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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 CO: 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) acomparison of entrained flow gasification behaviour of Victorian brown coal and biomass,

4) the kinetic modelling of char-CO; 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 (H>S, 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, CO> 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 CO. concentration improved the gasification performance. Interestingly,

higher temperature increased the H>S and HCN emissions, but higher CO> concentration decreased

vii



H>S 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 COz up to 40% concentration.

Mineral transformations during coal pyrolysis and char gasification were observed at high
temperatures between 1000 T 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 FesOs4/ MgFe.O4 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 H> and CO concentration than pine bark.
The pollutant gas emission varied for the fuels. No NHz was observed for Victorian brown coal and

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

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 CO.. 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 CO, and steam gasification of Victorian brown coals using random pore



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 CO> 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 H: increased with increasing
temperature and CO> 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:

e to identify the evolution of functional groups in Victorian brown coal during the initial step of
gasification-coal pyrolysis;

e to understand the effect of five main operational variables (total gas flow rate, residence time,
temperature, CO> concentration, and gasification processes) on gasification performance (carbon
conversion and gas composition) and emission of gas pollutants (HCN, NHs and H>S) during
entrained flow gasification;

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

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



e 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;

e 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, CO> 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-CO. 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.



The structures and objectives of this thesis are presented in Figure 1.1.
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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 CO> 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 CO., instead of air, can lead to flue gas with high percentage of CO,
which is suitable for direct recovery and recycle of CO,.

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 CO>

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 CO> 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



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.
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Figure 2.1: Distribution of proven reserves of brown coal worldwide 2017 by country [8]
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Figure 2.2: Distribution of brown coal reserves in Australia 2012 by state [9]



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].
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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

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

ltems

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 unigque 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 H, and CO) with fuel-dependent
concentrations of CO2, H20 and CHj4 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



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 CO> 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.
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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, Hz, CO2, and CHg4, 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 Cisy + 0, — €O, (R2.1)
Partial combustion Cs) +30, = CO (R2.2)
Boudouard reaction Cs) + €0, — 2C0 (R2.3)
Water-gas reaction Cis)+ H,0=CO +H, (R24)

Hydrogasification Cis) + 2H, = CH, (R25)
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Homogeneous gas-phase reactions

CO oxidation CO +30, > CO, (R 2.6)
Water - gas shift CO +H,0 =2C0,+H, (R2.7)
Steam reforming CH, + H,0 = CO + 3H, (R 2.8)
Hydrogen combustion H, +20, » H,0 (R2.9)
Methane dry reforming CH,+ CO, = 2C0 + 2H, (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 H>/CO ratio, which is important for syngas applications into corresponding
chemicals. The dry methane reforming reaction (R 2.10) can produce CO and H by consuming CHa.

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

11



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.
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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:

e Fixed bed gasifiers (also known as moving bed, dry ash or slagging)
e Fluidised bed gasifiers (dry ash or agglomerating)
e Entrained flow gasifiers (slagging)

e 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,  KWR, U-Gas, grrzlelns(,; RT KBR,HRL
ypicaip gl CFB,TRIG AFB a '
others
Feed characteristics
Preferred coal rank Any High Low Any Any Low
Coal particle size (mm) 5-80 5-80 <6 <6 <0.1 <6
Lowto High (11-
Gas velocity Low to moderate Low to moderate moderate (3- Moderate High 9
18m/s)
8m/s)
Operating characteristics
Typical operating temperature  900-1200€ 900-1200€ 800-900<€ 850-1100€ 1200-1600<€ 950-1065€
) Moderate (20-35 Moderate (25-  Moderate (25-30  Moderate to high (20- Moderate (11-
Pressure Moderate(20-35 bar) bar) 30 bar) bar) 70 bar) 18 bar)
i ) Moderate (900-  Moderate (900- . i Moderate
Outlet gas temperature Low( 450- 650 <€) Low( 450- 650€) 1050) 1050) High (1250-1600<€) (900-1050€)
Scale Small Small smal_l to small to medium  Large smal_l to
medium 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
Utilisation of fines Utilisation of fines .
L Lower carbon Lower carbon . Commercial
Key technical issues and hydrocarbon and hydrocarbon - - Raw gas cooling .
conversion conversion application

liquids

liquids
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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 FBDB™ 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 FBDB™ Mk
Plus™ 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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Figure 2.7: (a) The Lurgi FBDB™ 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
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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/O;
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.
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Figure 2.8: Fluidised bed gasifiers - (a) High temperature Winkler type (b) U-Gas type
(www.netl.doe.gov, accessed April 2014)
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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 O 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 CO> 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 Configuration  Gasifier Wall

Shell, PRENFLO 1 0] Dry Up-flow* Water-wall

GE 1 0O, Slurry Down-flow Refractory

CB&l E-Gas 2 0O, Slurry Up-flow Refractory

MHI 2 Air Dry Up-flow Refractory & Water-wall
Siemens 1 0] Dry Down-flow Water-wall

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

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 CO> are introduced.

2.4.1 Char-CO2 mechanism

Different mechanisms for the char-CO- 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:

ky
C+C0, = C(0) + CO R 2.11)
k_q
c) Zco+cO R 2.12)
ks
C() +CO=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 ki, k-1, k2, and ks are rate constants.
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Initially, CO> 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 CO;
gasification, on the reaction by adsorbing and occupying active sites (R 2.13). Therefore, the reaction
rate (rs) is expressed as follows:

k1p(CO2)
Ty = E21
P 1+2p(co)+dp(co,) (E21)

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

2.4.2 Gasification reaction rate

There are two gasification rate equations for CO> 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 (COy), and it follows Arrhenius equation:
k = Agexp(—2)P" (E 2.2)

where A, is a pre-exponential factor, E, 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]

e Regime | (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 1, to obtain the true values.

e Regime Il (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].

e Regime IlI (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 Il 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:

o k1p(C0O2)+k4p?(CO7)
k= 1+k;p(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 k; (j=1, 2, 3, 4) follows Arrhenius equation

co, 3 ¢o + (0) R 2.14)

co ZE’ (€O) (R 2.15)

c+)3co (R 2.16)

o, + (€C0) 3 2¢0 + (0) R 2.17)

O +(CO) S co, +C (R 2.18)

k=i ky = 2435 ks = 2425 ky =22 (R 2.19)

The L-H equation has been successfully used for the intrinsic kinetics of the CO> 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 CO> gasification is a non-linear function of CO> partial pressure
and the reaction order, n, is not used.

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

3) Itincludes 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 Kkinetic parameters presented in previous kinetic studies for char-CO>
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-CO, gasification

Coal type Char sample Ea (kJ/mol) Pre-Exponential Factor (s*) 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 10° [51]
Lignite Loy Yang 160 1.31x10° [52]
Densified Lignite Morwell 230 n.r. [53]
Bituminous coal  Australian coal 283 1.09 x 10° [54]
Bituminous coal  Pittsh. 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 10° [57]

n.r. = not reported

2.4.3 Reaction models

Different models have been proposed to describe the coal char gasification reaction with CO..
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 (MVVM) 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:

3[1— (1—X)/3] = koyt (E 2.5)

Where kv, 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:

& =3keu(1-X)73 (E 2.6)
3[1— (1—X)73] = keyt (E2.7)

Where k¢, 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, s, which is the characteristic for this model. The RPM can
predict the occurrence of the maximal rate in the course of the reaction. The s parameter can be
calculated by (E 2.8) when initial porosity, €,, surface area, S, , and pore length, L, of the solid are
known:

_ 4'7TLO(1—80)

P =T (E2.8)

In addition, the structural parameter can be calculated by means of maximal conversion degree of
solid, X,,,4, for which maximal reaction rate is observed. The value of i 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).

2

Y= TR (E2.9)
dx
==1-Xy1-¢In(1-X) (E 2.10)
%(\/1 —YIn(1 = X) — 1) = kgppyt (E2.11)
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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):

o = kv (1= X) (E212)
1 b-1
~In(1 - X) = at? (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 CO> 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 Z— k(1 -X) A homogeneous reaction model by assuming the gas is reacting with X verse t, dX/dt verse t,
« the char in all possible places. kinetic constants

Grain model X 3k(1 - X)Z/g Char particles are considered as spherical grains. X verse t, dX/dt verse t, Kinetic
‘“ constants

Random pore model ax _ 1-X)J1—y¢m(1—-X%) This model considers the random overlapping of surfaces of pores. It X verse t, dX/dt verse t, kinetic
@ assumes the pores are cylindrical and they are enlarged with the constants
= 4mLo(1-£o) progress of the reaction and eventually merge together.

===

Modified Volumetric model ax _ agb(l — X)[~In(1 - X)]% This model applies a reaction order b (time power) and modified X verse t, dX/dt verse t, kinetic

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

—In(1 — X) = at® order polynomial is the power of time.

The Adschiri and Furusawa model [63] X = Sk = k(1 - X) This model considers the volumetric model is enough for high X verse t, dX/dt verse t
@ porosity (>0.5) char and includes the value of surface area.

Scx) is the surface area

Unification theory model [64] X = Reo(1 — X)™ This model is based on the fact that when conversion (x) is plotted X verse t, kinetic constants
@ against dimensionless time y=t/ty> , where ti 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.

1
X =1—-[1-Reo(1—m)t]im

m is the reaction order of gas

28



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 <€, 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 O-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 CO, atmosphere favouring the formation of
sodium carbonate (Na.COs) 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 CO- 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 Reactor Key Findings:

Sample

2000 [65] Lochiel coal, 650-850C  Atmospheric Steam, CO, Containing 1%  Horizontal 1. Under inert gas environment, Na transformed to
South Australia CO2H, NaCland 10%  tube furnace Na,COs , and further reduced by the char to element
Si sodium and evaporated.
106-150 pm Under a steam environment, the melting point
temperature of sodium carbonate found to decrease.
2000 [5] Bowman coal, 750-950C  Atmospheric Steam, 0.28-0.3kg/hr  Fluidised-bed Bed temperature, oxygen concentration, particle size,
Morwell, Loy COg, O3 reactor moisture content and coal rank were found to influence
Yang, Yallourn the devolatilisation time.
Char The devolatilisation time was found to be directly
proportional to the particle diameter t,=Ad,".
180-350pm A new theoretical treatment to distinguish between
heat transfer and chemical kinetically controlled
regimes of coal devolatilisation has been used.
2005 [66] Loy Yang, 850C Atmospheric Air, 7.2-8.7 kg/hr  Fluidised-bed 21 vol% CO for air gasification, 21 vol% H, for
Yallourn coal Air/steam Reactor air/steam gasification.
Air gasification only yielded syngas richer in CO
05-2.0 mm compared with air/steam gasification
2002 [4] NaCl-loaded, Pyrolysis: Atmospheric  Ar/CO; 1.0-2.0g Fluidised- The valency and the chemical/physical form of the
Na-exchanged 500-900C bed/fixed-bed AAEM" species in the coal can affect their
and Ca- Ar [steam reactor volatilisation during pyrolysis.
Gasification:

exchanged Loy
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Yang coal

106-150 pm

2004 [67] Loy Yang coal

106-150 pm

2005 [68] H-Form and Fe-
loaded Loy

Yang coal

106-150 pm

900C

500-600C

Pyrolysis:
400-600C

Gasification:
800<C

Atmospheric

Atmospheric

O in Ar

Steam

10-390

mg/min

1.5-2.0g

32

Fluidised-
bed/fixed-bed

reactor

Fluidised-
bed/fixed-bed

reactor

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.

Longer exposure to temperature makes the char less

reactive to subsequent gasification

Increased yields of HCN and NHs during gasification
in Oxygen at 500 <C.
During gasification, NO- is formed from NO via

reactions with HO- radical.

In the presence of iron species, the production of
hydrogen during the gasification of chars from iron-
loaded brown coal is greatly enhanced.

Both reduced-iron and magnetite finely dispersed in
chars are strong catalysts for char gasification with
steam.



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:

e 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 vyield 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.

e 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.

e 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.

e 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.

e 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, CO»-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 was 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 L-valve 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 COz and H> at the expense of the CO and water vapour.
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However, the high steam and CO. 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
(750900 <C), with different gasification agents (air and oxygen) and feedstocks (10 Australian

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

e anarrower size distribution of the coal feed with little or no fines
e use of multiple efficient cyclones

e 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 CO- 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:

e 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.

e 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.

e The gas yield of CO and H: increased with increasing temperature and CO, concentration.
e Morwell char required around 6 s for complete conversion at 1000 <C and 20% CO..

e The yield of hydrocarbon contaminants decreased with gasification temperature increases. No
NH3 was detected at high temperature pyrolysis and gasification. By contrast, H.S 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 O 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 CO, 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 CO> 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 pm. 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 VV80v Fourier transform infrared
(FTIR) spectrometer and a Hyperion 2000 IR microscope, which offers high signal-to-noise ratios at
between 3-8 um 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 T with different heating rates, up to 150 <C/min, in No.

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 pm). The input CO2 gas flowrate between 0.25 and 1.5 L/min can generate CO>

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, CO:
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 CO; gas flowrate between 1.6
and 6.4 L/min can generate CO> 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:

. . m -m
Solid-phase carbon conversion: X(%) = W x 100
C.feed

Gas-phase carbon conversion: X(%) = FeoXcoztXena)x1z o 4

Mmc,feed+C0,
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Where mc f..q is the mass of carbon in the feeding inlet, m¢ 445 is the mass of carbon in solid

residuce collected from the outlet, X:o, Xc02, Xcna is the molar flowrate of CO, CO2 and CHg in

the outlet gas, mc feeq+co, 1 the mass flowrate of the carbon including the feed coal/char and feed

COz 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 Hz, Oz, N2, CO, CHs, and CO.. 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 NHs, HCN, and H>S emission level during gasification were measured three times respectively
using a Dr&ger-Tube during steady state. The concentration of NHsz, HCN, and H.S was averaged
from measurements and presented in the study. The measurement accuracy of NHs is & 10-15%,
HCN is £10-15%, and H>S 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-Ger&ebau 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 <T 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,
H20, N2, and SO», 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
(0.1°/step) over the angular range of 5 to 100 ° (260). 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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chars from the same brown coals, these groups were not completely removed until 1000 °C.
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1. Introduction

Coal currently provides40% of global electricity needs [1]. Brown
coals are of the lowest rank among the coals, but the vast reserves
of economically recoverable brown coal make it a large source of
fuel for several countries. Victoria has over 430 billion tonnes of
brown coal reserves, which account for over 20% the world’s low-
rank coal reserves. The shallow depth of overburden combined with
high coal to overburden ratio (between 0.5:1 and 5:1) make it one
of the lowest cost energy sources in the world [ 2]. The conversion of
brown coals into fuel can be carried out through different processes
such as pyrolysis, combustion, gasification, and liquefaction. As the
initial step in any coal conversion process pyrolysis is important,
accounting for up to 70% weight loss of coal [3]. 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.

During pyrolysis when the coal particle is heated up, functional
groups on the surface of coal decompose and generate gases such
as Hy, CO, CO4, CHy, and liquid products, leaving the char at the end
[4]. The gasyield and char characteristics are largely affected by the
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change of surface functional groups during pyrolysis of coal. Pyrol-
ysis process is influenced by several factors such as temperature,
heating rate, pressure and coal rank. These factors have a signifi-
cant effect on the char properties and kinetics of the devolatilization
process [3,5].

Studies are available on the loss of functional groups on coal
coalification process [6,7], oxidation [8], and drying process [9],
but on pyrolysis of Victorian brown coal, it is limited. Ibarra et al.
investigated the coal structure changes in peat and low-rank coals
during the coalification process using Fourier transform infrared
(FTIR) spectroscopy [7]. However, this study did not involve the
functional group change with temperature. Calemma et al. used
FTIR spectroscopy to study the chemical changes during dry oxi-
dation of a sub-bituminous coal at low temperatures from 200 °C
to 275°C [8]. Tahmasebi et al. used FTIR to study the chermnical
structure changes during drying of Chinese lignite in hot air [9].
Nonetheless, their study did not evaluate the loss of the functional
groups during pyrolysis.

In another study, Lin et al. studied the functional group transfor-
mation in a Chinese brown coal as a function of temperature up to
700°CinN3.The decomposition of aliphatic groups and release of a
large amount of oxygen-containing functional groups (heterocyclic,
phenclic hydroxyl, and crystalline hydrates) were observed when
temperature increased [10]. Zhang et al. investigated the chemnical
structure change of Victorian Loy Yang coal and Western Australian
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Table 1
Proximate and ultimate analysis of coal samples.

