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ABSTRACT

The sugarcane mills in South Africa are to some extent self-sustaining by using sugarcane
bagasse and coal to generate heat and power; however, due to the inferior physicochemical
properties of sugarcane bagasse, there is potential to add maximum value to the entire crop by
investing in a bio-refinery concept. Hydrothermal liquefaction has the potential to add value to
the sugarcane crop by converting sugarcane bagasse to hydrochar and using it to produce heat

and power.

This study aimed to evaluate GreenCoal pellets, prepared from coal and hydrochar, for
combustion and gasification applications. The objectives of this study were to characterise the
sugarcane bagasse, hydrochar, GreenCoals and coal, and to evaluate the effect the hydrochar
fraction had on the pellet properties and behaviour during thermochemical processing.

In this study, a continuous HTL pilot plant upgraded sugarcane bagasse with the main reactor
operating at 270°C under a system pressure of 70 bar and a flow rate of 120 L/hr. The feed was
a slurry containing 4% biomass. The solid yield was 20.47%. The samples were characterised
according to the chemical and structural characteristics. Chemical and structural analyses
included proximate analysis, elemental analysis, higher heating value (HHV), Fourier-transform
Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), X-ray powder diffraction
(XRD) and X-ray fluorescence. Additional analysis conducted on the sugarcane bagasse and
hydrochar included fibre analysis (NDF, ADF, and ADL). Following HTL of sugarcane bagasse,
all samples were pelletised and evaluated for the strength, as well as the combustion -, and CO.-

gasification behaviour.

The results showed that GreenCoal pellets had superior properties. The energy density of
hydrochar and GreenCoal pellets (31.61 GJ/m? — 33.28 GJ/m?3) was significantly higher than the
sugarcane bagasse pellets (21.24 GJ/m®), whereas both the mass and energy density of
hydrochar and GreenCoal pellets were higher than that of coal pellets, following a linear
relationship with the hydrochar/coal ratio. The mechanical strength and durability of GreenCoal
pellets improved with higher hydrochar/coal ratios, showcasing the natural binding effect of
hydrochar. Furthermore, all GreenCoal pellets and hydrochar pellets showcased excellent
hydrophobic properties, with the pellets remaining intact after submerging the pellets for two hours
in water and showing negligible amounts of water absorbed. In contrast, sugarcane bagasse and

coal pellets dissolved within five minutes.




FTIR analysis and SEM images suggested that the hydrochar consisted out an aromatic
hydrochar with a high degree of aromatisation. The thermal degradation of hydrochar under inert
conditions revealed two phases: the secondary- and primary hydrochar. The hydrochar
demonstrated improved combustion behaviour opposing the sugarcane bagasse pellets with
prolonged combustion at higher temperatures and lower reactivity. The ignition and peak
temperatures increased with 78°C —117°C and 137°C — 168°C, respectively. The results
showed that hydrochar had higher ignition and peak temperatures than that of coal; however, the
GreenCoal pellets demonstrated synergetic behaviour with lower ignition and peak temperatures.
Both the ignition index and comprehensive combustion index of GreenCoal pellets were
favourable against the pure hydrochar and pure coal pellets and showed that GreenCoal 1:1

demonstrated the best combustion behaviour.

The hydrochar pellets showed favourable, lower reactivity of the chars in opposition to the
sugarcane bagasse pellets. At a conversion of 50%, the reactivity (Rso%) Of sugarcane bagasse
and hydrochar pellets was 107.9 min! and 28.2 min?, respectively. Coal demonstrated the
lowest reactivity, with Rsg, of 17.7 mint. The benefit of producing GreenCoal blends was
observed, with GreenCoal pellets showing synergistic behaviour. Overall, the effect of the

hydrochar/coal blend was less apparent at higher gasification temperatures.

Keywords: Continuous hydrothermal liquefaction, sugarcane bagasse, hydrochar, hydrochar/coal
blend, GreenCoal, pyrolysis, combustion, CO.-gasification, pellets.
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CHAPTER 1 - INTRODUCTION

1.1 Background

The South African sugar industry is under financial pressure due to the ripple effect of the Health
Promotion Levy (HPL), approved by Parliament under the Rates and Monetary Amounts and
Revenue Laws Amendment Bill on the 5™ of December 2017 and implemented on the 15t of April
2018, as well as neighbouring countries flooding the South African market with sugar (i.e.
Swaziland) (SARS, 2017; SARS, 2018; SASA, 2019a). The latter causes the demand for locally
produced sugar to decrease, forcing the South African sugar industry to sell to an already
saturated international market at low prices. The sugarcane industry aims to create a plan
towards sustainable development and diversification by exploring a bio-refinery concept, adding
value to the entire sugarcane crop. The bio-refinery concept eludes to the integrated process that
converts, fractionates/prepares, and separate, sugarcane to produce bio-chemicals, bio-
materials, energy products, as well as the optimisation of existing processes, such as power
generation (SMRI, 2019).

In South Africa, there are 14 sugar mills owned by six companies, namely lllovo Sugar Limited,
Tongaat Sugar Ltd, RCL Foods, Sugar and Milling (Pty) Ltd, UCL Company Ltd, Gledhow Sugar
Company (Pty) Ltd, and Umfolozi Sugar Mill (Pty) Ltd (SASA, 2019b). Operations associated
with a sugar production of the first four companies mentioned above are to some extent, self-
sufficient. The lllovo group’s operations and the RCL sugar mills are, with regards to electricity
consumption, 90% and 87% self-sustainable by using bagasse for co-generation, whereas
Tongaat Sugar produces 52 MW via co-generation (lllovo Sugar, 2019a; RCL Foods, 2018;
Tongaat Hulett Sugar, 2019). UCL uses wattle waste, i.e. spent bark, and bagasse to generate
electricity for the wattle extraction and sugar factories (UCL, 2019). Concerning bio-based value-
added products, the lllovo group is the only South African based company which produces a
range of products, e.g. various sugars, molasses, lactulose, furfural and furfural derivatives,
agricultural products, flavourings (i.e. diacetyl, 2,3-pentanedione and methanol) and alcohols (i.e.
potable, anhydrous, rectified and industrial alcohol) (lllovo Sugar, 2019b). Subsequently, the
South African sugar industry could benefit significantly from the bio-refinery concept and in doing
so assist the South African Government achieving their goals set out in the National Development

Plan (NDP) 2010 to 2030, as well as the government’s commitments made towards the United
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Nations Framework Convention on Climate Change (UNFCCC) as a voluntary signatory of the
both the Kyoto Protocol and the Paris Agreement.

South Africa ratified the Kyoto Protocol and Paris Agreement in 2002 and 2016, respectively
(Department of Energy, 2019; Department of Environmental Affairs, 2016). The Kyoto Protocol
placed more emphasis on developed countries and their actions towards mitigation of climate
change. Still, with the Paris Agreement, all parties ratifying the agreement were obligated to
prepare an Intended Nationally Determined Contribution (INDC) to mitigate the effects of climate
change in the context of sustainable development and elimination of poverty (UN, 2019). The
main goal of the Paris Agreement is to keep the global average temperature increase to a
maximum of 2°C above pre-industrial levels and pursuing efforts to limit the temperature increase
to 1.5°C (UN, 2015). South Africa’s environmental right set out in section 24 of the constitution,
and the NDP was the foundation on which the INDC was built, emphasising the countries priority
towards the elimination of poverty and reducing inequality, but also addressing the short-term
challenges to transition to a low-carbon economy due to historical coal-based economy (CSIR,
2015; DEA South Africa, 2015). Nevertheless, with regards to GHG emissions, South Africa
committed to a peak, plateau and decline (PPD) trajectory, of which the first will occur between
2021 to 2025, hereafter GHG emissions will plateau for a decade and then decline (DEA South
Africa, 2015). These commitments are achievable via the 2011 National Climate Change
Response Policy (DEA South Africa, 2011a), the National Strategy for Sustainable Development
and Action Plan (NSSDAP) (DEA South Africa, 2011b), the Integrated Energy Plan (IEP) (DoE
South Africa, 2015) and the Integrated Resource Plan (IRP) (DoE South Africa, 2018).

