. It is clear that 1200 °C temperature is sufficient to achieve high carbon conversion for 

the Victorian brown coals tested in this study for gasification using CO2 up to 40% concentration. 
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Chapter 7  The behaviour of mineral matter during pyrolysis and 

gasification 

It is widely acknowledged in literature that the behavior of the inorganic minerals of lignites during 

gasification is just as important, perhaps even more important, than the entrained flow gasification 

performance and efficiency, especially for the commercial application of lignites in gasification In 

practice, the minerals in coal will eventually form the slag in the gasifier. It is crucial for the gasifier 

to efficiently remove the generated slag in terms of the gasifier operation and maintenance. 

Therefore, the behaviour of the minerals during gasification is necessary to be understood for the 

gasifier design. Extensive research on mineral transformation during combustion and fixed-bed 

gasification of coal has been conducted in the past. However, investigations of mineral 

transformation during entrained flow gasification are sparse. Only one study has been conducted for 

the Victorian brown coal, but it is limited to one Victorian brown coal, Morwell coal [75].  

In this chapter, mineral transformation and morphology change of three Victorian brown coals, 

Yallourn, Maddingley, and Loy Yang coal, were investigated in a two-stage process under entrained 

flow pyrolysis and CO2 gasification conditions. The parent coals were pyrolyzed at 700-1400°C in 

nitrogen, and then the pyrolysis chars were gasified at a corresponding temperature with CO2 in the 

entrained flow reactor. The low temperature (700-900 ºC) chars and gasified chars were generated 

from low temperature entrained flow gasification experiments described in Chapter 5, and the high 

temperature (1000-1200 ºC) chars and gasified chars were obtained from high temperature entrained 

flow gasification experiments described in Chapter 6. The coals, pyrolysed chars, and gasified chars 

were characterised by the X-ray powder diffraction (XRD) and the scanning electron microscopy 

with energy dispersive X-ray spectroscopy (SEM/EDX) to investigate the reaction and 

transformation of the minerals during entrained flow pyrolysis and gasification process. This study 

offers a better understanding of behaviour of the selected major minerals (i.e. Al2O3, CaO, Fe2O3, MgO, 

SiO2 and silicates) that are 1.) found in char and 2.) crystalline in nature which can be detected by XRD. 

Alkalis normally vaporize at studied temperatures and therefore have not been investigated here. 

7.1 Mineral transformation and reaction during pyrolysis 

This section investigated the transformation and reaction of inorganic components including mineral 

and non-mineral matters during pyrolysis of Victorian brown coals. The low temperature pyrolysis, 

700-900 ºC, was conducted in N2 by using the low temperature entrained flow reactor in Chapter 5, 

and the high temperature pyrolysis, 1000-1400 ºC, was carried out in N2 by using the high 
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temperature entrained flow reactor in Chapter 6. The effect of the temperature has been investigated 

and discussed in the following sections. 

7.1.1 Coal characterization 

Three Victorian brown coals, Yallourn, Maddingley, and Loy Yang, were used in this study. The 

proximate analysis and ultimate analysis of these coals are presented in Table 3.1, Chapter 3. As 

evident, Yallourn coal was low ash coal (2.32% ash content), Loy Yang coal was medium ash coal 

(8.34% ash content), and Maddingley coal was high ash coal (15.24% ash content).  

The raw coal ash was prepared at 550 ºC after 6 hours combustion in a muffle furnace. The ash 

fusion temperature of the coal was measured by SGS Australia according to ISO 540. The results of 

these measurements by XRF are generally accurate to less than 0.01%. The ash composition and ash 

fusion temperature of three coals are shown in Table 7.1 and 7.2. As can be seen, three coals differed 

widely in their ash composition. Yallourn (YL) coal was Fe-rich with 51.59% Fe2O3 in coal ash; 

Maddingley (MD) coal was rich of Fe, Si and S with around 20% Fe2O3, SiO2, and SO3 respectively; 

and Loy Yang (LY) coal was Si-rich with 47.16% SiO2.  

Table 7.1: Ash compositions of Yallourn, Maddingley, and Loy Yang coal (%) 

 Items Yallourn Maddingley Loy Yang 

Al2O3 1.75 15.24 22.11 

BaO 0.28 0.02 0.01 

CaO 8.29 9.24 2.05 

Fe2O3 51.59 20.55 4.11 

K2O 0.18 0.08 0.61 

MgO 17.69 7.58 5.51 

Na2O 5.78 8.92 7.87 

P2O3 ND ND ND 

SiO2 1.36 19.02 47.16 

SO3 12.55 19.02 7.41 

TiO2 0.54 0.34 3.17 

Total 100 100 100 

 

Table 7.2: Ash fusion temperature at reduction atmosphere 

Items Yallourn  Maddingley Loy Yang 

Deformation ( °C) >1560  1120 1250 

Sphere ( °C) >1560  1150 1400 

Hemi-sphere ( °C) >1560 
 1160 1440 

Flow ( °C) >1560  1170 > 1560 
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7.1.2 Mineral reaction  

The mineral transformation in chars was examined by XRD. Figure 7.1 shows the XRD patterns of 

YL, MD, and LY ash samples from raw coal and chars prepared at different temperatures. According 

to Bhattacharya and Harttig [81], the minerals detected in the XRD patterns can be classified as the 

following by the intensity of the X-ray peak: dominant >60%; Co-dominant >50%; sub-dominant, 

20-50%; minor, 5-20%. The mineralogical composition of coal ash and char ash of YL, MD, and LY 

is presented in Tables 7.3, 7.4, and 7.5. 

 

 

10 20 30 40 50 60 70 80 90
0

10000

20000

30000

40000

50000

60000

70000



Al2Si2O5



2(degree)



□ 

○

○

□

□○

○

□


○

1400C char

1200C char

1000C char

900C char

800C char

 □
  

□
□



○ ○ □

□ Fe3O4

In
te

n
si

ty
 (

co
u

n
ts

)



Fe2O3

○ SiO2

 CaSO4

□

Raw coal

700C char

□□

 

 

(A) YL



128 

 

Figure 7.1: XRD pattern of char pyrolyzed at various temperatures: (A) YL, (B) MD, and (C) LY 

 

 

 

Table 7.3: Mineralogical composition of YL coal ash and char ash samples by XRD* 

Sample 

Mineralogical Composition 

Dominant 

Phase(s) 

Co-Dominant 

Phase(s) 

Sub-Dominant 

Phase(s) 
Minor Phase(s) 

Coal Ash Fe3O4 
 

CaSO4 
 

700°C char Ash CaSO4 
 

SiO2 

Fe3O4  

800°C char Ash SiO2 CaSO4 Fe3O4 
 

900°C char Ash SiO2 CaSO4 Fe3O4 
 

1000°C char 

Ash 
SiO2 CaSO4 Fe3O4 

 

1200°C char 

Ash 
CaSO4 Fe3O4 

Fe2O3 

Al2SiO5 
MgAl2O4 

1400°C char 

Ash 
CaSO4 Fe3O4 

Fe2O3 

Al2SiO5 
MgAl2O4 

*Listed in decreasing order of X-ray peak intensity 
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Table 7.4: Mineralogical composition of MD coal ash and char ash samples by XRD* 

Sample 

Mineralogical Composition 

Dominant Phase(s) Co-Dominant Phase(s) Sub-Dominant Phase(s) Minor Phases(s) 

Coal Ash CaSO4 SiO2 
Fe3O4 

Fe2O3  

700°C char Ash SiO2 
 

CaSO4 
Fe2O3 

Fe3O4 

800°C char Ash SiO2 
 

CaSO4 
Fe2O3 

Fe3O4 

900°C char Ash SiO2 
 

CaSO4 
Fe2O3 

Fe3O4 

1000°C char Ash SiO2 
 

CaSO4 
Fe2O3 

Fe3O4 

1200°C char Ash SiO2 
 

CaSO4 
Fe3O4 

Fe2O3 

1400°C char Ash CaSO4 Fe3O4 SiO2 
Fe2O3 

Al2Si2O5 

*Listed in decreasing order of X-ray peak intensity 

 

 

Table 7.5: Mineralogical composition of LY coal ash and char ash samples by XRD* 

Sample 

Mineralogical Composition 

Dominant 

Phase(s) 

Co-Dominant 

Phase(s) 

Sub-Dominant 

Phase(s) 

Trace 

Phase(s) 

Coal Ash SiO2 
  

CaSO4 

Fe2O3 

1000°C char Ash SiO2 
  

CaSO4 

CaAl4O7 

Fe2O3 

1200°C char Ash SiO2 
  

CaSO4 

CaAl4O7 

Fe2O3 

1400°C char Ash SiO2 
  

CaSO4 

CaAl4O7 

Fe2O3 

*Listed in decreasing order of X-ray peak intensity 
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All the possible mineral reactions were evaluated by the thermodynamic software (FactSage) in 

terms of gibbs energy (∆G) and enthalpy (∆H) as listed in Table 7.6. ∆G was used to evaluate the 

possibility of mineral reactions under different conditions. 

Table 7.6: Gibbs energy and enthalpy for reactions among minerals at high temperature 

Reactions  
∆G (kJ) ∆H (kJ) 

1000 °C 1200 °C 1400 °C 1000 °C 1200 °C 1400 °C 

SiO2+ Al2O3 = Al2SiO5                           (R 7.1) -2.48 -1.86 -1.32 -6.59 -6.23 -5.43 

2Fe3O4 + 0.5 O2 = 3Fe2O3                   (R 7.2) -70.02 -42.66 -14.89 -243.31 -245.6 -249.03 

Fe3O4 = 3FeO + 0.5O2                         (R 7.3) 162.21 140.91 117.73 297.66 298.32 394.66 

3Fe2O3 + CO= 2Fe3O4 + CO2               (R 7.4) -102.17 -112.42 -123.22 -38.37 -34.97 -30.54 

Fe2O3 + MgO = MgFe2O4                     (R 7.5) 9.07 15.9 22.95 -33.07 -35.48 -36.49 

CaSO4 = CaO + SO2 + 0.5O2                 (R 7.6) 153.09 103.27 54.95 475.12 464.99 448.86 

CaSO4 + CO = CaO + SO2 + CO2           (R 7.7) -19.09 -51.82 -83.17 193.61 184.42 169.29 

2CaO + SiO2 = Ca2SiO4                          (R 7.8) -131.24 -137.19 -143.32 -93.91 -92.71 -91.37 

CaO + MgO + SiO2 = CaMgSiO4            (R 7.9) -107.61 -107.26 -107.03 -110.24 -109.42 -108.35 

CaO + Al2O3 + 2SiO2 = CaAl2Si2O8       (R 7.10) -131.64 -135.62 -139.86 -106.98 -105.39 -103.18 

As one Fe-rich coal, the Fe3O4 was found to be the dominant phase in raw coal of YL, followed by 

the CaSO4. After coal pyrolysis, the intensity of SiO2 peaks increased with increasing temperature, 

and SiO2 became the dominant phase in char at 800-1000 °C. However, when the temperature 

increased from 1200 °C to 1400°C, the intensity of SiO2 peaks significantly decreased while the 

intensity of Al2SiO5 peaks increased. This change may be a result of Al2O3 reacting with the SiO2. 