Items Yallourn Loy Yang Morwell Maddingley Thailand lignite
Proximate analysis (wt#)
Moisture (a.d.) 8.92 372 1117 6.63 5.34
Volatile matter (d.b.) 48.18 48.26 49.31 41.33 45.20
Fixed carbon (d.b.) 45.70 45.59 48.65 33.80 3.99
Ash{d.b.) 6.12 6.15 2.04 24.87 50.81
Ultimate analysis (d.b., wt¥%)
Carbon 66.35 66.15 60.42 40.08 23.19
Hydrogen 492 462 459 453 2.83
Nitrogen 0.39 0.64 154 0.32 0.95
Sulfur 0.30 0.31 0.86 1.66 4.00
Ash 6.12 6.15 2.04 2487 50.81
Oxygen (by difference) 21.92 2213 3055 28.54 18.22
a.d.=air dry basis, d.b. = dry basis.
Table 2

Collie sub-bituminous coal during fast pyrolysis to 600 °C. Aromatic
ring system in these coals was not found to significantly change
when the temperature increased to 600°C [11]. However, in their
studies, the functional group changes are measured from ex-situ
samples. In other word, coal samples firstly pyrolysed in a wire-
mesh reactor at a selected temperature, then cooled down to room
temperature before taking IR analysis, where the effect of cooling
on samples is unknown.

The results in the existing literature are mainly from ex-situlab-
oratory FTIR spectroscopy, where the sample was subjected to the
desired temperature in a gaseous environment and cooled down
before taking any measurement. For the laboratory based FTIR, coal
samples are required to be crushed to a fine size and dispersed
in a Potassium Bromide (KBr) disk and pressed at very high pres-
sure. Hence, a bulk of samples, not any single distinct particle, are
measured based on the assumption that particles are uniformly
dispersed in the disk [12]. However, because of the high pressure
applied during pressing the KBR pellet, the sample can also get
destroyed. Another limitation of laboratory-based IR is that sam-
ples only can be measured at room temperature, so functional
group changes during the pyrolysis process can not be directly
observed. In contrast, at synchrotron IR beam line a single parti-
cle can be focused, and functional group evolution can be tested as
a function of temperature in situ at high resolution. Thereby, the
variation and error from heterogeneous differences among par-
ticles can be detected, and more precise information on surface
functional groups can be obtained. Moreover, the synchrotron IR
is capable of observing the particle morphology change during IR
measurements [13]. Thus, in-situ synchrotron IR is a useful tool to
determine the decomposition steps during the pyrolysis process.

The application of in-situ FTIR on coal is limited to the determi-
nation of the strength distribution of hydrogen bond up to 500°C
[14], or the examination of spontaneous combustion at low tem-
perature [15-17]. There is one study to examine the decomposition
of the functional groups for Huolinhe brown coal up to 500°C[18].
They found the groups of methyl and carboxyl decomposed with
temperature, whereas the intensity of ester and anhydride initially
increased and then decreased. However, the application of in-situ
FTIR for the high-temperature pyrolysis of low-rank coals has not
been reported so far.

This study for the first-time presents information on the sur-
face functional group evolution during coal pyrolysis by in-situ
synchrotron IR. In this study, the effect of temperature on surface
functional group evolution of four Victorian brown coals and one
Thailand lignite during pyrolysis was investigated at the Infrared
Microscopy beamline facility at Australian Synchrotron. To further
explore the effect of char preparation temperature, chars pyrolysed
at700-1000°Cin adrop tube reactor were prepared in advance and
analysed in the same beamline.

Proximate and ultimate analysis of Yallourn and Maddingley char.

Fuel Pyrolysis Temperature ~ Proximate analysis (dry basis)
=C
e Volatile matter Fixed catbon Ash
Yallourn 700 17.79 72.45 976
800 8.29 83.37 8.33
900 5.18 84.28 1054
1000 8.18 81.63 10.19
Maddingley 700 16.24 4953 3421
800 13.08 5227 3421
300 10.91 53.44 34.63
1000 9.94 54.31 35.73

2. Experimental
2.1. Coal samples

Four Victorian brown coals (Morwell, Loy Yang, Yallourn, and
Maddingley), and a Thailand lignite were used in this study.
Thailand lignite is from the Mae Moh mine in Thailand. All sam-
ples were firstly air-dried and sieved between 20 p.m and 38 pm.
The proximate and ultimate analysis of the coal samples were given
in Table 1.

Coal chars of Yallourn brown coal and Maddingley brown coal
were also used to investigate the functional group evolution at dif-
ferent char preparation temperature. These coal chars are derived
from coal pyrolysis in a drop tube furnace at four different temper-
atures — 700°C, 800°C, 900 °C and 1000 °C. The proximate analysis
of Yallourn and Maddingley char pyrolysed at 700-1000°C is pre-
sented in Table 2.

2.2. Apparatus and procedure

In situ FTIR experiments were conducted using the infrared
Micro spectroscopy (IRM) beamline at the Australia Synchrotron.
The IRM beamline consists 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 and 8 pm
diffraction limited spatial resolutions. Because of this, the beamline
is perfect to analyse microscopic samples. In a specially designed
Linkam cell with BaF; window, the microscope attached to the
system allows to pick the particle of interest and focus on it to
obtain the information on a single particle during the course of the
experiment.

About 0.5 mg sample was used for each run in the experiments
and dispersed on BaF, disk. The sample chamber was initially
purged at 30°C for 10 minin a flowing nitrogen stream. Then these
were heated at the rate of 10°Cfmin up to 550°C, in the presence
of ultra-high purity nitrogen to maintain a pyrolysis atmosphere
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and prevent combustion. The transmission spectra were collected
by the acquisition of 100 scans at 100 °C intervals. After the sam-
ples had been analysed at 550°C, and these were cooled down to
room temperature at a rate of 10°C/min. At each run, at least four
particles were chosen for comparison.

To relate the functional group evolution to the stages of the
pyrolysis, the infrared spectra at each temperature is compared
with the weight loss measured by a thermo-gravimetric anal-
yser (Model STA 449 F3 Jupiter®, NETZSCH-Gerdtebau GmbH,
Germany). Under ultra-high purity N atmosphere, the tempera-
ture was raised to 200 °C at a slow heating rate of 5 K/min and then
to 1000°C at a heating rate of 10 K{min.

2.3, Data analysis

Since the majority of the functional groups were observed in
the wavenumbers between 1200 and 3700cm~1, this range was
chosen for data analysis. The spectral data were then analysed by
Bruker Opus 7.2 software. Based on the analysis method of Kirtania
et al. [12], the data were corrected for baseline and then the peaks
were identified.

3. Results and discussion
3.1. Chemical functional group identification of raw coals

The identification of chemical functional group from the room
temperature spectra of various coal samples was performed, and
the results were listed in Table 3 for comparison. The functional
groups listed were identified on the surface of the particles before
the in-situ pyrolysis started.

As shown in Table 3, chemical functional groups observed in
Thailand lignite were fewer than the Victoria brown coals. Only
four main functional groups were identified in the Thailand lignite,
and they are followed by alkyne (2100-2260 cm~1), C=0 stretching
(1700cm~1),CO0~ and aromaticring(1560-1490 cm~1), and cyclic
—CH; (1370cm~1). Compared to Thailand lignite, Victoria Brown
coals have more functional groups observed at the wavelength
between 3030 and 3700 cm~1. Furthermore, compared with other
3 Victoria brown coals, the aromatic C—H stretching (3030cm™1),
methyl (C—H) (2896 cm~!) was limited in the Morwell brown coal.

3.2, Thermogravimetric analysis of the pyrolysis process

Fig. 1 shows the thermogravimetric curves (TG and DTG curve)
during pyrolysis of the Victorian and Thailand coals. TG profile
shows the weight loss of the sample with temperature, and DTG
profile presents the derivatives of the TG profile, which represents
the weight loss rate as a function of temperature. Both these curves
provide a precise mapping of the thermal process of thesample. The
weight loss profile in Fig. 1 can be divided into two stages. The first
stage is the drying phase, occurring at 50-200 °C, where the mois-
ture within the sample is released. The pyrolysis mainly took place
in the second stage from 200 to 900 °C - termed as devolatilization.
This stage would form tar, light hydrocarbon, and char condensa-
tion because of the primary pyrolysis and secondary pyrolysis [21].
The third stage was of temperature over 900°C. There is no fur-
ther weight lost at this stage, and the curve becomes nearly flat.
Comparing Victorian coals and Thailand coal, the initial pyrolysis
temperature for all coals was similar up to 200°C. However, the
third stage of the Victorian coals started at a lower temperature
(800°C) than that of Thailand coal(at 920°C), as shown in the TG
curve in Fig. 1{a).

From the DTG curvein Fig. 1(b), firstly, a peak canbe seen around
95-175°Cin thedrying stage. In this stage, loss of adsorbed water in
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Fig. 1. Thermogravimetric curves of Australian and Thailand coals: (a) TG curve, (b)
DTG curve.

the sample is expected to release. Some coals may undergo reduc-
tion of oxygen-containing functional groups, including carboxyl,
hydroxyl, and carbonyl [22]. The oxygen-containing functional
groups are decomposed to generate carbon dioxide atelevated dry-
ing temperatures [23]. The second peak is at around 400°C during
the devolatilization stage. The general trend related to the func-
tional group change in this stage was discussed by Serio et al. [3]
and Solomon and Hamblen [24]. Firstly, depolymerisation hap-
pened on the weakest aliphatic bridges between aromatic and
hydro aromatic clusters to release hydrogen, or to increase the
aromatic hydrocarbon concentration, or to generate tar. During
the primary pyrolysis, CO4, CHg, H20 and light aliphatic gas are
released because of the decomposition of functional groups. Dur-
ing secondary pyrolysis, CHy, HCN, CO and Hz would be formed
from methyl groups, ring nitrogen compound, ether links, and ring
condensation, respectively. Based on these observations, the func-
tional group evolution during pyrolysis is further discussed in this
study. It is interesting that there is a DTG peak around 800°C for
the Thailand coal, not for other Victorian coals, which is due to the
mineral decomposition of silicon content present in the sample.
However, the surface functional group change is the focus of this
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Table 3

Functional groups identification of different coals.
Wavelength (an~!)  Functional Groups Thailand Lignite  Morwell coal Loy Yangcoal Yallourncoal Maddingley coal Reference
3700-3300 —OH and —NH stretching N Y Y Y Y [14,19]
3030 aromatic C—H stretching N Y N N N [19]
20955 asymmetric methyl (—CH3z) N N N N Y [91
2922 methylene (—CH,—) N N Y Y Y [9]
2896 methyl(C—H) N Y N N N [9]
2850 methylene (—CH,—) N Y Y Y Y [9]
2640 COOH dimers N N N N Y [14]
2509-3010 COOH dimers Y Y Y Y Y [20]
2370 atmospheric CO; interference Y Y Y Y Y [19]
2100-2260 alkyne Y Y Y Y Y [20]
1850-2000 alkene N N Y Y Y [20]
1772 esters, anhydrides second band N Y Y Y Y [6.8]
1748-1715 ester and aliphatic COOH N N Y Y Y [9]
1700 G=0 stretching Y Y Y Y Y [8,19]
1660 conjugated (=0, ketones N Y Y N N [6.8.9]
1560-1490 CO0=, aromatic ring Y Y Y Y Y [9]
1427-1437 CH3,CHz groups (bending) N Y Y Y Y [8]
1370 CH; symmetric deformation, cyclic—CH; Y Y Y Y Y [8,19]

Y- observed; N- not observed.

study, not the mineral decomposition. Hence it is not discussed
further.

3.3 Effect of temperature on in situ pyrolysis

Fig. 2(a) shows the evolution of functional groups on Thailand
lignite during in-situ pyrolysis using synchrotron FTIR. The fresh
sample shows the presence of functional groups such as alkyne at
2165cm™1, (=0 stretching at 1700c¢m~1, and COO~ faromatic ring
at 1577 cm~!, The intensity of these functional groups decreased
with the pyrolysis temperatures from 30 to 200°C, indicating the
loss of oxygen-containing functional groups with temperature in
the drying stage (stage 1). This also results in the decrease of
moisture holding capacity and spontaneous combustion tendency
[9,25]. These oxygen-containing functional groups progressively
lost with the increasing pyrolysis temperature to 550°C in the
devolatilization stage (stage 2). At 550°C, fewer alkyne, and (=0
stretching were observed, whereas, COO~ and aromatic ring at
1577 cm~1 were completely disappeared from the spectra. For
alkene at 1790cm~!, the intensity dropped significantly until
200°C and reached a plateau beyond that. At 550°C, most of the
functional groups became quite low or invisible. However, the peak
at CHy symmetric deformation and cyclic =CH; at 1370 cm~! were
not affected much by temperature. Alternatively, all the spectra
show a peak at 2300-2400 cm~! which represent gas phase CO>.
This peak appears consistently suggesting to be atmospheric CO,
but not the CO; released from the coal. As a result, this peak is not
discussed for other coals.

Fig. 2(b) shows the profile at which functional groups present
on coal either disappeared or their intensity decreased during
pyrolysis to 550°C. The arrows pointing above the curve indi-
cate that the functional groups are completely removed, whereas
the arrows pointing downwards indicate these functional group
still remain in coal but their intensities decreased with tempera-
ture. In the drying stage, most of the oxygen-containing functional
groups ((=0 stretching, and COO~ [aromatic ring) in the Thailand
coal decreased significantly from 30 to 200°C, suggesting the
removal of water. Interestingly, it also can be seen in TG and DTG
curve of Thailand coal, a sudden and substantial decrease happen-
ing at 112°C in the weight loss and weight loss rate, suggesting
devolatilization stage initiated from this temperature and volatile
released from this coal. The results indicate that alkene, alkyne,
(=0 stretching, and COO~ faromatic ring in Thailand are weakly
bonded functional groups and start decreasing at as low as 112 °C.
These functional groups gradually kept evolving with temperature

in the devolatilization stage and became of quite low concentration
or completely released by 550 °C. TGA curves also show a second
weight loss curve at 640°C, which is estimated to be from the
release of the strongly bonded functional groups—CH; symmet-
ric deformation and cyclic —CHs. This peak was not observed in
Victorian coals.

Fig. 3 shows the functional group change in Morwell brown
coal during in situ pyrolysis. The majority of the functional groups
present in Morwell coal decreased steadily with temperature. Dur-
ing the drying stage up to 200°C, hydroxyl groups at 3580 cm™!
decreased with the temperature, suggesting the removal of water
and the release of CO; from the decomposition of carboxyl func-
tional groups. In stage 2(devolatilization), The —OH stretching
vibrations at 3580 cm~! observed at room temperature vanished
from the spectra at 300°C. When the temperature increased to
400°C, the intensity of methylene stretching vibration (—CHy—)
at 2850cm~!, and bending vibrations of CHy and CHj groups at
1427 cn~! completely disappeared from the spectra. The peak due
to methyl(C—H) at 2896cm~!, alkyne at 2132 cm~!, esters and
anhydrides second band at 1772 cm~! were not observed at 500°C.
The intensity of conjugated (=0 and ketones at 1660 cm~!, and
COO- and aromatic ring at 1524 cm~! also became quite low at
500°C. The results suggest that Morwell coal requires relatively
low pyrolysis temperatures for the preparation of char.

Fig. 4 shows the functional group change in Loy Yang brown
coal during in situ pyrolysis. Loy Yang brown coal exhibits simi-
lar effects to Morwell brown coal shown in Fig. 3. The spectra at
room temperature show very weak intensity for hydroxyl groups
at 3447 cm~1 suggesting very low moisture content in the sample.
The spectra also show peaks for the symmetric and asymmetric
stretching of methyl —CH; groups at 2980, 2933, and 2850 cm~.
In the finger print region, the spectra show a range of functional
groups nitrile group at 2160cm~!, conjugated double bonds of
(=C=C at 1970-2015cm™! followed by (=0 functional groups of
esters and carboxylic and aldehydes at 1732, 1700 and 1660 cm~",
Further at lower wavenumbers the spectra shows peaks for epoxide
at 1245 cm~!, C—N stretching in secondary amides at 1370cm™",
alkyl bending vibrations at 1425cm~! and COO~ skeletal vibra-
tions at 1460, 1555 cm~! and benzene ring vibrations at 1505 cm~".
During pyrolysis, with an increase in temperature, the hydroxy!
groups were initially lost at 200°C in the drying stage. When
the temperature gradually increased in stage 2, alkyl stretching
vibrations disappeared from the sample at 300°C. At 400°C, the
hydroxyl groups disappeared from the sample. However, the func-
tional groups present in the fingerprint region did not show major
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Fig. 2. Effect of temperature on functional group evolution of the Thailand lignite: (a) IR spectrum (b) TG curve.

changes suggesting higher temperature isrequired for the removal
of these functional groups from the sample. At 550 °C, except =OH
stretching at 3580cm™!, and methylene (—CH;—) at 2922cm™1,
other groups were still found to be present in the spectra. This indi-
cates the temperature of 550 °C is not high enough for Yallourn coal
pyrolysis, as there are many functional groups left.