The Renewable Energy Independent Power Producer Procurement Programme (REIPPPP) was
developed to meet the objectives set out by the NDP and IRP via private renewable energy
projects (IPP Office, 2019). To date, 112 IPP’s procured through seven Bid Windows have
produced more than 6422 MW (IPP Office, 2019). Solar photovoltaic and onshore wind
technology were the two main technologies that were procured during Bid Windows 1 to 4 on a
mega-watt basis (IPP Office, 2019). Other technologies included and procured in the Bid
Windows included concentrated solar power, small hydro, landfill gas, biomass and biogas (DoE
South Africa, 2015; IPP Office, 2019). With one of the world’s highest solar radiation areas found
in South Africa and coastal and mountainous areas suitable for wind generation, the large
investment into these technologies are logical (DoE South Africa, 2015); however, other
renewable energy resources such as biomass remains largely untapped with only 52 MW
procured during Bid Windows 3 and 4 and the first of the smaller Bid Windows (IPP Office, 2019).
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Put into perspective, Tongaat has the potential to increase their current power production from
52 MW to 320 MW — 360 MW; however, concerning the bio-refinery concept, power generation
is only one of many potential applications to valorise an entire crop.

Biomass is, by definition, any biological material that originates from living or recently living plants.
Biomass is a source of carbon and is convertible to bioenergy (heat and power), biofuels, bio-
chemical and materials via various thermochemical or biological processes, including,
combustion-, gasification-, pyrolysis, hydrothermal treatment (carbonisation, liquefaction and
gasification) and biological conversion (Xu et al., 2018). These conversion technologies each
have challenges with commercialisation; however, there are common barriers to overcome, such
as a constant supply chain, logistics, costly transportation and storage. The supply chain relates
to the type of biomass sourced and its availability, the geographical location of the supplier and
consumer, and the infrastructure, which will also affect the cost of transportation (Mashoko et al.,
2013; Visser et al., 2019). Transportation and storage are also largely affected by the inherent
chemical-, and physical properties of the sourced biomass, e.g. agricultural waste has a very high
moisture content, which would harm the economics of transportation by reducing the value of the
feedstock (lower energy density) and increasing the fuel cost (higher bulk density) (Akhtari et al.,
2018; Baxter, 2005).

Pretreatment of biomass, i.e. drying and densification, solve certain issues associated with
transportation, handling, and storage (i.e. briquetting); however, these methods have certain
disadvantages or temporary solutions (Jackson et al., 2016). Solar drying is a very cost-effective
method to dry biomass but may be very time consuming depending on the geographical location
and solar irradiation in the area. Conventional drying methods are more effective but are costly
and energy-intensive (Kumar et al., 2016). Alternatively, densification adds value to biomass per
volume units by increasing the energy density and subsequently improves the economics of
transportation; yet, the same difficulties arises over long storage periods, i.e. biodegradation.
Furthermore, the strength and integrity of a briquette is a function of the moisture content, for
example, the former corresponds to different optimum moisture content values for various
biomasses, whereas the latter may result in the briquettes swelling if the moisture content is too
high (Mostafa et al., 2019; Zawislak et al., 2019). Therefore, densification improves certain
gualities of biomass and add value, but may still require drying to a certain degree, which would

impose additional processing costs.
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Concerning heat and power generation, large-scale direct combustion of biomass relates to
difficulties associated with the supply chain, storage capacity, handling, process efficiency
(severe fouling, slagging and corrosion) and the overall economy of all operations (Malmgren &
Riley, 2018). These problems are mainly associated with the inherent properties and chemical
composition of biomass, e.g. the high moisture content, low fixed carbon content, high fraction
volatile matter, ash composition (i.e. alkali and alkaline earth metals) and low energy density
(Malmgren & Riley, 2018). Nevertheless, woody biomass has been used for decades to generate
heat and power on a small-scale. Apart from woody biomass, the utilisation of other biomass
sources has remained untouched due to unfavourable properties, i.e. a high moisture content that

limits the co-firing fraction (Agbor et al., 2014; Al-mansour & Zuwala, 2010).

Biomass gasification is an attractive alternative to direct combustion since it is possible to process
biomass with a higher fraction moisture content. Various technology associative challenges
oppose commercialization of biomass gasification for heat and power generation, e.g. process
efficiency (boiler operation), inconsistent producer gas composition due to heterogeneous
feedstock, impurities in the producer gas and expensive gas cleaning technologies (gas engines

and gas turbines) (Sansaniwal et al., 2017).

Pyrolysis of biomass is widely researched and entails the thermal degradation of biomass in the
absence of oxygen (Hu & Gholizadeh, 2019). The main products produced via this process are
char (solid), condensable gases (bio-oil) and non-condensable gases (Roddy & Manson-Whitton,
2012). Depending on the original feedstock and process conditions, i.e. temperature and heating
rate, the product distribution and properties will vary. The biochar can be used as a co-firing
agent and shows improved physical properties, chemical properties, and combustion behaviour
in comparison with the raw feedstock (Li et al., 2018; Xue et al., 2018). The bio-oil can be used
directly for diesel engines with other fuels, i.e. ethanol, or valorised to other transportation fuels
and various chemicals (Choung et al., 2018; Koike et al., 2016; Prajitno et al., 2016). The non-
condensable gas is upgradable via a catalytic conversion process or utilised to produce power
and heat (Goérling et al., 2013). Though pyrolysis demonstrates potential, it is best suited for dry

biomass, since the processing of wet biomass is more energy-intensive (Shemfe et al., 2015).

The treatment of biomass (carbon-based material) in hot compressed water, known as
hydrothermal treatment, has gained more attention as a pretreatment method of wet biomass
since it eliminates the need for a pre-drying step. Moreover, in comparison to pyrolysis, it

produces higher quality products at lower temperatures (Nakason et al., 2018). Classification of
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hydrothermal treatment as hydrothermal carbonisation, hydrothermal liquefaction, and
hydrothermal gasification, is done according to the operating conditions (temperature), inherent
reactions, and product distribution. The hydrothermal treatment of biomass produces four
products, i.e. hydrochar, bio-oil, non-condensable gas (containing H,, CO and COy), and an
aqueous phase. The yield distribution is primarily a function of the temperature, but also the
biomass-to-water ratio and residence time (Nakason et al., 2018).

Hydrothermal processing at low temperatures produces predominantly a solid product referred to
as hydrochar (Volpe et al., 2018; Zhang et al., 2018). The agqueous phase contains the second
largest fraction of the carbon and the gas phase the least. The former contains various organic
molecules, such as formic acid, acetic acid, levulinic acid, furfural, and 5-hydroxymethyl furfural.
These molecules are platform molecules for other high-value chemicals, e.g. formic acid is a
preservative and antibacterial agent for live feedstock, whereas levulinic acid, furfural, and 5-
hydroxymethyl furfural are reagents for renewable diesel or jet fuel via catalytic conversion routes
(Ma et al., 2019). Alternatively, the aqueous phase can be utilised as a feed for microalgae and
potentially create a closed-loop microalgae system or recycled to create a carbon-rich feed for
the HTL reactor (Leng et al., 2018). With regards to the feedstock, the hydrochar has a higher
carbon density, energy density and superior physical qualities, i.e. improved grindability and more
hydrophobic nature (Volpe et al., 2018; Zhang et al., 2018). The hydrochar also demonstrated
improved combustion properties and higher reactivity during combustion and CO»-gasification,

making it an attractive supplement or substitute for fossil fuels (Ul et al., 2018; Yang et al., 2016).