The Fe3O4 peaks were found in YL chars at 700-1400 °C. Interestingly, the Fe2O3 peaks were found 

at 1200-1400 °C and the intensity increased with temperature, which may be a result of the oxidation 

of Fe3O4 (R 7.2). It is clear that the decomposition of Fe3O4 as R 7.3 in Table 7.6 can not occur at 

1000-1400 °C because of thermodynamical limitation, so the source of oxygen for R 7.2 could be 

derived from pyrolysis.  

For MD coal, the CaSO4 and SiO2 were found to be the dominant phase in raw coal. In contrast to 

YL, in which no Fe2O3 and only the Fe3O4 was observed in the raw coal and low temperature chars 

(700-1000 °C), both the Fe2O3 and Fe3O4 peak were observed in MD coal and chars (700-1400 °C). 

At 1200-1400 °C, with increasing temperature, the intensity of Fe2O3 peaks decreased but the 

intensity of Fe3O4 peaks increased. This change can be associated with the reaction (R 7.4) between 

Fe2O3 and CO from pyrolysis. Similar to YL, the intensity of SiO2 peaks in MD chars increased with 
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increasing temperature, and SiO2 became the dominant phase in char at 800-1200 °C. At 1400 °C, the 

intensity of SiO2 peaks dramatically decreased while the intensity of Al2SiO5 peaks increased 

possibly because of the reaction between SiO2 and Al2O3. 

The CaSO4 was the major phase in raw coal and chars of YL and MD. The intensity of CaSO4 peaks 

in chars increased with the temperature and became the dominant phase at high temperature as 

1400 °C due to the decrease of the SiO2 intensity. For LY samples, it was found that the SiO2 is the 

only major and dominant phase in raw coal and chars pyrolysed at 1000-1400 °C as the LY coal ash 

is Si-rich with 47.16% SiO2. 

The results indicated that the mineral transformation of Victorian brown coals during pyrolysis 

mainly happened at a high temperature between 1000 °C and 1400 °C, and no mineral reaction was 

observed below 1000 °C. The behaviour of mineral matters during coal pyrolysis also widely 

differed in each coal due to the significant difference of mineral components among coals. The major 

crystalline minerals in chars and mineral reaction during coal pyrolysis are summarized in Table 7.7. 

Table 7.7: Major crystalline minerals in YL, MD and LY chars and mineral reaction during coal 

pyrolysis 

YL MD LY 

Major Minerals 

SiO2 (Quartz) 

CaSO4 (Anhydrite) 

Fe3O4 (Magnetite) 

SiO2 (Quartz) 

CaSO4 (Anhydrite) 
SiO2 (Quartz) 

Mineral Reactions 

𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3
1000−1400 °C
→           𝐴𝑙2𝑆𝑖𝑂5  3𝐹𝑒2𝑂3 + 𝐶𝑂

1000−1400 °C
→           2𝐹𝑒3𝑂4 + 𝐶𝑂2 n.d. 

𝐹𝑒3𝑂4 +0.5𝑂2
1200−1400°C
→         3 𝐹𝑒2𝑂3 𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3

1000−1400 °C
→            𝐴𝑙2𝑆𝑖𝑂5 n.d. 

n.d.: not detected  

 

7.2 Mineral transformation during char gasification 

This section presents the mineral transformation during char gasification in CO2. The gasified chars, 

generated from low temperature (700-900 ºC) entrained flow gasification in Chapter 5, and the 

gasified chars, generated from high temperature (1000-1400 ºC) entrained flow gasification in 

Chapter 6, were examined by the XRD and are discussed in the following sections. 
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7.2.1  Char characterization 

The chars of YL, MD, and LY were prepared by using two entrained flow reactors. The low 

temperature chars (700-900 ºC) were generated in N2 using the low temperature entrained flow 

gasifier. The high temperature chars (1000-1400 ºC) were generated in N2 using the high temperature 

entrained flow gasifier. The ultimate analysis and proximate analysis of chars prepared at various 

temperatures are presented in Table 7.8. 

Table 7.8: Properties of chars pyrolysed at various temperatures on a dry basis, wt% 

Fuel  Pyrolysis Temperature(°C) VM FC C H N S O* Ash  

YL 

700 17.3 71.05 73.04 2.46 0.87 0.35 11.63 11.65 

800 8.25 83.24 72.68 2.63 0.82 0.29 15.07 8.51 

900 5.17 84.25 77.1 1.89 0.71 0.29 9.43 10.58 

1000 11.50 80.6 83.17 1.42 0.61 0.39 6.51 7.90 

1200 6.14 86.28 88.62 1.24 0.78 0.34 1.44 7.58 

1400 5.14 89.01 89.28 0.82 0.66 0.30 3.09 5.85 

MD 

700 16.25 49.53 74.97 1.26 0.57 0.26 0 34.22 

800 13.08 52.27 53.46 1.59 0.62 3.67 6.01 34.65 

900 10.90 54.44 52.35 1.32 0.61 4.07 6.99 34.66 

1000 19.56 51.84 59.86 1.09 0.45 5.35 4.65 28.6 

1200 17.68 50.13 61.34 1.36 0.44 4.45 0.22 32.19 

1400 8.62 61.99 63.48 1.35 0.48 5.30 0 29.39 

LY 

1000 8.92 79.93 70.94 1.38 0.68 0.71 15.14 11.15 

1200 7.47 77.34 72.22 1.24 0.56 0.57 10.22 15.19 

1400 5.74 76.95 74.46 0.87 0.59 0.43 6.34 17.31 

*: by difference 

The gasified chars generated from entrained flow gasification (700-1400 ºC) were burned at 550 ºC 

for 6 hours in a muffle furnace to prepare ash samples for the XRD analysis. The results of XRD 

analysis are presented and discussed in the following section. 

7.2.2  Mineral transformation 

The mineral transformations in gasified chars were examined by the XRD. Figure 7.2 shows the 

XRD patterns of YL, MD, and LY ash samples from raw coal, char prepared at 1200 ºC, and gasified 

chars generated at different temperatures. The mineralogical composition of coal ash and gasified 

char ash of YL, MD, and LY is presented in Tables 7.9, 7.10, and 7.11. 
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Figure 7.2: XRD pattern of sample series at various temperatures: (A) YL, (B) MD, and (C) LY 

 

Table 7.9: Mineralogical composition of YL coal ash and gasified char ash samples by XRD* 

Sample 

Mineralogical Composition 

Dominant 

Phase(s) 

Co-Dominant 

Phase(s) 

Sub-Dominant 

Phase(s) 

Minor 

Phases(s) 

Coal Ash Fe3O4/ MgFe2O4  CaSO4  

700°C Ash SiO2 
Fe3O4/ MgFe2O4 

CaSO4  
 

MgSO4 

Na2SO4 

800°C Ash SiO2 
CaSO4 

Fe3O4/ MgFe2O4 
 

MgSO4 

Na2SO4 

900°C Ash SiO2  

CaSO4 

Fe3O4/ MgFe2O4 

MgSO4 

Na2SO4 

1000°C Ash SiO2  
CaSO4 

Fe3O4/ MgFe2O4 
Na2SO4 

1200°C Ash SiO2  
Fe3O4/ MgFe2O4 

CaSO4 
Ca2SiO4 

1400°C Ash Fe3O4/ MgFe2O4   
Ca2SiO4  

CaSO4  

*Listed in decreasing order of X-ray peak intensity 
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Table 7.10: Mineralogical composition of MD coal ash and gasified char ash samples by XRD* 

Sample 

Mineralogical Composition 

Dominant 

Phase(s) 

Co-Dominant 

Phase(s) 

Sub-Dominant 

Phase(s) 

Minor 

Phases(s) 

Coal Ash CaSO4 SiO2 Fe2O3  

700°C Ash SiO2   
CaSO4  

Fe2O3 

800°C Ash SiO2   
CaSO4  

Fe2O3 

900°C Ash SiO2   
CaSO4  

Fe2O3 

1000°C Ash SiO2 CaSO4 
Fe3O4/MgFe2O4 

Fe2O3 
CaMgSiO4 

1200°C Ash SiO2  

CaSO4 

Fe3O4/MgFe2O4 

Fe2O3 

CaMgSiO4 

1400°C Ash SiO2  
Fe3O4/MgFe2O4 

Fe2O3 

CaSO4 

CaMgSiO4 

*Listed in decreasing order of X-ray peak intensity 

Table 7.11: Mineralogical composition of LY coal ash and gasified char ash samples by XRD* 

Sample 

Mineralogical Composition 

Dominant 

Phase(s) 

Co-Dominant 

Phase(s) 

Sub-Dominant 

Phase(s) 
Trace Phases(s) 

Coal Ash SiO2   
CaSO4 

Fe2O3 

1000°C Ash SiO2   
NaAlSi3O8 

CaAl2Si2O8 

1200°C Ash SiO2   
NaAlSi3O8 

CaAl2Si2O8 

1400°C Ash SiO2   
NaAlSi3O8 

CaAl2Si2O8 

*Listed in decreasing order of X-ray peak intensity 

The mineral reaction occurring in the Victorian brown coals and their ashes are shown below: 

Anhydrite (CaSO4) was a major mineral phase in YL and MD ashes from coal and gasified chars at 

700-1200 ºC. Anhydrite was found to be chemically stable from 700 ºC to 1000 ºC in gasified char 

ashes of YL and MD. However, above 1000 ºC, with the increasing temperature, the intensity of 

CaSO4 peaks decreased. It is clear from Table 7.6 that the self-decomposition of CaSO4 (R 7.6) can 

not happen at high temperature because of thermodynamic limitation. Therefore, this decreased can 

rise from the reaction (R 7.7) between CaSO4 and CO from the CO2 gasification. 
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At 1200-1400 ºC, the calcium made by above reactions reacted with other available species to form 

bredigite (Ca2SiO4) in YL gasified char ashes, form monticellite (CaMgSiO4) in MD samples, and 

form anorthite (CaAl2Si2O8) in LY samples. The results agreed with the findings of the American 

lignites that the calcium oxide made by decomposition of CaSO4 reacted with other available species 

such as silicates or magnesium oxides or alumina silicates to form different minerals such as bredigite 

and members of the gehlenite-akermanite solid solutions [82]. 

