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EXECUTIVE SUMMARY 

Biomass as an energy source has high potential to replace fossil fuel due to its 

renewability and carbon neutral nature. However, to increase the energy density of 

biomass, it needs to be pre-treated. Hydrothermal carbonization (HTC) is one of the 

promising alternative techniques used for the pre-treatment of biomass. However, the 

requirement to submerge biomass in water to decompose it to form hydrochar in the HTC 

process usually results in large volume of the post-process liquid phase. The effective 

way on how to handle the large volume of the post-process water has remained a subject 

of discussion and a challenge to the full commercialization of HTC in an industrial scale. 

To contribute additional solution to this problem, this study investigated the feasibility of 

vapor-based HTC (V-HTC) using high biomass-to-water (B/W) ratio, which minimizes 

the water required. Dairy manure (DM) was hydrothermally treated at temperatures of 

200, 230, 255 and 270 °C and B/W ratio of 0.1, 0.18, 0.25, 0.43, 0.67 and 1.0 representing 

liquid-based HTC (L-HTC) to V-HTC conditions for 20 minutes, then the produced 

hydrochars were characterized by calorific, proximate, ultimate and thermogravimetric 

analyses. The results showed that the mass yields of hydrochar decreased with increasing 

temperature but was essentially stable at high B/W ratios. Notably, the calorific values of 

the hydrochars increased with increasing temperature and B/W ratio, and the energy 

density increased by 46%. Due to the higher mass yield and increased energy density, 

maximum energy yields at each temperature (86.0–97.4%) were observed at a B/W ratio 

of 1.0. To further enhance the fuel properties of hydrochar, a co-hydrothermal 

carbonization (co-HTC) of dairy manure (DM) and wood shavings from Larix kaempferi, 

commonly known as the Japanese larch (JL) was investigated. The JL was mixed with 

the DM at 25, 50 and 75 wt.% ratios. Co-HTC was conducted at 260 °C for 20 minutes. 

The resulting hydrochars were characterised based on the physicochemical properties and 

the thermal behaviour. Results showed that the hydrochar solid biofuel properties 

improved as the ratio of JL was increased. The produced hydrochars were in the region 

of lignite and closed to the region of the coal with increased fixed carbon, carbon contents 

and lowered H/C and O/C ratios. Hydrochar with ash content of 7.2±0.5% was obtained 

at 75 wt.% JL. In addition, the higher heating value (HHV) of hydrochar increased 

remarkably to 26.4±0.02 MJ/kg as the mass ratio of the JL was increased. 
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THESIS STRUCTURE 

The thesis is organized in five (5) chapters as follows: 

• Chapter one (1) gives the background to the study, which includes problem 

identification and the objectives of the study. 

• Chapter two (2) introduces some literature background for the study,  

• Chapter three (3) presents the first phase of the study on the HTC of dairy manure. 

• Chapter four (4) presents the second phase of the study on the co-hydrothermal 

carbonization (co-HTC) of the dairy manure and Japanese larch. 

• Chapter five (5) gives the conclusion and recommendation for further study. 
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CHAPTER 1 

1.0 INTRODUCTION 

1.1 Background to the study 

Biomass is composed of lignocellulosic material derived from the living organic materials 

such as wood and agricultural residues [1]. Biomass also includes non-lignocellulosic 

materials such as animal and municipal solid wastes [1]. Biomass is currently one of the 

major sources of renewable energy and has a promising potential to replace the fossil fuel 

[2, 3]. The growing concerns about the cost, depletion in availability, and negative 

environmental associated with the use of fossil fuels [2, 4] has made the production of 

energy from biomass imperative. The utilization of biomass as an energy source does 

contributes to the net effect of the greenhouse gases [3, 5]. An example of a waste biomass 

that is sustainable but underutilized to produce energy is the animal manure. 

Waste biomass such as animal manure is increasingly gaining attention due to the 

fast-growing animal husbandry across the world [6]. For this reason, animal manure 

generation have been reported in billions of tons in some countries annually [6, 7]. In 

Hokkaido prefecture of Japan alone, about 20 million tons of animal manure is generated 

annually [8]. Hence, biomass from animal manure could become one of the sustainable 

sources of biofuel production [6, 9]. However, the direct use of biomass for energy 

purposes could result in low efficiency due to its heterogeneity, low bulk density, high 

moisture content, and low energy density. Hence, to improve the fuel properties of 

biomass, it needs to be pre-treated [10, 11]. 

 One of available alternatives to pre-treat biomass is through hydrothermal 

carbonization (HTC). HTC is a thermochemical and effective technique for improving 
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the fuel properties of biomass as a solid biofuel source [6, 9, 12]. The conversion process 

uses hot compressed water at a moderate temperature range of 180 to 280 °C in an 

autoclave reactor [5, 11, 13]. Unlike other available thermal conversion technologies for 

biomass, HTC does not need the pre-drying of a feedstock before carbonization. Hence, 

saves the energy required for drying of a feedstock before conversion to a solid biofuel. 

The solid biofuel produced from HTC is referred to as hydrochar and has energy density 

close to the coal. 

1.2 Problem identification 

The use of water in HTC is very critical because it governs the decomposition of biomass 

to hydrochar by hydrolysis [14, 15]. Water serves as a solvent and catalyst during HTC 

pre-treatment of biomass [5, 13, 16]. However, the need to submerge biomass in large 

amount of water, which is a unique feature of HTC, would require proper wastewater 

treatment after the HTC process to remove dissolved organic acids and other compounds 

prior to discharge into the environment [13, 16, 17]. In most HTC studies, hydrochar is 

produced with much quantity of water which implies the use of low biomass to water 

ratio (B/W) where the feedstock is immersed in sufficient water to facilitate higher heat 

exchange between the feedstock and the liquid medium [9, 12, 18–20], but this tends to 

generate much post-process wastewater. The effective way on how to handle the large 

amount of the post-process water has remained a subject of discussion and a challenge to 

the full commercialization of HTC in an industrial scale. Attempts to address this include 

water recycling, recovery of dissolved organic chemicals, usage in anaerobic digestion 

processes, and wastewater treatment [21–26] but all add significant additional 

construction and operating costs to commercial scale operations. Also, the amount of the 

dissolved organic compounds recoverable is reported to minimal [21, 24, 25] coupled 
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with the fact that larger percentage of studies on HTC is majorly concentrated on the 

production of hydrochar [5, 16]. Therefore, this study considered a feasible and cost-

effective way by increasing B/W ratio in the HTC process. To achieve this, the effect of 

increasing B/W ratio at different HTC process temperatures using animal manure was 

investigated in this study.  

In addition, the solid biofuel produced from animal manure via HTC pre-treatment 

is recognized for its high ash content [7, 9, 12, 27, 28]. These high ash contents of the 

carbonized solid biofuel from animal manure could result in severe ash related problems 

such as fouling and scaling deposits if directly used for combustion [29]. Consequently, 

this can lead to a reduction in the available area for heat transfer in a furnace and some 

connecting sections of combustion equipment [30]. It is, therefore, imperative to consider 

a technique such as the co-hydrothermal carbonization (co-HTC) of animal manure with 

a low ash content lignocellulosic biomass that could further help to improve the fuel 

property and reduce the ash content for efficient utilization as a solid biofuel. Therefore, 

this study further conducted a co-HTC of DM and the Japanese larch (JL) using B/W ratio 

of 1.0. 

1.3 Aim and objectives of the study 

The aim of the study was to produce a solid biofuel from dairy manure and lignocellulosic 

biomass while the specific objectives of the study are: 

1. To evaluate the effect of increasing biomass to water ratio (B/W) on the hydrochar 

mass yield and fuel properties of hydrochar from DM.  
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2. To conduct a co-HTC of the DM and JL at the B/W ratio of 1.0 (obtained as the 

best from the first objective of the study) due to the high ash content of the 

hydrochar from DM. 

 

1.4 List of publications included in this thesis 

• Improvement of the fuel properties of dairy manure by increasing the biomass-to-

water ratio in hydrothermal carbonization. Submitted to PLOS ONE SCIENTIFIC 

JOURNAL. 

• Upgrading the fuel properties of hydrochar by co-hydrothermal carbonization of 

dairy manure and Japanese larch (Larix kaempferi): product characterization, 

thermal behaviour, kinetics, and thermodynamic properties. Published in biomass 

conversion and biorefinery, springer nature. 

 

 

 

 

 

 

 

 

 



5 
 

CHAPTER 2 

2.0 LITERATURE REVIEW 

2.1 Biomass and its products 

Biomass is derived from plant and animal and does not need millions of years to develop 

like the fossil fuel [1]. A key advantage of biomass over the fossil fuel is that it can 

reproduce, hence, it is considered a renewable source of energy. Biomass absorbs carbon 

dioxide (CO2) from the atmosphere during its growth process through photosynthesis [3]. 

During the combustion of biomass, the absorbed CO2 is released back to the atmosphere, 

hence biomass does not contribute net CO2 to the atmosphere [1, 31]. This key property 

of biomass makes it carbon neutral. 
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2.2 Sources of biomass 

The sources of biomass include tiny grasses, trees, and small to large animal wastes. Table 

2.1 shows some biomass sources. 

Table 2.1: biomass sources 

Biomass type Sub-type       Examples 

Virgin biomass Terrestrial biomass i. Grasses 

  ii. Energy crops 

  iii. Cultivated crops 

  iv. Forest residues 

 Aquatic biomass i. Water plant 

  ii. Algae 

Waste biomass Municipal wastes i. Municipal solid 

wastes 

  ii. Biosolids, 

sewage 

  iii. Landfill gas 

 Agricultural solid wastes i. Livestock and 

manure 

  ii. Agricultural crop 

residues 

 Forestry residues i. Barks, leaves, 

floor residues 

 Industrial wastes i. Demolition 

wood, sawdust 

  ii. Waste oil/fat 

Source: [1] 

2.3 Component and structure of biomass 

Biomass is a complex mixture of organic materials such as carbohydrate, fat, oil, protein 

etc. The main component of biomass includes extractives, fiber components and ash [1, 
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32]. Extractives refers to substances present in vegetable or animal tissue that include 

protein, oil, starch, and sugar which can be separated by successive treatment with 

solvents and recovered by evaporating the solution [1]. The fiber provides structural 

strength to the plant which allows it to stand above the ground without support [1]. A 

typical cell wall is made of carbohydrates and lignin while carbohydrates are mainly 

cellulose or hemicellulose fibers, which gives strength to the plant structure, while the 

lignin holds the fibers together. Ash is the inorganic component of the biomass after 

complete combustion. Fig. 2.1 shows a typical lignocellulosic biomass structure and 

components.  

 

Fig. 2.1: A typical lignocellulosic biomass structure and components. 

2.4 Biomass conversion techniques 

Several methods are currently available for the conversion of biomass to a desired product 

for different application. These techniques include hydrothermal carbonization (HTC) or 

wet torrefaction, dry torrefaction, pyrolysis, gasification etc. These biomass pre-treatment 

methods are classified based on their operating condition [1]. The employment of these 
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methods most times depends on the desired product, feedstock type, moisture content of 

the feedstock etc. The Fig. 2.2 below shows some thermochemical conversion techniques 

for biomass to value added products.  

 

Fig. 2.2: Thermochemical conversion and products 

2.4.1 Hydrothermal carbonization (HTC) 

HTC also known as wet torrefaction is a thermochemical process for converting biomass 

to a high energy dense solid product. The conversion process uses hot compressed water 

at a moderate temperature range of 180 to 280 °C in an autoclave reactor [9]. The pressure 

in the reactor during the process is the range of 2 to 6 MPa and reaction time of 5 to 240 

minutes [5]. The pressure rise in the reactor is autogenic (it is not controlled) depending 

on the process temperature. Unlike other available thermal conversion technologies for 

biomass, HTC can be used to convert high moisture content feedstock to a solid biofuel. 

Products from HTC include the solid biofuel referred to as hydrochar, process water and 

small amount of the gaseous products. A typical HTC process is illustrated in Fig. 2.3 

below. Depending on the operation temperature and the desired product, the hydrothermal 
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process can be further classified as hydrothermal liquefaction (HTL) and hydrothermal 

gasification (HTG) or super-critical water gasification (SCWG) [5, 33]. The temperature 

range for HTL is reported to be between 250 – 400 °C [34] while HTG or SCWG is 

reported to be between 500 – 750 °C [35]. The desired end products of these two processes 

are liquid and gaseous fuel respectively. 

 

Fig. 2.3: A typical HTC process 

2.4.1.1 Reaction mechanism in HTC 

The reaction mechanism in HTC includes hydrolysis, dehydration, decarboxylation, 

polymerization, and aromatization [5, 15, 33]. These processes do not occur in a 

successive manner rather they occur simultaneously and are connected to each other [15]. 

Hydrolysis is the first step to be initiated and has the lowest activation energy [14, 15]. 

Hydrolysis breaks down the biomass chemical structure through the cleavage of the bonds 

of the bio-macromolecules with water molecules [14, 15, 36]. The hydrolysis process 

creates saccharides and some fragment of lignin in the liquid phase. Dehydration refers 

to the removal of water from the biomass matrix through the elimination of the hydroxyl 

group. Dehydration reaction in HTC covers both the physical and chemical processes. 

Chemical dehydration significantly lowers the H/C and O/C ratios [36]. Decarboxylation 
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is the removal of CO2 and CO by the elimination of carboxyl and carbonyl groups [37] 

while aromatization occurs because of dehydration and decarboxylation processes [36]. 

2.4.2 Vapor-based and liquid-based HTC 

Vapothermal carbonization (VTC) or the vapor-based HTC (V-HTC) involves the 

decomposition of biomass through the action of water vapor. B/W ratio can be used to 

differentiate HTC into liquid-based (L-HTC) and vapor-based (V-HTC) [19, 38, 39]. 

When the feedstock is submerged in water prior to carbonization, it is referred to L-HTC 

[19, 38]. When the feedstock is just in a moist condition or has no contact with bulk liquid 

water, it is often referred to as V-HTC [19]. A feedstock of high B/W ratio is used to 

conduct the V-HTC. Due to insufficient water in a feedstock of high B/W ratio, it is 

expected that the decomposition of biomass to hydrochar would be largely governed by 

vapor. However, V-HTC, is sometimes performed by placing a feedstock of high B/W 

ratio on a basket or a mesh few centimetres above the base of the reactor to avoid contact 

with water or the use of pipes to conduct steam to the biomass for decomposition [19, 

39]. In this way, the reactor that is conventionally used for HTC needs to be modified 

before conducting the V-HTC. 