Fig. 5 shows the evolution of functional group during in situ
pyrolysis of another Victorian brown coal, Yallourn. The spectra
of the sample at 30°C shows peaks due to CHy groups at 2930
and 2850cm-! along with OH functional groups at 3565c¢m=1,
albeit, at a smaller intensity. In the finger print region, the spec-
tra show multiple peaks related to alkyne at 2153 cm~! and alkene
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Fig. 3. Effect of temperature on functional group evolution of the Morwell coal: (a)
IR spectrum (b) TG curve.

at 1968 cm~! C—C. When the pyrolysis temperature increased in
stage 1, the intensity of alkyne and alkene groups significantly
decreased. These observations suggest that the sample contains a
lot of unsaturated compounds present as volatiles in the sample.
During stage 2, with an increase in temperature, the methyl CH;
groups, and OH groups tend to disappear and completely removed
at 400 °C whereas alkene and alkyne functional groups leave the
surface steadily with temperature. Interestingly, the intensity of
the functional groups at 2032 and 1936 cm™! continuous to grow
with temperature and start to lose beyond 500 °C. These peaks can
be attributed to the presence or formation of nitrile and conjugated
C=C=Cfunctional groups. However, at 550 °C, the functional groups
at the whole wavelength of 1200-2400cm~! were still left, and
they were alkyne at 2100-2260cm~!, alkene at 1968 cm™1, esters,
anhydrides second band at 1772cm1, ester and aliphatic COOH
at 1748-1715cm~!, COO— and aromatic ring at 1560-1490cm™!,
bending CH3 and CH, groups at 1427-1437 cm~1, and CH3 symmet-
ric deformation and cyclic —CH> at 1370 cm~!. The results suggest
Yallourn coal also require higher pyrolysis temperature if complete
removal of functional groups on the coal surface is required.

Fig. 6 shows the in situ FTIR spectra on pyrolysis of Maddingley
brown coal. The room temperature spectra showed methylene CH,
groups at 2922 and 2850 cm~! but did not show any peaks due to
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Fig. 4. Effect of temperature on functional group evolution of the Loy Yang coal: (a)
IR spectrum, (b) TG curve.

surface hydroxyl or water peaks above 3500 cm ™1, suggesting very
low moisture content in the coal. In the finger print region, the spec-
tra show peaks at 2160 cm~1 which can be assigned to nitrile group
and 1859 cm~! for C=C=C conjugated double bonds in carbon. The
peak at 1679cm~! was assigned to C(=C mono, di or tri substi-
tuted bonds and 1550 cm~? or benzene ring vibrations. The peaks
at 1415cm=! are assigned to C=0 groups in carbonyl and skeletal
vibration of COO~ carboxylic functional groups and 1352 cm~1 C—N
stretching in amides. From the spectra, it can be observed the func-
tional groups remain intact until 300°C beyond which the peaks
tends to show a decrease in the intensity and majority of the peaks
displaced from the spectra at 550°C. In stage 1, the intensity of
hydroxyl at 3595cm™! slightly decreased, whereas the carboxyl at
2640cm~! was observed to be significantly decreased and com-
pletely disappeared at 200 °C, suggesting the removal of free water
and combined water. When the pyrolysis temperature increased in
stage 2, the hydroxyl functional group disappeared from the spec-
trum at 300 °C. Interestingly, the majority of the peaks including
methylene at 2922 and 2850cm™!, alkyne at 2160cm~1, alkene at
1859¢m1, and COO~ and aromatic ring at 1550 cm~? just started
to decrease from 300 °C onwards. With the increasing temperature,
the alkene and methylene functional group vanished at 400°C and
500°C, respectively. The spectra at 550°C show few more func-
tional groups remained in the sample suggesting higher pyrolysis
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Fig. 5. Effect of temperature on functional group evolution of the Yallourn coal: (a)
IR spectrum (b) TG curve.

temperatures are required for the removal of volatiles from the
Maddingley coal.

3.4. Effect of char preparation temperature

According to the results of the in-situ experiments, some func-
tional groups were still left at 550 °C. This is because the Victorian
and Thailand coals require temperatures over 900 °C for the entire
pyrolysis process to take place which can be seen in Fig. 1. Below
550°C, the primary pyrolysis is mainly taking place, whereas
secondary pyrolysis happens at a higher temperature. During
the secondary pyrolysis, the char would undergo ring condensa-
tion which will influence the char reactivity towards gasification
because of the inhibition of the edge carbon sites [3]. As a result,
char prepared at higher temperature was used here to investigate
the functional group change with temperature after 550 °C and the
relationship between char property and pyrolysis temperature. The
coal char was pyrolysed at various temperatures (700-1000°C) in
adrop tube reactor. The functional groups observed in the infrared
spectra of 700°C pyrolysis coal char (Yallourn and Maddingley)
were presented in Table 4.

As seenin Fig. 7,compared to the in-situ Yallourn char pyrolysed
at 500°C, more functional groups, hydroxyl at 3300-3700cm™1,
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Table 4
Functional groups of Yallourn and Maddingley coal chars pyrolysed at 700=C.

Wavenumbers Functional Groups Yallournchar Maddingley

{cm1) char
3700-3300  —OH and —NH stretching N Y
2370 atmospheric CO; interference Y Y
2100-2260  alkyne Y Y
1850-2000  alkene Y Y
1835 Benzene ring overtone Y N
1748-1715 ester, aliphatic COOH Y Y
1700 (=0 stretching Y Y
1660 Conjugated (=0, ketones Y N
1530 Benzene ring Y Y
1430 CH;,CH; groups Y Y

Y =observed; N=not observed.

alkyne at 2165cm™1, carbonyl at 1700 cm~!, ketones at 1660 cm ™1,
Benzene ring at 1530 cm~!, and CH3 and CH; groups at 1430 cm~1,
were found in the ex-situ Yallourn char pyrolysed at 700 °C. This
is likely due to tar from the coal pyrolysis condensing on the sur-
face of char when the temperature dropped to room temperature
[26]. Also, the secondary pyrolysis can contribute to the increase
in the concentration of the benzene ring at 1530cm~!, and CH;
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Fig. 8. Infrared spectra of Maddingley coal char pyrolysed at higher temperature.

and CHy groups at 1430 cm~!. CHs and CH; groups can be from
the cross-linking reaction between char and the secondary gas
(mainly CO and H3), and the Benzene ring can be from ring conden-
sation. When the temperature is increased to 800 °C, hydroxyl at
3300-3700 cm~! was lost in the spectra, suggesting more water is
removed at higher char preparation temperature. The peak sat the
wavelengthof 1430-2165 cm~! was alsosignificantly decreased. At
1000 °C, few peaks were visible, and the intensity was considerably
low, indicating Yallourn coal nearly lost all the surface functional
groups at this temperature. The reasons for this are: (i) high tem-
perature can accelerate the loss of the functional groups within
the samples (ii) high temperature is beneficial to the cracking of
tar from primary pyrolysis, leading to less volatile condensation
on the char surface; (iii) high temperature also can improve the
cross-linking reaction between char and primary gases towards
the decrease of the functional groups. The results also suggest the
high temperature canreduce thering condensation from secondary
pyrolysis. The condensation has an influence on the char reactiv-
ity towards gasification or combustion by eliminating carbon edge
sites [3]. To sum up, the general trend shows that higher prepa-
ration temperature can result in less-functional group char with
better gasification reactivity.

For Maddingley coal char in Fig. 8, a similar temperature effect
was found in the functional group changes. The intensity of all
the functional groups decreased, with the increasing temperature
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from 700 to 1000°C. This can be attributed to the tar cracking at
2 higher temperature in the secondary pyrolysis. At 1000°C, there
was no further peak to be observed, expect the atmospheric COy
at 2350cm~1. This also confirms that at 1000°C all the surface
functional groups were lost from the char.

3.5. Comparison of victorian and Thailand coals on surface
functional groups during pyrolysis

The in-situ synchrotron FTIR is used to examine the functional
groups change during the pyrolysis up to 550°C for four Victorian
brown coal and a Thailand lignite. The comparison of results for
these five coals on surface functional groups is given below:

+ Compared to low-ash (2.6%) Victorian brown coals, high-ash
(50%) Thailand lignite hasless functional groups at wavenumbers
of 2509-3700cm! (No alkyl and hydroxyl groups).

Relatively less functional groups were released from high-ash
Thailand lignite during pyrolysis.

Among the four Victorian brown coals, Morwell coal released
larger fraction of functional groups as observed during insitu FTIR
pyrolysis below 500 °C with only a fraction of functional groups
like conjugated C=0, ketones, COO~ and aromatic ring remaining.
In contrast, Loy Yang coal released very small fraction of func-
tional groups during pyrolysis although it has a wide variety of
functional groups among Victorian coals. No significant decrease
was found in the functional groups at the wavenumber of
2500-1200 cm~! below 550 °C. However alkyl functional groups
started their release beyond 400°C.

Compared to other low-ash (2-6%) Victorian brown coal the car-
boxyl group was solely found to be released in high-ash (20%)
Maddingley coal, and disappeared by 200 °C. Moreover, unlike
other coals, the alkyne group in Maddingley coal released and
disappeared between 300 and 400°C.

-

-

.

-

Also, there are some common and general changes on functional
groups found in the samples:

+ The hydroxyl of five Victorian brown coals started to decrease in
the drying stage below 200°C and disappeared at 300-400°C.

+ The peaks for alkyne in all coals initially decreased between
200 and 300°C, and significantly decreased with increasing tem-
perature. The alkyne peaks of Maddingley and Morwell coals
disappeared at 400°C and 500°C respectively. The other coals
still have alkyne functional groups above 500°C.

+ The functional group of cyclic—CH> is difficult to release in all
the coals, and the peak does not change at temperatures below
550°C.

+ By 550°C, a significant number of functional groups (carbonyl,
carboxylate, aromatic ring, CHz and CH; groups) remained in
samples, suggesting that Victorian brown coals and Thailand lig-
nite need to be pyrolyzed at a higher temperature. The ex-situ
FTIR results of Yallourn and Maddingley char verify that the func-
tional groups were completely released by 1000°C.

4. Conclusions

Thesurface functional group evolution of Victorian and Thailand
coals with temperature during in-situ pyrolysis up to 550°C was
studied using in situ synchrotron IR. For Thailand lignite, less sur-
face functional groups were found, compared to Victoria brown
coals. The group of the alkyne, alkene, (=0 stretching, and CO0O—
and aromatic ring started tolosefrom 112 °Cinthe drying stage and
were almost removed when the temperature increased to 550°Cin
the devolatilization stage. CH; symmetric deformation and cyclic
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—CH, is estimated to release from 640°C, based on the thermo-
gravimetric curves.

The intensity of all the surface functional groups from Victo-
ria brown coals decreased with temperature. During the drying
stage, the concentration of oxygen contained species — hydroxyl
and carboxyl- decreased due to the removal of water, with the
breakage of the weak bonds such as alkene and alkyne. When tem-
perature gradually increased in the devolatilization stage, more
functional groups started to decrease and gradually disappear.
More specifically, for Morwell coal, hydroxyl groups decreased sig-
nificantly at 200°C, and eventually vanished at 300°C. Methylene
and CH3/CH; groups didn't change until 200°C and got disap-
peared at 400°C. Regarding Loy Yang coal, hydroxyl decreased at
200°C and disappeared at 400°C. Alkyl concentration decreased
with increasing temperature from 300°C, whereas the methylene
decreased from 400°C and completely disappeared by 550°C. For
Yallourn coal, the alkene and alkyne gradually decreased with tem-
perature from 30 °C. Methyl CH; groups and OH groups decreased
from 200°C and disappeared at 400°C. By 550°C, the functional
groups over the whole wavelength range of 1200-2400cm~!
were still left. For Maddingley coal, carboxyl and hydroxyl groups
decreased significantly in the drying stage, and disappeared by
300+°C, respectively. However, for all Victorian brown coals, some
surface functional groups remained at 550°C, especially for the
groups at the wavenumber of 1700-1340 cm~1 (carbonyl, carboxy-
late, aromatic ring, CH3 and CH; groups), suggesting 550°C is not
high enough for the pyrolysis of Victorian brown coal.

The results from ex-situ char pyrolysed at 700-1000°C shows
the concentration of surface functional groups in the samples
decreases with the temperature since high temperature can accel-
erate the secondary pyrolysis, especially the cracking of tar. This
indicates a higher char preparation temperature as 1000°C can
advance the quality of chaar from Victorian brown coals with less
volatile {(mainly from tar condensation) and better reactivity.
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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% CO:> 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 CO, 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 CO. 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 CO 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% CO.. 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 (1000-1400C) 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
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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% CO- and 80% N 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 CO 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-Ger&ebau 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 pm.
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 pm.
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Table 1: Proximate and ultimate analysis of coal and char samples

Items YLcoal YLchar 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 N> 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 CO: at controlled flow rate was introduced into the reactor. After stable CO, 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-Ger&ebau 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 CO> gasification of char is the Boudouard

reaction, given below:

As CO is the carbon from char the gas phase, carbon conversion (X) is calculated by using the

following equation:

X(%) =

0.5X12Xco % 100 (E 1)
m

Where X, is the molar concentration of produced CO from char gasification, and m is the mass

of carbon in the feed coal. As the mass of carrier gas N2 is kept constant during the gasification

process, the X, can be calculated based on the given equation:

VN X/}
Xco = T fo (E2)
24.5Xy,

Where Vy, is the inlet flow rate of N2 in L/min, X, is the CO concentration of the produced gas,
Xy, 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 (Uy):

H
t= Up+Uy (E3)
2 _
U, = % (E 4)
4F,
o=t (E5)

Where x is the particle size (m), p,, is the particle density (kg/m3), pgis the density of reactant gas
(g/L), u is the viscosity of reactant gas (P1), F; is the total gas flow rate (m%/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:

__ThFgo
F, = Dfhe E6)

Where To is the room temperature (297.6K), T1 is the furnace temperature (K), and Fy , is the inlet

total gas flow rate at room temperature (m/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%
C02/80% N>).

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) Fyg(L/min) Up(mis)  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 vyield 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 vyield 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 vyield of Victorian brown coals. As the maximum
temperature, 1000 T (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 > Hi). 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 CO. concentration from 5 vol.% to 20 vol.%,
generated CO vyield increased from 1.52 L/g coal to 4.48 L/g coal., and the CO concentration on N2
and CO. free basis correspondingly increased from 92.87 vol.% to 94.91 vol.%. The carbon
conversion also went up by 15.16 % with input CO> concentration. As expected, carbon content in
gasified char decreased with the increase of CO: 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 CO> 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 CO. concentration, 20% CO. was chosen as the optimal

concentration for further experiments.
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Table 3: Gasification behaviour of YL char at various input CO, concentration and 1000 <C

Fuel YL char

Atmosphere 5%CO0; 10%CO: 20%CO:;
Temperature (C) 1000 1000 1000
Syngas yield (L/ g coal)

H:> 0.12 0.14 0.24
CcoO 1.52 242 4.48
Total 1.64 2.56 4.72

Syngas composition (N2 and CO; free basis, vol.%,)

H: 7.13 5.39 5.09
(6{0) 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) Fy(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 qgasified 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

Proximate analysis (wt%)

Ultimate analysis (d.b., wt%)

Fuel t(s) Moisture  Volatile matter Fixed carbon Ash c o N S O (by
(a.r) (d.b) (d.b.) (d.b.) difference)
YL char 0 0.59 7.61 79.71 12.68 86.46 045 0.2 0.21 0
YL1 5.7 0.48 10.38 73.45 16.17 82.71 041 0.48 0.23 0
YL2 11.6 0.24 9.68 65.79 24.53 7438 039 045 0.25 0
YL3 17.5 0.46 10.68 57.34 31.98 67.10 031 035 0.26 0
YL4 234 0.59 10.27 52.07 37.66 6142 032 0.32 0.28 0
MW char 0 3.01 9.94 82.93 7.13 84.73 275 0.46 042 451
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 81.76 159 0.71 0.46 416
MW3 16.1 1.64 7.05 70.57 22.38 71.01 142 0.74 0.47 3.98
MWA4 21.7 1.59 8.44 67.11 24.45 67.01 121 0.75 047 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%
CO; at 800 € using a TGA. The comparison was based on tso, the time needed for 50%
carbon conversion. As expected, the tso of YL gasified chars also increased by 14 mins when
the gasification time increased from 6s to 23s. The tso of MW gasified chars increased by 9
mins (48%) with the increasing gasification time from 5s to 22s. This considerable increase
in tso 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.
100 ~
80
c
o
‘B 60
o
>
z | A& W
8
= 40 >0
o
2 —=—YL1 (6s gasification char)
8 —®—YL2 (12s gasification char)
20 + —4A— YL3 (18s gasification char)
—w¥— YL4 (23s gasification char)
0 T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70
Time (min)
100+ (B) MW
80
g
2
c 60
o
3 R
] 50
>
S 40-
Q —a&— MW1 (5 s gasification char)
_§ —— MW?2 (11 s gasification char)
55 20 —A— \MW3 (16 s gasification char)

—w— MW4 (22 s gasification char)

0 10 20 30 40 50 60

Time (min)

Figure 3: Comparison of carbon conversion of progressing gasification of the YL and MW
chars at 90% CO; 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% CO,/80% N, 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% CO,/80% N, 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 CO- 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, H> gas yield also increased from 0.19 L/ g coal to 0.29 L g coal, and H>

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-CO; 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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CO2/80%N, at 1000 T

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 <. 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 COz. 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 1pm).
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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 CO> 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% CO- 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 <€. Entrained flow gasification behaviour at high
temperatures (>1000 <€) 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 COz 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 CO, 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 CO> 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 (H>S,
HCN, and NHa). In particular, the following information is generated:

e gas composition and carbon conversion under different pyrolysis and gasification conditions,
e emission of HxS, HCN, and NHs during direct and two-step gasification at different

temperatures and CO2 concentration,

e 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 CO. concentration increased CO
concentration and carbon conversion. Higher temperature increased H>S and HCN emissions, but
higher CO> concentration decreased the H>S 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 H> and more
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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 NHs emissions were detected during the entrained flow gasification but HCN and HzS

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
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that high CO. 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 CO> 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 CO> 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 CO> 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 H»S 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 pm 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
Al;03 15.24 22.11 1.75
BaO 0.02 0.01 0.28
CaO 9.24 2.05 8.29
Fe203 20.55 411 51.59
K20 0.08 0.61 0.18
MgO 7.58 5.51 17.69
Na.O 8.92 7.87 5.78
SOs; 19.02 7.41 12.55
TiO; 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 Dré&ger tubes for pollutant gas emission and a micro-gas chromatograph (Varian
490-GC) for composition of the major gases - Hz, 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 COa. (2) direct coal gasification, oven-dried coal samples were directly
gasified with CO,. The experiments were conducted at various input CO2 concentrations (10-40
vol.%) and temperatures (1000-1400 <C), to investigate the effect of input CO, 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 CO; at controlled flow rate was introduced into the reactor. After the CO, 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 Hz, CO, N2, CH4, and CO.. The Micro-GC data in the steady state operation
were collected and presented here. The NH3, HCN, and H.S level during gasification process were

also measured three times respectively using Dr&ger 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.