Currently, most of the sugar mills are to some extent self-sustaining, using the sugarcane bagasse

waste as fuel to generate heat and power.

Upgrading lignocellulosic biomass to hydrochar as a fuel substitute or co-combustion agent,
would increase the process efficiency and mitigate the CO; emissions and other GHG emissions
(i.e. SO2). A patent on GreenCoal® (Waanders et al., 2018) has shown the potential of using
waste biomass with a high lignin content to produce biochar and discarded coal briquettes. This
application could exploit large reserves of discarded coal and potentially reduce the cost by
eliminating the need for binders and wax layers since hydrochar is a natural binder and has

hydrophobic properties.
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1.2 Problem statement

In light of current challenges such as a saturated national and international market, the tax on
sugary beverages a result of the Health Promotion Levy (National Treasury, 2018), and climate
change, the sugar industry is under pressure to add value to the entire crop via the bio-refinery
concept. Sugar mills in South Africa are to some extent self-sufficient by utilising sugarcane
bagasse directly as a co-firing agent with coal to generate heat and power. Direct combustion of
bagasse gives rise to low efficiencies and various technical challenges associated with the
chemical and physical properties of sugarcane bagasse, i.e. corrosion and fouling due to high
concentrations of alkali and alkaline earth metals (AAEM). Alternatively, hydrothermal
liquefaction of wet sugarcane bagasse produces hydrochar and a carbon-rich aqueous phase of
which the former has improved properties, i.e. lower AAEM and higher energy density. Hydrohcar

could potentially be used as a fuel for co-firing or co-gasification due to improved properties.

1.3 Aim and objectives

The project aims to determine the efficiency of GreenCoal pellets, prepared from coal and
hydrochar derived from sugarcane bagasse for combustion and gasification applications. The

following objectives were defined:

. Evaluate continuous hydrothermal liquefaction of sugarcane bagasse as a pre-
treatment method by comparing the chemical and physical properties of hydrochar
with sugarcane bagasse and coal.

. Compare the stability and strength of GreenCoal pellets with sugarcane bagasse,
hydrochar and coal pellets.

. Compare the combustion properties of GreenCoal pellets for heat and power

generation with hydrochar, sugarcane bagasse or coal pellets.

. Compare the gasification reactivity and synergy of GreenCoal pellets during CO-
gasification.
. Determine any reduction in particulate matter, sulphur and nitrogen emissions as a

result of using GreenCoal pellets to replace coal or sugarcane bagasse pellets as an

energy source on sugar mills.
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1.4 Project scope

Figure 1-1 demonstrates the basic project scope of this investigation. This report includes five
chapters, including this one, that consists of the following content, to achieve the objectives as

mentioned above:

Chapter 1 is the introduction that gives a brief background on the current coal-derived economy
of South Africa, motivating why research and investment into a renewable resource to supplement
or substitute coal are essential and how this is interlinked to research into beneficiation of

renewable energy resources via continuous hydrothermal treatment. Chapter 2 is a summary of
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the literature study completed about related topics that aided the researcher to lay the foundation
of this study. Lignocellulosic biomass as a fuel to generate heat and power, including obstacles
hindering commercial. A brief overview of potential pretreatment methods is discussed,
motivating why this study uses hydrothermal liquefaction above other methods. Research
completed on continuous hydrothermal liquefaction is scarce, which is why the research will be
based on batch processes. Nevertheless, a discussion will be given on continuous processes.
Chapter 3 presents the experimental setup used to achieve the objectives, including the materials
and characterisation, experimental setup and analytical methods. The results and discussion
thereof will be conferred in Chapter 4. Lastly, the main conclusions, outlook and

recommendations towards future research are presented in Chapter 5.
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Hydrothermal liquefaction

The focus was to beneficiate
sugarcane bagasse via a
continuous hydrothermal
liquefaction pilot plant. This
was regarded as a method

of pretreatment.

The focus was to determine
the maximum biomass-water
ratio and produce hydrochar
at a set temperature,
pressure, flowrate and
biomass-water loading for

downstream experiments.

Scope of investigation

Pelletisation

The focus was to
produce sugarcane
bagasse-, hydrochar-,
coal- and GreenCoal

pellets.

Pellet properties

The focus was to
compare the various

pellet's properties

The theoretical
emissions were
calculated with

combustion

Combustion

The focus was to
evaluate the combustion

properties

The focus was to
compare the
combustion properties
of the bagasse,
hydrochar, GreenCoal
and coal pellets via with
a non-isothermal
thermogravimetric

technique

CO,-gasification

The focus was to

evaluate the (:har—CO2

reactivity

The focus was to

compare the char-CO,

gasification reactivity of
bagasse, hydrochar,
GreenCoal and coal
pellets via an isothermal
thermogravimetric

technique Isothermal
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Figure 1-1:  Project scope
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CHAPTER 2 - LITERATURE STUDY

2.1 Introduction

This chapter contains a summary of relevant literature, terminologies and data that was used to
lay the foundation of this investigation. This chapter contains five main subsections representing
the main topics of this dissertation.

Section 2.2 focuses on sugarcane bagasse as a renewable energy resource and discusses the
benefits and drawbacks associated with the physical and chemical properties by comparing it with
various South African coal sources. Section 2.3, 2.4 and 2.5 focus on the application of
hydrothermal liquefaction to upgrade lignocellulosic biomass, the effect of the main process
parameters on the yield, properties of hydrochar, as well as progress made with regards to
continuous operation. Section 2.6 discusses densification (i.e. pellets or briquettes) and the
benefits associated with it. Finally, Section 2.7 and 2.8 discuss combustion and COz-char

gasification.

2.2 The chemical and physical properties of sugarcane bagasse

The main components of the structure of lignocellulosic biomass are cellulose, hemicellulose and
lignin (Marriott et al., 2016). Cellulose and hemicellulose are complex carbohydrate polymers
composed out of sugar monomers (mainly glucose and xylose), whereas lignin is composed of
aromatic polymers (Sekar et al., 2016). Table 2-1 reports the fibrous content of sugarcane
bagasse as reported by indicated authors. Based on the reported data of these authors, cellulose
is the main constituent of sugarcane bagasse (42.2% — 47.4%) while hemicellulose and lignin

have similar compositional values, ranging from 16.3% —27.1% and 20.9% — 27.1%,

respectively.
Table 2-1: Fibre analysis of sugarcane bagasse reported by previous authors
Cellulose Hemicellulose Lignin Reference
46.9 16.3 27.1 (Moretti et al., 2014)
47.4 25.1 23.4 (Miléo et al., 2016)
46.6 26.5 21.7 (Camargo et al., 2016)
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Table 2-1: Fibre analysis of sugarcane bagasse reported by previous authors

Cellulose Hemicellulose Lignin Reference
44.3 27.1 20.9 (Goncalves et al., 2014)
42.2 26.7 22.6 (Rocha et al., 2015)?

2.2.1 Proximate and elemental compaosition

In general, the fractional distribution of dried biomass in descending order is the volatile matter,
fixed carbon and ash (Vassilev et al., 2015).