The L-HTC has advantages such as greater effect of heat transfer between liquid 

and feedstock, higher carbon content and lower amount of ash contents [18]. Some 

notable benefits of conducting HTC with high B/W ratio or the V-HTC, include that; 

vapor can penetrate the biomass matrix at a faster rate due to its lower density compared 

to liquid, increased mass yield, increased fixed carbon, little or no mechanical dewatering 

is required after the process, avoidance of excessive use of water, eliminates post-process 

water handling and the heating value of the product could also increase [38]. 
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2.4.3 Applications of hydrochar 

Hydrochar has potential application for energy production, soil amendment/carbon 

sequestration, adsorbent for pollution control and remediation, medical application [16, 

33] etc.  

2.4.3.1 Hydrochar energy source 

Hydrochar can be used as an alternative to coal for energy generation, since ash forming 

alkaline are mostly removed during HTC and increased its energy density, it therefore 

makes it suitable for direct usage as solid biofuel [5]. In addition, hydrochar can be used 

for the synthesis of fuel cells, batteries, and electrodes supercapacitors [15, 16]. 

2.4.3.2 Hydrochar for soil amendment/carbon sequestration 

The use of hydrochar in soil amendment is related to nutrient release, mineralization, soil 

alteration, germination, growth of different crops, water retention [5, 40] etc. However, 

little information is available on the use of hydrochar for soil amendment. This could be 

due to its production process which is usually associated with organic acids and could be 

detrimental to plant growth [5]. 

2.4.4 Dry torrefaction 

This is also known as mild pyrolysis and refers to a thermochemical process by which 

biomass is heated in an inert atmosphere at a process temperature range of 200 to 300 °C 

and a residence time of 30 minutes to several hours [5]. The degree of torrefaction 

depends on the temperature and the residence time to which it was subjected. A major 

objective of torrefaction is to increase the energy density of biomass by increasing its 

carbon content and at the same time reduce the oxygen content [41]. 



12 
 

2.4.5 Pyrolysis 

Pyrolysis is a thermochemical process is heated to an elevated temperature around 300 to 

650 °C in the absence of oxygen [5]. The process results into three main products namely 

carbon-rich solid, bio-oil and non-condensable gases such as CO, CO2, CH4 and H2. The 

process is sub-divided into slow, fast, flash and intermediate pyrolysis depending on the 

temperature, reaction time and heating rate [33].  

2.4.6 Gasification 

Gasification is a thermochemical conversion of biomass at high temperature range of 600 

to 1200 °C for a short residence time. The major product of gasification is a mixture of 

gases known as syn gases [42]. Ideally, in gasification no solid biofuel is produced 

because most of the organic materials are converted to gases and ash. In practical term, 

small amount of solid is formed (mostly less than 10%) [1]. The small amount of the solid 

formed contains high concentration of alkaline and alkaline earth metal [5].  

2.5 Solid fuel properties of biomass 

2.5.1. Heating value 

Heating value is one of the important indices of the fuel properties of biomass. It is the 

amount of heat energy released when a unit mass of a solid fuel is completely combusted 

and can be measured in terms of energy content per unit mass [1, 32]. This can be 

measured in terms of the higher heating value (HHV) with the inclusion of the heat of 

vaporization of water. HHV is also referred to as the gross calorific value (GCV) [32]. 
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2.5.2 Proximate composition 

Proximate analysis is used to express solid fuel components in terms of moisture content 

(M), volatile matter (VM), ash (ASH) content and fixed carbon (FC) [43]. The VM is the 

quantity of the condensable and non-condensable gases released when the fuel is heated 

[1]. The amount of the VM released depends on the heating temperature and the heating 

rate. The ASH content is the inorganic solid residue left after complete combustion of a 

solid fuel. The ASH content plays an important role in biomass utilization especially if it 

contains alkali metals (e.g., potassium or sodium) and halides (e.g., chlorine). These 

components in ASH can cause fouling and corrosion of combustion equipment and 

gasifiers [44]. The FC represents the solid carbon that remained after the subtraction of 

the M, VM and ASH. The FC include the elemental carbon and the carbonaceous residue 

formed in the process of heating during the VM determination [1].  

2.5.3 Ultimate composition 

The ultimate composition of biomass and solid fuel include the carbon (C), hydrogen (H), 

nitrogen (N), oxygen (O) and sulphur (S) contents [45]. These properties can be 

determined using an elemental analyzer. The measured values of these properties are 

sometimes used to estimate the HHV of the biomass and/or solid fuels [45, 46]. The 

carbon content is the most important property because it gives the indication of the energy 

value of a feedstock. The hydrogen content also contributes to the energy value of a 

feedstock but has less influence compared to the carbon content. The oxygen content is 

usually very high in raw biomass but can be reduced by pre-treatment. The reduction of 

oxygen in biomass increases its energy density [42]. The oxygen content is most times 

estimate indirectly by subtracting other elements from 100%. The nitrogen content in 
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biomass is low and hence, it does not have a significant contribution to the energy density 

of biomass or solid fuel. The sulphur content is also very low in biomass (less than 0.1%). 

It can contribute to the emission of toxic gases such as SO2 during combustion. 

2.6 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is a useful technique for studying the thermal 

behaviour of a solid fuel [47, 48]. The TGA is used to observe the changes in mass of a 

solid fuel sample as a function of temperature or time of combustion. Depending on the 

environment or the gas employed in conducting the TGA (e.g., air atmosphere, oxygen, 

argon, nitrogen etc.), it can be used to study combustion process, pyrolysis, gasification 

of biomass or solid fuel [48]. Another useful application of the TGA is the study of the 

kinetics of biomass or solid fuel degradation [6, 49]. In addition, TGA is also useful to 

estimate the proximate compositions in biomass or solid fuel. The data generated from 

the TGA is used to plot the curves for the mass loss and the mass loss rates against the 

temperature. The mass loss rate is referred to as the differential thermogravimetric (DTG) 

data. The characteristic temperatures can be determined subsequently from the mass loss 

and mass loss rate curves. 

2.7 Kinetics of solid fuel degradation 

To design a combustion, pyrolysis, gasifier equipment etc. it is important to understand 

the thermal degradation behaviour and kinetics of biomass [2, 6, 50, 51]. Properties such 

as the activation energy, thermodynamic properties are useful in the study of biomass 

kinetics. The data generated from the TGA at different heating rates are used to fit 

established kinetic models [51]. Kinetic models such as the Flynn-Wall-Ozawa (FWO) 
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and Kissinger-Akahira-Sunose (KAS) are useful methods for determining the kinetic 

parameters of biomass or solid fuel decomposition [2, 49]. 
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ABSTRACT 

There are many advantages to liquid-based hydrothermal carbonization (L-HTC) but the 

need to immerse the biomass in water generates more post-process water, hindering the 

commercialisation of HTC. To address this issue, this study investigated the feasibility of 

vapor-based HTC (V-HTC), which minimizes the water required. Dairy manure (DM) 

was hydrothermally treated at temperatures of 200, 230, 255 and 270 °C and biomass-to-

water ratios (B/W) of 0.1, 0.18, 0.25, 0.43, 0.67 and 1.0 for 20 minutes, then the produced 

hydrochars were characterized by calorific, proximate, ultimate and thermogravimetric 

analyses. The results showed that the mass yields of hydrochar decreased with increasing 

temperature but was essentially stable at high B/W ratios. Notably, the calorific values of 

the hydrochars increased with increasing temperature and B/W ratio, and the energy 

density increased by 46%. Due to the higher mass yield and increased energy density, 

maximum energy yields at each temperature (86.0–97.4%) were observed at a B/W ratio 

of 1.0. The proximate and ultimate analyses revealed that the degree of coalification, such 

as the increase in carbon content and decrease in oxygen and volatile matter, progressed 

more under V-HTC than L-HTC conditions, likely because the lower liquid content in V-

HTC facilitates the formation of secondary char and increases the reaction severity due 

to higher acidity. This study showed a potential approach for upgrading a semi-solid-state 

biomass by V-HTC. 

Key words: Dairy manure, Biomass/water ratio, Thermochemical conversion, 

Hydrothermal carbonization, Vapothermal carbonization, Hydrochar, Solid biofuel 
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1.0 INTRODUCTION 

The consumption of fossil fuels as energy sources has raised many global 

concerns due to their negative impact on the environment, such as greenhouse gas 

emissions [4, 52]. The utilization of biomass as an alternative energy source is thus 

imperative due to its carbon-neutral nature, but biomass typically must be pre-treated for 

efficient use as a solid biofuel [5]. Hydrothermal carbonization (HTC) is a biomass pre-

treatment technique with low energy consumption and is an effective thermochemical 

technique for converting biomass into value-added carbon-rich products [5, 16]. The solid 

product generated from HTC is usually referred to as hydrochar. Hydrochar has enormous 

potential application in energy generation, and thus much research has focused on the 

production of high-quality hydrochar using HTC [5, 15, 16, 38, 53, 54]. 

Compared to other available thermal conversion technologies for biomass, HTC 

is better suited for converting biomass with high moisture content, such as livestock 

manure, because it uses moderately hot compressed water between 180 to 280 °C in an 

autoclave reactor [9, 16, 27, 55, 56]. However, the need to use water, which is a unique 

feature of HTC, requires proper wastewater treatment after the HTC process to remove 

dissolved organic acids and other compounds prior to discharge into the environment [5, 

16]. In particular, in the most commonly used HTC process, called liquid-based HTC (L-

HTC), the feedstock is immersed in sufficient water to facilitate higher heat exchange 

between the feedstock and the liquid medium, [18, 19] but this tends to generate more 

post-process wastewater [38]. Attempts to address this include water recycling, recovery 

of dissolved organic chemicals, usage in anaerobic digestion processes, and wastewater 
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treatment, [5, 17, 37, 57–59] but all add significant additional construction and operating 

costs to commercial scale operations. 

To address these issues, the present study considers the feasibility of vapor-based 

HTC (V-HTC), which is easily achieved by increasing the biomass-to-water (B/W) ratio. 

The feedstock is moist or has no contact with bulk liquid water [18, 19]. Instead, biomass 

decomposition is mainly governed by water vapor, which can penetrate the biomass 

matrix faster due to its lower density compared to liquid [38]. V-HTC thus holds promise 

to simplify the handling of post-process water by avoiding excessive water usage prior to 

HTC treatment and/or requiring little mechanical dewatering after HTC treatment while 

improving fuel properties similar to that achieved by L-HTC. 

The transition from L-HTC to V-HTC by varying the B/W ratio implies that the 

heat transfer medium leading to biomass decomposition is either liquid, vapor, or a 

mixture of the two [60]. Thus, the fuel properties of hydrochar are likely influenced by 

the B/W ratio but there is little direct evidence. For example, several studies have shown 

that the B/W ratio has little effect on mass and energy yields, [61, 62] whereas other 

studies have found that increasing the B/W ratio in HTC increases the mass yield and 

calorific value of hydrochar [63–65]. More importantly, to our knowledge, there are no 

published studies on HTC for B/W ratios above 0.67. Thus, HTC using feedstock with a 

moisture content below 60 wt.% (corresponding to a B/W ratio above 0.67) may be of 

limited utility, or perhaps water must be added to perform HTC. However, the moisture 

content of feedstock varies greatly depending on the situation and can be below 60 wt.% 

in some cases,[56] and thus HTC using a B/W ratio above 0.67 deserves investigation. 

HTC is conducted in a tightly closed system, ensuring that the generated vapor is in 
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continuous contact with the feedstock, allowing hydrochar production at higher B/W 

ratios. The authors therefore proposed the following hypothesis: hydrochar with 

improved fuel properties can be produced from low moisture content biomass without 

requiring the addition of more water. To verify this hypothesis, dairy manure (DM) as a 

test feedstock was hydrothermally treated at B/W ratios of 0.1, 0.18, 0.25, 0.43, 0.67 and 

1.0, the calorific values were measured, and proximate, ultimate and thermogravimetric 

analyses were conducted to evaluate the fuel properties of the resulting hydrochars. 

 

2.0 MATERIALS AND METHODS 

2.1 Materials. 

The DM used as a test material was obtained from an experimental farm at the 

Field Science Centre for Northern Biosphere, Hokkaido University, Japan. The sample 

was dried in an electric oven for 24 hours at 105 °C to a constant mass, then crushed using 

a mortar and pestle to reduce the particle size for ease of storage in a sealed Ziploc plastic 

bag [55, 66]. The sample was stored prior to the experiment. 

2.2 Classification of the HTC process by the degree of saturation. 

There is no clear definition of the classification state of HTC and thus the present 

study used the degree of saturation (𝑆𝑟 [%]), which is the ratio of water to the void fraction 

on a volumetric base, to classify four HTC states: complete L-HTC (𝑆𝑟 = 100%), 

predominance of L-HTC (67% ≤  𝑆𝑟 < 100%), mixture of liquid and vapor (33% ≤

 𝑆𝑟 < 67%), and predominance of V-HTC (0% ≤  𝑆𝑟 < 33%). Even samples classified 
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as predominance of L-HTC or V-HTC likely involve the action of vapor or liquid to some 

extent, respectively. 𝑆𝑟 was calculated using equation (1): 

𝑆𝑟 =
𝑉w

𝑉a+𝑉w
× 100 (1) 

where 𝑉w (m3) and 𝑉a (m3) are the volumes of water and air, respectively, and were 

determined using equations (2) and (3): 

𝑉w =
𝑚w

𝜌w
 (2) 

𝑉a = 𝑉 − 𝑉w −
𝑚b

𝜌b
 (3) 

Here, 𝑚𝑤 (kg) and 𝜌w (kg/m3) are the mass and specific density of water; 𝑉 (m3) is the 

apparent volume of the prepared sample in the reactor; and 𝑚b (kg) and 𝜌b (kg/m3) are 

the dry mass and specific density of DM, respectively. Note that the specific density of 

DM (𝜌b) was determined to be 1.9 using a pycnometer at room temperature. 

2.3 HTC reactor set-up and procedure. 

Experiments were performed in a 70 mL stainless steel TVS-N2 (Taiatsu Techno, 

Tokyo, Japan) batch reactor (Figure 1) with a temperature and pressure limit of 300 °C 

and 8 MPa. 
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Figure 1: Schematic of the carbonization reactor used in this study. 

Raw feedstocks were prepared by mixing about 5 to 20 ± 0.01 g of oven-dried sample and 

20 to 45 ± 0.01 g of deionized water to obtain the desired B/W ratio with high accuracy 

(equation [4]). 

