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Abstract 

Biomass, a nearly carbon-neutral energy resource, can reduce greenhouse gas emission and 

replace fossil fuels, but it is characterized by heterogeneity, high moisture content, low bulk 

density, low calorific value, pliability and hygroscopic nature, all of which challenge its 

utilization. Torrefaction, a thermal pretreatment method, is capable of modifying the 

physical-chemical properties of biomass and enhancing its calorific value. Slot-rectangular 

spouted beds (SRSBs) can effectively handle biomass particles and offer a promising way to 

overcome the scale-up challenge of conventional spouted beds. 

This study explored the potential application of SRSBs to biomass torrefaction. Solids 

mixing in a dual-compartment slot-rectangular spouted bed (DSRSB) was first studied to 

address the scale-up issue, while also providing fundamental information needed for the 

design and operation of a DSRSB reactor. SRSB and DSRSB reactors were developed for 

torrefying sawdust with the semi-batch operation. Hydrodynamics of SRSB and DSRSB, 

torrefaction performance, torrefied product properties and torrefied product pyrolysis were 

subsequently investigated.  

Temperature, biomass feed rate, sawdust particle size and oxygen concentration influenced 

torrefaction performance and torrefied product properties. Temperature was found to be the 

most important factor. Biomass torrefaction performed better in the DSRSB than in the 

SRSB. Higher temperature, lower biomass feed rate, larger sawdust particle size and greater 

oxygen concentration all led to increased weight loss and decreased energy yield of sawdust, 

and produced torrefied sawdust with higher HHV, greater atomic carbon content, lower 

atomic hydrogen and oxygen contents, less volatile matter, greater fixed carbon and less 
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hemicellulose. Higher temperature and greater oxygen concentration were very helpful to 

produce more torrefied sawdust captured by a cyclone. Performance of oxidative torrefaction 

was similar to that of non-oxidative torrefaction. The effect of oxygen concentration was 

more significant at a higher temperature. Torrefied sawdust underwent size reduction during 

torrefaction, with smoother and cleaner surfaces compared to raw sawdust. The activation 

energy for non-oxidatively torrefied sawdust was higher than for oxidatively torrefied 

sawdust, which was in turn greater than that of raw sawdust. Sawdust particle size affected 

the pressure drop across the reactor.  
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Lay Summary 

Biomass has potential to replace a significant amount of greenhouse-gas-emitting fossil fuels. 

Torrefaction of biomass, a thermal treatment process to increase its calorific value, was 

carried out in a jet-type reactor of unusual geometry leading to improved performance 

compared to conventional reactors. Properties of the torrefied biomass were close to those of 

lignite, a low-rank coal.  
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Chapter 1 Introduction 

1.1 Slot-rectangular spouted bed 

Since being originated by Mathur and Gishler (1955), conical, cylindrical and conical-

cylindrical spouted beds have shown versatility with respect to contacting of gases and 

liquids with coarse particulate solids. The solids are recirculating with a certain pattern in the 

spouted beds, making the spouted beds potentially perform certain useful operations more 

effectively than the fluidized beds with their more random solids motion (Epstein and Grace, 

2011). Moreover, spouted beds have some advantages compared to fluidized beds and to 

other approaches of gas-solid contacting for large coarse particles (>1 mm). Conical, 

cylindrical and conical-cylindrical spouted beds are often referred to as conventional spouted 

beds (CSB). They have been used in a number of processes. Nevertheless, these studies have 

only been carried out in lab-scale or small units. CSB reactors are subject to well-known 

limitations regarding their volumetric processing capacity (Grace and Lim, 2011). 

Researchers have investigated several approaches in efforts to overcome these limitations by 

means of installing draft tube or plates (Fernandez-Akarregi et al., 2013; Luo et al., 2004; 

Makibar et al., 2012; Mostoufi et al., 2015; Shirvanian and Calo, 2004; Zhao et al., 2008), 

modifying the geometry of the fountain region (Lopez et al., 2017), and designing novel 

spouted beds, such as slot-rectangular spouted beds (Chen et al., 2013b; Dogan et al., 2000; 

Mujumdar, 1984), annular spouted beds (Hu et al., 2008), multiple-spouted beds (Ren et al., 

2010), dual conical spouted beds (Fernandez-Akarregi et al., 2014), and pulsed slot-

rectangular spouted beds (Parise et al., 2017; Saidi et al., 2015a).  
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Figure 1-1 Schematic drawing of slot-rectangular spouted bed column: (a) Front view, (b) 

Top view. 

