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ABSTRACT 
 

 

HYDROTHERMAL CARBONIZATION OF CORN RESIDUALS TO PRODUCE A 
SOLID FUEL REPLACEMENT FOR COAL 

 

Jamie T. Minaret        
University of Guelph, 2015 
       
Advisor: Dr. Animesh Dutta 
 
 
The present thesis focused on the production of a solid fuel (hydrochar) from corn residues through 

a treatment called hydrothermal carbonization (HTC), for the use in coal power generating 

facilities. The HTC treatment was analyzed to determine if the process could produce hydrochar 

with an energy content similar to coal, as well as how the type of biomass effected the quality of 

hydrochar. The maximum energy content of hydrochar produced from corn stover and corn husks 

were 28.9 and 27.7 MJ/kg, respectively, which is comparable to coal used in combustion. The 

HTC process resulted in an energy yield of 5.14 when the lower heating value was used to represent 

the energy content. It was determined that the biomass organic elemental composition effected the 

quality of hydrochar to the same severity as the HTC processing time and that the HTC treatment 

was a viable option for removing potassium from biomass.  
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Chapter 1 INTRODUCTION 

1.1 BACKGROUND 
The three global issues over the next fifty years include climate change, food security and energy 

sustainability. Bioenergy is considered to be the only renewable energy source that directly 

addresses each one of these major issues. Biomass, the basis for all forms of bioenergy, is a term 

used to describe the solid organic product that is either grown through photosynthesis or produced 

as a waste through the digestion of food. The term biomass also applies to the by-products obtained 

by processing one of the first two sources [1]. Biomass is a renewable form of energy because it 

is carbon neutral, meaning the amount of carbon absorbed by the biomass during growth is equal 

to the amount of carbon emitted during combustion [2]. Lignocellulosic biomass is a type of 

biomass which refers to solid material derived from photosynthesis and the bi-product obtained 

from processing photosynthesis sources, all of which possess lignin, cellulose and hemicellulose 

as the main components [3]. As of 2012 approximately 10% of the world’s energy production was 

generated from biomass, which amounted to 15,550 TWh of energy. While approximately 45,096 

TWh of energy was generated from coal with, while 20.3% and of that energy was used to generate 

electricity. Meanwhile the amount of energy used to generate electricity from biomass was 

insignificant enough that it was not included in the total world electricity production [4].          

Using biomass to replace fossil fuels in existing infrastructures would essentially eliminate 3.39 

Gt of CO2 emissions generated from coal due to the carbon neutrality of biomass. This would also 

eliminate the large capital cost of constructing new large scale power generating facilities and is 

one of the potential solutions to eliminate the global dependence on fossil fuels that does not 

involve completely reconstructing the global power production network. However, multiple issues 

arise when biomass is used to replace fossil fuels in heat and power generating facilities, more 

specifically coal facilities. The low bulk density (kg/m3) and energy density (MJ/m3) of raw 

biomass compared to coal lead to high transportation costs [2]. Equipment in coal power 

generation facilities used to transport coal from the storage area to the combustion area would be 

designed to handle coal and the significant difference in physical density of raw biomass and coal 

leads to the possibility of issues regarding production efficiency and power output control [5]. In 

addition, the hemicellulose content of biomass cause the feedstock to biodegrade when left open 
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to atmosphere due to the hygroscopicity nature of biomass [6]. This results in high storage costs 

associated with biomass compared to coal, which can be stored outside with minimal losses to the 

solid content.        

The second set of issues lies within the elemental composition of biomass, which includes both 

the organic and inorganic elements. Biomass contains a significantly increased amount of oxygen 

compared to coal and therefore is extremely volatile during combustion, which in turn requires 

longer combustion chambers and increased secondary air inputs [5]. This is due to the larger 

volume of gaseous fuel that requires oxidation in biomass combustion compared to coal 

combustion. The increased oxygen content compared to coal, along with the heterogeneous 

physical and chemical composition causes inconsistent heat production during combustion. This 

leads to issues in power facilities that operate on demand basis as the random spikes in heat 

production make it difficult to precisely control the output rate of the facility. Biomass also 

contains an increased amount of specific inorganic elements that can cause issues of clumping ash 

(referred to as clinkers) and ash agglomeration (build-up of ash residue on metal surfaces inside 

combustion equipment) [7]. 

Multiple thermochemical pre-treatment methods exist to overcome these issues, including: 

torrefaction, pyrolysis, gasification and pelletizing. Traditional torrefaction, pelletizing and slow 

pyrolysis each produce a more energy and mass dense solid product, which has the potential to 

replace coal in combustion units. However these technologies due not overcome the issues caused 

by the high inorganic content biomass, as well as biomass containing a high moisture content. In 

the last decade new research has shifted towards a process called hydrothermal carbonization 

(HTC), also referred to as wet torrefaction [8]. HTC is thermal treatment process of biomass that 

is submerged in water at elevated pressures. The HTC thermal treatment or carbonization of 

biomass increases the energy density of biomass to values greater than dry torrefaction [9]. In 

addition, the use of water as a reaction medium has the potential to remove water soluble inorganic 

material from the biomass during the HTC treatment, as well as process biomass with high amounts 

of moisture, which could eliminate the issues associated with biomass ash and moisture during 

combustion.  
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1.2 SCOPE AND OBJECTIVES 
Research on the use of agricultural biomass for energy applications has progressed in recent years 

in part due to the criticism of using wood type biomass, as many argue that the use of forest based 

biomass is not actually carbon neutral [10, 11]. A wide range of agricultural biomass exists around 

the globe, however agricultural residues provide the unique characteristic of utilizing a waste 

stream to increase the value of an existing agricultural crop. In addition, research has demonstrated 

that the only economical option for the production of hydrochar from HTC is with residual biomass 

[12]. The goal of this thesis was to analysis the suitability of hydrochar produced from corn stover 

(CS) and corn husk (CH) as a solid fuel to be used for combustion purposes. HTC was performed 

on CS to determine the optimum conditions for producing an energy dense solid fuel with an 

energy content comparable to coal. The hydrochar produced from CH and CS were analyzed for 

their proximate and ultimate analysis, inorganic element content, BET surface area and pore 

distribution, SEM physical structure, and equilibrium moisture content. The combustion 

characteristics and flue gas behaviour of hydrochar produced from CH was also compared coal 

and raw CH, to determine how closely the CH is transformed into a coal-like fuel.      

1.3 REFERENCES 
[1] S. V. Vassilev, D. Baxter, L. K. Andersen, and C. G. Vassileva, "An overview of the 

chemical composition of biomass," Fuel, vol. 89, pp. 913-933, 2010. 
[2] S. Clarke and F. Preto, Biomass burn characteristics: Ministry of Agriculture, Food and 

Rural Affairs, 2011. 
[3] J. Pérez, J. Munoz-Dorado, T. de la Rubia, and J. Martinez, "Biodegradation and 

biological treatments of cellulose, hemicellulose and lignin: an overview," International 
Microbiology, vol. 5, pp. 53-63, 2002. 

[4] I. IAE, "Key world energy statistics," Technical report, International energy agency2014. 
[5] J. Koppejan and S. Van Loo, The handbook of biomass combustion and co-firing: 

Routledge, 2012. 
[6] A. Ebringerová, "Structural Diversity and Application Potential of Hemicelluloses," 

Macromolecular Symposia, vol. 232, pp. 1-12, 2005. 
[7] B. Jenkins, L. Baxter, and T. Miles, "Combustion properties of biomass," Fuel 

processing technology, vol. 54, pp. 17-46, 1998. 
[8] A. Funke and F. Ziegler, "Hydrothermal carbonization of biomass: A summary and 

discussion of chemical mechanisms for process engineering," Biofuels, Bioproducts and 
Biorefining, vol. 4, pp. 160-177, 2010. 

[9] H. S. Kambo and A. Dutta, "Strength, storage, and combustion characteristics of 
densified lignocellulosic biomass produced via torrefaction and hydrothermal 
carbonization," Applied Energy, vol. 135, pp. 182-191, 2014. 
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[10] E. Johnson, "Goodbye to carbon neutral: Getting biomass footprints right," 
Environmental impact assessment review, vol. 29, pp. 165-168, 2009. 

[11] D. W. MacFarlane, "Potential availability of urban wood biomass in Michigan: 
Implications for energy production, carbon sequestration and sustainable forest 
management in the USA," biomass and bioenergy, vol. 33, pp. 628-634, 2009. 

[12] B. Erlach, "Biomass upgrading technologies for carbon-neutral and carbon-negative 
electricity generation: techno-economic analysis of hydrothermal carbonization and 
comparison with wood pelletizing, torrefaction and anaerobic digestion," Berlin, 
Technische Universität Berlin, Diss., 2014, 2014. 
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Chapter 2 LITERATURE REVIEW 

2.1 OVERVIEW OF BIOMASS 

2.1.1 Second Generation Biomass Overview 
Biomass can be divided into three different categories that include first, second and third 

generation types of biomass. First generation includes all food based biomass such as corn, which 

is primarily used to for ethanol production [1]. Third generation biomass refers to aquatic type 

biomass which consists of algae, seaweed and other plant life grown in water [2]. Second 

generation biomass consists of three different categories: 1) all material that is grown through 

photosynthesis that cannot be consumed as food; 2) the residual produced from processing food 

based or non-food based organic sources; and 3) the solid product produced from the digestion of 

food [2]. The Ontario Ministry of Agriculture and Rural Affairs (OMAFRA) further classifies 

second generation biomass into grass/forages, wood, straw/residuals, and processing by-products 

[3]. An additional type of biomass group could be added to this list called green residuals. Grass 

and forages type biomass primarily consist of energy crops, which infer that the crop cannot be 

used as food and is grown for the purpose to be used as an energy source, or in some cases for 

animal bedding as well. The two common biomass grasses used in Ontario are switchgrass and the 

miscanthus. Delayed harvesting has shown to decrease ash and potassium in miscanthus, while for 

switchgrass the concentration of potassium and sulphur increased (however overall ash content 

still decreased). Miscanthus has a moisture content of 15-20% when harvested in the late winter 

or early spring and a calorific value of 17.9 GJ/tonne. Switchgrass has a typical moisture content 

of 7-8%, with a calorific value of 18.5 GJ/tonne, when harvested in early spring [4-6].  

Switchgrass and miscanthus both are able to grow on poorer soil types which makes them a 

valuable purpose grown energy crop, especially in areas where other types of crops have failed 

due to soil condition. A problem arises when attempting to pelletize some grasses, such as 

switchgrass and reed canary grass, which is another form of biomass grass. A study conducted by 

the University of Vermont found that 100% grass blend tended to ball up and stick together when 

attempting to pelletize. They concluded that this was due to the higher moisture content of the 

grass and the low levels of lignin found in the grass. To avoid this problem the grasses were mixed 

with wood to form multi-fuel pellets [7].  They also found that blending the switchgrass with 75% 

wood could lower the ash content from 4.3 wt.% (d.b.) to 1.0 wt.% (d.b.) compared to 100% 
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Switchgrass. The study concluded that even though switchgrass had a slightly higher energy 

content than wood, the use of grasses in small scale combustion applications is extremely difficult 

and almost impractical [8]. This is because the removal systems that are used to deal with ash 

containing large clinkers are too sophisticated for combustion technologies on a small scale. 

Devices such as moving grates with large combustion chambers and adjustable lambda control-

sensors are required to properly burn grasses. Two other forms of grasses that are grown in Ontario 

are sorghum and Big blue stem. Clarke and Preto [3] found that the ash contents of sorghum and 

Big blue stem are both above 6% (d.b.), which are both slightly above switchgrass and 3 times the 

amount of miscanthus ash. However sorghum displayed a chlorine content of 760 micro grams per 

grams of biomass, which is approximately 38% of the chlorine content of switchgrass and 70% of 

miscanthus chlorine content. High chlorine contents are one of the contributors to corrosion issues 

caused inside combustion equipment. 

Multiple types of wood are available for biomass production, typically from waste wood because 

trees are often used as carbon sequestration crops. There is however forms of wood biomass that 

are grown and harvested more frequently and used as energy crops. Some common types used in 

Ontario are willow and poplar. Wood biomass have typical ash contents from 1 to 2.5 wt% (d.b.) 

and chlorine contents ranging from 130 to 470 μg/g, with willow having the least and hardwoods 

containing the highest [9]. Wood is currently the most common type of biomass used for 

combustion in Ontario, which is because of the low ash content of the fuel, as well as the low 

chlorine content compared to agriculture resides and grasses [9]. The common types of straw and 

residue biomass available to Ontario include wheat straw, CS, barley straw and flax straw. These 

type of biomass have the largest ash content compared to the other biomass categories, with an 

average of 5.6% (d.b) for the four types listed previously [3]. The issue with straw and residue 

biomass is the high amount of chlorine and potassium contents. Almost all biomass in this category 

have chlorine above 1000 micrograms per gram of biomass, with the exception of wheat straw, 

which is one of the reasons it is one of the most common forms of straw grown in Ontario [3]. 

Processing by-products involve any type of hull or shell produced when processing agricultural 

crops. The most common types found in Ontario are Oat hulls, Soybean hulls and Sunflower hulls.   

2.1.2 Corn Residuals 
Corn, the crop responsible for the largest production of residues in Ontario, CAN [10], contains 

two types of second generation biomass, the first is CS and the second is CH. CS is a straw/residual 
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type biomass as it accounts for all the solid material remaining after the food portion of the corn 

crop is harvested. When the CS is left on the field over the winter season, the moisture content 

reduces to roughly 20% (w.b.) [3]. CH is a green residual biomass as it refers to the non-edible 

green material, which is typically removed from the corn cob directly before the cob is prepared 

for consumption. The CH is considered a waste stream with no value as the majority of the mass 

consists of water and therefore requires too high of an energy input to dry for it to be a viable 

option to be processed by traditional biomass treatment technologies. The use of CH as a fuel 

source for small commercial scale energy production would be a typically be a difficult task as the 

biomass is thought to only be produced in small batches in the form of residential waste when corn 

cobs are prepared for food. In North America, more specifically Ontario, CH are now produced on 

a commercial scale through packaged pre-husked corn cobs. Rouge River Farms a company 

consisting of multiple packing facilities, including Markham, ON, produces 25 tonnes (w.b.) of 

CH per day at the Markham facility alone, as the company operates 24 hours a day during the 

summer months, in order to supply the demand of Ontario super markets. The CH are transported 

to local farmers free of charge to be used to provide nutrients to various field crops, in some cases 

when no demand for the husks exists, the CH are discarded and left to degrade over time. The high 

moisture content of CH, along with the commercial scale production at facilities such as Rouge 

River Farms make the biomass an interesting candidate for hydrochar production via HTC 

treatment. To date no studies regarding the HTC treatment of CH currently exist in literature, 

therefore the CH was selected as one of the feedstocks to be analyzed in the HTC treatment process 

in order to analyze the viability of the residual as a potential fuel source. 

2.1.3 Composition of Biomass 

2.1.3.1 Lignin, Hemicellulose and Cellulose 
Lignocellulosic biomass contains four main components: cellulose, lignin, hemicellulose and ash. 

The first three components consist of organic material and are responsible for the structural 

characteristics of the biomass feedstock [11]. Lignin and cellulose are both responsible for 

providing the different types of solid structural support in biomass, while hemicellulose is 

responsible for holding together the long chain lignin fibers, with the main components being 

xylans and mannans [12]. Cellulose, lignin and hemicellulose are considered to have an average, 

high and low molecular mass compared to the each other, respectively [11, 13]. Cellulose is often 

represented by the chemical formula C6H12O5 [14] and hemicellulose has been found to be 
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composed of primarily two chemical compounds with the formulas C6H10O5 and C5H8O4 [12]. The 

mass composition of cellulose in biomass ranges from 24 to 54% with agricultural type biomass 

typically having a lower concentration compared to wood type biomass. Hemicellulose ranges 

from 11 to 35% with agricultural biomass having higher concentrations compared to wood type 

biomass, while lignin contents range from 7 to 30%, with a content trend among biomass types 

similar to cellulose with wood type biomass having higher concentrations compared to agricultural 

biomass [15, 16]. 

2.1.3.2 Proximate Analysis 
The proximate analysis of biomass is a quantitative measurement used to represent the percentage 

of different portions of biomass that behave in a specific way during combustion [17]. The different 

portions include, moisture content, volatile matter content, ash content and fixed carbon content 

[3]. Each measurement can be given on either a wet basis (w.b.), which refers to the mass percent 

compared to the total mass of the biomass including the water contained in the biomass, or on a 

dry basis (d.b.), which refers to the mass percent compared to the dry solid mass of the biomass. 

One of the most important characteristics of the biomass feedstock is the moisture content. This 

refers to the mass of water contained in the fuel as a percent of the fuel’s total mass. Moisture 

content affects the net calorific value of the fuel as well as the mass per unit volume of the fuel. 

Low moisture content is desired because it results in a lower mass and higher calorific value. This 

is because energy is required to convert the moisture into steam during combustion. A lower mass 

will also decrease transportation and storage costs because a higher dry mass of biomass can fit 

per unit volume. Extremely high moisture contents above 60% have been shown to stop 

combustion process altogether [18]. This is because the energy required to vaporize the water 

decreases the temperature of the combustion region below the minimum combustion temperature.   

The moisture content of biomass can range from 4% to 85% depending on the type of biomass and 

when the biomass is harvested [9]. The water (i.e. moisture) is present in the biomass as bound 

water absorbed on the walls of the biomass particles and free water within cavities of biomass [19]. 

Miscanthus has a moisture content of 15-20% (w.b.) when harvested in the late winter or early 

spring and switchgrass has a moisture content of 7-8% (w.b.) [20]. The moisture content of CS 

can range from 10 to 50% (w.b.) depending on whether it is harvested before or after the winter 

season, while CH contain moisture contents above 80% (w.b.) [3, 21].  
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The calorific value, also referred to as the heating value (HV) of biomass, is the amount of energy 

produced through combustion of the fuel. The lower heating value (LHV) of a biomass refers to 

the amount of attainable heat energy through the combustion of the biomass per unit weight of the 

biomass, while the higher heating value (HHV) refers to the total amount of energy contained in 

the biomass per unit weight [22]. The LHV assumes that the steam in the product will remain as a 

vapour, while the HHV incorporates the energy recovered from the condensation of water vapour 

back into a liquid. When designing combustion systems, the LHV should be used to ensure that 

the system produces the required energy load, whether it be heating or electricity production. 

Volatile matter is the portion of biomass that converts to combustible gaseous phase form during 

the combustion of biomass. This is the primary component in the composition of biomass ranging 

from 63 to 86% depending on the type of biomass [22]. Fixed carbon represents the portion of 

biomass that remains after the extraction of the volatile matter during combustion. Ash content is 

the inorganic matter remaining after full-combustion of the biomass has taken place [11]. Ash is 

the product of thermal energy extraction of biomass and has no energy content itself. Therefore 

this material requires removal from the combustion chamber to enable room for additional biomass 

to enter. CS typically contains around 73% volatile matter, 19.2 fixed carbon, and 5 to 7% ash on 

a dry basis [2], while currently no data exists in literature for the proximate analysis of CH.        

2.1.3.3 Inorganic and Organic Elements  
The majority of the chemical composition of biomass consists of the organic elements carbon, 

hydrogen, and oxygen, each containing a different range depending on the type of biomass, the 

type of soil the biomass was grown in, the geographical location of where the biomass was grown, 

and the time of year the biomass was harvested [22]. The carbon content can range from 35 to 58% 

(d.b.) depending on the type of biomass, for example woody types of biomass will typically contain 

a carbon content of 48 to 58%, while perennial grasses will typically contain 45 to 52% carbon 

content [2]. The oxygen and hydrogen contents of biomass can range from 32 to 50% and 3 to 

10%, respectively. Animal bi-products a contain increased carbon content and decreased oxygen 

content, often as low as 23%, compared to lignocellulosic biomass [2]. The carbon, hydrogen, and 

oxygen content of CS are; 46.2 ± 2.5%, 44.4 ± 0.2%, and 6.2 ± 0.2%, respectively [2, 3]. Increased 

amounts of carbon and hydrogen in biomass results in an increased LHV compared to biomass 

with lower carbon and hydrogen contents, while increased oxygen contents results in increased 

volatile matter and decreased LHV. Biomass inorganic content will differ in its physical structure 
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and composition in a similar way to the organic element composition. The most abundant inorganic 

elements are typically nitrogen and sulphur, which can range from 0.1 to 3.4% and 0.0 to 0.6%, 

respectively [2]. Similar to the organic elements, animal bi-products also contain different values 

compared to lignocellulosic biomass, with nitrogen contents as high as 9.2% and sulphur contents 

as high as 3.4%. CS nitrogen and sulphur contents are typically in the range of 0.6 ± 0.1% and 

0.09 ± 0.01%, respectively. The nitrogen and sulphur contents are almost always grouped with the 

organic element content because both volatize during combustion of biomass as opposed to the 

other inorganic elements, which form solid ash [22].  

The remaining portion of biomass consists of trace amounts of non-combustible inorganic 

elements responsible for the formation of ash. The inorganic elements contained in biomass vary 

based on the same factors as the organic elements, as well as whether the ash is generated on a lab 

or industrial scale. The lab and industrial scale generated ash have multiple sub-categories as well, 

depending upon the location of extraction and temperature of the thermochemical process [23]. 

There are also three different categories to describe the minerals that make up the ash produced 

via biomass combustion, these include; primary, secondary and tertiary. Primary minerals include 

the phases of minerals that exist in the biomass’ raw form, as a result of its growth cycle, while 

secondary are the new types and phases of minerals that are produced from combustion of the 

biomass and tertiary are new phases that result from storage, transportation of processing of 

biomass [23]. Biomass ash and ash content are two distinctively different terms, with the main 

difference being that biomass ash can contain unburnt organic matter generated from incomplete 

combustion of biomass, while ash yield refers to the amount of incombustible products remaining 

after completely combusting biomass in a laboratory scale [23]. As mentioned above biomass ash 

consists primarily of incombustible materials, however the most abundant element in biomass ash 

is the organic element oxygen because of all the oxide compounds formed with alkali and alkali 

earth metals during combustion [23]. To remove any possible confusion it should be noted that the 

oxides formed between oxygen and various metals are actually inorganic compounds.  