Quartz (SiO2) was a dominant mineral phase in gasified char ashes generated at 700-1200 ºC from 

YL, MD, and LY. Moreover, quartz was the only major and dominant mineral phase for LY ashes 

from coal, char, and gasified chars, because of the abundance of Si in LY coal ash (around 50% 

SiO2). Quartz will undergo structure transformation with increasing temperature, converting from 

trigonal α-quartz to hexagonal β-quartz at 573 ºC, to hexagonal β-tridymite at 870 ºC, and to cubic β-

cristobalite at 1470 ºC. Despite the thermal structure change, quartz is generally chemically stable to 

at least 1000 ºC [82]. In the YL and MD gasified ash samples, quartz was stable at 700-1000 ºC and 

still present at 1200 ºC in all samples. However, at high temperature, >1000 ºC, the intensity of the 

SiO2 peaks decreased with increasing temperature, and the intensity of calcium silicates peaks 

increased. Two recent research also has found the same change of SiO2 at high temperature in 

Morwell and Loy Yang coal during gasification in CO2 [75, 78]. 

Magnetite, Fe3O4, and Magnesioferrite, MgFe2O4, have very similar X-ray pattern, which makes 

them difficult to distinguish. Since YL and MD coal ash were Fe-rich, containing 51.6% and 20.6% 

Fe2O3 respectively, members of magnetite- magnesioferrite series were the major mineral phase in 

all YL ash samples from coal and gasified chars at 700-1400 ºC, and also presented in MD ashes 

from gasified chars at 1000-1400 ºC. It was found that the intensity of Fe3O4/ MgFe2O4 peaks in YL 

and MD ashes increased with increasing temperature at 1000-1400 ºC. The results indicated that only 

Fe3O4, not MgFe2O4, could be formed at high temperatures. It can form from the reduction of 

hematite (Fe2O3) by CO which is discussed in the following content. 

Hematite (Fe2O3) was a major mineral phase in MD coal ash, and it was presented in its ashes from 

chars gasified at 700-1400 ºC. The Fe2O3 was chemically stable at low temperatures, 700-900 ºC. 

However, with the increasing temperature, the intensity of Fe2O3 peaks significantly decreased and 

the intensity of Fe3O4/ MgFe2O4 peaks, by contrast, increased. According to Table 7.6, the formation 

of MgFe2O4 (R 7.5) is impossible at high temperature due to thermodynamic limitation. Therefore, 

this change can be rose from the Fe2O3 reacting with CO from CO2 gasification, reaction (R 7.4) 
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Bredigite (Ca2SiO4) forms at 1000-1200 ºC due to R 7.8. It formed in ashes of YL gasified coal 

which had 5.78% Na2O, but not in MD and LY ashes with greater than 7.87% Na2O. Some research 

found that low-sodium ashes, such as Beulah-Zap lignite and Morwell coal, formed Ca2SiO4, as 

high-sodium ashes tended to form sodium sulphates rather than sodium silicates at high temperatures 

[75, 82, 83]. The detected mineral phases during char gasification are summarized in Table 7.12. 

Table 7.12: The melting point of the detected mineral phases 

Phase 
Chemical 

Formula 

Temperature Predicted (oC) Melting point 

(oC) 
coal 700 800 900 1000 1200 1400 

Albite NaAlSi3O8 
    

3 3 3 1100 

Anhydrite CaSO4 1,2,3 1,2 1,2 1,2 1,2 1,2 1,2 1450 

Anorthite CaAl2Si2O8 
    

3 3 3 1274 

Hematite Fe2O3 2,3 2 2 2 2 2 2 1538 

Larnite Ca2SiO4 
      

1 1540 

Magnesium 

Ferrite 
MgFe2O4 1 1 1 1 1,2 1,2 1,2 1713 [84] 

Magnesium 

Sulfate 
MgSO4 

 
1 1 1 

   
1124 

Magnetite Fe3O4 1 1 1 1 1,2 1,2 1,2 1590 

Monticellite CaMgSiO4 
    

2 2 2 1503 

Quartz SiO2 2,3 1,2 1,2 1,2 1,2,3 1,2,3 2,3 1670 

Sodium sulfate Na2SO4 
 

1 1 1 1 
  

884 

1: YL; 2: MD; 3: LY 

Overall, it was found that mineral reactions during gasification of Victorian brown coals happened at 

high temperatures between 1000 ºC and 1400 ºC, and major mineral phases were chemically stable at 

low temperatures. Evidently, there were significant differences for different coals in the behaviour of 

mineral matters because of the wide difference in minerals. The mineral reactions during CO2 

gasification of YL, MD, and LY chars are summarized in Table 7.13. At high temperature, the 

mineral transformation from high melting point SiO2 (1670 °C) to low melting point minerals such as 

Ca2SiO4 (1540 °C), CaMgSiO4 (1503 °C), and CaAl2Si2O8 (1274 °C) decreased the operating 

temperature required for the liquid slag formation and reduced the operational cost. By contrast, the 

formation of Fe3O4 with high melting point (1590 °C) at 1000 -1400 ºC had a detrimental effect on 

the operational cost of an entrained flow gasifier. 

YL and MD coal ash had high Fe content (51% and 21%, respectively) which works as catalyst for 

gasification and improves coal/char reactivity [85]. At 1000-1400 ºC, mineral reactions of Fe 

containing minerals in YL and MD samples are quite different. More Fe3O4 from the decomposition 
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of Fe2O3 was formed in YL samples, but more Fe2O3 was formed in MD samples because of 

oxidation of Fe3O4. Suzuki et al. found that a lower oxidation state of iron, Fe3O4, seems to be more 

reactive than Fe2O3 and results in better gasification rate [86].  By contrast, LY coal ash had high 

SiO2 content (~48%) which has no catalytic effect on gasification [87]. At high temperature, the 

carbon conversion of YL is largest, followed by MD and then LY. Certainly, ash content and mineral 

reactions are two of the most important factors accounting for the different gasification behaviour of 

Victorian brown coals.  

Table 7.13: Mineral reaction during char gasification of YL, MD, and LY 

YL MD LY 

 

CaSO4+CO
1000-1400°C
→        CaO+SO2+CO2 

 

CaSO4+CO
1000-1400°C
→        CaO+SO2+CO2 

 

CaO+Al2O3+2SiO2
1000-1400°C
→        CaAl2Si2O8 

   

2CaO+SiO2
1200-1400°C
→        Ca2SiO4 CaO+MgO+SiO2

1000-1400°C
→        CaMgSiO4  

 3Fe2O3+CO
1000-1400 °C
→         2Fe3O4+CO2  3Fe2O3+CO

1000-1400 °C
→         2Fe3O4+CO2  

 

 

7.3 Modelling of mineral transformation during coal-CO2 gasification 

The FactSage 6.4, a well-known thermodynamic software package, was used to predict the reaction 

and transformation of inorganic matters during coal gasification at various temperatures and 20% 

CO2. Based on the experimental coal feeding rate (1 g/min) and inlet gas flow rate (3.2 L/min CO2 

and 12.8 L/min N2), the weight of coal elements, determined by ultimate analysis and ash 

composition, and the weight of the reactant gas, CO2, were input into the Reaction module in the 

FactSage. The composition of inorganic matters after coal gasification at 1 atm and various 

temperatures was then determined by the Equilib module in the FactSage. The predicted inorganic 

compositions of YL, MD, and LY after coal gasification at various temperatures are presented in 

Tables 7.13, 7.14, and 7.15. 
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Table 7.14: Predicted inorganic compositions after YL coal gasification 

Phase Inorganics Matters (wt%) 
Temperature (°C) 

700 800 900 1000 1200 1400 

Magnesioferrite MgFe2O4 
49.26 

(2) 

55.64 

(2) 

60.85 

(3) 

67.97 

(3) 

58.04 

(3) 

52.32 

(1) 

Anhydrite CaSO4 
17.61 

(2) 

18.09 

(2) 

18.95 

(3) 

21.16 

(3) 

 

(3) 

 

(4) 

Sodium Sulfate Na2SO4 
11.53 

(4) 

11.77 

(4) 

9.77 

(4) 

2.02 

(4)   

Magnesium Sulfate MgSO4 
9.32 

(4) 

6.55 

(4) 

3.05 

(4) 

0.08 

   

Hematite Fe2O3 5.81 1.95 
  

  

Forsterite Mg2SiO4 2.78 2.86 2.99 3.34 
  

Spinel MgAl2O4 2.14 2.2 2.3 2.57 3.15 3.02 

Periclase MgO 
  

0.76 1.96 10.23 9.92 

Calcium Iron Oxide CaFe2O4 
    

27.16 28.99 

Perovskite-A CaTiO3 
    

0.87 0.86 

Merwinite Ca3MgSi2O8 
     

4.58 

(1): dominant mineral phase found in XRD measurements 

(2): co-dominant mineral phase found in XRD measurements 

(3): sub-dominant mineral phase found in XRD measurements 

(4): minor mineral phase found in XRD measurements 

 

 

 

Table 7.15: Predicted inorganic compositions after MD coal gasification 

Phase Inorganics Matters (wt%) 
Temperature (°C) 

700 800 900 1000 1200 1400 

Cordierite Mg2Al4Si5O18 27.29 
     

Anhydrite CaSO4 
21.29 

(4) 

23.1 

(4) 

23.04 

(4) 

22.87 

(2) 

 

(3) 

 

(4) 

Hematite Fe2O3 
19.51 

(4) 

21.16 

(4) 

21.28 

(4) 

21.51 

(3) 

25.48 

(3) 

 

(3) 