B/W ratio =
𝑚b

𝑚w
 (4) 

For each batch experiment, prepared raw feedstock was placed in the reactor and 

sealed, then flushed three times with pure nitrogen to remove oxygen. The process 

temperature range was 200 to 270 °C and the holding time was 20 minutes. A PID 

controller was used to achieve the desired temperature. The process was initiated at 

atmospheric pressure, and the average pressure (autogenic) rise in the reactor ranged from 

1.5 to 6.2 MPa. After terminating the reaction, the reactor was placed in cold water for 

rapid cooling. The hydrochar was recovered from the reactor and dried to a constant mass 
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in an electric oven at 105 °C for 24 hours. The dried solid was milled, sieved, and stored 

in sample bottles for analyses. 

A total of 24 experiments were conducted using four temperatures (200, 230, 255 

and 270 °C) and six B/W ratios (0.1, 0.18, 0.25, 0.43, 0.67 and 1.0.). A holding time of 

20 minutes at peak temperature was used to minimize further mass loss. Each experiment 

was conducted in triplicate. 

2.4 Analyses 

The mass yield of hydrochar (MY [%]), the energy densification ratio (EDR [-]), 

and the energy yield (EY [%]) were calculated using equations (5) to (7): 

𝑀𝑌 =
𝑚hc

𝑚b
× 100 (5) 

𝐸𝐷𝑅 =
𝐻𝐻𝑉hc

𝐻𝐻𝑉b
 (6) 

𝐸𝑌 = 𝑀𝑌 × 𝐸𝐷𝐹 (7) 

where 𝑚hc (kg) is the dry mass of the hydrochar, and 𝐻𝐻𝑉hc (MJ/kg) and 𝐻𝐻𝑉b (MJ/kg) 

are the higher heating values of the hydrochar and raw DM. The calorific values were 

determined using an OSK 200 bomb calorimeter (Ogawa Sampling, Saitama, Japan) by 

combusting at least 0.5 g of each sample in the calorimeter [67]. 

The ash content of each sample was determined using an electric muffle furnace 

(FUL220FA, ADVANTEC, Japan) by incinerating 1 g of oven-dried sample at 600 °C 

for 3 hours. The volatile matter (VM) was determined using ASTM standard procedure 

E872 by heating the samples at 950 °C for 7 minutes in an electric furnace. Then, the 
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fixed carbon (FC [%] = 100 − VM [%] − ash [%]) and the fuel ratio (FR [-] = FC/VM) 

were calculated. 

The carbon, hydrogen and nitrogen content of the samples was determined using 

a CE-440 elemental analyser (Exeter Analytical, North Chelmsford, MA, USA). The 

oxygen content was calculated by difference (O [%] = 100 − C [%] − H [%] − N [%] − 

ash [%]). The percentage mass loss in carbon (𝑚c,loss [%]) and oxygen content (𝑚o,loss 

[%]) were calculated using equation (8) by considering the absolute initial and final 

masses of the raw sample (𝑚𝑖,b[kg]) and the produced hydrochars (𝑚𝑖,hc [kg]). 

𝑚𝑖,loss =
𝑚𝑖,b−𝑚𝑖,hc

𝑚𝑖,b
× 100 (𝑖 = carbon or oxygen) (8) 

The combustion experiment was carried out using a thermal gravimetric analyser 

(TGA/DSC 1, Star System, Mettler Toledo, USA) under an air atmosphere. About 20 mg 

of sample was placed in an Al2O3 crucible and heated from 32 to 900 °C with an air flow 

rate of 100 mL/min at a heating rate of 10 °C/min. For each sample, the TGA experiment 

was repeated at least twice for accuracy [6]. The thermogravimetric (TG) and differential 

thermogravimetric (DTG) data were used to determine the following combustion 

parameters: ignition temperature (𝑇𝑖 [°C]), burnout temperature (𝑇𝑏 [°C]), burn out time 

(𝐵𝑡 [min]), residual mass (𝑅𝑚 [%]), maximum mass loss rate (𝐷𝑇𝐺𝑚 [%/min]) and its 

corresponding temperature (𝑇𝑚 [°C]). 𝑇𝑖 indicates the temperature at which the fuel starts 

to burn while 𝑇𝑏 denotes the temperature for complete combustion of the fuel; both were 

determined by the TG-DTG tangent method [6, 48]. 𝑇𝑚 is the temperature at the 

maximum mass loss rate (DTG) or the peak temperature. The comprehensive combustion 
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index (CCI [min−2 °C−3]) and the combustion stability index (CSI [min−1 °C−2]) were 

calculated using equations (9) and (10), respectively [6, 68, 69]. 

𝐶𝐶𝐼 =
𝐷𝑇𝐺m×𝐷𝑇𝐺av

𝑇i
2×𝑇b

 (9) 

𝐶𝑆𝐼 = 8.5875 × 107 ×
𝐷𝑇𝐺m

𝑇i×𝑇m
 (10) 

 

3.0 RESULTS AND DISCUSSION 

3.1 Classification of the HTC process by the degree of saturation. 

Figure 2 shows the degree of saturation (𝑆𝑟) based on the B/W ratio at initial conditions. 

According to the definition described in the Methods section, the HTC processes at each 

B/W ratio were predominantly complete for L-HTC at B/W ratios of 0.1 and 0.18, for L-

HTC at a B/W ratio of 0.25, for a mixture of vapor and liquid phase at a B/W ratio of 

0.43, and for V-HTC at B/W ratios of 0.67 and 1.0. At B/W ratios of 0.1 and 0.18 the raw 

feedstock was pasty but little leaching of gravitational water from the prepared feedstock 

was observed. When the B/W ratio of the feedstock was further increased, the liquid-like 

properties of the feedstock changed to a plastic-like state at a B/W ratio of 0.43 and then 

to a semi-solid state at B/W ratios of 0.67 and 1.0. The determination of the degree of 

saturation and visual observation during feedstock preparation suggest an increase in the 

free air space where water vapor could easily penetrate the feedstock at higher B/W ratios. 
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Figure 2: Classification of the HTC process based on the B/W ratio.  

3.2 Effect of B/W ratio and temperature on mass distribution  

Hydrochar products mass distribution at various B/W ratio up to 1.0 at various 

temperatures are shown in Figure 3. The mass distribution results indicate that the process 

conditions had effect on the product distribution due to increasing B/W ratio. Gaseous 

product generation increased as the B/W ratio was increased. The results in Figure 3 also 

indicate that higher amount of the gaseous product can be produced at higher B/W ratio 

in the process. Furthermore, hydrochars samples produced at B/W ratios of 0.43, 0.67 and 

1.0 by V-HTC would have a higher production capacity than those produced at L-HTC 

conditions. The result also supports the result of the mass yield which showed that higher 

mass would be obtained at higher B/W ratios. Despite the increased reaction severity at 

higher temperatures, the yield of hydrochar can be maintained at higher temperatures of 

255 °C and 270 °C. 
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Figure 3: Average mass distribution at the different process conditions 

3.3 Mass yield 

Figure 4 shows the mass yield of hydrochar prepared at different temperatures and 

B/W ratios. The mass yields decreased with increasing process temperature. The mass 

yields showed only small fluctuations regardless of the B/W ratio. The mass yield in a 

thermochemical process indicates reaction severity, and thus higher temperature 

promotes biomass decomposition accompanied by the elimination of carboxyl, carbonyl 

and hydroxyl groups, producing CO2, CO and H2O [70, 71]. At 255 and 270 °C, the mass 

yield above a B/W ratio of 0.18 was higher than that at a B/W ratio of 0.1, due to either 

(i) the reaction severity decreasing above a B/W ratio of 0.18, resulting in higher mass 

yield, or (ii) the mass yield increasing due to physical deposition or chemical bonding of 

degraded substances on the hydrochar surface, although the reaction severity remains 

essentially stable above a B/W ratio of 0.18. Explanation (i) is based on liquid being 

superior to vapor for decomposing biomass, while explanation (ii) assumes there is little 

difference between each medium for decomposition, but degraded substances dissolved 
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in the liquid phase are more likely to contact the hydrochar surface due to the higher B/W 

ratio. Previous studies suggest that the polymerization of dissolved substances in the 

liquid phase and subsequent precipitation of insoluble solid substances on the hydrochar 

are more prevalent at higher B/W ratios, thereby increasing mass yield [16, 37, 59, 63, 

72]. Furthermore, proximate and ultimate analyses revealed that DM is exposed to a more 

severe reaction at higher B/W ratios (discussed below in Table 1). Given these 

considerations, the authors conclude that explanation (ii) is more likely. 

 

Figure 4: Mass yields at different B/W ratios and process temperatures. 

3.4 Energy analyses 

The higher heating value (HHV) of hydrochar increased from 17.2 to 25.1 MJ/kg 

as the B/W ratio and process temperature increased (Figure 5a). Higher temperatures 

increase hydrolysis, decarboxylation, dehydration, aromatization and re-condensation 

reactions, increasing the HHV of hydrochars [15, 27, 64]. The HHV showed upward 

trends with increasing B/W ratio, consistent with previous studies [18, 38, 63]. Given that 



29 
 

deposition or bonding of degraded substances on the hydrochar surface increases at higher 

B/W ratios, as described in the previous section, these substances likely contribute to 

increasing the HHV of hydrochars. Indeed, Volpe and Fiori [63] found that a higher B/W 

ratio in the HTC of olive waste promotes the formation of secondary char, which has a 

relatively high carbon content, on the produced hydrochar, although the study used lower 

B/W ratios of 0.08 to 0.25 compared to the present study. Kambo et al. [17] reported that 

the recirculation of HTC process water, rich in organic acids (acetic, formic, levulinic and 

glycolic acid) due to biomass degradation, improves the HHV of hydrochar. Therefore, 

the increased severity of the reaction may be another reason for the increase in HHV, 

since the acid concentration is likely higher and the acidity higher in V-HTC (Figure 6), 

where the liquid content is lower. 

The EDR was calculated to evaluate the degree of energy densification due to the 

process. As expected, the EDR trend was similar to that of the HHVs, with a maximum 

EDR of 1.46 observed at 270 °C at a B/W ratio of 0.67 and at 270 °C and a B/W ratio of 

1.0 (Table 1). The use of V-HTC with increasing B/W ratio may achieve more effective 

energy densification compared to L-HTC. Previous studies conducting the HTC of DM 

at 240 °C at a B/W ratio of 0.05 for 4 hours observed EDRs of 1.27 and 1.37, respectively 

[9, 27]. In contrast, the present study achieved an EDR of 1.37 at a lower temperature of 

230 °C and a shorter holding time of 20 minutes using a higher B/W ratio of 1.0. 

The EY increased as the B/W ratio was increased across the process temperatures 

but decreased with increasing process temperature (Figure 5b). In general, there is a 

negative correlation between the mass yield and the EDR: as the reaction severity 

increases, the mass yield decreases and the calorific value increases. The present study 
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found that the EY increased with an increase in the B/W ratio, due to the mass yield not 

changing significantly while the HHV increased with increasing B/W ratio (Figures 4 and 

5a). Accordingly, the energy analysis indicates that V-HTC with a high B/W ratio has 

both a higher hydrochar production capacity (kg m−3 s−1) than L-HTC and can produce 

higher quality solid biofuel, a great advantage of V-HTC. 

Figure 5: (a) Measured HHV and (b) EY at different B/W ratios and process 

temperatures. 
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Figure 6: Effect of B/W ratio on the pH of the produced hydrochar 

3.5 Proximate and ultimate analyses of the hydrochars. 

The proximate and ultimate properties of the raw samples and produced 

hydrochars are presented in Table 1. Overall, the VM decreased and the FC and ash 

content increased with increasing temperature. For example, the VM decreased from 

70.3% to 42.6% while the FC increased from 15.7% to 37.5% when the DM was 

hydrothermally treated at 270 °C at a B/W ratio of 1.0. The decreased VM may have been 

converted to other substances during the process, such as liquid or gaseous products, [66, 

73] increasing FC. FR, which is the ratio of FC to VM and is used to rank fuel quality, 

[74] is thus increased by the process. The influence of the B/W ratio on the FR was more 

pronounced at higher B/W ratios across the process temperatures, indicating that higher 

quality hydrochars would be produced under V-HTC conditions. Indeed, the FR of the 

hydrochar at the predominantly V-HTC conditions of 270 °C and a B/W ratio of 0.67 to 

1.0 was higher than 0.6 (reported for lignite) and close to 1.2 (reported for subbituminous 
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coal) [75, 76]. The ash content increased from 13.9% to 23.9% upon increasing the 

process temperature to 270 °C. Wu et al. [9] also observed an increased ash content of 

DM, from 24.2% to 40.4%, by increasing the process temperature to 280 °C, perhaps 

because ash in biomass increases upon further reduction in the VM at higher temperature. 

In contrast, the effect of the B/W ratio on ash content showed an unexpected trend. In 

general, the ash content of hydrochar can decrease in some cases because the ash may 

leach into the liquid phase during HTC [77]. Therefore, it was expected that the highest 

ash content would be observed at a B/W ratio of 1.0, since the higher the B/W ratio, the 

less likely such ash leaching would occur. However, the results showed an increasing 

trend in ash content up to B/W ratios of 0.43–0.67 and then a decrease in ash content at a 

B/W ratio of 1.0, where the liquid phase was the smallest. Perhaps vapor is more effective 

at leaching ash than bulk water, although we cannot currently offer a clear explanation. 
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Table 1. Proximate and ultimate analyses, and EDR of the hydrochars 
Sample name  Proximate analysis (wt.%)  Ultimate analysis (wt.%)  FR (-) 

 

 

EDR (-) 

Temp. 

