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Torrefaction has become a topic of interest in recent times not only because farmers could 

increase their income due to more farming activities for biomass feedstock demands but also it 

promotes opportunities for green job creation, provides alternative fuel source for coal fired 

plants, and contributes to greenhouse gas emission mitigation. Hence, this thesis explored the 

torrefaction behaviour of both herbaceous (switchgrass, miscanthus, wheat straw) and short 

rotation (willow) agricultural energy crops in terms of hydrophobicity, grindability and energy 

density. The lignocellulosic compositions of raw and treated switchgrass and bulk density of raw 

and treated miscanthus were also determined. Hence, the outcomes of these experimental 

investigations facilitated the development of a torrefaction definition.  

The research also studied the heat transfer mechanisms of torrefaction and developed 

mathematical models to simulate the heat generation profile due to the internal and spontaneous 

combustion of a cylindrically-shaped poplar wood. COMSOL modeling software was used to 

analyze and simulate the heat generation profiles that were closely similar to those from the 

experiments; hence led to a development of a correction factor to scale treatment inputs. 
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Chapter 1 INTRODUCTION  

 
1.1 BACKGROUND  

Carbon-offset programs to limit the amount of greenhouse gas (GHG) emission have 

dominated the global warming discussions in addition to the continuous rise in world populations 

and uncontrollable rise in energy price. The total global energy consumption was estimated at 

400 exajoules per year and forecasted to grow by 50 percent by the year 2025 (Hazell and 

Pachauri, 2006). The climbing world population increased the energy (predominantly crude oil), 

demand in a more unsustainable fashion. Moreover, the high political instabilities existing in the 

oil-exporting nations are pushing oil prices high and making them unpredictable. As a result, this 

has spearheaded the increasing demand for clean and sustainable sources of energy. For instance, 

Europe established a cap-and-trade system in 2005 that limits CO2 emissions from about 50 

percent of industry to reach its emission target as dictated by the Kyoto Protocol (Paoluccio and 

Smith, 2006).  

Furthermore, fossil fuels (petroleum, natural gas, or coal), are major contributor to global 

warming and their sources are arguably depleting. Their emissions are not only damaging to the 

environment but also to the human health. The global use of carbon causes emission of 

approximately 7 billion tons per year and it is projected to reach 14 billion tons per year by 2050 

(Paoluccio and Smith, 2006). Heavy crude oil importing countries (predominantly US, China, 

and EU nations) are aggressively exploring for alternative energy sources that are renewable and 

will lower GHG emissions; hence,  

Consequently, bioenergy, energy from biomass, is one of the key renewable energy 

sources that many industrial countries, including Canada as have found to substantially reduce 

GHG emissions and contribute enormously to sustainable energy generation. Bioenergy can be 
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in the form of solid (bio-solids), liquid (bio-oil/ethanol), or gas (bio-gas) and can be transported 

in many forms just like the fossil fuels. Bioenergy accounts for ten percent of world energy 

supplies of unused agricultural and forest residues and the potential to grow dedicated energy 

crops are enormous. Hence this offers a potential employment and income for farmers and rural 

communities around the world (Hazell and Pachauri, 2006). 

 Despite tremendous popularity gained by biomass energy in the recent years, the fraction 

of its utilization to produce energy remains insignificant in the overall source of energy 

production in Canada (Douglas, 2009). This can be due to several factors, including the 

limitation associated with its properties (Bridgeman et. al., 2008). The variations in biomass 

feedstock properties in its original form cause several challenges in handling, transporting, 

grinding and combusting or co-firing with coal. Biomass exhibits following properties in its raw 

form: low heating value, high moisture content, excess smoke during combustion, low 

combustion efficiency, low grindability, high ash contents, low energy density and highly 

hygroscopic. Torrefaction, a thermal treatment process of biomass, has been proved to improve 

biomass combustible properties (Pimchuai et al., 2010; Bridgeman et. al., 2008; Bergman, 2005).  

 During torrefaction the three main polymer constituents of biomass (hemicellulose, 

cellulose, and lignin) depolymerize. The depolymerization is only slight in lignin and cellulose 

buts severe in hemicellulose. As a result, biomass still retain most of it energy constituents after 

torrefaction and torrefied product has higher content of carbon (lower hydrogen-to-carbon ratio), 

higher calorific value and higher energy density (Svoboda et al., 2009). Higher percentage of 

lignin in torrefied biomass unquestionably increases the binding factor during pelletization and 

its increased brittleness reduces the required energy for grinding. As a result, Arias et al. (2008) 
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reported that torrefaction enhances biomass properties and facilitates its co-firing with coal 

pulverized coal-fired power stations.  

Pimchuai et al. (2010) examined the torrefaction of agricultural residues (sawdust, peanut 

husks, bagasse, and water hyacinth) and reported that torrefaction improved the physical and 

thermochemical properties of agricultural residues in terms of energy density, and heating value 

compared to those of raw biomass. These conclusions agree with the study completed by Sadaka 

and Negi (2009) on the torrefaction of wheat straw, rice straw and cotton gin waste as well as 

those completed by Bridgeman et al. (2008) on the torrefaction of reed canary grass, wheat straw 

and willow.  

 

1.2 OBJECTIVE AND SCOPE  

Since biomass exhibits great potentials as one of the sources of renewable energy and 

torrefaction improves their combustible properties, the solutions to reduce the consumption of 

fossil fuels and develop a more sustainable renewable energy production will require commercial 

production of renewable fuel, including torrefied biomass. While there are no commercial 

torrefaction plants operating yet, many commercial pilot plants are either under construction or 

in demo for testing and optimizations. Furthermore only limited studies are available on 

agricultural based biomass (Pimchuai et al.,2010) and few work have assessed the commercial 

applicability of torrefaction in power plants and the logistics of its impacts on the entire 

bioenergy supply chain (Maski et al., 2010; Uslu et al., 2008).  

However, no study exists to have examined the torrefaction recipes so as to improve its 

process efficiencies, quality of operations and productivities. This research will explore some 

process parameters in torrefaction to develop criteria that can enhance its operation efficiency 
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and be cost effective. Hence this research will evaluate the oxygen concentration effects on 

torrefaction performance; determine the minimum input condition at which biomass is torrefied; 

explore the heat transfer mechanisms during torrefaction; and evaluate the lignocellulosic 

composition of torrefied fuels. 
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Chapter 2 L ITERATURE REVIEW  

 
This chapter defines and discusses biomass properties, including their polymeric compositions 

and methods for characterizing their energy properties. This chapter also presents an in-depth 

discussion on torrefaction, including its meaning, history, process details and definitions, fuel 

characteristics, research gaps and commercial challenges. Consequently, this chapter will 

provide the platform for developing the problem statements and the research focus to be explored 

in some of the challenges related to torrefaction and its economical feasibility for commercial 

applications. 

 

2.1 OVERVIEW OF BIOMASS 

 According to Yoshida et al. (2008) the word “biomass” originally meant the total mass of 

living matter within a given unit of environmental area, but more recently, it is described as plant 

material, vegetation, or agricultural waste used as an energy source. Shankar et al. (2010) also 

defined biomass materials as a composite of carbohydrate polymers with a small amount of 

inorganic matter and low molecular weight with extractable organic constituents. Others defined 

biomass as a biological or organic material, which can serve as source of renewable energy 

through thermal or biochemical conversion processes. 

 Because biomass are organic materials which encompasses all living matter, their energy 

contents are obtained from the sunlight and stored in form of chemical energy which is then 

converted into heat energy through conversion processes. Biomass materials can be from crops, 

grass, wood residues, wood wastes, agricultural residues, animal wastes, and municipal wastes. 

Unlike fossil fuels, biomass is a renewable source of energy that cannot only be replenished but 

can add zero net of greenhouse gas to the atmosphere. A good illustration is wood residues, 
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which are remnants obtained from forestry processes. Trees absorb sunlight and CO2 from the 

atmosphere during photosynthesis to make cellulose from sugars; consequently, the cellulose, 

which contains stored chemical energy, releases this energy as heat when combusted and the 

CO2 librated as off-gas is approximately equivalent to the amount absorbed during 

photosynthesis. Hence, biomass can be greenhouse gas emission neutral. 

2.1.1 Properties of Biomass  

 The performances of biomass as fuel depend on the origin and type of the biomass, and 

these are characterized by their physical and chemical properties. Sizes, shapes, specific heat 

capacity, thermal conductivity, moisture contents, bulk density, grindability, and porosity 

characterize the physical properties of biomass; while the chemical properties are determined by 

ultimate or proximate analyses. The ultimate analysis of biomass provides the elemental 

compositions of biomass in weight percentage and this include carbon (C), hydrogen (H), 

Oxygen (O), nitrogen (N), sulfur (S), chlorine (Cl), and ash elements such as potassium (K) etc. 

However, the proximate analysis provides the percentage weight of fixed carbon (FC), moisture 

(M), ash (A), and volatile matter (VM) contained in biomass. The methods of performing these 

analyses are dependent on the standards in ASTM, ISO etc. These chemical and physical 

properties change with temperature and residence time for all biomass.  

 Other chemical compositions that influence the combustion process of biomass include 

cellulose, hemicelluloses, lignin, lipids, proteins, simple sugars, starches etc. The concentration 

of each class of compound varies depending on species, type of plant tissue, stage of growth, and 

growing conditions (Jenkins et al., 1998). 
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2.1.2 Polymer Compositions 

Biomass consists of three main polymeric constituents: Hemicellulose, cellulose, and lignin and 

generally they cover respectively 20–40, 40–60, and 10– 25 wt% for lignocellulosic biomass 

(McKendry, 2002; Yang et al., 2007).  Figure 2-1 shows the polymer structure of a woody 

biomass.  

2.1.2.1  Cellulose 

Cellulose is a linear polymer that makes up about 45% of the dry weight of wood, is 

composed of D-glucose subunits linked together to form long chains (elemental fibrils), which 

are further linked together by hydrogen bonds and Van der Waals forces. The cellular fibre 

formed by several microfibrils coming together can either be crystalline or amorphous (Pe´rez et 

al. 2002). 

 

Figure 2-1: Polymer Structure of a Woody Biomass (Source: Jeffries, 1994) 

 

In addition, cellulose is a high molecular weight polymer that makes up the fibers in 

lignocellulosic materials and its degradation starts anywhere from 240°–350°C because of high 
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resistance of its crystalline structure to thermal depolymerization owns to its strength (Mohan et 

al., 2006; Tumuluru et al., 2010). The waters held in the amorphous regions of the cellulosic wall 

rupture the structure and then converted into steam as a result of thermal treatment (Tumuluru et 

al., 2010).  

2.1.2.2  Hemicelluloses  

Hemicellulose is a complex carbohydrate polymer with a lower molecular weight than 

cellulose and makes up 25–30% of total dry weight of wood. It consists of D-xylose, D-mannose, 

D-galactose, D-glucose, L-arabinose, 4-O-methyl-glucuronic, D-galacturonic and D-glucuronic 

acids (Pe´rez et al. 2002). The principal component of hardwood hemicellulose is 

glucuronoxylan (glucuronic acid and xylose) whereas glucomannan (water soluble 

polysaccharide) is predominant in softwood (Pe´rez et al. 2002). In contrast to cellulose, 

hemicelluloses are easily hydrolysable and do not form aggregates. It consists of shorter polymer 

chains with 500–3000 sugar units as compared to the 7,000–15,000 glucose molecules per 

polymer seen in cellulose (Tumuluru et al., 2010). Thermal degradation of hemicellulose occurs 

between 130° – 260°C, with the majority of weight loss occurring above 180°C (Demibras 2009; 

Mohan et al., 2006; Tumuluru et al., 2010). Hemicellulose produces less tars and char due to its 

low degradation temperature range compared to that of the cellulose (Shankar et al. 2010). 

2.1.2.3  Lignin  

Lignin (along with cellulose) is the most abundant polymer in nature (Pe´rez et al. 2002). 

Lignin is an unstructured and highly branched polymer that fills the spaces in the cell wall 

between cellulose, hemicellulose, and pectin components (Tumuluru et al., 2010). It is covalently 

bonded to hemicellulose and thereby exhibits mechanical strength on the cell wall (see figure 2-

1). It is relatively hydrophobic and aromatic in nature and decomposes between 280 and 500°C 
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when subjected to a thermal treatment (Tumuluru et al., 2010; Demibras, 2009; Mohan et al., 

2006). Lignin is difficult to dehydrate and thus converts to more char than cellulose or 

hemicelluloses (Tumuluru et al., 2010).  

 

2.2 TORREFACTION OVERVIEW  

Biomass is characterized with physical and chemical properties that limit their 

applications in thermal conversion processes to consumable fuel like coal. A thermal 

pretreatment method known as “torrefaction” has been identified to enhance biomass combustion 

properties approximately similar to those of coal. So “what is torrefaction?” 

Many definitions exist in literature that describes the torrefaction process. Although the 

definitions exhibit similarities in terms of processes, the operating temperature range differs from 

studies to studies depending on the biomass types that were researched. Sadaka and Negi, 

(2009); Bergman et al. (2005); Rousset et al. (2011); and Mani (2009) defined the torrefaction 

temperature range from 200°C - 300°C. Prins et al. (2006) and Pimchuai et al. (2010) defined 

temperature between 230°C - 300°C. Arias et al. (2008) defined temperature range between 

220°C - 300°C while Chen and Kuo (2010) and Zwart et al. (2006) defined temperature range 

between 225°C - 300°C.  

Studies have shown that biomass exhibit different behaviour to thermal treatment owing 

to their types, origin and properties (Bridgeman et al., 2008); hence, the initiation of biomass 

thermal degradation depends on the type of biomass. A better understanding of this concept 

requires more investigation of the appropriate temperature at which biomass is truly torrefied.  

Furthermore, torrefaction causes the degradation/depolymerization of biomass during 

which various types of volatiles are liberated and the final product is a solid fuel called torrefied 
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biomass or torrefied fuel (Bergman et al., 2005; Pimchuai et al., 2010; Bridgeman et al., 2008). 

Historically, Torrefaction principle became known in relation to wood pretreatment in the 1930’s 

in France (Bioenergy Update, 2000) when the production of torrefied wood (TW) was researched 

for use in gasifiers. Not until the 1980’s, when there is an interest in substituting charcoal for TW 

in metallurgic processing plant that first torrefaction demonstration plant was built in France by a 

French company, Pechiney, to produce 12000-ton/acre of torrefied materials (Bergman et al., 

2005). Since then, Torrefaction has received significant interest; however, the failure of the 

Pechiney plant was reason why researchers are looking for alternative technologies/processes 

that are cost effective, sustainable, versatile and robust. Hence, no commercial production exists 

yet since Pechiney demonstration plant. 