The inorganic elements contained in biomass are calcium (Ca), potassium (K), magnesium (Mg), 

phosphorus (P), sodium (Na), chlorine (Cl), silicon (Si), iron (Fe), and aluminum (Al) [2], while 

trace amounts of titanium (Ti) and manganese (Mn) have also been identified [23]. Animal bi-

products contain higher amounts of inorganic elements compared to lignocellulosic biomass, with 
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wood type biomass containing the least of all types. The organic and inorganic elemental 

composition of CH could not be located in literature, as the feedstock’s use for bioenergy has yet 

to be studied, however the leaves of herbaceous type biomass have been found to contain increased 

amounts of ash compared to the remaining plant matter [24]. Therefore it is likely that CH will 

have an increased concentration of inorganic elements compared to CS. As previously mentioned, 

the inorganic content varies significantly for each biomass, however Vassilev, et al. [23] identified 

several trends among the different types of biomass. Grass and leaf residues contain higher 

contents of K compared to wood and straw type biomass, with Ca having the largest content for 

wood biomass. Each type of biomass typically contains a significant portion of silicon, with the 

exception of animal bi-products, which will commonly contain mostly Ca and P.         

The inorganic material contained in biomass exists in two possible forms, as inherent material or 

extraneous material [25]. The inherent inorganic material are the inorganic elements that exist 

within the organic structure of biomass that occur during the growth of the original feedstock. The 

nitrogen, sulphur and oxygen in biomass act as storage for the inherent inorganic material. The 

extraneous inorganic material is any inorganic materials added to the biomass after the growth 

cycle, i.e. in harvesting, processing, etc. Delayed harvesting has shown to decrease ash and K in 

miscanthus, while for switchgrass the concentration of potassium and sulphur increased, with the 

overall ash content still decreasing [26]. Since CS is more similar in physical nature to miscanthus, 

it can be assumed that the overall ash and K content will also decrease when the feedstock is left 

on the field over winter.  

2.2 COMBUSTION 

2.2.1 Role of Proximate Analysis 
The combustion of biomass occurs in stages due to the different composition of moisture, volatile 

matter and fixed carbon contents. During the initial stages of combustion once the temperature of 

biomass reaches 100oC moisture is evaporated, which absorbs roughly 2257 kJ/kg of heat [27]. 

Once the temperature reaches approximately 200 to 250oC the biomass begins to volatize releasing 

carbon monoxide (CO), water (H2O), carbon dioxide (CO2), methane (CH4), and other 

hydrocarbons [22]. The volatile gases will continue to produce until the biomass reaches around 

400 to 500oC, after this the majority of material remaining will be fixed carbon and ash. The fixed 

carbon continues to combust as the temperature of the biomass increases, while the inorganic 
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material in the ash either volatizes or forms solid oxides [2]. The combustible volatile gases are 

combusted via the addition of secondary air.    

2.2.2 Ash Content Issue  
Potassium is one of, if not the most common inorganic volatile element found in biomass [25], and 

therefore is one of the leading causes of biomass combustion issues. For example, biomass with 

high values of K and Ca will have a lower ash melting temperature compared to ash with lower K 

and Ca contents [25], and the lower ash melting content could result in clinkers forming around 

fixed carbon. This would result in a larger portion of ash remaining after combustion compared to 

the ash content measured via laboratory standard testing experiments. The K present in biomass 

will form potassium oxide (K2O) in biomass ash during combustion, which has a melting 

temperature of 740oC [28]. In addition biomass that contains a high concentration of K and Cl 

leads to the formation of solid KCl in the flue gas that can deposit on metal surfaces inside 

combustion equipment and has been demonstrated to melt at temperatures as low as 772oC [29], 

which poses a serious risk for corrosion. The presence Na and Cl can also decrease the melting 

temperature of K to 650oC, with 100% of K present in ash melting at approximately 850oC [30]. 

For industrial scale applications the biomass ash will usually consist of small amounts of carbon 

and hydrogen as well, due to the inability to achieve 100% complete combustion. 

As previously mentioned there are different categories of ash when dealing with industrial scale 

combustion of biomass, which are often referred to as fly ash and bottom ash. Fly ash represents 

the ash material that builds-up on the inside of combustion equipment, such as heat exchangers 

and flue gas pipes, while bottom ash represents the ash that accumulates where the solid fuel is 

combusted [25]. Fly ash can accumulate in particle sizes of anywhere from 10 nm to 2 mm [31], 

and is directly related to the inorganic elements present in the ash. Vassilev, et al. [23], found that 

fly ash larger than 1 µm tend to contain Ca, P, Mn, Fe, Al, Na, and Si, whereas the ash with a 

particle size less than 1 µm tend to contain Pb, Zn, sulphates and alkali chlorides. Meaning that 

biomass containing high amounts of Pb, Zn, or sulphates are more likely to cause issues with 

particulate matter emissions, whereas biomass containing high amounts of the other inorganic 

compounds are more likely to cause ash agglomeration issues, which is a term used to describe the 

build-up of fly ash on combustion equipment. Overall, biomass that contains a high amount of any 

inorganic element will more than likely cause issues during combustion, while the most notable 

issues tend to be caused from K, Ca, Na, Cl, and Si elements.  
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2.2.3 Solid Fuel Combustion Technologies 
The different technologies available for the combustion of biomass can be segregated using 

multiple methods. These methods include: how the fuel is fed into the combustion chamber, how 

the heat produced by combustion is utilized, the design of the combustion bed (i.e. where the fuel 

is located during combustion), and also by the type of fuel being fed to the combustion device. 

The heat produced by combustion can be dispersed directly to the surrounding area, which is 

referred to as a stove. The heat can also be used to heat water or produce steam to transport the 

heat to multiple surrounding areas, which is referred to as a boiler. The term furnace is used to 

describe a device which produces heat through combustion to be fed to the surrounding area [25]. 

A stove and a boiler are both of are both considered furnaces. The two general methods of fuel 

input are batch-fed systems and continuous fed systems. Batch-fed systems involve the non-

continuous input of fuel to combustion area, which includes small scale systems such as wood 

stoves and furnaces. These systems almost always require manual removal of ash directly from 

the combustion chamber.   

Continuously fed systems can be divided into two categories, fixed-bed and fluidized bed [25]. 

Fixed bed systems involve the solid fuel in contact with the bed surface close to the bottom of the 

combustion chamber. Fluidized-bed systems are more complicated and involve a particle bed 

instead of a solid bed surface. Fixed bed systems involve a solid bed surface for which the fuel 

rests on during the combustion process and are categorized according to the solid bed, often 

referred to as the grate. The different types of grates include: fixed grate, travelling grate, moving 

grate, as well as rotating and vibrating grates. The most common type of moving/travelling grate 

system is the horizontal grate system, where the fuel travels with the grate from one end of the 

combustion chamber to the other [25]. The fuel will undergo pyrolysis and gasify while on the 

bed, leaving only ash remaining on the fuel bed at the far end of the grate.   

Fluidized-bed (FB) is a more modern form of combustion technology that can be described by 

three characteristics: the fluidizing medium, the typical particle size and the typical gas/liquid 

velocity [32]. The fluidizing medium can be either a gas or liquid and the particle size can be 

anywhere from small to very large. Biomass fuel is burned in a hot bed of non-combustible 

material that is in constant turbulent suspension with forced air. The first application of FB was 

used to produce synthesis fuel in Germany in 1922 [33]. The different types of FB include 

particulate, slugging, turbulent, bubbling, and circulating FB. The main difference between each 
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type of FB is the gas velocity and the size of bed particle, with circulating having the highest gas 

velocity [25]. Three more types of FB exist for the three phase fluid-particulate systems, which 

include dispersed, slug and coalesced bubble [34]. These types of FB are also referred to as the 

dense phase FB systems because each contain a zone with a large presence of particulate. The most 

unique FB is the circulating fluidized bed (CFB), which includes a cyclone to remove ash and PM 

from the flue gas, as a pollution control device. However with the addition of cyclones, CFB are 

sensitive to slagging caused from ash and therefore must not exceed approximately 1000⁰C and 

should avoid fuels with larger moisture and ash contents such as leaf or straw residues, instead 

wood biomass is commonly used in CFB [25].  

The main advantage to FB reactors is the complete combustion of the fuel at a lower temperature 

compared to the fixed bed combustion systems, which in some cases may be low enough not to 

cause ash fusion issues during combustion. FB combustion is able to handle biomass containing 

high amounts of volatile matter because the bed material remains in contact with the fixed carbon 

and volatized gas as it travels up the reactor. This allows for the breakdown of various char layers 

of the fixed carbon particles at a faster rate compared to fixed bed, due to the heat produced from 

the combustion of the volatized gases. However the use of FB introduces the issue of ash 

agglomeration, which is the collection of ash particles on the heat transfer surfaces located in the 

reactor [35]. Overall FB systems are better suited for biomass combustion compared to fixed bed 

systems, however the complex design of FB result in high capital and operating costs, which lead 

to FB reactors being only economical for large scale systems with outputs greater than 20 MW 

[25].    

The most common combustion unit used for residential heating applications are pellet stoves 

because of their low capital cost compared to moving grate fixed bed and FB systems. Small scale 

pellet stoves typically cost about $1700 to $3000 [8]. Pellet stoves will range from 1.5 kW to 12 

kW, while outputs above 12 kW require a boiler [36]. Some important terms used with pellet stoves 

are: firebox, burn pot, burn rate, fuel hopper and fuel grade. The firebox is the area that undergoes 

primary combustion. The burn pot is the area within the firebox where primary air and fuel initiate 

contact to undergo combustion, and the burn rate is amount of fuel being combusted per unit of 

time. Fuel hopper is the storage medium for the fuel prior to it entering the burn pot and the fuel 

grade refers to the properties of the fuel, for most biomass the chemical and physical properties 
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are used to determine the variance between high and low grades of fuel, and for wood fuel in 

Ontario the grading follows the PFI Standard Specifications for Residential/Commercial Densified 

Fuel [37]. Residential heating using biomass primarily utilizes wood biomass as the high inorganic 

content of agricultural and wet biomass types causes both ash and corrosion issues (Figure 2.1). 

  
Figure 2.1 Issues caused from the combustion of biomass A) corrosion B) clinkers 

2.2.4 Fuel Input Methods 
As previously mentioned the method of fuel input into the combustion chamber is used to 

categorize the different technologies, with the two options being batch-fed and continuous-fed. 

For continuous–fed devices there are numerous methods of fuel input, each with a different 

advantage over the other. The appropriate fuel input method is often dependant on the type of fuel 

being burned. The different types of fuel inputs systems include: Manual-fed systems, spreader-

stoker systems, under-screw systems, and through-screw systems [25]. For spreader-stoker 

systems fuel falls down the chute and passes through the spreader, which separates the fuel as it 

falls suspended in the combustion zone to the fuel grate. The pneumatic feed stoker is similar to 

the spreader-stoker system but involves a pressurized injection of the fuel into the combustion area 

and onto the fuel grate. The system is usually pressurized with air, which is used as the primary 

air for combustion. Under-screw systems are typically well-suited for small to medium sized solid 

fuels (40 x 30 x 15) mm3 [8]. The fuel is pushed up into the center of the combustion zone and the 

ash is removed from the sides. Large size solid fuels with 100mm long and 50 mm diameter, are 

more suited for through-screw configurations. The fuel is burned while being pushed up the screw 

and is more suitable for fuels with a larger ash content compared to fuels used in the under-screw.   

The purpose of the stoker is to supply biomass to the boiler for direct fire combustion, support fuel 

during combustion and remove ash from after combustion has taken place [25]. Stoker systems 
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can be described as underfed or overfed. In both cases the combustion air is supplied below the 

grate, which carries the biomass. The difference between the two is the location of the fuel supply 

to the grate, with the underfed being under the grate and the overfed being from above the grate. 

Overfed systems have two methods of transferring the fuel to the grate. The more common method 

is the spreader stoker, which disperses the fuel as evenly as possible across the grate [8]. The 

biomass fuel can be dispersed by underthrow and overthrow rotors as well as air injection. The 

small biomass particles combust before they reach the grate due to the updraft of combustion air 

from under the grate. The biomass particles that reach the grate combust on the grate and ash is 

removed into the ash hopper at the end of the grate. The other type is the mass feed stoker, which 

delivers the fuel at the end of the grate opposite to the ash removal side, creating a layer of 

combusting fuel. This type of stoker includes: chain grates, water-cooled vibrating grate, and 

travelling grate. The maximum generation of steam for biomass overfed stoker boilers is 

approximately 88 kg/s [8]. Multiple specialized stoker boilers also exist, such as: wall-fried, 

balanced draft, fixed bed, cyclone-fired, shaker hearth and tangential-fired. The underfed stoker 

forces fuel from the bottom of the bed to the top, while the fuel is being combusted. The stoker is 

designed for the fuel to be completely combusted when it reaches the top of the bed where it is 

removed as ash. The underfed stoker is categorized into two types, the first is the horizontal-fed 

side-ash discharge and the second is gravity-fed rear-ash discharge. These type of stokers are 

designed for fuels with less than 45% moisture content. The benefit of the underfed compared to 

the overfed is that the top of the fuel pile does not contact moist cold fuel.  

To summarize, basically every type of combustion device require fuels with low inorganic element 

and ash contents, as well as moisture contents below 45 to 50% (w.b.). Therefore, besides wood 

biomass, all other types biomass must be treated before being used in combustion devices. This 

includes CS, as it was previously mentioned this type of feedstock typically contains high amounts 

of K and Ca. Even though the inorganic content of CH is not available in literature it can be 

assumed that the feedstock contains the similar concentrations of inorganic elements to CS, 

possibly even more because the husk is considered a leaf material, which are usually higher in K 

compared to other types of biomass feedstock material [23].     
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2.3 BIOMASS CONVERSION PROCESSES 

2.3.1 Gasification 
Gasification is a platform technology used to produce a gaseous product from a solid fuel such as 

biomass or coal that can be utilized to produce power, heat or synthetic liquids used in the chemical 

industry [38]. Gasification of a solid fuel involves supplying a sub-stoichiometric amount of 

oxygen required for combustion, which results in the production of syngas typically containing 

CO, CO2, H2, H2O, CH4, and other hydrocarbons. Gasification involves four stages drying, 

pyrolysis, combustion and reduction (gasification). There are three main categories of gasification 

reactors; fixed bed, fluidized bed and entrained flow reactors [39]. Three types of fixed bed 

gasifiers are used; updraft, down draft and cross-draft, with all types’ fuel feed input located at the 

top of the reactor. The most widely used reactor for biomass gasification is the updraft (counter-

current) reactor. The up-draft reactor is referred to as the counter current reactor because the 

gasification agent is introduced to the reactor at the bottom of the reactor and the syngas exits from 

the top. Therefore the four stages of gasification occur from top to bottom of the reactor in the 

order of; drying, pyrolysis, gasification, and combustion [39]. The down-draft reactor introduces 

the gasification agent near the top of the reactor, slightly below the fuel input location and the 

syngas exits from the bottom. The down draft reactor follows the same distribution of different 

gasification zones as the up-draft, except that the combustion zone occurs above the reaction zone. 

The main difference between the two reactors is the high production of tar and low exit temperature 

of the syngas in the updraft compared to downdraft reactors [39]. Cross-draft reactors contain a 

gasification agent input and syngas exit location close to the center of the reactor height at opposite 

sides of the reactor. These type of reactors are not as widely used for biomass gasification 

compared to updraft and down draft reactors. Instead cross –draft reactors are utilized for small 

scale charcoal gasification [38]. The fluidized bed gasifiers are designed the same as the FB 

combustion systems, the only difference is that the volatile matter is not combusted in order to 

produce a gaseous fuel. The purpose of producing a gaseous fuel is that it can be transported, 

cleaned and combusted more efficiently compared to the solid form of the fuel [40]. Gasification 

reactors are still susceptible to the same ash issues experienced in combustion units, as the 

temperature of gasification reactors can reach 700 to 900oC, which is well above the ash fusion 

temperature of many types of biomass [25, 38]. Gasifiers are also sensitive to high moisture 

contents, as it was described, the first stage of the process involves drying the fuel. Therefore 
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biomass with high amounts of moisture, such as CH, would require too much energy to dry the 

feedstock.   

2.3.2 Pyrolysis and Torrefaction 
Pyrolysis is the thermal treatment of solid biomass in the absence of an oxidizer, to either produce 

an energy dense solid fuel, or a liquid bio-oil [41]. The temperature of pyrolysis can range from 

300 to 550oC, an increase in temperature will result in an increase in the gaseous bi-product, which 

contains a gas composition similar to syngas [42]. The desired end product, whether it be the solid 

biochar or liquid bio-oil, is controlled by the rate of pyrolysis, with quick heating rates and high 

reaction temperatures favouring the production of bio-oils and slow heating rates favoring the 

production of biochar. The different heating rates are separated into two types of pyrolysis; fast 

pyrolysis and slow pyrolysis [43]. Torrefaction is a mild form of pyrolysis, which involves the 

heating of biomass in an oxidizer free environment to temperatures up to 350oC, for residence 

times below 2 hours [44]. This is accomplished through heating the biomass feedstock in a pressure 

vessel with nitrogen gas (N2). The goal of torrefaction is to increase the energy density of biomass 

by removing a portion of the hemicellulose, which decreases the volatile matter in the process [15]. 

The energy density of the biomass is increased in both torrefaction and pyrolysis, however the ash 

content is also increased as well, due to the decrease in solid content of the biomass, without 

removing any of the inorganic material [15, 19]. Therefore any potential ash fusion or 

agglomeration issues that exists with the raw biomass will be exaggerated with the biochar 

produced from either torrefaction or pyrolysis due to the increase in concentration of inorganic 

elements. Much like gasification, biomass with high moisture contents will also require a large 

energy input to remove the water before the pyrolysis process can begin, therefore green residues 

biomass such as CH are often not considered for biochar production from pyrolysis or torrefaction.       

2.4 HYDROTHERMAL CARBONIZATION 

2.4.1 Processing Conditions 
The HTC process essentially mimics the coalification process on a much smaller time scale, with 

the treatment temperature having the most significant effect on the solid product [45, 46]. Pressure 

on the other hand has been demonstrated to effect the physical structure of coal, but has had little 

effect on the heating value of coal [47]. The HTC process is a more modern form of biomass 

treatment compared to pyrolysis and gasification, and involves the treatment of solid biomass with 
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water in a pressurized container at 180⁰C to 260⁰C for a residence time of up to 72 hours, to 

produce a solid product referred to as hydrochar [14]. The hydrochar contains an increased energy 

and mass density compared to the raw biomass feedstock. The HTC process is similar to 

torrefaction, with the N2 being replaced with water. The amount of water used in the HTC process 

is quantified by the biomass to water ratio (BWR), which is a ratio of the dry mass of biomass 

compared to the mass of water. One of the main requirements is that the biomass be completely 

submerged in water during the reaction, therefore biomass with low bulk densities, such as CS, 

require higher BWR to be completely submerged compared to more dense biomass such as willow 

or miscanthus [48]. The lab-scale HTC process is conducted in a sealed reactor, therefore the 

reaction occurs at elevated pressures typically in the range of 1 to 20 MPa [49-51]. The higher 

pressure is either caused by the production of vapor water that creates a pressure above 1 MPa 

once the temperature reaches at least 180oC, or from the addition of an inert gas such as nitrogen 

that also increases in pressure once the temperature increases [52].  

Bach, et al. [50] studied the effect of pressure of the HTC reaction and determined that increasing 

the pressure above the saturation pressure of water slightly increases the solid yield (SY) but did 

not affect the HHV, and a further increase in pressure did not affect the SY or HHV. A more 

detailed study of the HTC pressure has yet to be studied extensively in literature. The particle size 

of biomass used in the HTC process can also effect the reaction similar to torrefaction, with a 

smaller particle size increasing the rate of reaction due to an increased surface area of biomass in 

contact with water  [50, 53]. However the effect of particle size has yet to be fully determined as 

the HTC of biomass ground into smaller particles has been shown to produce hydrochar with larger 

particles due to the condensation and polymerization reactions during HTC [54]. The wide variety 

of chemical and physical structures contained in biomass creates difficulties in determining the 

optimum parameters in the design of thermal treatment technologies, which is why adequate 

research must be conducted on the thermal processes involved in these technologies.       

2.4.2 Chemical Reactions 
The HTC reaction process is still not well understood, however the range of required processing 

parameters and the general reactions taking place have been identified through research [48]. Five 

main reactions occur during the HTC process including: hydrolysis, decarboxylation, dehydration, 

condensation polymerization and aromatization [51]. One of the main reasons why research in the 

HTC chemical reactions has not progressed is because the multiple lignocellulosic components of 
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biomass react at different rates, which do not change proportionally with one another once a 

processing condition is changed (i.e. temperature, pressure, residence time and pH of the mixture). 

As various reactions begin to take place the products of these reactions undergo additional 

reactions, for example the formation of acetic acid from hydrolysis of cellulose and hemicellulose 

will form multiple fragments that precipitate via condensation reactions [55]. In addition to the 

multiple reaction network issue, the heterogeneous composition of biomass varies significantly 

depending on the type of biomass [49]. This makes it difficult to model the individual chemical 

reactions taking place, since different types of biomass will react at different rates. 

Research has been directed to focusing on the chemical reactions involved in the HTC process of 

lignocellulosic components of biomass: hemicellulose, cellulose and lignin, as opposed to the 

reaction of the entire biomass sample. Libra, et al. [14] represented the hydrothermal treatment of 

cellulose with the following chemical reaction: 

 𝐶𝐶6𝐻𝐻12𝑂𝑂5 → 𝐶𝐶5.25𝐻𝐻4𝑂𝑂0.5 + 0.75𝐶𝐶𝑂𝑂2 + 3𝐻𝐻2𝑂𝑂 (1) 

 

The reactant in Eq. (1) represents cellulose, the first product represents the SY of hydrochar, the 

second product is the gas yield, which is assumed to be primarily CO2 and the third product is 

liquid water, which represents the liquid yield (water and aqueous chemicals). Currently there is 

no chemical reaction to represent the degradation of hemicellulose, readily available in literature. 

This is because, the various chemical compounds that exist in hemicellulose vary significantly 

with each type of biomass.  

Hemicellulose degrades at lower temperatures compared to cellulose, with hydrolysis reactions 

beginning to occur at approximately 180⁰C, compared to cellulose which occurs at approximately 

200ᵒC [56]. Reza, et al. [57] argued that this occurs during isolated conditions for each component, 

however when the reactions are coupled together, the degrading of cellulose occurs at lower 

temperatures compared to isolated conditions. This is because as hemicellulose degrades the 

resulting products (including oligomers and Xylose) increase the alkaline content of the mixture, 

which results in an increased rate of reaction for cellulose (due to a decreased activation energy of 

the cellulose reaction). The low degradation temperature of hemicellulose results in the majority 

of hemicellulose being removed during the HTC treatment, which increases the hydrophobicity of 

the hydrochar compared to the raw biomass, resulting in the hydrochar having biodegradation 
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properties similar to that of coal [57]. Experiments have demonstrated this with an increase in mass 

yields of biochar with increased residence times, while holding the reaction temperature constant 

[55, 57]. Lignin does not significantly degrade during hydrothermal treatment with temperatures 

below 260ᵒC and residence times below 30 minutes. From the information described above, it is 

apparent that future research of the chemical degradation reactions of hemicellulose and cellulose 

should be studied with the reactions occurring simultaneously as opposed to in isolated conditions.  