(°C) 

B/W 

ratio 

 VM *FC Ash  C H N O* 

   

Raw  -  70.3 15.7 13.9  42.6 5.4 1.9 36.2  0.223 - 

200  0.1  63.3 21.6 15.1  47.9 5.2 2.2 29.6  0.341 1.13 

 0.18  62.6 21.3 16.1  47.8 5.2 2.1 28.8  0.340 1.14 

 0.25  62.1 20.8 17.2  47.8 5.2 2.1 27.7  0.335 1.16 

 0.43  61.6 24.2 14.3  50.7 5.3 2.1 27.7  0.393 1.23 

 0.67  58.7 24.8 16.6  48.7 5.2 2.1 27.5  0.422 1.26 

 1.0  58.9 25.2 15.9  53.8 5.2 2.4 22.7  0.428 1.31 

230 0.1  63.4 21.5 15.1  50.2 5.2 1.9 27.6  0.339 1.18 

 0.18  59.6 24.5 15.8  50.5 5.2 2.1 26.4  0.411 1.19 

 0.25  60.2 22.9 16.9  49.5 5.3 2.4 25.9  0.380 1.19 

 0.43  55.2 23.6 21.1  53.8 5.1 2.4 17.6  0.428 1.27 

 0.67  54.8 24.9 20.2  53.2 5.1 2.4 19.2  0.454 1.30 

 1.0  54.4 28.3 17.4  53.8 5.2 2.4 22.7  0.520 1.37 

255 0.1  50.8 26.1 23.1  55.4 5.1 2.4 14.1  0.514 1.27 

 0.18  51.9 26.0 22.0  54.1 5.1 2.5 16.3  0.501 1.30 

 0.25  51.1 29.5 19.4  55.7 5.2 2.6 17.1  0.577 1.31 

 0.43  49.1 28.5 22.4  52.8 5.0 2.8 17.0  0.580 1.30 

 0.67  47.4 28.4 24.3  56.7 4.9 2.6 11.6  0.599 1.38 

 1.0  49.5 31.8 18.7  58.5 5.1 2.7 15.1  0.642 1.43 

270 0.1  49.7 29.6 20.7  53.9 4.9 2.6 17.9  0.596 1.28 

 0.18  48.1 30.0 21.9  53.8 4.9 2.7 16.6  0.624 1.33 

 0.25  50.6 28.9 20.4  55.1 5.1 2.7 16.7  0.571 1.34 

 0.43  45.2 30.9 23.9  53.9 4.8 2.9 14.4  0.684 1.31 

 0.67  44.6 33.9 21.5  59.6 4.9 2.8 11.2  0.760 1.46 

 1.0  42.6 37.5 19.9  59.1 5.0 2.8 13.3  0.880 1.46 

*Calculated by difference 

 

The ultimate analyses confirmed that the carbon content increased from 42.6% to 

59.6% and the oxygen content decreased from 36.2 to 11.2% with increasing severity of 

the processing conditions. The change in hydrogen and nitrogen content was small: 

hydrogen decreased from 5.4% to 4.9% while nitrogen increased from 1.9% to 2.9%. 

Generally, oxygen in biomass is removed due to decarbonylation, decarboxylation and 

dehydration during the HTC process, and the degree of oxygen removal is pronounced at 

higher temperatures, increasing the relative carbon content of hydrochar [11,40–42]. This 

typical trend with increasing process temperature was observed in the present study. 
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Notably, the increase in carbon and the decrease in oxygen appeared to be promoted at 

higher B/W ratios. To understand the increase and decrease of carbon and oxygen in more 

detail, their percentage losses are shown in Figure 7. The use of a higher B/W ratio, which 

corresponds to the transition from L-HTC to V-HTC, tended to decrease carbon loss, 

showing that V-HTC is superior for retaining carbon in the hydrochar compared to L-

HTC. This suggests that degraded substances deposited or chemically bonded to the 

hydrochar surface contain more carbon: i.e., more secondary char is formed in a V-HTC 

environment. The oxygen content of degraded substances is generally relatively high but 

oxygen is removed through dehydration or carboxylation before interaction with 

hydrochar, resulting in secondary char formation on hydrochar. More oxygen was 

removed with increasing B/W ratio at process temperatures of 200 °C and 230 °C but was 

little affected by the B/W ratio at higher temperatures of 255 °C and 270 °C. Thus, the 

impact of B/W ratio on deoxygenation is higher in mild HTC processes but the process 

temperature increases oxygen removal in severe HTC processes. 

Figure 7: Losses in (a) carbon and (b) oxygen. 
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Data from the ultimate analyses were used to plot the van Krevelen diagram 

(Figure 8), which provides general information about the quality and type of fuel and 

alterations in biomass composition. A fuel with low atomic ratios of O/C and H/C is 

highly preferred because it produces less smoke, water vapor, and energy loss during 

combustion [17,33,43,44]. The diagram showed that the degree of coalification of the 

hydrochars increased as the temperature and B/W ratio increased. Thus, increasing the 

B/W ratio from 0.1 to 1.0 at each temperature is effective for decreasing the O/C and H/C 

ratios of the raw feedstock. At a given temperature, the use of a higher B/W ratio gave 

lower atomic ratios of O/C and H/C, showing that a higher quality solid biofuel can be 

produced through predominantly V-HTC conditions rather than L-HTC. For example, 

hydrochars produced at between 200 °C at a B/W ratio of 0.1 up to 230 °C at a B/W ratio 

of 0.43 were peat-like, hydrochars produced at 230 °C at a B/W ratio of 0.67 up to 270 °C 

at a B/W ratio of 0.43 were lignite-like, and hydrochars produced at 255 °C at a B/W ratio 

of 0.43 and at 270 °C at B/W ratios of 0.67 and 1.0 were coal-like. 
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Figure 8: van Krevelen diagram for the hydrochars 

3.6 Thermal behaviour and combustion parameters 

Figure 9 shows the TG and the DTG curves for the hydrochars produced at 270 °C 

using a heating rate of 10 °C/min. As shown in Figure 7b, regardless of the B/W ratio, 

four distinctive peaks were observed corresponding to the loss of moisture (50 to 200 °C), 

low molecular weight volatiles (200 to 300 °C), lignin decomposition (300 to 400 °C), 

and char combustion (450 to 600 °C) [6, 75]. The decomposition peaks tended to decrease 

with increasing B/W ratio and the smallest peak was observed at 270 °C and a B/W ratio 

of 1.0, probably due to this hydrochar having the lowest VM and highest FC (Table 1). 

Progressive reduction in the decomposition peaks at higher B/W ratios indicates enhanced 

thermal stability of the hydrochar [81]. 

The ignition temperature (𝑇𝑖) is an important combustion parameter to determine 

the probability of fire or explosion when using a hydrochar as a solid biofuel [44,45]. The 
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hydrochar produced at 270 °C and a B/W ratio of 0.1 has the lowest 𝑇𝑖 while the hydrochar 

produced at 270 °C and a B/W ratio of 1.0 has the highest 𝑇𝑖, as shown in Table 2. The 

increase in 𝑇𝑖 is due to reduction of the VM content in the hydrochar during the process 

[81]. Thus, the safety of hydrochars during handling, storage and transportation as solid 

biofuels increases as the B/W ratio is increased [37,46]. On the other hand, the CCI and 

CSI decreased with increasing B/W ratio, suggesting that the combustibility of 

hydrochars produced under V-HTC is lower than those produced under L-HTC. However, 

excessive VM increases the CCI and CSI, may cause an unstable flame and combustion 

and leading to high heat loss [74]. Thus, combustion performance of the prepared 

hydrochars should be explored in more detail in future studies. 

Figure 9: (a) TG for hydrochars at 270 °C (b) DTG for hydrochars at 270 °C 
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Table 2. Combustion parameters determined from the TGA curve at 10 °C/min (270 °C) 

Sample 𝑇𝑖  𝑇𝑚  𝐷𝑇𝐺𝑚  𝐷𝑇𝐺𝑎𝑣  𝑇𝑏  𝐵𝑡 𝑅𝑚  CCI CSI 

 (°C) (°C) (%/min) (%/min) (°C) (min) (%) (min−2 × °C−3) (min−1 × °C−2) 

0.1 B/W 218.8 354.7 -12.1 -0.8 511.7 50 29.6 3.9 × 10−7 1.3 × 104 

0.25 B/W 223.5 371.8 -10.6 -0.9 555.5 51 24.4 3.4 × 10−7 1.1 × 104 

0.43 B/W 223.4 380.7 -5.1 -0.9 563.9 52 23.3 1.6 × 10−7 5.2 × 103 

0.67 B/W 223.5 372.5 -4.3 -0.9 564.2 52 24.0 1.4 × 10−7 4.4 × 103 

1.0 B/W 223.8 374.7 -3.9 -0.9 573.3 54 25.3 1.2 × 10−7 3.9 × 103 

𝑇𝑖: ignition temperature; 𝑇𝑚: peak temperature; 𝐷𝑇𝐺𝑚: the maximum mass loss rate; 

𝐷𝑇𝐺𝑎𝑣: average mass loss rate; 𝑇𝑏: burn out temperature; 𝐵𝑡: burn out time; 𝑅𝑚: residual 

mass; CCI: comprehensive combustion index; CSI: combustion stability index 

 

CONCLUSION 

This study investigated the hypothesis that hydrochar with improved fuel 

properties would be produced from low moisture content biomass without the need to add 

water. To verify the hypothesis, DM at high and low moisture conditions was 

hydrothermally treated using L-HTC and V-HTC conditions. The results showed that the 

V-HTC process is superior to the L-HTC process in improving the fuel properties of DM. 

The V-HTC process is conducted at a higher B/W ratio, where the lower liquid content 

may facilitate the formation of secondary char on the hydrochar surface and increase the 

severity of the reaction due to the higher acid content, resulting in higher energy 

densification and mass yield. As a result, the V-HTC process is expected to have a higher 

hydrochar production capacity and require less water compared to the L-HTC process. 

Proximate analysis revealed that the ash content was the maximum at B/W ratios of 0.43 

and 0.67 rather than 1.0, and thus further studies are required to understand this behaviour. 

The obtained results nonetheless support the hypothesis of the study. 
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Abstract 

This study investigated co-hydrothermal carbonization (co-HTC) of dairy manure (DM) 

and wood shavings from Larix kaempferi, commonly known as the Japanese larch (JL) 

to enhance the fuel properties of the resulting hydrochar. The JL was mixed with the DM 

at 25, 50 and 75 wt.% ratios. Co-HTC was conducted at 260 °C for 20 minutes. The 

resulting hydrochars were characterised based on the physicochemical properties and the 

thermal behaviour. Results showed that the hydrochar solid biofuel properties improved 

as the ratio of JL was increased. The produced hydrochars were in the region of lignite 

and closed to the region of the coal with increased fixed carbon, carbon contents and 

lowered H/C and O/C ratios. Hydrochar with ash content of 7.2±0.5% was obtained at 75 

wt.% JL. In addition, the higher heating value (HHV) of hydrochar increased remarkably 

to 26.4±0.02 MJ/kg as the mass ratio of the JL was increased. The surface morphology 

of the hydrochars were altered and became distinct while the specific surface area (SSA) 

and the total pore volume (TPV) of the hydrochars increased at increasing the mass ratio 

of the JL. The surface functional groups were also altered by the co-HTC process. A 

decline in the combustion performance was observed after the HTC process but improved 

at 75 wt.% JL after the co-HTC process. The kinetic analysis also revealed that the 

activation energy decreased after the HTC process but increased to a higher value at 50 

wt.% JL after the co-HTC process. Therefore, hydrochar production by co-HTC of DM 

and JL has proved to be an effective and promising solid biofuel source. 

Key words: Japanese larch, Dairy manure, Thermochemical conversion, Co-

hydrothermal carbonization, Hydrochar, Solid biofuel 
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1 Introduction 

The fast depletion of fossil fuel reserves across the world and subsequent environmental 

pollution such as the green house gas emission has made biomass an attractive source of 

energy [4, 5]. Waste biomass such as animal manure is increasingly gaining attention due 

to the fast-growing animal husbandry across the world [6]. For this reason, animal manure 

generation have been reported in billions of tons in some countries annually [6, 7]. In 

Hokkaido prefecture of Japan alone, about 20 million tons of animal manure is generated 

annually [8]. Hence, biomass from animal manure could become one of the sustainable 

sources of biofuel production [6, 9]. However, there are limitations to the use of animal 

manure as a combustion feedstock due to its high moisture content, high ash content, poor 

grindability, and low energy density which can result in low combustion efficiency [6, 

11]. To overcome some of these aforementioned drawbacks, it is necessary to pretreat 

animal manure to improve its fuel property. One of the pretreatment techniques that is 

used to upgrade the fuel property of animal manure is hydrothermal carbonization (HTC) 

[6, 9, 56].  

HTC is an effective technique to carbonize and improve the fuel property of animal 

manure as a solid biofuel source [6, 9]. The conversion process uses hot compressed fluid 

at a moderate temperature range of 180 to 260 °C in an autoclave reactor [5, 11]. Unlike 

other available thermal conversion technologies for biomass, HTC does not need the pre-

drying of a feedstock before carbonization [5] and therefore, appropriate to convert high 

moisture content animal manure to solid biofuel. However, animal manure is recognised 

as a high ash content feedstock after HTC pre-treatment [7, 9, 27, 28]. For instance, Wu 

et al. [9] and Gao et al. [27] reported ash contents of 39.48 wt.% and 40.66 wt.% with 

higher heating values (HHV) of 17.86 and 19.88 MJ/kg in hydrochar after HTC treatment 
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of dairy manure (DM) at 260 °C. Reza et al. [28] also reported an ash content of 25.36 

wt.% and a HHV of 22.1 MJ/kg after the HTC pre-treatment of cow manure at 260 °C. 

These high ash contents of the carbonized solid biofuel from animal manure mentioned 

above could result in severe ash related problems such as fouling and scaling deposits if 

directly used for combustion. Consequently, this can lead to a reduction in the available 

area for heat transfer in a furnace and some connecting sections of combustion equipment 

[30]. It is, therefore, imperative to consider a technique that could further help to improve 

the fuel property and reduce the ash content in animal manure for efficient utilization as 

a solid biofuel. 

Co-hydrothermal carbonization (co-HTC) of animal manure and a lignocellulosic 

biomass is a promising technique for the production of hydrochar with high energy 

recovery and low ash content [6]. In co-HTC, two or more feedstocks with distinct 

properties are mixed and carbonized to improve the fuel properties of the composite [84–

87]. At present, several studies have reported a co-HTC of lignocellulosic biomass with 

other feedstocks such as coal, sewage sludge, medical waste, iron sludge, food waste and 

polyvinyl chloride [88]. However, limited study is available on the co-HTC of animal 

manure and lignocellulosic biomass. To the authors knowledge, only a co-HTC of swine 

manure and lignocellulosic biomass have been reported to date [6, 89]. Owing to the 

heterogeneous and different biochemical properties of animal manure, co-HTC of DM 

and wood shavings from Larix kaempferi, commonly known as the Japanese larch (JL), 

would provide additional insight into the synergistic effect of the co-HTC process on the 

resulting solid biofuel. The JL is a potential biofuel source that is generated as wood 

shavings during wood processing, and it is recognised as a low ash content lignocellulosic 

biomass thus may result in a positive synergistic effect with the DM [90].  
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Synergistic effect in co-HTC refers to the consequences of the interaction between the 

composite raw feedstocks which can result in a positive or a negative effect. If the total 

value of observed property after the co-HTC process is more than the total values for the 

individual feedstocks, it is considered a positive synergistic effect while the opposite is 

considered a negative effect [88]. Hence, the co-HTC of these two distinct biomasses may 

produce hydrochar of notable quality and affect the structural and functional groups 

inherent in the individual hydrochars. Also, the data obtained could provide some useful 

insights during the design of combustion equipment.  