 

2.2.1 Mechanisms of Torrefaction 

Thermal decomposition of biomass causes numerous reactions to occur through their 

polymer/cell structure during torrefaction. The decomposition process was well documented in 

Bergman et al. (2005) as seen in figure 2-2 below. At low torrefaction temperatures, 

decomposition occurs in the hemicellulose structure by means of a limited devolatilisation and 

carbonization; meanwhile, in the lignin and cellulose structure a minor degradation occurred. 

While hemicellulose undergoes severe thermal degradation between 200°C and 300°C only 

limited devolatilisation and carbonization occurred in the lignin and cellulose structure (Bergman 

et al., 2005). Hence, it can be concluded that hemicellulose is the most reactive polymer 

constituent of biomass and it is attributed to the significant mass loss in biomass during 

torrefaction (Bergman et al., 2005; Chen and Kuo, 2011; Sadaka and Negi, 2009; Acharjee et al., 

2011). 
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Figure 2-2: Decomposition regimes of lignocellulosic material during thermal treatment (Source: 
Uslu et al., 2005) 

 

2.2.2 Principal Properties of Torrefied Biomass  

Torrefaction treatment improves the combustible (physical and chemical) properties of 

biomass and the characteristics of torrefied products depend on the biomass properties and the 

operating (temperature and residence time) conditions used in the treatment. The main 

characteristics of torrefied products are as follows: 

i. Higher heating value – The calorific value of torrefied materials increase with increase in 

treatment temperature and residence time (Bridgeman et al., 2008; Pimchuai et al., 2010) and 



12 
 

this is can be due to its moisture content loss and higher carbon-to-oxygen or carbon-to-

hydrogen ratio (Arias et al., 2008).   

ii. Higher energy density – The energy density increases with increase in treatment temperature 

and residence time (Pimchuai et al., 2010; Sadaka and Negi, 2009). Torrefied materials 

contain approximately 70% of its original weight while retaining approximately 90% of its 

energy contents; hence gained approximately 30% in its energy density that is determined by 

ratio of energy yield to mass yield (Bergman et al., 2005).  

iii.  Hydrophobicity – Torrefied biomass are hydrophobic owning to the destruction of their O-H 

bond structure, hence making them incapable to retain or absorb moisture.  

iv. Enhanced grindability – Torrefied biomass is more brittle hence provides enhanced pulverize 

characteristics and requires far less energy for grinding compared to those in raw forms 

(Bergman et al., 2005; Arias et al., 2008; Bridgeman et al. 2010).  

Furthermore literatures have shown that densification increases the bulk and volumetric 

density of biomass. Hence, a combined torrefaction and pelletization processes produce torrefied 

pellets, which pilot-scale experiments have shown to have better handling than biomass pellets 

due (Uslu et al., 2008; Kiel et al., 2009). Table 2-1 summarizes the comparison in fuel properties 

and handling characteristics of raw wood, wood pellets, torrefied wood pellets, coal and 

charcoal.  
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Table 2-1: Summary of Torrefied pellets Properties versus Coal (Source: Kleinschmidt, 

2011) 

Parameters Wood Wood 
pellet 

Torrefied 
Pellets 

Coal 

Moisture content (% wt) 30-40 7-10 1-5 10-15 
Calorific Value (MJ/kg) 9-12 15-16 20-24 23-28 
Volatiles (% db) 70-75 70-75 55-65 15-30 
Fixed carbon (% db) 20-25 20-25 28-35 50-55 
Bulk density (kg/m3) 200-250 550-750 750-850 800-850 
Volumetric energy 
density (GJ/m3) 

2.0-3.0 7.5-10.4 15.0-18.7 18.4-23.8 

Dust explosibility Average Limited Limited Limited 
Hydroscopic properties Hydrophilic Hydrophilic Hydrophobic Hydrophobic 
Biological degradation Yes Yes No No 
Milling requirements Special Special Classic Classic 
Handling properties Special Easy Easy Easy 
Transport cost High Average Low Low 

 

2.3 TORREFACTION PROCESS 

2.3.1 Process Overview  

Torrefaction involves three main steps: chopping, drying, and torrefaction (roasting). 

During torrefaction, biomass is fed into a chopper, which reduces them into smaller and more 

uniform sizes. The chopped biomass then goes through the drying process to remove moisture. 

Dried biomass is then thermal treated at appropriate torrefaction conditions depending on the 

biomass properties and product requirements. The low energy off-gas (flue gas) during 

torrefaction is composed of condensable and non-condensable substances, including carbon 

monoxide, carbon dioxide, water vapour, hydrogen and organic volatiles. The amount of gas 

products liberating during the process increases with increase in torrefaction treatment 

temperature. Hence, the higher the torrefaction temperature and residence time, the higher the 

mass yield. The low energy off-gas can be exploited for auto-thermal operation (i.e. re-use to 

supplement the input energy for torrefaction system as seen in figure 2-3 below (Bergman et al., 



14 
 

2005; Svoboda et. al, 2009). This heat integration setup enhances the process efficiency of the 

system and lower operation costs. 

Furthermore, the improved grindability of torrefied fuel makes it advantageous for 

densification, which facilitates storage, transportation, and co-combustion of biomass with coal 

in existing coal power plants with no additional investment (Bergman et al., 2005).  

 

 

Figure 2-3: Basic principle concept for directly heated, two-stage torrefaction with gas recycling 
(Source: Svoboda et. al, 2009)  
 

2.3.2 Mass and energy balance and hydrophobicity of torrefied biomass 

Biomass degradation during torrefaction causes the destruction of its hydroxyl (OH) 

group and making it incapable to form hydrogen bond with water and hence, loses its tendency 

to absorb or retain water (Bergman et al. 2005; Sadaka and Negi, 2009). Hence, torrefied 

biomass has a non-polar molecular structure, which is practically hydrophobic (Bergman et al., 

2005). Pimchuai et al. (2010) performed hydrophobic test by immersing raw and torrefied 
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biomass samples treated at different operating temperatures in water for two hours. The sample 

torrefied at a higher operating temperature absorbed the least insignificant amount of moisture.  

Biomass undergoes mass loss during torrefaction process and the severity of the loss 

depends on the torrefaction temperature and residence time. Majority of biomass weight loss is 

attributable to the devolatilisation of hemicellulose due to its high reactivity. Since only slight 

devolatilisation occur in lignin and cellulose, torrefied biomass retains majority of its energy 

content (Pimchuai et al., 2010). According to Bergman et al. (2005), the typical process of 

torrefaction retain around 70% of it mass which contains around 90% of its initial energy 

contents; hence, around 30% of the mass containing 10% of energy content of the biomass is 

converted into torrefaction gases (i.e. the volatile organic compounds released as flue gas). This 

is illustrated in figure 2-4 below. Hence, its energy density increases.  

 

 

Figure 2-4: Mass and Energy and Energy Balance of a Typical Torrefaction Process  
 

2.3.3 Grinding Performance of torrefied biomass   

Grinding step is required when preparing biomass for combustion in a power plant; 

however, raw biomass consume excessive amount of energy when being grinded or pulverized  

and result to a low combustible fuel quality owing to their plastic behaviour (Govin et al., 2009). 

Torrefaction 
200 – 300 °C 

1M 1E 0.7M 0.9E 

0.3M 0.1E 

Biomass 
feedstock Torrefied biomass 

Torrefaction gas 
 M = Mass 

  
E = Energy 
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Torrefied biomass, however, is brittle and has less mechanical strength (Govin et al., 2009) due 

to the depolymerization, devolatilisation, and carbonization processes that it underwent during 

torrefaction. Hence, the crisp structure of torrefied biomass facilitates grindability and decreases 

the energy requirement for grinding as seen in figure 2-5 below (Arias et al., 2008; Govin et al., 

2009; Repellin et al., 2010; Phanphanich and Mani, 2011).   

In addition, Bridgeman et al. (2010) examined the grinding behaviour of torrefied energy 

crops in comparison to that of coal and concluded that, at appropriate treatment conditions, 

depending on the feedstock characteristics, torrefied energy crops exhibit similar grinding 

characteristics as coal. Moreover, most studies report that the energy required to grind torrefied 

biomass are between 10 and 20% of the amount required for raw biomass (Ciolkosz and 

Wallace, 2010). Although these positive results are encouraging, no analysis has been carried out 

to compare the net energy consumption for grinding plus torrefaction against the grinding of raw 

sample – this would add more meaning to this conclusion. 

 

Figure 2-5: Grinding energy for beech and spruce versus temperature (Source: Govin et al., 2009) 
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2.3.4 Particle size and bulk density of torrefied biomass   

Torrefaction process causes dehydration that initiates and propagates cracks in the 

lignocellulosic structure of biomass, as result, induces porosity and density changes (Repellin et 

al., 2010). Increased porosity, due to more particle voids after torrefaction, decreases particle size 

as well as the particle and bulk densities. Mani and Phanphanich (2011) showed that particle 

density and bulk density of pine chips and logging residues behave differently depending on the 

treatment temperature.  

 

2.3.5 Solids, liquids, and gas yield in torrefaction 

Torrefaction product yields are classified into solid, liquid, and gas and the composition 

of these products depend on the torrefaction operating conditions (temperature and residence 

time) and the biomass properties. According to Bergman et al. (2005), the torrefaction products 

are classified based on their state at room temperature. 

The products in the solid phase are dark brown coloured carbon-rich char with traces of 

ash. Those in gas phase are referred to as non-condensable or permanent gases and are usually 

CO2, CO, H2, CH4, CxHy, toluene and benzene while those in liquid phase are referred to as 

condensable gas or liquid and are divided into three sub groups: steam (moisture) organic (e.g. 

sugar, alcohol etc.) and lipids (e.g. fatty acids). The lipids are inert compounds that may 

evaporate during torrefaction conditions (Bergman et al., 2005). Usually these products, except 

the solid rich-carbon char, are of no interest. Figure 2-6 shows the typical compositions of 

torrefied materials. 
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Figure 2-6: Products formed during torrefaction of biomass (Tumuluru et al., 2010) 

 

2.3.6 Energy Requirements 

Energy requirements for torrefaction operation can be classified into three stages of 

reactions, which are dependent on the biomass properties and operating conditions. The first 

stage of is the drying stage, which includes initial heating and pre-drying (Bergman et al. 2005). 

At this stage the temperature is generally around 110°C to raise the temperature of biomass to 

vaporization state. The moisture evaporates until the critical moisture content is reached and the 

water evaporation starts to decrease.  

The next stage is the post-drying stage (Bergman et al. 2005), during which the 

temperature of biomass has increased to about 200°C and biomass is practically moisture free. 

Beyond this point, the torrefaction stage begins and this process depends on the operating 

temperature and the holding time.  
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Generally, the degradation reaction of biomass begins at temperature around 180°C 

(Felfli et al. 2004) and the heat front continually propagating inwards of the solid biomass as it 

heats up. This effects creates primary degradation reaction that is endothermic in nature; 

however, at temperature around 250°C for a woody biomass, the parts of the degradation 

reaction become exothermic but negligible in comparison to the endothermic reaction below 

300°C since no enough char and gas are produced.  

Overall, as seen in figure 2-6 below, large amount of energy (or heat duty) is required 

during the pre- and post-drying stages mostly while due to moisture removal and biomass 

reaching its ignition temperature while significantly low amounts is required for the torrefaction 

itself (Bergman et al. 2005).  

 

Figure 2-7: Stages showing the energy requirement when heating a moist biomass from “ambient” 
temperature to the desired torrefaction temperature and subsequent cooling of the torrefied 
product (Source: Bergman et al. 2005) 
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2.4 TORREFACTION TECHNOLOGY AND STATUS  

 There are many established and “patented potential” methods for torrefying biomass, 

which are majorly based on different drying technologies. However, there exist several 

challenges which have made it difficult to run a full commercial scale torrefaction plant; one of 

these challenges is the complex characteristics of biomass and ability to control operating 

conditions that will improve the quality of torrefied products at low costs. 

The two principles of heat contact during a drying process are directly heated drying and 

indirectly heated drying. In the directly heated driers, biomass is brought in contact with the heat 

carrier, which can either be hot steam or hot air. However, in indirectly heated dryer, biomass is 

not in direct contact with heat carrier (Amos, 1998; Bergman et al., 2005). Many drying 

technology can be modified to meet the specifications of a torrefaction system. These 

technologies include rotary drum dyer, fluidized bed dryer, belt dryer, conveyor dryer, screw 

(auger) dryer, microwave dryer, and multiple hearths furnace dryer (or turbo dryer). 

 

2.4.1. Torrefaction technologies  

Many torrefaction technologies that have been proposed are based on drying technologies. This 

section will explore various common types of drying technologies being investigated as 

potentials technologies for torrefiers. 

2.4.1.1. Rotary Drum Reactors 

Rotary drum reactor consists of a rotating drum, which rotates about a fixed point via a 

rotating shaft and can either be configured in an inclined or vertical position. Most widely used 

type is the directly heated single-pass in which hot gas (or steam) is contacted with biomass in a 

rotating drum. The rotating drum causes the biomass particles to tumble through hot gas to 
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promote heat and mass transfer (Amos, 1998). In addition, hot steam can be used as heat carrier 

in a rotary drum dryer. Previous studies have shown that rotary reactor exhibits poor heat transfer 

rate, slow drying capability, inability to hold temperature, and inability to retain heat (Bergman 

et al., 2005). 

2.4.1.2. Fluidized bed Reactors 

Fluidization is one of the most commonly used techniques and found to have widespread 

applications for drying of solid particulates. The techniques requires high-velocity hot gas stream 

that creates a “fluid bed” with special hydrodynamics and heat and mass transfer characteristics 

(Kudra and Mujumdar, 2002). Fluidized bed drying offers many advantages, including fast 

drying and high thermal efficiency with uniform and closely controllable bed temperature 

(Chandran et al., 1990). It offers good mixing and ease of combining several processes 

(Chandran et al., 1990). However, its fast drying advantage is not ideal for torrefaction because 

torrefaction requires a slow and controllable drying rate. 

2.4.1.3. Moving Bed Reactors  

A moving bed reactor is characterized by the movement of both solid and fluid phase 

during reaction. This operation may be countercurrent, co-current or crossflow depending upon 

the relative directions of fluid and solid (Marb and Vortmeyer, 1998; Barrozo et al., 2006). The 

moving bed technique, especially on its application in agricultural dryers, has become popular 

owing to its lower investment, lower energy consumption, less mechanical damage to the seeds 

(Barrozo et al., 2006). Bergman et al. (2005), also concluded that moving bed system has high 

heat transfer rate, good hold time for temperature, and low pressure drop.  
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2.4.1.4. Screw Conveyor Reactors  

A screw conveyor consists of a helical flight fastened around a pipe or solid shaft that is 

mounted within a tubular or U-shaped trough; hence when the screw rotates, material heaps up in 

front of the advancing flight and is pushed through the trough (Waje et al., 2006). Screw 

conveyor dryer consists of a jacketed conveyor in which material is simultaneously heated and 

dried through an indirectly heating contact to provide greater heat transfer area with minimum 

space requirements (Waje et al., 2006). Screw conveyors dryers (SCD) have utilities in many 

industrial applications, including agricultural, food, chemical, pharmaceutical, and pyrolytic 

process of coal (Waje et al., 2007).  