I
20 !
|

Steady State Operation

)

Gas composition (vol.%)

0 10 20 30 40 50 60

Time (min)
—8—H; -0 —4A4—CO —vCO2

Figure 1: Typical gas composition profile of gasification for LY char at 1200 <T and 20 vol.% CO; in N;
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 N»-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(M]/m3) = xpy, X 10.78 + x¢o X 12.63 + xcpy X 35.81 (E1)

HHV(M]/m3) = xpyp X 12.76 + xco X 12.63 + xcys X 39.75 (E2)
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Where x¢o, Xco, Xcua 1S gas concentration of CO, CO, and CHa, 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(%) = w X 100 (E 3)
C,feed
Gas-phase carbon conversion: X(%) = Zeot¥XcratXcosou=Xeoam)12 1) (E 4)

mc feed

Where mc f..q is the mass of carbon in the feeding inlet, m¢ 4y, is the mass of carbon in solid
residuce collected from the outlet, X¢o, Xco2 oue» Xcra 1S the molar flowrate of CO, CO2 and CHa
in the outlet gas, X¢gy,in IS the molar flowrate of COy2 in the inlet, m f..4is 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 NHs, HCN, and H.S level during gasification process were also measured three times
respectively using Dr&yer tubes during steady state. The concentration of NHsz, HCN, and H2S was
averaged from measurements and presented here. The measurement accuracy of NHsz is +10-15%,
HCN is % 10-15%, and H.S 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 H>S

(- 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 pm) 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 H> 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 CO>
correspondingly decreased. The concentration of CH4 and CO; 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 CO> 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 COz (R4)
above 1000 <T [19, 20].

Boudouard reaction: Cis) + €O, — 2C0 (R1)
Pyrolysis: Coal re H, + CO + CO, + CH, + others (R2)
Steam - methane reforming: CH,+ H,0 - CO + 3H, (R3)
Dry methane reforming: CH,+C0O, - 2C0 + 2H, (R 4)
Reverse water-gas shift reaction: CO,+ H, » CO+ H,0 (R 5)

These are endothermic reactions and their rates increase with an increase of temperature, which
results in the increase of the H> and CO yield and the corresponding decrease of CO. and CHj yield.
[21]. When the available CO2 and H.O are completely consumed, the Hz and CO vyield 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/m® (LHV) and 12.7-13.6 MJ/m*® (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% N, 1009% N, 100% N, | 100% N, 100% N, 100% N, [ 100% N, 100% N, 100% N,
Temperature (<C) 1000 1200 1400 1000 1200 1400 1000 1200 1400
Gas composition (N, free basis, vol.%)

H: 46.75 51.35 52.25 50.28 58.95 59.35 48.52 53.72 53.78
(6{0) 45.57 48.52 47.75 36.72 39.99 40.65 43.66 45.4 46.22
CHa4 2.95 0.11 5.40 0.64 4.90 0.88

CO: 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/m®) 11.85 11.70 11.66 11.99 11.63 11.53 12.50 11.84 11.64
HHV (MJ/m®) 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 1.47 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.% CO: 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 CO: gasification, and CO
concentration and CO/H: ratio on N2 & CO: 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 Hz 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.% CO..
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Figure 2: Effect of temperature on gasification behaviour of MD, LY, and YL char at 20 vol.% CO:: (A)

syngas composition, (B) solid-phase carbon conversion

3.1.2.2 Effect of input CO; concentration

To investigate the influence of input CO», the char generated at 1200 <C were gasified at the same
temperature under a variety of input CO> 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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CO, : C ratio = —Cozinput (E5)

Cfeed

Where N¢o inpue 1S the molar flowrate of the input CO2 in mol./min, N¢ .4 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
CO: from all sources convert the carbon fed in coal or char to CO.

Figure 3 shows the influence of CO/C ratio on gas composition and carbon conversion. As is
evident, enough CO. was fed based on the CO>/C ratio (>1), the input CO2 showed a positive effect
on gasification performance of three Victorian brown coals with the increasing CO>/C ratio. When
COo/C ratio increased from 1.4-1.8 (10% CO,) to 5.5-7.1(40% CO>), CO concentration and carbon

conversion significantly increased by 1.6-3.4% and 5-16%, respectively.

The optimal input CO> at 1 CO>/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-CO, reaction rate at a given
temperature because the reaction rate is proportional to the CO> 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 & CO; free basis makes up 98-99%, and H. concentration accounts for 2-0.4%.

It was found that YL char reached a high carbon conversion (95.48%) at a CO./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 CO> input as 40% CO- and at 1200 <C, but LY char requires

a higher COz input for complete conversion.
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Figure 3: Effect of CO,/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%CO32) 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 pm) under 20% CO: 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.% CO.: (A)

syngas composition, (B) solid-phase carbon conversion.

3.2.2 Effect of input CO2 concentration

To investigate the influence of input CO>, 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 CO. 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 CO>/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 CO./C ratio). In addition, the carbon conversion increased from 85-99% (1.1-1.2 CO./C ratio) to
95-100% (5.1-6.7 CO>/C ratio).This is because the increased input CO> 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 CO: YL>
MD> LY. The results show that increased input CO. improves CO concentration and carbon
conversion of Victorian brown coals because higher input CO> increases char gasification reactivity.
A comparison of the effect of input CO. on carbon conversion between direct and two-step

gasification is presented in section 3.3.
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Figure 5: Effect of CO./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 H>. 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: Ny (%) = —2— x 100 (E 6)
VcotVhHz

Two-step gasification: Ny (%) = Vx %X 100 (E7)

Vco,s1-+VH2,s11tVcHa 51tV co,52-1VH2, 52

Where VX is the gas yield of the gas species of X in L/ g coal, Vco and Vw2 is the gas yield of CO
and Hz in L/ g coal; Vgp 51, Vyz,s1, and Veyg siare the gas yield of CO, Hz and CHa4 during coal
pyrolysis in L/ g coal, V¢o s, and Vy, s, the gas yield of CO and Hz 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% H> at 1200-1400<C. Of these, coal pyrolysis contributed to almost
all Hz> 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 H> yield during direct
gasification almost equalled the increased CO vyield. The results indicated that during direct
gasification, the reverse water-gas shift (R5) occurred at 1200-1400 < which converted H, 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
CHa reacted with CO2 from pyrolysis or environment to generate more CO and Hz, 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% CO:

Two-step gasification

Direct gasification

Fuel Tem?%iature _ Coal pyrolysis  Char gasification Total gas yield
H. (%) CO (%) To(tﬁ'/gif);’l')e'd H2(%) CO (%) Hz(%) CO (%)  (L/gcoal)
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

Equilibrium
Fuel Temperature (<€) :
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 CO, 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 CO/C ratio increased from 1.1-1.8 (10 vol.% CO) to 5.1-7.1 (40 vol.% CO>), their
differences in overall carbon conversion decreased from 3.6% to 0.4% for MD coal, decreased from
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2.3% t0 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 CO/C ratio of 1.1-1.4 (10% CO>), but MD and LY coal
required a higher CO./C ratio of more than 5.2-7.1 (40% CO.) 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 H> and more CO in the product
gases. Moreover, the decreased H2 yield almost equalled the increased CO vyield. It was very likely
that the reverse water-gas shift reaction occurred during direct gasification in which CO; reacts with
H> from coal pyrolysis to form CO. The dry methane reforming was also very likely to occur during
pyrolysis and CO: 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),
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3.4 NHs, HCN, and H>S release during gasification

N and S are the major pollutant-forming elements in coals. NHzand 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 H.S from MD, LY, and YL coal during gasification was measured by Dr&yger tubes under the
two different gasification processes, over a range of temperature (1000-1400<C) and CO:

concentration (10-40 vol%).

3.4.1 Effect of temperature

The influence of the temperature on the H>S emission of three Victorian brown coals at 20%CO: in
N2 is shown in Figure 7 (A), (B) and (C). As is evident, for two-step coal gasification, the H,S
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 Dra&ger tube-200 ppmv. However, the H>S emission of LY and YL coal slightly increased with
temperature increasing from 1000 <C (116 and 11 ppmv, respectively) to 1200 <T (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 <T. However, the thermally stable sulphur is not
released until 1000 <C. Therefore, this increase of H>S 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 H,S 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 H>S emission of MD and LY
coal decreased to 180 and 64 ppmv, respectively. This is attributed to the gas phase reaction between
produced H.S and CO, from pyrolysis (R6) [15, 25].
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Compared to two-step gasification, direct coal gasification showed lower H>S concentration in the
gas phase. This is because more gas-phase reactions get involved especially for reaction 8 which
decrease the H»S gas concentration by reacting with the CO, 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 H-S is derived from the sulphur in coal.

The influence of temperature on HCN emission at 20% COz in N2 is shown in Figure 7 (D), (E) and
(F). As seen, like the H>S 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 Dré&yger 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
CO- on the formation of HCN where CO> 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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3.4.2 Effect of input CO>

The influence of input CO2 on H,S 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 CO> has a significant
effect on H2S emission during char gasification. For three Victorian brown coals, they have a similar
trend of HxS emission. The H,S 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 H,S and CO: (R6).

Like two-step coal gasification, the H.S 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 Dré&ger tube-200 ppmv. This reduction confirmed, to some extent, that
increasing CO> concentration can shift the H>S-COS equilibrium of R6 to the products side. Overall,
it can be concluded that higher CO2 concentration inhibits H>S emission during entrained flow
gasification.

Figure 8 (D), (E) and (F) show the influence of input CO. concentration on HCN emission from
three Victorian brown coals at 1200 <C. As seen, for two-step coal gasification, the CO, has a
significant effect on HCN emission during char gasification. The HCN emission decreased steadily
for all three Victorian brown coals when input CO> 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 CO. concentration, due to the inhibition by COx. Interestingly,
for LY coal, the HCN concentration remained steady at 29-30 ppmv. The result shows the CO;
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 CO; on the gas concentration of the H,S and HCN during direct and
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However, no NH3z was detected during coal pyrolysis and gasification experiments. There are two
reasons for this result. Firstly, the majority of NHs 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 NHs [17]. In addition, the absence of NH3z can arise from the secondary gas-

phase reactions between NHz and CO> from coal pyrolysis or gas inlet (R7)-(R9) [30] are following:

2NH; + CO, & NH,COONH, (R 7)
2NH; + CO, + H,0 & (NH,),CO05 (R 8)
NHs + CO, + H,0 & NH,HCO; (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 COo, resulting in lower NHs.

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 H>S 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 CO; 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 pm.
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% CO>, and 40% COx.
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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 (Dso) of MD, LY, and YL
chars generated at 1000-1400 <C was in the range of 91-105 pm which is almost the same as the coal
particle size (90-106 pm). 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 pm. 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 Dso 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
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temperature. At 1400<C and 20% CO., the SEM images of MD and YL gasified chars in Figure 11

show that average particle size dramatically decreased to ~50 pm and the majority of particles were

small ash particles (< 10 pm), 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.
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Figure 11: SEM images of MD and YL gasified chars at 1400 <C and 20%CO:..

Figure 12 presents the influence of CO> 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% CO., Volume mean diameters (Dso) of MD and YL chars decreased steadily by 30.2% and
64.7%, respectively. This decrease is attributed to the positive effect of increased CO> concentration

on carbon conversion. More carbons are converted, smaller particle size becomes.
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Figure 12: The influence of CO concentration on particle size distribution of MD and YL char at
1200 <C during char gasification. In the figure, the Dso ( volume mean diameter) was presented for
chars prepared at 1200 <C, and gasified chars at 10% CO,, 20% CO,, and 40% CO..

Interestingly, the effect of temperature and CO> 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 CO. 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% COo.

4  Conclusions

This study investigated the influence of temperature and input CO> 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 CO> 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 H> 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 H»
/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 H>S emission as
evident from the results of two-step gasification. Higher temperature increased H»>S and HCN
emission because of the thermal decomposition of stable sulphur and heteroaromatic ring systems in
coal. However, Higher CO> concentration reduced the H>S and HCN emission due to the gas phase
reaction with CO,. Compared with two-step gasification, direct coal gasification released less H,S
and HCN. Interestingly, NHs was not detected during pyrolysis and the gasification experiments.
Given the high-level emission of H>S 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 H>S emission. In contrast,
char gasification resulted in around 35% carbon conversion, 20-50% HCN emission and very little

H2>S 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 NHz emission
during the entrained flow gasification. However, the emission of HCN and H>S is still high in the
ppmv level. It is clear that 1200 <T temperature is sufficient to achieve high carbon conversion for
the Victorian brown coals tested in this study for gasification using CO> 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 CO: 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 CO> in the
entrained flow reactor. The low temperature (700-900 <€) chars and gasified chars were generated
from low temperature entrained flow gasification experiments described in Chapter 5, and the high
temperature (1000-1200 <€) 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. Al20s, CaO, Fe203, MgO,

SiOz 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 <€, was conducted in N2 by using the low temperature entrained flow reactor in Chapter 5,

and the high temperature pyrolysis, 1000-1400 <€, 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 <€ after 6 hours combustion in a muffle furnace. The ash
fusion temperature of the coal was measured by SGS Australia according to 1ISO 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% Fe2Oz in coal ash;
Maddingley (MD) coal was rich of Fe, Si and S with around 20% Fe>O3, SiO», and SOs respectively;
and Loy Yang (LY) coal was Si-rich with 47.16% SiOx.