Table 2-2 reports the proximate analysis of sugarcane bagasse samples originating from different
geographical sites, including South Africa (Carrier et al., 2012), Sudan (Edreis et al., 2014), and
Iran (Lu & Chen, 2015). The moisture, volatile matter, fixed carbon and ash content ranged from
2.8% — 8.1%, 73.7% — 76.9%, 10.9% — 12.1%, and 4.3% — 11.4%, respectively.

Table 2-2: Proximate composition (ad) of sugarcane bagasse and South African coal
Material Inherent moisture VM FC Ash Reference
(%) (%) (%) (%)

Sugarcane bagasse

South Africa 8.1 75.8 10.9 51 (Carrier et al.,

2012)
(Edreis et al.,
Sudan 7.3 76.9 11.3 4.3 2014)
. (Lu & Chen,
Taiwan 2.8 73.7 12.1 114 2015)
South African coal
S e, 32.0 19.0 (Jeffrey, 2005)
Seam
Limpopo (Tuli, _ 10.0—12
washed) 35.5—36.5 e (Jeffrey, 2005)
IS oIS 7.0—11.0 7.0—12.0 26.0—27.0 (Jeffrey, 2005)
(washed)
Fine coal discard 4.0 244 422 204  (Buntetal,
’ ’ ’ ) 2015)
Lo ) (Leeuw et al.,
Bituminous coal 24.9 52.5 22.6 2016)
: . (Okolo et al.,
Highveld coalfields 4.0 21.5 48.6 25.9 2015)
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Table 2-2: Proximate composition (ad) of sugarcane bagasse and South African coal

Material Inherent moisture VM FC Ash Reference
(%) (%) (%) (%)
Highfield coalfields 2.7 224 504 245 (2‘3';‘5’)')0 etal,
Witbank 3.3 266 481 220 (2?)5‘5")0 sl
Tshipise-Pafuri 0.7 22.0 60.5 16.8 (ZCC))E?JI)O etal.,

Volatile matter in biomass is associated with cellular structures and include radical groups such
as —OH, —CH», —CHsz and =CH. Moreover, the main constituents of biomass, i.e. cellulose,
hemicellulose and lignin, has a low degree of order (Wang et al., 2016). The fixed carbon content
of biomass has a high correlation to the lignin content, as demonstrated by Demirbas (2003a). In
comparison with South African coal, sugarcane bagasse has a higher fraction of volatile matter
and lower fixed carbon content. In comparison sugarcane bagasse has a lower ash fraction than
the cited coal samples, which is considered an advantage since ash reduces the higher heating
value; however, biomass amplifies other problems due to the composition (Imran & Khan, 2018).
Imran & Khan (2018) and Rodriguez-diaz et al. (2015) reported the composition of various
bagasse ash samples using a scanning electron microscope (SEM) and X-ray diffraction (XRD).
The main oxide in bagasse ash was SiO», but also contained CaO, Al,Os, Fe;03, Fe;04 and K20
(Imran & Khan, 2018; Rodriguez-diaz et al., 2015). SEM analysis of bagasse ash samples
showed that composition is a function of time. Elements present in these samples after one hour
of thermal treatment at 1100°C in descending order were Si, K, O, Fe, P, C, Cl, S, Al, Mg and Na
(Imran & Khan, 2018).

In general, biomass has a high carbon and oxygen content, fair amounts of hydrogen and
nitrogen, and very low sulphur content. Saidur et al. (2011:2262—-2289) reported the elemental
content of various biomass sources from previous authors with ranges of 40% — 60%,
30% —50%, 3% —10% for carbon, oxygen and hydrogen, respectively. Vassilev et al.
(2015:330-350) reported ranges between 42.2% — 60.5%, 20.8% — 49.0%, 3.2% — 10.2%,
0.1% —12.3% and 0.01% —1.69% for carbon, oxygen, hydrogen, nitrogen and sulphur,
respectively. Table 2-3 reports the ultimate analysis (or elemental analysis) of five sugarcane
bagasse samples. The carbon, hydrogen, oxygen, nitrogen and sulphur content of the cited
sugarcane bagasse samples ranged from 41.2% —58.1%, 5.5% — 6.5%, 34.6% — 52.9%,
0.1% — 1.0%, and 0% — 0.2%, respectively (Carrier et al., 2012; Chen et al., 2012; Edreis et al.,

2014; Tavasoli et al., 2015; Varma & Mondal, 2016). The elemental composition is related to the
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main organic components of bagasse, i.e. cellulose, hemicellulose and lignin, which are
hydrocarbons with various oxygen functional groups, i.e. hydroxyl, carboxyl, ether and ketone

functional groups.

Table 2-3: Ultimate composition (daf) of sugarcane bagasse and South African coal
Location C H N (0] S HHV Reference
(%) (%) (%) (%) (%) (MJIkg)
Sugarcane
South Africa 519 69 04 405 05 16.6  (Aboyade et al., 2013)
Taiwan 41.2 55 04 529 0.0 17.1  (Chenetal., 2012)
Iran 581 6.5 0.7 346 0.2 - (Tavasoli et al., 2015)
Sudan 470 6.1 0.1 46.8 0.1 17.8* (Edreisetal., 2014)
India 449 59 0.2 490 0.1 18.0 (Varma & Mondal, 2016)
South African coal
Highveld 771 42 21 153 13 28.7% (Leeuw etal., 2016)
Highveld Seam4 856 36 1.7 7.9 1.2 20.2  (Buntetal., 2015)
Highveld 787 4.4 22 130 1.7 - (Okolo et al., 2015)
Witbank 785 49 20 132 14 - (Okolo et al., 2015)
Tshipise-Pafuri 869 51 21 48 1.0 - (Okolo et al., 2015)

@ Calculated with HHV correlation (Channiwala & Parikh, 2002)

2.2.2 Van Krevelen diagram

The carbon, hydrogen and oxygen elemental fractions, as determined with the ultimate analysis
and calculated on a dry-ash-free basis, is used to create a visual presentation known as the Van
Krevelen diagram. The Van Krevelen diagram plots the O/C and H/C atomic ratios to generate a
visual comparison between carbonaceous fuels (Kambo & Dutta, 2014; Liu et al., 2013). The

O/C and H/C atomic ratios are calculated with

Odaf
0O/C=0.75x% (Egn. 2-1)
daf
and
=19 x Hdaf i
H/C=12x Cout’ (Eqn. 2-2)
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respectively (Van Krevelen, 1950).

Figure 2-1 is a Van Krevelen diagram based on the data reported in Table 2-3. Fuel with a low
O/C-H/C atomic ratio is typically associated with a decrease in smoke, water vapour and energy
losses during combustion; hence, coal (see Figure 2-1) is considered favourable in comparison
with sugarcane bagasse (Kambo & Dutta, 2014). The high H/C and O/C atomic ratios of
sugarcane bagasse (and biomass in general) were associated with the hydrocarbon nature of
biomass and high density oxygenated functional groups. High H/C atomic ratios are also common
for biomass due to the low energy H—C bonds and inherent moisture content (Liu et al., 2013).