2.4.1.5. Microwave Reactors 

Microwave heating is very attractive for various chemical processes as it produces 

efficient internal heating for chemical reactions, even under exothermic conditions (Leonelli and 

Mason, 2010) and has become a widely accepted non-conventional energy source for performing 

organic synthesis (De la Hoz et al., 2005). In addition, microwave heating provides shorter 

residence time, prevents undesirable secondary reactions that lead to formation of impurities, and 

provides volumetric heating with good penetration depth (Miura et al., 2004; Leonelli and 

Mason, 2010). Several advantages of microwave drying come from volumetric heating rather 

than surface heating due to heat penetration. However, some of the drawbacks of Microwave 

heating technology are inability to process fines and allow scale up of operation (Melin 2011) 

and inability to provide uniform heating.  

2.4.1.6. Multiple Hearths Furnace Reactor 

Multiple hearths furnace (MHF) is a vertical refractory-lined cylindrical steel shell 

reactor, which contains circular hearths that rotate in a horizontal plane about a center shaft 
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installed with rabble arms that moves in spiral path across each hearth (Dangtran et al., 2000). 

The materials that enter the top hearth pass through a drop hole to the hearth below. The 

retention time of the materials in the multiple hearths can be from 0.5 to 3 hr depending on the 

shaft speed and on the number of hearths (Dangtran et al., 2000). In some operations, 

combustion of charged-elements supplies the heat while in other cases it is furnished with 

combustion of auxiliary fuel by direct or indirect firing (FGC Group, 2010).  

According to Dangtran et al. (2000), a multiple hearths furnace is divided into three 

zones: the upper zones (or the drying zone) is where raw materials undergo drying to remove 

moisture; the middle hearths zone (or the combustion zone), is where the dried materials are 

exposed to combustible reactions at high temperatures, hence, the residence time is usually short; 

and the lower hearths (or the cooling zone) is where the products are cooled and heat is 

transferred to the incoming combustion air/steam.  

Some benefits of MHF are their capacity to: allow wide range of processing conditions 

including mode of heat transfer (co-current, counter-current, or crossflow); control temperature 

and residence time, provide high heat and mass transfer, and ensure good mixing (Dangtran et 

al., 2000; Melin 2011; FGC Group, 2010). MHF drawbacks however are their sensitivity to 

change feed characteristics, sealing issues, and high cost of maintenance due multiple moving 

parts. 

 

2.4.2. Comparison of Reactor types on Torrefaction 

Overview of various torrefaction technologies were documented in torrefaction review 

papers and conference presentations (Melin, 2011; Kleinschmidt, 2011; Walton and Van 

Bommel, 2011) and these reviews included the lists of companies and associated vendors, 
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locations, reactor concepts, production capacity and estimated time to begin operation. However, 

none has been able to meet their proposed target yet. Consequently, a torrefaction reactor must 

be proven and versatile enough to accommodate various operating conditions, including the 

capacity to: 

• Control temperature and residence time; 

• Accommodate wide range of feedstocks properties and wide range of particle sizes; 

• Accommodate the heat integration system to take advantage of energy recirculation to 

supplement the process heat; 

• Provide uniform heating, high heat and mass transfer rate; and  

• Robust and cost effective, and scalable  

 Ranking these different reactor technologies was based on the criteria outlined above via 

decision matrix. Table 2-3 below shows the total rating of each potential technology. Moving 

bed, fluidized bed, multiple hearths furnace, rotary drum are top ranked technologies. These 

ratings are slightly different from those from Melin (2011) due to the consideration of moving 

parts, which is attributable to high maintenance costs and/or unnecessary interruptions of plant 

operations.  

 

 

 

 

 



25 
 

Table 2-2: Comparison of Potential Torrefaction Technologies1 

Potential 
Technologies 

Mode of 
Heating Criteria 

Total 
Rating 

C
om

m
on

 d
ry

in
g 

te
ch

no
lo

gi
es

 

D
ire

ct
 

In
di

re
ct

 

P
ro

ve
n 

te
ch

no
lo

gy
 

H
ig

h 
he

at
 a

nd
 m

as
s 

tr
an

sf
er 

H
an

dl
in

g 
fe

ed
st

oc
k 

ty
pe

s 
(li

gh
t/h

ea
vi

er
/r

es
id

ue
/w

as
te

/w
oo

d) 

T
em

pe
ra

tu
re

 c
on

tr
ol

 

R
es

id
en

ce
 ti

m
e 

co
nt

ro
l 

S
ca

la
bi

lit
y 

H
ea

t I
nt

eg
ra

tio
n 

P
lu

g 
flo

w
 

U
ni

fo
rm

 H
ea

tin
g 

of
 m

at
er

ia
ls

 

W
id

e 
ra

ng
e 

of
 p

ar
tic

le
 s

iz
es 

N
o 

in
te

rn
al

 M
ov

in
g 

pa
rt

s/
fo

ul
in

g
 

S
ea

lin
g 

pr
ob

le
m 

  
Rotary Drum 
Reactor X   2 1 2 1 1 2 2 1 1 2 2 0 17 
Fluidized Bed 
Reactor X   2 2 0 2 1 2 2 0 2 1 2 2 18 
Moving Bed 
Reactor X   1 2 1 2 2 1 2 2 1 1 2 2 19 
Screw Conveyor 
Reactor  X 2 1 1 1 2 0 2 2 1 1 0 0 13 
Microwave 
Reactor X  0 1 2 0 2 0 0 2 0 1 2 2 12 
Multiple Hearths 
Furnace X  2 2 2 2 1 2 2 2 1 2 0 0 18 

Score: 2= high, 1 = medium, 0 = low 
 

 

2.5. TORREFACTION IN CANADA  

2.5.1. Biomass Availability in Canada 

 Canada, with the second largest territorial size of any nation, has approximately 979.1 

million hectares of land and water. Out of the 397.2 million hectares of treed land, forested land 

covers 347.7 million hectares with 7.8 million and 41.8 million hectares classified as “other land 

with tree cover” and “other wooded land” respectively (Canada forestry inventory, 2010). In 

                                                 
1 Weight for all criteria is 1 
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2004, Canadian sawmills produced 83.5 million cubic meter of lumber, 47% of this was from 

British Columbia followed by 24% from Quebec, and 10% from Ontario.  Although production 

has declined in recent years due to the US led recession (Douglas, 2009). Two main sources of 

bioenergy feedstock supply in Canada are from agriculture and wood-based products. Wood-

based sources can be from three potential source categories: wood waste from mills, residual 

biomass after harvest, or from stands grown specifically for biomass production (Wood and 

Layzell, 2003). The wood waste from mills is widely utilized among the three categories.  

Canada has access to abundant forest and agricultural land that serve as great sources for 

biomass feedstock to generate sustainable energy production. (Helwig et al., 2002) evaluated the 

biomass inventory in Canada and reported that approximately one million oven dry tons per year 

(odt/y) of cereal straw and three million odt/y of corn stover are available in eastern Canada and 

in addition, the gross energy potentials of these residues is approximately 92 million gigajoules 

per year. In Canada, approximately 4.7% of national primary energy for 2006 was derived from 

the conversion of renewable biomass and wastes. This fraction is projected to increase to 6–9% 

over the next 20 years (Douglas, 2009). This projection is low compared to other industrial 

nations, however encouraging. 

 In 2003, BIOCAP Canada published results of the analysis conducted to assess the 

biological resources (mainly agriculture and forestry) that are available in Canada and presented 

the following results: on the basis of bioenergy stock, 245 million hectares of timber productive 

forest in Canada have a biomass carbon stock of about 15.8 billion tonnes of carbon, totaling to 

566 exajoules or 69 times Canada’s annual energy demand met by fossil fuel; on the basis of 

annual harvest, the annual energy content of biomass harvest in Canada amounts to 5.1 

exajoules, which is 62% of the energy derived from fossil fuel combustion; and on the basis of 



 

biomass residue, about 60 million tonnes of carbon streams may be considered “available” 

feedstock for a bio-based economy and t

exajoules of energy contents per year, which is 18 

fossil fuels in 2000 (Wood and Layzell, 2003). Agricultural biomass available for energy was 

estimated to be 19.3 millions of 

below for the breakdown.  

Figure 2-8: Figure 2 7: Summary of available agricultural residues (M odt/yr) in Canada, 2001 
(Data source: Wood and Layzell, 2003)
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litters and MSW. Poultry litters and MSW require large amount of landfill space with intensive 

capitals to manage them; hence, subjecting them into treatment that will return green jobs and 

produce more utility energy will be a good economy strategy.  

Therefore, a successful development of a commercially operable torrefaction plants can 

revolutionize the green energy potentials for the energy industry, serve as bridging technology 

that leads conventional systems towards and sustainable energy system, and largely reduce the 

consumption rate of fossil fuels. It may also serve as potential replacement of coal in power 

plants. 

 
 
2.6. PROBLEM STATEMENT  

Most torrefaction research has mainly focused on biomass fuel characterization but less 

focus on the commercialization techniques, including technology that will bring torrefaction to 

energy markets. It is also important to note the confusions among literatures on the operating 

conditions (temperature and residence time) suitable for torrefaction to obtain torrefied biomass. 

While biomass property difference and types played a great role in these confusions, the research 

in this area is lacking. In addition, Torrefaction process is proposed to take place in an oxygen 

free environment; however, the limited oxygen content contained in the low energy off-gas (flue 

gas) exiting a torrefier (torrefaction reactor) requires oxygen removal prior to reutilizing it as 

secondary input heat in torrefaction operation. This removal process adds to torrefaction 

operation costs.  However, no study has examined the effects of limited of oxygen presence in 

torrefaction performance and how it affects the input treatment temperature and residence time. 

Since torrefaction mode of operation is based on thermal drying process, the ability to 

identify the technology suitable for torrefaction applications will require a completion of a pilot 
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scale study of common thermal dryers, that had been successfully modified to fit the requirement 

of a torrefier, and then analyzed to select best probable reactor that meet most, if not all power 

plant operation requirements. However, only limited studies are available in this area as well.  

2.6.1. Research Focus  

The current research focuses on developing torrefaction recipes, including minimum 

input temperature and residence time that achieves biomass torrefaction and aid its process 

design. The research specifically focuses on the following areas: 

1. Exploring the effects of limited oxygen on torrefaction performance – this will examine the 

fuel properties of wheat straw and willow samples torrefied in limited oxygen of 6% as 

compared to those torrefied in 0% oxygen conditions;  

2. Defining the minimum treatment temperature and residence time to produce a torrefied 

biomass that exhibits the best hydrophobic properties, grindability characteristics, and energy 

density; 

3. Exploring heat transfer mechanism/model in poplar wood undergoing torrefaction to identify 

the heat generation regime and internal heat generation; 

4. Determination of polymeric (hemicellulose, cellulose, and lignin) compositions of 

switchgrass before and after torrefaction to determine the extent of degradation by using 

chemical method; and 

5. Cost analysis of running torrefaction operation in a commercial setting. 
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2.6.2. Methodology 

Firstly, the effects of oxygen concentration on torrefaction performance of wheat straw 

and willow will each be explored by treating the samples under two 0% (inert) and 6% (limited) 

oxygen conditions and then the performance will be accessed in terms of hydrophobicity, 

grindability, and energy density. Secondly, the following order of criteria will be used to assess 

and establish the minimum input requirement (temperature, residence time): hydrophobicity, 

grindability, and energy density. The reason for assessing hydrophobicity first is that 

hydrophobic biomass exhibits one of the most important criteria owing to its commercial 

benefits for flexible storage and inhibition of biological degradation. The grindability is assessed 

next because the samples must be in granules to obtain the HHV, which is then used to determine 

the energy density. The minimum input requirements to torrefy biomass is investigated by 

varying input temperature and residence time in the torrefaction of wheat straw, miscanthus, 

switchgrass, and willow. The determination of these recipes can help optimize the design of a 

state-of-the-art torrefier and provide more meaningful torrefaction definition.  
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Chapter 3 TORREFACTION OF AGRICULTURAL -BASED BIOMASS 

 
This chapter discusses torrefaction experiment of both herbaceous and short rotation woody 

biomass and presents the results and discussions as well as the conclusions. Torrefaction of this 

agricultural based biomass were completed. The sample preparations techniques and torrefaction 

experimental setup and procedures were developed to complete the torrefaction experiments. The 

torrefaction yields were then subjected to hydrophobic tests, grindability tests, and calorimetric 

test to determine their higher heating values (HHV) so as to calculate their energy densities. The 

results and discussions were presented and then followed by conclusions. In addition, the 

lignocellulosic composition and bulk density of raw and treated biomass were also explored.  

 

3.1. MATERIALS AND METHODS 

3.1.1 Materials 

The use of woody biomass in bioenergy research is a lot more common than agricultural-

based biomass due to their structure, properties, and ease of handling. Hence, this research 

focuses on utilizing agricultural-based biomass for torrefaction and hence, observes the 

complexities involved in their handling. Short rotation biomass was, however, used as reference 

for studying the characteristics of torrefied biomass with respect to raw biomass.  

The short rotation crop samples (willow and poplar) and herbaceous crops samples 

(wheat straw, miscanthus, and switchgrass) were agricultural based samples used in the 

torrefaction experiments. Willow (salix miyabeana) and poplar (genus-populous, nigra and 

deltoids hybrid) were obtained from the University of Guelph Agroforestory research station in 

Guelph. Both samples were cut from live trees in the fall of 2011. Wheat straw samples used 

were harvested in 2010 and obtained from the Ontario Crops Residues Research, which is 
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stationed in Huron County of Ontario; Miscanthus (miscanthus nagra) was harvest in fall 2011 

from the University of Guelph Agroforestory research station; and Switchgrass (Cave-in-Rock 

specie) was harvest in fall 2011 and obtained from OMAFRA-University of Guelph’s research 

field in Elora, Ontario.  

Proximate and ultimate analyses of all samples were completed and reported in table 3-1 

on dry basis. See section 3.3.1 for sample preparations test methods. 