Table 7.1: Ash compositions of Yallourn, Maddingley, and Loy Yang coal (%)

Items Yallourn Maddingley Loy Yang
AlO; 1.75 15.24 22.11
BaO 0.28 0.02 0.01
CaO 8.29 9.24 2.05
Fe:03 51.59 20.55 4.11
K20 0.18 0.08 0.61
MgO 17.69 7.58 5.51
Na.O 5.78 8.92 7.87
P.O3 ND ND ND
Sio2 1.36 19.02 47.16
SO3 12.55 19.02 7.41
TiO; 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 ( ) >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.
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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*

Mineralogical Composition

Sample Dominant Co-Dominant Sub-Dominant Minor Phase(s)
Phase(s) Phase(s) Phase(s)
Coal Ash Fes04 CaS0;,
700<C char Ash CaSO, SI0;
F6304
800<C char Ash SiO; CaS0q, Fes04
900 <C char Ash SiO, CaS0, Fes04
1000AC(S:hChar S|02 CaSO4 Fe304
1200<C char Fe O3
Ash CaS0O, Fe304 A|28i05 MgA|2O4
1400<C char Fe,O3
Ash CaS0, Fes;04 AleIOs MgAI204

*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*

Mineralogical Composition
Sample
Dominant Phase(s) | Co-Dominant Phase(s) | Sub-Dominant Phase(s) | Minor Phases(s)
. Fe304
Coal Ash CaS04 SiO, Fe,0s
700<C char Ash sio, Caso; Fe:0s
Fes04
800<C char Ash Sio; CaSO, Fe0;
Fe304
900<C char Ash sio, Caso; Fe:0s
Fes04
1000<C char Ash Sio; CaSO, Fe0;
Fes;04
1200<C char Ash SiO; CaSO, E63O4
€03
. Fe.0O3
1400<C char Ash CaSO04 Fes04 SiO, ALSi,Ox
*Listed in decreasing order of X-ray peak intensity
Table 7.5: Mineralogical composition of LY coal ash and char ash samples by XRD*
Mineralogical Composition
Sample Dominant Co-Dominant Sub-Dominant Trace
Phase(s) Phase(s) Phase(s) Phase(s)
. CaSOq
Coal Ash SiO, Fe,0s
CaS0O,
1000<C char Ash SiO; CaAl,Oy
Fe,O3
CaS04
1200<C char Ash SiO; CaAl,Oy
Fe O3
CaS04
1400<C char Ash SiO; CaAl,Oy
Fe,0Os3

*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 (AG) and enthalpy (AH) as listed in Table 7.6. AG 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

. AG (kJ) AH (kJ)

Reactions

1000°C 1200°C 1400°C 1000°C 1200°C 1400°C
SiO,+ Al;,O3 = AlLSiOs (R7.1) -2.48 -1.86 -1.32 -6.59 -6.23 -5.43
2Fes304 + 0.5 O, = 3Fe,03 (R7.2) -70.02 -42.66 -14.89 -243.31 -245.6  -249.03
Fes04 = 3FeO + 0.50, (R7.3) 162.21 140.91 117.73 297.66 298.32 394.66
3Fe;03 + CO= 2Fe304 + CO; (R7.4) -102.17 -112.42 -123.22 -38.37 -34.97 -30.54
Fe,03 + MgO = MgFe,0,4 (R7.5) 9.07 15.9 22.95 -33.07 -35.48 -36.49
CaS04=Ca0 + S0, + 0.50, (R7.6) 153.09 103.27 54.95 475.12 464.99 448.86
CaS0O4 + CO =Ca0 + S0, + CO, (R7.7) -19.09 -51.82 -83.17 193.61 184.42 169.29
2Ca0 + SiO; = Ca,Si0y (R7.8) -131.24 -137.19 -143.32 -93.91 -92.71 -91.37
Ca0 + MgO + SiO; = CaMgSiO, (R7.9) -107.61 -107.26 -107.03 -110.24 -109.42 -108.35

Ca0 + Al,03 + 2Si0; = CaAl,Si;0s  (R7.10) -131.64 -135.62 -139.86 -106.98 -105.39 -103.18

As one Fe-rich coal, the FesOs 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 SiO. became the dominant phase in char at 800-1000 °C. However, when the temperature
increased from 1200 °C to 1400°C, the intensity of SiO. peaks significantly decreased while the
intensity of Al>SiOs peaks increased. This change may be a result of Al>O3 reacting with the SiOa.
The Fe304 peaks were found in YL chars at 700-1400 °C. Interestingly, the Fe.O3 peaks were found
at 1200-1400 °C and the intensity increased with temperature, which may be a result of the oxidation
of Fe304 (R 7.2). It is clear that the decomposition of FesOsas 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 CaSO4and SiO2 were found to be the dominant phase in raw coal. In contrast to
YL, in which no Fe2O3 and only the FesO4 was observed in the raw coal and low temperature chars
(700-1000 °C), both the Fe>O3 and FesO4 peak were observed in MD coal and chars (700-1400 °C).
At 1200-1400 °C, with increasing temperature, the intensity of Fe>Os peaks decreased but the
intensity of FesO4 peaks increased. This change can be associated with the reaction (R 7.4) between

Fe2Ozand CO from pyrolysis. Similar to YL, the intensity of SiO, 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 SiO; peaks dramatically decreased while the intensity of Al>SiOs peaks increased

possibly because of the reaction between SiO; and Al2O:s.

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 SiO; intensity. For LY samples, it was found that the SiO- 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% SiO,.

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
Si0O; (Quartz) ]
i SiO; (Quartz) )
CaS0; (Anhydrite) i Si0O; (Quartz)
) CaSO. (Anhydrite)
Fes0. (Magnetite)
Mineral Reactions
1000—-1400 °C 1000-1400 °C
SlOZ + Ale3 _— AlelOS 3F6203 + CO _— 2Fe304_ + COZ nd
1200-1400°C 1000-1400 °C
Fe304 +0502 _— 3 F8203 5102 + Al203 _— AlelOS nd

n.d.: not detected

7.2 Mineral transformation during char gasification

This section presents the mineral transformation during char gasification in CO.. The gasified chars,
generated from low temperature (700-900 <€) entrained flow gasification in Chapter 5, and the
gasified chars, generated from high temperature (1000-1400 <€) 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 <€) were generated in N2 using the low temperature entrained flow
gasifier. The high temperature chars (1000-1400 <€) 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%o

Fuel Pyrolysis Temperature(C) VM FC C H N S O  Ash

700 173 71.05 73.04 246 087 035 11.63 11.65
800 825 8324 7268 263 0.82 029 15.07 851
YL 900 517 8425 771 189 071 029 943 10.58
1000 11.50 80.6 83.17 142 061 039 651 7.90
1200 6.14 86.28 88.62 124 0.78 0.34 144 7.58
1400 514 89.01 89.28 082 0.66 030 3.09 5.85
700 16.25 49.53 7497 1.26 0.57 0.26 0 34.22
800 13.08 52.27 53.46 159 0.62 3.67 6.01 34.65
MD 900 10.90 54.44 5235 132 0.61 4.07 6.99 34.66
1000 19.56 51.84 59.86 1.09 045 535 465 28.6
1200 17.68 50.13 6134 136 044 445 022 3219
1400 8.62 6199 6348 135 048 5.30 0 29.39
1000 892 7993 7094 138 0.68 0.71 15.14 11.15
LY 1200 747 7734 7222 124 056 0.57 10.22 15.19
1400 574 7695 7446 087 059 043 634 1731

*: by difference
The gasified chars generated from entrained flow gasification (700-1400 <€) were burned at 550 €
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 <€, 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*

Mineralogical Composition

Sample Dominant Co-Dominant Sub-Dominant Minor
Phase(s) Phase(s) Phase(s) Phases(s)
Coal Ash FesO4 MgFe204 CaS0O4
. Fe304/ MgFe204 MgSO4
700<C Ash Si0; CasSO, NazSOs
. CaS0q MgSO.
800°C Ash SI0: FesO4/ MgFe;0s Na,SO4
CaS0,
900<C Ash SiOz Fe304/ MgFe204 Na,SO4
MgSO,
. CaS0,
1000<C Ash SiO, Fes0u/ MgFe:0s Na,SO4
. Fe304/ MgFe204 .
1200<C Ash SiO, CaSO. Ca,SiO4
Ca,SiO4
1400<C Ash FesO4 MgFe204 CasO,

*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*

Mineralogical Composition

Sample Dominant Co-Dominant Sub-Dominant Minor
Phase(s) Phase(s) Phase(s) Phases(s)
Coal Ash CaS0, SiO; Fe,O3
. CaS0Oq4
700<C Ash SiO, Fe,0s
. CaS04
800<C Ash SiO; Fe,0s
. CaS0Oq4
900<C Ash SiO, Fe,0s
1000<C Ash Si0, CaSO. Fes0/MgFe,04 CaMgSiO.
Fe,03
CaS04
1200<C Ash SiO; Fe304/MgFe;04 CaMgSiO4
Fe,O3
. Fe304/MgFezO4 CaS0q,
1400<C Ash SiO; Fe 03 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*

Mineralogical Composition

Sample Dominant Co-Dominant Sub-Dominant Trace Phases(s)
Phase(s) Phase(s) Phase(s)

Coal Ash SiO; (Iizzfg:
ooTAh | so; Con 5101
1200<C Ash Si0; (':\I:AAIIZSSiiz%sB
wocAn | sion Con 5101

*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 <. Anhydrite was found to be chemically stable from 700 <€ to 1000 <€ in gasified char

ashes of YL and MD. However, above 1000 <€, with the increasing temperature, the intensity of

CaSO0q4 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 CO. gasification.
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At 1200-1400 <, the calcium made by above reactions reacted with other available species to form
bredigite (CazSiO4) in YL gasified char ashes, form monticellite (CaMgSiO4) in MD samples, and
form anorthite (CaAl>Si2Og) 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 € 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%
Si0O). Quartz will undergo structure transformation with increasing temperature, converting from
trigonal a-quartz to hexagonal B-quartz at 573 <€, to hexagonal p-tridymite at 870 <€, and to cubic -
cristobalite at 1470 <€. Despite the thermal structure change, quartz is generally chemically stable to
at least 1000 <€ [82]. In the YL and MD gasified ash samples, quartz was stable at 700-1000 <€ and
still present at 1200 <€ in all samples. However, at high temperature, >1000 <€, 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 SiO; at high temperature in
Morwell and Loy Yang coal during gasification in CO [75, 78].

Magnetite, FesOs, and Magnesioferrite, MgFe204, 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%
Fe>Os respectively, members of magnetite- magnesioferrite series were the major mineral phase in
all YL ash samples from coal and gasified chars at 700-1400 <€, and also presented in MD ashes
from gasified chars at 1000-1400 <€. It was found that the intensity of Fe3O4/ MgFe>O4 peaks in YL
and MD ashes increased with increasing temperature at 1000-1400 <€. The results indicated that only
Fe304, not MgFe2O4, could be formed at high temperatures. It can form from the reduction of

hematite (Fe203) by CO which is discussed in the following content.

Hematite (Fe2Os3) was a major mineral phase in MD coal ash, and it was presented in its ashes from
chars gasified at 700-1400 <€. The Fe>Os was chemically stable at low temperatures, 700-900 <.
However, with the increasing temperature, the intensity of Fe.O3 peaks significantly decreased and
the intensity of FesO4/ MgFe,O4 peaks, by contrast, increased. According to Table 7.6, the formation
of MgFe204 (R 7.5) is impossible at high temperature due to thermodynamic limitation. Therefore,

this change can be rose from the Fe,O3 reacting with CO from CO> gasification, reaction (R 7.4)
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Bredigite (Ca,SiO4) forms at 1000-1200 €€ 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% Na>O. Some research
found that low-sodium ashes, such as Beulah-Zap lignite and Morwell coal, formed Ca,SiOs, 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 Temperature Predicted (°C) Melting  point
0,
Formula coal 700 800 900 1000 1200 1400 ©O)
Albite NaAlSi3Os 3 3 3 1100
Anhydrite CaS0O, 1,23 12 12 12 1.2 1,2 1,2 1450
Anorthite CaAl;Si,Og 3 3 3 1274
Hematite Fe,O3 2,3 2 2 2 2 2 2 1538
Larnite Ca,SiO, 1 1540
Magnesium
Eerrite MgFe.04 1 1 1 1 1,2 1,2 1,2 1713 [84]
Magnesium
Sulfate MgSO4 1 1 1 1124
Magnetite FesO4 1 1 1 1 1,2 1,2 1,2 1590
Monticellite CaMgSiO, 2 2 2 1503
Quartz SiO, 2,3 12 12 12 123 123 23 1670
Sodium sulfate Na>SO4 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 €€ and 1400 <€, 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 CO>
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
CaxSiOs4 (1540 °C), CaMgSiOs4 (1503 °C), and CaAl2Si2Og (1274 °C) decreased the operating
temperature required for the liquid slag formation and reduced the operational cost. By contrast, the
formation of Fe;04 with high melting point (1590 °C) at 1000 -1400 <€ 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 <€, mineral reactions of Fe

containing minerals in YL and MD samples are quite different. More FesO4 from the decomposition
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of Fe2Os was formed in YL samples, but more Fe;Os was formed in MD samples because of
oxidation of Fe3O4. Suzuki et al. found that a lower oxidation state of iron, FesOs, seems to be more
reactive than Fe>Oz 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
1000-1400°C 1000-1400°C 1000-1400°C
CaSO4+CO _— CaO+SOz +C02 CaSO4+CO —— CaO+SOZ +C02 C30+A1203+25102 — CaA1231208
1200-1400°C 1000-1400°C
2Ca0+S5i0, —— Ca,Si0, Ca0+Mg0+Si0, ——— CaMgSi0,
1000-1400 °C 1000-1400 °C
3F9203+CO _— 2F9304+C02 3FeZO3+CO _— 2Fe304+C02

7.3 Modelling of mineral transformation during coal-CO: 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%
CO.. Based on the experimental coal feeding rate (1 g/min) and inlet gas flow rate (3.2 L/min CO>
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, CO,, 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

Temperature (C)

Phase Inorganics Matters (wt%«
gant WE%) 00 800 900 1000 1200 1400
. . 4926 5564 6085 6797 58.04 52.32
Magnesioferrite MgFe,O
J greas @ @@ @& ©6 @ O
. 1761 18.09 18.95 21.16
Anhydrite CaSO
y ‘ @ @@ @& ©6 @ @
. 11.53 11.77 9.77 2.02
Sodium Sulfate Na,SO
e 4) 4) 4) 4)
. 9.32 6.55 3.05 0.08
Magnesium Sulfate MgSO
J 9ok @ @ @
Hematite Fe,Os 5.81 1.95
Forsterite Mg.SiOq4 2.78 2.86 2.99 3.34
Spinel MgAl;O4 2.14 2.2 2.3 2.57 3.15 3.02
Periclase MgO 0.76 196 1023 9.92
Calcium Iron Oxide CaFe,04 27.16  28.99
Perovskite-A CaTiO3 0.87 0.86
Merwinite CasMgSi20s 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
. Temperature (C)
Phase Inorganics Matter: 1%
> ganics SWI%) 00 800 900 1000 1200 1400
Cordierite Mng|4Si5013 27.29
. 21.29 23.1 23.04 22.87
Anhydrite CaSO
y ‘ @ @ @ O & @
Hematite Fe,0 19.51 21.16 21.28 21.51 25.48
2 4) 4) 4) 3) 3) 3)
Sodium Sulfate Na,SOq 18.79 5.01 4.64 3.61 4.27
Sapphirine MgsAl10Si2023 7.05 6.36 6.09
Forsterite M@,SiOs 3.49 11.36 11.22 11.59 6.61
Nepheline NaAlSiO4 32.08 33.04 3535 3058 3221
Spinel MgAI;04 455 11.06 11.63
L . 20.89
Monticellite(s CaMgSiO
©) gSI0. @ @ @
Merwinite CasMgSi.0g 7.18 22.98
. 25.94
Magnetite FesO
J o B @ @

(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

. Temperature (<C)

Phase Inorganics Matters (wt%b) 1000 1200 1400

. . . 52.37  53.79 45.06

High-Albite NaAlSisOs 1(()538 1(()5%8 15525

Anorthite CaAl;Si;0Og (5) (5) (5)

Nepheline NaAISiO, 10.68 8.91

Sapphirine MgsAl10Si2023 8.18 8.84 1.41

Forsterite Mg2SiO4 7.54 7.28 2.64

IImenite (FEO)(TiOy) 4.68 4.85 6.68
Leucite(RHF)-B KAISi>Os 3.03 2.67

Ulvospinel (FeO)2(TiOy) 2.74 2.5 0.29

Cordierite Mg2Al4SisO1s 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 €€ 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 <€ and 1400 <€
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 pm and ~ 50 m respectively at 1400 <C (Figures 7.30 and 7.40). By contrast, the particle size of
LY samples did not significantly change with temperature, and its size was ~100 pm 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 7.31, and MD samples contained high Si & Al content, seen in
Figure 7.41.
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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 7.50) 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% CO;
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7.5 Chapter summary

This chapter investigated the mineral behaviour of YL, MD, and LY during entrained flow pyrolysis
and CO gasification between 700 € and 1400 <€ 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 € and 1400 <€, 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 Al.SiOs was both found in YL and MD chars at 1000-1400 €. The decomposition of
Fes04 and the increase of the Fe>Os intensity were found in YL chars at 1200-1400 <€, whereas the
MD chars showed the opposite change in FesO4 because of the oxidation of Fe2Oz by CO from

pyrolysis.