2.4.3 Heat and Mass Transfer 
The difference between the HTC treatment and traditional biomass thermochemical treatments can 

also be identified by studying the heat and mass transfer of the HTC process. The heat transfer 

through solid biomass does not have a large amount of previous research to use a basis for 

formulating parameters involved in the HTC reaction process. Ogedengbe, et al. [58] studied the 

thermal conductivity of various types of biomass. However studies on the convective heat transfer 

of different fluids such as nitrogen, air or water are not readily available in literature. The 

determination of the convective heat transfer for different fluids to biomass is a difficult task 

because the properties of biomass such as density, porosity and permeability change as the biomass 

feedstock is heated due to chemical reactions occurring within the biomass. Nield and Bejan [59] 

argued that for porous medias containing various species with chemical reactions occurring, will 

produce an increase and decrease in different species that ultimately effect the transfer of heat and 

mass through the porous media, with the following equation: 

 
𝜑𝜑
𝜕𝜕𝐶𝐶
𝜕𝜕𝜕𝜕

+ 𝑣𝑣 ∙ ∇𝐶𝐶 = ∇ ∙ (𝐷𝐷𝑚𝑚∇𝐶𝐶) − 𝜑𝜑𝜑𝜑𝑚𝑚1−𝑛𝑛𝐶𝐶𝑛𝑛exp �−
𝐸𝐸
𝑅𝑅𝑅𝑅

� (2) 

 

The use of water as a reaction medium increases the heat transfer rate between the fluid and the 

biomass compared to traditional torrefaction. Research has also suggested that the HTC process 

removes a portion of the inorganic compounds present in the feedstock, likely due to the mass 

transfer effects between water and biomass [48].  

2.4.4 Current State of Technology 
For HTC to progress to the industrial scale it must be cost comparative to current similar 

technologies or produce a significantly increased value added product. A large portion of research 

conducted on HTC use long residence times that take several hours [60-63]. Using longer residence 
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times has demonstrated the benefit of increasing SY [55, 64], possibly due to the formation of 

precipitates that were polymerized from liquid phase fragments contained in the water after being 

removed from the biomass through hydrolysis [51]. The study conducted by Funke and Ziegler 

[51], concluded that the HTC is governed by both the decomposition of biomass as well as the 

polymerization of condensates. However, reduced reaction times would benefit the commercial 

scale production of hydrochar both economically and in terms of energy efficiency. Therefore it 

was assumed that a maximum residence time of one hour was a constraint in the HTC process for 

commercial scale facilities. Clearly an increase in temperature and residence time increases both 

of these reaction rates, however it could be argued that an increase in residence time might not 

always be a worth-while trade-off for producing a higher energy yield. For residence times below 

one hour the HTC reaction lies within a demand type process, similar to combustion and 

gasification processes, which is more suitable for continuous operation. Whereas residence times 

of several hours to several days are considered a supply type process where the facility is designed 

based on the available supply, similar to the anaerobic digestion process.  

Biomass is typically harvested at similar times in the year, which is during spring since the residue 

or energy crop is left in the field over winter to remove components that decrease the 

thermochemical properties of the feedstock. Therefore it would make sense to design a facility 

based on the amount of locally available feedstocks, which would fall into the supply type 

category, meaning residence time would be maximized in order to produce the best possible end 

product because the idea is to convert all of the available feedstocks to best possible hydrochar. 

However an argument could be made against this type of process because anaerobic digestion 

could also be used to create biogas, which is a more value added product compared to hydrochar. 

In addition anaerobic digestion does not require the high temperature that HTC does and therefore 

should require less energy to operate compared to HTC, which would make it difficult to progress 

the HTC process to an industrial scale as anaerobic digestion already has industrial sized facilities. 

Clearly each type of HTC process has arguments to support it being the more viable option, for 

this study it was assumed that the HTC process would operate based on a demand type process 

and therefore reaction times were kept below one hour in all cases.   

There are three types of industrial HTC reactors: batch reactors, tubular reactors and continuous 

stirred tank reactors (CSTRs). Each type of reactor possesses different positives and negative 
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aspects compared one another. For example tubular reactors do not require down time for filling 

and emptying the reactors as they provide a continuous flow of a biomass-water mixture that 

undergoes the HTC reaction process as the mixture travels through the reactor. However batch 

reactors require less operational costs and allow for more control over reaction parameters such as 

temperature, pressure and residence time compared to tubular reactors. CSTRs reactors benefit 

from both of the tubular and batch reactors advantages, however the constant mixing often leads 

to a portion of the output stream containing un-reacted biomass [65].  

2.4.4.1 Potential End Uses 
To this point the HTC produced hydrochar has been discussed in terms of using it as a solid fuel, 

however the solid product has several other potential applications as well (Figure 2.2). The use of 

hydrochar as a form of soil-amendment similar to how biochar is used could have potential uses 

in the agricultural industry [66]. On one hand the HTC hydrochar produces an increased carbon 

content compared to traditional biochar forming processes. However on the other hand the HTC 

process removes a portion of the inorganic content contained in the solid, which unlike the 

combustion process, actually benefits soil amendment processes. Since the hydrochar has shown 

properties similar to coal, the use as a renewable form of charcoal in metallurgic application could 

be a potential use for the hydrochar as well. Various research has also been conducted on the use 

of hydrochar as an activated carbon for water purification processes. Some research has 

demonstrated that the porosity of the solid biomass is increased during HTC, therefore giving the 

possibility that after activation the hydrochar could contain a high enough surface area to be used 

as an activated carbon, though pyrolysis has been demonstrated to further increase the surface area 

compared to HTC [67-69].  
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Figure 2.2 Examples of acceptable feedstocks and potential applications for HTC 

2.5 PROBLEM STATEMENT 

2.5.1 Main Objectives 
The goal of this study was to determine if the hydrothermal carbonization process can produce a 

solid product that could replace coal in large scale power production facilities, using one of 

Ontario’s most abundant agricultural residues, corn residuals. In order to produce the most optimal 

hydrochar, the effect that the operational parameters and type of biomass have on the HTC process 

was also studied. The specific type of analysis used in the study were: 

1. The HTC of CS and CH to determine the optimum conditions for maintaining the 

maximum amount of energy contained in the solid product, while producing a solid fuel 

with an energy content comparable to coal.  

2. The effect of reaction temperature, residence time and organic content of biomass on the 

HTC process were analyzed using a statistical analysis of HTC experiments using CS, as 

well as an additional 17 different types of biomass.   

3. The combustion performance of produced hydrochar was compared to raw CH and coal, 

using a TGA and FT-IR analysis to determine the combustion characteristics and flue gas 

composition.  
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4. The effect of the phase of water in the HTC reaction was compared by performing HTC on 

CH using liquid water and water vapor, by manipulating the reactor pressure.  

5. The physical characteristics of the hydrochar was analyzed using a SEM and BET to 

determine the change in surface area and physical nature of the hydrochar compared to the 

raw CH. 

6. The storage capability of the hydrochar was analyzed by measuring the natural moisture 

content of the hydrochar when left open to the atmospheric conditions.              

2.5.2 Novelty of Research 
CH has not been considered as a potential biomass resource to date in literature due to the high 

moisture content of the feedstock. The large scale production of CH residues at facilities such as 

Rouge River Farms in combination with the HTC treatment could produce a solid product with 

multiple value-added applications. So far in literature, the most appropriate phase of water has not 

been identified due to the large discrepancy on whether water needs to remain a liquid or not. The 

effect of the type of biomass on the HTC treatment has only recently been studied. Therefore effect 

of the carbon, hydrogen, and oxygen content in the HTC process were statistically analyzed and 

the results were interpreted in a method that could benefit the industrial scale HTC process.      
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Chapter 3 PREDICTION OF OPERATING CONDITIONS FOR THE HYDROTHERMAL 
CARBONIZATION OF DIFFERENT TYPES OF BIOMASS 

3.1 INTRODUCTION 
It is now common knowledge that the current global energy production network will not be able 

to continue to supply energy in the same manner for the foreseeable future due to the increasing 

population in developing nations and the large dependence of finite fuels, such as coal and oil [1]. 

However, completely restructuring the energy generating stations, and the grid itself (in order to 

suit renewable energy sources such as wind, solar and tidal energy) would result in an extremely 

high cost. Biomass is a carbon neutral renewable energy source that produces energy through 

thermochemical conversions, in a similar method to fossil fuels [2, 3]. As a result, biomass could 

be used to replace fossil fuels in existing infrastructures, which would reduce the cost associated 

with using strictly solar and wind to replace fossil fuels. Therefore the use of biomass to produce 

energy will no doubt play an intricate role in future energy production networks.  

The use of agriculture and woody type biomass to produce heat is the earliest form of energy 

production achieved by humanity [4]. Modern day heat and power generation involve large scale 

facilities that are designed based on coal, which is much more energy dense compared to biomass. 

Multiple pre-treatment technologies exist to increase the energy density of biomass, including 

pyrolysis, torrefaction and pelletization. A more recent pre-treatment technology called 

hydrothermal carbonization (HTC) has emerged in research, which involves thermally treating 

biomass using water under high pressure [5]. The HTC process produces a solid fuel referred to as 

hydrochar, which contains an increased mass and energy density compared to the original raw 

biomass. Research has demonstrated that HTC produces a more energy dense form of fuel 

compared to traditional pre-treatment technologies [6, 7]. Additional benefits of hydrochar 

produced from the HTC process include: increased hydrophobic characteristics; increased carbon 

content; decreased amount of alkali and alkaline compounds; increase in grindability; and 

decreased amount of biodegradation during storage [5, 8, 9]. 

Even with the multiple benefits of HTC, the process still has not progressed to the commercial 

scale, primarily due to optimal operational parameters of the HTC process for producing a solid 

fuel having yet to be defined. The temperature range has been identified to be between 180ᵒC and 

260ᵒC, however optimal residence times can vary depending on the literature source, from 
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anywhere between several minutes to several hours [5, 10]. For this study, the optimal processing 

conditions refers to the maximum amount of energy contained in the hydrochar, while minimizing 

the amount of mass loss compared to the original solid biomass. This is referred to as the HTC 

efficiency or energy yield (EY), which represents the product of the energy densification (ED) and 

the SY. The ED of the HTC process can be argued as the more important factor to consider when 

analyzing the HTC process because in order for biomass to replace coal in existing infrastructures, 

the hydrochar will need to be as close to coal in terms of thermochemical characteristics as 

possible. This means that the HHV will need to be increased to a range of 23-34 MJ/kg, which is 

the typical HHV of coal used in heat and power generating facilities [11]. 

One of the main issues with developing the optimal processing conditions for HTC is that different 

types of biomass will behave differently during the carbonization process due to the varying 

amount of organic compounds found in biomass [12]. Previous literature studies have already 

demonstrated that the HTC reaction temperature is the significant factor effecting the quality of 

hydrochar produced from the HTC reaction, with the residence time of the reaction also affecting 

the hydrochar [9, 13]. It is possible, however, that additional parameters involved in the HTC 

process could significantly affect the quality of hydrochar, such as the type of biomass being 

hydrothermally carbonized. Bach, et al. [14] developed a correlation model to calculate the SY 

and HHV of the hydrochar produced from HTC of two woody type biomasses, based off the 

temperature and residence time of the reaction. The model however did not take into consideration 

the effect of the type of biomass of the produced hydrochar. The SY and HHV models displayed 

excellent results compared to experimental data, using the woody type biomasses; spruce and 

birch. However applying other types of biomass to the model, such as; agriculture residues, MSW 

and energy crops, can be observed to increase the error associated with the model’s predicted 

values. The leading candidate for the increase in error is the varying amounts of carbon, hydrogen 

and oxygen contained in the different types of biomass. 

The goal of this study is to perform HTC experiments using CS to analyze the effect of the reaction 

temperature and residence time on the solid hydrochar. CS was selected for this study because it 

is expected that it will be a significant contributor to the future of Ontario biomass fuel production 

due to the large availability and high per hectare yield compared to other Ontario biomass residuals 

[15]. The HTC data will be used to develop a correlation for SY, ED and HHV of the HTC 
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produced hydrochar while taking into consideration the temperature, residence time and type of 

biomass being used. The aim of the models is to improve on the previous published results [14], 

such that the SY, ED and HHV of the hydrochar can be predicted for any type of biomass. In 

addition the use of separate models for the HHV and ED of the hydrochar will also allow for the 

prediction of the required reaction temperature and residence time to achieve a specific quality of 

hydrochar.     

3.2 METHODS AND MATERIALS 

3.2.1 Experimental Setup 
The HTC experiments were performed with CS and deionized water in a batch 600 mL Parr 

reactor, the reactor setup is described in detail in a previous study [9]. Approximately 10 grams 

(dry basis) of CS and 120 mL of deionized water were added to the reactor. The mass ratio of 1:12 

was used to ensure enough water was added to the reactor to fully submerge the solid biomass. 

The mixture was stirred for 3 minutes, the reactor was sealed and then purged with nitrogen to 

create an inert environment inside the reactor. The reactor was then heated to the desired reaction 

temperature using a 780W cylindrical heater and the HTC reaction was carried out for the desired 

residence time will maintaining the biomass-water mixture to within ± 5ᵒC of the reaction 

temperature. Three different reaction temperatures were used for the HTC experiments; 200ᵒC, 

230ᵒC, and 260ᵒC, and four residence times were used for each temperature; 5, 15, 30, and 45 

minutes. The HTC experiments were performed in triplets to decrease the amount of measuring 

errors associated with the tests. At the end of each test, the reactor was submerged in ice water 

until the temperature reached below 30ᵒC. The gaseous product was released into a fume hood and 

the remaining solid-liquid mixture was passed through a filter paper to separate the solid hydrochar 

from the liquid product. The solid hydrochar was then dried in an oven at 105ᵒC for 24 hours and 

the dry mass was measured and used to calculate the SY of the HTC reaction (Eq. (3)).     

 SY = mHc/mBio (3) 

The dry hydrochar was also analyzed for ash content and ultimate analysis. The ash content was 

measured based on the ASTM-E1755 test [16], where the dry sample was heated in a furnace to 

250ᵒC at a rate of 10ᵒC/min, then held at 250ᵒC for 30 minutes to avoid possible flaming of the 

sample before it was heated to 575ᵒC (±25ᵒC) for 3 hours, the remaining mass represented the ash 

content of the sample. The ultimate analysis of the dry hydrochar samples were measured with the 
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Flash 2000 ultimate analyzer, which were used to determine the HHV of each hydrochar sample 

(Eq. (4)) [17]. This particular HHV model was used because it was designed to predict the HHV 

of raw biomass as well as hydrochar produced from HTC, as opposed to other developed models, 

which decrease in accuracy when applying hydrochar because they were designed based on the 

HHV range of raw biomass [18, 19]. The ED and EY of the HTC process were then calculated 

using Eqs. (5)-(6). 

 HHV [kJ/kg] = 5.22C2 – 319C – 1647H + 38.6CH + 133N + 21028 (4) 

 ED = HHVHC/HHVBio (5) 

 EY = SY * ED (6) 

3.2.2 Model Approach 
A multiple linear regression analysis was performed on the HTC experimental results to determine 

the effect that the operational parameters and the biomass organic composition have on the SY, 

ED and HHV of the HTC produced hydrochar. In order to incorporate a variety of biomass types, 

additional HTC data was gathered from experiments using tomato vines and data from 13 different 

types of biomass obtained from previous studies [9, 20-28] (Table 3.1). If one of the studies did 

not determine the HHV experimentally, then the HHV was recalculated using the prediction model 

referenced by Friedl, et al. [17] instead of the one used by the original study.  The five independent 

variables considered for the regression analysis included temperature and reaction time, as well as 

the carbon, hydrogen and oxygen content of the raw biomass. The exact form of the correlation 

equations were not established before performing the analysis, instead the base form of each 

correlation was represented by Eq. (7).  

 Yi = β0 + β1X1 + β2X2 + β3X3 + β4X4 + β5X5 + β6(X1X2) + β7(X1X3) + β8(X1X4) + 

β9(X1X5) + β10(X2X3) + β11(X2X4) + β12(X2X5) 
(7) 
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Table 3.1 Overview of biomass used for regression analysis 

Biomass 
Ultimate analysis (wt% d.b.) HHV 

(MJ/kg) Reference Carbon Hydrogen Oxygen Nitrogen Sulphur 
Coconut Fibers 47.75 5.61 45.51 0.90 0.23 18.92 [21, 23] 

Eucalyptus Leaves 46.96 6.22 44.82 1.23 0.77 18.75 [21, 23] 
Grape Pomace 49.10 6.30 42.31 2.29 nd 19.82 [22] 
Tomato Vines 35.56 4.85 56.87 1.99 0.74 12.07  

Tahoe Mix 49.02 5.93 41.26 0.11 nd 19.40 [28] 
Sewage Sludge 38.55 6.46 46.50 8.05 0.44 16.53 [24] 

Spruce 50.31 6.24 43.38 0.07 0.01 20.04 [27] 
Birch 48.94 6.35 44.60 0.11 0.01 19.47 [27] 

Empty Fruit Basket 
(EFB) 41.81 5.73 45.71 0.84 nd 16.74 [25] 

Loblolly Pine 50.25 5.97 43.34 nd nd 19.93 [26] 
Common Hop 43.30 6.20 48.00 2.50 nd 17.49 [20] 

Evergreen Shrub 44.50 6.10 48.80 0.60 nd 17.68 [20] 
Evergreen Tree 46.70 5.60 47.60 0.10 nd 18.40 [20] 

Corn Stover 43.73 6.08 46.53 0.76 nd 17.41  
Miscanthus 44.66 6.00 45.34 0.21 nd 17.68 [9] 

A common mistake when developing correlation models is using the R2 value to validate the 

model’s ability to represent the process. A high R2 value infers that the correlation model fits the 

data that was used to develop the model well, however it does not mean that the model necessarily 

represents the process itself [29]. In order to properly analyze if a correlation model represents the 

process it is modelling, each parameter involved in the model must be analyzed individually to 

determine if the parameter has a statistically significant effect on the dependent variable. If the 

parameter does not have a significant effect, it does not need to be included in the model. Adding 

more parameters to a correlation model will almost always increase the R2 value of the model, but 

it will not always increase the prediction accuracy of the model, this is due to an error called over-

fitting.  

Each parameter involved in Eq. (7) was examined individually using a student t test (α = 0.05) to 

determine if it had a significant impact on the dependent variable. This meant that the final form 

of one equation did not necessarily use the same parameters as the others. Since previous research 

has already established that the temperature and residence time have significant effect on the 

hydrochar product [9, 13, 14], interaction terms that did not include temperature or residence time 

were excluded from the analysis.  
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A total of 204 possible linear models were analyzed for each dependent variable. A lack of fit F 

test was used to compare models in order to determine if one model was suitable over another. The 

F test involves the null hypothesis (Ho) that the reduced model is adequate to represent the effect 

of independent variables on the dependent variable and the alternative hypothesis (Ha) that the full 

model is required to represent the effect of the independent variables on the dependent variables. 

The reduced and full model, implies an equation with less parameters and an equation with more 

parameters, respectively. To compare models that contained the same number of parameters, the 

amount of independent variables that had a significant effect on the dependent variable and the 

magnitude of the independent variable’s effect were compared. Along with this analysis it was 

assumed that if, for example model A was found to be required over model B in a lack of fit F test, 

and model B was found to be required over model C, then therefore model A is required over 

model C as well. 

3.2.3 Data Management 
All five independent variables in the models were considered to be continuous variables, that each 

possess a different possible range of values. Therefore the data was centralized and normalized 

before being used to develop the models, in order to perform the regression analysis with all 

parameters on the same scale, which was 0 to 1 for reaction temperature and time, and -1 to 1 for 

the carbon, hydrogen, and oxygen contents of biomass. The temperature and time parameters were 

normalized using Eq. (8-9) and the carbon, hydrogen and oxygen contents were centralized using 

Eq. (10-12). Where the Tact and tact variables represent the actual value reaction temperature (oC) 

and time (minutes) of the HTC treatment and the Cact, Hact, and Oact variables represent the wt% 

(d.b.) of carbon, hydrogen, and oxygen contents, contained in the raw biomass used for HTC. The 

TN and tN represent the normalized values of HTC reaction temperature and time, and the CC, HC, 

and OC represent the centralized values of the carbon, hydrogen, and oxygen contents. The 

variables with the subscript min represent the minimum value of the range for each parameter used 

in the model, while the variables with subscript max represent the maximum value of the range. 

The C� , H� , and O� variables represent the mean of the maximum and minimum values of the range 

of data used in the development of the models. The minimum, maximum, and mean values used 

for each variable are displayed in Table 3.2.       
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 𝑅𝑅𝑁𝑁 =
𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑛𝑛
𝑅𝑅𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑛𝑛

 (8) 

 𝜕𝜕𝑁𝑁 =
𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎 − 𝜕𝜕𝑚𝑚𝑚𝑚𝑛𝑛
𝜕𝜕𝑚𝑚𝑎𝑎𝑚𝑚 − 𝜕𝜕𝑚𝑚𝑚𝑚𝑛𝑛

 (9) 

 
𝐶𝐶𝐶𝐶 =

𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐶𝐶̅
𝐶𝐶𝑚𝑚𝑎𝑎𝑚𝑚 − 𝐶𝐶𝑚𝑚𝑚𝑚𝑛𝑛

 (10) 

 
𝐻𝐻𝐶𝐶 =

𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐻𝐻�
𝐻𝐻𝑚𝑚𝑎𝑎𝑚𝑚 − 𝐻𝐻𝑚𝑚𝑚𝑚𝑛𝑛

 (11) 

 
𝑂𝑂𝐶𝐶 =

𝑂𝑂𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑂𝑂�
𝑂𝑂𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑂𝑂𝑚𝑚𝑚𝑚𝑛𝑛

 (12) 

 

The decision to normalize the operational parameters differently compared to the carbon, hydrogen 

and oxygen was derived by analyzing the HTC process form a logical stand point. The temperature 

and time are controllable parameters of the HTC process and therefore do not necessarily contain 

an average value. Rather the temperature at which the HTC reaction begins to take place (175ᵒC) 

was the minimum possible temperature for HTC and a maximum temperature of 280ᵒC was used 

in order to cover the entire HTC range which varies from 180ᵒC-260ᵒC, depending on the literature 

source. Therefore the temperatures were normalized to a value between 0 and 1, based on their 

position between 175ᵒC and 280ᵒC. The same process was applied to the residence time where the 

minimum value was taken as 5 minutes and the maximum value was taken as 60 minutes. The 

maximum temperature for the regression analysis was above the HTC temperature range described 

in literature because multiple research studies extend the reaction temperatures to 280ᵒC. Therefore 

the temperature was extended in order to include these experimental results in the analysis. The 

elemental composition of C, H, and O in biomass is not a controllable parameter, instead these 

values vary due to multiple factors including: the type of biomass, the type of soil it is grown in, 

the time of year it is harvested, and the geographical location of where it is harvested. Therefore 

instead of normalizing the data for C, H, and O between 0 and 1, they were centered about their 

respective mean values instead. Meaning that values for C, H and O that are closer to the mean C, 

H and O values will result in less of a change from the initial effect of the organic elements, which 

is the intercept of the correlation models. 
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It is important to note that the model should only be applied to HTC reactions within the 

temperature and residence time range used to develop the model, likewise biomass should only be 

used that contains an elemental composition within the range that was used to develop the model. 