 

3.1.2 Experimental Setup  

Figure 3-1 shows the experiment to simulate torrefaction process by using a high-

temperature test tube with a silicon stopper as a fixed bed reactor and a muffle furnace to supply 

heat to the desired temperature and allow dwelling for specified residence time. The setup 

consists of Thermolyne muffle furnace, silicon stopper, test tube, thermocouple with 3-mm 

stainless steel probe, thermocouple meter, flexible aluminum tubing, aluminum dishes, brass 

fittings, nitrogen gas, Testo 350 gas analyzer, and 500 ml conical flask. The muffle furnace has a 

chamber dimension of 178 mm width, 127 mm height and 495 mm depth with temperature range 

up to 1093°C (continuous) and 1200°C (intermittent). The furnace also has a vent guard of 32 

mm ID as seen below in figure 3-2. Figure 3-3 below shows the cross-sectional view of the test 

tube reactor inside the furnace. The high-temperature test tube size (25 mm OD and 200 mm 

depth) was selected to fit the venting system of the furnace. Three 3-mm size holes were drilled 

through a silicon stopper with 28 mm top face diameter, 23 mm bottom face diameter, and 30 

mm depth on its center line. 
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Figure 3-1: Torrefaction experimental Setup showing the muffle furnace in a fume hood and the 
tubing connections between the N2 gas cylinder, the reactor, and the water bath 

 
Figure 3-2: Schematic diagram of torrefaction experimental setup 
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Figure 3-3: Muffle Furnace showing the vent system 

 

The center hole in the stopper was fitted with thermocouple probe to measure sample 

temperature in the reactor. The two 3-mm tubing fitted into the two outer holes in the stopper 

were each connected via pipe fittings into a quarter inch hose that serve as gas inlet and exit 

lines. The inlet N2 gas hose was connected to the N2 gas cylinder while the exhaust gas hose was 

dipped into a water bath to observe the product gas exiting the reactor.   

 

Figure 3-4: Sectional view of furnace and inserted reactor 

 

3.1.3 Methods  

3.1.3.1 Sample preparations 

Wheat straw, miscanthus, and switchgrass samples were chopped into sizes of depth and 

thickness ranges from 5 mm – 25 mm and 3 – 5 mm respectively. Willow and poplar wood 
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samples were prepped by cutting them into workable lengths for easy handling and machining. 

Each wood sample was machined into smooth-surfaced cylindrical shape of approximately 12.7 

mm diameter and depths of 25.4 mm (willow) and 50.8 mm (poplar). About 3 mm (½ of total 

depth) diameter hole was drilled through the core of each wood sample to about two-third of 

their total depth so as to measure the core temperature during torrefaction experiment.  

Fuel analyses (ultimate and proximate) were performed on all five samples. These 

analyses determined the ash contents in each sample. ASTM E1756-01 standard drying method 

was used to dry all samples before torrefaction experiment. The mass and energy yields were 

reported in dry-ash-free-basis. Table 3-1 shows the fuel properties of wheat straw, miscanthus, 

switchgrass, poplar, and willow samples.  

Table 3-1: Fuel characteristics  

 Wheat straw Miscanthus Switchgrass Poplar Willow 
Heating value (MJ/kg)  
HHV  19.1 17.7 17.5 18.6 20.6 
Proximate analysis  
(dry basis) wt% 

 

Moisture content 6.73 4.94 5.29 5.13 2.19 
Volatile content 76.22 84.68 81.92 77.85 85.47 
Ash content 5.78 2.36 2.42 0.70 0.18 
Fixed carbon content 11.27 8.02 10.36 16.32 12.16 
Ultimate Analysis  
(dry basis) wt% 

 

Carbon 45.50 45.28 45.46 50.14 49.34 
Nitrogen 0.80 0.21 0.18 0.60 0.53 
Hydrogen 5.90 6.16 5.80 6.04 5.63 
Sulfur 0 0.03 0.03 0.02 0.01 
Ash 5.80 2.36 2.42 0.70 0.18 
Oxygen (by difference) 42.00 45.96 46.16 42.50 44.31 
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3.1.3.2 Oxygen Measurement  

A Testo 350 Gas Analyzer was used to measure/monitor the oxygen concentration in the 

reactor. The oxygen measurement accuracy and resolution of the gas analyzer are ±0.8% of full 

scale volume (0–25 Vol. % O2) and 0.01 Vol. % O2 respectively.  

The oxygen amount in the reactor was measured and controlled under ambient condition 

as shown below in the setup (figure 3-4). Each dried sample of the switchgrass, miscanthus and 

wheat straw were weighed three times under the same conditions to ensure accuracy of 

measurements. The mean weight was 2.5314g ± 0.000252 (mean ± SD). The sample was then 

carefully poured into a test tube (reactor) to prevent loss of materials. The silicon stopper, with 

fitted inlet and outlet tubing, and thermocouple probe (silicon assembly) was then inserted into 

the reactor until it is tightly fitted to ensure an airtight setup.  

This prep was different for the poplar and willow wood samples. One dried cylindrically 

shaped wood sample was used per experiment. The wood sample was weighed three times to 

ensure accuracy of measurement and the mean weight was 1.1323g ± 0.003 (mean ± SD). The 

average weight was recorded and the stainless steel thermocouple probe was inserted into the 

sample core before the silicon assembly in the reactor.  

The N2 gas inlet and exhaust hoses were then connected as shown in figure 3-4 for both 

cases. The exhaust hose connected to the gas analyzer carries the exhaust gas through the 

analyzer probe to measure the oxygen amount contained in the gas. The measurement 

repeatability was performed on the 6% measurement four times and the measured value mean 

was 6.00% ± 0.0096 (mean ±SD), 6.01% ± 0.0129, and 6.02% ± 0.0100 for day 1, 2, and 3 

respectively. The variations in the measurement may be caused by weight measurement, start 

and stop times, nitrogen flow into the reactor. (See data in appendix A for complete table). 
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Figure 3-5: Oxygen measurement setup prior to torrefaction experiment 

 
After the setup was completed, the N2 gas was discharged, at ±0.7 liters-per-hour flow rates, into 

the reactor to remove oxygen content from it. The N2 gas cylinder valve is shutoff after the 

desired oxygen amount in the reactor has been achieved and the exhaust tube is disconnected 

from the gas analyzer probe. Two oxygen categories examined for torrefaction performance were 

0% and 6%. The 0% O2 represents the inert condition while the 6% O2 represents reduced (or 

limited) oxygen condition. 

3.1.3.3 Temperature Calibration 

Since the furnace temperature and sample temperature measurements are different, a 

temperature calibration test to set furnace temperature to appropriate treatment temperature was 

performed. Samples prepared as in section 3.3.1 for sizes and 3.3.2 for oxygen concentration was 

inserted into furnace as shown in figure 3-3. For each specified furnace temperature, the sample 

temperature was recorded as shown in table 3-2. Temperatures recorded were the maximum 

Reactor 
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sample temperature for each specified input temperature treatment. Hence, this temperature 

calibration provided a set of guidelines on what the furnace temperature would be set for each 

torrefaction experiment. The recorded temperatures for agricultural-based biomass were sample 

bed temperature while those for the woody biomass were sample core temperatures. 

 
Table 3-2: Temperature calibrations of biomass samples 

Furnace 
Temperature (°C) 

Sample Temperature (°C) 
Wheat straw Switchgrass Miscanthus Poplar Willow 

250 236.2 238.6 235.4 NA2 NA 
257 NA NA NA 236.1 232.6 
267 255.8 256.9 253.8 255.1 255.7 
285 277.1 275.9 280.6 272.2 276.4 

 

3.1.3.4 Torrefaction experiment  

3.1.3.4.1 Wheat straw and willow (Oxygen concentration) 

A test tube reactor with about two-third full of oven dried samples at desired oxygen 

condition (0 or 6%) was inserted into a muffle furnace through its vent at furnace temperature 

around 100°C. The furnace was programmed with heating rate of 10°C per minute to heat the 

samples to the desired temperature and allowed to dwell for specified residence time. The 

residence time in torrefaction experiment began when specified sample treatment temperature 

was reached. Hence, the operating temperature and residence time were 230, 250, 270°C and 15, 

30, 45 minutes respectively. After the specified residence time was reached, the reactor was 

removed from the furnace and then allowed to cool to room temperature in a desiccator and 

weighed to account for weight loss due to the depolymerization reactions that occurred during 

the experiment.  

                                                 
2 NA – not applicable 
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This experimental procedure was similar to that of willow except that one cylindrically-

machined willow sample was torrefied in a test tube reactor during each experimental run 

compared to a bulky of samples in agricultural-based sample cases. Thermocouple stainless steel 

probe was inserted into the centre hole of the willow to ensure that core temperatures are 

measured during torrefaction experiment (see figure 3-3).  

3.1.3.4.2 Required input conditions for torrefaction 

The experimental procedures were similar to that of section 3.3.4.1 except that the only 

0% oxygen concentration was maintained throughout the torrefaction experiment performed on 

wheat straw, miscanthus, switchgrass and willow. Hydrophobicity tests were first carried out 

upon the completion of each experiment to determine the fuel hydrophobic performance based 

on the input temperature and residence time. Hence, the grindability and HHV test to determine 

energy density were then performed only on the torrefied samples with best hydrophobic 

characteristics.  

3.1.3.5 Hydrophobicity Test 

Many studies on torrefaction reported that torrefaction enhance the hydrophobic 

characteristics of biomass; however, no standardized method exist yet for hydrophobic testing of 

biomass. Pimchuai et al. (2010) demonstrated hydrophobic test by immersing raw and torrefied 

biomass in water for 120 minutes, allowed to dry and determined the weight change as a measure 

of moisture absorption. This approach was similar to Felfli et al., (2005) in investigating the 

hydrophobic characteristics of briquettes; except that briquettes were immersed in water for 70 

minutes.  

The current study adopted this method, except that raw and torrefied samples were 

immersed in tap water at room temperature between 23 and 25°C and relative humidity between 
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18 and 23% for 240 minutes to expose the samples to more severe condition. The samples were 

removed from the tap water and carefully spread on coffee-maker filter to drain moisture on the 

sample. The sample weights were taking every ten minutes till constant weights were achieved, 

which was around 60 minutes.  These tests were performed twice under same conditions to 

ensure repeatability. See appendix A. In addition, hydrophobic test was done by placing the raw 

and torrefied samples in controlled relative humidity conditions of 50 – 63% (mild condition) 

and 85 – 93% (severe condition) for 120 minutes in each condition. These tests were repeated for 

each humidity conditions to ensure repeatability. See appendix A. 

3.1.3.6 Grindability Test 

Arias et al. (2008) evaluated the grindability of torrefied wood using a cutting mill, 

Retsch SK100, with a bottom sieve of 2 mm while Repellin et al. (2010) pre-ground torrefied 

wood using knife mill, Rescth SMI, sieved using 2mm and 4mm sieve size, and then fine-ground 

using ultra centrifugal mill. Furthermore, Bridgeman et al. (2010) accomplished grinding of 

willow and miscanthus by using a Retsch PM100 ball mill. In all cases, energy consumption was 

measured and the grindability was based on the energy consumed.  

In the current study, grindability was measured based on the weight percentage of 

grounded particles that pass through a selected sieve size (1 mm), that is, the mass ratio of sieved 

particles to the grounded particles. A coffee grinder was used to achieve the grinding with energy 

input of 55Wh. The reason to use 55Wh input energy for the experiment was based on achieving 

over 99% grindability for wheat straw sample treated at 270°C, 45 mins, 6% O2 input condition 

with 1650W, required power for the grinder to operate at any instant, in 120 s.  
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3.1.3.7 Mass and Energy Yields and Energy Density 

The mass and energy yield are main parameters in the evaluation of the torrefaction 

process (Bergman et al., 2005). Mass yield (YM) is obtained as a ratio of torrefied sample weight 

to raw sample weight. Energy yield (YE) calculation is a function of the mass yield and higher 

heating value. These two parameters describe the transition of mass and chemical energy from 

the biomass to the torrefied products and their equations were adopted from Bergman et al., 

(2005) Energy density (DE), however, is the ratio of energy yield to mass yield. The mass yield, 

energy yield, and energy density are calculated by using the following equations: 

Mass yield (YM):            �� � ���
��

� 100%���           (3.1) 

Energy yield (YE):              �� � ��� ����
���� � 100%���    (3.2) 

Energy density (DE):           �� � ��
��      (3.3) 

Where:  MP = mass of torrefied (g); d.a.f = dry-ash-free    

MR = mass of raw biomass (g); 

  HHVR = high heating value of raw (MJ/kg); and 

HHVP = high heating value of torrefied (MJ/kg) 

The higher heating values (or gross heat of combustion) of the raw and torrefied wheat straws 

were determined through oxygen bomb calorimeter experiment. 

3.1.3.8 Bulk density test of raw and treated miscanthus 

Bulk density is a ratio of particle weight to its volume (including solid volumes, pore 

volumes and the interstitial void between particles). ASTM E 873 – 32, a standard method used 

in Phanphanich and Mani (2010), was employed to measure the bulk density of raw and torrefied 

miscanthus. The packed volume of miscanthus (raw and treated) samples were measured by 
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using a graduated cylinder of 100 ml capacity and carefully dropped five times from a height of 

about 3 cm to the floor to ensure that materials are well and freely packed within the specified 

cylinder mark of 16.39 cm3 (ml) as per standard. The samples weight was measured on an 

electric weigh balance with readability of 0.1 mg. The ratio of measured weight to the packed 

volume was calculated as the bulk density.   

3.1.3.9 Lignocellulosic compositions test for raw and treated switchgrass 

Chemical analytical method was used to determine the lignocellulosic compositions of 

raw and torrefied switchgrass. The chemical analytical experiment was adopted from Harper and 

Lynch (1981) “the chemical components and decomposition of wheat straw leaves, internodes, and 

nodes”. The lignocellulosic components were determined by chemically extracting them in a 

sequential manner and then weighed to account for weight loss. Both raw and torrefied 

switchgrass samples, which consist of a well-mixed nodes and internodes, were carefully picked 

to ensure uniformity of samples and the weight were measured twice to ensure repeatability. 

Torrefied samples used were those treated in 230, 250, and 270 °C with same residence 

time 30 mins. Apparatus used were: Four 125 ml conical flasks, graduated cylinder, electric 

weigh balance, gloves, gas mask, and hot plates. 

3.1.3.9.1 Hot water soluble materials 

Hot water soluble materials are organic materials which cannot be extracted by organic solvent 

but can dissolve in hot water (solvent). To achieve the hot water soluble test, 75 ml of tap water 

was added to sample and boiled for one hour. The water was changed and boiled again for one 

hour. The samples were washed once with cold tap water, dried at 60°C for 15 hours and 

weighed (Harper and Lynch, 1981). 



43 
 

3.1.3.9.2 Lignin components 

For lignin composition test, 30 ml of tap water, 2 ml of 10 % aqueous acetic acid and 0.6 g of 

sodium chlorite were added to dried samples from section 3.3.9.1. Samples were heated at 75°C 

for one hour and more acid (2 ml) and sodium chlorite (0.6 g) added. After 2 h samples were 

washed with water (five times), acetone (twice) and ether (once) then dried at 105°C for 90 mins 

and weighed (Harper and Lynch, 1981). 