During char gasification, the decomposition of CaSO4 and the increase of FesO4/ MgFe 04 intensity
were observed in both YL and MD gasification residues at 1000-1400 <€€. The SiO; decreased to
form the CaxSiO4 in YL samples and form CaMgSiO4 in MD samples at 1200-1400 <€€. The SiO>
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 <. The mineral constituents with high Fe content started to be found on the surface at 1000 <€,
and then minerals melted and coated the particle at 1200 €. At 1400 <€, 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 <€ 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 COz 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 NHz3), and mineral transformation with the temperature

and CO> concentration.

This chapter reproduces the following published paper in Fuel.
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Gasification the fuels, ~98% conversion was achieved at 1200 °C. The products included the solid residue and the gas-
Pollutant gas emission eous components such as CO, Hy, CO, and CH,, No tar was observed during the gasification runs, The pol-
Mineral transformation lutant gases were in the ppmv range with NH; and H»S negligible amounts being detected for Loy Yang

coal and Pine bark, respectively.
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1. Introduction

The utilization of coal and its substitution with renewable

options has been debated widely over the past few years, However,
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Gasification is a well-known and a more sustainable utilization
option with higher efficiency and significantly lower NO, and
SOy emissions compared to the traditional combustion process
[4,5]. Of the many gasification techniques available, entrained flow
gasification dominates the gasification market, accounting for
more than 70% of worldwide syngas production, predominantly
due to the flexibility of feedstock handling and higher carbon con-
version [6,7]. In particular, the feedstock flexibility aspect allows
for at least the partial substitution of coal with a renewable car-
bonaceous fuel such as biomass. However, the ‘compatibility’ of
fuels for co-gasification has to be investigated through fuel specific
gasification performance data under industrially relevant condi-
tions in order to enable the design and optimization of the process.
In this study, a Victorian brown coal (Loy Yang coal) and a biomass
{Pine bark) have been compared in terms of carbon conversion and
mineral matter behaviour during entrained flow gasification.

Biomass holds tremendous potential to meet the global energy
and chemical needs. The technical potential of biomass for energy
is significant and is estimated to be 1500 EJ/year by 2050 [8]. Par-
ticularly, biomass derived from forestry, agriculture and municipal
wastes and residues is an attractive fuel for gasification owing to
large abundance and low cost. Several carbon-rich industrial
refuse, for example, the rejects of the local pulp and paper indus-
tries, such as wood bark are potential feedstock because of their
typically lower ash and sulfur contents.

Entrained flow gasification is an industrially mature technology
with several investigations on a variety of ccals [9-13]. However,
limited data exists on the gasification performance of Victorian
brown coal that are one of the largest reserves of lignites in Aus-
tralia and the world [6]. The investigations of Tremel et al. and Har-
ris et al. on the pyrolysis and gasification behaviour of a German
lignite and Australian sub-bituminous coals in an entrained flow
reactor demonstrate the influence of the coal property and the
gasification conditions on the carbon conversion achieved
[14,15]. Similar studies on a variety of biomass by Qin et al. [16]
demonstrate the effects of the gasification medium (steam and
0O, mixtures) on the outlet gas quality and carbon conversion.

The use of steam and oxygen for gasification in an industrial
setting is cost intensive. On the other hand, the use of air lowers
the cost, however, the product gas is dilute with nitrogen resulting
in a lower heating value. Instead, the utilization of CO, as a gasify-
ing agent reduces carbon footprint and the heat requirement for
phase change compared to steam gasification [17]. Recently, Bil-
laud et al. investigated the CO, gasification performance of saw-
dust in a lab-scale entrained flow gasification rig [18]. For the
char samples used in their study, a temperature of 1200 °C was
required. Tanner et al. investigated the entrained flow gasification
of German lignite and Victorian brown cecal, and suggest that
~~100% carbon conversion was achieved at 1400 °C [ 19]. However,
the gasification conditions required in large scale gasification
would be governed by both the carbon conversion and the mineral
matter behaviour. The mineral composition would affect the slag
formation temperature in the gasifier [20]. This, in fact, reinforces
the need for fuel specific experimental data at industrially relevant
gasification conditions.

In this paper, the comprehensive assessment of entrained flow
gasification performance of Loy Yang coal and pine bark is pre-
sented. The Loy Yang brown coal is currently used for mine-
mouth power generation in conventional pf boilers. The pine bark
is a reject from the paper mills. Both these solid fuels are currently
assessed for entrained flow gasification with a view of producing
chemicals and liquid fuels. The comparison between the fuels is
drawn in terms of carbon conversion, syngas composition, emis-
sion of syngas contaminants such as H,S, HCN, and NH3; mineral
matter characteristics and their transformation as a function of
temperature. The results from this study contribute to the overall

objective of the feasibility analysis of the co-gasification of the bio-
mass along with Victorian brown coals to be undertaken later.

2. Experimental
2.1. Sample selection and preparation

In this study, Loy Yang coal from Loy Yang mine in Victoria, and
Pine bark ( Pinus Radiata) sourced from Norske Skog were selected
as the coal and biomass subject. In this paper, Loy Yang coal and
Pine bark with henceforth be referred to as LY and PB respectively.
These fuels have been selected for comparison due to their similar
carbon and ash contents. Both samples were firstly air-dried and
ground and then sieved to a particle size of 90-106 um using a
Tyler sieve shaker machine. A range of fuel characterization such
as the proximate, ultimate analysis, ash fusibility, and composition
have been carried out and are presented in Table 1.

2.2. Apparatus and procedure

The gasification tests were conducted on the HELENA (High
temperature, electrically heated, entrained flow apparatus), shown
in Fig. 1. The HELENA, located at Monash University Clayton, was
custom designed te mimic industrial gasifier residence times; a
detailed description of the capabilities and process parameter
ranges of the apparatus is covered by Tanner et al. (2016) [19].
At atmospheric pressure, the furnace of HELENA is heated to the
desired temperature at a rate of approximately 1 °C/min using
the temperature control panel. The slow heating rate preserves
the condition of the alumina reactor tube and the molybdenum
disilicide heating elements. The cooling water system is turned
on prior to heating and remains switched on throughout the dura-
tion of the experiment. The impingers (gas cleaning and cooling
section) and the solids collector are air-blown, cleaned with water
and dried prior to use to ensure accurate ash collection and weigh-
ing. The gasifying agent was pre-heated to 500 °C and the Varian

Table 1

Proximate, ultimate and ash fusibility analysis of fuels.
Parameter Loy Yang Pine Bark
Moisture (oven dried, wtz) 1.0 5.0
Proximate analysis (dry basis, wt%)
Volatile matter 50.63 59.78
Fixed carbon 3533 2391
Ash 14.02 18.30
Ultimate analysis (dry basis, wt%)
C 57.38 5347
H 3.89 5.47
N 014 0.15
S 012 0.13
[¢] 2444 2449
Ash fusibility (reducing atmosphere) (°C)
Defermation 1250 1148
Sphere 1400 1166
Hemi-sphere 1440 1218
Flow >1500 1236
Ash composition (dry basis, wt%)
Si0, 38.6 60.69
Al05 36.7 1438
Fe;03 5.64 6.78
Ca0 1.26 6.18
MgO 7.85 2.74
Na;0 6.33 1.12
K0 059 5.47
TiO, 2.19 0.90
S0, 0.04 0.69
P05 028 0.97
BaO 0.05 0.03
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Fig. 1. Schematic of the high-temperature entrained flow reactor.

490-GC micro-gas chromatography (UGC) analyzer was calibrated
using an external standard gas.

Following sample preparation, the raw feed material was dried
overnight in an oven at 105 °C. This ensured that the moisture con-
tent of the material entering the HELENA was minimized and uni-
form, hence, reducing the likelihood of the raw sample
agglomerating and blocking the feeding mechanism of the
entrained flow reactor. Approximately 150 g of the feed material,
measured by the Mettler Toledo XP10002S Precision Balance
Toploading Scale, was placed in the feed system at the top of the
HELENA. The reactor was purged with nitrogen at a flowrate of
16 Limin (4 Ljmin purge gas and 12 L/min carrier gas) until the
oxygen concentration was approximately 0.5% or below as deter-
mined by the nGC. Subsequently, the CO, atmosphere as required
for the experiment is fed in the reactor gas. The screw feeder was
switched on and samples were fed slowly at around 1 g/min, which
ensures entrained flow conditions. Under the above conditions, the
residence times for both the fuels is in the range of 7-8 s, replicat-
ing the cenditions closer to industrial gasifiers. The residual gasifi-
cation char is collected in the jacketed solids collector, and the
particles and moisture are removed from the gas by the impingers
prior to gas composition analysis. Control of the exhaust vacuum

pump allowed the system to be continuously maintained at atmo-
spheric pressure (+0.01 bar gauge). The fuel feed rates, gas flow-
rates and internal pressure were monitored/controlled by using a
custom National Instruments LabVIEW CompactDAQ system. The
composition of Ha, Oy, CO, CO,, CH4 and N3 in the product gas were
analyzed online approximately every 3 min using the nwGC. After
steady state was attained, approximately after 15 min of feeding,
the compositions of pollutant gas (NHs, HCN, and H,5) were mea-
sured by a Drdger gas sampling tubes. Following completion of the
gasification run, the solids were collected, weighed, sealed and
labeled in a container.

2.3. Data collection and analysis

The pGC instrument was calibrated based on a three-point cal-
ibration curve prior to the start of the experimental run. The gas
composition of the outlet gas during the experiments was mea-
sured on-line by the uGC to determine the vol.% of N,, O,, Hj,
€O, CHy, and COs. The steady state gas composition data were col-
lected, averaged and presented in terms of gas composition (N, and
€O, free basis), carbon conversion and its calorific values i.e., lower
heating value (LHV) and higher heating value (HHV). The gas
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composition is shown in the N; and CO, free basis, as they are not
the product of gasification reaction. The LHV and HHV for the pro-
duct gases (N; and CO; free basis) are calculated by the following
equation:

LHV (MJ/m®) = xuz x 10.78 + xco ¢ 12.63 + X x 35.81 1)

HHV (M]/m0®) = 25 x 12.76 1 X > 12.63 4 Xggg % 39.75  (2)

where Xyj,Xco,Xcus 15 the volume f{raction of H; CO and CHy
respectively.

Carbon conversion () was calculated based on solids basis that
considers the carbon in solid feed and the carbon in the obtained
chars as shown in Eq. {3).

¥ (%) = (1 _mc—h) x 100 (3)

C,feed

where M geq 15 the mass of carbon in the solid fuel fed and me e is
the mass of carbon in the chars recovered. Gas basis-based on the C-
containing gas phase products such as €O, CO,, and CHy is calcu-
lated using Eq. (4).

Gas basis-based on the C-containing gas phase products such as
CO, CO,, and CHy4 is calculated using Eq. (4).

(XcorXcoz + Xcua) < 12 «

Mc pedtcoz

%)= 100 @)

where Xco, Xco2,Xcpa is the molar concentration of CO, CO, and CH,
from in the outlet gas, and M¢ feq.coz 1s the mass of carbon including
feed CO; in the feeding inlet.

The composition of NH3, HCN, and H,S was examined using a
Dréger tube with an accuracy of NHz (£10-15%), HCN (£10-15%),
and H,S (+5-10%). Each gas was measured three times and aver-
aged number is presented here. Further, condensation of these spe-
cies is unlikely due to the fact that the gas temperature in the
impingers (approx. 40 °C) is higher than the respective boiling
points.

The particle size distribution of the raw fuels and the chars was
measured using a Malvern Mastersizer 2000 instrument that has
upper detection limit of 2000 ym. The measurements were
obtained from a wet cell with a suction pressure of 1.5 bar, vibra-
tory feed rate of 50% and an average obscuration of 0.8%. For each
sample, three sub-samples were drawn from different positions in
the lot and each of the sub-samples was analyzed in triplicates.

The crystalline mineral matter in the solid products was evalu-
ated by a MiniFlex 600 XRD. The parent fuel and the chars could
not be analyzed directly due to the large presence of amorphous
carbon that masks most of the peaks. Therefore, before measure-
ment, the sclid products were burned at relatively lower tempera-
ture 600 °C for 2 h in a mufile furnace to remove the carbon while
minimizing further devolatilization of the minerals. Subsequently,
ash samples were packed into an aluminum sample holder and
scanned in a step-scan mode (0.2°/step) over the angular range
of 2-100° (28). The diffractogram was then collected and analyzed
for the crystalline mineral phases by the MDI Jade software. Repli-
cates were performed when required.

The morphology change of the solid products is observed by a
JEOL 7001F field emissicn gun scanning electron microscope
mounted with an Oxford Instruments X-Max 30 EDS detector,
located at the Monash center for electron microscopy. The scan-
ning electron microscopy (SEM) images were obtained at an accel-
erating voltage of 15kV and a working distance of 10 mm. The
images were cbtained after focusing at the desired magnification
and correcting for astigmatism.

3. Results and discussion
3.1. Mass balance

There was no visible trace of tar in the impingers under
entrained flow conditions and the temperatures used during the
experiments. Incidentally, the same observation was made in gasi-
fication of Australian lignites in a pressurized fluidized bed gasifier
at a relatively lower temperature range of 750-920 °C [21]. Further-
more, the same observation was made by Qin et al. for the entrained
flow gasification of biomass with air as the oxidizing medium [22].
The chars in the gasification runs were deposited in the main collec-
tion pot and the first impinger. Although fines were captured in the
fines trap, they could not be recovered in the experiments. The car-
bon halance is the range of 75-90%. The unaccounted carbon may
be because the unrecovered char/ash deposited on the reactor walls
and the gas lines or the soot that escapes the traps. The majority of
the carbon is accounted distributed in the gas phase between CO,
CO,, and CH,. CH4 was observed in limited quantities <0.1% only
for PB at 1000 <C at all CO, concentrations. On the other hand, the
char particles account for less than 6.5 and 4.5% of the total carbon
at the lowest gasification temperature of LY and PB respectively. As
expected, the contribution of the chars to the total carbon decreases
with increasing temperature and €O, concentration-hence conver-
sion, for both LY and PB.

3.2. Gasification performance

3.2.1. Carbon conversion

The carbon conversion in the samples has been calculated on a
solids basis. The solid basis calculation considers the ratio between
to the total carbon content in the chars recovered to the total car-
bon in the fuel fed by making use of the ultimate analysis of the
chars and the fuels respectively.

Carbon conversion during gasification is a function of the tem-
perature and CO, concentration in the feed gas. The conversion
trends were consistent between the solid basis and gas basis calcu-
lations. However, the solid basis and gas basis conversion is varying
by 5-10% in most cases and by about ~17% in the case of PB 1000 °C
and 1200 20% CO,. The difference hetween these calculations may
be due to a range of factors including incomplete solid recovery
or the overestimation of CO, fed or inaccuracy of the gas analysis.
The observations and inferences drawn from Fig. 2 are as follows:

« The carbon conversion is a stronger function of temperature
than CO, concentration. As observed in the case of LY and PB,
the increase in CO, concentration results only in a maximum
increase of 6%-points at lower temperatures, but the tempera-
ture rise results in the increase of 8%-points in the case of LY
and 10%-poeints in the case of PB. The conversion values for PB
is significantly higher compared to LY at 1200 °C, based on the
solids basis calculations.

The CO; requirement for gasification is an industrially relevant
parameter that is to be obtained from lab-scale gasification
studies. Considering equilibrium conditicns, pure CO, feed
under the reaction conditions (residence time and temperature)
approximately, 2 LCO,/g carbon fed is required. As seen from
Fig. 2, except for 10% CO, concentration, the CO, is fed in excess.
The excess €O, released from downstream applications can
either be recirculated into the feed stream or be used for chem-
ical synthesis.

3.2.2. Syngas composition
The influence of the temperature and the feed CO, concentration
on syngas composition {N, free basis) from LY and PB gasification is
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Fig. 2. Carbon conversion on salids basis obtained for LY coal and PB biomass at
different temperatures represented as a function of CO, concentration in the feed
gas. Figures in parenthesis indicate the amount of CO, in the feed gas in Limin.

presented in Fig. 3. The CO concentration increases with tempera-
ture and decreases with CO, concentration in the feed, On the other
hand, the production of H, decreases with both temperature and
CO, concentration in feed, With increase in C0O.,% in the feed stream,
the proportion of unreacted feed CO, increases, thus leading to a
corresponding decrease in CO and H, concentration.

The evolution of the gas composition is due to the following
reactions.
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Fig. 3. Syngas composition (N, free basis) obtained for LY coal and PB biomass at
different temperatures represented as a function of CO; concentration in the feed
gas. Figures in parenthesis indicate the amount of CO; in the feed gas in Ljmin.