1.80
1.60 ¢o O

1.40 ®
1.20

o) 1.00
L 0.80
0.60 00‘
0.40

0.20

0.00
0.00 0.25 0.50 0.75 1.00 1.25
o/C

Figure 2-1:  Van Krevelen diagram based on data from Table 2-3 for South African coal (®)

and Sugarcane bagasse (®)

2.2.3 The energy content of lignocellulosic biomass

The higher heating value (HHV) or calorific value represents the energy content of a given
substance and is a function of composition as seen by the various correlations found in the
literature (Channiwala & Parikh, 2002; Demirbas, 2001; Friedl et al., 2005; Tan et al., 2015).
Sugarcane bagasse sourced in South Africa (Aboyade et al., 2013), Taiwan (Chen et al., 2012),
Sudan (Edreis et al., 2014) and India (Varma & Mondal, 2016) had HHV of 16.6 MJ/kg,
17.1 MJ/kg, 17.8 MJ/kg, and 18.0 MJ/kg, respectively (see Table 2-3). As for South African coal,
the HHV varies depending on the origin and may range from 18 MJ/kg — 27 MJ/kg (Jeffrey, 2005).
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The Highveld coals in Table 2-3 had an HHV of 20.2 MJ/kg (Bunt et al., 2015) and 28.7 MJ/kg
(Leeuw et al., 2016). The main chemical properties of materials that had a negative influence on
the HHV were low carbon-, high oxygen-, high ash-, and high moisture content. Carbon in coal
is mainly associated with high energy carbon-carbon bonds, whereas biomass is associated with
weak C—H and C—O bonds with smaller energy potential.

2.2.4 Mass and energy density

The mass density relates to a single particle and bulk density to the mass of particles occupying
a volume, including the voids between particles. The bulk density is important when taking the
economics of transportation and storage of solid fuel into account (Kambo & Dutta, 2014). Table
2-4 reports the mass- (or bulk-) and energy density of various lignocellulosic biomass sources
and a coal sample as reported by the indicated authors. The calculated energy densities were
the product of the mass/bulk density and the HHV. One major drawback of lignocellulosic
biomass is the low bulk density, and consequently, a low energy density. Bach & Skreiberg
(2016) reported the mass density of biomass within the range of 250 kg/m® — 954 kg/m3. As seen
in Table 2-4, lignocellulosic biomass is considerably less dense than coal and together with the
low HHV, these two characteristic properties result in a very low energy density. The two
sugarcane bagasse samples used by Munir et al. (2009) had an energy density 13 times smaller

than the coal sample reported by Demirbas (2003).

Table 2-4: Mass -, bulk -, and energy density of various materials

Material Ma(s;g?rﬁr;)sny Ene(rcg;g /ﬂg;s'ty Reference

Palm kernel cake 623.0% 11.6 (Razuan et al., 2011)
Miscanthus 321.1° 5.9 (Kambo & Dutta, 2014)
Cotton stalk 310.0°¢ 5.4 (Munir et al., 2009)
Sugarcane bagasse 140¢ 2.5 (Munir et al., 2009)
Sugarcane bagasse 160° 2.5 (Munir et al., 2009)
Shea meal 490°¢ 9.7 (Munir et al., 2009)
Coal 13002 32.5 (Demirbas, 2003b)

a — bulk density, b — dried, ¢ — as received.
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2.2.5 Grindability

The particle size distribution in thermal systems, i.e. pulverised fuel boilers and gasifiers, play a
significant role regarding process parameters, i.e. combustion efficiency, carbon conversion, NOy
reduction and syngas composition. Producing a homogeneous feed with a normalised particle
size distribution is important and is dependent on factors such as the grindability (Gil et al., 2015;
Wang, Barta-rajnai, et al., 2018).

Since different lignocellulosic biomass has a varying chemical composition, it would require
pretreatment methods such as shredding, grinding and milling to produce a homogeneous
mixture; however, the polymeric fibrous nature of lignocellulosic biomass reduces the grindability
thereof and makes it an energy-intensive process (Gil et al., 2015; Wang, Barta-rajnai, et al.,
2018).

2.3 Hydrothermal carbonisation and hydrothermal liquefaction: upgrading
lignocellulosic biomass to hydrochar

Hydrothermal carbonisation and hydrothermal liquefaction are conversion processes which take
place in hot compressed water. Depending on the temperature, different reactions occur during
hydrothermal treatment, influencing the product distribution and are classified accordingly.
Hydrothermal carbonisation occurs at temperatures below 250°C and is in general associated
with higher hydrochar yield and smaller quantities of bio-oil and syngas (Cha et al., 2016; Elliott
et al., 2015; Roman et al., 2012; Xiao et al., 2012). At higher temperatures, the solvolytic
breakdown of biomass is promoted and shifts the carbon distribution to the aqueous phase and
bio-oil (Jena & Das, 2011). Previous authors reported liquefaction temperatures between
250°C — 400°C and high pressures ranging from 5 MPa — 20 MPa, depending on the solvent
used (Chaet al., 2016; Chan et al., 2014; Elliott et al., 2015; Jena & Das, 2011). Further increase
in temperature (>400°C) will result in hydrothermal gasification of biomass, producing syngas
(CO, CO; CHg4, and Hy) as the main product (Cha et al., 2016; Elliott et al., 2015; Kruse, 2009).

During hydrothermal treatment, water acts as an acid/base catalyst precursor due to increased
ionic product formation. The degree of ionisation is a function of the temperature since
dissociation of water into HsO* and OH-" is an endothermic process. Properties of water such as
the ionic products and dielectric constant, both a function of temperature and pressure, influence

the reaction rates of chemical reactions and it is possible to control the nature of products by
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manipulating the properties of water during hydrothermal treatment. The relative dielectric
constant of hot compressed water under critical conditions improves the solubility of organic
components (Holzapfel, 1969; Kruse & Dinjus, 2007; Marshall & Franck, 1983).

The high ionisation constant of hot compressed water also facilitates hydrolysis reactions and
fragmentation of lignocellulosic biomass resulting in deoxygenation and densification of the feed.
During hydrothermal carbonisation, the formation of organic acids lowers the pH of the water
phase, which then further catalyse reactions like hydrolysis and the decomposition of oligomers
and monomers to smaller fragments (Jain et al., 2016). Depending on the process conditions
during hydrothermal carbonisation, a variety of products and yields are possible. Hydrothermal
carbonisation at low temperatures (160°C — 250°C) is a proven process to produce hydrochar: a
solid product with improved fuel characteristics in comparison with raw biomass (Kambo & Dutta,
2014; Liu et al., 2013).

2.4 The effect of hydrothermal parameters on physicochemical properties of hydrochar

The three main hydrothermal variables that affect the physicochemical properties of hydrochar

and product distribution are temperature, residence time and biomass-to-water ratio.

2.4.1 Temperature

Hydrochar vyield is greatly affected by the hydrothermal temperature and demonstrates a rapid
decrease in solid yield with increasing temperature, which transitions to less intense effect under
hydrothermal liquefaction conditions (Liu et al., 2013). Liu et al. (2013) investigated the hydrochar
yield during hydrothermal carbonisation of coconut fibre and eucalyptus leaves, as a function of
temperature, for constant residence time and biomass/water ratio (30 min and 10% respectively).
The solid yield decreased sharply with +47% between 150°C — 250°C and transitioned to a
gradual decrease of 9% — 14% between 250°C — 360°C. Hydrothermal carbonisation of a mixed
wood feedstock demonstrated similar results to Liu et al. (2013), a rapid reduction of 18.8% in
solid yield from 215°C —255°C with a negligible decrease at higher temperatures of
255°C — 295°C (Kent Hoekman, S.; Broch, A.; Robbins, 2011). Hydrothermal treatment of
eucalyptus bark at 220°C for two hours had a solid yield of 46.4%, which decreased gradually to
40.0% at 300°C.
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The rapid mass loss rate at low temperatures coincides with the effect of hydrothermal treatment
on the volatile content. Hydrothermal treatment of eucalyptus bark (Gao, Zhou, et al., 2016),
coconut husk (Nakason et al., 2018), rice husk (Nakason et al., 2018), and paper mill sludge
(Sermyagina et al., 2015) at corresponding temperature ranges of 220°C —300°C,
140°C — 200°C, 140°C — 200°C, and 180°C — 250°C, showed a decrease in volatile content of
9.4% — 20.5%, 2.0% — 7.8%, 4.1% — 12.0%, and 9.7% — 37.4%, respectively. Furthermore, the
volatile fraction of biomass corresponds with the hemicellulose and cellulose content (Acharjee
etal., 2011; Gao, Zhou, et al., 2016; Liu et al., 2013; Nakason et al., 2018). Acharjee et al. (2011)
showed that most of the hemicellulose was removed from the hydrochar produced from loblolly
pine at 200°C and completely removed at 230°C. Similarly, nearly all of the hemicellulose and
cellulose in hydrochar produced from coconut fibre and eucalyptus leaves was decomposed at
250°C (Liu et al.,, 2013). Thermal degradation at low temperatures is associated with the
dehydration and decarboxylation reactions and was confirmed with diminishing hydroxyl and

carboxyl groups as demonstrated with FTIR (Gao, Zhou, et al., 2016)