3.1.3.9.3 Hemicellulose components 

For hemicellulose composition, 20 ml of 24% KOH were added to left over samples from section 

3.3.9.2 and left in ambient condition for two hours. Samples were then washed with water (five 

times), 5% aqueous acetic acid (once), water (once), acetone (once) and ether (once), then dried 

at 105°C for 90 mins and weighed (Harper and Lynch, 1981).  

3.1.3.9.2 Cellulose components 

The weight of the residue, which is corrected for ash content, accounts for cellulose composition 

(Harper and Lynch, 1981). 

 

3.2 RESULTS AND DISCUSSIONS 

This section presents the oxygen concentration effects on torrefaction performance of willow and 

wheat straw and discusses the minimum input temperature and residence time to torrefy biomass; 

the bulk density of raw and treated miscanthus; and lignocellulosic compositions of switchgrass.  

It was observed that all samples exhibited the same behaviour of depolymerization reactions as 

they thermally degrade. The rate of exhaust gas liberating from the reactor at around 200°C 

started to increase and the bubbles release increased drastically. These conditions became more 

intense as the sample temperature rose. The water decolorizes into brownish colour and some 
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oily liquid condensates suspended on the water surface. In addition, figure 3-6 shows the pictures 

of treated wheat straw samples with torrefaction input of 270°C, 45 mins. The dark brownish 

colour of the fuel indicates a new solid polymer structure with higher carbon rich and ash 

fraction (Bergman et al., 2005). Appendix B shows the picture of all samples at different 

treatment conditions. 

 
 

Figure 3-6: Pictures showing the reactor with wheat straw treated at 270 C, 45 mins inside the 
Muffle furnace (right) and outside the furnace (left) 

 
3.2.1 Results of oxygen effects on torrefaction of wheat straw and willow wood 

3.2.1.1 Mass yield, Energy yield, and Energy density 

Table 3-3 shows the effects of input temperature and residence time on mass and energy yields 

and energy density for both oxygen categories. The mass yields of wheat straw and willow 

decreased with increase in temperature and residence time and this was due to depolymerization 

reaction that occurred during torrefaction (Bergman et. al 2005), causing mass loss in form of 

moisture and volatile organic compounds (VOC). The mass yields were a bit severe in samples 

treated with 6% oxygen content. Overall, the higher the treatment temperature and time the 

severe the mass yield.  
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Table 3-3: Mass and energy yields, energy density, and oxygen effects 

Temp 
(°C) 

Time  
(mins)  

Sample  
HHV  

(MJ/kg)  
Mass yield   

(wt %)  
Energy yield    

(wt %)  
Energy 
density  

0%  6%  0%  6%  0%  6%  0%  6%  

230  45  Wheat straw  22.6  22.5  83.8  82.8  97.9  97.1  1.17  1.17  

  
Willow  22.7  22.1  83.0  81.5  92.8  91.7  1.12  1.09  

250  45  Wheat straw  23.9  23.9  69.5  68.5  86.8  85.6  1.25  1.25  

  
Willow  24.7  24.5  78.6  77.8  89.8  88.9  1.22  1.21  

270  45  Wheat straw  26.1  25.9  59.5  58.7  81.3  79.6  1.37  1.36  

  
Willow  27.2  26.8  66.8  65.3  84.5  84.2  1.34  1.32  

 

It was also noted that the energy yield decreased with increase in the input temperature but not as 

much with residence time, however at much lesser proportion compared to mass yield for both 

oxygen categories. This is because the HHV of the wheat straw and willow increased with 

increase in temperature and residence time. Table 3-4 shows the percentage increase in HHV of 

willow and wheat straw for both oxygen categories. No significant differences were observed in 

both oxygen conditions. The HHV of raw wheat straw and willow are 19.13 MJ/kg and 20.30 

MJ/kg. See appendix A for the HHV of raw and 45 mins treated samples.  

Table 3-4: Percentage increase in HHV of willow and wheat straw for 0 and 6% oxygen 
conditions 

Treatment 
Conditions 

Wheat straw Willow 
0% 6% 0% 6% 

230°°°°C, 45 mins 17.94 17.96 11.86 11.16 
250°°°°C, 45 mins 24.89 24.88 21.43 20.57 
270°°°°C, 45 mins 36.64 35.69 33.72 31.86 

 



 

The samples retained most of their en

Bergman et al., 2005; Chen and Kuo, 2011)

13.23% loss in energy were obtained 

conditions. And these results were

the total mass loss was 31.49% 

treated at limited oxygen of 6% exhibited higher volatility than those torrefied at 0% oxygen 

condition, no significant difference was noted in mass and energy yields between both oxygen 

conditions. Figure 3-7a-d shows a linear rela

respect to the increase in temperature and residence time and table 

difference in the energy densities of willow and wheat straws torrefied at both 0% and 6% 

oxygen conditions.  
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he samples retained most of their energy content after torrefaction (Bridgeman et al. 2008

Chen and Kuo, 2011). For instance, a total mass loss of 

were obtained for wheat straw treated in 250°C, 

these results were similar for the 250°C, 45 mins, and 6% O

% and energy loss was 14.49%. Although willow and wheat straw 

treated at limited oxygen of 6% exhibited higher volatility than those torrefied at 0% oxygen 

condition, no significant difference was noted in mass and energy yields between both oxygen 

shows a linear relationship between the mass and energy yields with 

respect to the increase in temperature and residence time and table 3-3

difference in the energy densities of willow and wheat straws torrefied at both 0% and 6% 

Fig.3-7a 
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Fig.3-7b 

 

Fig.3-7c 
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Fig.3-7d 

Figure 3-7a-d: Effects of oxygen concentration on the energy inputs for torrefaction of willow and 
wheat straw 

 

3.2.1.2 Hydrophobic characteristics 

Table 3-5 and table 3-6 show the hydrophobic results for willow and wheat straw and 

willow torrefied both 0% and 6% oxygen conditions respectively. Figure 3-8a-b gives a better 

clarity of the temperature and residence time effects on hydrophobicity of willow and wheat 

straw. The hydrophobic results showed that the samples capacities to absorb moisture 

(hygroscopicity) decreases with increase in temperature and residence time for both oxygen 

conditions. This can be due to the degradation of biomass polymer structure during torrefaction 

that causes the destruction of its hydroxyl (OH) bond and making it lose capabilities to form 

hydrogen bond with water and hence, loses its capacity to absorb water (Sadaka and Negi, 2009). 

Other important observations were that wheat straw and willow treated in 6% oxygen condition 

exhibited better hydrophobic properties than those treated in 0% oxygen concentration.  
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Figure 3-8a-b: Oxygen effects on torrefied willow and wheat straw hydrophobicity
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Fig.3-8a 

Fig.3-8b 

: Oxygen effects on torrefied willow and wheat straw hydrophobicity
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3.2.1.3 Hydrophobic results for “water immersed” and “humidity controlled” tests 

“Water immersed” test simulated more extreme condition than “humidity controlled” test 

for hydrophobic properties testing. For the “water immersed” test, samples treated at 230°C 

exhibited poor hydrophobic characteristics compared to those torrefied at 250°C and 270°C. In 

addition, samples torrefied at longer residence time (e.g. 45 mins) at all treatment temperatures 

showed better hydrophobic characteristics than those torrefied at lower residence time (e.g. 15 

mins). For “humidity controlled” test, the hydrophobic results obtained under both severe and 

mild conditions were consistent with those from “water immersed” test in terms of temperature 

and residence time effects except that the water immersed tests showed more severe moisture 

absorption.  

 
 

Table 3-5: Hydrophobic test results for raw and torrefied wheat straw 

Temperature 
(°C) 

Time 
(mins) 

Water 
immersed test 

50 – 63% 
humidity test 

85 – 93% 
humidity test 

0% 6% 0% 6% 0% 6% 

230 
15 26.81 22.05 2.90 2.92 5.79 5.65 
30 20.07 18.41 2.69 2.62 5.67 5.21 
45 18.10 15.19 2.05 2.42 4.36 4.82 

250 
15 15.44 8.47 2.52 2.70 5.97 5.49 
30 8.27 7.04 2.41 2.58 4.63 4.22 
45 1.42 1.23 2.11 2.17 3.45 2.83 

270 
15 4.87 2.13 2.10 2.11 6.21 6.60 
30 2.89 1.52 2.05 2.08 3.95 4.84 
45 1.09 0.13 2.17 2.04 2.59 2.81 
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Table 3-6: Hydrophobic test results for raw and torrefied willow 

Temperature 
(°C) 

Time 
(mins) 

Water 
immersed test 

50 – 63% 
humidity test 

85 – 93% 
humidity test 

0% 6% 0% 6% 0% 6% 

230 
15 14.08 13.98 4.27 4.69 5.26 5.42 
30 12.16 10.28 3.57 2.62 5.00 5.11 
45 10.19 9.83 3.45 2.42 4.85 4.92 

250 
15 10.21 9.96 3.55 2.70 4.97 4.99 
30 8.72 6.60 3.12 2.58 4.36 4.42 
45 5.24 1.53 3.03 2.17 4.19 4.43 

270 
15 7.35 2.12 3.26 2.11 4.25 4.30 
30 5.99 1.58 3.02 2.08 4.03 4.09 
45 1.59 0.97 2.88 2.04 3.94 3.94 

 

3.2.1.4 “Water immersed” versus “humidity controlled” tests  

Experimental observations showed that sample immersed in water inevitably increased in 

weight because of unabsorbed water traces within the interstices of the sample and would only 

evaporate depending on the atmospheric conditions (evaporation rate and surface area of the 

sample) and the period of exposure to the ambient air. To ensure consistent test and limit 

erroneous measurements, the lab condition was maintained between relative humidity of 19 and 

24% and temperature of 20 and 24°C. In addition, the samples were allowed to drain for 15 

minutes and then weighed and reweighed until constant weight over 5 minutes period was 

achieved.  

As for humidity test, increased relative humidity increased the moisture content (water 

vapor) in air until dew formation and thus leads to condensation. The condensed moisture is 

inevitably deposited on the surface of the sample and perhaps entered into their interstices. 

Hence, in this case, the measured sample weight would equal the sample weight plus the 

condensed moisture weight in the sample and leads to misleading conclusions. Consequently, 
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hydrophobic test done by “water immersed” method provided more reliable results than the 

“humidity controlled” test method.  

3.2.1.5 Oxygen effects on hydrophobic properties 

Willow and wheat straw torrefied at 6% limited oxygen showed better hydrophobic 

property than those torrefied at 0% oxygen condition. This may be due to the higher volatility of 

the biomass compounds that occurred during the torrefaction treatment under the 6 % limited 

oxygen causing more destruction of the hydroxyl in the wheat straw chemical structure than 

those torrefied at 0% oxygen. Although the difference between the moisture absorbed/retained 

for both oxygen treatment conditions converged with increasing temperature and residence time. 

3.2.1.6 Oxygen effects on grindability  

Since grindability is a measure of ease at which a material grinds, figure 3-7a (wheat 

straw) and 3-9b (willow) show that the grindability of treated samples at both oxygen conditions 

increased with increase in input temperature and residence time. These results are consistent with 

those from Arias et al., 2008; Repellin et al., 2010; Bridgeman et al., 2010; and Phanphanich and 

Mani, 2010, which reported grindability as a measure of energy consumption and concluded that 

energy consumed to achieve specified fines decreases with increase in torrefaction input 

temperature and residence time. In addition, willow and wheat straw torrefied in 6% oxygen 

condition exhibited better grindability than those torrefied in 0% oxygen condition. For example, 

it took the input of 270°C, 45 mins to achieve a grindability of 98% for wheat straw torrefied at 

0% oxygen compared to lower input of 250°C, 45 mins for wheat straw torrefied at 6% oxygen. 

Hence, limited oxygen presence up to 6% during torrefaction enhances the grindability of wheat 

straw better than torrefaction under 0% oxygen condition.  
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Fig.3-9a 
 

 
Fig.3-9b 

 
Figure 3-9a-b: Oxygen effects on the grindability of torrefied willow and wheat straw 
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3.2.2 Results on optimum input parameters for torrefaction 

Hydrophobic test results showed that samples treated at longer residence time retained 

less moisture than those treated at shorter residence time and these were also complemented with 

higher treatment temperature. Table 3-8 shows the hydrophobic results of “water immersed” 

tests and figures 3-10a-d presents better clarity to torrefaction effects on the hydrophobic 

performance of treated samples. It can be observed that each sample, owing to their distinguished 

properties, exhibits different hydrophobic characteristics when subjected to torrefaction process.  

Wheat straw exhibited worst hydrophobic characteristics compared to miscanthus and 

switchgrass. Moisture retention of about 1% was achieved for switchgrass and miscanthus 

treated at 250°C, 45 mins while similar results were only achieved for wheat straw treated at 

much higher input of 270°C, 45 mins. More specifically, moisture retention of less than 1% was 

achieved for miscanthus and switchgrass at input condition of 250°C, 45 mins while wheat straw 

and willow retained less than 1% moisture at input of 270°C, 60 mins. However, looking back in 

table 3-5 and 3-6, moisture retention of less than 1% was achieved with input of 270°C, 45 mins 

when treated in 6% oxygen condition. It can be deduced that hydrophobic characteristics of 

biomass, which undergoes torrefaction treatment depends on the biomass type and input 

treatment parameters. 

 Hence, if a hydrophobic material is defined as a material that absorbs/retains less than 

1% moisture when exposed to ambient air, then the wheat straw and willow would be regarded 

as being torrefied with input parameters of 270°C, 60 mins, and 0% O2 conditions or 270°C, 45 

mins, and 6%. Miscanthus and switchgrass will be regarded as being torrefied when treated with 

250°C, 45mins, and 0% O2 input conditions. Since, hydrophobic characteristics increases with 

higher temperature and longer residence time, the grindability and energy density were 
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performed on all samples treated in 45 minutes residence time. Table 3-9 shows the energy 

density and grindability results for the selected samples. It can be noted that the energy density 

and grindability significantly increased with increasing temperature. By observation, sample 

treated with input condition of 270°C, 45 mins exhibited highest energy density and grindability 

in all samples treatment categories. Hence, if torrefied materials are measured by best 

hydrophobic characteristics, energy density, and grindability, then a general input condition to 

achieve this enhanced fuel properties is the 270°C, 45 mins treatment temperature and residence 

time.   

 

Fig.3-10a 

 

Fig.3-10b 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

220 230 240 250 260 270 280

15 Mins  - 0% O2 
30 Mins  - 0% O2 
45 Mins  - 0% O2 

%
 M

oi
st

ur
e 

ab
so

rb
ed

% Moisture absorbed by torrefied wheat straw

Temperature (°°°°C)

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

220 230 240 250 260 270 280%
M

oi
st

ur
e 

ab
so

rb
ed

Temperature (°°°°C)

15 Mins  - 0% O2 
30 Mins  - 0% O2 
45 Mins  - 0% O2 

%Moisture absorbed by torrefied miscanthus 
immersed in water fo 4 hours



56 
 

 

Fig.3-10c 

 

Fig.3-10d 

Figure 3-10a-d: Summary of energy density and grindability test results 
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Table 3-7: Summary of hydrophobic test results 

Sample Input Conditions Mass yield 
(wt %) 
(daf) 

Hygroscopicity 
(Wt %) Temp. 