The devolatilization of the fuels results in the formation of gas-
eous species including Hy, €O, CO,, CH,4 and several other organic
compenents. The consumption of the carbon in the fuels occurs
predominantly through the Boudouard reaction and the steam
gasification reaction that consume CO; and H,Q. The higher CO
with increasing temperature in Fig. 4 is due to higher carbon con-
version. However, qualitatively the steam gasification component
is minor due to the low moisture content in the feed. In addition,
the contribution of water gas shift is significant in altering the
overall gas composition [16]. At higher CO, concentration in the
feed, the equilibrium favours the reverse reaction that results in
the further formation of CO and H,O.

The net concentration of CO, in the outlet stream is a conse-
quence of various phenomena such as the CO, generation during
devolatilization, consumption in the Boudouard reaction and the
reverse water gas shift reaction, and as unreacted feed. It is not
possible to decouple these effects in an entrained flow gasifier of
this scale. However, the influence of pyrolysis on the overall gas
composition has to be investigated. Moreover, the CO, released
during pyrolysis does result in further gasification in-situ, thereby
increasing the CO concentration in the product gas. Further inves-
tigations using analytical techniques such as the TG-FIIR/TG-MS
under controlled conditions are required to assess the contribution
of each of these factors individually.

Comparison between the fuels on the overall gas composition
indicates that COfH; ratio of the fuels is lower for LY sample
(13:1) compared to the PB {18:1) at 1200 °C 20%C0O,. The CO/H,
ratio for LY varied between in the range of 5:1-21:1 whereas for
PB the ratio ranged between 4:1 and 38:1. The lower syngas ratios
are at the lowest temperature i.e., 1000 °C for PB and 1200 °C for LY
at 10% CO;, in Ny as the gasifying agent. However, these conditions
do not result in conversions ~100%. Therefore, the realistic CO/H,
ratio to be expected from CO, gasification of these fuels under
entrained flow conditions is in the range of 20:1-30:1.

The syngas generated from CQ, gasification is expected to be
CO-rich. If the gasification is planned for chemical synthesis, this
ratio may not be suitable. Therefore, the syngas ratic will have to
be adjusted using the water gas shift reaction to lower the syngas
ratio typically down to 2:1 (for methanol) [23,24].

However, on the other hand, if power generation is the objec-
tive of gasification, then the heating values for the syngas gener-
ated are to be considered. The heating values presented in
Table 2 are in N, free basis. The heating values (HHV) for the LY
(3.58-8.48 MJ/m?) are higher than for PB (0,89-4.24 M]/m?), Con-
sidering the fact that the exit gas composition are dilute with
CQ,, the low heating values are expected. Therefore, even for
power generation, the water gas shift reaction has to be carried
out to improve the heating value of syngas.

3.3. Pollutant gas emission

The influence of the temperature and CO; concentration on H,S,
HCN, and NH5 release is shown in Tables 3 and 4 respectively. The
concentration of these pollutants in the ppmv range both the fuels.
However, there is a significant difference between the concentra-
tion of these pollutants released during the gasification of LY and
’B. The findings are summarized below:

o Considering H,S, the LY sample releases significantly higher
H2S compared to PB. The concentration range is between 40
and 80 ppmv; whereas for PB, the concentration is relatively
negligible at 2.5 ppmv. The result is interesting since both LY
and PB have very low sulfur contents around 0.12 and 0.13 wt
%. Therefore, the large difference in H,S release profiles has to
be attributed to the nature of the sulfur in the organic matrix.
In LY coal, about 60% of the sulfur is known to be organically
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Table 2
LHV and HHV in (N, free basis} of LY and PB.
Fuel Temperature (°C) Atmosphere LHV (M]jm?) HHV (M]/m?)
LY 1200 10% CO, 8.68 8.48
1200 20% CO» 542 5.36
1200 40% CO, 3.60 3.58
1400 20% CO, 6.16 6.13
PB 1000 10% CO, 2.59 2.70
1000 20% CO; 1.56 1.60
1000 40% CO, 0.88 0.89
1200 10% COy 4.18 4.24
1200 20% CO, 2.48 2.50
1200 40% CO, 2.12 213
Table 3
The effect of temperature on the H,S, HCN, and NHj release of Loy Yang coal and pine bark.
Fuel LY PB
€O, concentration in N, (vol.%) 20 20
Temperature (°C) 1200 1400 1000 1200
Pollutant gas (ppmv;)
HCN 30 0.5 125 1533
H.S 45 65 25 25
NH; 0 0 >3 >3

bonded resulting in H,S release. In PB, on the other and, most of
the sulfur is inorganically bonded. In PB and in biomass in gen-
eral, the sulfur produced mainly through the thermal cracking
and hydrogenation of the sulfur-containing molecules [25].
Moreover, the S present in the mineral matter can contribute
to the H,S release. The H,S release in coals may be due to two
factors; the thermal decomposition of organic sulfur at higher
temperatures [26] and the consumption of H,S to form COS

by the reaction given below.

HzSg; + €0z, « COSg) +Ha04;

The former explains the increase in H,S release with tempera-
ture and the latter explains the decrease in H,S with increasing

CO; in the feed gas.

o The HCN evolution from LY did not change with CO, concentra-
tion at 1200 °C. However, at a constant CO, concentration, when
the temperature was increased from 1200 °C to 1400 °C the
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Table 4

The influence of the CO; concentration on HyS, HCN, and NH; release of Loy Yang coal and pine bark.
Fuel LY FB
Temperature (°C) 1200 1200
CO; concentration in N3 (vol.%) 10 20 40 10 20 40
Pollutant gas emission (ppmv)
HCN 29 30 30 153 10 5
H,S 84.5 45 41 25 2 1
NHa: o o o >3 20 7

HCN evolution reduced drastically. On the other hand, for PB, the
increasein CO; concentration significantly reduced the HCN evo-
lution while the temperature increase from 1000 °C to 1200 °C
resulted only in a marginal increase in HCN concentration. The
formation of HCN is due to the thermal cracking of the nitrogen
containing compounds such as pyridines and pyrroles in the
volatiles. In the case of the PB and other biomass, the nitrogen
is majorly released into the volatile phase that possibly results
in the formation of HCN where as in the case of LY some of the
nitrogen may be retained in the char. The HCN formed may then
be oxidised at higher temperatures with O-radicals and
OH-radials at a higher temperature through the following reac-
tions to cause a decrease in HCN with temperature for LY.

HCN + 0 « NH + CO

HCN +OH < CN+H;0

« No NH3 was detected for the LY whereas NH; was detected in
larger quantities in PB.NH; is the dominant contaminant
released during biomass gasification that is formed due to ther-
mal cracking and the steam reforming of N-containing crganics.
However, in the case of LY, the char bound N is typically hetero-
atomic that results in the formation of HCN [19]. Further, it is
also observed that NH; decreases with CO, concentration in
PB. This is due to the destruction of NH3 under oxygen to release
nitrogen and steam [27].

The results presented in Tables 3 and 4 indicate that level of
pollutants in this study is much higher than the tolerance limits
{typically in the ppbv range) for the chemical synthesis applica-
tions [28]. This fact necessitates the removal of HCN, NH;, and
H,S from syngas of LY and PB through the installation of gas clean-
ing systems.

3.4. Char characterization

3.4.1. Particle size distribution

Fig. 4 summarizes the particle size distributions of the varicus
chars of LY and PB samples. The comparison has been made in terms
of d(0.1), &{0.5), and d(0.9) which have been defined as the particle
size at 10, 50 and 99% of the total volume distribution. For the LY
samples in Fig. 4, the chars have the similar d{0.9) values of around
150 pm compared to the parent coal. Further, a similar trend is
observed in the d{0.5) values that are consistently in the mean par-
ticle size range of 90-106 pwm. However, in the case of d(0.1), there
is a significant increase in the size of the chars compared to the par-
ent coal. From Fig. 4, no conclusive trend for evolution of particle
size for the LY chars with both CO; concentration and temperature
is evident. However, the d(0.1) of reduced by 10-15 wm when the
temperature increased from 1200 to 1400 °C at 20% CO».

On the other hand, in the case of PB, all the observations made
for the LY coal are consistent; however, a large variance is observed
in the d(0.9) values. The large variance may be due to the char
particle agglomeration at higher temperatures resulting in parti-
cles with much larger sizes. Another observation that is not consis-
tent with LY is that the d(0.1) values at the higher temperature are
lesser than the raw biomass.

The particle sizes of chars are primarily a result of three factors,
namely, particle agglomeration/sintering, swelling and particle
fragmentation. Agglomeration/coalescence of the char particles
occurs due to the melting mineral constituents. The ash composi-
tion and fusion plays an important role in determining the agglom-
eration between char particles. Agglomeration has been observed
for both coal and biomass in fluidized bed gasifiers which result
in particle de-fluidization problems [9]. The swelling of the fuel
matrix at high temperatures is a result of the rapid devolatilization.
Victorian brown coals are not known to swell or develop plasticity.
On the other hand, biomass {(wood bark), is known to swell upon
devolatilization [30]. However, the swelling properties of biomass
under entrained flow gasification (temperatures and heating rate),
to our knowledge, has not been determined yet.

Conversely, the fragmentation/disintegration phenomenon
results in the particle size reduction of the relatively softer char
particles. The char particle fragmentation occurs due to the inter-
particle collision and collision of the particles with the reactor
walls as the particles descend down the reactor.

While the particle agglomeration and swelling generally
account for the increase in the particle size of the chars with
respect to the parent fuel, the particle fragmentation explains for
the decrease in the d{0.1) for PB with an increase in temperature.
Although from this study it is not possible to conclusively state
which one of the above phenomena are more dominant for coal
and biomass, it can be speculated that the biomass char particles
are more susceptible to agglomeration {higher d(0.9) values shown
in Fig. 4) compared to the coal due to its significantly lower AFT.
The fragmentation of the chars is also validated by the scanning
electron microscopy (SEM) presented in Fig. 5.

3.4.2. Morphology

The SEMs of the char samples were obtained in both the sec-
ondary electron and the backscatter mode. However, in Fig. 5, only
the backscatter images of chars are shown as they depict the inter-
nal pore structure and the mineral matter presence with greater
contrast as opposed to the secondary electron images where only
the topological information is obtained. The particles selected for
analysis include the carbon rich and the mineral-rich particles.
Some of the general observations are as follows.

« The particle size for the char samples is significantly lower than
the parent fuel as observed from a relatively lower magnifica-
tion of 150x. The images are shown in Fig. 5(b), (c) and (e), {f)
obtained at 2500x magnification demonstrate the decreasing
particle size with temperature.

In the parent fuel, the PB sample had a fibrous structure
whereas the LY was characteristic of a dense smooth surface.
A large variation was cbserved in the appearance of the char
particles of these fuels. The carbon-rich char particles were dis-
torted in appearance compared to the mineral rich ones which
appeared to retain their original shape or take a spherical shape
due to the mineral melting. The mineral constituents in the
chars at the highest temperatures were found on the surface
of the particle.
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Fig. 5. Scanning electron micrographs and EDX spectra for the raw sample and the chars. The elements with less than 5 wt% are not reported in the EDX spectra.

The EDX results aid in indicating the possible mineral composi-
tion at specific locations within the particles. For all the samples,
the EDX spectra qualitatively indicate the presence of alkalifalka-
line earth metal based (K, Na, Ca, Mg) aluminosilicates. Moreover,
in certain locations of the biomass chars, the presence of Fe and
trace Cu and Zn was detected. On the other hand, for coal, the pres-
ence of Na and Ti were more frequently detected, as expected from
their higher inherent presence in the LY compared to PB. The detail
examination of the mineral matter composition is presented in the
next section.

3.5. Mineral matter characteristics

3.5.1. Thermochemical calculations

Thermochemical calculations were performed in the ‘equilib’
module in the FACTSAGE software version 6.4 in order to predict
the possible equilibrium products for the fuels under all the reac-

tion conditions. The calculations were compared qualitatively with
the XRD patterns. However, it is expected that only the crystalline
phases of the predicted minerals would match with the
diffractograms.

The inputs for the calculations were the ultimate analysis and
the mineral composition of the raw fuels, and the reacting condi-
tions such as the reactant gas composition (10, 20, 40%CO, in
N,), pressure of 1atm and a temperature of (1000, 1200 and
1400 °C). For the raw fuel, however, the predictions were made
at a temperature of 600 °C under air atmosphere at 1 atm pressure,
to account for the possible mineral interactions/transformation
during the ashing procedure. The list of predicted solid phases is
summarized in Table 5.

From the calculation results, it was observed that there was no
significant difference in the equilibrium predictions with increas-
ing CO, concentration. Further, from stoichiometry, as the CO, in
the feed is in excess for all the CO, concentrations used, the
effect of CO, on the diffractograms is expected to be insignificant.
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Therefore, only the effect of temperature is emphasized in further
discussion. For all the samples, there is a reasonable qualitative
agreement between the equilibrium predictions and the diffraction
patterns as shown in Fig. 6. However, some of the compounds that
were predicted could not be detected in the diffractograms,
possibly due to their amorphous or weak crystalline nature. For
the raw LY samples, major minerals predicted include albite, core-
derite, sodium sulfate, anhydrite, hematite, rutile, sapphirine
whereas for the raw PB sample the list included the kaliophilite,
monticellite, comberite, potassium aluminate, merwinite, and fair-
childite. The differences in the predictions for LY and PB are consis-
tent with the mineral composition presented in Table 1. In LY
samples, the greater sodium content is in the form of sodium-
alumino silicates and sodium sulfate, where as in the case of PB,
Na was predicted to be present along with Ca in combeite and to
some extent in sodium titanate that was not detected in the
diffractograms. Due to the larger Ca content in PB, the majority
of the compounds predicted had calcium in silicates and carbon-
ates; where as in LY, Ca was predicted only to be present as CaS04
{anhydrite).

3.5.2. Crystalline constituents and mineral iransformation

The peaks detected in the XRD patterns and the corresponding
match with the pure mineral have been classified as the follow-
ing in accordance with Bhattacharya and Harttig [29]: dominant
>60%; Co-dominant-sum of phase >60%; sub-dominant, 20-50%;
miner, 5-20%; trace, <5%. As the CO; concentration in the
reactant gas, did not have any effect on the thermochemical
calculations, the mineral identification in the XRD patterns was
carried out only for 20%C0. concentration across all the
char samples for effective comparison. The results of the classifi-
cation are presented in Table 6. The salient observations are as
follows:

Table 5
Chemical formula and the melting point of the detected mineral phases.

« Silica species are the dominant phase for both the coal and the
biomass samples. B-quartz was the detected phase for both the
raw fuels and all the samples post-gasification.
Negligible change in the high melting minerals was detected as
they were observed consistently (in the same concentration
range) in both chars at both the temperatures for LY and PB.
However, in some of the lower melting minerals, structural
changes were observed. For instance, in the coal samples, albite
a sodium alumine-silicate with a melting point of 1100 °C
undergoes a structural transformation from an ordered struc-
ture in 1200 °C chars to a disordered structure in 1400 °C chars.
The sodium in the crystalline minerals of the coal is mainly in
the form of albite, aphthitalite and sodium sulfate. Aphthitalite
and sodium sulfate, both low melting minerals (880-890 °C), do
not cccur in any of the char samples. However, in the char sam-
ples, two other sodium aluminoe-silicates were detected. Na
released from the organic matrix may be captured and retained
in the ash by charge compensation with the Al-Si matrix [20]. In
LY, at 1200 °C, nepheline was detected, at 1400 °C the nepheline
phase was absent and low-carnegieite was detected. In the case
of raw PB, the sodium is present only in combeite as shown in
the diffraction patterns, whereas in the chars, nepheline is the
only mineral phase that appears to contain Na.
The potassium in the crystalline phases in raw PB is present
predominantly as kaliophilite and fairchildite phase. Kalio-
philite that does not appear to transform in the chars as well.
Potassium occurring in clays is considered inert as it does not
tend to participate in reactions. This helps explain the predom-
inant occurrence of K in the chars only in kaliophilite. In LY too,
the potassium is present in a high melting alumino-silicate (leu-
cite), however, only in trace quantities.
e The majority of the calcium in the crystalline phases of PB
occurs in combeite, merwinite, monticillite, and calcite. The
calcium presence is noticed in most of the minerals. At higher

Phase Chemical formula Temperature predicted Melting peint (°C)
600°C 1000 °C 1200°C 1400 °C
ALO, AlO; LY PB -
Albite Na(AlSiz0g) LY Ly LY 1100
Alumina Al O3 2072
Anhydrite CaSQy LY 1450
Anorthite Ca{Al,Si;0g) LY LY 1274
Aphthitalite (K.Na)sNa(504): LY 888
Calcite CaC0; FB FB 1338
Combeite NazCa,Sia0q PB -
Coerdierite (Mg Fe)Ala(AlSisOqs) LY 1470
Fairchildite KzCa(COs), PB 809
Forsterite Mg,Si0, Ly LY 1890
Hematite Fe;0s LY 1538
Iimenite Fe?'Ti0s LY LY 1800
Kaliophilite KAISiO4q PB PB FB 1800
Potassium aluminate KAIOQ; PB -
Leucite K(AISi;06) Ly LY 1686
Low-carnegieite NaAlSiO, LY 1526
Merwinite CasMg (5i04)2 FB PB PB 1575
Monticellite Ca{Mg.Fe)Si0y FB PB 1503
Nepheline NaAlSiO, PB LY PB 1250
Periclase MgO PB 2800
Perovskite CaTiOs PB 1975
Pyrite FeS, LY 1180
Quartz Si0, LY FB LY PB LY PB LY FB 1670
Rutile TiO, LY 1843
Sapphirine MgaAl1651:023 LY Ly LY 1475°
Sedium sulfate NazS04 LY 884
Spinel MgAl04 PB 2135
Ulvospinel Fe,;Ti0y, LY 1395
Vaterite CaCO3 PB B 1339
Wustite FeQ PB FB 1377
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Fig. 6. X-ray diffractograms for the ash prepared from the raw sample and the chars of (a) LY (b) PB.

temperatures, however, the majority of the Ca exists as monti-
cellite and calcite. On the other hand, in LY coal, the Ca in anhy-
drite (CaS04) is possibly incorporated into anorthite {CaAl,Si»0)
apart from forming calcite {although not detected in the XRD
pattern). The calcite at high temperatures form as a result of
the recarbonation reaction that occurs between the CaQ (pro-
duced by oxidation of Ca released at low temperatures) with
CO5 in the gas atmosphere.