The mean, maximum and minimum values of each parameter are displayed in Table 3.2. All HTC 

data used to develop the model used a residence time of 5 to 60 minutes. Reaction times greater 

than 60 minutes exist in literature, however these reaction times were assumed to be too long for 

industrial scale purposes as it is more economical to treat biomass at a higher reaction temperature 

and lower residence time compared to a lower temperature and higher residence time.      

Table 3.2 The range of data used for all dependent and independent variables 

Parameter Mean Minimum Maximum 
Temperature (T) 227.50ᵒC 175ᵒC 280ᵒC 

Residence Time (t) 32.50 min 5 min 60 min 
Carbon (C) 42.94 % 35.6 % 50.3 % 

Hydrogen (H) 5.66 % 4.85 % 6.46 % 
Oxygen (O) 49.07 % 41.3 % 56.9 % 

Solid Yield (SY) 60.98 % 33.0 % 90.0 % 
Energy Densification (ED) 1.34 1.01 1.66 

Higher Heating Value 
(HHV) 

23.92 MJ/kg 17.0 MJ/kg 30.9 MJ/kg 

3.3 RESULTS AND DISCUSSION 

3.3.1 HTC Experiments 
The change in the organic composition of hydrochar, based on reaction temperature and residence 

time are displayed in Table 3.3. The carbon content increased as the reaction severity increased, 

while the oxygen content decreased at an almost proportional rate to the increase in carbon. The 

effect of temperature on the SY of hydrochar was more significant compared to the effect of 

residence time (Figure 3.1); where an increase in temperature from 200ᵒC to 260ᵒC, resulted in a 

decrease of the average SY from 82.6%, to 57.2%. The effect of significant effect of temperature 

is also apparent from the change in colour and physical appearance of the solid hydrochar (Figure 

3.2). As the reaction temperature increases from 200 to 230oC, the majority of the fibrous structure 

present in the raw CS is removed, while an increase in temperature from 230 to 260oC, completely 

removes the fibrous structure leaving a coal-like black solid.    
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Table 3.3 Ultimate analysis and ash content results from HTC experiments of CS 

HTC Operational 
Parameters Ultimate Analysis (wt% d.b.) 

Temperature 
(ᵒC) 

Residence 
Time 
(min) Carbon Hydrogen Nitrogen Sulphur Oxygen 

Corn Stover       
Raw 43.73 ± 0.35 6.08 ± 0.04 0.76 ± 0.07 nd 46.53 ± 0.29 

200 5 47.97 ± 1.10  6.08 ± 0.15 0.69 ± 0.10 nd 42.87 ± 0.74 
200 15 48.88 ± 0.64  5.99 ± 0.20 0.58 ± 0.19 nd 42.04 ± 0.82 
200 30 49.73 ± 1.01  5.98 ± 0.14 0.64 ± 0.09 nd 40.91 ± 0.61 
200 45 50.07 ± 0.45  5.99 ± 0.18 0.62 ± 0.08 nd 40.66 ± 0.88 
230 5 50.58 ± 1.29  5.90 ± 0.22 0.63 ± 0.13 nd 40.65 ± 1.36 
230 15 50.95 ± 0.55 5.74 ± 0.10 0.73 ± 0.04 nd 37.84 ± 0.32 
230 30 53.32 ± 1.17  5.72 ± 0.14 0.70 ± 0.09 nd 36.75 ± 1.28 
230 45 54.95 ± 0.92 5.53 ± 0.17 0.78 ± 0.09 nd 34.96 ± 0.91 
260 5 56.85 ± 0.63 5.66 ± 0.08 0.74 ± 0. 11 nd 33.91 ± 1.37 
260 15 63.52 ± 0.32 5.20 ± 0.28 0.98 ± 0. 13 nd 25.59 ± 2.25 
260 30 68.10 ± 0.48 5.13 ± 0.04 0.97 ± 0.09 nd  22.57 ± 0.35 
260 45 68.56 ± 1.07 5.07 ± 0.08 1.00 ± 0.06 nd 22.08 ± 1.53 

Tomato Vine       
Raw 35.56 ± 0.96 4.85 ± 0.13 1.99 ± 0.10 0.74 ± 0.04 56.87 ± 2.16 

260 5 46.91 ± 1.46 5.27 ± 0.19 1.32 ± 0.08 0.21 ± 0.16 46.29 ± 1.94 

 

 

Figure 3.1 SY of hydrochar samples 
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Figure 3.2 CS hydrochar produced at various temperature for 15 minutes 

 

The HHV of the produced hydrochar displayed a significant increase for a reaction temperature of 

260ᵒC compared to both 200ᵒC and 230ᵒC, for residence times of 15 minutes and above (Figure 

3.3). The effect of the increase in temperature on the HHV was significant enough that hydrochar 

produced at 260ᵒC for a residence time of 5 minutes contained a higher HHV compared to 

hydrochar produced at 230ᵒC for a residence time of 45 minutes. The more significant 

carbonization experienced at a reaction temperature of 260oC was also realized in the van Krevelen 

diagram (Figure 3.4), which is a plot used to compare solid fuels based on their atomic ratios of 

oxygen to carbon and of hydrogen to carbon. The hydrochar produced at 260oC for reaction times 

at 15 minutes and above, were the only hydrochars to completely transition out of the biomass 

region and into the lignite region.    

 

Figure 3.3 HHV of hydrochar samples 

200oC 230oC 260oC 
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Figure 3.4 Van Krevelen Diagram of CS hydrochar 

3.3.2 HTC Correlation 
Eqs. (13)-(15) represent the final form of the developed correlation models for SY, ED and HHV, 

respectively.   

 SY [%] = 69.189 – 28.078(T) + 9.065(t) – 26.627(O) – 11.802(C) + 32.243(tO) (13) 

 

 ED = 1.0252 + 0.4668(T) + 0.1978(t) - 0.0052(H) – 0.2584(tH) (14) 

 

 HHV [MJ/kg] = 17.7544 + 7.2039(T) + 2.0064(t) + 1.4421(C) + 5.7382(TC)

  
(15) 

 

A summary of the parameters involved in each model are displayed in Table 3.4, along with the 

uncertainty of each parameter. The uncertainty was determined with a 95% confidence interval 

calculated for each parameter that was based on the standard error and the critical t statistic of each 

model. The parameters that include 0 within the confidence interval indicate that the independent 

variable does not have a significant effect on the dependent variable, this includes time, hydrogen, 
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and carbon for the SY, ED and HHV models, respectively. The independent variables that did not 

have a significant effect on the model were still included in the models because each were included 

in an interaction variable used in the model and any independent variable that is used in an 

interaction term must also be included in the model as an individual parameter as well [29].     

Table 3.4 Parameter values for SY, ED and HHV correlation models 

Model 
Parameters Solid Yield SY p.value 

Energy 
Densification ED p.value 

Higher Heating 
Value 

HHV 
p.value 

Intercept 69.189 ± 3.715 <2e-16 1.025 ± 0.033 <2e-16 17.754 ± 0.620 <2e-16 
Temperature -28.078 ± 4.664 5.57e-08 0.467 ± 0.040 <2e-16 7.024 ± 0.967 2.63e-10 

Time 9.065 ± 10.403 0.3827 0.198 ± 0.061 0.0017 2.006 ± 0.773 0.0113 
Carbon -11.802 ± 4.226 6.42e-05 NA NA 1.442 ± 0.886 0.1077 

Hydrogen NA NA -0.005 ± 0.046 0.9100 NA NA 
Oxygen -26.627 ± 6.292 0.0066 NA NA NA NA 

Interaction1 32.243 ± 15.876 0.0458 -0.258 ± 0.110 0.0210 5.738 ± 1.620 0.0007 

3.3.3 Interpretation of the Correlation Models 
For all models, temperature was the predominant independent variable, which agrees with 

experimental results and previous literature findings, as temperature has been highlighted as the 

major factor effecting the HTC reaction [9, 13, 14]. Since the independent variables were 

normalized, the magnitude of each parameter can be compared to one another to determine which 

variable has more of an effect on the dependent variable. However since the dependent variables 

were not normalized the parameters can only be compared within the same model. This is because 

the parameters within one model are on a different scale compared to the parameters in the other 

models. In the ED model the temperature parameter is at least twice as large as any of the other 

parameters, which can be inferred that reaction temperature has twice the effect that residence time 

and hydrogen content have on ED during HTC.  

In the ED and HHV models the temperature and residence time parameters were positive, which 

follows the results displayed in (Figure 3.3) that an increase in temperature and residence time will 

result in an increase in the HHV and therefore the ED of the produced hydrochar. The SY model 

contained a negative temperature parameter, which follows the results displayed in (Figure 3.1) 

that an increase in temperature will decrease the SY. For both the SY and ED models the residence 

time was included as an interaction term with one of the biomass organic elements. The SY model 

1 The interaction terms is different for each model: SY is time*O, ED is time*H, and HHV is temperature*C.    
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contained an interaction variable between oxygen and residence time, while the ED model 

contained one for hydrogen and residence time. For the SY model this can be interpreted as a 

biomass with a higher oxygen content (above the mean value of 42.94%) will produce a higher SY 

compared to a biomass with a lower oxygen content. Since oxygen is the element that experiences 

the most significant decrease during HTC it can be argued that it is the main cause for the decrease 

in solid mass. Therefore it is logical that a biomass with a larger oxygen content will require a 

longer residence time in order to remove more of the oxygen.  

For the ED model the hydrogen parameter was negative, which infers that biomass containing a 

higher hydrogen content (above the mean value of 5.65%), will require a reaction higher 

temperature to increase the ED of the produced hydrochar compared to biomass with a lower 

hydrogen content. Similar to temperature, the residence time parameter is positive, which would 

indicate that an increase in time will also increase the ED, however the time and hydrogen 

interaction parameter is negative. This infers that biomass containing a higher amount of hydrogen 

will result in less ED compared to biomass containing a lower amount of hydrogen, when the 

reaction temperature and residence time are held constant. This information could benefit 

companies designing industrial HTC operations because it can be concluded that when comparing 

two different biomasses with similar HHVs, the biomass containing a lower amount off hydrogen 

will require less residence time to produce the same ED compared to a biomass with a higher 

amount of hydrogen. 

3.3.4 Application of the Correlation Models 
The models were designed to provide the expected outcome of an HTC industrial process based 

on the type of biomass being used. The expected outcome of each of the models has an uncertainty 

associated with the value, which is represented by either the 95% confidence or 95% prediction 

interval. The advantage to using the confidence interval is that it represents the outcomes for an 

industrial scale. Meaning that there is a 95% chance that the true mean of the SY, ED, and HHV 

for the produced hydrochar will be within the range given by the confidence interval. Three 

examples of the 95% confidence intervals were calculated to display the uncertainty associated 

with each dependent variable (Table 3.5). The uncertainty for each dependent variable will 

increase as the value approaches either the minimum or maximum value used to develop the model, 

which can be observed in the third example with the increase in uncertainty of both the SY and 

HHV models, with respect to examples 1 and 2. The uncertainty in the models can also be 
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expressed using the 95% prediction intervals (Figure 3.5-3.7). The advantage to using the 

prediction interval is that it allows for the prediction of experimental results of a single HTC trial. 

If the HTC experiment is conducted under the same experimental conditions there is a 95% 

probability that the SY/ED/HHV will be within the range depicted in (Figure 3.5-3.7), respectively. 

A portion of the uncertainty in the model can be attributed to assuming that the biomass to water 

ratio had no effect on the results. It should also be noted that the experiments used to derive the 

models were all done with a batch reactor set-up and therefore continuous flow reactors could 

result in SY, ED and HHV values outside of the uncertainty ranges. 

Table 3.5 Predicted values of dependent variables using 95% confidence intervals 

Variables 

HTC Prediction Examples 
1 2 3 

Temperature (oC) 234 251 205 
Time (min.) 21 9 35 

Carbon (wt% d.b.) 48.32 45.22 37.22 
Hydrogen (wt% d.b.) 5.91 5.54 6.21 

Oxygen (wt% d.b.) 44.62 48.65 55.01 
Solid Yield (wt% d.b.) 57.25 ± 3.63 47.16 ± 5.48 68.37 ± 18.83 

Energy Densification  1.32 ± 0.02 1.38 ± 0.05 1.17 ± 0.03 
Higher Heating Value (MJ/kg) 25.69 ± 0.68 24.72 ± 0.71 18.47 ± 1.38 
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Figure 3.5 95% prediction interval for SY linear model 

 

Figure 3.6 95% prediction interval for ED linear model 
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Figure 3.7 95% prediction interval for HHV linear model 

3.3.5 HTC Processing Parameter Prediction 
The developed correlation models have the unique ability to determine the required temperature 

and residence time based on a biomass feedstock and the desired HHV of the produced hydrochar. 

The HHV of the raw biomass and the desired HHV of the hydrochar can be used to calculate the 
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predicted values. The temperature was predicted more accurately compared to the residence time, 

which is logical because as described earlier, the temperature has a more significant effect on the 
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of 38.3 ± 5.3%, which close to the SY of 41.8 ± 4.85%, calculated from the predicted temperature 

and residence time using Eq. (13).  

The HTC data from these studies were not used in the development of the models in order to 

demonstrate the models’ ability to predict the operational parameters. Incorporating HTC data that 

was used in the development of the models would guarantee an accurate prediction of the 

operational parameters. However, the models were developed based on representing the HTC 

process, as opposed to just representing the data that was used to develop the models. Therefore 

the prediction of the HTC reaction temperature and residence time using new HTC data fully 

demonstrates how the correlation models represent the HTC process, for a variety of different 

types of biomass. The prediction of the operating parameters has the potential to aid in the 

preliminary design process of biomass conversion facilities. Solving for the reaction temperature 

and residence time of the HTC process allows the designer to more accurately calculate the energy 

requirement of the system, in order to produce a desired quality of fuel. 

Table 3.6 Prediction of operational parameters 

 Rice Husk Corn Husk Grape Seed 
Desired HHV 

(MJ/kg) 
18.25 25.46 27.40 

Ultimate Analysis (wt% d.b.) 
Carbon (wt% d.b.) 38.99 43.91 ± 0.28 54.40 

Hydrogen (wt% 
d.b.) 

4.98 6.29 ± 0.30 6.60 

Oxygen (wt% d.b.) 55.49 43.89 ± 1.84 34.20 
Nitrogen (wt% d.b.) 0.40 1.56 ± 0.14 1.32 
Sulphur (wt% d.b.) 0.15 (11.33 ± 3.50) x 10-

4 
0.28 

Predicted Parameters 
Temperature (oC) 217.52 ± 11.76 265.89 ± 11.76 222.93± 11.76 

Time (min.) 51.52 ± 20.57 15.14 ± 20.57 45.77 ± 20.57 
Actual Parameters 

Temperature (oC) 220 260 220 
Time (min.) 60 15 60 

Reference [30]  [31] 

3.4 CONCLUSION 
The use of correlation models on the HTC process involving 15 different types of biomass 

determined that the type of biomass does have a significant effect on the properties of the produced 

hydrochar, along with the reaction temperature and residence time. The temperature of the HTC 
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process remained the most significant factor affecting the produced hydrochar, in both the 

experimental, and correlation model results. Interpreting the correlation models found that biomass 

with higher oxygen content will have increased SYs compared to biomass with less oxygen, under 

the same operating conditions. Likewise, biomass with a higher hydrogen content will experience 

less energy densification during HTC, compared to biomass with a lower hydrogen content under 

the same operating conditions. Using the student t test and lack of fit F tests demonstrated that the 

most appropriate model does not always require as many parameters as possible. Applying 

prediction and confidence intervals enabled the development of the uncertainty in each parameter, 

which is an important aspect when linear models are used to represent the HTC processes on an 

experimental or industrial scale. The models also have the ability to determine the temperature and 

residence time required to produce a specific quality of hydrochar using the HTC process for a 

variety of biomass. The prediction of the operational parameters has the potential to benefit in the 

preliminary design of commercial scale HTC operations.  
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Chapter 4  COMPARISON OF LIQUID AND VAPOR HYDROTHERMAL 
CARBONIZATION OF CORN HUSK FOR THE USE AS A SOLID FUEL 

4.1 INTRODUCTION 
Research on the hydrothermal carbonization of biomass has progressed significantly over the past 

several years because it has demonstrated two unique abilities that are not present in other biomass 

pre-treatment methods. The first is the ability to treat biomass that contains high amounts of 

moisture and the second is the ability to remove a portion of the in-combustible material 

responsible for the formation of ash during combustion [1-7]. Both of these attributes enable the 

potential use of biomass resources that were previously thought of as waste streams. Typical 

combustion equipment requires an additional fuel source to combust biomass that contains 

moisture of more than 50% of its total mass [8]. The issues caused from ash during the combustion 

of biomass is a much more complicated concept compared to the moisture content issues. This is 

because biomass ash is made up of inorganic compounds that each behave differently during 

combustion depending upon the combustion temperature, the composition of other inorganic 

elements present, and whether the elements are present in; 1) free ionic form, 2) ionic or covalent 

bonding with organic tissue, and 3) pure compound form [9, 10].  

The inorganic composition of biomass ash will differ in its physical structure and composition 

depending, on the type of feedstock, the type of soil used for growing, and the time of year it is 

harvested, however it may also vary depending on whether it is generated on a lab or industrial 

scale [11]. The reason for this is the typical lab-scale biomass ash content test does not exceed 

temperatures above 600oC, compared to industrial combustion applications which can exceed 

1000oC. The lower temperature in the ash test minimizes the possibility of the fusion and sintering 

of ash caused from elevated concentrations of certain inorganic elements [12]. Agricultural 

residues such as CH, are high in K and silica [13], and therefore are prone to lower ash melting 

temperatures. Additional combustion issues arise when agricultural residues are also contain 

elevated concentrations of chlorine, as the combination of elements such as K and chlorine can 

result in the formation of solid KCl if the flue gas that can deposit on metals surfaces inside 

combustion equipment. The deposited KCl can then react with sulphates present in the flue gas to 

form either hydrochloric acid or chlorine gas which are both linked to corrosion of metal surfaces 

found in boilers [13, 14].  
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The main focus has been on analyzing the potential uses for the solid product, as well as effect of 

various operating parameters on the properties of the produced hydrochar, primarily the 

temperature and reaction time of the HTC process [15-18]. There are also a large number of studies 

that analyze the effect of other HTC parameters such biomass particle size, biomass to water ratio, 

type of feedstock, and the HTC heat of reaction [15, 18-20]. However a large discrepancy of the 

HTC process currently exists in literature, which is centered about the phase of water during the 

HTC reaction. Many researchers state that water must remain a liquid throughout the entire HTC 

process [5, 15, 16, 21], whereas some researchers do not control the phase of water and therefore 

allow it to become a vapor during the reaction [20, 22-25]. To date only one literature article has 

been published that studied the difference in the effect of keeping water in a liquid state verses 

allowing it to become a vapor on the produced hydrochar [26].  

It is difficult to predict whether liquid water or water vapor will have a more significant effect 

because on one hand water vapor will have a lower viscosity compared to liquid water and 

therefore should be able to penetrate the porous structure of biomass at a faster rate compared to 

liquid water. While on the other hand liquid water contains a much higher density and therefore 

the heat transfer between the water and biomass will be much higher compared to the heat transfer 

of water vapor and biomass [27]. Funke, et al. [26] determined that the solid produced from liquid 

HTC had an increased carbon content compared to the solid from vapor HTC, while the SY of the 

vapor HTC was increased compared to the liquid HTC. The combustion of both treated samples 

displayed similar trends, with liquid HTC producing a slightly higher amount of biomass ash. 

It is worth noting that another study was conducted that analyzed the comparison of vapor and 

liquid HTC implicitly, by studying the effects of increasing the pressure of the HTC reaction [28]. 

For this study it was assumed that when the pressure inside the reactor was above the saturated 

pressure of water that a mixture will form where water was in both the liquid and vapor phase, 

which is most likely true to some extent. However at pressures well above that of the saturation 

temperature, it is fair to assume that a majority of the water present in the reactor is in the liquid 

phase [26]. The mixture of vapor and liquid water at lower pressure would be because the 

temperature inside the reactor would not be completely uniform. Therefore if the reactor pressure 

was only slightly above the saturation pressure, with respect to the mean temperature of the reactor, 

then a portion of the water inside the reactor (most likely water in closer proximity to the heated 
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area) could rise to a temperature that has a saturation pressure above the pressure inside the reactor, 

thus causing the said water to evaporate. This is most likely the reason for a decrease in heating 

time for HTC experiments with an increase in pressure [28], as a larger portion of water remained 

in a liquid state, therefore reducing the amount of time and energy required for the latent heat of 

vaporization. This is further supported by the fact that the SY eventually became constant once a 

high enough pressure was reached because almost all of the water remained in a liquid state [28]. 

It is much more likely that the only experiment to contain a significant amount of water vapor 

would be an experiment performed at or close to the saturation pressure of water, meaning that the 

pressure inside the reactor is uncontrolled and is therefore autogenic [2, 26].  

There is a large reserve of agricultural residues available in Ontario, Canada with the potential to 

be used for energy production [29]. To date the majority of the available agricultural residues have 

not been utilized,  is mainly due to the low quality of fuel associated with agricultural residues 

compared to fossil fuels [8]. Research has typically focused on residuals from farm fields because 

of the relatively low moisture contents [29]. However the recent progression in research on the 

HTC process has increased the potential use of high moisture vegetable wastes for the use of 

energy production. Rouge River Farms, a company located in Markham, ON produces packaged 

corn cobs on a commercial scale and therefore produces 25 tonnes of CH per day. These husks are 

discarded or given away at no cost as they possess no value to the company and are considered a 

waste stream due to their high moisture content. The same reason that the husks are considered a 

waste stream also makes them an interesting choice for HTC. For the first time fresh CH was used 

for the production of hydrochar through the hydrothermal carbonization process. The effect of 

using liquid water compared to water vapor as the reaction medium was tested, by analyzing the 

thermochemical and physical properties of the produced hydrochar.  