(°°°°C) 
Time 
(mins) 

Wheat 
straw 

230 
15 84.38 26.81 
30 83.75 20.07 
45 79.02 18.10 

250 
15 74.40 15.44 
30 71.68 8.27 
45 69.48 1.78 

270 

15 68.71 4.87 
30 64.59 2.89 
45 59.52 1.09 
60 56.82 0.31 

Miscanthus 

230 
15 82.86 5.85 
30 81.76 2.33 
45 81.02 1.66 

250 
15 70.58 3.10 
30 69.43 1.60 
45 68.94 0.79 

270 
15 62.46 2.44 
30 57.80 0.55 
45 52.20 0.43 

Switchgrass 
 

230 
15 82.99 3.81 
30 81.09 2.71 
45 80.50 1.66 

250 
15 70.68 3.43 
30 68.77 1.85 
45 66.23 0.77 

270 
15 60.72 3.13 
30 58.17 0.66 
45 56.86 0.49 

Willow 

230 
15 84.60 14.08 
30 84.24 12.16 
45 83.03 10.19 

250 
15 83.67 10.21 
30 82.36 8.72 
45 78.64 5.24 

270 

15 76.44 7.35 
30 73.00 5.99 
45 66.81 1.59 
60 62.67 0.40 
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Table 3-8: Summary of energy density and grindability test results 

Temp 
(°°°°C) 

Time  
(mins)  Sample  HHV  

(MJ/kg)   
Energy yield    

(wt %)   
Energy 
density  

Grindability 
(wt %) 

230 45 
Wheat straw  

22.56 97.9 1.17 84.68 
250 45 23.89 86.8 1.25 95.50 
270 45 26.14 81.3 1.37 98.19 
230 45 

Miscanthus 
20.20 92.24 1.14 87.13 

250 45 22.49 87.38 1.27 93.50 
270 45 24.99 73.52 1.41 96.47 
230 45 

Switchgrass 
20.64 94.96 1.18 88.57 

250 45 22.61 85.59 1.29 97.78 
270 45 24.02 78.06 1.37 99.49 
230 45 

Willow 
22.71 92.8 1.12 81.71 

250 45 24.65 95.6 1.22 89.12 
270 45 27.15 89.5 1.34 94.97 

 

3.2.3 Bulk density results of raw and treated miscanthus 

Figure 3-11 shows the bulk density results of raw and torrefaction treated miscanthus. 

The bulk density of miscanthus decreased with increasing treatment torrefaction temperature and 

residence time due to loss of moisture and liberation of volatile organic compounds (VOC) 

during torrefaction, which causes the miscanthus to shrink. The volume and mass reduction, as a 

result, decreases the bulk density of torrefied miscanthus relative to its raw state.  

According to Phanphanich and Mani (2010), bulk density and particle density increase 

with decrease in particle size; however, only when the particle mass remain the same. 

Consequently, the results obtained in Phanphanich and Mani (2010) on torrefied logging residues 

showed that the bulk density decreased with increase in treatment temperature, which is 

consistent with results obtained for torrefied miscanthus. Hence, it is reasonable to conclude that 

a reduction in volume of biomass as a result of torrefaction treatment does not necessarily cause 

increase an in its density due to mass reduction.  
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Figure 3-11: Torrefaction effects on the bulk density of miscanthus 

 

3.2.4 Lignocellulosic composition test results for raw and torrefied switchgrass 

Table 3-10 shows the lignocellulosic composition of raw and torrefied switchgrass. The 
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torrefaction did not cause full decomposition of hemicellulose contents when switchgrass (or 

other residual crops) is torrefied.  

Table 3-9: Lignocellulosic composition of raw and torrefied switchgrass 

 

 

 

 

 

3.2.5 Repeatability tests for hydrophobicity of wheat straw treated in 0% and 6% oxygen 

conditions 

The validity or quality of an experiment is based on the variability of measurements and 

data acquisition. The hydrophobicity test involved procedures including picking specified 

amount of samples, weighing, and draining, hence a measure of uncertainty was performed by 

completing two tests using the same sample source, lab equipment and lab condition. Figures 3-

12a-c and 13-13a-c show the repeated hydrophobicity tests of samples treated in 6 % and 0% 

oxygen conditions respectively. See appendix A for input data.  

The plots showed that the tests in each treatment categories are consistent due insignificant 

deviation from test results. Repeatabilities were assessed for tests consistency by using a one-

way ANOVA.  

ANOVA was used to study if there is any significant difference between the hydrophobic 

performance of materials treated in 0% and 6% oxygen conditions. The null hypothesis is that 

there is no difference between the hydrophobic performance of materials treated in 0% and 6% 

oxygen conditions relative to the materials treated in the same oxygen conditions. 

Sample (switchgrass) Raw 230°°°°C 
30 mins 

250°°°°C 
30 mins 

270°°°°C 
30 mins 

Hot-water soluble materials content% 5.75 3.93 3.36 3.28 
Lignin content % 13.97 24.49 28.90 34.14 
Hemicellulose content % 32.47 24.62 21.48 17.31 
Cellulose content % 47.81 46.96 46.27 45.27 
Ash % 2.43 1.94 2.32 2.59 
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Fig.13-12a 

 

Fig.13-12b 

 

Fig. 3-12c 
Figure 3-12a-c: Repeatability test results for hydrophobic tests of wheat straw treated in 6% O2 
conditions 
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Fig.3-13a 

 

 
Fig.3-13b 

 

 
 

Fig.3-13c 
 

Figure 3-13a-c: Repeatability test results for hydrophobic tests of wheat straw treated in 0% O2 
conditions 
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A one-way ANOVA was performed in MS Excel with 95% confidence level and the output 

results for materials treated at 230°C, 45 mins are shown in table 3-11. The P-value obtained was 

greater than 0.05, which means that the hydrophobic performance supported the hypothesis that 

there is no significant difference in the hydrophobic performance between 0 and 6% oxygen, but 

this was very small since the p-value was only 0.01 from the confidence level of 0.05.  

Table 3-10: ANOVA between the hydrophobic performance of wheat straw treated in 
230°°°°C, 45 mins for 0% and 6% oxygen conditions    

Source of 
Variation SS df MS F P-value F crit 

Between Groups 5.8081 1 5.8081 14.8374 0.061269 18.51282 
Within Groups 0.7829 2 0.39145 

Total 6.591 3         
 

However, the derived p-values of 0.048 and 0.002 (in tables 3-12 and 3-13) for wheat straw 

torrefied in 250°C, 45 mins and 270°C, 45 mins respectively showed that there the hydrophobic 

performance was significantly different for wheat straw torrefied in 0% and 6% oxygen 

conditions. The difference was slightly significant for the 250°C, 45 mins treatments compared 

to treatment 270°C, 45 mins, which was highly significant. In fact, it the p-values showed that 

the difference in performance increased with increase in the treatment temperature and residence 

time.  

Table 3-11: ANOVA between the hydrophobic performance of wheat straw treated in 
250°°°°C, 45 mins for 0% and 6% oxygen conditions    

Source of 
Variation SS df MS F P-value F crit 

Between Groups 0.046225 1 0.046225 19.06186 0.048663 18.51282 
Within Groups 0.00485 2 0.002425 

Total 0.051075 3         
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Table 3-12: ANOVA between the hydrophobic performance of wheat straw treated in 
270°°°°C, 45 mins for 0% and 6% oxygen conditions   

Source of 
Variation SS df MS F P-value F crit 

Between Groups 0.82139 1 0.82139 478.0788 0.002085 18.51282 
Within Groups 0.003436 2 0.001718 

Total 0.824826 3         
 

Hence, the repeatability index, ri, to assess the consistency of measurement is calculated by using 

the following formula from Measey et al (2002): 

�� �
��������� ������ ��

���������� ! �" � 1������ ��� 

Where MSbetween = Mean Squares between groups; MSwithin = Mean Squares within groups; n = 

numbers of repeated measurements. The MSbetween and MSwithin are obtained from the ANOVA 

results in tables 3-11 to 3-13, and n = 2. The ri obtained are as follows: 

(1) 230°C, 45 mins: ri = 0.874; (2) 250°C, 45 mins: ri = 0.9003; 270°C, 45 mins: ri = 0.9958 

Since repeatability index between 0.7 and 0.9 are termed as high repeatability and when it is 

greater than 0.9 is termed very high repeatability (Measey et al., 2002; Martin and Bateson, 

1986), the hydrophobic experiments are consistent and highly repeatable.  

 

3.3 CONCLUSIONS 

3.3.1 Oxygen concentration effects on torrefaction performance 

The effects of oxygen concentration were determined by torrefying willow and wheat 

straw under 0% and 6% oxygen conditions with variable input temperature and residence time 

and the performance criteria were determined based on energy density, hydrophobicity, and 

grindability. Since energy density is a function of mass and energy yields, the results showed no 
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significance difference in the energy and mass yields of willow and wheat straw treated at 0% 

and 6 % oxygen conditions. Although willow and wheat straw treated in 6% limited oxygen 

exhibited better hydrophobic characteristics than those torrefied in 0% oxygen condition, 

increasing input temperature and residence time increased hydrophobic characteristics in both 

treatment oxygen conditions.  

Furthermore, grindability was measured based on the ratio of sieved particles to grounded 

particles, and the results showed that grindability of willow and wheat straw torrefied at both 0% 

and 6% oxygen conditions increases with increase in input temperature and residence time. 

However, materials torrefied in 6% oxygen condition exhibits better grindability than those 

treated in 0% oxygen condition. It took more input of 270°C, 45 mins to achieve same 

grindability of 98% for wheat straw torrefied at 0% oxygen compared to lower input of 250°C, 

45 mins for wheat straw torrefied at 6% oxygen.  

Hence, the presence of limited oxygen of up to 6% in a torrefaction process, under a lab 

scale setting, not only shows positive effects in torrefaction performance of wheat straw, but 

enhances their grindability and hydrophobicity. 

 

3.3.2 Input parameters for torrefaction 

Given the wide range of biomass types and properties that they exhibit, the input 

condition in terms of treatment temperature and residence time required to torrefy them may vary 

significantly. In fact, particle sizes and shape are other factors that may influence the process. 

This paper, however, explored the influence of input requirements to torrefy wheat straw, 

switchgrass, miscanthus, and willow using the following criteria and order: hydrophobicity, 

grindability, and energy density.  
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Results show that switchgrass and miscanthus retained less than 1% moisture at input of 

250°C, 45 mins compared to 270°C, 60 mins input for wheat straw and willow. However, the 

energy densities and grindability were lower for all samples treated in 250°C, 45 mins than those 

treated in 270°C, and 45 mins. Hence, if torrefied materials are defined when they retain about 

1% moisture and exhibit grindability around 90%, then it is reasonable to conclude that 

switchgrass and miscanthus are torrefied with input treatment of 250°C, 45 mins while wheat 

straw and willow are torrefied with input of 270°C, 45 mins.  

 

3.3.3 Torrefaction Impacts on Bulk density and lignocellulosic compositions 

Results show that bulk density decreases with increase in the torrefaction temperature and 

residence time. These may be due to the depolymerization of the miscanthus during the process, 

hence, reducing the treated materials to be more porous and lighter compared to the raw 

materials. The shrinkage in the volume however, does not lead to an increase in the bulk density 

as may be expected; this may be due to insignificant proportion of volume reduction relative to 

weight loss of the miscanthus.      

The lignocellulosic composition results show severe degradation of hemicellulose 

compared to cellulose and lignin compositions of switchgrass treated at 230°C, 250°C, and 

270°C and residence time of 30 minutes. Meanwhile, the lignin increased in proportion, meaning 

that either insignificant or no degradation had taken place.  
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Chapter 4 HEAT TRANSFER MECHANISMS DURING TORREFACTION  

 
4.1 INTRODUCTION  

Heat transfer mechanism is a useful tool in the torrefaction process design. As described in 

chapter 2, biomass comes in various types, sizes, physical and chemical properties, to name few. 

Consequently, the development of a treatment process requires the flexibility to upscale or 

downscale torrefaction equipment and process specifications to meet the physical and chemical 

states of biomass feedstocks. This is particularly important when developing or selecting input 

specifications, such as temperature and residence time, that will sufficiently complete 

torrefaction treatment of biomass. It can also serves as a great tool in the design of a state-of-the-

art torrefaction technology that has a high process efficiency and versatility. Hence, this chapter 

explored heat transfer mechanisms in two ways: 

1. Through torrefaction experiment of poplar wood  

2. Through mathematical modeling and simulation  

 

4.2 METHODOLOGIES  

4.2.1 Material and Experimental method 

The poplar samples were prepared as described in section 3.1.3.1 (sample preparations). 

The poplar sizes used were 12.7 mm diameter and 50.8 mm depth. Three k-type thermocouples 

and data logger were used to monitor and measure the temperatures of the sample surface, 

sample core and the furnace. The experimental setup was similar to the one described in section 

3.1.2 of chapter 3 except that two k-type thermocouples were inserted through the centre hole of 

a silicon stopper  into the reactor with one inserted into the core of the sample and the other 

embedded on the surface of the sample. The two thermocouples logged the temperature of the 
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core and surface of the sample during torrefaction. The third thermocouple was placed in the 

furnace to log the furnace temperature during the experiment (see figure 4-1). The silicon stopper 

assembly was then inserted into the test tube reactor until tightly fitted into it to create an airtight 

setup. The reactor was then inserted into a muffle furnace through its vent at furnace temperature 

around 100°C after its oxygen content has been purged under ambient condition. The furnace 

was programmed with heating rate of 10°C per minute to heat the samples to the desired 

temperature and allowed to dwell for specified residence time. Hence, the operating conditions 

used were 250, 270, and 300°C for temperature and 45 minutes residence time for each case. The 

three thermocouples were connected to a data logger, which recorded and displayed the 

temperature measurements in real time every 10 seconds. A real-time temperature versus time 

curves was also displayed during the experiment. 

 

Figure 4-1: Experimental setup for heat transfer in poplar wood undergoing torrefaction 
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4.2.2  Mathematical Methods 

A Lumped capacitance method was used to develop the heat transfer model with 

assumption that the temperature of the sample is spatially uniform at any instant during the 

transient conduction process (Incropera and DeWitt, 2002). This means that temperature 

gradients are negligible within the wood sample. Assuming that the Biot number (Bi) is less than 

1 and that temperature is uniform throughout the entire volume of the sample, then the Lumped 

capacitance method is applicable. The energy balance principle, which relates the rate of heat 

loss at the surface of the sample to the rate of change of the internal energy, can be used to 

determine/simulate the transient temperature response during torrefaction. Two models, as a 

result, were considered in the mathematical analyses: a model with heat integration input and a 

model without heat integration input. Figure 4-2 shows the schematic diagram of a cylindrically 

shaped poplar wood sample subjected to torrefaction. 