Sodium Sulfate Na2SO4 18.79 5.01 4.64 3.61 4.27 
 

Sapphirine Mg4Al10Si2O23 7.05 6.36 6.09 
   

Forsterite Mg2SiO4 3.49 11.36 11.22 11.59 
 

6.61 

Nepheline NaAlSiO4 
 

32.08 33.04 35.35 30.58 32.21 

Spinel MgAl2O4 
   

4.55 11.06 11.63 

Monticellite(s) CaMgSiO4 
   

 

(4) 

20.89 

(4) 

 

(4) 

Merwinite Ca3MgSi2O8 
    

7.18 22.98 

Magnetite Fe3O4 
 

 

 

 

 

 

 

(3) 

 

(3) 

25.94 

(3) 

(1): dominant mineral phase found in XRD measurements 

(2): co-dominant mineral phase found in XRD measurements 
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(3): sub-dominant mineral phase found in XRD measurements 

(4): minor mineral phase found in XRD measurements 

 

Table 7.16: Predicted composition of inorganic matters after LY coal gasification 

Phase Inorganics Matters (wt%) 
Temperature (°C) 

1000 1200 1400 

High-Albite NaAlSi3O8 
52.37 

(5) 

53.79 

(5) 

45.06 

(5) 

Anorthite CaAl2Si2O8 
10.98 

(5) 

10.98 

(5) 

11.55 

(5) 

Nepheline NaAlSiO4 10.68 8.91 
 

Sapphirine Mg4Al10Si2O23 8.18 8.84 1.41 

Forsterite Mg2SiO4 7.54 7.28 2.64 

Ilmenite (FeO)(TiO2) 4.68 4.85 6.68 

Leucite(RHF)-B KAlSi2O6 3.03 2.67 
 

Ulvospinel (FeO)2(TiO2) 2.74 2.5 0.29 

Cordierite Mg2Al4Si5O18 
  

32.59 

                (5): minor mineral phase found in XRD measurements 

Compared with the XRD patterns in Figure 7.2, it was found that the equilibrium predictions for YL 

and MD samples reasonably agreed with the experimental results. The major minerals in YL and MD 

samples were successfully predicted by FacSage modelling. However, one major deficiency of the 

FacSage modelling was found to be that it could not predict the actual change of SiO2 which was 

thermally stable below 1000 ºC and the dominant mineral phase, in most cases, in gasification 

residues. Because of this deficiency, predictions for Si-rich LY samples turned out to disagree with 

the XRD results. There was other predicted mineral which was not found in XRD measurements. 

This could be contributed by three reasons: 1) no crystalline structure of the predicted mineral phases 

which was not detected by the XRD [78]; 2) the thermal change of coal minerals during ashing 

procedure or inaccurate mineral [82]; 3) incorrect mineral input for equilibrium calculations where 

some metal element may exist in the form of organic matters, not minerals.  

7.4 Morphology change  

The morphology change in gasification residues of YL, MD, and LY between 800 ºC and 1400 ºC 

was examined by using a field-emission scanning electron microscope (FE-SEM) (Hitachi SU8010) 

which had secondary electron microscopy (SEM), backscattered electron microscopy (BSEM), and 

energy dispersive X-ray spectroscopy (EDX). In this study, The SEM was used to identify the 

sample surface morphology, the BSEM was used to detect the distribution of inorganic matters in the 

sample, and the EDX was used to provide the detailed information on the molten part and mineral-

rich part. 
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7.4.1 The SEM analysis 

It can be seen from SEM images in Figures 7.3, 7.4 and 7.5, with the increasing temperature and 

carbon conversion, the particle size of YL and MD gasification residues significantly decreased to ~ 

20 µm and ~ 50 µm respectively at 1400 °C (Figures 7.3O and 7.4O). By contrast, the particle size of 

LY samples did not significantly change with temperature, and its size was ~100 µm at 1400 °C, 

seen in Figure 7.5K. The change of particle size during char gasification indicated that reaction mode 

of the sample, which provides useful information for the reaction model selection in kinetic studies 

[58]. The final particle morphology suggested that the YL and MD chars may be suitable for the 

volumetric model and modified volumetric model in which it is assumed that the sample reacts 

homogeneously with the gasifying agent. The LY chars may be suitable for the grain model in which 

it is assumed that the internal of the particle does not react.  

The morphology of mineral matters in gasified chars of YL and MD showed differently at different 

temperatures. At a low temperature below 1000 °C, no morphology change was observed in minerals. 

The mineral constituents started to appear and were observed on the sample surface at 1000 °C, seen 

in Figures 7.3G and 7.4G. With temperature increased, minerals aggregated and melted seriously, 

and developed a smooth surface of char at 1200 °C, seen in Figures 7.3L and 7.4L. At 1400 °C, the 

minerals developed to smooth sphere particles and aggregated with each other to form larger 

particles, seen in Figures 7.3P and 7.4P, resulting in the increase of the particle size.  

7.4.2 The BSEM and EDX analysis 

As can be seen in the BSEM images, the distribution of mineral matters also changed with the 

temperature and carbon conversion. In the BSEM images, the mineral-rich area generally looks 

brighter than the other area because of more metal elements. The EDX analysis of YL, MD, and LY 

samples showed and indicated that the area A, a bright part in the particle, contained less carbon and 

more inorganic minerals than the area B, a dark part. The YL and MD gasification residues had a 

very similar morphological change in mineral matters at various temperatures. It was found that 

minerals disperse homogeneously in the gasified char at 800 °C, and no evidence of mineral 

aggregation was found in particles, seen in Figures 7.3C and 7.4C. As the temperature and carbon 

conversion increased, inorganic minerals stated to aggregate and adhered to the char surface, seen in 

Figures 7.3H and 7.4H. The EDX analysis shows mineral constituents of YL samples contained high 

Fe content (~16%), seen Figure 7.3I, and MD samples contained high Si & Al content, seen in 

Figure 7.4I. 
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At 1200 °C, the minerals aggregated and melted seriously, and covered the majority of the particle 

surface (Figures 7.3M and 7.4M). The EDX analysis (Figures 7.3N and 7.4N) showed that carbon 

content in the particle decreased largely and the particle contained more minerals with high Fe 

content (>13%). Therefore, the melting of minerals is because YL and MD samples contained high 

Fe-content ash which melts at temperature lower than 1200 °C [88]. At 1400 °C and carbon 

conversion of 99%, the particles were almost comprised of inorganic minerals, seen in Figures 7.3R 

and 7.4R. The EDX analysis at 1400 °C (Figures 7.3S and 7.4S) showed that very little carbon 

(<4.2%) was left and the particle was formed by high Fe content minerals.  

By contrast, the LY samples showed different morphology change. Unlike YL and MD samples, 

mineral constituents were observed at a higher temperature as 1200 °C (Figure 7.5G). There was also 

no melting of minerals observed on the particles at high temperatures. This is because LY coal ash 

has high SiO2 content (~47%) which is thermal stable below 1200 °C and makes behaviour of 

mineral matters less reactive. At 1400 °C and carbon conversion of 98%, minerals aggregated and 

developed to small spheres which coated the whole large particle, seen in Figure 7.5M. The EDX 

analysis at 1400 °C (Figures 7.5O) indicated that the gasification residues contained a considerable 

amount of carbon (approximate 25%). In other word, there were a certain amount of char particles 

which had not been completely converted, even though the overall carbon conversion was around 

98%. 

Overall, with the increasing temperature, carbon conversion increased, and therefore, less carbon and 

more minerals were left in the particles. At carbon conversion of 99%, almost only mineral spheres 

can be observed in the samples of YL and MD. The morphological results demonstrated that the 

mineral transformation took place at high temperatures between 1000 °C and 1400 °C. With the 

increasing temperature and carbon conversion, mineral constituents with high Fe content were found 

in YL and MD samples at 1000 °C, followed by mineral melting at 1200 °C. Compared to high Fe 

content YL and MD samples, high Si-content LY samples acted more stable in the behaviour of 

mineral matters. 
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Figure 7.3: The SEM, BSEM, and EDX analysis of YL gasification residues at 800-1400 °C and 20% CO2 
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Figure 7.4: The SEM, BSEM, and EDX analysis of MD gasification residues at 800-1400 °C and 20% CO2 
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Figure 7.5: The SEM, BSEM, and EDX analysis of LY gasification residues at 1000-1400 °C and 20% CO2 
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7.5 Chapter summary 

This chapter investigated the mineral behaviour of YL, MD, and LY during entrained flow pyrolysis 

and CO2 gasification between 700 ºC and 1400 ºC by the XRD and SEM-EDX. The effect of 

temperature on mineral transformation and morphology change during the two-stage entrained flow 

gasification was discussed in detail. 

 The mineral reactions during coal pyrolysis and char gasification happened at high temperatures 

between 1000 ºC and 1400 ºC, not low temperatures. There were significant differences for parent 

coals in mineral reactions during coal pyrolysis and char gasification. During coal pyrolysis, the 

formation of Al2SiO5 was both found in YL and MD chars at 1000-1400 ºC. The decomposition of 

Fe3O4 and the increase of the Fe2O3 intensity were found in YL chars at 1200-1400 ºC, whereas the 

MD chars showed the opposite change in Fe3O4 because of the oxidation of Fe2O3 by CO from 

pyrolysis.  

During char gasification, the decomposition of CaSO4 and the increase of Fe3O4/ MgFe2O4 intensity 

were observed in both YL and MD gasification residues at 1000-1400 ºC. The SiO2 decreased to 

form the Ca2SiO4 in YL samples and form CaMgSiO4 in MD samples at 1200-1400 ºC. The SiO2 

was also the only major mineral phase in YL chars and gasification residues, so few mineral 

reactions were observed during coal pyrolysis and char gasification. 

YL and MD samples showed a very similar morphological change in gasification residues at 1000-

1400 ºC. The mineral constituents with high Fe content started to be found on the surface at 1000 ºC, 

and then minerals melted and coated the particle at 1200 ºC. At 1400 ºC, minerals developed the 

smooth spheres and aggregated with each other. By contrast, high Si-content LY samples showed 

more stable in particle morphology in terms of particle size and the behaviour of mineral matters.  