In order to solve the scale-up challenge, Mujumdar (1984) promoted a modification of 

conventional axisymmetric spouted beds, called a “two-dimensional spouted bed” (2DSB), in 

which planar symmetry replaces axial symmetry. The advantages of this configuration are 

that the volumetric bed capacity can be easily increased by extending the bed thickness and 

the possibility of achieving different flow regimes by changing only the inlet nozzle 

dimensions (Chen, 2008; Passos et al., 1993). The configuration was renamed “slot-

rectangular spouted bed” (SRSB) by Dogan et al. (2000) and Freitas et al. (2000), due to 

significant three-dimensional effects as the 2DSB thickness was increased. Appendix A lists 

previous works on slot-rectangular spouted beds. A schematic drawing of a SRSB is shown 

in Figure 1-1. The SRSB features a rectangular geometry with a rectangular slot opening 

fully or partially spanning its distributor width. In order to avoid a dead zone, the SRSB 

θ

Fluid Inlet

Outlet

(a)

Windbox

Diverging base

Rectangular column

Rectangular slot
Rectangular slot

(b)
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usually has a diverging base with an inclination angle (θ) greater than the angle of repose of 

the particles. 

Hydrodynamic studies of SRSB have been carried out in a number of previous studies, e.g. 

Chen et al. (2008); Chen et al. (2011b); Saidi et al. (2016). Chen (2008) comprehensively 

studied the hydrodynamics of SRSB and identified eight different flow patterns. Unstable 

spouting is a practical issue when a slot-rectangular spouted bed is scaled-up to a multiple-

compartment slot-rectangular spouted bed. A multiple-compartment spouted bed with the 

compartments in series also provides a more favourable residence time distribution (closer to 

plug flow) for the solid particles. Chen et al. (2013b) investigated spouting in slot‐rectangular 

spouted beds with multiple compartments and slots. It was observed that the multiple-

spouting flow was significantly influenced by the interaction of gas and particles in the 

fountain region between adjacent compartments. They suggested using a vertical suspended 

partition to stabilize the multiple spouting flows. They also proposed a dual-compartment 

slot-rectangular spouted bed (DSRSB) with a suspended partition, which was scaled-up from 

a single-spout SRSB configuration. 

Computational fluid dynamics (CFD) has also been applied to study SRSB (e.g. Golshan et al. 

(2017); Tabatabaei (2013); Tabatabaei et al. (2013); Zhang and Li (2017)) and DSRSB (e.g. 

Yang et al. (2014); Yang et al. (2015a); Yang et al. (2015b)). Wang et al. (2016c) studied 

experimentally and numerically three-dimensional gas-solid flow in a DSRSB with a 

suspended partition. They predicted that the position of the suspended partition had little 

effect on particle velocity and voidage under stable spouting conditions. However, raising the 

suspended partition benefitted solids exchange between the chambers. 
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In order to predict the performance of continuous spouted beds, comprehensive knowledge of 

particle residence times in the bed becomes crucial. Information concerning the gross mixing 

behaviour of solids can be acquired from either theoretical models or stimulus-response 

experiments. Saidutta and Murthy (2000) conducted stimulus-response experiments in four 

different rectangular columns including two and three spout cells. Beltramo et al. (2009) 

studied the hydrodynamics of a multiple square-based reactor for solid state polymerization. 

They revealed that levels in the various sectors were very hard to control, due to reciprocal 

interference between spouted bed cells at high solids throughout. Gan et al. (2013) studied 

experimentally the lateral mixing of particles in a quasi-slot-rectangular spouted bed by 

means of the bed collapse method with a set of partitions. The effects of particle size, 

superficial gas velocity, static bed height, and air inlet width on the effective lateral 

dispersion were tested.  

Particles in spouted beds undergo vigorous movement, improving their contact with the fluid. 

Particle size plays an important role with respect to solids mixing (Ren et al., 2012; Wang et 

al., 2016b), minimum spouting velocity (Olazar et al., 2006) and residence time distribution, 

even affecting the discharge method of the product. Ren et al. (2012) investigated the effects 

of particle shape and size on solids mixing in a conical-cylindrical spouted bed. They found 

that the mixing quality improved for particles of narrow size distribution and sphericity. 

Olazar et al. (2006) identified particle size as an important property affecting the minimum 

spouting velocity at elevated temperatures.  
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1.2 Biomass torrefaction 

From a climate change perspective, biomass is considered a carbon neutral fuel (Chen et al., 

2015), and a promising alternative to fossil fuels. Plants grow by absorbing CO2 from the 

atmosphere, as well as water and nutrients from soils, followed by converting them into 

hydrocarbons through photosynthesis. The carbon contained in biomass is gained from CO2; 

in other words, carbon is cycled in the atmosphere when biomass is consumed as a fuel. 