 

Figure 4-2: Poplar wood sample schematic diagram 

 

4.2.2.1Heat transfer model calculation without heat generation  

By using conservation of energy principle: 

E$ %& ! E$ '(& �	E$ *+, �	E$ -, � ./
.,       (4.1) 

Rate of energy transferred into the wood sample during thermal treatment: 

E$ %& � Q$ %& � hA-�T∞ � T�         (4.2) 

Where: h = heat transfer coefficient; As = the sample surface area 
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E$ *+, � 0 {Rate of energy out} 

E$ '(& � {Rate of heat generated due to chemical reaction} 

E$ -, � ρVC6 .7., � mC9 .7.,         (4.3) 

{Rate of energy stored during thermal treatment} 

Assuming that E$ '(&= 0, then the equation (4.1) becomes: 

hA-�T∞ � T� � 	mC9 .7.,          (4.4) 

Rearranged equation (4.7) to obtain:                                                                                                                        

.7
�7:7∞� � ;� <=>

?@AB dt           (4.5) 

Integrating both sides of (4.5) gives: 

ln�T � T∞� � �bt ! CH           (4.6) 

Where  I � <=>
?@A 

Taking exponent of both sides of (4.6) gives:  

T � T∞ � e�:K,L@M� � CN	e:K,        (4.7) 

Applying initial conditions to (4.7) to derive expression for C2: where time t = 0 and T = 0, 

gives: 

TO � T∞ � CN	           (4.8) 

Substitute C2 in (3.10) gives:  

 T � T∞ � �TO � T∞�e:K,                  (4.9)  

Hence the sample temperature during torrefaction treatment can be estimated using the (4.9) or 

equation (4.10) below: 

P � P∞ ! �PQ � P∞�R:
STU
VWXY        (4.10) 
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Where T = the sample temperature; T∞ = the furnace temperature; T0 = the sample initial 

temperature; Cp = specific heat capacity of the sample; and t = time.  

4.2.2.2 Heat transfer model calculation with heat generation 

This calculation is similar to that of section 4.2.2.1 except that the heat generation term is not 

zero. Considering the energy conservation principle as in equation (4.1), equation (4.4) above 

becomes: 

hA-�T∞ � T� ! E$ '(& � 	mC9 .7.,         (4.11) 

Rearranging (4.11) gives: 

.7

., � ;� <=>
?@AB �T � T∞� ! /$ Z[\

?@A         (4.12) 

Rearranging (4.12) gives    

		.7., � �b�T � T∞� ! ∅              (4.13)  

Where ∅ � /$ Z[\
?@A 	and	b �

<=>
?@A 

Rearranging (4.13) gives: 

  
.7
., � �b�T � T∞� ! ∅ � �b _�T � T∞� � ∅

K`                          (4.14) 

For simplicity, equation (4.14) is further rearranged as  

.7
�7:7∞�:φ � �bdt                        (4.15) 

Where a � ∅
K     

 Integrating both sides of (4.15) gives: 

lnb�T � T∞� � ψd � �bt ! CH         (4.16) 

Taking exponents of both sides of (4.16) gives:  

T � T∞ � ψ � e�:K,L@M� � CN	e:K,         (4.17) 
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Applying initial conditions to (4.17) to derive expression for C2: where time t = 0 and T = 0, 

gives: 

TO � T∞ �ψ � CN	            (4.18) 

Substituting C2 into equation (4.17) and rearrange gives:  

P � P∞ !e! �PQ � P∞ �f�R:
STU
VWXY          (4. 19) 

 
4.3 RESULTS  

4.3.1 Heat transfer mechanisms from experimental method  

Figures 4-3a-c show the temperature-time profiles that were generated during torrefaction 

of poplar wood. As seen in the figures, the measured core temperature (CT) and surface 

temperature (ST) increased with time as the measured furnace temperature (FT) increased. The 

CT and ST increased until they become steady after the treatment (furnace set temperature) was 

reached and internal combustion ceased to occur. Although the CT lagged the ST at the initial 

stage of the experiment, they both increased approximately at the same rate until the CT started 

to increase faster signifying that some internal combustion was occurring.  

The time at which this occurred during the experiment was different for each torrefaction 

treatment condition; this may be due to the difference in the sample moisture contents, as 

moisture enhances heat migration/conductivity. The CT in the 250°C-treatment overtook the ST 

at 420 s from the time the reactor was inserted in the furnace. The FT was 196°C while the CT 

and ST were 146°C and 144°C respectively at this instant. In the 270°C-treatment, the CT 

overtook the ST at 430 s when the FT was 207°C and the CT and ST were 163°C and 161°C 

respectively. 
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This condition, however, occurred differently in the 300°C-treatment. The CT initially 

grew passed the ST at 220 s when the CT and ST were 83°C and 80°C respectively. The 

difference in the CT and ST widened for few minutes and then shrunk to the same values of 

129°C when FT was 199.5°C. Beyond this point, the difference between CT and ST 

continuously widened until internal heat generation (IHG) was initiated; a point at which the CT 

exceeds the FT.  

 The internal heat generation (IHG) occurred due to the internal combustion of the organic 

materials within the wood structure and caused an exothermic reaction that was noted by the 

surge in the CT curve relative to the FT curve. The internal heat generated was different for each 

treatment temperature and occurred at different time. No significant CT surge was noted in the 

250°C-treatment compared those treated at 270°C and 300°C temperatures. The heat generation 

regime (HGR), which is the time between the instant when the CT curve rises above and drops 

below the FT curve, was also different for each treatment. 

 The fluctuations seen in figures 4-3a-c were due to the unstable conditions that existed in 

the reactor during the torrefaction experiments. This occurred due to the torrefaction product 

yields, including moisture and VOCs, liberated during the reaction at temperature lower than the 

reactor and sample temperature. These low temperature yields caused the sample temperature to 

drop and rise during the libration and drying phases. 

 



74 
 

 

(a) 

 

(b) 

0

50

100

150

200

250

300

0 1000 2000 3000 4000

T
em

pe
ra

tu
re

 ( °° °°
C

)

Time (s)

Tcore °C

Tsurf °C

Tfurnace °C

Temperature vs time profile for 250°C torrefaction 
treatment of poplar wood

0

50

100

150

200

250

300

350

400

0 1000 2000 3000 4000

T
em

pe
ra

tu
re

 ( °° °°
C

)

Time (s)

Tcore (°C)

Tsurf (°C)

Tfurnace (°C)

Temperature vs time profile for 270°C torrefaction 
treatment of poplar wood



75 
 

 

 
 

(c) 
Figure 4-3a-c: Temperature profiles of core and surface of willow torrefied at 250, 270, and 300°°°°C 

 

4.3.1.1 Internal heat generation (IHG) for 250, 270 and 300°°°°C treatments 

In the 250°C-treatment, the CT (260°C) surpassed the FT (258°C) at 910 s from the time 

the reactor was inserted into the furnace; this signifies the point of IHG. The CT rose to a peak 

temperature of 275.6°C when the FT was 256.3°C at 1790 s and then plummeted slowly and 

steadily to a steady condition above the FT curve as seen in figure 4-7a. The time when the IHG 

was initiated in the 270°C-treatment was 950s with CT and FT measuring 284°C and 280°C 

respectively. The CT then rose to a peak temperature of 348°C when the FT was 279°C at 1110 s 

before it plummeted slowly and steadily and crossed the FT curve at 2720 s as seen in figure 4-

3b above. The IHG for 300°C-treatment, however, occurred earlier at 820 s with CT and FT of 

262°C and 252°C respectively. The peak temperature of CT of 356.4°C occurred at 1210 s when 
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that measured in the 250°C-treatment. This may be due to the fact that sample’s ignition 

temperature was higher than 250°C. Table 4-1 below shows the heat generation peak conditions. 

Table 4-1: Heat generation peak temperatures for all treatment conditions  

Treatment 
conditions CT (°C) FT (°C) 

Time at peak 
(s) 

IHG initiation time 
(s) 

250°C treatment 275 256 1710 910 
270°C treatment 348 279 1110 950 

300°C treatment 356 305 1210 820 
 

4.3.1.2 Heat generation regime (HGR) for 250, 270 and 300°°°°C treatments  

The heat generation regimes were higher in the 250°C-and 270°C-treatments than in the 

300°C-treatment. The HGR was highest for 250°C-treatment, which extended from 910 s (the 

IHG initiation time) till the experiment ended; hence, the CT-curve did not plummet to or below 

the FT-curve as in figure 4-3a. In the 270°C-treatment, the HGR extended from 950s (the IHG 

initiation time) till about 2720 s when the CT-curve plummeted to and crossed the FT-curve at 

276°C. The HGR was shortest for the 300°C-treatment where the CT-curve crossed the FT-curve 

at 820s when it rose and at 2320 s when it dropped; the CT and FT were about 303°C.  

This can be explained by the spontaneous combustion that occurred in the 270°C- and 

300°C-treatments causing the organic materials in the sample to burn at faster rate than the 

250°C-treatment one; hence, making their reactions to be faster.    

 

4.3.2 Mathematical model/simulation results 

Equations 4.10 and 4.19 were applied to generate the temperature-time curves. The 

parameters used were obtained from the experimental data; hence the following parameters were 

defined:  
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1. Sample mass:   m = 3.348g (measured) 

2. Sample radius:   r = 0.00635m (measured) 

3. Sample length:  L = 0.058m (measured) 

4. Heat transfer coefficient: h = 5W/m2⋅K (assumed)  

5. Initial temperature: T0 = 41.3°C (from the 270°C-treatment experiment) 

     = 30.8°C (from the 300°C -treatment experiment) 

6. Furnace temperature:       T∞ = 279°C (from the 270°C-treatment experiment at peak CT) 

              = 305°C (from the 300°C -treatment experiment at peak CT)   
7. Time:    t = 1110 s (from the 270°C-treatment experiment at peak CT) 

        = 1210 s (from the 300°C -treatment experiment at peak CT) 
 
8. Specific heat capacity:  Cp = 1700 J/kg⋅K (ref: Sensible heat http://physics.info/heat-

sensible/) 

9. Surface area of sample: As = 9.236e-4m2 (calculated)  

10. Sample volume:  V = 1.16e-6 m3 (calculated)  

The heat generation parameters for each 270 and 300 treatment conditions were determined by 

first deriving an expression for ψ using equation (4.10) and then used ψ to determineE$ '(&. 

Hence, from (4.10):   

Ψ � T� T∞ ! �T∞ � T0�e
� hAs
mCPt/�1 � e�

hAs
mCPt�       (4.20) 

In section 4.2.2.2, k � /$ Z[\
?@A  and  Ψ � k

;hAsmCPB
l   hence, E$ '(& can be derived as:   

E$ '(& � 	ΨhAs (W)           (4.21) 

Hence, using the CT data as the sample temperature (T), the Excel spreadsheet was used to 

determine the heat generation parameters for the mathematical simulations and the temperature-
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time curves were generated as in figure 4-4 to 4-7. The results are presented in table 4-2. (See 

appendix C for details) 

Table 4-2: Calculated heat generation values based on experimental inputs 

Input parameters from experimental data Calculated 

Input conditions 
Tsample 
(°C) 

Tfurnace 

(°C) 
Tinitial 
(°C) 

t (s) ψ 
Ėgen 

(W) 
Ėgen 

(W/m3) 
270°C-treatment 348 279 41.3 1110 106.23 1.21115 752830.84 
300°C-treatment 358 305 30.8 1210 84.81 0.96692 601020.67 

 

 

 
 

Figure 4-4: Temperature profile without heat generation option for the 270°°°°C treatment 
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Figure 4-5: Temperature-time profile with heat generation option for the 270°°°°C treatment 

 

 
 

Figure 4-6: Temperature profile without heat generation option for the 300°°°°C treatment 
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Figure 4-7: Temperature-time profile with heat generation option for the 300°°°°C treatment  

 
 

Figures 4-4 to 4-7 simulate the temperature-time plots obtained (figures 4-3b-c) from the 

experimental results discussed in the section 4.2.2, which showed that both core temperatures of 
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however was that the temperature-time plots in figures 4-8 and 4-10, which included the heat 

generation option, did not show the surge profile that signifies the internal heat generation 

condition. Instead, the simulated temperature-time curves of figure 4-5 and 4-7 continued to 

grow exponentially beyond their peak temperatures. As a result, COMSOL, a multiphysics 

modeling and simulation software, was used to define a function that controls the temperature 

rise and enable the heat generation simulation. 

 

4.3.3 Heat generation simulation by COMSOL  

The mathematical equation derived for the core temperature as a function of time (eq. 
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temperature gradient is negligible at any instant during transient conduction process is not 

realistic. There are many activities occurring during thermal treatment of the wood sample, 

including heat propagation towards the sample core, however chemical reaction will only occur 

after the activation energy of the material has been reached. Heat generation occurs after the 

activation energy has been reached and the material spontaneously undergoes internal 

combustion that last until combustion is completed. Hence, the lumped capacitance model is not 

realistic as defined except it is modified. The temperature-time curves in figure 4-5 and 4-7 

includes heat generation from t = 0 and remain continuous. Hence, if the time at which the 

material heat generation occurs to time at which the heat generation is exhausted can be defined, 

a Heaviside step functions (H) can be used to switch heat generation term on and off in eq. 4.19 

within the time range.  

A time-dependent Heaviside step function was defined in the COMSOL software to 

model the heat generation during torrefaction of the wood sample. Heaviside step function model 

was defined using the “general heat transfer with transient analysis” option in COMSOL. The 

poplar was designed in a 2D circular plane with 12.7 mm diameter. Under the “Subdomain 

Settings” the physical properties of pine wood available in the COMSOL material library were 

applied in the modeling. The conductive heat transfer equation defined by COMSOL was:  

m�n/op� � q�rstu vw
v� ! x ∙ ��zx{�       (4.22) 

Where δts = time-scaling-coefficient; h = heat transfer coefficient; Cp = specific heat capacity; 

  k = thermal conductivity; ρ = density; and T = sample temperature. 