At 1400 ºC and high carbon conversion of 98-99%, the YL and MD gasification residues eventually 

became small particles, but the size of LY particles was almost stable. The final particle morphology 

indicated that YL and MD may be suitable for the volumetric model and modified volumetric model, 

which is discussed in Chapter 9. 
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Chapter 8 Comparison of entrained flow gasification behaviour of 

Victorian brown coals and biomass 

After a comprehensive experimental investigation on entrained flow gasification of Victorian brown 

coals in chapter 5-7, it is necessary to evaluate their gasification performance by comparing with 

other solid fuels, such as biomass. Therefore, the entrained flow gasification behaviour of Victorian 

brown coals and biomass is investigated and compared in this chapter to understand the difference 

between two fuels.  

In this study, the gasification performance of Loy Yang coal and pine park is comprehensively 

assessed by direct coal gasification. The gasification experiments were conducted in the temperature 

range of 1000-1200 °C and CO2 concentration range of 10-40% using a high temperature entrained 

flow reactor. The comparison among the fuels includes gas composition, carbon conversion, the 

emission of air pollutants (H2S, HCN, and NH3), and mineral transformation with the temperature 

and CO2 concentration. 

This chapter reproduces the following published paper in Fuel. 
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Chapter 9 Kinetic modelling and application for the entrained flow 

gasification 

9.1 Introduction 

Fundamental data on the reaction kinetics is required to evaluate, compare, model and optimize the 

coal gasification process. However, data on gasification kinetics of Victorian brown coals are limited. 

While there are several char gasification models, such as the volumetric model (VM), the grain 

model (GM), the modified volumetric model (MVM) and the random pore model (RPM), in the 

literature, these models have not been validated for Victorian brown chars with different particle 

sizes. Therefore, the gasification kinetics of Victorian brown coal chars with CO2 were investigated 

in this study, and a numeric model for carbon conversion of Victorian brown coals under entrained 

flow gasification condition proposed and evaluated by comparing with the experimental results using 

the EFR. 

In this chapter, the effect of temperature, CO2 concentration, particle size, and the pyrolysis reactor 

on CO2 gasification reactivity was investigated using a thermogravimetric analyzer (TGA). Four 

models – the VM, GM, MVM, and RPM- were employed and compared with the experimental TGA 

data of two Victorian brown coal chars (YL and MD), the optimal model was identified. The kinetic 

parameters of CO2 gasification of Victorian brown chars were then calculated using the optimal 

model. Based on these calculated kinetic parameters, a numeric model for predicting the carbon 

conversion under entrained flow gasification condition was proposed. This model is then further 

evaluated and modified by comparing with the experimental entrained flow gasification data in 

chapter 5 and 6.  

Such information is important for modelling work involving computational fluid dynamics to study 

the hydrodynamics of the process and to optimize gasifier operating conditions. This study offers a 

useful mathematical equation for industry to estimate the conversion of Victorian brown coals under 

entrained flow gasification without experiments. 

9.2 Factors influencing gasification reactivity 

This section studied the factors, including the temperature, CO2 concentration, particle size, and 

pyrolysis, which influences the gasification reactivity of Victorian brown coal using a TGA. In the 
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light of the findings, the operation parameters of the TGA experiments were chosen to investigate the 

kinetic model.  

The gasification experiments were carried out on a Netzsch STA model 449 F3 Jupiter analyzer. The 

typical experimental procedure was as follows: the approximate 10mg coal sample was first heated 

from 25 °C to 200 °C at 5 °C/min with N2 to remove the moisture from the coal. The sample was 

then heated to 1000 °C at 10 °C/min with N2 and maintained at this temperature for 30 mins to 

release the volatile matter from the coal and make the coal char. After that, the temperature of the 

TGA decreased or increased to the reaction temperature at 10 °C/min with N2. After reaching the 

reaction temperature, the sample was maintained for 30 mins in N2, and the gas was then switched to 

CO2 for char gasification. The char-CO2 gasification was performed isothermally for 30 mins. The 

corrections from blank runs under the same experimental conditions were done to negate the effects 

of the instrument such as gas buoyancy changes and balance drifts. 

Experimental TGA data were collected every 3 s, and the conversion of each point was calculated by 

using the following equation: 

𝑋 =
𝑚0−𝑚𝑡

𝑚0−𝑚𝑎𝑠ℎ
                                                         (E 9.1) 

where 𝑚0 is the initial mass of the char sample before the gas switches to CO2, mt is the sample mass 

at a particular time during char-CO2 gasification, and mash is the remaining mass, corresponding to 

ash content. 

9.2.1 Effect of temperature 

The effect of temperature on carbon conversion of YL and MD char at 90% CO2 is shown in Figure 

9.1. As can be seen, the carbon conversion of two chars significantly increased with the increasing 

temperature within the same residence time. This increasing trend as a function of temperature is 

expected because the main chemical reaction during char-CO2 gasification is the Boudouard reaction 

which is endothermic, and the CO2 gasification is thermodynamically favored. It is found that the 

residence time for the complete carbon conversion significantly decreased in the temperature range 

of 750-1000 °C. The time for 50% conversion (t50) decreased by around 50% with an increase of 

temperature by 50 °C. However, the residence time for the reaction completion decreased slightly 

when the temperature increased from 1000 °C to 1100 °C. This difference in the increasing 

percentage of the conversion with the temperature is associated with the effective reaction rate in 

temperature zones [40]. At low temperatures (Regime I), the reaction rate is controlled by the 
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heterogeneous reaction between the char and the gas reagent. When the temperature increases to the 

medium temperature zone (Regime II), the reaction rate is limited by the internal diffusion of 

gaseous reactants. Therefore, the results indicated that Regime I, the chemical reaction controlled 

temperature range, is below 1000 °C and the transition between Regime I and Regime II could occur 

at 1000-1100 °C. Therefore, the experiments were performed at 750- 1000 °C, in Regime I, to test 

the other factors affecting the gasification reactivity and to obtain intrinsic gasification kinetics of 

Victorian brown coals. 

 

Figure 9.1: Effect of temperature on carbon conversion of YL and MD char at 90% CO2 

9.2.2 Effect of CO2 concentration 

The effect of CO2 concentration on the carbon conversion of YL and MD char at 800°C is shown in 

Figure 9.2. As expected, the gasification rate increased with the increasing CO2 concentration. The 

t50 significantly decreased by 16% when the CO2 concentration rose from 30% to 50%. As the CO2 

concentration increased to 70%, the gasification rate only increased slightly. The results indicated 

that increasing CO2 concentration had a positive effect on the gasification rate of the two chars, 

especially at low CO2 concentration. By contrast, the effect of CO2 concentration can be neglect 

when the experiments were carried out at a high CO2 concentration as 90%. The effect of CO2 

concentration on gasification rate is further discussed in section 9.4. 
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Figure 9.2: Effect of CO2 on the carbon conversion of YL and MD char at 800 °C 

9.2.3 Effect of particle size 

The effect of particle size on the carbon conversion of YL and MD chars at 850 °C is shown in 

Figure 9.3. As can be seen, the carbon conversion of YL and MD chars dramatically increased as the 

particle size of the chars decreased from 90-106 µm to 63-75 µm. However, when the particle size 

continued to decrease to 20-38 µm, its effect on the gasification rate showed differently. The carbon 

conversion of YL chars gradually decreased, whereas the carbon conversion of MD char slightly 

decreased. Hence, one small particle size (20-38 µm) and one large particle size (90-106 µm) were 

selected for YL and MD chars to further study the effect of particle size on reaction models in 

section 9.3 and the gasification rate in section 9.4 at various temperatures. 
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Figure 9.3: Effect of particle size on the carbon conversion of YL and MD chars at 850 °C. 

9.2.4 Effect of pyrolysis reactors 

Some studies have shown that pyrolysis affects the coal reactivity regarding the pyrolysis 

temperature, the heating rate, residence time, and gas atmosphere [58, 89, 90]. Different reactors 

using different heating rate, residence time, and gas atmosphere affect the properties of generated 

chars, resulting in different gasification reactivity. In this section, the char was generated from two 

reactors at 1000 °C to test its effect on gasification reactivity. The two reactors and the corresponding 

char preparation procedure are presented as follows: 

• A thermogravimetric analyzer (TGA). The coal samples were loaded into the container of the 

TGA before the experiments. The coal samples were heated from 25 °C to 1000 °C at a 

heating rate of 10 °C/min with N2. The samples were then maintained isothermally at 1000 °C 

for 1 hour to produce the char. 

• Entrained flow reactor (EFR). The coal samples were loaded in the screw feeder outside of 

the EFR before the experiments. The entrained flow reactor was first electrically heated to 

1000 °C with N2 and maintained at this temperature. Coal samples were then fed and 

entrained by the inlet gas into the reactor. The coal samples were pyrolyzed in the reactor 

with a gas residence time of around 7 s, and the generated char was collected from the bottom 

of the reactor. 

The effect of the chars generated from the TGA and EFR on carbon conversion of YL and MD chars 

at 800 °C is shown in Figure 9.4. As can be seen, the EFR chars of YL and MD had significantly 
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higher gasification reactivity than the TGA chars. The t50 of EFR chars of YL and MD was reduced 

by around 25% and 67%, respectively, compared with their corresponding TGA chars. The effect of 

TGA and EFR chars on the gasification rate of YL and MD char is further discussed in section 9. 4.  

 

Figure 9.4: The effect of the chars generated from the TGA and EFR on carbon conversion of YL and 

MD char at 800 °C 

In summary, the gasification conversion rate increased with increasing temperature and CO2 

concentration, and decreasing particle size. Chars prepared in the entrained flow gasifier achieved a 

higher gasification reactivity than that of the thermogravimetric analyser. In order to further 

investigate the effect of these factors on gasification rate using a reaction model, the TGA 

experiments were performed at 750-1100°C and 30%-90% CO2 using the chars generated from the 

TGA and EFR with particle sizes of 20-38 µm and 90-106 µm. 

9.3 Selection and validation of the reaction model  

9.3.1 Reaction models 

Different models have been proposed to describe the coal char gasification reaction with CO2. In this 

section, four models, based on one-step solid-gas reaction, were selected to fit the experimental TGA 

data.  