Gao, Zhou, et al. (2016) linked the increased fixed carbon content to the removal of volatile matter.
The fixed carbon content increased, which is highly favourable since carbon contributes to the
energy density. The fixed carbon content of the hydrochar derived from the biomass feedstock
mentioned above increased with 10.3% — 18.2%,4.8% — 10.9%, 2.4% —8.6%, and
17.0% — 43.0%. The general observation with regards to the moisture and ash content of the
hydrochar is that both these fractions are smaller compared to the raw samples; however, the
ash fraction may decrease or increase as a function of temperature (Gao, Zhou, et al., 2016;
Nakason et al., 2018; Sermyagina et al., 2015). The decrease may relate to a portion of the ash
content that dissolved in the aqueous phase (Gao, Zhou, et al., 2016; Nakason et al., 2018). The
increase may be due to: (i) an overall fractional increase since cellular structure decomposed, (ii)

or the precipitation/reabsorption of mineral content (Gao, Zhou, et al., 2016; Nakason et al., 2018).
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Table 2-5:

Ultimate composition (daf), higher heating value (HHV), and H/C-O/C atomic ratios of various biomasses and hydrochars

T range

C

H

O

N

S

HHV

Sample =C) (%) (%) (%) (%) (%) (MJ/kg) H/C o/C Reference
Miscanthus - 47.6 6.1 46.1 0.2 0.0 18.5 1.54 073  (Kambo &
Hydrochar 190 —260 48.9—62.1 6.0—54 32.1—448 02—04 00 202—259 104—148 0.39—0.69 Dutta, 2014)
E;rcka'yptus - 45.2 6.4 48.4 - - 18.5 1.69 0.80 (Gao, Zhou,
et al., 2016)
Hydrochar ~ 220—300 49.5—727 56—51 22.2—44.9 - - 20.2—29.2 0.83—1.36 0.23—0.68
%&Ce"”“t - 47.8 5.6 455 0.9 0.2 18.4 1.41 071  (Liuetal,
2013
Hydrochar 200 —300 62.5—732 51—53 202—311 09—11 03—04 247—29.4 083—1.01 0.21—0.37 )
Eucalyptus .
oavos - 47.0 6.2 44.8 1.2 0.8 18.9 1.59 0.72 (ZLc;llj;t al.,
Hydrochar ~ 200—300 61.1—68.9 6.0—6.1 22.8—30.7 14—16 04—07 253—287 1.05—120 0.25—0.38
ﬁfgf”“t i 50.1 5.8 43.6 0.4 0.1 19.1 1.39 0.65  (Nakason et
al., 2018
Hydrochar ~ 140 —200 51.6—59.5 57—6.0 342—418 0.5 01  207—239 115—1.41 0.43—0.61 )
Rise husk - 47.3 6.7 45.1 0.7 0.1 15.6 1.70 0.72 (Nakason et
Hydrochar ~ 140 —200 48.1—56.8 6.4—6.8 358—448 06—08 01 161—182 1.38—161 0.47—0.70 al, 2018)

Page 20 | Chapter 2 - Literature study



Regarding the elemental composition of raw biomass material, the carbon and nitrogen
content of hydrochar increased, whereas the oxygen and hydrogen content decreased with
increasing temperature. Sulphur content is, in most cases, negligible (Gao, Zhou, et al., 2016;
Kambo & Dutta, 2014; Liu et al., 2013). The degree to which the composition of each element
changes depends strongly on the type of biomass material and temperature. The carbon,
hydrogen and oxygen content of miscanthus (Kambo & Dutta, 2014), eucalyptus bark (Gao,
Zhou, et al., 2016), coconut fibre, and eucalyptus leaves (Liu et al., 2013), coconut husk, and
rice husk (Nakason et al., 2018) are shown in Table 2-5. As an example, the carbon content
increased with 1.8%—63.6%, whereas the oxygen content decreased with 19.0%—31.6% after
hydrothermal treatment. The main differences difference between the experiments conducted

were the biomass samples, the temperature range, and the holding/retention time.

Dehydration and decarboxylation reactions, the two main reactions that take place during
hydrothermal carbonisation, leads to the chemical composition as discussed above (Donar et
al., 2016; Gao, Zhou, et al., 2016; Nakason et al., 2018). Hydrothermal treatment of biomass
is beneficial, since it decreases the oxygen content and increases the carbon content, which
explains the lower H/C and O/C atomic ratios. The H/C atomic ratio was influenced by
dehydration reactions, removing hydrogen from the solid product. Table 2-5 reports the H/C
and O/C atomic ratios based on the work of indicated authors.

2.4.2 Residence time

Most of the work completed by previous authors, investigating the effect of residence time on
the product yield and physicochemical properties, was done using a batch reactor. These
investigations show that the effect of residence time is small in batch processes, and some
cases insignificant when compared to other variables such as temperature. For example,
Donar et al. (2016) showed that residence time (two to six hours) had no significant effect on
the elemental composition of hydrochars produced from hazelnut shell and olive residue
through hydrothermal treatment. Donar et al. (2016) suggested that at the specific
temperature, longer a residence time did not contribute to the final product. At these

conditions, hemicellulose degrades easily; yet, cellulose and lignin were more resistant.

Gao et al. (2016) reported a marginal effect of residence time on the physicochemical
properties of hydrothermally treated eucalyptus bark. The fixed carbon content increased

slightly due to loss of volatile matter, and the HHV values for all hydrochar were in the range
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of 27.0 MJ/kg — 28.2 MJ/kg. FTIR spectra demonstrated only marginal differences with
regards to the functional groups present on the hydrochars (Gao, Zhou, et al., 2016).

A study on coconut husk and rice husk showed that the retention time had a slight effect on
the solid yield. Increasing the retention time from one to four hours caused a decrease in solid
yield from 70.9% — 67.8% and 70.1% — 69.0%, respectively (Nakason et al., 2018). Similar
to Gao et al. (2016), the VM content decreased from 55.2% — 54.0% and 51.1% — 48.3%,
respectively, whereas the FC content increased from 44.2% — 45.7% and 28.0% — 30.1%,
respectively. Subsequently, the relationship between the FC and VM content of the
hydrochars and the retention time translated to an improved fuel ratio (FC/VM) (Nakason et
al., 2018). Nakason et al. (2018b) also reported that longer hydrothermal treatment times
increased the HHV from 22.6 MJ/kg — 23.9 MJ/kg and 17.5 MJ/kg — 18.2 MJ/kg, respectively.