Boundary condition was defined as heat flux  and the time-dependent Heaviside function was 

defined as: 

 m	�n/op� � Ė}�� �~�� � �r���, ����� � ~����� � �, �����                 (4.23) 
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Where t = time (s); tstart = time when internal heat generation commenced and tend = time when 

internal heat generation becomes exhausted (peak temperature). The simulated heat generation 

peak shown in figures 4-8 and 4-11 were derived by using series of trial and error	E$ '(& , ���� and 

steps values. The input experimental data were obtained from tables 4-1 and 4-2; hence, the 

parameters that generated the temperature-time profiles that closely mimic the heat generation 

profiles derived the experiment are presented in figure 4-8 and 4-10. Tables 4-3 and 4-4 provide 

summary of input data for the COMSOL analysis. A phenomenon known as correction factor 

was formulated to correct the experimental values to the COMSOL simulated values; and it is 

defined by the ratio of the experimental data to the COMSOL data. 

 
Table 4-3: COMSOL heat transfer simulated data for the 270°°°°C treatment sample 

Input 
parameters 270°C treatment data 

COMSOL data for 
270°C treatment 

Correction 
factor 

	E$ '(& (W/m3) 752830.84 99607 7.558 

�r��� (s) 950 950 0 

���� (s) 1110 2300 0.4826 

step NA 0.001 0 
 

Table 4-4: COMSOL heat transfer simulated data for the 300°°°°C treatment sample 

Input 
parameters 300°C treatment data 

COMSOL data for 
300°C treatment 

Correction 
factor 

	E$ '(& (W/m3) 601020.67 99607 6.0339 

�r��� (s) 820 860 0.9534 

���� (s) 1210 2300 0.5260 
step NA 0.001 0 
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Figure 4-8: COMSOL simulation of temperature-time profile with heat generation option for the 
270°°°°C-treatment 

Point when heat generation starts  

Point when heat generation stops  
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Figure 4-9: 2-D surface plots showing the temperature gradient for the 270°°°°C-treatment 
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Figure 4-10: Figure 4 13: COMSOL simulation of temperature-time profile with heat generation 
option for the 300°°°°C-treatment 
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Point when heat generation stops  
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Figure 4-11: 2-D surface plots showing the temperature gradient for the 300°°°°C-treatment 

4.4 CONCLUSIONS 

A good understanding of heat transfer mechanisms can facilitate the upscaling and 

downscaling of torrefaction process equipment to fit the feedstock input criteria and help to 

develop treatment input specifications that can maximize process efficiency and operation costs. 

This chapter explored heat transfer mechanisms through a torrefaction of poplar wood and a 

mathematical model and simulation.  

 The experimental results showed that both core and surface temperatures increased 

during torrefaction as long as the input treatment temperature has not been reached. However, at 

a particular instant, the core temperature of the wood rose passed the furnace temperature, which 

typically occurs after the input treatment temperature is reached, to signify internal heat 

generation. The internal heat generation was more significant in both the 270°C and 300°C 

treatments than in the 250°C treatment; and these results were observed by the sharp projection 

of core temperature-time curves. 
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 It can also be deduced that the 250°C treatment has prolonged reaction time than the 

270°C and 300°C treatments. For instance, while it took approximately 18.5 minutes for the 

sample in 270°C treatment to reach peak temperature of 348°C (considering the sample size), it 

took about 28 minutes (10 more minutes) for the sample in the 250°C treatment to reach peak 

temperature of 275°C. In addition, the heat generation regime was highest in the 250°C treatment 

and shortest in the 300°C treatment. The sample in the 270°C treatment generated as much 

energy as the one in the 300°C treatment with the lowest reaction time; hence, the 270°C-

treatment can be deduced as the optimal input condition for torrefaction of poplar wood. 

The mathematical model was however difficult to simulate the heat generation profiles 

obtained in the torrefaction of poplar wood, though it generated temperature-time curves similar 

to those from the experiment. This may be due to the assumptions that temperature was uniform 

across the entire volume of the sample; meaning that temperature gradient is zero. This problem 

was solved by using the Heaviside function in COMSOL software to analyze and simulate the 

heat transfer mechanism. The input data used in the analysis were real experimental data from 

the poplar wood torrefaction. After many trials and error of heat generation and time parameters, 

temperature-time profiles that closely mimic those from the experiment were obtained. As a 

result, a correction factor was derived to match the experimental data to the analytical data.    

 Consequently, the heat transfer mechanism provides a mean of optimizing torrefaction 

process input parameters, including treatment temperature and residence time. These parameters 

can either be upscaled or downscaled, by a specified correction factor, depending on the 

feedstock size ratios and properties.  
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Chapter 5  OVERALL CONCLUSIONS AND RECOMMENDATIONS  

 

5.1 CONCLUSIONS 

Torrefaction of agricultural based herbaceous (switchgrass, miscanthus, and wheat straw) and 

short rotation woody (willow and poplar) biomass were successfully completed and analyzed and 

the economic analyses of agricultural based biomass were also completed to fulfill the 

requirements of this research. It is also important to note the confusions among literatures on the 

operating conditions (temperature and residence time) suitable for torrefaction to obtain torrefied 

biomass.  

1. Torrefaction definition 

In literatures, torrefaction has many definitions, which are typically based on the 

experimental outcomes of the research presented in those literatures. The reaction residence time 

is vague, the temperature range is too wide, and anoxic condition seemed to be impractical when 

products outputs are undefined. In this research, oxygen concentration effects on torrefaction 

showed that limited oxygen of 6% does not have any negative effects on torrefaction 

performance. In fact, no significant difference was found between the fuel treated in 6% oxygen 

and those treated in 0% oxygen conditions.  

In addition, the experimental results on input requirements showed that a 230°C 

treatment did not torrefy any of the samples tested. On the contrary, setting torrefaction 

temperature to 300°C as asserted in some literatures does not make economic sense if biomass 

can be torrefied at temperature way lower. The experiment outcomes for input requirements 

showed that miscanthus and switchgrass achieved excellent torrefaction properties at 250°C, 45 
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minutes treatment while wheat straw and willow achieved approximately similar properties at 

270°C, 60 minutes for 0% oxygen condition and 270°C, 45 minutes for 6% oxygen condition. 

Hence, a new torrefaction definition can be deduced based on these research outcomes as 

“a thermochemical pretreatment process of biomass in limited oxygen condition and with input 

temperature from 250 – 270°C and residence time of 45 – 60 minutes depending on the biomass 

types”. However, when considering other factors, including particle sizes and shapes, the 

torrefaction can be defined as the thermochemical process in a reduced oxygen condition at 

temperature range between 200 – 300°C for a shorter residence time whereby energy yield is 

maximized and grindability and hydrophobic characteristics are enhanced. 

2. Lignocellulosic compositions and bulk density  

The results showed that hemicellulose of switchgrass underwent severe degradation of up 

to 46.7% at input treatment of 270°C, 30 mins compared to only 5.6% in cellulose composition. 

Meanwhile lignin composition increased in proportion, which signified that it had not reached its 

degradation temperature. Since lignin increases the binding characteristics during pelletization, 

then torrefied fuel can be described to exhibit better binding capability than raw fuel and can 

facilitate pelleting process.   

Bulk density results showed that bulk density decreased with increase in the torrefaction 

treatment temperature and residence time. This may be due to depolymerization process, which 

causes material degradation and mass loss; hence become more porous and lighter compared to 

the raw materials. The shrinkage in the volume however, did not cause any increase in the bulk 

density as may be expected; this may be due to lower volume reduction of the fuel compared to 

weight loss during treatment.  
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3. Heat transfer mechanisms 

Heat transfer mechanisms were demonstrated experimentally and analytically. Results from the 

experiment showed that heat generation occurred at a specific temperature and time due to 

spontaneous internal combustion when the polar activation temperature for ignition was reached. 

In addition, the poplar treated in the 270°C conditions generated as much energy as that treated 

in the 300°C treatment and also exhibited lowest reaction time. Hence, it can be deduced that 

270°C temperature treatments serve as the best input condition for torrefaction of poplar wood.  

The mathematical modeling presented challenges in simulating the heat transfer 

mechanisms; however, COMSOL modeling software was used to overcome the challenges. The 

Heaviside function in the COMSOL software was used to analyze and simulate the heat transfer 

profile obtained in the experiment. As a result, a correction factor was established to match the 

experimental data to the analytical data. Consequently, the heat transfer mechanism provides a 

mean of optimizing torrefaction process input parameters, including treatment temperature and 

residence time, can be either upscaled or downscaled, by a specified correction factor, depending 

feedstock size ratios and properties. 

 

5.2 RECOMMENDATIONS FOR FURTHER STUDIES  

The recommendations for future studies are as follows: 

1. Development of an integrated torrefaction and densification process: Torrefied pellets or 

briquettes, which have been the preferred methods of handling and transporting torrefied 

products, require a comprehensive study of their characteristics and development of an 

integrated torrefaction and pelletization system, since the current research mainly focused on 

the torrefied fuels characteristics.  
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2. More in-depth study of heat transfer mechanism: More in-depth study of heat transfer 

mechanism using bulk of biomass material to explore the effect of heat generation in a 

packed-bed compared to the single cylindrical sample used in the current research. In 

addition, an in-depth study can explore a 3-D model analysis of a single cylindrical sample to 

obtain a better temperature gradient through the sample volume.  

3. Economical evaluation of torrefaction supply chain: This study will provide a 

comprehensive view to the overall torrefaction supply chain and identify the areas to be 

optimized to improve cost feasibility. This research may explore the following elements of 

the supply chain: feedstock production, handling and transportation of feedstocks, 

torrefaction processing systems, densification systems and handling and transportation 

torrefied pellets.  

4. Other topic that are of interest include: a study to explore the suitable reactor for 

producing highest energy and best qualify torrefied fuel from the various biomass feedstock 

types; a study to determine the risk of self-ignition of torrefied products during storage to 

gain insight to the appropriate methods of handling; and LCA analysis of the overall supply 

chain of torrefaction application for power generation, which is the primary utilization of 

torrefied fuels. 
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APPENDIX A 

Table A: Shows variabilities in the Oxygen measurement for the 6% condition 
 

Date 
N2 supply time 

(min) 
N2 Flow rate 

(l/min) 

Measured O2 
in reactor vol. 

(%) 

28-Sep-11 

9 0.7 5.99 
9 0.7 6 
9 0.7 5.99 
9 0.7 6.01 

 
Mean of measured O2 volume % 6.00 

 
Standard deviation (%) 0.0096 

   

29-Sep-11 

9 0.7 6.01 
9 0.7 5.99 
9 0.7 6 
9 0.7 6.02 

 
Mean of measured O2 volume % 6.01 

 
Standard deviation (%) 0.0129 

   

05-Oct-11 

9 0.7 6.01 
9 0.7 6.01 
9 0.7 6.03 
9 0.7 6.01 

 
Mean of measured O2 volume % 6.02 

 
Standard deviation (%) 0.0100 
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Hydrophobic performance of wheat straw for 0% oxygen treatment {ANOVA inputs} and for 
variability calculations 
 

Input Conditions Test 1 Test 2 Data Range  Std. Dev. 

230°C, 15 Mins 0% O2  26.81 24.12 25.47 1.9032 

230°C, 30 Mins 0% O2 20.07 18.56 19.32 1.0694 

230°C, 45 Mins 0% O2 18.10 16.87 17.49 0.8700 

250°C, 15 Mins 0% O2  15.44 13.62 14.53 1.2895 

250°C, 30 Mins 0% O2 8.27 7.72 8.00 0.3909 

250°C, 45 Mins 0% O2 1.42 1.51 1.46 0.0587 

270°C, 15 Mins 0% O2  4.87 6.42 5.65 1.0918 

270°C, 30 Mins 0% O2 2.89 1.82 2.36 0.7591 

270°C, 45 Mins 0% O2 1.09 1.05 1.07 0.0277 
 
 
Hydrophobic performance of wheat straw for 6% oxygen treatment {ANOVA inputs} and for 
variability calculations 
 

 

 
 

 
 
 
 
 
  

Input Conditions Test 1 Test 2 Data Range  Std. Dev. 

230°C, 15 Mins 6% O2  22.05 24.36 23.20 1.6363 

230°C, 30 Mins 6% O2 18.41 18.92 18.66 0.3627 

230°C, 45 Mins 6% O2 15.19 14.96 15.08 0.1657 

250°C, 15 Mins 6% O2  8.47 7.19 7.83 0.9020 

250°C, 30 Mins 6% O2 7.04 5.89 6.47 0.8148 

250°C, 45 Mins 6% O2 1.23 1.27 1.25 0.0266 

270°C, 15 Mins 6% O2  2.13 3.23 2.68 0.7775 

270°C, 30 Mins 6% O2 1.52 1.12 1.32 0.2849 

270°C, 45 Mins 6% O2 0.13 0.2 0.16 0.0513 
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Raw and torrefied wheat straws
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Raw and torrefied willow 

                
 

 

 
 
 
 

Raw 

Raw 

Raw 200°C
45 mins

45 mins

102 

Raw and torrefied wheat straws 
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APPENDIX C 

 

m = 3.3483 g Inut temps Tsample (°C)  Tfurnace (°C) Tinitial (°C)  t (s) ψ  ψ  ψ  ψ  Ėgen (W) Ėgen (W/m3)

r = 6.35 mm 270°C-treatment 348 279 41.3 1110 106.23 1.21115 752830.84
r = 0.00635 m 300°C-treatment 358 305 30.8 1210 84.81 0.96692 601020.67
L = 50.8 mm
L = 0.0508 m

T∞ = 279 °C T = T∞ + (T0-T∞)*exp (-h*A/m*Cp)*t {Case A: Ėgen = 0}

T0  = 41.30 °C

h  = 5W/m2 K T = T∞ +  ψ + (T0-T∞−ψ)exp (-h*A/m*Cp)*t {Case B: Ėgen ≠ 0}

Cp = 1700 J/kg K

m = 0.0033483 kg

Ėgen= 1.21 W

As = 2.28E-03 m2

ψ = 106.23

Vol= 1.61E-06 m3

Ėgen/V= 7.53E+05 W/m
3 

t (sec) T (°C) T (°C)
0 41.3 41.3

10 46.0 48.1

20 50.6 54.8

30 55.2 61.4

40 59.6 67.8

50 64.0 74.1

60 68.2 80.2

70 72.4 86.3

80 76.5 92.2

90 80.5 98.0

100 84.4 103.7

110 88.3 109.3

120 92.1 114.8

130 95.8 120.1

140 99.4 125.4

150 103.0 130.6

160 106.5 135.6

170 109.9 140.6

180 113.2 145.4

190 116.5 150.2

200 119.8 154.8

210 122.9 159.4

220 126.0 163.9

230 129.0 168.3

240 132.0 172.6

250 134.9 176.8

260 137.8 180.9

270 140.6 185.0

280 143.3 188.9

290 146.0 192.8

300 148.7 196.6

310 151.2 200.4

320 153.8 204.0

330 156.3 207.6 Treatment conditions T (°C) T (°C) t (s)

340 158.7 211.2 270°C treatment 348 279 1110
350 161.1 214.6 300°C treatment 356 305 1210

Parameters definitions Input parameters from experimetal data Calculated
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