To design a combustion equipment at an industrial scale, it is necessary to understand 

the combustion behaviour, kinetics, and thermodynamic properties of a solid biofuel. To 

achieve this, isoconversional model-free kinetics is sometimes employed by using the 

data generated from thermogravimetric analysis (TGA) [3, 19]. Isoconversional model-

free kinetics such as the Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) 

are useful methods for determining the kinetic parameters of biomass decomposition, 

based on the data obtained from TGA [49, 91]. However, no available published data on 

the combustion behaviour, kinetic and thermodynamic properties of hydrochar from the 

co-HTC of DM and JL at varying mass ratios have been reported. Hence, the objective of 

this study was to investigate the changes in the fuel properties, structural morphology, 

functional group, and combustion characteristics of hydrochar from the co-HTC of JL and 

DM. 
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2 Materials and methods 

2.1 Materials 

DM was obtained from an experimental farm of Field Science Centre for Northern 

Biosphere, Hokkaido University, Japan. For experimental purposes, the DM sample was 

dried in an electric oven for 24 hours at 105 °C to a constant mass. The JL wood shavings 

were obtained from the wood engineering laboratory of Hokkaido University, Japan, and 

was also dried to a constant mass. The dried samples were milled using a portable electric 

milling machine to ensure thorough mixing in ratios. The JL wood shavings were mixed 

in mass ratios with the DM at 25, 50 and 75 wt.%. The prepared samples were sealed in 

plastic bags and stored before the co-HTC experiment (appendix B). 

2.2 HTC reactor set-up and procedure 

Co-HTC experiments were performed in a 70 mL stainless steel batch reactor TVS-N2 

(Taiatsu Techno, Tokyo, Japan) with a temperature and pressure limits of 300 °C and 8 

MPa. For each batch of the experiment, 10±0.01 g of oven-dried sample and 10±0.01 g 

distilled water (B/W ratio = 1.0) were well mixed and placed in the reactor. The reactor 

was sealed, oxygen was swept out from the sealed reactor by flushing with pure nitrogen 

gas thrice. The reactor’s temperature was controlled by a PID (proportional-integral-

derivative) to the desired HTC temperature. A reaction temperature of 260 °C was used 

while reaction time at peak temperature was kept for 20 minutes for all the experiments. 

A reaction temperature of 260 °C was chosen because it is considered an appropriate 

temperature to produce hydrochar of a coal-like properties [5]. Holding time of 20 

minutes at peak temperature was used to minimize a further mass loss [13, 36, 92].  



47 
 

After terminating the reaction, the reactor was placed in cold water for rapid 

cooling. The pressure release valve was opened, and the gaseous products were vented 

into a fume hood. The solid hydrochar was recovered from the reactor and weighed. The 

recovered hydrochar was dried in an electric oven at 105 °C for 24 hours. The dried 

hydrochar was milled, sieved, and stored in sample bottles for analyses. The produced 

hydrochars were named 100 wt.% DM, 25 wt.% JL, 50 wt.% JL, 75 wt.% JL and 100 

wt.% JL. Each batch of the experiment was conducted thrice with the respective means 

recorded with standard deviations.  

2.3 Properties and analytical determination 

The mass yield of hydrochar (MY), the energy densification ratio (EDR), and the energy 

yield (EY) were calculated using Eqs (1) to (3) [84, 93]. The calorific values were 

determined using an OSK 200 bomb calorimeter (Ogawa Sampling, Saitama, Japan) by 

combusting at least 0.5 g of each sample in a calorimeter with oxygen at 0.3 MPa [67].  

𝑀𝑌 (%) =
𝑚hc

𝑚f
× 100         (1) 

𝐸𝐷𝑅 =
𝐻𝐻𝑉hc

𝐻𝐻𝑉f
           (2) 

𝐸𝑌 (%) = [𝑀𝑌 × (
𝐻𝐻𝑉ℎ𝑐

𝐻𝐻𝑉f
)] × 100        (3) 

where 𝑚hc (g) is the dry mass of the hydrochar, 𝑚f (g) is the dry mass of the raw 

feedstock, and 𝐻𝐻𝑉hc (MJ/kg) and 𝐻𝐻𝑉f (MJ/kg) are the higher heating values of the 

hydrochar and raw feedstock. 

The ash contents of the samples were determined using an electric muffle furnace 

(ADVANTEC, FUL220FA, Japan) by incinerating 1 g at 600 °C for 3 hours. The volatile 

matter (VM) was determined using ASTM standard procedure (E872) by heating the 
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samples at 950 °C for 7 minutes in an electric furnace. Then, the fixed carbon (FC [%] = 

100 − VM [%] − ash [%]) and the fuel ratio (FR = FC/VM) were calculated.  

The carbon, hydrogen, and nitrogen (C, H and N) contents in the samples were 

determined using an elemental analyser (Exeter Analytical, North Chelmsford, MA, 

USA) and the oxygen content was calculated by difference (O [%] = 100 − C [%] − H 

[%] − N [%] − ash [%]). The carbon retention (CR) was calculated using Eq (4). 

𝐶𝑅 (%) = (
𝐶h𝑐

𝐶f 
) × 𝑀𝑌                          (4) 

where 𝐶hc and 𝐶f  are the wt.% of carbon in hydrochar and the raw sample, respectively. 

Note that 𝐶f  is also the wt.% of carbon in the raw mixtures. The raw mixtures were 

thoroughly mixed in mass ratios, milled and the ultimate compositions were determined 

using an elemental analyser as well. 

The surface morphology of the raw samples and the hydrochars were captured 

using an SEM (Scanning Electron Microscopy) analyser (JEOL JSM-7001FA, USA) at 

15 kV and a working distance of 10 mm. Furthermore, to elucidate the changes in the 

surface characteristics and for potential usage in soil amendment and adsorption of 

contaminants in aqueous solutions, the Brunauer-Emmett-Teller (BET) specific surface 

area (SSA), total pore volume (TPV) and average pore diameter (APD) were determined 

by BelsorpII mini. The Fourier transform infrared spectroscopy (FTIR) was performed 

using JASCO IRT-3000 N spectrometer with attenuated total reference (ATR) accessory. 

FTIR spectra from 128 scan were recorded in the wavenumber range of 4000 to 500 cm⁻¹ 

with a 4 cm⁻¹ resolution.  
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2.4 Thermal analysis 

To observe the combustion behaviour of the hydrochars at different heating rates, a 

combustion experiment was performed in a thermal analyser (TGA/DSC 3+, METTLER 

TOLEDO, USA) under an air atmosphere. To eliminate heat and mass transfer limitation 

within the sample, about 25 mg of sample was placed in a 150 𝜇L aluminium oxide 

(Al2O3) crucible. The sample was heated from the room temperature to 900 °C with an 

airflow rate of 100 mL/min at the heating rates of 5, 10, 15 and 20 °C/min. For each 

sample, the TGA experiment was repeated at least twice for accuracy. The 

thermogravimetric (TG) and differential thermogravimetric (DTG) data were used to 

determine some characteristic temperatures and combustion parameters which include the 

ignition temperature (IT), the burnout temperature (BT), the temperature at maximum 

decomposition (Tm), the burn out time (Bt), the residual mass (Rm), the maximum mass 

loss rate (DTGmax)  and the average mass loss rate (DTGav). The IT (°C) indicates the 

temperature at which the fuel starts to burn while BT (°C) denotes the temperature for the 

complete combustion of the fuel and were determined by the TG-DTG tangent method 

[6, 48]. The Tm (°C) is the temperature at the maximum mass loss rate (DTG) or the peak 

temperature. The Rm (%) is the percentage of the residue left after complete combustion 

of the sample. Furthermore, to evaluate the combustion performance of the raw samples 

and the hydrochars, the comprehensive combustion index (CCI) and combustion stability 

index (CSI) were calculated using Eqs (5) and (6), respectively [6, 47, 69, 94]. 

𝐶𝐶𝐼 =
𝐷𝑇𝐺𝑚𝑎𝑥×𝐷𝑇𝐺𝑎𝑣

𝐼𝑇
2×𝐵𝑇

                     (5) 

𝐶𝑆𝐼 = 8.5875 × 107 ×
𝐷𝑇𝐺𝑚𝑎𝑥

𝐼𝑇×𝑇𝑚
         (6) 
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2.4.1 Kinetics and thermodynamic properties of activation 

To determine the activation energy through TGA, more than one heating rate is required 

to plot a regression line [6, 49]. The heating rates of 5, 10, 15 and 20 °C/min were used 

to study the combustion kinetics of the raw samples and the hydrochars using non-

isothermal isoconversional model-free methods. These methods were applied to convert 

the mass loss data obtained by TGA analysis into the conversion rate (α) as shown in Eq 

(7), while the activation energies were calculated using the Flynn-Wall-Ozawa (FWO) 

and Kissinger-Akahira-Sunose (KAS) methods using Eqs (8) and (9), respectively. The 

thermodynamic properties namely, the pre-exponential factor (𝐴), Gibbs free activation 

energy (∆𝐺‡), enthalpy of activation (∆𝐻‡), and the entropy of activation (∆𝑆‡) were 

determined using Eqs (10) to (13) [2, 6].  

𝛼 =
𝑚0−𝑚

𝑚0−𝑚𝑓
                                  (7) 

ln 𝛽 = 𝑙𝑛
𝐴𝐸𝑎

𝑅𝐺(𝛼)
− 5.331 − 1.052

𝐸𝑎

𝑅𝑇
                     (8) 

ln (
𝛽

𝑇2) = ln (
𝐴𝑅

𝐸𝑎𝐺(𝛼)
) −

𝐸𝑎

𝑅𝑇
             (9) 

𝐴 =
𝛽 𝐸𝑎 𝑒

 𝐸𝑎
𝑅 𝑇𝑚

𝑅 𝑇𝑚
2                       (10) 

∆𝐺‡ =  𝐸𝑎 + 𝑅  𝑇𝑚 ln (
 𝑘𝐵 𝑇𝑚

ℎ 𝐴
)                                                                                   (11) 

∆𝐻‡ =  𝐸𝑎 − 𝑅𝑇𝑚                     (12) 

∆𝑆‡ =
∆𝐻‡−∆𝐺‡

 𝑇𝑚
          (13) 
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Here, 𝛼 is the conversion rate, 𝑚0 is the initial mass (mg), 𝑚 is the actual mass, 𝑚𝑓 is the 

final mass, 𝐴 (s−1) is a pre-exponential factor, 𝑅 is the universal gas constant 8.314 J K⁻¹ 

mol⁻¹, 𝐺(𝛼) is the mechanism function and 𝑇 is the absolute temperature (K) and Tm is 

the temperature at maximum mass loss rate, ℎ is the Planck’s constant (6.63× 10⁻³⁴ m² 

kg s⁻¹), kB is the Boltzmann constant (6.63 × 10⁻²³ m² kg s⁻²), ln 𝛽 or ln (
𝛽

𝑇2) versus 1/T 

was plotted as a straight line at the different heating rates (𝛽) of 5, 10, 15 and 20 °C/min. 

The activation energies (𝐸𝑎) were calculated for each 𝛼 from the slope of the regression 

lines of ln 𝛽 versus 1/T for FWO and ln (
𝛽

𝑇2) versus 1/T for KAS. 

3 Results and discussion 

3.1 Hydrochar yield 

The MY of hydrochars at the different mixed ratios is shown in Table 1. The MY slightly 

decreases with increasing proportion of the JL. The highest MY of 61.5±2.5% was 

observed at 25 wt.% JL. The decreasing MY as a result of increasing wt.% of the JL could 

be attributed to the decreasing ash content (Table 1). Ash is reported to be an inert material 

that does not participate in HTC reactions, hence decreasing ash content of the co-HTC 

process may have contributed to the decreasing MY [84]. A similar observation was 

reported by He et al. [84] where the increasing proportion of rice straw ratio to sewage 

sludge decreases the MY of hydrochar and was attributed to the decreasing ash content.  

3.2 Proximate and ultimate properties of the hydrochars 

The proximate and the ultimate properties of the raw samples and the hydrochars are 

presented in Table 1. The VM of the hydrochars were significantly lowered after the 

conversion process. The results indicated that the VM may have been converted to other 
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substances during the process, such as liquid or gaseous products [34]. The FC is one of 

the quality indices of a solid biofuel. The FC for the hydrochar 100 wt.% DM was 

30.1±0.9% and increased remarkably to 47.3±0.6% after co-HTC with the JL. The 

increased FC at increasing wt.% of JL is likely due to the decreasing ash content for the 

co-HTC process. The FC for the 100 wt.% JL and 75 wt.% JL became almost equal in 

value after the co-HTC process. This indicates that the co-HTC of DM and JL is an 

effective technique to produce hydrochar with improved fuel properties. He et al. [84] 

and Zhang et al. [93] reported similar observations for the co-HTC of sewage sludge/rice 

straw and corn stalk/swine manure, respectively. The ash content of the hydrochar 

decreased as the wt.% of the JL was increased due to the lower ash property of the JL. 

The ash content of 100 wt.% DM hydrochar was 25.9±0.8% but after co-HTC, hydrochar 

of a lower ash content of 7.2±0.5% was obtained at 75 wt.% JL. The difference in the ash 

content of 75 wt.% JL and 100 wt.% DM amounts to 72.1%, suggesting that the JL is an 

effective feedstock to improve the fuel properties of a high ash feedstock such as the DM. 

This could reduce ash related problems such as fouling and slagging if used in a 

combustion equipment. A similar observation was also reported by Lang et al. [89] where 

the increase in the proportion of cornstalk ratio to swine manure produced hydrochar with 

an ash content of 8.17±0.25%.  

The FR can be used to rank hydrochar as a coal-like solid fuel [74]. The FR of the 

hydrochars is shown in Table 1. After co-HTC, FR of the hydrochars increased as the 

blending ratio of the JL in the mixture was increased. The observed increase could be 

attributed to the increasing FC, relative to the VM. The highest FR of 1.0±0.01 observed 

at 75 wt.% JL showed that the increased wt.% of the JL has improved the fuel property 

of the hydrochar after the co-HTC process and hence a positive synergy. It was also 
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observed that the FR of the hydrochars were higher than 0.6 reported for lignite and very 

close to 1.2 reported for a sub-bituminous coal [76, 84].  