4.2 METHODS AND MATERIALS 

4.2.1 Feedstock Preparation 

The CH used as a feedstock for the experiments were gathered from the Rouge River Farms located 

in Gormley, Ontario on March 26th 2015. Approximately 0.3 m3 of husks were gathered directly 

from the assembly line immediately after they had been removed from the corn cobs. All of the 

corn was harvested from the same field in Florida, US on March 22nd 2015. Since the CH contain 
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a high amount of moisture they were immediately brought to the Bio-Renewable Innovative 

Laboratories (BRIL) at the University of Guelph and stored inside the refrigerator using sealed 

plastic bags. All of the HTC experiments were conducted within 10 days to reduce the variance 

caused from bio-degradation in the physical and elemental structure of the CH used in the 

experiment. Pulverised thermal coal was obtained from Harlan County, USA was included in the 

study in order to compare the produced hydrochar to the thermochemical and combustion 

characteristics of coal.         

4.2.2 Hydrothermal Carbonization of Corn Husks  

The HTC experiments were conducted using a Parr 600 mL series 4560 mini reactor, equipped 

with a 780 W heater and a process logic controller for adjusting the reactor temperature. 

Approximately 20 g of CH was roughly chopped and placed in the glass cylinder, where enough 

distilled water was added in order to achieve a dry biomass to water mass ratio of 1:12. Since the 

CH were still fresh (green and wet), a large portion of their mass was made up of water (80.76%, 

refer to section 4.3.2) and therefore this mass of water was taken into account when calculating 

the dry biomass to water ratio. The CH and water mixture was then stirred until the husks were 

completely submerged in water and the glass cylinder was placed in the main reactor cylinder and 

sealed. The reactor was then purged with nitrogen gas five consecutive times, using the gas tube 

to remove all of the air from inside the reactor, the configuration for the reactor is displayed in 

(Figure 4.1). For the vapor HTC experiment, the vessel was then heated and the HTC process was 

carried out but for the liquid HTC experiment, the reactor was pressurized to 2 MPa (absolute) 

with nitrogen gas and then heated. For both types of HTC experiments, the gas tube was removed 

from the reactor before being heated to 260ᵒC and then kept within ± 5ᵒC for 15 minutes. The 

temperature and reaction time were chosen based on the maximum energy yield achieved during 

previously conducted experiments using CS (Chapter 3). The initial pressure of 2 MPa was 

selected based off of the conditions which resulted in the most suitable hydrochar for use a solid 

fuel from previous experiments on the effect of pressure (Chapter 4). The temperature of the water-

biomass mixture was monitored using an additional thermocouple, which was positioned in the 

center of the biomass-water mixture. The temperature of the nitrogen gas in the upper part of the 

reactor was not controlled to a certain range, but was measured in order to compare to the 

theoretical calculations. The initial pressure for the liquid HTC experiments was selected as a result 
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of a set of calculations, to ensure that the pressure inside the reactor was always above the 

saturation pressure of water for the duration of the experiment. 

 

Figure 4.1 HTC reactor layout 

After 15 minutes at 260ᵒC the reactor was immediately submerged into ice water, which dropped 

the temperature to below 180ᵒC within 1 minute. Once the temperature inside the reactor dropped 

to below 30ᵒC, and the outside of the reactor was cold enough to handle, the gas outlet valve was 

opened to release the gas by-product into a fume hood. It is important to note that the vapor HTC 

experiment did not output a noticeable amount of gas because the pressure inside the reactor 

reached atmospheric, once it was cooled to below 30ᵒC. It was assumed that the gas by-product 

contained some CO2, however the gas composition was not analyzed for this experiment. The 

liquid-hydrochar mixture was removed from the reactor and separated using 20 µm filter paper. 

The solid sample was placed inside a tin crucible and left open to room conditions to dry for 

approximately 48 hours and the liquid by-product was stored in a sealed glass tube inside a 

refrigerator.  

4.2.3 Proximate Analysis 

A proximate analysis was performed on the raw CH and solid hydrochar samples, along with a 

HHV. The proximate analysis tests and the HHC test were performed with a Thermo Scientific 

Thermolyne Muffle Furnace Model number F48055-60 and C 200 IKA bomb calorimeter. The 
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proximate analysis included a moisture, ash and volatile test. The moisture test was performed 

according to the ASTM E1756 [30], where the samples were placed in a muffle set to 105ᵒC ± 3ᵒC 

for approximately 24 hours. After performing the moisture test, the dried samples were ground 

using a Retsh PM100 planetary ball mill operating at 420 rpm for 4 minutes and stored in the 

desiccator, only being removed when they were used for the other characterization experiments. 

The ash content tests were performed according to ASTM E1755 [31], where the 0.5 to 1 g of 

dried sample was placed in a muffle furnace at 575ᵒC ±25ᵒC for at least 3 hours. Porcelain crucibles 

were used for the ash test because of the high temperature and fine particle size of the ash. The 

volatile matter tests were performed according to the ASTM E872 [32] tests, where the dried 

samples are place in a 950ᵒC ± 20ᵒC for 7 minutes, using a platinum crucible and cover. The HHV 

tests were performed according to the ASTM D5865 [33] standard using an automated IKA 

calorimeter, where 0.5 to 1.0 g of dried sample were placed inside the device and completely 

combusted in the presence of oxygen at 3000 kPa.    

4.2.4 Elemental Composition 

The ultimate analysis test were carried out using a Flash 2000 Elemental Analyzer, using 2.0 ± 0.5 

mg of the dried ground samples. The C, H, N, and S content of each sample was measured using 

the elemental analyzer and the O content was determined by subtracting the C, H, N, S, and ash 

content from one hundred percent. It is important to note that the sample do not have to by dry 

before being analyzed for the organic elemental composition. However the moisture content of the 

raw CH can vary when left open to the atmosphere for long periods of time, especially when 

chopped or ground, therefore drying the CH prior to performing the analyzes, allows the sample 

to remain at a constant moisture content, which leads to more accurate measurements. The 

composition of metallic elements in the raw CH and hydrochar samples were analyzed at the 

University of Guelph Laboratory using the combination of two separate processes. The first 

process involved heating the samples in an ionic solution using the CEM-Mars Xpress microwave 

digestion system, followed by an elemental analysis using the inductively coupled plasma atomic 

emission spectroscopy (ICP-AES).   

4.2.5 Scanning Electron Microscope 

The physical structure of the raw and treated CH were compared using a FEI Inspect S50 scanning 

electron microscope (SEM). The samples were ground following the same procedure that was used 
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for the ultimate analysis and then a thin layer of sample was placed on a standard aluminum stub 

using two-sided carbon tape. Since the raw and treated CH are composed primarily of non-

conductive components, a conductive coating of gold was applied to each sample using a 

Cressington 108 Auto Sputter. For each image taken the accelerating voltage was set to 20 kV, 

while the aperture was at 3.5. Three images were taken for each sample, one at 3,000X 

magnification, one at 12,000X and one at 24,000X, with the exception of the raw CH, which only 

had a 1,600X and a 3,000X magnification image taken. The raw sample did not have a higher 

magnified image because the particle size was too large for images higher then 3,000X 

magnification, therefore no distinct physical features could be identified. 

4.2.6 Thermogravemetric Analysis  

The combustion behaviour of the raw and hydrothermally carbonized CH samples were analyzed 

via a thermogravemetric analysis (TGA) and Fourier transform infrared spectrometry (FT-IR) with 

the use of a DSC-TGA SDT Q600 coupled with a Nicolet 6700 FT-IR.  The TGA analysis involves 

the decomposition behavior during a controlled thermochemical process, such as combustion, 

gasification, or pyrolysis and the FT-IR machine analyzes the gaseous species given off during the 

thermal treatment. Approximately 5 mg of sample was used in each test and each tests was repeated 

4 times for each sample. The analysis involved 10ᵒC/min temperature increase from 30ᵒC to 900ᵒC, 

followed by 10 minutes at 900ᵒC, which was similar to previous hydrochar TGA experiments from 

literature [34, 35]. Since the TGA and FT-IR was being used to simulate combustion, air was used 

as the oxidizer at a flow rate of 20 mL/min, which was similar to previously conducted TGA 

experiments [36] and was well above the stoichiometric air required for each sample. Some 

researchers have used a flow rate above 100 mL/min in order to eliminate heat and mass transfer 

limitations [3, 37]. However the TGA DSC Q600 manual recommends to not use high velocity 

flow rates unless necessary, therefore to avoid limitations of heat and mass transfers the sample 

container was never filled above half of the total volume, which was a similar method used 

previously in literature [38]. 

4.2.7 Surface Area Characterization 

The surface area, pore volume and pore radius were determined using a Quantachrome 4200e 

Surface Area and Pore Analyzer. The samples had to be degassed to remove all moisture prior to 

analysis which was done at 50oC for 9 hours prior to the Brunauer-Emmett-Teller (BET) surface 
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area analysis and Barrett-Joyner-Halenda (BJH) pore size and volume analysis. The absorption 

isotherm occurred at the liquid nitrogen temperature of 77.350 K, with a density of 0.808 g/cm3. 

Nitrogen gas was used as the adsorptive gas, and as the pressure increased a monolayer was 

eventually formed on the surface of each pore in each sample, which was then used to calculate 

the BET surface area. After the monolayer was formed the gas particles continue to fill the pores 

inside the sample, until the pores are completely filled, then the pore volume is calculated based 

on the amount of gas particles absorbed.  

4.2.8 Hydrochar Statistical Comparison  

It is important to analysis the quantitative results of the hydrochar properties using statistical tests 

to ensure that the measured difference between two values are not a result of large variance but 

instead occurred because the difference was statistically significant. Statistical analysis also allows 

the effect of parameters to be compared, as demonstrated by Mäkelä, et al. [39], in their study on 

the effect of processing conditions on the properties of the produced hydrochar. Therefore a pooled 

variance two sample t test was applied with an α = 0.05, to all of the quantitative properties of each 

sample in order to determine if there was a statistical difference in their respective properties. The 

assumptions for the statistical methods were: 1) the observations of each sample were independent, 

2) the population of both samples have an equal variance, and 3) the populations of each sample 

are normally distributed [40]. The null hypothesis was that the difference in sample means was 

equal to zero (Ho: µ1 - µ2 = 0) and the alternative hypothesis was that the difference between the 

mean of each sample was not equal to zero (Ha: µ1 - µ2 ≠ 0). Therefore if the p value was less than 

α, then Ho was rejected and there was statistical evidence to suggest that there is a difference 

between the sample means. However if the p value was greater than α then Ho was not rejected, 

meaning that there is not enough statistical evidence to suggest that there is a difference between 

the sample means.     

4.3 RESULTS AND DISCUSSION 

4.3.1 Hydrothermal Carbonization Outcomes 

The pressure of inside the HTC reactor was recorded and compared to the saturation vapor pressure 

of water to ensure that water remained a liquid throughout the entire liquid HTC experiment 

(Figure 4.2). The pressure inside the reactor during the liquid experiment was consistently well 
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above the saturation pressure of water, while the vapor experiment pressure remained almost 

identical to the saturation pressure. Since the vapor experiment was not pre-pressurized all the 

pressure inside the reactor was caused by the formation of vapor followed by the expansion of said 

vapor. Therefore it is logical that the pressure inside the reactor was close to the saturation pressure 

of water for the vapor experiment. The pressure inside the reactor during the vapor HTC 

experiment decreased slightly compared to the saturation pressure of water after the 30 minute 

mark. The temperature used to determine the saturation pressure of water was being measured in 

the bottom portion of the reactor, where the biomass was located. Therefore if the temperature in 

the bottom of the reactor was higher than the temperature in the upper portion of the reactor, the 

overall pressure of the reactor would be less than the saturation pressure of water based off the 

temperature in the lower portion of the reactor. The vapor HTC experiment was estimated to 

consume 2.8 times the energy per kg of biomass compared to the liquid HTC experiment assuming: 

1) that the only energy input into the HTC process includes the heating a pressuring of the reactor; 

2) the reactor does not need additional heating once the reaction temperature is reached; 3) the 

constant specific heats of liquid water and water vapor are 4.18 and 1.41 J/goC, respectively; and 

4) the latent heat of vaporization of the water inside the reactor occurs at 1 atm and therefore is 

equal to 2257 J/g [41]. 

Both HTC processes converted the green CH into a black coal-like structure, while a SY for the 

vapor and liquid HTC treatments were 38.3% and 33.2%, respectively (Table 4.1). The decrease 

in the SY of the liquid HTC experiment compared to the vapor HTC could have been caused from 

an increased rate of reaction in the liquid HTC experiment. The increased reaction rate was most 

likely due to the higher heat transfer between water and biomass in the liquid experiment compared 

to the vapor one because of the higher density of liquid water compared to water vapor (Appendix 

B: Thermodynamic Properties of Water). The increased carbon content in the liquid hydrochar 

compared to the vapor hydrochar (p < 0.0001) further supports the increased reaction rate 

argument, which is similar to previous literature results [26]. The LHV for the samples was also 

reported (Table 4.1) as it gives a better representation of the solid fuel properties of each sample 

and a better representation of the HTC energy yield, as the moisture content of solid fuel will have 

an impact on the potential energy generated during combustion [42]. The LHV of both hydrochar 

samples increased significantly (see Table 7.2 in Appendix C: Results of Statistical Analysis) 

compared to the raw sample because CH consists primarily of water (80.76% moisture content 
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w.b.) in its raw state. The dramatic increase in LHV was also apparent from the increase in LHV 

EY, compared to HHV EY in both the liquid and vapor treated hydrochars (Table 4.1). The 

decrease in SY of the liquid experiment compared to the vapor experiment resulted in a decrease 

in the energy yield as well, which is less significant when the LHV values are used to determine 

the energy yield.  

 

Figure 4.2 Pressure inside the reactor and saturation pressure of water 
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Table 4.1 Organic elemental composition, SY and heating value of raw and treated CH 

 Raw V-HTC L-HTC Coal 

HHV, MJ kg-1 (d.b.) 18.25 ± 0.61 25.46 ± 0.78 27.66 ± 0.77 32.32 ± 0.73 

LHV, MJ kg-1  1.70 ± 0.12 24.13 ± 0.74 26.31 ± 0.74 32.16 ± 0.73 

Solid Yield (wt%) --- 38.3 ± 5.2 33.2 ± 1.2 --- 

Energy Yield (HHV) --- 0.53 ± 0.11 0.50 ± 0.05 --- 

Energy Yield (LHV) --- 5.48 ± 1.30 5.18 ± 0.70 --- 

Ultimate Analysis (wt% d.b.) 
Carbon 43.91 ± 0.28 60.27 ± 0.06 63.41 ± 0.03 76.54 ± 0.05 

Hydrogen 6.29 ± 0.30 5.72 ± 0.16 5.87 ± 0.06 5.13 ± 0.00 

Nitrogen 1.56 ± 0.14 1.96 ± 0.01 1.93 ± 0.01 1.66 ± 0.00 

Sulphur (11.33 ± 3.50) x 10-4 (7.53 ± 0.20) x 10-4 (6.33 ± 0.50) x 10-4 0.83 ± 0.00 

Oxygen 43.89 ± 1.84 26.75 ± 0.95 25.06 ± 0.31 11.36 ± 0.05 

Proximate Analysis (wt.%) 

Moisture (w.b.) 80.76 ± 2.63 4.77 ± 1.29 4.50 ± 1.15 0.48 ± 0.00 

Ash Content (d.b.) 4.35 ± 0.76 5.30 ± 0.90 3.74 ± 0.54 7.80 ± 0.01 

Volatile Matter (d.b.) 83.84 ± 0.59 65.29 ± 0.60 68.14 ± 1.61 35.26 ± 0.10 

Fixed Carbon (d.b.) 11.82 ± 1.70 29.76 ± 1.32 28.42 ± 1.81 56.95 ± 0.11 

 

The higher severity of carbonization in the L-HTC compared to the V-HTC is more easily observed 

in the van Krevelen diagram (Figure 4.3). The HTC process mimics the natural coalification 

process to some extent, which was apparent from the transition of hydrochar out of the biomass 

region and into the peat and lignite regions. The transition was due to the removal of oxygen and 

hydrogen from the biomass, as well as the increase in carbon content. The L-HTC hydrochar 

completely transitioned into the lignite region, where as the V-HTC remained in the overlap of the 

peat and lignite region. This was due to the increase in carbon and hydrogen contents, as well as 

the decrease in oxygen content of the L-HTC compared to the V-HTC. The coal region begins at 

O:C and H:C atomic ratios of approximately 0.23 and 0.9, respectively, while the L-HTC lies at 

O:C and H:C atomic ratios of 0.30 and 1.10, respectively. Therefore further processing or an 

increase in reaction severity would be required to increase the carbon content of the hydrochar and 

further carbonize the biomass into the coal region. However it may not be necessary for the 

hydrochar to transfer into the coal region, as lignite coal with a HHV of approximately 25 MJ/kg 

is often accepted for solid fuel combustion applications [43, 44]. 
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Figure 4.3 Van Krevelen Diagram of raw CH, liquid and vapor treated hydrochars, and 

coal 

4.3.2 Thermochemical Characteristics  

The liquid and vapor hydrochar demonstrated a more similar weight loss during combustion 

compared to the raw CH (Figure 4.4). The raw sample began to loss mass at a lower temperature 

compared to both treated samples and the slope of the raw sample also changed more frequently 

compared to the hydrochar samples, which is more apparent in the rate of change of the sample’s 

mass per degree Celsius (Figure 4.5). The liquid hydrochar sample displayed a slightly more 

consistent mass loss compared to the vapor treated sample. The combustion analysis was also 

performed using low-volatile bituminous coal to allow the hydrochar samples to be compared to 

the “ideal” combustion scenario, which can be observed with the considerably more consistent 

mass loss of coal compared to the raw and treated CH samples. Liu, et al. [36] found that the 

combustion of coal experienced two main peaks, one for the loss of moisture and one during the 

main combustion process. Since the coal was pre-dried, only one main peak during the combustion 

process between 358 and 584ᵒC, with the maximum mass loss occurring at 518ᵒC, which was fairly 

similar to the results from literature [36].  
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The initial peak in the rate of mass loss during the combustion process was nearly identical in 

magnitude for the liquid and vapor hydrochar samples occurring at approximately 320oC (Figure 

4.5). While the second peak differed between the two, with the vapor hydrochar occurring at a 

temperature closer in proximity to the raw CH second peak, which both occurred approximately 

30oC less than the liquid hydrochar sample. A similar trend to the rate of mass loss was experienced 

with the heat production of each sample during combustion with raw and hydrochar samples 

experiencing an initial heat production peak at similar temperatures (Figure 4.6). All of the positive 

heat production values represent exothermic reactions taking place, as opposed to negative values 

which represent endothermic reactions. All samples transitioned from an exothermic reaction to 

an endothermic at approximately the same temperature while the raw CH experienced a more 

significant endothermic reaction with an increase in temperature compared to the hydrochar and 

coal samples. The liquid treated hydrochar sample experienced a more consistent heat production, 

which was more similar to coal, compared to the vapor treated hydrochar, which was experienced 

sharp peaks similar to the raw CH.  

 

Figure 4.4 Thermogravemetric analysis of treated hydrochars 

62 
 



 

Figure 4.5 Rate of mass loss during TGA combustion for treated hydrochars 

 

Figure 4.6 Heat produced during the combustion of hydrochars 

In order to further analyze the combustion of the raw and treated CH, an FT-IR was coupled with 

the TGA to analyze the flue gas emitted during the thermal degradation of each sample (Figure 

4.7). The FT-IR machine was not calibrated to quantify therefore each the intensity of each gas 

was normalized, meaning that the quantity of each gas could not be compared, instead the emission 

profile of the gases was compared. The liquid and vapor treated hydrochar both displayed 

comparable trends in flue gas with the CH4 and H2O displaying similar profiles, and the CO and 

63 
 



CO2 displaying similar profiles as well. The inconsistency between the CO and CO2 profiles in the 

raw sample is most likely a result of the oxidation of the volatile compounds emitted during the 

early stages of combustion to produce CO and H2O [45, 46]. The slight bump in the CO2 profile 

of the vapor treated hydrochar experienced at approximately 50 minutes was also present in the 

heat production curve (Figure 4.6), the rate of mass loss curve (Figure 4.5) and the TGA curve 

(Figure 4.4) at around 500oC. The slight inconsistency infers that the vapor treated hydrochar was 

slightly less homogeneous compared to the liquid treated hydrochar. This would reiterate the 

conclusion drawn previously that the liquid treated hydrochar experienced more of a conversion 

during the HTC process due to a higher rate of reaction. 

  
A) Raw CH B) L-HTC 

  
C) V-HTC D) Coal 

Figure 4.7 FT-IR spectrum of flue gas from the combustion of each sample 

Coupling the TGA and FT-IR data was also useful in determining the specific temperatures and 

combustion properties associated with each sample (Table 4.2). For instance some of the initial 

mass loss in each sample was not due to combustion but instead was a result of moisture loss, 

which could be confirmed by the gas spectrum of each sample during combustion (Figure 4.7). 
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Comparing the combustion properties of the liquid and vapor treated hydrochar samples 

determined that only the difference in the final combustion temperature of the two types were 

statistically significant (p = 0.0048). This infers that the length of combustion temperature range 

for the liquid treated sample is larger and therefore more like the combustion temperature range of 

coal, than the combustion temperature range of the vapor treated hydrochar. The treated samples 

were each separately compared to the raw CH. It was determined that the difference in the initial, 

final and maximum heat production combustion temperatures of the liquid treated hydrochar 

compared to raw CH were statistically significant, while the differences in initial and maximum 

weight loss combustion temperatures of the vapor treated hydrochar compared to the raw CH were 

statistically significant (See Table 7.3 in Appendix C: Results of Statistical Analysis). The 

difference in the initial combustion temperature of the hydrochars and the raw CH is a result of 

the removal of hemicellulose, one of the main factors attributing to low temperature devolatization 

[15], during the carbonization process.  

The difference in remaining ash for the treated and raw CH was not statistically significant even 

though the mean values of the treated samples decreased by 44 and 14% compared to the raw CH, 

for the liquid and vapor hydrochar, respectively. This is because the uncertainty range of the raw 

CH remaining ash covers the mean remaining ash of both of the treated samples. The large range 

of ash in the raw CH compared to the treated samples is a result of the heterogeneous physical 

nature of raw CH.  