The first one is the volumetric model (VM), in which it is assumed that the gas reacts 

homogeneously with the char. The reaction rate is expressed as [89]: 

𝑑𝑋

𝑑𝑡
= 𝑘𝑉𝑀(1 − X)                                                             (E 9.2) 
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The second model is the grain model (GM), also known as the shrinking model, in which the char 

particle is considered as a spherical grain, and it is assumed that the chemical reaction only occurs on 

the external surface [58]. The reaction rate is expressed as: 

𝑑𝑋

𝑑𝑡
= 𝑘𝐺𝑀(1 − 𝑋)

2

3                                                         (E 9.3) 

The third model is the modified volumetric model (MVM) developed by Kasaoka et al., in which the 

volumetric model is modified by adding a new parameter-the time power (b) [75]. The reaction rate 

is expressed as:: 

𝑑𝑋

𝑑𝑡
= 𝑘𝑀𝑉𝑀(X)(1 − X)                                                   (E 9.4) 

−In(1 − X) = a𝑡𝑏                                                      (E 9.5) 

where a and b are empirical constant, the 𝑘𝑀𝑉𝑀(X) is the kinetic parameter of the model and it is 

expressed by the following equation: 

𝑘𝑀𝑉𝑀(X) = 𝑎
1

𝑏𝑏⌊−𝐼𝑛(1 − 𝑋)⌋
𝑏−1

𝑏                                     (E 9.6) 

The kinetic parameter can be presented using the mean value of the rate constant: 

𝑘̅𝑀𝑉𝑀 = ∫ 𝑘𝑀𝑉𝑀(X)
1

0
𝑑𝑋                                          (E 9.7) 

The fourth model is the random pore model (RPM) presented by Bhatia and Perlmutter, and it 

assumed that the random overlapping of pore surfaces [61]: 

𝑑𝑋

𝑑𝑡
= 𝑘𝑅𝑃𝑀(1 − X)√1 − 𝜓𝐼𝑛(1 − 𝑋)                               (E 9.8) 

ψ =
4𝜋𝐿0(1−𝜀0)

𝑆0
2                                                         (E 9.9) 

where the 𝜓 is the model parameter, S0, 𝐿0, and 𝜀0 present the surface area, pore length, and solid 

porosity, respectively. 

Overall, VM and GM do not account for any change in the internal structure. The MVM expression 

gets closer to the RPM model by adding a reaction order (b), where a two-order polynomial is the 

power of the time. Of these models, the RPM is the most commonly used model for experimental 

kinetic data because it can explain a maximum reaction rate during the initial step of gasification. 

However, a recent study has reported that the maximum reaction rate is a systematic error and is 
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caused by gas switching [44]. Therefore, in this study, a lower limit of carbon conversion-10%- was 

selected for fitted experimental data from the TGA. Moreover, at a high conversion, char reactivity is 

reduced by factors such as annealing, a decrease of pore size, and deactivation of the inherent 

inorganic species [45], and the experimental TGA data starts to deviate from the ideality of the 

models. Therefore, an upper limit of carbon conversion of 60% was also chosen for the experimental 

TGA data. 

9.3.2 Model fit  

The four models were tested for MD and YL chars with the particle sizes of 20-38 µm and 90-106 

µm by comparing with the experimental TGA data at 900 °C and 1000° C. Table 9.1 shows the 

summarized kinetic and empirical parameters of four models by fitting the experimental TGA data. 

A bad fit of the GM and VM was found for experimental data of MD and YL chars with a relatively 

low value of R2 (0.88- 0.98) between experimental and model prediction. By contrast, the MVM and 

RPM were both found to quite fit for the different particle sizes of MD and YL chars at 900°C and 

1000°C, and the R2 was in the range of 0.99-1. The MVM was chosen to be further assessed for MD 

and YL chars at a wider temperature range of 750 -1100 °C. 

The correlation between the MVM results and the experimental data of YL and MD chars at various 

temperatures is shown in Figure 9.5. As evident, the model shows a high correlation (R2 >0.994) 

with the experimental data of YL and MD chars from 750 °C to 1100 °C, indicating that the MVM is 

applicable for both YL and MD chars. The kinetic constants based on the MVM were calculated and 

is presented in the following section. 
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Figure 9.5: Fit of the modified volumetric model to the experimental data of YL and MD chars at 

various temperatures. 
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Table 9.1: Summarized kinetic and empirical parameters for the GM, VM, MVM, and RPM kinetic model for Maddingley and Yallourn coal 

Sample Temp./ °C Particle size./ µm 
GM VM MVM RPM 

K/min-1 R2/- K/min-1 R2/- a/- b/- K/min-1 R2/- Ψ K/min-1 R2/- 

Maddingley 900 20-38 
0.265 0.987 0.329 0.954 0.195 1.397 0.380 0.999 3.69 0.207 0.997 

 
900 90-106 

0.219 0.977 0.272 0.939 0.130 1.489 0.333 0.999 2.88 0.171 0.991 

 
1000 20-38 

0.969 0.982 1.174 0.972 1.184 1.203 1.307 0.994 53.65 0.181 0.990 

 
1000 90-106 

0.719 0.961 0.943 0.931 0.819 1.451 1.206 0.999 14.09 0.351 0.999 

Yallourn 900 20-38 
0.246 0.997 0.310 0.968 0.271 1.035 0.273 0.990 2.35 0.206 0.993 

 
900 90-106 

0.195 0.963 0.254 0.919 0.119 1.479 0.312 1.000 6.39 0.126 0.995 

 
1000 20-38 

0.947 0.924 1.250 0.878 1.232 1.535 1.001 0.993 32.69 0.340 0.997 

 
1000 90-106 

0.739 0.976 0.956 0.942 0.845 1.063 1.161 0.997 6.19 0.481 0.999 
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9.4 Analysis of kinetic parameters using the MVM 

The char gasification rate can be expressed as an nth order reaction rate equation, following the 

Arrhenius relationship: 

k = 𝐴0exp (−
𝐸𝑎

𝑅𝑇
)𝑃𝑛                                                    (E 9.10) 

where 𝐴0 is a pre-exponential factor, 𝐸𝑎  is the activation energy, R is the gas constant, T is the 

temperature, P is the partial pressure of the gasifying agent, and n is the reaction order. The 

activation energy (𝐸𝑎 ) represents the minimum energy required to initiate a particular chemical 

reaction. The pre-exponential factor (𝐴0) is a constant accounting for collision frequency. It can be 

seen from equation (E 9.10) that higher pre-exponential factor and lower activation energy results in 

a higher gasification rate. 

Based on the MVM, the 𝑘𝑀𝑉𝑀  of YL and MD chars at different temperatures was calculated by 

using the equations (E 9.5) –(E 9.7) to plot the Arrhenius relationship of Ink verse 1/T, shown in 

Figure 9.6. 𝐴0 and 𝐸𝑎 is determined by the y-intercept and the slope of the trend line. As seen, the 

gasification rate of the TGA YL and MD chars showed a good linear correlation at low temperatures 

of 750-1000 °C, indicating the temperature range is under the Regime I (chemical reaction controlled 

zone) and the determined kinetics under 1000 °C is the true kinetics as we intend. It was found that 

the transition between Regime I and II happened at 1000-1050 °C where the gradient of trend lines 

was observed to change.  

 

Figure 9.6: Arrhenius plots of the gasification reaction rate of TGA and EFR chars of YL and MD. 
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The analogous experiments were carried out at 800 °C with various CO2 concentration to determine 

the reaction order (n) in equation (E 9.10). The gasification rate at different CO2 concentrations is 

shown in Figure 9.7, and the reaction order is determined by the gradient of the linear trend. The 

calculated kinetic parameters - the activation energy, pre-exponential factor, and reaction order – are 

presented in Table 9.2 and discussed in the following. 

 

Figure 9.7: Effect of CO2 concentration on char gasification rate at 800 °C 

Table 9.2: Kinetic parameters of TGA and EFR chars using the MVM 

Fuel Char sample 
Activation energy 

(Ea, kJ/mol) 

Pre-exponential 

(A0,min-1) 

Reaction order 

(n) 

Regime I to 

II 

transition 

(°C) 

Maddingley TGA char 
   

 

 
90-106µm 219.79 2.27E+09 0.27 1000-1050 

 
20-38 µm 220.02 2.74E+09 n.d. 1000-1050 

 
EFR char 

   
 

 
90-106 µm 281.78 5.85E+12 0.43 1000-1050 

     
 

Yallourn TGA char 
   

 

 
90-106 µm 197.76 1.99E+08 0.32 1000-1050 

 
20-38 µm 208.89 5.62E+08 n.d. 1000-1050 

 
EFR char 

   
 

 
90-106 µm 252.64 2.02E+11 0.29 1000-1050 

n.d.: not determined 

As seen, the decreasing particle size of MD and YL chars resulted in a slight increase in the 
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in the TGA, the activation energy slightly increased by 1.7 kJ /mol and 9.1 kJ /mol with the particle 

size decreased from 90-106 µm to 20-38 µm, possibly due to the distribution of the inorganic species. 

Conversely, the pre-exponential factor significantly increased with the decrease of the particle size, 

indicating the increase rate of solid-gas interaction happened during gasification and lead to a higher 

gasification rate. This explains why smaller particles are more reactive in Figure 9.3. The findings 

have an agreement with Tanner’s study on Victorian brown coal char which reported the slight 

increase of the activation energy and the dramatic increase of pre-exponential factor with the 

decreasing particle size [45]. 

At a particular particle size as 90-106 µm, the EFR char showed a greater gasification rate than the 

TGA char. As evident, compared to the TGA char, the pre-exponential factor of the EFR char was 

much greater, which increased gasification rate even though its activation energy was slightly bigger. 

Chars prepared in the EFR experience higher heating rate and higher steric factors and therefore 

obtain higher surface area and more carbon active sites, which may result in a greater pre-

exponential factor and therefore, a higher gasification rate. The results demonstrated that the char 

preparation reactors had a significant effect on the char reactivity during CO2 gasification.  

By comparing YL and MD chars at a particular particle size, it was found that for TGA chars, the 

MD had higher char-CO2 gasification reactivity than the YL; but for EFR chars, the YL and MD had 

similar reactivity. These order of the gasification reactivity corresponded to the order of the pre-

exponential factor. As the pre-exponential factor is affected by the surface area, porosity and 

catalytic inorganic components within the char sample, it indicates that the gasification reactivity of 

the two chars is determined by a combination of these factors. Compared with reported kinetic 

parameters of other Victorian brow coal chars, it was found that the MD char had the highest 

reactivity, followed by the MW and YL char , and then the LY char [45]. 

The reaction order for the CO2 concentration was determined for the TGA and EFR chars with a 

particle size of 90-106 µm. As evident, the reaction order, n, for all samples was similar, ranged from 

0.27 to 0.43. The positive value of n indicated that the increasing CO2 concentration increased the 

gasification rate. When gasification performed at atmospheric pressure (0<n<1), higher reaction 

order also resulted in a lower gasification rate. The results agreed with the previous study which 

reported that YL chars had a reaction order of 0.48 [45]. 