Makela et al. (2015) concluded that the retention time affected hydrochar ash content, solid
yield, carbon content, O/C atomic ratio, energy densification and energy yield. Compared to

temperature, the effect of retention time was three to seven times lower.

Sermyagina et al. (2015) reported that longer holding time resulted in higher mass loss and a
slight increase in the heating value of hydrochar. The mass loss was largely related to loss in
the volatile matter, for example, doubling the holding time to six hours (at different
temperatures ranging between 180°C — 250°C) the volatile content decreased with 4% — 9%.
Low temperatures (180°C and 200°C) demonstrated a greater effect on energy content. At
higher temperature, the HHV increased with less than 1 MJ/kg.

2.4.3 Biomass-to-water ratio

Mékela et al. (2015) used a recycled paper mill sludge residue from a Swedish pulp and paper
mill and showed that biomass-to-water ratio was statistically insignificant within the original

design range and did not have an effect on the hydrochar properties (Makela et al., 2015).

Sermyagina et al. (2015) showed an increase in the mass yield, fixed carbon content and
energy content with an increase in the biomass-to-water ratio. The lower solid yield at higher
water loadings was attributed to increased decomposition reactions (hydrolysis) (Sermyagina
et al., 2015). Similarly, Volpe and Fiori (2017b) found that high biomass-to-water ratios favour

secondary hydrochar formation, which translates to higher solid yield and hydrochar with
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higher energy content. For example, increasing the biomass-to-water ratio from 7% — 25%,
increased the solid yield with 9.6% (olive trimmings) and 7.7% (olive pulp). For the same
values and order, the heating value increased with 1.2 MJ/kg and 1.8 MJ/kg. Likewise, the
fixed carbon content increased with 6.3% and 4.5% respectively. Secondary char
microspheres on the surface of hydrochar had a C/O atomic ratio four and two times greater
than primary char found in the hydrochar derived from the olive trimmings and olive pulp,

respectively.

2.5 HTL via continuous reactors

Research in continuous hydrothermal liquefaction is limited in literature, but have been used

to some extent for the production of bio-oil from algae.

Ocfemia et al. (2006) developed and tested a small-scale continuous hydrothermal process
for treating swine manure for the production of bio-oil. The test was successful and produced
oil vyields ranging from 62.0% —70.4% with heating values ranging from
25.2 MJ/kg — 31.1 MJ.kg.

(Patel & Hellgardt, 2015) investigated the effect temperature and residence time had on the
product distribution and chemical properties of the product, derived from microalgae via a
continuous hydrothermal liquefaction process. HTL at 380°C and 30 seconds produced the
highest bio-oil yield. The bio-oil had favourable low oxygen content and high carbon content
and explained the high HHV; yet, low O/C atomic ratios suggest more oxidative stability due
to a smaller amount of C—O functional groups. An increase in stable C—H bond was observed,

which was supported by higher hydrogen and carbon (H/C atomic ratio) content.

Makishima et al. (2009) used a semi-pilot scale continuous flow type hydrothermal reactor to
recover hemicellulose from corncob. A recovery of 82.2% of xylan was achieved as a mixture

of xylose, xylooligosaccharides and higher-xylooligosaccharide.

Prapaiwatcharapan et al. (2015) evaluated two types of semi-continuous systems, a two-step
sequential hydrothermal liquefaction system and a single-step hydrothermal liquefaction
system. The two-step system produced a higher oil yield, less solid residue and bio-oil with

reduced nitrogen content.
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Jazrawi et al. (2013a) investigated the effect of temperature, pressure and solid loading on
bio-oil production via continuous hydrothermal liquefaction processing of two microalgae
strains. Higher bio-oil yields were achieved with higher temperatures, higher pressures and
longer residence times. More severe conditions favoured deoxygenation and bio-oil derived
from protein content, which resulted in higher nitrogen content. Jazrawi et al.* (2013a) noted
that higher yields were possible with continuous processing of algae, but it might come down
to a trade-off between yield and properties. The maximum bio-oil yield was 47.7% at a solid

loading of 10%, a temperature of 350°C and a residence time of 3 min.

Mariusz et al. (2018) evaluated a continuous hydrothermal liquefaction process and the effect
of process parameters, e.g. temperature and residence time, on the bio-oil production by using
microalgae as feedstock. The carbon content of bio-oil and bio-oil yield increased with higher
temperatures, while the oxygen content decreased. The carbon content of the bio-oll
produced at the lower bound (250°C, 7 min.) and upper bound (350°C, 30 min.) conditions
was 66.1 % and 72.5 %, respectively. The corresponding oxygen content decreased by
7.9 %. Both the hydrogen and nitrogen content increased slightly. The resulting energy
content, due to lower oxygen content and higher carbon content, increased with 3.8 MJ/kg.
Higher nitrogen levels contribute towards better lubricity of bio-oil but are undesirable due to
increased NOx emissions. It was proposed that bio-oil with tailored properties could be

produced by manipulating the parameters; however, secondary reactions must be considered.

Elliott et al. (2013) performed hydrothermal liquefaction of four algae feedstock at subcritical
liquid water conditions (350°C, 20 MPa). The solid loadings ranged from 17% — 34% and
produced bio-oil yields from 38% — 64%, with carbon conversions from 77% — 79%. In
comparison with bio-oil derived from lignocellulosic biomass, the algae bio-oil had a lower
density, contained less dissolved water and had a lower acid content. However, it was more
viscous and had a higher sulphur and nitrogen content, which is unfavourable due to
associated NOy and SOy emissions. The analysis showed that the bio-oil consisted mainly of
alkane products and derived heterocyclic hydrocarbons. Later, hydrothermal liquefaction of
macroalgal was investigated by Elliott et al. (2014), using the bench-scale continuous flow
reactor to produce bio-oil at the same subcritical liquid water conditions (350°C, 20 MPa).

Overall the bio-oil yield increased with increasing solid loading. Ata dry solid loading of 21.7%,
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7.6% of the carbon was converted to bio-oil, which consisted mainly of heterocyclic
hydrocarbons. The bio-oil was easily separated from the aqueous phase by gravity separation
and did not require a solvent to be recovered.

2.6 Densification

Densification is the production of regular shaped pellets, briquettes or cubes that improves
physical properties such as the mass and energy density and subsequently, the logistics of
biomass (Kaliyan & Vance Morey, 2009). Kambo & Dutta (2014) pelletised miscanthus in their
study and reported an increased mass- and energy density, ranging between
321.1 kg/m® — 834.1 kg/m® and 5.9 kg/m®—15.7 MJ/m3, respectively. Pelletised loblolly
pine’s mass density increased 36% from 813.0 kg/m® — 1102.4 kg/m?® and the energy density
from 15.9 MJ/m3 — 22.8 MJ/m® (Reza et al., 2012). Other less dense raw biomass sources
also showed good improvement. The densities of wheat straw, corn stover, big bluestem, and
sorghum stalk, ranging from 46 kg/m®— 60 kg/m?, increased and ranged from
360 kg/m® — 500 kg/m?® (Theerarattananoon et al., 2011). In general, the highest density of
lignocellulosic pellets is associated with optimum moisture content. Huang et al. (2017)
produced denser pellets by increasing the pelletising temperature and pressure.

Biomass pellets must have a certain quality based on properties that are associated with
forces and conditions, to which pellets are exposed, within the supply chain. Generally, the
main measure of a pellet’s quality is the strength and durability that relates to the inter-particle

bonds formed during the densification process (Kaliyan & Vance Morey, 2009).