The carbon content of the hydrochars increased after the HTC and co-HTC pre-

treatments. The observed increase in the carbon content was due to the dehydration and 

decarboxylation reactions during the conversion process [15]. Furthermore, increasing 

the proportion of JL significantly increases the carbon content of the hydrochars. The 

increased carbon content could be related to the higher carbon content of the JL which 

may have augmented the carbon content of the hydrochars from the co-HTC process. 

Hence, the carbon content improved to 65.0±0.2% at 75 wt.% JL after the co-HTC 

process. The hydrogen content of the hydrochars decreased compared to the raw 

feedstocks likely due to dehydration reaction during conversion [5]. However, the 

hydrogen content of the hydrochars remained almost the same at increasing wt.% of the 

JL possibly owing to the use of the same reaction severity (same production temperature 

of 260 °C). The nitrogen content of the 100 wt.% DM increased from 2.1 to 2.9%, this is 

consistent with the study by Reza et al. [28] where the increased nitrogen content in 

hydrochar from cow manure after HTC pre-treatment at 260 °C was attributed to the 

adsorption of degraded nitrogen from protein in cow manure at higher HTC temperature. 

Thereafter, the nitrogen content decreased from 2.9% to 0.84% as the proportion of JL 

was increased. This could be attributed to the lower nitrogen content of the JL with a 

higher proportion of JL lowering the nitrogen content of the hydrochars from the co-HTC 

process. Decreased oxygen content was observed in the hydrochars at the different blend 

ratios after the conversion of the raw samples. The removal of oxygen from the raw 

samples is very important to increase the energy density [9]. The removal of oxygen was 

due to dehydration and decarboxylation reactions during the conversion process [27, 78, 
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79]. However, the oxygen content of the hydrochars increases as the wt.% of JL was 

increased. This could be attributed to the higher oxygen content in the raw JL (Table 1) 

which may have contributed to the increased oxygen contents of the hydrochars from the 

co-HTC process. The results of the calculated carbon retention are presented in Table 1. 

The CR was enhanced to 84.5±3.4 at 75 wt.% JL. This showed that the co-HTC treatment 

of JL and DM was an effective for carbon retention in a solid biofuel.  

3.3 HHV, energy densification ratio and energy yield of the hydrochars 

The HHV of the hydrochars increases remarkably as the ratio of the JL was increased 

(Table 1). The co-HTC process enhanced the HHV to 26.4±0.02 MJ/kg. This 

enhancement in the HHV was not surprising, considering the initial higher HHV of the 

JL. The improvement in the HHV of the hydrochars after co-HTC may have been partly 

contributed by the higher carbon and lower ash contents of the JL. The improved HHV 

reported in this study suggested that the co-HTC of DM and JL was effective in upgrading 

the energy property of hydrochar as a solid biofuel. He et al. [84], Wang et al. [95] and 

Ma et al. [96] reported a similar trend for sewage sludge/rice straw, food waste/woody 

biomass, and sewage sludge/sawdust co-HTC, respectively. The EDR was calculated to 

evaluate the degree of energy densification after the conversion process. Expectedly, the 

EDR showed a similar trend to that of the HHV, with a maximum EDR of 1.44 observed 

at 75 wt.% JL after the co-HTC process. The EY also slightly increased progressively as 

the mass ratio of the JL was increased. The EY improved to 84.9±0.02% (Table 1). The 

EY was not expected to change significantly because it is dependent on the MY which 

did not change significantly as well. 
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Table 1 Mass yield, proximate, ultimate, (wt.%) and energy properties of the hydrochars 

at 260 °C 
Parameters Raw DM Raw JL 100 wt.% 

DM 

25 wt.% 

JL 

50 wt.%  

JL 

75 wt.%  

JL 

100 wt.% 

JL 

MY (%) - - 59.7±3.4 61.5±2.5 59.2±1.5 58.9±3.9 59.1±2.8 

Proximate 

properties 
       

VM (%) 65.1±0.3 85.8±0.3 43.9±0.5 46.1±0.5 44.5±0.1 45.5±0.1 51.8±0.6 

FC* (%) 15.9±0.6 14.2±0.3 30.1±0.9 32.4±0.4 42.5±0.3 47.3±0.6 47.6±0.2 

Ash (%) 18.9±0.4 0.08±0.1 25.9±0.8 21.5±0.6 13.0±0.6 7.2±0.5 0.59±0.5 

FR 0.25±0.01 0.29±0.01 0.68±0.03 0.70±0.01 0.95±0.1 1.0±0.01 0.92±0.01 

Ultimate 

properties 

       

C (%) 41.6±0.3 49.7±0.1 51.9±0.1 55.3±0.4 62.3±0.3 65.0±0.2 67.9±0.3 

H (%) 5.1±0.04 5.9±0.07 4.6±0.02 4.6±0.04 4.7±0.01 4.7±0.04 4.8±0.03 

N (%) 2.1±0.00 0.3±0.1 2.9±0.00 2.3±0.00 1.6±0.00 0.84±0.00 0.30±0.00 

O* (%) 32.3±0.3 44.0±0.1 14.7±0.1 16.4±0.4 18.4±0.3 22.3±0.2 26.4±0.3 

CR (%) - - 73.9±4.8 74.3±6.9 83.0±1.8 84.5±3.4 81.7±3.3 

Energy 

properties 

       

HHV (MJ/kg) 16.9±0.03 18.8±1.5 21.9±0.08 22.9±0.05 25.1±0.02 26.4±0.02 27.4±0.1 

EDR - - 1.29±0.01 1.31±0.03 1.40±0.08 1.44±0.12 1.45±0.12 

EY (%) - - 77.4±0.08 80.8±0.05 82.9±0.02 84.9±0.02 85.9±0.1 

*Calculated by difference  

 

3.4 van Krevelen diagram for the raw samples and the hydrochars 

To elucidate the changes in the atomic ratios of the raw biomass and the hydrochars, data 

from elemental analyses was used to plot the van Krevelen diagram. The van Krevelen 

diagram can provide some insight into the type and quality of fuel and the reflection in 

the alteration of biomass composition. A fuel with a lower O/C and H/C atomic ratio is 

highly preferred due to its decreased smoke, water vapour and energy losses experienced 

during combustion [71, 80, 97]. To explain the changes in the atomic ratio composition 
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of raw samples and the produced hydrochars, the atomic ratios of H/C and O/C were 

calculated and plotted in a van Krevelen diagram using the data from elemental analysis 

(Fig. 1). In this diagram, the atomic ratios of H/C and O/C moved from the top right to 

the bottom left-hand corner after the conversion process. The decreased H/C and O/C 

ratios suggested increased aromatization or coalification degree, which can be beneficial 

for carbon sequestration [93, 98]. Fig. 1 showed that aromatization or coalification degree 

of the produced hydrochars from the co-HTC process was enhanced. A similar 

observation was reported for sewage sludge and pinewood sawdust from co-HTC by 

Zhang et al. [93]. The hydrochars fell within the region of lignite and closed to the coal 

region. Therefore, the hydrochars can be used for pulverised coal injection in a furnace 

for co-combustion with coal since they matched some atomic ratios close to those of a 

coal [99]. 

 

Fig. 1 the van Krevelen diagram for the raw samples and the hydrochars 
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3.5 Surface morphology of the raw and hydrochar samples 

To observe the changes in the surface morphology of the hydrochars after alteration by 

HTC and the co-HTC processes, SEM images were captured. The SEM images (Fig. 2) 

showed that the surface morphology of the hydrochars were altered after the HTC and the 

co-HTC processes. Increasing the wt.% of JL appeared to have a co-HTC effect on the 

surface morphology of the hydrochars (Figs. 2d - 2f) with distinct surfaces. The increasing 

SSA (Fig. 3) due to the increasing wt.% of the JL and the change in feedstock 

compositions could be a contributing factor for the observed different surface 

morphology of the hydrochars. Notably, the 100 wt.% JL revealed the appearance of some 

visible porous pores likely due to its high SSA. These pores disappeared due to the co-

HTC with the DM. The introduction of DM may have contributed to the blockage and 

reduction of the porous pores in the hydrochars from the co-HTC process. This could be 

said to conform with the results of the SSA and TPV. One of the possible reasons to the 

blockage of the porous pores could be due to the high ash content of the DM. It is well 

known that organic acids are formed because of the hydrolysis of biomass during HTC 

and catalyse the release of inorganic elements [15]. Given the low ash content of the JL 

(Table 1), this effect may not be noticeable as opposed to the co-HTC process with ash 

contribution by the DM. Another probable reason could be attributed to the adsorption of 

nitrogen from decomposed protein in DM on the porous surface of the hydrochars from 

the co-HTC process [28].  
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Fig. 2 captured SEM image at ×2000 magnification (a) Raw DM (b) Raw JL (C) 100 

wt.% DM (d) 25 wt.% JL (e) 50 wt.% JL (f) 75wt.% JL and (g) 100 wt.% JL 

 

3.6 Specific surface area, total pore volume and average pore diameter 

To further verify the effect of the co-HTC process on the hydrochar morphology, the SSA, 

TPV and APD of the produced hydrochars were determined and depicted in Fig. 3. The 

100 wt.% JL exhibited a high SSA and TPV likely due to its low ash content as previously 

stated. As a result of the co-HTC with a high ash DM, the SSA and TPV significantly 

declined. Hence, the implication would be that co-HTC of JL with a higher mass ratio of 

the DM may not facilitate high nutrient retention and better habitat for microbes if used 

for soil amendment [100]. Also, the surface may need some pre-treatment such as surface 

activation to increase its ability to adsorb contaminants from aqueous solutions [15]. 

However, the APD of all the hydrochars were nearly the same value.  
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Fig. 3 specific surface area, total pore volume and average pore diameter 

 

3.7 Changes in the functional groups of the hydrochar after HTC and co-HTC 

To illustrate changes in the functional groups on the surface of the hydrochars at the 

different mixed ratio after co-HTC, FTIR analysis was performed and the result is 

presented in Fig. 4. The broad band of spectra observed between 3100 and 3500 cm⁻¹ is 

ascribed to the stretching vibration of the −OH in the hydroxyl or carboxyl group [28, 84, 

93]. Reduced peak intensities of the hydrochars between 3100 and 3500 cm⁻¹ showed 

intensive dehydration reaction occurred during conversion at 260 °C [81, 84, 89, 93]. The 

stretching vibrations between 2870 and 2940 cm⁻¹ showed the aliphatic −CHx group [84]. 

The stretching vibrations around 1645 cm⁻¹ indicate the ketone and amide group of −C=O 

[84]. The peaks became slightly broader by co-HTC with the DM which showed that 

decarboxylation was promoted [84]. The sharp peaks observed between 2167 and 2297 

cm⁻¹ is ascribed to the −C≡N of the nitriles group [101]. The 100 wt.% JL showed no 

peek at this stretching vibration which indicates undetectable spectra of the −C≡N 

functional group. This could be related to the low nitrogen content of the JL (Table 1). 
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However, co-HTC with DM altered its functional group as peaks appeared thereafter. 

This revealed that there may have been a chemical interaction between the two biomasses 

and may have led to the formation of compounds linked to the −C≡N functional group. 

This could also be related to the captured SEM image (Figs. 2d, 2e and 2f) which showed 

no porous holes after the co-HTC process. The absence of peaks around 1735 cm⁻¹ 

showed that hemicellulose was decomposed after the HTC and co-HTC processes at 

260 °C. Certainly, Reza et al. [28] reported the absence of a peak at 1735 cm⁻¹ after HTC 

pre-treatment of cow manure at 260 °C and was ascribed to the decomposition of 

hemicellulose. It is well known that hemicellulose decomposes completely after HTC 

pre-treatment of biomass at a temperature of 220 °C [37]. The finger prints vibrations 

between 1200 and 1460 cm⁻¹ are ascribed to the degradation of lignocellulosic 

components [89, 93]. The sharp peaks observed at 1540 cm⁻¹ was ascribed to increased 

lignin concentration [28]. Certainly, Reza et al. [28] observed that the lignin concentration 

in cow manure increased after HTC pre-treatment at 260 °C. The intense unstable 

vibrations between 870 and 1200 cm⁻¹ are ascribed to the presence of mineral components 

or ash [93, 102, 103].  The sharp peaks observed for 100 wt.% DM and 25 wt.% JL could 

be due to the high ash composition (Table 1) at these mixed ratios. The peaks around 750 

cm⁻¹ suggests increased aromaticity of the hydrochars [81, 101]. 
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Fig. 4 the FTIR spectra of the hydrochars 

 

3.8 Thermal behaviour and characteristic combustion parameters 

Fig. 5 illustrates the mass loss (TG) and the derivative thermogravimetry (DTG) curves 

for the raw samples and the hydrochars at a heating rate of 10 °C/min (results for the other 

heating rates are shown in the appendices E-G). Some characteristic combustion 

temperatures were subsequently determined from the curves at the heating rate of 

10 °C/min. The raw JL exhibited a further mass loss and DTG peaks than the DM (Fig. 

5(a) and 5(b)). The further mass loss of the raw JL may have resulted from its higher VM 

and lower ash content (Table 1). Figs. 5(c) and 5(d) show the TG and DTG for the 

hydrochars. Fig. 5(d) revealed four distinctive peaks corresponding to the loss of moisture 

(50–200 °C), VM between 200–300 °C, organic matter of complex chemical structure, 

such as lignin combustion phase (300–400 °C), char combustion (400–600 °C) 

respectively [6, 81]. 
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Table 2 depicts the characteristic temperatures, combustion parameters and 

performance of the hydrochars. The IT is an important characteristic temperature to 

determine the probability of fire or explosion of a solid biofuel during storage and 

transportation [6]. A higher IT is a desirable property of solid biofuel which means the 

difficulty of ignition, thus reduces the risk of fire or explosion [84]. The IT of hydrochar 

is expected to change due to the changes in properties caused by hydrolysis, 

decarboxylation, dehydration, and aromatization reactions during conversion. The 

hydrochar blend ratio of 50 wt.% JL exhibited a slightly higher IT after the co-HTC 

process probably due to its lower VM (Table 1). However, the IT of the 100 wt.% JL was 

higher than those of the other hydrochars despite having a relatively higher VM. 

Certainly, He et al. [84] reported a similar observation where the IT of the hydrochar from 

rice straws was higher than the those of the co-HTC process with a sewage sludge despite 

its higher VM of 42.7%. One of the probable reasons for the higher IT of the 100 wt.% JL 

could be its distinct feedstock properties (being a woody biomass that is expected to be 

richer in lignocellulosic components) which does not contain the DM like the other 

samples. It is also clear from the FTIR result in Fig. 3 that the 100 wt.% JL did not show 

a peak for the −C≡N functional group which may probably have reduced its higher IT and 

thermal stability. Indeed, Venna et al. [81] reported that the presence of degraded 

substances from protein in hydrochar could decrease its IT and thermal stability. However, 

the higher IT of the 100 wt.% JL showed that it is more thermally stable and will be safer 

than the other hydrochars during handling, storage, and transportation [83, 84].  