In the light of equations (E 9.4) and (E 9.5), the gasification rate based on the modified volumetric 

model can be explained as follows: 



173 
 

𝑑𝑥

𝑑𝑡
= 𝐴0exp (−

𝐸𝑎

𝑅𝑇
)𝑃𝑛(1 − x)                                           (E 9.11) 

The calculated kinetic parameters in Table 9.2 can be used for the above equation to predict the 

gasification rate at a particular residence time, temperature, and CO2 concentration at atmospheric 

pressure. However, the kinetic parameters were calculated by using the experimental TGA data and 

the MVM, the validation of the equation using these parameters for entrained flow gasification is still 

unclear. Hence, the proposed equation (E 9.11) was evaluated for the gasification in the entrained 

flow reactor (EFR), by comparing the predicted modelling results with experimental entrained flow 

gasification data (in Chapter 5 and 6), and the results are presented in the following section. 

9.5 Model application and evaluation for the EFR 

This section evaluates the proposed model expression by using the experimental results in the EFR 

(Chapter 5 and 6) to verify the validation of the numeric equation for the char gasification in an 

entrained flow reactor.  

It has been stated by many studies that the most common expression for the gasification rate is as 

follows [58, 59]: 

𝑑𝑥

𝑑𝑡
= k(1 − x)                                                         (E 9.12) 

1 − X = exp (−kt)                                                    (E 9.13) 

X = 1 − exp (−kt)                                                   (E 9.14) 

where k is the normalized gasification rate, t is the time, X is the carbon conversion. In the light of 

equation (E 9.13), the experimental results of low-temperature entrained flow gasification at 1000 °C 

(in Chapter 5) were firstly plotted in terms of (1-X) verse time, and the experimental gasification 

rates (KEFR) of YL and MD chars were then determined by fitting an exponential curve, seen in 

Figure 9.8.  
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Figure 9.8: The experimental results of low-temperature entrained flow gasification of YL and MD 

chars at 1000 °C 

The corresponding modelling gasification rates were also calculated and presented in Table 9.3, by 

using equation (E 9.11) and kinetic constants from Table 9.2 and the literature determined by the 

TGA. As can be seen, the modelling gasification rate using the kinetic parameters of EFR chars was 

quite similar to the experimental one. By contrast, the modelling gasification rate using the kinetic 

parameters of TGA chars, calculated by the MVM and RPM, was much lower than the experimental 

one. The results indicated that the kinetics parameters of the EFR char are more applicable for 

predicting the gasification rate in the EFR than that of the TGA char. The results also demonstrate 

that the proposed equation (E 9.11) can be used to predict the gasification rate of YL and MD chars 

in the EFR at 1000 °C by using the kinetic parameters of the EFR char. 

Table 9.3: The experimental and modelling gasification rate (k) at 1000 °C and 20% CO2 

Items YL MD 

k-experimental 9.32 7.77 

kMVM-EFR 8.039991 8.04E+00 

kMVM-TGA 0.732973 1.09E+00 

kRPM-TGA* 0.720151 n.d. 

n.d.: not determined, *: calculated by using the kinetic constants from Tanner’s study [91] 

In practice, the carbon conversion of coal/char gasification, which represents the conversion 

efficiency, is more widely used. According to equation (E 9.14), the carbon conversion is expressed 

and determined by the gasification rate (k) and time (t). Therefore, the experimental and modelling 

gasification rates were used for equation (E 9.14) to compare the corresponding carbon conversions 

at 1000 °C and various residence times, seen in Figure 9.9. It is clear that the modelling results of the 
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EFR char, based on the modified volumetric model, was able to match with the experimental 

gasification data in the EFR at 1000 °C. The results demonstrate that the proposed equation (E 9.11) 

can be used to predict the carbon conversion of YL and MD chars in the EFR at 1000 °C with 

various residence time by using the kinetic constants of the EFR char. Therefore, the proposed 

equation was further examined to predict the carbon conversion of YL and MD chars at various 

temperatures from low (800 °C) to high (1400 °C), by using the kinetic constants of the EFR char. 

 

Figure 9.9: The comparison of experimental and modelling results on the gasification conversion of YL 

and MD chars at 1000 °C and 20%CO2. 

The experimental and estimated carbon conversions of YL and MD chars at 800-1400 °C and 20% 

CO2 with a residence time of about 7 s are shown in Table 9.4. The experimental carbon conversion 

at 800-1000 °C was generated by low-temperature entrained flow gasification (Chapter 5) and the 

carbon conversion at 1200-1400 °C was generated by high-temperature entrained flow gasification 

(Chapter 6). The corresponding estimated carbon conversion was calculated by equations (E 9.11) 

and (E 9.14) using the kinetic constants of the EFR char based on the modified volumetric model. As 

evident, at high temperature (1000-1400 °C), the estimated carbon conversions quite matched the 

experimental carbon conversions. In contrast, at low temperature (800-900 °C), the estimated carbon 

conversions is much lower than the experimental ones. This is because that at low temperatures, the 

pre-exponential factor determined by the TGA was much lower than that of the EFR, which is a 

result of the significantly detrimental effect of the internal diffusion resistance on the kinetics 

determination of the TGA [46, 92]. However, this detrimental diffusion effect reduced and became 

negligible at high temperatures above 1000 °C in the TGA, so the experimental and modelling results 

came closer to match at 1000-1400 °C. 
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Table 9.4: Experimental and estimated carbon conversion at various temperatures and 20% CO2 

Temperature 
(ºC) 

 

YL MD 
 

Experimental carbon 
conversion 

(%) 

Estimated carbon 
conversion 

(%) 

Experimental carbon 
conversion 

(%) 

Estimated carbon 
conversion 

(%) 

800 23.85 1.18 9.84 1.30 
 

900 25.38 12.42 21.52 17.61 
 

1000 55.19 59.89 55.60 60.85 
 

1200 99.23 99.96 95.28 100 
 

1400 99.93 100 99.07 100 
 

Therefore, it can be concluded that the proposed mathematical model (E 9.11) is applicable for CO2 

gasification in the EFR at 1000-1400 °C. The carbon conversion of Victorian brown coal chars in the 

entrained flow reactor can be estimated by the following equation and kinetic parameters, shown in 

Table 9.5. 

Table 9.5: Carbon conversion equation and kinetic parameters for the equation 

X = 1 − exp [−𝐴0exp (−
𝐸𝑎
𝑅𝑇
)𝑃𝑛t] YL char MD char 

Reaction order, n 0.29 0.43 

Activation energy, Ea (kJ/mol) 252.64 281.78 

Pre-exponential factor, 𝐴0, (min-1) 2.02 E+11  4.85E+12 

9.6 Chapter summary 

In this chapter, an investigation on the kinetics of CO2 gasification of Victorian brown coal chars 

regarding influence factors (temperature, CO2 concentration, particle size, and pyrolysis reactors) 

and reaction models is presented. It was found that the gasification conversion rate increased with 

increasing temperature and CO2 concentration, and decreasing particle size. Char prepared in the 

entrained flow reactor was observed to have a higher reactivity than that of the thermogravimetric 

analyzer at the same temperature. 

Four reaction models (the VM, GM, MVM, and RPM) were selected and employed for the 

experimental TGA data of YL and MD chars. The validation of MVM and RPM was found for both 

chars with different particle sizes at 900 °C and 1000 °C but the VM and GM were not. The MVM 

also demonstrated its validation for two chars at various temperatures from 750 °C to 1100 °C.  
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Based on the MVM, the kinetic parameters of YL and MD chars were calculated using the 

experimental TGA data. It was found the activation energy of all samples was similar and the 

gasification rate of the sample was strongly dependent on the pre-exponential factor. Because of a 

much higher pre-exponential factor, the EFR char achieved higher gasification rate than that of the 

TGA char. Small particles had a higher pre-exponential factor and became more reactive, but 

different size particles achieved a similar gasification rate, indicating that the effect of particle size 

on gasification rate was very limited. The order of increasing char-CO2 gasification reactivity of the 

two chars was found to be Maddingley > Yallourn. Based on the MVM and Arrhenius equation, a 

numeric model was proposed to predict the gasification rate of YL and MD chars under entrained 

flow gasification. 

After comparing with the EFR experimental data in Chapter 5 and 6, it was found that the proposed 

model was applicable for the entrained flow gasifier to predict the carbon conversion of YL and MD 

chars at 1000-1400 °C, by using the kinetic parameters of the EFR char based on the MVM and TGA 

experiments. This model offers a useful mathematical equation for the industry to estimate the 

conversion behaviour of Victorian brown coals against time in an entrained flow gasifier without any 

experiments or operation.  

  



178 
 

Chapter 10 Conclusions and recommendations for future work 

This study has focused on the entrained flow pyrolysis and gasification of Victorian brown coals in 

CO2 to better understand the gasification performance, emission of air pollutants, and mineral 

transformation for a wide range of operating conditions such as temperature, residence time, and CO2 

concentration. Although there have been few studies (small to pilot scale) into the gasification of 

Victorian brown coal using fixed bed and fluidized bed gasifiers, only one study has investigated the 

entrained flow pyrolysis and gasification behaviour of one Victorian brown coal. This study provides 

for the first time a detailed investigation of entrained flow gasification of several Victorian brown 

coals using a combination of experimental and modelling approaches. 

This study is divided into four main areas: 

• an investigation of a range of temperature and reactant concentration influencing entrained 

flow gasification of Victorian brown coals regarding the gasification performance and 

emission of air pollutants (HCN, NH3, H2S), 

• an investigation of mineral reactions and transformations during entrained flow pyrolysis and 

gasification of Victorian brown coals, 

• a comparison of the entrained flow gasification behaviour of Victorian brown coal and 

biomass in respect of gasification performance, emission of air pollutants, and mineral 

transformation, 

• the kinetic modelling of char-CO2 gasification of Victorian brown coals using a validated 

reaction model and comparison with the experimental entrained flow gasification data. 

The major conclusions from each of these areas are summarised in the following sections. 