Table 4.2 Combustion properties of raw CH, HTC treated CH, and coal 

Sample Raw CH V-HTC CH L-HTC CH Coal 
Initial Temperature (oC) 190.69 ± 6.64 263.49 ± 16.01 279.40  ± 14.04 358.46 ± 5.12 

Final Temperature (oC) 454.08 ± 5.37 450.89 ± 26.95 508.15 ± 9.41 584.21 ± 22.44 

Max. Weight Loss 
Temperature (oC) 

297.52 ± 0.59 428.42 ± 10.84 390.20 ± 72.98 517.06 ± 9.85 

Max. Heat Production 
Temperature (oC) 

444.12  ± 4.03 447.21 ± 33.48 469.77 ± 8.43 517.70 ± 9.57 

Combustion Time Interval 
(min.) 

25.62  ± 1.83 20.79 ± 3.56 23.09 ± 2.31 22.97 ± 2.95 

Ash Remaining (wt.%) 5.288 ± 3.76 4.567 ± 1.58 2.983 ± 1.40 7.186 ± 1.33 

 

The remaining ash produced from the TGA experiments varied compared to the results of the ash 

content tests for each of the CH samples, with the raw CH increasing in the TGA experiments 

compared to the ash content test while the L-HTC and V-HTC decreased. However the difference 
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between the TGA and ash content experiments for each sample were not statistically significant 

(see Table 7.8 in Appendix C: Results of Statistical Analysis), which could be a result of several 

reasons. As it was recently discussed the physical structure of the raw CH is heterogeneous and 

therefore the TGA experiments produced a large range of remaining ash. If more experiments were 

conducted using the TGA method then a more accurate mean value could be reached that contains 

less of an uncertainty. Therefore a more definite conclusion could be drawn which would be one 

of three possibilities: 1) the uncertainty of the mean value for the TGA ash remains high and 

therefore it can be concluded that raw CH is too heterogeneous to have a stable value for the 

remaining ash after combustion; 2) the uncertainty decreases and the difference between the TGA 

ash and the ash content test values is statistically significant, therefore it could be concluded that 

the high temperature reached during combustion caused the inorganic elements contained in raw 

CH to fuse and prevent a portion of the carbon and hydrogen to combust; 3) the uncertainty 

decreases and the difference between the TGA ash and the ash content test values is not statistically 

different and therefore no conclusion can be drawn from comparing the two different tests, 

meaning that the value of the ash content test is sufficient for describing what to expect during 

combustion of raw CH (dried).   

Comparing the combustion ash of the hydrochar samples to coal, it was determine that the liquid 

treated hydrochar had a significantly different combustion ash compared to coal (p = 0.0032), 

while the there was no statistical difference between the vapor treated hydrochar and coal (p = 

0.0636), as well as between the liquid and vapor treated hydrochar samples (p = 0.2228). 

Ultimately, the combustion profiles for both of the treated hydrochars still contained two peaks 

and did not experience as consistent of a mass loss as the coal sample was during combustion 

(Figure 4.4-4.6). Meaning that the hydrochars may not be able to provide the same type of 

combustion performance inside existing coal infrastructures compared to what coal would 

produce. However the statistically lower combustion ash of the liquid treated hydrochar sample 

compared to coal combustion ash provides a positive benefit to using renewable hydrochar fuel 

over coal, without even considering the fact the carbon neutral aspect. 

4.3.3 Hydrochar Physical Structure 

As previously mentioned in the introduction section, one of the main factors for large amounts of 

ash produced in biomass combustion is the presence of high amounts of K. The raw CH contained 

66 
 



approximately 13,000 mg of K per g of biomass, which was reduced to 1,300 and 5,500 µg/g for 

the HTC and VTC treated CH, respectively (Figure 4.8). Not all of the inorganic elements 

decreased during the carbonization process. The concentration of Ca and P increased for both types 

of carbonization processes. This is most likely because the Ca and P elements were either 

organically associated with the biomass via covalent or ionic bonding or were present in a pure 

compound form (class 2 or 3 inorganic materials), whereas the K was present in a free ionic form 

and therefore water soluble (class 1 inorganic material) [13]. Since the solid mass of both 

hydrochar samples decreased by over 60%, while the Ca and P concentration in each increased by 

no more than 50%, infers that a portion of the Ca and P were present in a free ionic form and 

therefore removed during the HTC process.  

The reduction in ash produced during the combustion of the treated samples compared to the raw 

sample was most likely due to the reduction of K during the carbonization process (Figure 4.8). 

The high temperatures reached during the combustion of the raw CH caused the ash to fuse due to 

the melting of K2O (740oC), which formed clinkers of un-combusted material [44]. These clinkers 

contain both inorganic elements as well as unburnt organic elements that did not combust due to 

being surrounded by the melting ash. The ash generated in both of the hydrochar samples reduced 

compared to the raw CH, which is similar to previous experiments [4]. This is most likely due to 

the removal of K during the hydrothermal treatment, as K is one of the leading contributors to 

clinkers during biomass combustion (Koppejan, 2012). This is because the majority of K does not 

volatize into fly ash during combustion and therefore remains as solid ash in the fuel bed [47, 48]. 

The ash content measured by the muffle furnace (Table 4.1) was decreased compared to the 

remaining ash from the TGA experiment (Table 4.2) for the raw CH sample. This is an indication 

that the high amount of K present in the raw CH is a possible cause of the large amount of ash 

formed during combustion, which reached up to 9.05%. Since the ash formed in the ash content 

test occurred at 575oC, it therefore did not reach a high enough temperature to cause the ash to 

fuse, which typically occurs at temperatures above 670oC [11]. The decreased uncertainty in the 

TGA ash of the hydrochar samples compared to the raw CH further supports this argument, since 

the K was significantly decreased in the hydrochar samples.   
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Figure 4.8 Inorganic elemental composition of raw and HTC treated CH 

Similar to previous results from literature [49], the hydrothermal carbonization process completely 

destroyed the heterogeneous stalk-like structure of the biomass leaving a more homogenous set of 

particles (Figure 4.9). This supports the earlier findings in the combustion analysis of each sample 

(Table 4.2), where the raw CH had a large uncertainty of produced ash during combustion because 

each run of the TGA experiments had a slightly different composition of elements due to the 

heterogeneous nature of the raw CH. The liquid and vapor hydrothermally treated samples were 

much more similar in their physical characteristics compared to the raw CH, however there is a 

slight difference between the liquid and vapor treated samples. The vapor treated samples (Figure 

4.9 C & D) seem to contain a more plate-like structure compared to the liquid treated samples 

(Figure 4.9 E & F), which was apparent from the increase in sharp edges in the V-HTC structure 

compared to the L-HTC in both the 24,000X magnified images.  

The smoother surface present in the liquid treated samples could be a result of the increased heat 

transfer experienced during the hydrothermal reaction. The density and thermal conductivity of 

liquid water are much higher compared to the density of water vapor at 260ᵒC. The higher heat 

transfer between water and the solid biomass leads to an increase in the rate of reaction in the 

chemical reactions occurring during the HTC process. 
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Figure 4.9 SEM of raw CH (A & B), V-HTC CH (C & D), and L-HTC CH (E & F) 

The BET and BJH analysis of the raw CH (Table 4.3) gave similar results to previous literature 

[50]. To the best of the authors’ knowledge there are currently no literature results available on the 

BET analysis of hydrochar produced from wet waste samples similar to CH. Therefore the BET 

and BJH data were compared to previous literature results from HTC experiments with similar 

operational parameters [35, 51, 52]. The L-HTC contained a surface area and pore radius similar 

to hydrochar produced from palm oil empty fruit bunch (EFB) at 250oC, while the pore volume 

was decreased in the L-HTC compared to the EFB hydrochar [35]. This was interesting because 

the EFB hydrochar was produced using the vapor HTC process, yet the V-HTC surface area was 

decreased compared to the EFB hydrochar. It should also be noted that both the liquid and vapor 

treated hydrochars decreased in surface area compared to the raw CH, which conflicts previous 

literature results that show an increase in surface area as a result of HTC [35, 51, 53].  

A B 

C D 

E F 
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Previous HTC experiments conducted with maize silage and cellulose demonstrated that an 

increase in reaction temperature results in a significant decrease in the BET surface area of the 

produced hydrochar [52], which could explain the decrease in both hydrochars compared to raw 

CH. The increased pore radius and decreased pore volume in the L-HTC compared to the V-HTC, 

was also experienced by [Parshetti, et al. [35]], who found that increasing the HTC reaction 

temperature resulted in an increase in pore volume and a decrease in pore radius. This could be a 

result of a higher heat transfer between the water and biomass during L-HTC compared to V-HTC, 

resulting in a faster rate of reaction within the pores of the biomass, therefore leading to deeper 

holes. With the non-conflicting/conflicting results of BET analysis from several literature sources 

it is clear that the type of biomass and the HTC operating parameters, have an effect on how the 

porous structure of the produced hydrochar changes compared to the raw feedstock.     

Table 4.3 Porosity and surface area of raw and HTC treated CH 

Sample BET Surface Area 
(m2/g) 

Pore Volume 
(cm3/g) 

Pore Radius (nm) 

Raw 7.802 0.010 1.7154 
L-HTC 7.387 0.025 1.5266 
V-HTC 4.790 0.020 2.1515 

4.4 CONCLUSION 
The HTC of CH significantly improved the LHV for both the liquid (25.921 MJ/kg) and vapor 

(24.383 MJ/kg) treated hydrochars, and also destroyed the fibrous physical nature of CH, 

producing a homogenous black hydrochar. Both of the treated hydrochars experienced a more 

consistent coal-like combustion compared to the raw CH, while the liquid treated sample 

experienced a slightly increased combustion temperature range compared to the vapor treated 

hydrochar. The ash contents derived from the muffle furnace and TGA experiments were 

decreased in the liquid treated hydrochar compared to the vapor treated hydrochar and both were 

decreased compared to the raw CH. However the difference between the ash remaining in the raw 

CH and hydrochar TGA experiments were not statistically significant (see Table 7.3 in Appendix 

C: Results of Statistical Analysis). This was due to the large uncertainty of the raw CH ash, which 

was most likely caused from the high concentration of K (13,000 µg/g) and the heterogeneous 

physical structure of the raw CH. Both HTC treatments removed a significant portion of the K 

present in the raw CH, with the liquid HTC treatment (90% removal) out-performing the vapor 
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HTC treatment (58% removal). When considering LHV, the overall EY of the liquid and vapor 

treated hydrochars were 5.18 and 5.48, respectively, which demonstrates the ability of the HTC 

process to transform a waste product into a usable form of fuel. Ultimately the liquid HTC process 

is the more favourable option as it produced a slightly more coal-like solid fuel, along with a 

reduced energy requirement compared to the vapor HTC process. 
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Chapter 5  EFFECT OF PRESSURE AND USE OF ADDITIONAL WATER ON THE 
HYDROTHERMAL CARBONIZATION OF CORN HUSKS 

5.1 INTRODUCTION 
There are multiple controllable parameters in the hydrothermal carbonization process, including; 

temperature, reaction time, biomass particle size, biomass to water ratio (BWR), and pressure [1, 

2]. Each parameter has been studied in literature, with the effect of temperature and residence time 

being the more common studied parameters. This is because reaction temperature, followed by 

residence time has been demonstrated to have the most significant effect on the hydrochar, often 

referred to as hydrochar [3, 4]. Álvarez-Murillo, et al. [5] found that an increase in reaction 

temperature and time decreased the SY and increase the HHV of hydrochar, while an increase in 

BWR increased the SY but had no effect on the HHV. Mäkelä, et al. [6] also found that BWR had 

no significant effect on the produced hydrochar properties. However other researchers have found 

conflicting results [3, 7, 8], which suggest that an increase in BWR will decrease the HTC reaction 

rate and therefore decrease the HHV of the hydrochar.   

The type of biomass being used in each study could play an important role in the conflicting BWR, 

as wet biomass containing more than 50% moisture by mass could react much differently to a 

change in the BWR, compared to a dry type of biomass which contains less than 10% moisture by 

mass. This is because the wet biomass will at the very least have a BWR of at least 1:1, and 

therefore the feedstock will technically always be completely submerged in water. The water 

present inside the biomass could initiate the hydrothermal reaction process a faster rate compared 

to the water surrounding the biomass inside the reactor. This is because the interior water is already 

inside the porous structure of the biomass, which most likely reduces the mass transfer limitations 

experienced by the surrounding water as it penetrates the porous structure of the biomass during 

the HTC process. 

Pressure on the other hand has not been studied to the same extent as other HGT parameters. 

Pressure has been demonstrated to effect the dehydration and decarboxylation reactions which 

occur during the coalification and HTC process, however the overall effect on the produced 

hydrochar is insignificant [9-11]. The increase in pressure may not directly affect the fuel quality 

of the hydrochar but research has suggested that it may increase the removal of extractables  [12, 

13]. This could mean that the removal of inorganic elements present in biomass in free ionic form 
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could increase with an increase in pressure [14, 15]. Stach and Murchison [16], determined that an 

increase in pressure leads to the increase in the condensation-polymerization reaction rate, due to 

an easier exchange of hydrogen-ions. Previous research on coalification suggest that pressure will 

affect the physical structure of the hydrochar, which could benefit post-densification processing 

of the hydrochar [2]. 

Bach, et al. [7] studied the effect of reaction temperature, time and pressure, as well as biomass 

particle size and found that the SY slightly decreased with an increase in reaction pressure, which 

they reasoned was caused by the increase in reaction rate with an increase in pressure. They argued 

that the increase in reaction rate could have been caused from a decrease in the pH of the water 

due to the increase in pressure (21,53), or the increase in thermal conductivity of water due to the 

increase in pressure (52). However the lowest pressure experiment used the saturation pressure of 

water at the reaction temperature, which would have caused a large portion of the water to become 

vapor during the reaction, as mentioned in section 4.1. With the results of the saturation pressure 

experiment removed, the increase in pressure would have had even more of an insignificant effect 

on the SY than what was reported by Bach, et al. [7]. The authors also discussed that an increase 

in water to biomass most likely resulted in an increase in reaction rate, therefore causing a decrease 

in the SY of hydrochar [7]. This would infer that the removal of additional water in the HTC 

experiment would result in a decrease in reaction rate, which would result in an increased SY and 

decreased heating value. 

The first objective of the study was to analyze the effect of pressure in the HTC reaction on the 

produced hydrochar’s thermochemical and physical characteristics, as well as the efficiency of 

removing alkali compounds from the CH. Three reaction pressures were used in the experiments, 

in order to analyze a low (LP-HTC), medium (MP-HTC), and high pressure (HP-HTC). The 

second objective of the research was to analyze the effect of the additional water on the produced 

hydrochar. Therefore to analyze the effect of adding water, one of the pressure HTC experiment’s 

operating parameters were replicated in another experiment without the use of additional water. 

An argument could exist as to how this process would still be considered HTC, however since the 

CH used contain a high moisture content (80.76% w.b.), the dry biomass is more or less surrounded 

by water in its natural state. Therefore CH may not require the use of additional water to achieve 

the HTC requirement that stipulates the biomass must be completely submerged in water [2]. 
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5.2 METHODS AND MATERIALS  

5.2.1 Hydrothermal Carbonization 

5.2.1.1 Effect of Pressure Experiments  

The three HTC pressure experiments were all completed with the same procedure and reactor used 

in the liquid HTC experiments described in section 4.2.2 (Figure 4.1). Approximately 20 g of 

chopped, wet CH were used in both the pressure and additional water experiments. The CH was 

placed in the glass cylinder and enough deionized water was added to the cylinder to achieve a 

1:12 mass biomass to water ratio, which was roughly 32 mL of water for each experiment. The 

cylinder was then placed inside the reactor, the reactor was sealed and then purged with nitrogen 

gas 5 consecutive times to remove the air inside the reactor. Once the reactor was purged, it was 

then pressurized with nitrogen gas to three different initial pressures of 1.5, 2.0, and 2.5 MPa, 

depending on the HTC pressure experiment. The reactor was then heated to 260oC and then held 

within ± 5oC of 260oC for 15 minutes. The reactor was then placed in an ice bath to until the 

temperature inside the reactor reached below 30oC, after which the gaseous products were released 

into a fume hood. The solid and liquid products were separated by pouring the mixture through a 

funnel containing a 20 µm filter paper and the solid sample was placed in a tin crucible and stored 

open to room conditions for approximately 48 hours.      

The initial pressures were selected to ensure that the pressure inside the reactor remained above 

the saturation pressure of water at 260oC, so that the water inside the reactor remained a liquid for 

the entire HTC process. In addition, the reactor also contained a safety rupture disc that was rated 

to approximately 1400 psi (9.6 MPa), therefore the pressure also had to remain below the safety 

pressure limit. The three reaction pressures selected were 6, 7, and 8 MPa, which ensured that the 

pressure was well below the safety limit and well above the saturation pressure of water at the 

highest possible reaction temperature of 260 ± 5oC (5085 kPa). A series of theoretical calculations 

were performed to determine the initial pressures required to achieve the desired reaction 

pressures. The calculations were based off of the required energy to heat the liquid water and 

biomass mixture to the desired reaction temperature (260oC) and the corresponding temperature 

of nitrogen gas due to the amount of energy applied to the reactor to heat the water and biomass 

mixture. However, the initial pressures calculated did not result in the expected reactor pressure of 

6, 7, and 8 MPa at a temperature of 260oC, due to heat losses through the uninsulated top portion 
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of the reactor, which caused the nitrogen temperature to be below the value calculated from the 

ideal gas law. Therefore preliminary experiments were conducted, which involved repeating the 

HTC process explained in section 4.2.2, while the initial pressure was increased with each 

repetition until the desired reactor pressures of 6, 7, and 8 MPa were reached once the reactor was 

heated to 260oC.  

5.2.1.2 Effect of Additional Water Experiments    

The HTC experiment that was used to analyze the use of additional water, did not include the 

deionized water step and therefore the glass cylinder containing chopped CH was placed inside 

the reactor. The reactor was then sealed and purged using the same procedure as the pressure 

experiments. The pressure experiments and analysis were both completed before the effect of 

additional water experiments and the pressure that provided the most suitable hydrochar in terms 

of fuel quality, which turned out to be 7 MPa, was selected as the pressure for the effect additional 

water experiments.  

5.2.2 Hydrochar Characterization 

After the hydrochar samples had been left to dry at room conditions for 48 hours they were then 

dried in a muffle furnace at 105 ± 3 oC for 24 hours to determine the hydrochars moisture content 

[17]. The dried hydrochar samples were then placed inside a desiccator until all further 

characterization experiments were completed. The hydrochar samples were subjected to the same 

characterization experiments as described in sections 4.2.3 to 4.2.7. The quantifiable results from 

the characterization experiments of each sample were compared using the same statistical 

procedure as described in section 4.2.8.  

5.3 RESULTS AND DISCUSSION 

5.3.1 Effect of Pressure on Hydrothermal Carbonization Process 

5.3.1.1 Physical Structure of the Hydrochar  

The actual reaction pressure for the LP-HTC, MP-HTC, and HP-HTC experiments were 6168, 

6996, and 7823 kPa, respectively, which were all well above the saturation pressure at 260oC of 

4692.3 kPa (Figure 5.1). For the remainder of the study the pressures of the LP-HTC, MP-HTC, 

and HP-HTC will be referred to as 6, 7 and 8 MPA, respectively. The pressure inside the reactor 
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was measured using the pressure gage attached the reactor with a range of 0 to 2000 psi (0 to 13.8 

MPa). Therefore the recorded values contain uncertainty based on human error from reading the 

pressure on the dial, as well as the dial’s measurement accuracy (0.5%). The increase in pressure 

of the HTC process had little to no effect on the physical exterior of the hydrochar (Figure 5.2), 

which differs from previous literature results [2]. It could be argued that the SEM images 

magnified 3,000X (Figure 5.2 A, D, and G) displayed that the HP-HTC hydrochar contain more 

small and distributed particles compared to the LP-HTC and MP-HTC hydrochars. However there 

is no observable difference in the physical structure of the hydrochars in the SEM images 

magnified 12,000X and 24,000X.      

 

Figure 5.1 Pressure of the HTC experiments compared to the saturation pressure of water  
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Figure 5.2 SEM images of LP-HTC (A-C), MP-HTC (D-F), HP-HTC (G-I) 

The SEM images did not display a noticeable difference in the physical appearance of the 

hydrochar samples produced at different pressures, however the BET and BJH analysis 

demonstrated differences in all three hydrochars (Table 5.1). The BET and BJH properties can be 

analyzed by comparing the surface area and pore properties of each hydrochar to one another and 

by analyzing how the properties of each hydrochar changed compared to the raw CH. Using the 

first comparison method, it can be observed that the pore volume and surface area follow the same 

trend, with the MP-HTC having the largest and HP-HTC having the lowest. However the pore 

radius followed the opposite trend with the HP-HTC having the largest radius and the MP-HTC 

having the lowest. An increase in surface area and pore volume, and a decrease in pore radius from 

the LP-HTC and HP-HTC to the MP-HTC would indicate that the MP-HTC contains deeper pores 
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that contain smaller openings compared to the LP-HTC and HP-HTC. Since the pressure increases 

from the LP-HTC to the MP-HTC and from the MP-HTC to the HP-HTC, the increase in pressure 

of 6 to 7 MPa caused completely opposite results compared to the increase in pressure form 7 to 8 

MPa.     

The surface area, pore volume and pore radius of the raw CH were 7.802 m2/g, 0.01 cm3/g, and 

1.7154 nm, respectively (see section 4.3.3). Meaning the surfaces areas of the LP-HTC and HP-

HTC decreased by 39 and 59 %, respectively, while the MP-HTC only decreased by 5%. On the 

other hand the pore volume increased for all three hydrochars, with the most significant increase 

occurring in the MP-HTC. All three hydrochar’s experienced a decrease in pore radius compared 

to the raw CH, with MP-HTC being the largest decrease of the three. From this comparison it 

seems that regardless of pressure, the HTC treatment will result in an increase in pore volume, and 

a decrease in pore radius and surface area. The BET and BJH analysis indicates that the effect of 

the HTC treatment on surface area will become more significant for pressures closer to 6 or 8 MPa, 

compared to pressures closer to 7 MPa, while the effect on pore volume and radius will become 

more significant for pressures closer to 7 MPa compared to 6 or 8 MPa. The decrease in surface 

area as a result of the HTC treatment were also experienced in previous studies [18], however other 

studies have found conflicting results [8, 19]. Ultimately, no definite conclusions into the effect of 

pressure on the hydrochar’s surface area and pore distribution could be drawn.    