The BT is also a desirable property of solid biofuel; a high BT implies a longer 

combustion process [84]. The blend ratio of 75 wt.% JL exhibited the lowest BT of 

504.8 °C which corresponds to its lowest Bt of 47.7 minutes compared to the other 
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hydrochars from the co-HTC process. A possible reason could be its lower ash content or 

Rm (Tables 1 and 2) compared to the other hydrochars from the co-HTC process. It was 

reported that inorganics in the ash can cause a decreased combustion reactivity of a solid 

biofuel [84]. Moreover, combustion is a complex reaction process and hence, different 

feedstocks have different combustion behaviour. In contrast, the highest BT of 552.9 °C 

was observed for the 100 wt.% JL despite its low ash content. The observed BT could also 

be related to the feedstock composition of the 100 wt.% JL as earlier explained. Moreover, 

this observation is also similar to the study by He et al. [84] where the BT of the hydrochar 

produced from orange peels was higher than those of the co-HTC process with sewage 

sludge despite its lower ash content of 1.97%. As for the Tm, a closely similar trend to the 

BT was observed. The Rm after combustion of raw feedstocks and the hydrochars are also 

shown in Table 2. A noticeable reduction in the Rm of the hydrochars was observed as 

the wt.% of JL was increased and followed a similar trend as the ash content (Table 1) 

determined using a furnace.  

The CCI and CSI are also useful indicators to evaluate the combustion 

performance of a solid biofuel. The higher values of CCI and CSI indicate improved 

combustion performance and stability. It should be noted that these indices are dependent 

on the IT, Tm, DTGmax, DTGav, and BT parameters. The CCI and CSI were lowered after 

the HTC process possibly owing to the reduced VM contents [84]. The decreased CCI 

and CSI values means a decrease in the combustion performance and stability of 

hydrochars after HTC pre-treatment. However, this could be an advantage during usage 

for combustion because heat loss could be reduced due to unstable flame that may result 

from high VM [84]. The lowest CCI and CSI values of 1.3 and 0.4 were determined for 
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the 100 wt.% JL due to its higher IT, Tm and BT which showed a decreased combustion 

performance [50] compared to the other hydrochars. Interestingly, the combustion 

performance of the co-HTC process improved at 75 wt.% JL and hence a positive synergy.  

 

Fig. 5 (a) the mass loss for the raw samples (b) DTG for raw samples (c) the mass loss 

for the hydrochars (d) DTG for the hydrochars at a heating rate of 10 °C/min. 

 



65 
 

Table 2 Characteristic temperatures, combustion parameters and performance at 

10 °C/min 
Sample IT  

(°C) 

DTGmax 

(%/min.) 

DTGav 

(%/min.) 

BT 

(°C) 

Bt 

(min.) 

Tm  
(°C) 

 Rm 

(%)  

CCI 

(10-7×min-

2×C-3) 

CSI 

(104 × min-

1×C-2) 

Raw DM 234.4 14.2 0.91 534.5 50.9 283.2  19.9 4.4 1.8 

Raw JL 268.0 22.9 1.13 515.5 48.6 322.0  0.61 6.9 2.3 

100wt.% DM 239.3 10.4 0.85 513.3 48.6 259.9  25.1 3.0 1.4 

25wt.% JL 263.3 8.0 0.89 508.5 48.2 364.5  21.4 2.0 7.2 

50wt.% JL 273.4 11.5 0.98 508.5 48.2 359.4  13.9 2.9 1.0 

75wt.% JL 272.9 12.7 1.04 504.8 47.7 356.3  8.7 3.5 1.1 

100wt.% JL 316.2 6.3 1.13 552.9 52.7 444.5  1.2 1.3 0.4 

  

 

3.9 Activation energy of the raw samples and the hydrochars 

Figs. 6 and 7 show the plots of ln 𝛽 and ln (
𝛽

𝑇2) versus 1/T at the heating rates of 5, 10, 

15 and 20 °C/min for the FWO and KAS models, respectively. The slopes and the 

intercepts at each 𝛼 of 0.1 to 0.8 from simple regression line equations or plots were used 

to determine the activation energies of the samples (appendices H and I). Tables 3 and 4 

show the activation energies and their respective coefficients of determinations (R2) for 

the raw samples and the hydrochars from the HTC and the co-HTC processes, 

respectively. The average determined activation energy values of 72.1 and 69.7 kJ mol-1 

for the raw JL by the FWO and KAS models were higher than 50.5 and 47.3 kJ mol-1 for 

the raw DM. This means that more energy could be required to break the bonds in the 

biomass matrix to initiate the combustion process of the raw JL than the raw DM [6, 50], 

which successfully explained the higher ignition temperature of the raw JL than the raw 

DM (Table 2). The average activation energies of the hydrochars from the HTC process 

(Table 3) decreased for the FWO and KAS models. The decreased activation is reported 

to be partly caused by the hydrochar properties such as highly amorphous carbonaceous 

structure and high surface area [6]. As for the co-HTC process, the average activation 

energies of the hydrochars (Table 4) also decreased except at 50 wt.% JL for the FWO 



66 
 

and KAS models. The hydrochar of 50 wt.% JL revealed a higher determined activation 

energy value of 55.2 and 51.7 kJ mol-1 for the FWO and KAS models. This suggests that 

it could be more resistant to thermal decomposition than the other hydrochars [6]. One of 

the probable reasons could be that, at 50 wt.% JL (equal wt.% of the JL and DM), there 

was a higher possibility for more equilibrium in chemical interaction between the 

feedstocks during conversion. The equilibrium in interaction during conversion may have 

enhanced polymerization and aromatization reactions which may have led to the 

formation of a more thermal resistant hydrochar, resulting in higher activation energy. 

 

Fig. 6 the kinetic plots for the FWO, (a) raw DM (b) raw JL (c) 25 wt.% JL (d) 50 wt.% 

JL (e) 75 wt.% JL (f) 100 wt.% DM (g) 100 wt.% JL  
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Fig. 7 the kinetic plots for the KAS, (a) raw DM (b) raw JL (c) 25 wt.% JL (d) 50 wt.% 

JL (e) 75 wt.% JL (f) 100 wt.% DM (g) 100 wt.% JL  
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Table 3 Activation energies for the raw samples and hydrochars from the HTC process 

at 10 °C/min 
Sample 𝛼 FWO Sample 𝛼 KAS 

  𝐸𝑎 (kJ mol⁻¹) 𝑅2   𝐸𝑎 (kJ mol⁻¹) 𝑅2 

Raw DM 0.1 43.9 0.995 Raw DM 0.1 41.8 0.995 

 0.2 43.6 0.896  0.2 41.1 0.872 

 0.3 64.3 0.861  0.3 62.4 0.838 

 0.4 46.4 0.830  0.4 43.5 0.792 

 0.5 60.5 0.943  0.5 58.1 0.929 

 0.6 26.7 0.930  0.6 22.0 0.886 

 0.7 39.4 0.939  0.7 34.3 0.913 

 0.8 79.4 0.918  0.8 75.3 0.898 

 Average 50.5 0.914  Average 47.3 0.890 

Raw JL 0.1 37.4 0.989 Raw JL 0.1 34.3 0.987 

 0.2 39.8 0.986  0.2 36.5 0.981 

 0.3 50.4 0.995  0.3 47.3 0.992 

 0.4 51.1 0.955  0.4 47.9 0.992 

 0.5 39.9 0.987  0.5 36.1 0.983 

 0.6 45.8 0.971  0.6 42.2 0.963 

 0.7 192.5 0.998  0.7 194.9 0.998 

 0.8 120.1 0.958  0.8 118.1 0.949 

 Average 72.1 0.979  Average 69.7 0.981 

100 wt.% 

DM 

0.1 39.4 0.928 100 wt.% 

DM 

0.1 36.9 0.909 

 0.2 31.1 0.959  0.2 27.9 0.942 

 0.3 30.6 0.903  0.3 26.7 0.868 

 0.4 43.9 0.975  0.4 40.2 0.966 

 0.5 34.7 0.959  0.5 30.1 0.938 

 0.6 25.2 0.994  0.6 19.9 0.986 

 0.7 27.3 0.989  0.7 21.7 0.977 

 0.8 27.6 0.963  0.8 21.5 0.928 

 Average 32.5 0.959  Average 28.1 0.939 

100 wt.% 

JL 

0.1 42.4 0.979 100 wt.% 

JL 

0.1 39.1 0.975 

 0.2 37.5 0.954  0.2 33.2 0.933 

 0.3 50.4 0.996  0.3 46.3 0.994 

 0.4 48.9 0.955  0.4 56.9 0.979 

 0.5 59.8 0.952  0.5 55.4 0.939 

 0.6 47.8 0.995  0.6 42.5 0.992 

 0.7 39.9 0.995  0.7 33.9 0.989 

 0.8 35.6 0.986  0.8 29.0 0.975 

 Average 45.3 0.977  Average 42.1 0.972 
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Table 4 Activation energies for the hydrochar from the co-HTC process at 10 °C/min 
Sample 𝛼 FWO Sample 𝛼 KAS 

  𝐸𝑎 (kJ mol⁻¹) 𝑅2   𝐸𝑎 (kJ mol⁻¹) 𝑅2 

25 wt.% 

JL 0.1 21.1 0.883 

25 wt.% 

JL 0.1 17.7 0.829 

 0.2 28.1 0.903  0.2 24.7 0.870 

 0.3 40.4 0.941  0.3 37.0 0.925 

 0.4 36.4 0.911  0.4 32.3 0.877 

 0.5 37.1 0.898  0.5 32.7 0.862 

 0.6 26.5 0.943  0.6 21.4 0.906 

 0.7 32.2 0.939  0.7 26.9 0.903 

 0.8 31.8 0.959  0.8 26.1 0.931 

 Average 31.7 0.922  Average 27.4 0.888 

50 wt.% 

JL 

0.1 38.4 0.989 

50 wt.% 

JL 

0.1 35.7 0.987 

 0.2 84.6 0.908  0.2 83.1 0.897 

 0.3 38.9 0.926  0.3 35.1 0.905 

 0.4 70.7 0.969  0.4 67.8 0.961 

 0.5 76.6 0.917  0.5 73.9 0.906 

 0.6 55.9 0.974  0.6 52.1 0.966 

 0.7 35.9 0.969  0.7 30.9 0.957 

 0.8 40.4 0.954  0.8 35.2 0.931 

 Average 55.2 0.951  Average 51.7 0.939 

75 wt.% 

JL 

0.1 27.9 0.998 75 wt.% 

JL 

0.1 31.4 0.987 

 0.2 24.3 0.921  0.2 18.7 0.904 

 0.3 26.3 0.909  0.3 35.7 0.859 

 0.4 36.6 0.926  0.4 33.6 0.977 

 0.5 36.4 0.962  0.5 33.8 0.971 

 0.6 36.4 0.962  0.6 33.9 0.986 

 0.7 36.4 0.962  0.7 27.4 0.962 

 0.8 36.4 0.962  0.8 23.9 0.869 

 Average 32.6 0.950  Average 29.8 0.939 
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3.10 Thermodynamic analysis   

The thermodynamic parameters of thermal decomposition are of great importance to properly 

design a combustion equipment [2, 6]. Table 5 showed the thermodynamic properties of activation 

for the raw samples and the hydrochars. In general, the value of 𝐴 < 109 s⁻¹ shows a surface reaction 

in most cases [96]. The average value of 𝐴 from Table 5 varied from 102 to 107 for the FWO and 

KAS models. The values of 𝐴 suggested that complex reactions occurred during the thermal 

degradation process [3,37].  

A positive value of ∆𝐺‡ for a process means it is non-spontaneous while a negative value 

means it is spontaneous [2, 6, 96]. A spontaneous process does not require external energy for 

initiation while a non-spontaneous process such as solid fuel combustion needs energy supply to 

initiate the process. The positive values of ∆𝐺‡ observed in Table 5 revealed that the thermal 

degradation of the samples was not a spontaneous process [2, 104]. This means that energy must 

be supplied to initiate the combustion process of the raw samples and the hydrochars. The 

hydrochars from the co-HTC process have lower ∆𝐺‡ values than the 100 wt.% JL but higher ∆𝐺‡ 

values than for the 100 wt.% DM. This suggests that the combustion process of the hydrochars 

from the co-HTC is more favored compared to the 100 wt.% JL but less favored compared to the 

100 wt.% DM [6]. 

The ∆𝐻‡ value is reported to be a better parameter for predicting the bond strength than 

the 𝐸𝑎 value [6]. The values of ∆𝐻‡ followed a similar trend like those of the average values of 𝐸𝑎 

(Tables 3,4 and 5). Moreover, it was also reported that if the difference between the value of ∆𝐻‡ 

and 𝐸𝑎 is small (in this case, the differences from Table 5 were < 6 kJ mol⁻¹) then, a low energy 

barrier would be needed to promote the formation of the activated complex of the sample [6, 104]. 

Lang et al. [6] also reported a similar trend (< 7 kJ mol⁻¹ between ∆𝐻‡ and 𝐸𝑎 values) from the 
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combustion of hydrochar from the co-HTC process and concluded that a low energy barrier was 

needed. In addition, the positive ∆𝐻‡ values in Table 5 means endothermicity of the process which 

suggests that, to overcome the activation barrier, energy need to be supplied for the thermal 

degradation of the samples for both the FWO and KAS kinetic models [96]. The result showed 

that the raw JL needed a higher energy supply (67.0 and 64.6 kJ mol⁻¹) to overcome the activation 

barrier to promote its transformation during combustion than the raw DM by both FWO and KAS 

models. For the HTC process, 100 wt.% JL was the most difficult to proceed with its combustion 

process during transformation. As for the co-HTC process, 50 wt.% JL has the highest value of 

∆𝐻‡ (49.9 and 46.5 kJ mol⁻¹) which means that it is more difficult to initiate its combustion process 

to the transition state. The 25 wt.% JL is the easiest to initiate its combustion process because it 

needs the lowest external energy supply to overcome the activation barrier and hence, accelerated 

combustion (∆𝐻‡= 26.5 kJ mol⁻¹).  

 
   The value of ∆𝑆‡ for a process showed the degree of randomness or disorder of matter and 

energy in the system or process [2, 6, 96]. A high value of ∆𝑆‡ for a process or system implies 

that, it is in a state further from thermodynamic equilibrium, showing high reactivity [2, 6, 96]. 