CHO{S) b CO;(E: i CBCO}S“

The re-carbonation reaction is known to cause fouling on the
reactor walls in some cases (600°C<T<800°C) [31].

« In PB, it is observed that the Mg is typically contained in the
form of silicates such as monticellite and merwinite. In the
chars samples of biomass periclase {MgO) is present at

1000 °C chars, Due to decomposition, the Mg released may have
been incorporated into the Al matrix resulting in the formation
of spinel (MgAlO,) in the 1200°C chars, In the LY coal and
chars, the Mg content is in the form of sapphirine (Mg,Al,Si,-
0,3), a stable, high melting alumino-silicate.

3.5.3. Implications on ash fusibility and slag viscosity

The differences in the mineral matter composition influences
the ash deposition, slag formation, slag viscosity, and the refractory
life [32]. As shown in Table 1, flow temperature of LY > 1500 °C is
higher than that of PB by at least 264 °C. One of the common
indices to correlate the AFT to the ash composition is the alkali
index determined by Eq. {5) [20]. In general, higher the alkali
index, higher the AFT.

Fe,03 + Ca0 + MgO + NaO —+ Fe,O

Alkali Index = Ash (%) Si0, - ALO
2 2U3

()
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Table 6
Mineral composition in the chars of LY and PB samples.

Fuel Sample Mineralogical composition
Deminant phase(s) Co-dominant phase(s) Sub-dominant phase (s) Minor phases (s) Trace phase (s)
IN'g Coal ash B-Quartz Albite (ordered) Cordierite
Anhydrite Reutile
Hematite Aphthitalite
Sedium sulfate AlO3
Sapphirine
FesS,
1200 20C0; ash B-Quartz Anorthite Albite (crdered) Forsterite
Nepheline Ilmenite
Leucite
Ulvospinel (amorphous)
1400 20C0; ash B-Quartz Albite (disordered)
Anorthite
Sapphirine
Forsterite
Ilmenite
Low carnegieite
Leucite
PB Biomass ash B-Quartz Combeite Alumina Calcite
Kaliophilite Fairchildite
KAIO, Vaterite
Merwinite
Monticellite
1000 20C0; ash B-Quartz Merwinite Kaliophilite
Periclase Nepheline
Wustite
1200 20C0; ash B-Quartz Calcite Kaliophite
Merwinite
Monticellite
Nepheline
Perovskite

However, for the fuels investigated, both LY (0.041) and PB
{0.044) have similar alkali index. Therefore, the alkali index is
not sufficient to explain the large difference in AFT in this case.

Possible reasons for the larger AFT for LY may be obtained from
a deeper analysis of the ash composition. From the analysis of 43
ash samples, Vassilev et al. suggest the relative influence of the oxi-
des for increasing hemi-spherical temperature is in the order
TiO, > Al,03 > Si0, and decreasing hemispherical temperature is
in the order of SOz > Ca0 > MgO > Fe;03 > Nay0; and K,0 shows
intermediate behaviour [33]. The larger presence of AlbO; and
TiO; in LY samples may explain the higher AFT in LY and the lower
AFT in PB may be due to the larger presence of Ca0O and K»O. Fur-
ther, the origin of mineral matter was also found to correlate with
the hemi-spherical temperatures [33]. It is evidenced from the XRD
analysis that the LY ash consists of mineral phases such as quartz
and feldspars such as albite and anorthite that lead to higher
AFT. On the other hand, PB is characteristic of minerals such as cal-
cites and fairchildite that possibly result in a lower AFT.

During the gasification of the fuels, the minerals undergo vari-
ous physico-chemical changes to result in an extremely heteroge-
neous and complex mixture. Among the various minerals, the
presence of silicates increases the AFT; on the contrary, the pres-
ence of oxides, carbonates, sulfates, sulfide and partly oxide pro-
portions decreases the AFT [33]. The role of sulfur in coal is
critical as it leads to the formation of sulfate minerals of Ca and
Mg at high temperature ashes that possess fluxing action. In S-
deficit fuels such as the Victorian brown coal and biomass, Ca
and Mg are expected to form oxides-hydroxides and silicates that
rise AFT. In general, it has been observed that higher AFT ashes
contain minerals with high melting temperature and low AFT
ashes contain lower melting minerals [33]. However, from the
observations made in the previous section, it is evident that both
the LY and PB char samples consists of minerals with a wide range
of melting points. While the LY ashes consists predominantly

alumino-silicates and the PB ash contains carbonates, silicates,
and alumino-silicates to a lesser extent. The low melting minerals
such as sodium sulfate and fairchildite in PB would not cause prob-
lems as they are expected to form slag in the operating tempera-
ture range of entrained flow gasifiers. In addition, the high
melting minerals would not contribute to slag formation. However,
the interaction and behaviour of the various minerals resulting in
the formation of secondary reaction products and eutectic mix-
tures whose melting temperature is a function of composition
are to be investigated in greater depth.

Apart from the ash fusibility characteristics, it is critical to
determine the slag viscosity as a function of temperature for the
operation of a slagging gasifier. The slag viscosity is acceptable in
the range of 15-25 Pa s in an entrained flow gasifier to ensure reli-
able continuous slag tapping [34]. In attempts to correlate the rhe-
ological properties of the slag to the chemical composition, Higman
and van der Burgt suggest the correlation between T,s and the
base-acid ratio [35]. Ts is the temperature at which the slag vis-
cosity is 25 Pas. The base-acid ratio is defined as in Eq. (6).

Fe;0; + Ca0 + Mg0 + Na,0 + Fe, O

Base—acid ratio = $i0, 1 ALO, 1 TiO, (6)

Both LY (0.28) and PB (0.29) have close base-acid ratios. The Tas
values for this base-acid range are expected to be around 1250-
1450 °C. However, the correlations based on the various oxides
are usually only indicative since the influence of mineral interac-
tions are not accounted, therefore, rheological studies on the slags
have to be performed. Moreover, the slag behaviour might be
affected by particulate C content, content of iron and operating
temperatures in the gasifier [34]. Furthermore, synergistic effects
between the blended ashes pertaining to the co-gasification pro-
spects have to be explored.
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4. Conclusions

The gasification runs were carried out in the temperature range
of 1000-1400 °C and under varying CO, concentrations of 10-40%
in Nz in an atmospheric entrained flow reactor. Both the biomass
{PB) and the coal (LY) had a residence time of 7-8 s within the
reactor under entrained flow conditions. Carbon balance on the
system was performed and approximately 75-90% of the carbon
was accounted for during the runs.

Both the fuels had similar carbon conversion levels of ~98% at
1200 °C. The conversion increased with temperature and CO; con-
centration in the feed gas. The products included the residual char
and the product gases CO, H,, CO,, and CH,.. CH, was detected only
for PB gasification runs at 1000 °C. The product gases were CO-rich
as the gasification predominantly occurred through the Boudouard
reaction. The CO/H; ratios {on N, free basis) were approximately
38:1 and 21:1 for PB and LY at 1200 °C and 20%C0; in N, as the
gasifying agent. No tar was visible during all the gasification runs.
The emission characteristics of the polluting gases (detected in
ppm levels) varied for the fuels. For LY, no NH; was detected
whereas for PB, no H,S was detected.

The particle size distributions particularly for PB indicate a
decrease in the size of fines with increasing temperature. The same
observation was made from the scanning electron micrographs.
The mineral composition of the fuels at high temperature was pre-
dicted using Factsage. The predictions matched reasonably well
with the crystalline minerals identified in the X-ray diffractograms.
The mineral identified had a wide range of melting points. How-
ever, the melting point and the viscosity of the slag formed is
expected to be a function of the interaction between the various
minerals. Such parameters have to be investigated in future to
comprehensively assess the co-gasification possibility of LY and
PB samples.
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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 CO, 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, CO. concentration, particle size, and the pyrolysis reactor
on CO; 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 CO» 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, CO. 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 Na. After reaching the
reaction temperature, the sample was maintained for 30 mins in N2, and the gas was then switched to
CO- for char gasification. The char-CO- 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 = oMt (E9.1)

Mo—Mgsh

where m, is the initial mass of the char sample before the gas switches to CO2, m; is the sample mass
at a particular time during char-CO> 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% CO. 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-CO> gasification is the Boudouard reaction
which is endothermic, and the CO. 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 (tso) 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 1), 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 |, the chemical reaction controlled
temperature range, is below 1000 °C and the transition between Regime | and Regime 1l 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.
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Figure 9.1: Effect of temperature on carbon conversion of YL and MD char at 90% CO,

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
tso significantly decreased by 16% when the CO2 concentration rose from 30% to 50%. As the CO>
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 CO. concentration as 90%. The effect of CO-

concentration on gasification rate is further discussed in section 9.4.
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Conversion X

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 pm to 63-75 pm. However, when the particle size
continued to decrease to 20-38 pm, 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 |um) and one large particle size (90-106 pm) were

selected for YL and MD chars to further study the effect of particle size on reaction models in
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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 tso 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.
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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 CO:
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 um and 90-106 pm.

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 COo. 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]:

ax
& = kyu(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:
2
Z_’; = key (1 — X)3 (E 9.3)

The third model is the modified volumetric model (MVVM) 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::
ax
o knym (X) (1 —X) (E9.4)

—In(1 —X) = at? (E 9.5)

where a and b are empirical constant, the k4 (X) is the kinetic parameter of the model and it is

expressed by the following equation:
Koy (X) = asbl—In(1 — X)| 5 (E 9.6)
The kinetic parameter can be presented using the mean value of the rate constant:
knym = fol kyvm (X) dX (E9.7)

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]:

ax

— = kepm(1— X)y/1—¢In(1l —X) (E 9.8)
U= %{?‘80) (E 9.9)

where the ¥ is the model parameter, So, Ly, and g, 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 um and 90-106
um 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 R? (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 R? 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 (R? >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

VM MVM RPM
K/min? | R%- K/min? b/- K/min* K/min?
0.265 0.987 0.329 0.954 0.195 1.397 0.380 0.999 3.69 0.207 0.997

Sample Temp./ <  Particle size./ pm

Maddingley 900 20-38
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 1184 1.203 1.307 0.994 53.65 0.181 0.990
1000 90-106 0.719 0.961 0.943 0931 0819 1451 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 1232 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 = Agexp(—=2)P" (E 9.10)

where A, is a pre-exponential factor, E, 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 (E,) represents the minimum energy required to initiate a particular chemical
reaction. The pre-exponential factor (4,) 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 ky, 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. A, and E, 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 | (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 | and Il happened at 1000-1050 °C where the gradient of trend lines

was observed to change.
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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 CO> 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.
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Figure 9.7: Effect of CO; concentration on char gasification rate at 800 <C

Table 9.2: Kinetic parameters of TGA and EFR chars using the MVM

Regime I to
Fuel Char sample Activation energy Pre-expo_nential Reaction order II_ _
(Ea, kJ/mol) (Ao,min) (n) transition
()
Maddingley = TGA char
90-106m 219.79 2.27E+09 0.27 1000-1050
20-38 pm 220.02 2.74E+09 n.d. 1000-1050
EFR char
90-106 pm 281.78 5.85E+12 0.43 1000-1050
Yallourn TGA char
90-106 pm 197.76 1.99E+08 0.32 1000-1050
20-38 pm 208.89 5.62E+08 n.d. 1000-1050
EFR char
90-106 pm 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

activation energy and a significant increase in pre-exponential factor. For MD and YL chars prepared
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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 pm to 20-38 um, 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 pm, 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 CO; gasification.

By comparing YL and MD chars at a particular particle size, it was found that for TGA chars, the
MD had higher char-CO, 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 CO, concentration was determined for the TGA and EFR chars with a
particle size of 90-106 pm. 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:
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dx _Eq .
- = Agexp( RT)P”(l X) (E9.11)

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 CO, concentration at atmospheric
pressure. However, the kinetic parameters were calculated by using the experimental TGA data and
the MVVM, 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]:

Z=k(1-x) (E 9.12)
1 — X = exp(—kt) (E9.13)
X =1 —exp(—kt) (E9.14)

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 (Kerr) 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% CO;

Items YL MD
k-experimental 9.32 7.77
kmvm-EFR 8.039991 8.04E+00
kmvm-TGA 0.732973 1.09E+00
Krem-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.
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Figure 9.9: The comparison of experimental and modelling results on the gasification conversion of YL
and MD chars at 1000 <C and 20%CO:..

The experimental and estimated carbon conversions of YL and MD chars at 800-1400 °C and 20%
CO- 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% CO,

Temperature . " . - MD .
(2€) Experlmenta! carbon  Estimated (farbon Experlmenta! carbon Estimated c-arbon
conversion conversion conversion 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 CO>
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

E
X=1—exp|—Aoexp(— R—;)P”t YL char MD char
Reaction order, n 0.29 0.43
Activation energy, Ea (kJ/mol) 252.64 281.78
Pre-exponential factor, 4,, (min™?) 2.02 E+11 4.85E+12

9.6 Chapter summary

In this chapter, an investigation on the kinetics of CO. gasification of Victorian brown coal chars
regarding influence factors (temperature, CO. concentration, particle size, and pyrolysis reactors)
and reaction models is presented. It was found that the gasification conversion rate increased with
increasing temperature and CO> 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-CO- gasification reactivity of the
two chars was found to be Maddingley > Yallourn. Based on the MVVM 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.
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Chapter 10 Conclusions and recommendations for future work

This study has focused on the entrained flow pyrolysis and gasification of Victorian brown coals in
CO: 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 CO>
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:

e 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, NHz, H2S),

e an investigation of mineral reactions and transformations during entrained flow pyrolysis and
gasification of Victorian brown coals,

e 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,

e the kinetic modelling of char-CO> 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 CO: 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 CO: gasification.
At 1000 <C, the residence time required for the complete conversion of the YL and MW chars (90-
106 pm) 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,
NHs, and H2S is strong. The higher CO2 concentration increases carbon conversion and CO
concentration during CO gasification possibly because of the increased gasification reactivity of
char. A higher CO2 concentration also decreases the emission of H>S 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 H> and more CO in the product gases.
Moreover, the decreased H; yield almost equals the increased CO vyield. It is very likely that the
reverse water-gas shift reaction occurs during direct gasification in which CO; reacts with Hz from
coal pyrolysis to form CO. The dry methane reforming is also very likely to occur during direct
gasification in CO», 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, SiO; decreases to form Al,SiOs with SiO. in YL and MD chars. YL chars show the
oxidation of Fe3O4 to form Fe.O3 but MD chars show the opposite trend, the increase of FesO4 and

the decrease of Fe;Os .

During char gasification, SiO> reacts with the CaO produced from the decomposition of CaSO4 to
form CazSiO4 in YL samples and CaMgSiOs in MD samples at 1200-1400 <€. Interestingly, SiO> 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 NHj3 is detected for Victorian brown coal, and no

180



H>S 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-CO; 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 Fe»Os 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|—A4pexp(— &)P"t
p 0€Xp RT

where the reaction orders (n) of YL and MD chars are 0.29 and 0.43, respectively; the activation
energy (E,) of YL and MD are 252.6 kJ/mol and 281.8 kJ/mol, respectively; and the pre-exponential
factors (4,) of YL and MD are 2.02 E+11 min™ and 5.85 E+12 min™, 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 H, /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 CO, 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 CO>. 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 CO>
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.

(i) 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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