Table 5.1 BET and BJH data of the hydrochars produced at different pressures 

 LP-HTC MP-HTC HP-HTC 
BET Surface Area 

(m2/g) 
4.725 7.387 3.194 

Pore Volume (cm3/g) 0.023 0.025 0.018 
Pore Radius (nm) 1.5312 1.5266 1.7147 

5.3.1.2 Thermochemical Characteristics of the Hydrochar 

The carbon content increased with an increase in reaction pressure (Table 5.2), and although the 

increase in carbon from the MP-HTC to HP-HTC was small (0.21%), the increase was still 

statistically significant (p = 0.0011), even more so than the increase from the low to high pressure 

hydrochar (p = 0.0118). The hydrogen and oxygen contents both decreased with an increase in 

pressure, however the total decrease in hydrogen content from LP-HTC to HP-HTC was not 

statistically significant (p = 0.0987), while the decrease in oxygen content from the LP-HTC to 
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MP-HTC (p = 0.0181) and from the medium to the high pressure (p = 0.0003) were statistically 

significant. The decrease in hydrogen content corresponds with previous research that found that 

an increase in pressure increases the exchange of hydrogen ions during the coalification process 

[16]. The increase in carbon content could have resulted from an increase in the HTC reaction rate 

with an increase in pressure as the carbon content did increase by over 2% for an increase in 

pressure of 6 to 7 MPa and 6 to 8 MPa. Previous literature studies have reported an increase in 

carbon content due to an increase in pressure however the rise in carbon has been argued to have 

occurred from post HTC processing of the hydrochar and not the increase in HTC reaction pressure 

[2]. Therefore it could be possible that the rise in carbon content is due to the reaction temperature 

range (± 5oC) and not the increase in pressure. Each experiment was conducted in triplets, thus 

further analysis of the hydrochars’ properties is required before a more definite conclusion can be 

made.             

The HHV and LHV increased for an increase in pressure from the LP-HTC to the MP-HTC, 

however the HHV and LHV both decreased for an increase in pressure from the MP-HTC to the 

HP-HTC. The increase in HHV and LHV from the LP-HTC to MP-HTC were both statistically 

significant, which indicates that the increase in pressure may have led in an increase in the 

carbonization process (See Table 7.5 in Appendix C: Results of Statistical Analysis). However the 

increase in pressure from the MP-HTC to HP-HTC caused the LHV to decrease significantly (p = 

0.0259), which was the opposite effect experienced from the initial pressure increase. The HHV 

also decreased but the difference between the HP-HTC and MP-HTC was not statistically 

significant (p = 0.0562). Since the LHV is dependent upon the moisture content of the hydrochar 

this indicates that the increase in water of the HP-HTC compared to the MP-HTC caused the 

decrease in HHV. However the increase in moisture content of the HP-HTC compared to the MP-

HTC was not statistically significant and therefore another aspect of the hydrochars must have 

factored into the decreased LHV (Table 7.5 in Appendix C: Results of Statistical Analysis). The 

increase in ash content of the HP-HTC compared to the MP-HTC was most likely the aspect which 

caused the decrease in LHV, as the increase in ash content of the HP-HTC compared to the MP-

HTC was statistically significant (p = 0.0144). Therefore the combination of significantly 

increased ash content and observed increased moisture content are most likely the cause of the 

decreased LHV in the HP-HTC compared to MP-HTC.  
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Another interesting result occurred in the comparison of the HHV and LHV for the LP-HTC and 

HP-HTC, as an increase in pressure from 6 to 8 MPa did not cause a statistically significant 

increase in HHV or LHV (See Table 7.5 in Appendix C: Results of Statistical Analysis). This 

result agrees with previous experiments that found that pressure had no significant effect on the 

hydrochar’s energy content [7, 10]. The HHV and LHV results could indicate that an increase in 

pressure can improve the heating value to some extent but increasing the pressure past a certain 

point eventually results in a decreased heating value. Therefore for CH (if not all biomass), an 

optimum HTC reaction pressure may exist somewhere in between 7 and 8 MPa that produces 

hydrochar with the maximum possible heating value. This assumes that the reaction temperature 

and time are held constant at 260oC and 15 minutes respectively, meaning a change in temperature 

or residence time would most likely result in a change in optimum pressure. For instance the 

saturation pressure of water for the HTC process is dependent on the reaction temperature and 

therefore the optimum pressure may be a function of reaction temperature. This function may be 

defined as the ratio of reaction pressure compared to the saturation pressure of water, for the case 

of this study the optimum pressure ratio would lie somewhere between 1.49 and 1.67, with respect 

to the saturation pressure of water, which was 4692 kPa for this study.     

Table 5.2 Ultimate and proximate analysis of hydrochars produced at different pressures 
and without the use of additional water 

Sample LP-HTC MP-HTC HP-HTC NW-HTC 
HHV, MJ kg-1 (d.b.) 26.04 ± 0.56 27.66 ± 0.77 26.80 ± 0.99 25.39 ± 0.68 

LHV, MJ kg-1  24.75 ± 0.53 26.31 ± 0.74 25.32 ± 0.94 24.05 ± 0.60 

Solid Yield (wt% 
d.b.) 

34.77 ± 1.02 33.22 ± 1.21 41.50 ± 6.59 45.53 ± 3.08 

Energy Yield (HHV) 0.50 ± 0.04 0.50 ± 0.05 0.61 ± 0.14 0.63 ± 0.08 
Energy Yield (LHV) 5.10 ± 0.62 5.18 ± 0.70 6.23 ± 1.66 6.49 ± 1.05 
Ultimate Analysis (wt% d.b.) 

Carbon 61.06 ± 0.16 63.41 ± 0.03 63.62 ± 0.04 62.09 ± 0.22 
Hydrogen 5.91 ± 0.02 5.87 ± 0.06 5.75 ± 0.22 5.48 ± 0.17 

Nitrogen 1.76 ± 0.01 1.93 ± 0.01 1.88 ± 0.01 1.93 ± 0.13 
Sulphur (6.13 ± 0.10) x 10-4 (6.33 ± 0.50) x 10-4 (7.37 ± 0.30) x 10-4 (8.33 ± 0.20) x 10-4 
Oxygen 27.33 ± 0.51 25.35 ± 0.301 23.55 ± 0.54 24.34 ± 1.32 

Proximate Analysis (wt%) 
Moisture (w.b.) 4.54 ± 0.84 4.50 ± 1.15 5.08 ± 0.60 4.77 ± 0.86 

Ash Content (d.b.) 3.95 ± 0.33 3.74 ± 0.54 5.20 ± 0.27 6.76 ± 1.25 
Volatile Matter 

(d.b.) 
70.64 ± 1.86 68.14 ± 1.61 63.54 ± 0.11 57.26 ± 0.56 

Fixed Carbon (d.b.) 25.41 ± 2.19 28.12 ± 2.15 31.26 ± 0.39 35.99 ± 1.81 
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The volatile matter decreased with an increase in pressure from 6 to 7 MPa and from 7 to 8 MPa, 

which resulted in an increase in fixed carbon for an increase in pressure. The decrease in volatile 

matter and increase in fixed carbon infer that the HP-HTC experienced more carbonization 

compared to the lower pressures. In addition the increase in pressure had a significant effect on 

the hydrochar’s oxygen content, with a decrease of 1.98 wt% from the LP-HTC to the MP-HTC 

(p = 0.0362) and 2.00 wt% the MP-HTC to the HP-HTC (p = 0.0007). One of the main outcomes 

of the HTC process is the removal of oxygen from the solid fuel [6], therefore the decrease in 

oxygen indicates an increase in the HTC reaction rate. The increased ash content of the HP-HTC 

compared to the MP-HTC certainly attributes to the decreased oxygen and increased fixed carbon 

contents as both were calculated based on the ash content. However the volatile matter content 

were measured experimentally, meaning that the decrease in volatile matter is a good indication 

of an increased carbonization, regardless of the increase in ash as well. It should be noted that the 

decrease in volatile matter contents from the LP-HTC to MP-HTC and the MP-HTC to HP-HTC 

were not statistically significant (See Table 7.5 in Appendix C: Results of Statistical Analysis), 

which may be a result of the variance of volatile matter in LP-HTC and MP-HTC (Table 5.2). 

Therefore the decrease in volatile matter alone cannot be used to justify an increase in 

carbonization for an increase in pressure. 

An increase in pressure from 6 to 7 MPa caused the SY to slightly decrease, while the increase in 

pressure from 7 to 8 MPa caused the SY to increase by approximately 25% (Table 5.2). The 

decrease in solid from the LP-HTC to the MP-HTC could be another indication of an increase in 

reaction rate due to an increase in pressure. However the decrease in SY from the LP-HTC to MP-

HTC (p = 0.1761) and the increase in SY from MP-HTC to HP-HTC (p = 0.1053) were both not 

statistically significant. The increase in SY from the MP-HTC to the HP-HTC was not statistically 

significant due to the large variance of HP-HTC SY, as one of the experiments produced hydrochar 

with a SY as low as 34.0%. This variance was most likely attributed to the large ash content of the 

HP-HTC compared to LP-HTC and MP-HTC. The increase in ash content of the HP-HTC was 

statistically significant compared to both the LP-HTC and MP-HTC, which indicates that the 

increase in pressure somewhere between 7 and 8 MPa causes the ash content to increase. Since the 

elements that make-up the ash content cannot gain mass, the increase in pressure most likely 

restricts the removal of these elements from the hydrochar during the HTC reaction. Further 
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analysis into the effect of pressure on the inorganic elements contained in biomass is contained in 

section 5.3.3. 

 

Figure 5.3 Van Krevelen Diagram of raw and HTC treated CH, and coal 

The Van Krevelen Diagram demonstrates the transition of the CH into a more coal like solid fuel 

due to the HTC treatment (Figure 5.3). The diagram also reinforces the argument of a further 

degree of carbonization experienced by the HP-HTC and MP-HTC compared to the LP-HTC, as 

both hydrochars experienced a carbonization past the peat zone and into the coal zone. The LP-

HTC still lies within the overlap of the coal and peat zones, due to the higher oxygen and lower 

carbon content compared to the hydrochars produced at a higher pressure. Previous studies 

conducted at similar operating parameters also demonstrated the transition of hydrochar into the 

lignite and coal regions [20-22]. The Van Krevelen Diagram can be used to explain the increase 

in HHV of the MP-HTC compared to the HP-HTC. The HP-HTC contained a higher carbon and 

lower oxygen content compared to the MP-HTC, which usually leads to an increased HHV 

compared to a sample with lower carbon content. However solid fuels displayed on the van 

Krevelen diagram will increase in HHV with an decrease in O:C and an increase in H:C atomic 
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ratios [23]. Therefore the increased H:C atomic ratio of the MP-HTC led to a slightly higher HHV 

compared to the HP-HTC.   

5.3.2 Role of Additional Water on Hydrothermal Carbonization Process 

5.3.2.1 Effect of Water on the Physical Structure 
The NW-HTC experiment produced a much more brittle and less dense hydrochar product 

compared to the experiment conducted with additional water (MP-HTC). The NW-HTC hydrochar 

was somewhat comparable to torrefied biomass in terms of physical brittleness and density, 

however the colour was the same black/dark brown as the MP-HTC hydrochar. During the gas 

release into portion of the experiment, there was a noticeable char smell that for the NW-HTC, 

which was much more significant compared to the MP-HTC experiment. The hydrochar produced 

with no additional water (Figure 5.4 D-F) contained much larger solid pieces compared to the 

hydrochar produced with additional water (Figure 5.4 A-C), which infers that the BWR had a 

significant effect on the physical exterior of the hydrochar. The NW-HTC contained larger and 

more flat solid pieces that were also visible by the human eye compared to the MP-HTC.  
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Figure 5.4 SEM images of MP-HTC (A-C) and NW-HTC (D-F) 

The low density and large flat characteristics of the NW-HTC lead to the idea that the hydrochar 

may be suitable as an activated carbon because it was assumed that the structure was highly porous. 

A 

C 

B 

D 

E 

F 
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However the NW-HTC yield unusual results upon analysis of the surface area and pore structure 

via BET and BJH analysis (Table 5.3). The surface area and the pore volume of the NW-HTC 

reduced significantly compared to the MP-HTC, while the pore radius increased by a large amount. 

This would infer that the pores of the NW-HTC contain an increased width but a decreased depth 

compared to the MP-HTC. This can actually be observed when the two sets high magnified SEM 

images are compared to one another (Figure 5.4 B to E and C to F). The NW-HTC does contain 

pores much like the MP-HTC but these pores do not contain the same amount of empty space that 

the MP-HTC pores contain, which is represented by the dark black area. Instead the NW-HTC 

pores seem more like small cracks or crevasses inside the structure, whereas the MP-HTC seem 

more comparable to holes. The same phenomenon mentioned above was visible on the 

macroscopic scale, as the NW-HTC formed large flat solid pieces and the MP-HTC formed a solid 

clump of material that seemed more homogeneous compared to the NW-HTC. The more 

homogeneous physical appearance of the MP-HTC coincides with the elemental analysis (Table 

5.2), as the uncertainty range each element was significantly less than the NW-HTC.      

Table 5.3 BET and BJH analysis of hydrochars produced with and without water 

 Raw CH MP-HTC NW-
HTC 

BET Surface Area (m2/g) 7.802 7.387 2.772 
Pore Volume (cm3/g) 0.01 0.025 0.014 

Pore Radius (nm) 1.7154 1.5266 2.4737 

5.3.2.2 Effect of Water on Thermochemical Characteristics 

The hydrochars treated at different pressures experienced similar changes during the HTC 

treatment with respect to the thermochemical and physical properties. Since the MP-HTC 

contained the highest HHV and lowest ash content, compared to the other hydrochars produced at 

different pressures, it was assumed that the MP-HTC was the most suitable hydrochar for 

combustion and therefore the NW-HTC experiments were conducted at the same pressure (7 MPa) 

as the MP-HTC experiments. The NW-HTC contained a significant increase in fixed carbon 

compared to the MP-HTC (p = 0.0439) due to the significant decrease in volatile matter (p = 

0.0236). The oxygen content of the NW-HTC was also decreased compared to the MP-HTC (p = 

0.0044), which is an indication that the NW-HTC experienced a further severity of carbonization 

during the HTC treatment. However the SY of the NW-HTC significantly increased by 12.32 % 

compared to the MP-HTC (Table 5.2), which would infer that the MP-HTC experienced the higher 
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severity of carbonization due to an increased rate of reaction. In addition the MP-HTC contained 

an increased carbon content and HHV compared to the NW-HTC, which supports the argument 

that the MP-HTC experienced an increased reaction rate during the HTC treatment. The decrease 

in HHV of the NW-HTC was potentially caused form the increase in ash content compared to the 

MP-HTC (p = 0.0190). This would also account for some of the increase in SY of the NW-HTC 

compared to the MP-HTC, which could indicate that the inorganic elements present in the NW-

HTC were not removed during the HTC treatment to the same effectiveness as the MP-HTC. 

Further analysis of the inorganic elements will indicate if this was the case (section 5.3.3). 

One of the most notable changes in the NW-HTC compared to the MP-HTC was the reduction in 

the hydrogen content, which reduced by 0.40% compared to the MP-HTC (p = 0.0318). In fact the 

change in reaction pressure or phase of water (section 4.3.1) during the HTC treatment did not 

affect the hydrogen content to the same effect as the removal of additional water. Therefore it 

could be concluded that removing the additional water in the HTC reaction results in a significant 

reduction in hydrogen content. The absence of surrounding water most likely caused an increase 

in the removal of hydrogen ions form the hydrochar during the condensation polymerization 

reaction experienced in the HTC treatment. The decrease of hydrogen content in the MP-HTC 

compared to the raw CH (see section 4.3.1) indicated that hydrogen ions are removed during the 

HTC treatment, meaning that the surrounding water in the MP-HTC most likely restricts the 

removal of hydrogen since the NW-HTC contained a significantly decreased hydrogen content. 

The Van Krevelen diagram also highlights this effect as the NW-HTC contains decreased O:C and 

H:C atomic ratios compared to the MP-HTC (Figure 5.3), which did not result in an increased 

energy content as the decrease in hydrogen content had a more significant effect on the HHV 

compared to the decrease in oxygen content. 

5.3.3 Effect of HTC on Inorganic Element Content  

As it was mentioned in section 5.1 the HTC process was expected to remove a portion of the 

inorganic elements present in the raw CH. Therefore the inorganic content of the LP-HTC, MP-

HTC, and HP-HTC with reference to the raw CH inorganic content, were compared to study the 

effect of pressure on the removal inorganic compounds (Figure 5.5). The MP-HTC contained a 

significantly increased calcium content compared to both other hydrochars (see Table 7.7 in 

Appendix C: Results of Statistical Analysis), while the calcium content of all three hydrochars 
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increased compared to the raw CH. The MP-HTC also contained a significant increase in 

phosphorus compared to the LP-HTC (p = 0.0071). The other measured in organic compounds 

present in the MP-HTC and LP-HTC did not contain a statistical difference between the two 

hydrochars. On the other hand, the HP-HTC contained significantly increased magnesium and 

potassium contents compared to the LP-HTC and MP-HTC. The HP-HTC also contained an 

increased phosphorous compared to the LP-HTC (p = 0.0327) and a decreased iron content 

compared to both the MP-HTC and LP-HTC. The results indicate that an increase in pressure will 

result in an increase and then decrease of calcium, phosphorous and iron contents, which could 

lead to two potential conclusions. The first is similar to HHV and LHV results, where an increase 

in pressure up to a certain point will result in an increase in calcium, phosphorous, and iron, and a 

further increase in pressure will result in a decrease in the same elements. For this study the 

pressure ratio was somewhere between 1.49 and 1.67 with respect to the reaction temperature’s 

saturation pressure of water. The second conclusion is similar to the BET results, which indicated 

that no definite conclusions could be drawn from the results since increasing the reaction pressure 

caused conflicting results.     

 

Figure 5.5 Change in inorganic content of HTC treated hydrochars with respect to raw CH 

Comparing the inorganic element contents of the hydrochars to the raw CH demonstrate that the 

HTC process was effective at removing magnesium, potassium and iron for all reaction pressures 

(Figure 5.5). This could indicate that the magnesium and potassium were likely present in free 

ionic form, meaning the elements were water soluble and therefore were absorbed by the water 
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during the HTC treatment. Furthermore the hydrochars produced at 6 and 7 MPa were considerably 

more effective at removing magnesium and potassium compared to the HP-HTC. The increase in 

these two elements could be argued as the cause of the increase in ash content of the HP-HTC 

compared to the LP-HTC and MP-HTC, as they both possessed the largest difference in measured 

content of the inorganic elements. More specifically the potassium content would be a good 

indication of this because the original concertation of the raw CH was 13,000 µg/g, which was 

reduced to less than 1400 µg/g in both the LP-HTC and MP-HTC, where the HP-HTC was reduced 

to roughly 5900 µg/g. Clearly, the increase in pressure past 7 MPa somehow restricted the removal 

of the magnesium and potassium during the HTC reaction, leading to an increased ash content in 

the HP-HTC. 

The inorganic content of the NW-HTC were significantly increased compared to the MP-HTC for 

all elements except iron (Figure 5.5). In fact, each of the elements that were increased in the NW-

HTC were also increased compared to the raw CH. The most notable elements are magnesium and 

potassium, which reduced dramatically in the MP-HTC compared to the raw CH, meaning a 

significant portion was absorbed into the liquid by-product. Since the magnesium and potassium 

contained higher concentrations in the NW-HTC compared to the raw CH, it is clear that at least 

some additional water is required in order to reduce the concentration of inorganic elements present 

in produced hydrochar. The increased concentration of inorganic elements provide evidence as to 

why the NW-HTC ash content increased compared to the MP-HTC, and even compared to the raw 

CH. The high concentration of these elements will most likely cause issues during the combustion 

of NW-HTC, most notably potassium, which will be investigated in the next section 5.3.4.     

5.3.4 Combustion Characteristics of Hydrochars 

The LP-HTC and MP-HTC both demonstrated a more consistent mass loss during combustion 

compared to the HP-HTC and NW-HTC (Figure 5.6-5.7). The NW-HTC produced a significantly 

increased amount of combustion ash compared to the other hydrochars (Table 5.4). This was a 

result of the high inorganic element contents of the NW-HTC, which was primarily due to the high 

concentration of potassium (16,667 µg/g). A portion of the inorganic elements contained in 

biomass will volatize during combustion and exit the system as fly ash, potassium has been found 

to be one of the elements that does not volatize during combustion and therefore remains as solid 

ash in the fuel bed of combusting units [24, 25]. High concentrations of potassium have been 
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demonstrated to cause fusion of ash, which result in the formation of clinkers that can form around 

unburnt fuel as well as other ash compounds [26, 27]. The clinkers pose issues for traditional ash 

removal technologies that are meant to extract powdered/small clumps of ash, as they can become 

clocked therefore causing a back-up of ash which requires the shutdown of combustion equipment 

to maintain [28]. The unburnt fuel present in clinkers can also cause issues economically because 

a portion of the potential energy present in the fuel is not utilized. 

The sharp peaks present in the heat production and DTG curves of the HP-HTC and NW-HTC 

demonstrate inconsistent combustion, which was more similar to that of raw biomass than 

compared to coal (see Figure 4.5-4.6 in section 4.3.2). The LP-HTC and MP-HTC displayed heat 

production curves that were more similar to the single steady curve produced during the 

combustion of coal, which indicates that the chemical structure of the LP-HTC and MP-HTC were 

more homogeneous compared to the HP-HTC. The NW-HTC produced the most inconsistent DTG 

curve with multiple sharp peaks produced between 287 and 300oC, a sharp peak produced at 

400oC, and an additional peak produced near the end of the combustion process at 500oC (Figure 

5.7). The NW-HTC also produced a heat production peak at the end of the combustion process 

(Figure 5.8), which indicates that the increase in magnesium and potassium likely caused an 

increased heterogeneous structure, leading to unique combustion reactions that were not 

experienced in the other hydrochar samples. The combustion of each hydrochar transitioned from 

an exothermic to an endothermic reaction at roughly the same temperature (approximately 650oC), 

which indicates that the fixed carbon combusted at consistent rates for all of the hydrochars (Figure 

5.8). 
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Figure 5.6 Thermogravemetric analysis of hydrochar samples 

 

Figure 5.7 Rate of mass loss during TGA combustion of hydrochar samples 
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Figure 5.8 Heat produced during combustion of hydrochar samples 

Table 5.4 Combustion Characteristic Temperatures of Treated Hydrochars 

Sample 

Initial 
Temperature 

(oC) 

Final 
Temperature 

(oC) 

Max. Weight 
Loss 

Temperature 
(oC) 

Max. Heat 
Produced 

Temperature 
(oC) 

Combustion 
Time 

Interval 
(Min.) 