Therefore, the sample with a higher value of ∆𝑆‡, required more energy to reduce the degree of 

disorder during transformation [2, 6]. The low values of ∆𝑆‡ from Table 5 showed that the degree 

of disorder of matter was low during transformation. Results from this study in Table 5 showed 

that the degree of disorder decreased after the HTC and co-HTC processes (lower values than the 

raw samples). The lowest degree of randomness of −201.6 and −209.6 J mol⁻¹ were observed for 

25 wt.% JL which depicts lower reactivity during transformation by thermal degradation [2]. On 

the other hand, the 50 wt.% JL exhibits the highest degree of randomness (−159.4 and −165.3 J 
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mol⁻¹) compared to the other hydrochars which suggests higher reactivity [6]. Low values of ∆𝑆‡ 

< 0 have been previously reported for the combustion of hydrochar from a co-HTC of corn stalks 

and swine manure [6]. In addition, since combustion is a complex process, it is obvious from Table 

5 that the observed differences could be attributed to the material or feedstock composition and 

the method used to calculate the parameters. 

Table 5 Thermodynamic analysis values at 10 °C/min 
   Sample       𝐴 (s⁻¹) ∆𝐺‡ (kJ mol⁻¹) ∆𝐻‡ (kJ mol⁻¹)            ∆𝑆‡ (J mol⁻¹) 
   Raw DM 3.09 × 105 131.2 45.6  −153.9 

   Raw JL 1.48 × 107 139.6 67.0  −121.9 

   100 DM 5.91 × 103 127.1 27.3  −187.2 

FWO   25 wt.% JL 1.04 × 103 155.0 26.5  −201.6 

   50 wt.% JL 1.69 × 105 150.7 49.9  −159.4 

   75 wt.% JL 1.41 × 103 152.7 27.3  −199.2 

   100 wt.% JL 5.91 × 103 174.5 39.6  −187.9 

        

   Raw DM 1.45 × 105 131.5 42.4  −160.2 

   Raw JL 8.69 × 106 139.8 64.6  −126.2 

   100 DM 1.91 × 103 127.8 22.9  −196.6 

KAS   25 wt.% JL 3.99 × 102 155.8 22.2  −209.6 

   50 wt.% JL 8.25 × 104 151.1 46.5  −165.3 

   75 wt.% JL 7.59 × 102 153.2 24.5  −204.4 

   100 wt.% JL 3.21 × 103 174.9 36.4  −192.9 

 

4 Conclusion 

Co-HTC was used to upgrade the solid biofuel quality indices of hydrochar from a blend of DM 

and JL. The produced hydrochars showed a promising property closed to the coal. An increase in 

the fixed carbon and carbon contents were observed as the mass ratio of the JL was increased. The 

blend of 75 wt.% JL had the lowest ash content of 7.2±0.5% compared to the other blends. The 

HHV of hydrochars improved remarkably to 26.4±0.02 as the ratio of JL in the mixture was 

increased. The surface morphology and the surface functional groups were altered by the co-HTC 

process. Surface characteristics such as SSA and TPV were also significantly increased after the 

co-HTC process. Thermal behaviour also revealed an improvement in combustion characteristics 

of the hydrochars. A decline in the combustion performance was observed after the HTC process 
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but improved at 75 wt.% JL after the co-HTC process. The kinetic analysis also revealed that the 

activation energy decreased after the HTC process but increased to a higher value at 50 wt.% JL 

after the co-HTC process. Therefore, hydrochar production by co-HTC of DM and JL has proved 

to be an effective and promising solid biofuel source. 
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CHAPTER 5 

5.0 CONCLUDING SUMMARY AND RECOMMENDATION 

5.1 General conclusion  

In the first phase of this study, hydrochar from dairy manure (DM) was produced by 

progressively reducing the quantity of water needed for conversion. Hence, the hypothesis that 

hydrochar with improved fuel properties would be produced from low moisture content biomass 

without the need to add water was investigated. To verify the hypothesis, DM was hydrothermally 

pre-treated at high and low moisture conditions. The low and high moisture content conditions 

were classified as the liquid-based HTC (L-HTC) and the vapor-based HTC (V-HTC). The results 

showed that the V-HTC process decomposed biomass better than the L-HTC process, hence, 

improved the fuel properties of DM. The V-HTC process is conducted at a higher B/W ratio, where 

the lower liquid content is small and may facilitate the formation of secondary char on the 

hydrochar surface and increase the severity of the reaction due to the higher acid content (due to 

the increased feedstock concentration), resulting in higher energy densification and mass yield. As 

a result, the V-HTC process is expected to have a higher hydrochar production capacity since less 

water is used compared to the L-HTC process. The proximate compositions showed that the ash 

content reached the maximum at B/W ratios of 0.43 and 0.67 rather than 1.0, and thus further 

studies are required to understand this behaviour. The obtained results nonetheless support the 

hypothesis of the study. This study showed that hydrochar with improved fuel properties can be 

produced from low moisture content biomass in HTC without the need for excess water. 

The second phase of the study involves conducting a co-hydrothermal (co-HTC) of the DM 

and the Japanese larch (JL) due to the high ash properties of the DM. Hence, co-HTC was used to 
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upgrade the solid biofuel quality indices of hydrochar from the blend of DM and JL. The produced 

hydrochars showed a promising property closed to the coal. An increase in the fixed carbon and 

carbon contents were observed as the mass ratio of the JL was increased. The blend of 75 wt.% JL 

had the lowest ash content of 7.2±0.5% compared to the other blends. The HHV of hydrochars 

improved to 25.1±0.02 and 26.4±0.02 as the mixture was increased to 50 and 75 wt.% JL. The 

surface morphology and the surface functional groups were altered by the co-HTC process. 

Surface characteristics such as SSA and TPV were also significantly increased after the co-HTC 

process. Thermal behaviour also revealed an improvement in combustion characteristics of the 

hydrochars. A decline in the combustion performance was observed after the HTC process but 

improved at 75 wt.% JL after the co-HTC process. The kinetic analysis also revealed that the 

activation energy decreased after the HTC process but increased to a higher value at 50 wt.% JL 

after the co-HTC process. Therefore, hydrochar production by co-HTC of DM and JL has proved 

to be an effective and promising solid biofuel source. 

Conclusively, for a sustainable production of hydrochar with less negative environmental 

impact from HTC waste stream, this study recommends that HTC should be conducted using high 

B/W ratio of 1.0. In addition, to avoid the problems of fouling and slagging tendency in a 

combustion equipment due to the high ash content from solid biofuel produced from DM, co-HTC 

technique with a low ash content lignocellulosic biomass should employed.   

5.2 Recommendations  

• Proximate analysis revealed that the ash content was maximum at B/W ratios of 0.43 and 

0.67 rather than 1.0, and thus further studies are required to understand this behaviour. 
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• Further study is also required to compare the present findings from this study to the other 

available systems for conducting the V-HTC with the same feedstock and process 

variables. 
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APPENDICES 

 

Appendix A: The prepared raw feedstocks of the DM at the different B/W ratios 

 

Appendix B: The prepared raw feedstocks for the co-HTC process  
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Appendix C: The HTC reactor used for the study 

 

Appendix D: Some produced hydrochar samples from dairy manure (DM) 
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Appendix E: mass loss and the derivative at 5 °C/min 
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Appendix F: mass loss and the derivative at 15 °C/min 
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Appendix G: mass loss and the derivative at 20 °C/min 

 

Appendix H: Derived equations at each conversion rate for FWO method 

Raw DM 

Conversion Equation R² 

0.1 y = -5558.9x + 24.812 0.995 

0.2 y = -5520.8x + 23.173 0.896 

0.3 y = -8139.9x + 32.097 0.861 

0.4 y = -5869.6x + 22.789 0.83 

0.5 y = -7655.8x + 27.844 0.943 

0.6 y = -3380.1x + 12.068 0.93 

0.7 y = -4981.3x + 14.492 0.939 

0.8 y = -10040x + 24.951 0.918 

 

Raw JL 

Conversion Equation R² 

0.1 y = -4733.5x + 18.874 0.989 

0.2 y = -5038.4x + 18.737 0.986 

0.3 y = -6372.4x + 22.295 0.995 

0.4 y = -6459.5x + 22.198 0.955 
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0.5 y = -5044.8x + 17.425 0.987 

0.6 y = -5796.7x + 19.334 0.971 

0.7 y = -24360x + 66.93 0.998 

0.8 y = -15194x + 37.711 0.958 

   

25% JL 

Conversion Equation R² 

0.1 y = -2663.7x + 12.524 0.883 

0.2 y = -3555.9x + 14.922 0.903 

0.3 y = -5108.6x + 18.693 0.941 

0.4 y = -4599.7x + 15.776 0.911 

0.5 y = -4687.8x + 15.254 0.898 

0.6 y = -3355x + 11.191 0.943 

0.7 y = -4071x + 12.471 0.939 

0.8 y = -4024.4x + 11.793 0.959 

   

50% JL 

Conversion Equation R² 

0.1 y = -4858.6x + 20.504 0.989 

0.2 y = -10702x + 36.222 0.908 

0.3 y = -4932.1x + 16.833 0.926 

0.4 y = -8948.7x + 27.328 0.969 

0.5 y = -9687.1x + 28.533 0.917 

0.6 y = -7081.1x + 20.901 0.974 

0.7 y = -4541.4x + 13.821 0.969 

0.8 y = -5106.9x + 14.575 0.954 

   

75% JL 

Conversion Equation R² 

0.1 y = -3542.9x + 15.42 0.998 

0.2 y = -3069.8x + 12.3 0.921 

0.3 y = -3333.3x + 11.9 0.909 

0.4 y = -4631.6x + 15.021 0.926 

0.5 y = -4600x + 14.13 0.962 

0.6 y = -4600x + 13.67 0.962 

0.7 y = -4600x + 13.21 0.962 

0.8 y = -4600x + 12.75 0.962 

 

 

100% DM 

Conversion Equation R² 

0.1 y = -4984.1x + 21.711 0.928 

0.2 y = -3936.6x + 16.668 0.959 

0.3 y = -3867x + 14.583 0.903 

0.4 y = -5565.8x + 18.493 0.975 

0.5 y = -4388.2x + 14.446 0.959 

0.6 y = -3181.9x + 10.654 0.994 

0.7 y = -3456.4x + 10.828 0.989 

0.8 y = -3487.4x + 10.357 0.963 

   

100% JL 

Conversion Equation R² 

0.1 y = -5359.2x + 19.602 0.979 

0.2 y = -4741.1x + 15.916 0.954 
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0.3 y = -6376.1x + 19.16 0.996 

0.4 y = -6181.8x + 17.7 0.955 

0.5 y = -7571.6x + 20.103 0.952 

0.6 y = -6042.2x + 15.919 0.995 

0.7 y = -5049.5x + 13.224 0.995 

0.8 y = -4501x + 11.608 0.986 

 

Appendix I: Derived equations at each conversion rate for KAS method 
Raw DM 

Conversion Equation R² 

0.1 y = -5026.5x + 11.642 0.995 

0.2 y = -4939.7x + 9.8245 0.872 

0.3 y = -7509.1x + 18.573 0.838 

0.4 y = -5231.1x + 9.2495 0.792 

0.5 y = -6985.4x + 14.206 0.929 

0.6 y = -2651.1x - 1.7301 0.886 

0.7 y = -4129.4x + 0.3846 0.913 

0.8 y = -9057.5x + 10.55 0.898 

   

Raw JL 

Conversion Equation R² 

0.1 y = -4128.7x + 5.4506 0.987 

0.2 y = -4389.9x + 5.1741 0.981 

0.3 y = -5685.3x + 8.6146 0.992 

0.4 y = -5759.8x + 8.4819 0.992 

0.5 y = -4341.5x + 3.7007 0.983 

0.6 y = -5073.1x + 5.5515 0.963 

0.7 y = -23437x + 52.62 0.998 

0.8 y = -14201x + 23.279 0.949 

   

25% JL 

Conversion Equation R² 

0.1 y = -2128.5x - 0.6532 0.829 

0.2 y = -2975.4x + 1.5825 0.87 

0.3 y = -4451.2x + 5.103 0.925 

0.4 y = -3879.9x + 2.0045 0.877 

0.5 y = -3936.2x + 1.3976 0.862 

0.6 y = -2576.2x - 2.7383 0.906 

0.7 y = -3236.7x - 1.5951 0.903 

0.8 y = -3139x - 2.3928 0.931 

   

50% JL 

Conversion Equation R² 

0.1 y = -4291.2x + 7.2079 0.987 

0.2 y = -9996.8x + 22.484 0.897 

0.3 y = -4225.8x + 3.1005 0.905 

0.4 y = -8160.3x + 13.369 0.961 

0.5 y = -8888.4x + 14.551 0.906 

0.6 y = -6267.6x + 6.8839 0.966 

0.7 y = -3726.1x - 0.1985 0.957 

0.8 y = -4231.6x + 0.4123 0.931 

   

75% JL 

Conversion Equation R² 

0.1 y = -3772.4x + 5.2698 0.987 
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0.2 y = -2244.1x - 1.8357 0.904 

0.3 y = -4292.5x + 3.3002 0.859 

0.4 y = -4042.6x + 1.7354 0.977 

0.5 y = -4060x + 1.0196 0.971 

0.6 y = -4080.4x + 0.5789 0.986 

0.7 y = -3296.9x - 1.7729 0.962 

0.8 y = -2873.7x - 3.1744 0.869 

 

 

100% DM 

Conversion Equation R² 

0.1 y = -4432.6x + 8.4702 0.909 

0.2 y = -3356.1x + 3.3263 0.942 

0.3 y = -3215.5x + 1.0123 0.868 

0.4 y = -4836.3x + 4.695 0.966 

0.5 y = -3623.8x + 0.5537 0.938 

0.6 y = -2392.7x - 3.3026 0.986 

0.7 y = -2613.4x - 3.26 0.977 

0.8 y = -2580.3x - 3.8782 0.928 

   

100% JL 

Conversion Equation R² 

0.1 y = -4707x + 6.0279 0.975 

0.2 y = -3998.5x + 2.0811 0.933 

0.3 y = -5573.8x + 5.1711 0.994 

0.4 y = -6848.1x + 7.2232 0.979 

0.5 y = -6664.5x + 5.8686 0.939 

0.6 y = -5107.9x + 1.6263 0.992 

0.7 y = -4084.5x - 1.1333 0.989 

0.8 y = -3492.4x - 2.8388 0.975 

 