10.1 Gasification performance and emission of air pollutants 

The gasification performance and emission of air pollutants of Victorian brown coals in an entrained 

flow reactor using CO2 as the gasifying agent are mainly affected by five factors: total gas flow rate, 

residence time, temperature, CO2 concentration and the gasification environment (direct using coal 

vs two-step by first pyrolysing the coal and then gasifying the char).  

The effect of total gas flow rate on the gasification performance of Victorian brown coals is 

significant in terms of changing the mode of gas-particle contact. A lower total gas flow rate 

decreases the gas velocity (Ug) in the reactor. When Ug deceases below the solid particle velocity 

(Up) in the reactor, the mode of gas-particle contact in the reactor changes from gas-controlled 
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entrained flow to solid-controlled falling flow. Gasification under entrained flow condition (Ug > Up) 

achieves higher carbon conversion and higher CO gas yield than the gasification under falling flow 

condition (Ug < Up) even with a shorter residence time. This is because under entrained flow 

condition, fine particles are in constant contact with gaseous reactants and the solids flow with gas 

together. 

The effect of residence time on the gasification performance is also significant as expected. An 

increasing residence time increases the carbon conversion and CO gas yield during CO2 gasification. 

At 1000 °C, the residence time required for the complete conversion of the YL and MW chars (90-

106 µm) is around 20 s, which is longer than the typical residence time for commercial applications 

(4-10s). Hence, it can be concluded that the entrained flow gasification of Victoria Brown coal needs 

to be carried out at a temperature above 1000°C to reduce the residence time for the conversion 

completion.  

Temperature has a significant effect on gasification performance and emission of HCN. The higher 

temperature significantly increases carbon conversion and CO concentration in the product gas. 

Moreover, a higher temperature can largely decrease the residence time for 100% carbon conversion. 

The increasing temperature also increases the HCN emission during entrained flow gasification. 

Additionally, the effect of CO2 concentration on gasification performance and emission of HCN, 

NH3, and H2S is strong. The higher CO2 concentration increases carbon conversion and CO 

concentration during CO2 gasification possibly because of the increased gasification reactivity of 

char. A higher CO2 concentration also decreases the emission of H2S and HCN during entrained flow 

gasification.  

The gasification process, direct and two-step gasification, has little effect on the overall carbon 

conversion but has a significant effect on the gas composition of the product gases. Compared to 

two-step gasification, direct gasification generates little H2 and more CO in the product gases. 

Moreover, the decreased H2 yield almost equals the increased CO yield. It is very likely that the 

reverse water-gas shift reaction occurs during direct gasification in which CO2 reacts with H2 from 

coal pyrolysis to form CO. The dry methane reforming is also very likely to occur during direct 

gasification in CO2, considering the very little amount of CH4 formed and the low moisture of feed 

coal (< 1%). 

Coal gasification is divided into coal pyrolysis and char gasification. During entrained flow 

gasification of Victorian brown coals at 1000-1400 °C, pyrolysis plays a crucial role, contributing to 
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around 65% carbon conversion, 50-80% HCN emission and almost all H2S emission. In contrast, 

char gasification results in around 35% carbon conversion, 20-50% HCN emission and very little 

H2S emission. 

Overall, entrained flow gasification achieves very high carbon conversion (~ 98%) for Victorian 

brown coals at 1200 °C with around 7s residence time for the particle size of 90-106 microns. No 

visible tar is found downstream of the entrained flow gasifier. There is also no NH3 emission during 

the entrained flow gasification. However, the emission of HCN and H2S is still high in the ppmv 

level. 

10.2 Mineral transformation 

Mineral reactions and transformations of Victorian brown coals during coal pyrolysis and char 

gasification happen at high temperatures (1000-1400 °C). The behaviour of mineral matter during 

coal pyrolysis and char gasification shows significant differences for parent fuels. During coal 

pyrolysis, SiO2 decreases to form Al2SiO5 with SiO2 in YL and MD chars. YL chars show the 

oxidation of Fe3O4 to form Fe2O3, but MD chars show the opposite trend, the increase of Fe3O4 and 

the decrease of Fe2O3 . 

During char gasification, SiO2 reacts with the CaO produced from the decomposition of CaSO4 to 

form Ca2SiO4 in YL samples and CaMgSiO4 in MD samples at 1200-1400 ºC. Interestingly, SiO2 is 

the only major mineral phase in LY chars and gasification residues, and no significant mineral 

transformation takes place during coal pyrolysis and char gasification of LY. This study offers a 

better understanding of the mineral transformation and slag composition formed during entrained 

flow pyrolysis and gasification, which provides very important information for the design of an 

entrained flow gasifier to efficiently remove the slag generated during the operation. 

10.3 Comparison of entrained flow gasification behaviour between Victorian 

brown coals and biomass 

In this study, entrained flow gasification behaviour of Victorian brown coal (Loy Yang) was 

compared with one biomass (pine bark) by direct gasification of the fuels. The comparison of the two 

fuels is drawn in the gasification performance and pollutant gas emission. For Loy Yang coal and 

pine bark, they have similar carbon conversion at 1200 °C. The product gas of two fuels is CO-rich, 

and Victorian brown coal has a slightly higher syngas concentration than that of pine bark. The 

emission of air pollutants varies for the fuels. No NH3 is detected for Victorian brown coal, and no 
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H2S is detected for pine bark during entrained flow gasification in CO2. This study offers a better 

understanding of the similarities and differences of entrained flow gasification behaviour between 

Victorian brown coals and pine bark. Thus, this study provides valuable information for industry to 

assess the co-gasification possibility of biomass and Victorian brown coal. 

10.4 Kinetic modelling of char-CO2 gasification of Victorian brown coals 

Among the volumetric model (VM), grain model (GM) and the modified volumetric model (MVM), 

the MVM is valid for the TGA experimental data from gasification of Victorian brown coals, and the 

VM and GM are not. The smaller particle size increases gasification reactivity of Victorian brown 

coals through significantly increasing the pre-exponential factor. The chars generated in the EFR 

have higher reactivity than the chars generated in the TGA because of the higher pre-exponential 

factor. Maddingley coal also has higher reactivity rather than Yallourn coal, possibly because 

Maddingley coal has high Fe2O3 content in its ash which has positively catalytic effect on 

gasification reactivity.  

The carbon conversion of YL and MD chars in an entrained flow reactor at 1000-1400 °C can be 

predicted by the following equation: 

X = 1 − exp [−𝐴0exp (−
𝐸𝑎
𝑅𝑇
)𝑃𝑛t] 

where the reaction orders (n) of YL and MD chars are 0.29 and 0.43, respectively; the activation 

energy (𝐸𝑎) of YL and MD are 252.6 kJ/mol and 281.8 kJ/mol, respectively; and  the pre-exponential 

factors (𝐴0) of YL and MD are 2.02 E+11 min-1 and 5.85 E+12 min-1, respectively. 

10.5 Practical implications of this study 

In this study, fundamental gasification data of Victorian brown coals are generated for industry to 

use in computational fluid dynamics model for an entrained flow gasifier using Victorian brown 

coals. Both direct and two-step gasification achieve similar high carbon conversion ( ~ 98%) for 

Victorian brown coals at 1200 °C. However, two-step gasification obtains a better H2 /CO ratio 

(around 1:3) in the product gases than direct gasification, so it is more suitable for downstream 

synthesis of some chemicals. It is clear that 1200 °C temperature is sufficient to achieve high carbon 

conversion for the brown coals tested in this study for gasification using CO2 up to 40% 

concentration.  
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This study also offers a better understanding of the similarities and differences of entrained flow 

gasification behaviour between Victorian brown coals and pine bark. Thus, this study provides 

valuable information for industry to assess the co-gasification possibility of biomass and Victorian 

brown coal. Moreover, this study provides a valuable mathematic model for predicting the carbon 

conversion of Victorian brown coals using an entrained flow reactor with CO2 at 1000-1400 °C. 

10.6 Recommendations for future work 

Although this research has conducted experimental and modelling work on entrained flow 

gasification of Victorian brown coal, there is a number of areas where future work which should be 

done. Those are listed below. 

10.6.1 Experimental 

This project has investigated five major factors affecting coal gasification, but there are other 

important process variables have not been studied because of the limitation of the current facility. In 

particular,  

(i) the effect of pressure on carbon conversion, gas composition, and mineral transformation at 

high temperature should be determined. It would also be useful to examine the effect of 

pressure on the gasification kinetics of Victorian brown coals by TGA, 

(ii) the effect of residence time at high temperature (>1000 °C) should be investigated as a 

function of particle size with respect to the specsific surface area and  pore size distribution.  

Current research investigates the gasification kinetics of two Victorian brown coals, Yallourn and 

Maddingley, with CO2. For a comprehensive study, 

(iii)the kinetic experiments should be extended to other Victorian brown coals, Loy Yang. This 

would increase the understanding of the gasification reactivity of a range of Victoria brown 

coals.  

(iv) the effect of steam, as one important gasifying agent, on the kinetics of gasification of 

Victorian brown coal/char should be studied using TGA. This could be done using the 

existing equipment by connecting the steam generator. 

Based on the current research on entrained flow gasification of Victorian brown coal and of biomass, 

(v) using the existing equipment, co-gasification of Victorian brown coal and biomass in CO2 

could be examined to understand the gasification efficiency and performance using a blend of 

fuels. 
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(vi) This study only investigated the carbon conversion and gaseous emissions. One important 

aspect of entrained flow gasification is the viscosity of slags at the bottom of the gasifier. A 

comprehensive database of the viscosity of the Victorian brown coal ashes should be 

developed. 

10.6.2 Modelling 

(i) The developed numerical model is based on the TGA and EFR data of two Victorian brown 

coals, Yallourn and Maddingley, so the model should be extended to other Victorian brown 

coal (Loy Yang). This would require further TGA and EFR experiments using the existing 

experimental equipment. The extra information would further validate and modify the model 

for entrained flow gasification of Victorian brow coals. 

(ii) Current kinetic modelling mainly examines three reaction models: volumetric model, grain 

model, and modified volumetric model. In addition, the random pore model should be studied 

for Victorian brown coals to complete the evaluation.  

(iii)The developed model is mainly based on TGA data. To obtain a more accurate prediction for 

entrained flow gasification, a numerical model based on the entrained flow gasification data 

should be developed. This will require the gasification data as a function of temperature 

(>1000 °C) and a wide range of residence time. 

(iv) Current kinetics is based on isothermal reaction. Non- isothermal reaction kinetics should be 

studied to compare with current kinetic data. 
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