Combustion 
Ash Remaining 

(wt.%) 
LP-

HTC 
267.71 ± 7.18 511.64 ± 8.65 383.48 ± 64.83 421.84 ± 65.26 24.98 ± 1.49 3.87 ± 2.85 

MP-
HTC 

279.40 ± 14.04 508.15 ± 9.41 390.20 ± 72.98 469.77 ± 8.43 23.09 ± 2.31 2.98 ± 1.40 

HP-
HTC 

249.85 ± 17.41 491.36 ± 14.42 424.35 ± 7.35 426.37 ± 7.72 24.38 ± 2.75 3.22 ± 1.75 

NW-
HTC 

242.42 ± 2.83 470.06 ± 4.59 398.65 ± 2.25 400.79 ± 1.51 23.33 ± 1.12 7.18 ± 2.10 

 

The flue gas profiles for the combustion of each hydrochar were compared to further analyze the 

effect of reaction pressure and use of additional water on the combustion characteristics for HTC 

treated CH (Figure 5.9). The FT-IR machine used to analyze the flue gas was not calibrated to 

measure quantitative data, therefore the FT-IR data was normalized in order to compare the 

profiles of each major combustion gaseous compound. Similar to the results found in section 4.3.2, 

the CO2 and CO emission profiles followed nearly identical trends, while the CH4 and H2O 

followed similar trends as well. The CH4 profile of each hydrochar contained random fluctuations 

during the initial and final portions of combustion. This was most likely due to the fact that the 

CH4 produced during combustion was significantly smaller compared to the other flue gas 

compounds. Therefore the small fluctuations in the CH4 concentration were more noticeable after 
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the data was normalized compared to the other flue gas compounds. The initial H2O peak 

experienced by each hydrochar, represented the evaporation of moisture that accumulated from 

the transportation and handling of the hydrochars during the characterization experiments.     

  
LP-HTC HP-HTC 

  
MP-HTC NW-HTC 

Figure 5.9 FTIR spectrum of hydrochar combustion flue gas 

The LP-HTC and MP-HTC displayed similar CO2 profiles during combustion, which follows the 

trend observed from the TG, DTG and heat production data (Figure 5.9). The HP-HTC emitted 

arguably the most consistent CO2 profile for the first 45 minutes of combustion, which was 

different than the DTG and heat production observations. Therefore the HP-HTC’s production of 

CH4 and H2O, along with CO2 at 31 minutes into combustion most likely attributed to the sharp 

peaks experienced in mass loss and heat production. The LP-HTC and MP-HTC also produced a 

peak production of CH4 and H2O just after 30 minutes into combustion, however the same sharp 

peaks in mass loss and heat production were experienced by HP-HTC were not observed to occur 

in the LP-HTC and MP-HTC. This would indicate that the volatile matter contained in the 

hydrochars, was released at a more consistent rate in both the MP-HTC and LP-HTC compared to 
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the HP-HTC, even though the LP-HTC and MP-HTC contained an increased amount of volatile 

matter compared to the HP-HTC. The HP-HTC also produced a slight change in CO2 at 

approximately 48 minutes into combustion, which coincides with the slight increase of heat 

production, which occurred during the decrease in the second peak at approximately 448oC. 

Therefore the flue gas profiles of the hydrochars treated at different pressures provide additional 

evidence to support the claim that the LP-HTC and MP-HTC behave more similar to coal during 

combustion compared to the HP-HTC. The CO2 profile of the NW-HTC produced three 

irregularities, resulting in a less consistent emission of CO2 compared to the MP-HTC. The small 

peak experienced in the NW-HTC’s CO2 profile at approximately 45 minutes was likely attributed 

to the heat production and DTG peaks that occurred just after 500oC during combustion.     

5.4 CONCLUSION 
The change in pressure of the HTC treatment was demonstrated to have little to no effect on the 

physical structure of the hydrochar, while no conclusion could be drawn regarding the effect of 

pressure on the BET surface area and BJH pore distribution. The HHV of the hydrochar increased 

to a maximum value of 27.66 MJ/kg with an increase in pressure up to a maximum pressure of 7 

MPa, a further increase in pressure caused the HHV to decrease, due to the increase in ash content 

and decrease in hydrogen content. The carbon content and the fixed carbon content was found to 

increase for an increase in pressure, due to the increase in the reduction of oxygen. Increasing the 

pressure above 7 MPa caused the removal of potassium and magnesium from the hydrochar to 

decrease, which caused an increase in ash content and irregularities in heat production and DTG 

during the combustion. The addition of water the HTC treatment of CH proved to be required for 

producing a more suitable solid fuel for combustion. The carbon content and HHV both increased 

for the hydrochar produced with water compared to the one produced without water. The 

hydrochar produced without additional water contained a more flat plate like physical appearance 

compared to the hydrochar produced at identical conditions with the use of additional water. The 

BET and BJH analysis determined the hydrochar produced with no added water contained shallow 

and wide pores, as well as a large reduction in surface area compared to the hydrochar produced 

with added water. The removal of inorganic elements was significantly restricted in the hydrochar 

produced with no water, which lead to an increase in ash content. Ultimately the hydrochar 
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produced at 7 MPa with the use of additional water was most suitable for combustion as it produced 

the most coal-like combustion profile and contained the highest energy content.    
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Chapter 6  CONCLUSION 

6.1 SUMMARY OF RESULTS FOR CORN STOVER 
1. The carbon content of the hydrochar increased with an increase in both reaction 

temperature and time with the maximum value (68.56%) occurring at the highest tested 

reaction severity, 260oC for 45 minutes.  

2. However because of increased mass loss with an increase in reaction time, the maximum 

energy yield occurred at 260oC and 15 minutes.    

3. As expected the reaction temperature had the most dominant effect of the operational 

parameters of the HTC treatment.  

4. The content of organic elements were determined have a statistical effect on the energy 

densification and SY of the HTC treatment.  

5. It was statistical demonstrated that biomass containing a higher concentration of oxygen 

will require a longer residence times to achieve the same carbonization as biomass 

containing less oxygen.  

6. In addition, biomass containing a higher concentration of hydrogen will require a decreased 

reaction time to achieve the same energy densification during carbonization as biomass 

containing less hydrogen.  

7. The developed correlations’ ability to predict the required reaction temperature and time 

to achieve a desired energy densification from the HTC treatment was demonstrated using 

both literature results and experiments conducted in laboratory after the correlations were 

developed.  

8. Observations of the van Krevelen diagram suggest that the effect of the temperature and 

time of the HTC treatment are dependent upon one another.  

9. In addition the effect of reaction time may reach a maximum point depending upon the 

reaction temperature, as increasing the time from 30 to 45 minutes demonstrated to have a 

negligible effect on the carbonization process.        
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6.2 SUMMARY OF RESULTS FOR CORN HUSKS 
1. Both the liquid and vapor HTC treatments were able to transform a waste feedstock with 

no potential value into a solid fuel that can be used to replace coal for combustion 

applications.  

2. Based on the comparison of liquid and vapor HTC treatments, the liquid treated hydrochar 

is a more suitable solid fuel for several reasons: 

a. The liquid treated sample has contains a higher carbon content, HHV and LHV 

compared to the vapor treated sample. Meaning more energy can be produced 

during combustion per unit mass of fuel, for the liquid treat hydrochar.  

b. The liquid treated hydrochar had a more comparable combustion profile to coal 

compared to the vapor treated sample, which would make it more suitable for 

combustion in existing coal infrastructures. 

c. The liquid treated hydrochar contained a 90% reduction in K, while the vapor 

treated sample reduced to 58% of the original content found in raw CH. 

d. The liquid treated hydrochar carbonized to solid fuel with similar atomic ratios to 

lignite, while the vapor treated hydrochar carbonized to a solid fuel similar to peat.  

3. The biomass to water ratio was the only was the only operational parameter to have a 

statistical significant effect on the SY of the HTC of CH, while the phase of water and 

pressure inside the reactor did not have a significant effect.   

4. The use of additional water was also the only operational parameter to have a statistical 

significant effect on the fixed carbon and volatile matter contents of the produced 

hydrochar.  

5. The hydrochar produced at 7 MPa was the most favourable in terms of a solid fuel, as 

increasing the pressure inside the reactor from 6 to 7 MPa led to an increase carbon content 

and HHV, while increasing the pressure from 7 to 8 MPa increased the carbon it also led 

to a decrease in HHV and a significant increase in ash content.  

6. Increasing the reactor pressure above 7 MPa caused the removal of inorganic elements to 

decrease which led to an increase in ash content and combustion ash of the hydrochar 

produced at 8 MPa compared to the one produced at 7 MPa. 
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7. The hydrochars produced at 6 and 7 MPa experienced the same reduction in inorganic 

elements and overall ash content, however the 7 MPa experienced an increased 

carbonization. 

8. All HTC treatments produced a black coal-like hydrochar with equilibrium moisture 

contents below 5.1% (w.b.). 

6.3 MAIN RESEARCH FINDINGS 
 

Table 6.1 Equations developed in HTC correlation study 

Type of 
Equation Output Variable Equation 

Reference 
Section 

Normalized Reaction temperature (also 
applicable for residence time) 𝑅𝑅𝑁𝑁 =

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑛𝑛
𝑅𝑅𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑅𝑅𝑚𝑚𝑚𝑚𝑛𝑛

 3.2.3 

Normalized Carbon (also applicable for 
oxygen and hydrogen) 𝐶𝐶𝐶𝐶 =

𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐶𝐶̅
𝐶𝐶𝑚𝑚𝑎𝑎𝑚𝑚 − 𝐶𝐶𝑚𝑚𝑚𝑚𝑛𝑛

 3.2.3 

Correlation Model Solid Yield SY [%] = 69.189 – 28.078(T) + 9.065(t) 
– 26.627(O) – 11.802(C) + 32.243(tO) 3.3.2 

Correlation Model Energy Densification ED = 1.0252 + 0.4668(T) + 0.1978(t) - 
0.0052(H) – 0.2584(tH) 3.3.2 

Correlation Model Higher Heating Value HHV [MJ/kg] = 17.7544 + 7.2039(T) + 
2.0064(t) + 1.4421(C) + 5.7382(TC) 3.3.2 
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Table 6.2 Summary of important results from HTC experiments 

Experimental Finding HTC Reaction 
Conditions2 Result Reference 

Section 
Maximum energy yield of corn stover HTC that 
produced a HHV similar to coal (using HHV) 

260oC for 15 min with 
vapor water at 4.7 MPa 0.914 3.3.1 

Maximum attained energy yield of corn husk 
HTC (using LHV) Vapor water at 4.7 MPa 5.48 4.3.1 

Maximum attained heating value of corn husk 
HTC (HHV & LHV) Liquid water at 7 MPa 27.66 & 26.31 

MJ/kg 4.3.1 

Maximum attained carbon content of corn husk 
HTC Liquid water at 8 MPa 63.62 (wt% 

d.b.) 5.3.1.2 

Minimum attained ash content of corn husk 
HTC Liquid water at 7 MPa 3.74 (wt% d.b.) 4.3.1 

Minimum attained moisture content of corn 
husk HTC Liquid water at 7 MPa 4.50 (wt% w.b.) 4.3.1 

Maximum reduction in hydrochar combustion 
ash compared to raw corn husk Liquid water at 7 MPa 43.6% 4.3.2 

Maximum reduction in hydrochar potassium 
content compared to raw corn husk Liquid water at 7 MPa 90.0% 4.3.3 

Maximum hydrochar potassium content Liquid water at 7 MPa 
with no added water 

16,667 (µg/g) 5.3.3 

Maximum hydrochar ash content Liquid water at 7 MPa 
with no added water 

6.76 (wt% d.b.) 5.3.1.2 

 

6.4 FUTURE CONSIDERATIONS 
Additional processing of the hydrochar is required after the HTC treatment in order to produce a 

solid product with qualities comparable to high quality coal used in material processing 

applications, such as the coal used for comparison in the present study. Preliminary experiments 

suggest that performing slow pyrolysis after the HTC treatment, can increase the carbon content 

to values above 80%. To avoid the large energy requirement for drying it is recommended that the 

hydrochars be left open to atmospheric conditions for 48 hours to naturally dry, as the hydrochars 

produced at 260oC dried to below 5.1% without any additional treatment. In order to further 

optimize the HTC reaction, experiments should be completed which analyze the effect that 

pressure and phase of water have on the carbon conversion process, by measuring the carbon 

content of the solid, liquid, and gaseous products. In addition, to better understand the hydrochar 

combustion performance compared to the raw feedstock and coal, TGA and FT-IR experiments 

should be completed using a quantitative analysis on the combustion flue gases. The combustion 

2 All corn husk HTC experiments were conducted at 260oC for 15 minutes and a BWR of 1:12 was used with 7.8 
grams of water per gram of biomass being added to the reactor unless otherwise stated.   
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performance of each hydrochar can be measured by performing a carbon conversion analysis using 

the produced CO2, CO, CH4, and other hydrocarbons, which will allow for the calculation of 

unburnt carbon contained in the combustion ash. This will also allow for a comparison of the 

amount of any potential toxic compounds produced during combustion.  

The use of additional water in the HTC treatment was found to be required in order to produce a 

solid fuel with atomic ratios similar to lignite, while also reducing the content of inorganic 

elements that cause fusion and corrosion issues. The hydrochar produced with no added water 

could still have potential for other value added products such as:  

i) Biochar for the use as soil amendment in the agricultural industry. 

ii) Charcoal for use in the metallurgic industry. 

iii) Activated carbon for use as a water purification material.  

The BET surface area and BJH pore distribution determined that the hydrochar produced with no 

water experienced a significant reduction in surface area. However the increase in pore radius and 

low density demonstrate signs that the hydrochar produced with no added water may have the 

potential to be used as activated carbon. Further experiments involving the activation of the 

hydrochar are required before any conclusions can be made.   
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Chapter 7  APPENDICIES 

7.1 APPENDIX A: MLR NORMALITY AND RESIDUAL PLOTS 

7.1.1 Solid Yield Model 

 

Figure 7.1 Error of the predicted SY values compared to experimental data 
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Figure 7.2 Probability plot comparing the errors and the predicted values of SY model 
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Figure 7.3 Standard deviation of the difference between the predicted and experimental 
data along with labelled outliers for SY model 
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Figure 7.4 Influence of experimental data on SY model expressed via the standardized 
error of the predicted values 
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7.1.2 Energy Densification Model 

 

Figure 7.5 Error of the predicted ED values compared to experimental data 
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Figure 7.6 Probability plot comparing the errors and the predicted values of ED model 
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Figure 7.7 Standard deviation of the difference between the predicted and experimental 
data along with labelled outliers for ED model 
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Figure 7.8 Influence of experimental data on ED model expressed via the standardized 
error of the predicted values 
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7.1.3 Higher Heating Value Model 

 

Figure 7.9 Error of the predicted HHV values compared to experimental data 
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Figure 7.10 Probability plot comparing the errors and the predicted values of HHV model 
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Figure 7.11 Standard deviation of the difference between the predicted and experimental 
data along with labelled outliers for HHV model 
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Figure 7.12 Influence of experimental data on HHV model expressed via the standardized 
error of the predicted values  
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7.2 APPENDIX B: THERMODYNAMIC PROPERTIES OF WATER 
Table 7.1 Thermodynamic properties of liquid water in each pressure experiment3 

 Pressure (kPa) ρ, kg/m3 h, kJ/kg s, kJ/kg K 

LP-HTC 6168 785.47 1134.76 2.88 

MP-HTC 6996 786.52 1134.66 2.88 
HP-HTC 7823 787.56 1134.56 2.88 

Saturated Vapor at 260oC 4692 23.71 2796.60 6.00 

Saturated Liquid at 260oC 4692 783.70 1134.80 2.88 

 

7.3 APPENDIX C: RESULTS OF STATISTICAL ANALYSIS 
Table 7.2 P value results from thermochemical comparison of raw CH, L-HTC, V-HTC, 

and coal 

Comparisons 
Raw CH : L-

HTC 
Raw CH : V-

HTC 
L-HTC : V-

HTC L-HTC : Coal V-HTC : Coal 
Raw CH : 

Coal 
HHV, MJ kg-1 1.50 x 10-11 2.69 x 10-10 3.57 x 10-5 9.10 x 10-5 1.02 x 10-5 5.44 x 10-8 
LHV, MJ kg-1  5.02 x 10 -17 1.82 x 10-16 2.62 x 10-5 2.21 x 10-6 2.91 x 10-7 1.90 x 10-12 

Solid Yield  N.A. N.A. 0.2221 N.A. N.A. N.A. 
Ultimate Analysis  

Carbon 4.38 x 10-10 1.48 x 10-9 1.74 x 10-7 5.25 x 10-8 2.50 x 10-8 1.84 x 10-9 
Hydrogen 0.0672 0.0402 0.2250 5.67586E-05 0.0033 0.0026 

Nitrogen 0.0081 0.0061 0.0238 0.0003 0.0001 0.1551 
Oxygen 1.00 x 10-7 2.60 x 10-7 0.0003 5.38 x 10-8 1.19 x 10-7 1.92 x 10-8 
Sulphur 0.0866 0.1576 0.0276 9.92 x 10-8 9.92 x 10-8 9.95 x 10-8 

Proximate Analysis  
Moisture 
Content 

7.30 x 10-8 7.55 x 10-8 0.8103 N.A. N.A. N.A. 

Ash Content 0.1735 0.2484 0.0692 0.0022 0.0390 0.0021 
Volatile Content 0.0117 0.0020 0.2381 0.0024 0.0004 0.0001 

Fixed Carbon 0.0109 0.0022 0.5307 0.0031 0.0005 0.0002 

 

  

3 Source: Y. A. Cengel, M. A. Boles, and M. Kanoğlu, Thermodynamics: an engineering approach vol. 5: McGraw-Hill 
New York, 2002. 
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Table 7.3 P value results from combustion comparison of raw CH, L-HTC, V-HTC, and 
coal 

Comparisons 
Raw CH & 

L-HTC 
Raw CH & 

V-HTC 
L-HTC & 

V-HTC 
L-HTC & 

Coal 
V-HTC & 

Coal 
Raw CH & 

Coal 
Initial Temperature  0.0001 0.0006 0.1664 2.78 x 10-5 2.03 x 10-5 1.75 x 10-7 

Final Temperature  0.0002 0.8414 0.0048 0.0005 0.0002 0.0001 

Max. Weight Loss 
Temperature  

0.1154 2.38 x 10-6 0.3916 0.0221 1.04 x 10-5 1.95 x 10-7 

Max. heat Production 
Temperature  

0.0033 0.8731 0.2066 0.0002 0.0048 0.0001 

Combustion Time Interval 
(min.) 

0.1563 0.0643 0.2648 0.3274 0.9463 0.2027 

Ash Remaining  0.2992 0.7800 0.2228 0.0032 0.0636 0.3799 

 

Table 7.4 P values from inorganic elemental content comparison of raw CH, L-HTC, V-
HTC, and coal 

Comparisons Raw CH : L-HTC 
Raw CH : V-

HTC 
L-HTC : V-

HTC 
Calcium 0.0249 0.0072 0.0349 

Magnesium 0.0061 0.1012 0.0086 
Phosphorus 0.0058 0.0028 0.0383 

Potassium 0.0049 0.0227 2.80 x 10-5 

Iron 0.0067 0.0092 0.4573 
 

Table 7.5 P value results from thermochemical properties comparison of LP-HTC, MP-
HTC, HP-HTC, and NW-HTC 

Comparisons LP-HTC : MP-
HTC 

LP-HTC : HP-
HTC 

MP-HTC : HP-
HTC 

MP-HTC : NW-
HTC 

HHV, MJ kg-1 0.0003 0.0795 0.0562 0.0002 
LHV, MJ kg-1 0.0003 0.1552 0.0259 0.0001 

Solid Yield  0.1761 0.1643 0.1053 0.0041 
Carbon 0.0236 0.0166 0.0021 0.0005 

Hydrogen 0.5218 0.1974 0.4285 0.0318 
Nitrogen 0.0015 0.0020 0.0058 0.9783 
Oxygen 0.0362 0.0049 0.0007 0.0044 
Sulphur 0.5879 0.0028 0.0519 0.0051 

Moisture Content 0.9701 0.4519 0.5215 0.7839 
Ash Content 0.6004 0.0070 0.0144 0.0190 

Volatile Content 0.4164 0.0624 0.1038 0.0236 
Fixed Carbon 0.3855 0.0883 0.1909 0.0439 
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Table 7.6 P value results from combustion characteristic comparison of LP-HTC, MP-
HTC, HP-HTC, and NW-HTC 

Comparisons LP-HTC & MP-
HTC 

LP-HTC & HP-
HTC 

MP-HTC & HP-
HTC 

MP-HTC & NW-
HTC 

Initial Temperature  0.1662 0.0731 0.0258 0.0016 
Final Temperature  0.5524 0.0365 0.0668 0.0001 
Max. Weight Loss 

Temperature  0.9075 0.3150 0.4398 0.8440 

Max. Heat Production 
Temperature  0.1823 0.8913 0.0001 1.88 x 10-6 

Combustion Time Interval  0.1834 0.6795 0.4390 0.8387 
Combustion Ash Remaining  0.5667 0.7015 0.8484 0.0116 

 

Table 7.7 P values of inorganic element content comparison of LP-HTC, MP-HTC, HP-
HTC, and NW-HTC 

Comparisons LP-HTC : MP-
HTC 

LP-HTC : HP-
HTC 

MP-HTC : HP-
HTC 

MP-HTC : NW-
HTC 

Calcium 0.0090 0.5185 0.0161 0.0030 
Magnesium 0.5182 4.52 x 10-5 0.0026 0.0003 
Phosphorus 0.0071 0.0327 0.1347 0.0036 

Potassium 0.5614 7.17 x 10-6 4.34 x 10-6 0.0012 
Iron 0.3739 0.0158 0.0405 0.0816 

 

Table 7.8 P values of difference in ash content and combustion ash values 

Ash Comparisons p value 
Raw CH 0.6378 
V-HTC 0.5561 
L-HTC 0.3969 

LP-HTC 0.9613 
HP-HTC 0.1433 

NW-HTC 0.7567 
Coal 0.5379 
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7.4 APPENDIX D: BET SURFACE AREA AND BJH PORE DISTRIBUTION RESULTS 

 

Figure 7.13 BET data used to determine BET surface area 

 

Figure 7.14 BET data used to determine BET surface area 
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Figure 7.15 BJH data for the raw CH 

 

Figure 7.16 BJH data for LP-HTC 
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Figure 7.17 BJH data for L-HTC/MP-HTC 

 

Figure 7.18 BJH data for HP-HTC 
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Figure 7.19 BJH data for V-HTC 

 

Figure 7.20 BJH data for NW-HTC 
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