2.6.1 Strength and durability

In their review, Kaliyan and Vance Morey (2009) cited four key characteristics used as a
measure of strength and durability. These included compression resistance, impact
resistance, durability and water resistance. Compression resistance is a measure of the force
a pellet can withstand before shattering, commonly characterised by compression strength.
Impact resistance may be reported with various indexes; for example, the impact resistance
index (IRI). Durability relates to mechanical or pneumatic handling and can be measured with
an impact resistance test such as the drop test. Water-resistance addresses the ability of
pellets to stay intact after short term exposure to moisture (real-world conditions are exposed

to rain or high humidity) (Kaliyan & Vance Morey, 2009).
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Some investigators have compared and analysed the quality of pellets produced from various
biomasses (Carroll & Finnan, 2012; Castellano et al., 2015; Gil, Oulego, et al., 2010; Liu, Mi,
et al., 2016). The effect of properties such as moisture (Castellano et al., 2015; Huang et al.,
2017; Kaliyan & Vance Morey, 2010; Razuan et al., 2011; Theerarattananoon et al., 2011),
pelletising temperature (Castellano et al., 2015; Huang et al., 2017; Kaliyan & Vance Morey,
2010; Razuan et al., 2011), pelletising pressure (Huang et al., 2017; Razuan et al., 2011), and
the particle size of the feed (Castellano et al., 2015; Theerarattananoon et al., 2011) have also
been investigated. The moisture content acts as a lubricant and a bonding agent (Kaliyan &
Vance Morey, 2009). The maximum strength of a pellet corresponds to optimum moisture
content, and similar to mass density, a deviation from this value results in weaker pellets
(Huang et al., 2017). The optimum moisture content of birch, spruce and reed canary grass
corresponding to a maximum density and strength (density/strength), was 6.1%, 5.2%/8.5%,
and 5.1%/8.3% respectively. Similarly, by manipulating the pelletising temperature, a stronger
and more durable pellet is produced. This phenomenon is connected to the amorphous
portion of semi-crystalline solids, such as lignin. At a certain temperature, known as the glass
transition temperature, lignin changes from a rigid, ‘glass’ state to a pliable, liquid state,
forming solid bridges between particles once it is cooled (Reza et al., 2012). Similar to the
moisture content, an optimum temperature, coinciding with the glass transition temperature of
lignin in a specific material, is observed and exceeding this temperature during pelletisation,
may produce a hard, brittle pellet (Reza et al., 2012).

When biomass pellets are exposed to wetting or high humidity conditions, water is absorbed,
causing the pellet to swell and become fragile (Bergstréom et al., 2008; Theerarattananoon et
al., 2011),. The absorbed moisture content of lignocellulosic biomass is categorised as free-
water, non-freezing bounded water and freezing bounded water. The latter two relates to
hydrogen-bonded hydroxyl groups of the cell wall. Free-water is present in the micro and
macroporous capillaries and is a function of the polymeric composition and relative humidity
(Kambo & Dutta, 2014). Of the three main constituents of biomass, hemicellulose is the most

hydrophilic, while lignin is more hydrophobic in nature (Acharjee et al., 2011).

In general, lignocellulosic biomass pellets have a fair to good quality based on compression
resistance, impact resistance, and durability tests. This is related to the natural binders in
biomass, such as protein, fat, lignin and starch; activated under high pelletising pressure and
in the range of the glass transition temperature. The natural binders in biomass are utilised
by using mixtures of various biomasses to generate stronger pellets (Kaliyan & Vance Morey,
2010).
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2.7 Combustion behaviour

Lignocellulosic biomass is an attractive renewable resource that can be used as a co-firing
agent or a substitute for fossil fuels on a commercial scale; however, existing reactors (e.g.
boilers or gasifiers) were designed based on the properties and kinetic parameters of a specific
fuel and may relate to operational problems. When considering a different fuel or designing
new reactors, the thermochemical behaviour and kinetic parameters must be determined.
Non-isothermal thermogravimetric (TG) analysis is a technigue commonly employed to study
combustion characteristics. In the case of non-isothermal technique, the mass loss is
determined as a function of a temperature profile and heating rate. The thermogravimetric
(TG) curve and derivative thermogravimetric (DTG) curve (or burning profile), generated from
non-isothermal TG data, is used to obtain experimental values for thermochemical properties

and kinetic parameters.

2.7.1 Combustion behaviour of lignocellulosic biomass against coal

Lignocellulosic biomass typically exhibits several characteristic peaks with regions that tend
to overlap. The three main regions associated with mass loss, in sequential order, are
identified as evaporation of moisture, oxidative degradation and char combustion (Munir et al.,
2009). Mass loss below 105°C is linked to the inherent moisture content of biomass.
Oxidative degradation, or oxidative pyrolysis, is described as the degradation of cellulosic
components and subsequent ignitions (Gani & Naruce, 2007), or ignition of volatile content
(Haykiri-Agcma, 2003). After oxidative pyrolysis, char combustion occurs, which is associated
with the combustion of the fixed carbon content of biomass and generally overlaps with the
preceding region (Munir et al., 2009). The intensity and extent of these regions are linked to

the proximate composition of the lignocellulosic biomass sample.

In their study, Munir et al. (2009) investigated the thermal degradation of four biomass samples
under an inert and oxidative atmosphere. The behaviour of cotton stalk, two sugarcane
bagasse, and shea meal under oxidative atmosphere could be explained from their respective
chemical composition. All the samples demonstrated rapid, intense mass loss during oxidative
pyrolysis and slower, damped mass loss during char combustion. Oxidative pyrolysis occurs
within the range of 226°C — 357°C. It has also been shown that depending on the chemical
nature of the biomass material, that is: if the biomass has a fibrous or woody nature or

combination of the two, it may demonstrate different char combustion behaviour. Shea meal
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exhibited two char combustion regions that were linked to the woody and fibrous nature,
whereas the other samples (fibrous in nature) had only one region of char combustion. The
char combustion region ranged from 352°C — 500°C.

The burning profile is also used to obtain experimental values for characteristic temperatures,
including ignition, peak and burnout temperature. The ignition temperature is defined as the
temperature at which a substance ignites spontaneously without an external source of ignition
and relates to safety considerations during storage and handling when it is utilised in industrial
processes (Lu & Chen, 2015). The peak temperature and burnout temperature is associated
with the maximum combustion rate and the end of char combustion, respectively. The peak
temperature is obtained by examining the DTG-plot to determine the maximum combustion
rate. In certain studies, two peak temperatures are reported: the one associated with oxidative
pyrolysis and the other with char combustion. Finally, the burnout temperature is obtained by
either an intersection method of two tangent lines or calculating the temperature at which the

thermal conversion of a sample reaches 99% (Lu & Chen, 2015).

Table 2-6 shows the ignition, peak and burnout temperature as well as the maximum
combustion rate of various lignocellulosic biomasses as reported by indicated authors. The
data reported in Table 2-6 was determined with the so-called intersection method and non-
isothermal TG data at one of two heating rates (10 °C/min or 20 °C/min). Except for tobacco
stalk, subjected to a heating rate of 20 °C/min, the ignition, peak and burnout temperatures
ranged from 226°C — 354°C, 283°C —511°C and 443°C —578°C, respectively. The low
ignition temperature of biomass relates to the low degree of order associated with
hemicellulose, cellulose and lignin. The cellular structure has high concentrations of —OH,
—CH,, —CHs, and —C—H radical groups. The high reactivity and maximum combustion rate
at low temperatures are associated with the high concentration of volatile organic components

and low fixed carbon content (Wang et al., 2016).

Table 2-6: The ignition -, peak -, burnout temperature, and maximum combustion rate of
var