Bioenergy is the largest renewable energy source, with 14% out of 18% renewables in the 

energy mix and 10% of global energy supply, according to World Energy Resource (2016), 

who defined bioenergy to consist of traditional biomass (i.e. forestry and agricultural 

residues), as well as modern biomass and biofuels. In Canada, bioenergy currently accounts 

for approximately 6% of Canada’s total energy supply ( Natural Resources Canada (2017)).  

Biomass can be utilized as a solid fuel, burned directly for the generation of heat and power, 

or converted into liquid or gaseous fuels via a variety of methods, such as pyrolysis, 

gasification, anaerobic digestion, fermentation and transesterification. Raw biomass is 

characterized by heterogeneity, high moisture content, low bulk density, low calorific value, 

pliability and a hygroscopic nature, all of which challenge its utilization, collection, grinding, 

storage, transportation and feeding into the reactor. In the past, a number of biomass 

pretreatment methods have been explored to address those disadvantages. Among the 

potential biomass upgrading methods, torrefaction is a promising route for solid fuel 

production. Torrefaction is a pretreatment process, where biomass particles are heated to 

modest temperatures of 200-300°C in the absence or near absence of oxygen. The benefits of 

torrefaction include a product with (1) higher heating value or energy density; (2) reduced 
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atomic O/C and H/C ratios; (3) lower moisture content; (4) higher water-resistivity; (5) 

improved grindability and reactivity; and (6) more uniform biomass properties (Chen et al., 

2015). Table 1-1 lists key properties of raw biomass, torrefied biomass and lignite, a low-

rank coal. After undergoing torrefaction, the properties of torrefied biomass are closer to 

those of coal. The solid yield of biomass from torrefaction is in the range of 24-95 wt.%, 

while the energy yield consequently varies from 29-99%, depending on the operating 

conditions.  

Table 1-1 Key properties of raw biomass, torrefied biomass and lignite, and energy yield 

and solid yield of torrefaction.  

Parameter  Raw biomass Torrefied biomass Lignite 

VM (wt.%) 67-88 34-85 22-46 

FC (wt.%) 0.5-20 13-45 10-53 

C (wt.%) 30-56 45-68 ~62.5 

O (wt.%) 31-46 11-45 ~17.2 

H (wt.%) 5-13 4-10 ~4.4 

HHV (MJ/kg) 15-20 16-29 ~25 

Activation energy (kJ/mol) 90-100 a 

110-130b 

80-110 a 

110-200 b 

~141 

Energy yield (%) N/A 29-99 N/A 

Solid yield (wt.%) N/A 24-95 N/A 

a Based on Coats-Redfern model. b Based on Kissenger-Akahira-Sunose (KAS) model. VM: 

Volatile matter, FC: Fixed carbon, C: Carbon, O: Oxygen, H: Hydrogen, HHV: Higher 

heating value. 

Note: The data in Table 1-1 come from Arteaga-Pérez et al. (2015); Basu (2013); Cao et al. 

(2016); Chen et al. (2015); Colin et al. (2017); Joshi et al. (2015); Küçükbayrak et al. (2001); 

Li et al. (2017); Martín-Lara et al. (2017); Strandberg et al. (2015); Sukiran et al. (2017); 

Uemura et al. (2017). 
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In general, the constituents of biomass include hemicellulose, cellulose, lignin, organic 

extractives and inorganic minerals (also called ash). The first three constituents are the main 

components of biomass, and their weight percentages depend on the specific biomass species. 

In softwood, hemicellulose, cellulose and lignin typically account for ~ 27, 42, and 28 wt.%, 

respectively, while, in hardwood,  they comprise ~ 30, 45 and 20 wt.%, respectively (Peng et 

al., 2012a). Organic extractives usually account for 3% of the mass of softwood and 5% of 

the mass of hardwood. Inorganic minerals generally constitute less than 1% of the overall 

content in wood. 

(I) Hemicellulose is composed of various polymerized monosaccharides, mainly glucose, 

mannose, galactose, xylose, arabinose, 4-O-methyl glucuronic acid and galacturonic acid 

residues (Mohan et al., 2006). Its basic structure can be represented by (C5H8O4)m, where m 

is the degree of polymerization. The abundant O-acetyl groups have poor thermostability and 

could be dissociated at 200-300°C (Wang et al., 2013b).  

(II) Cellulose is a linear homopolysaccharide composed of β-D-glucopyranose units, linked 

together by (1-4)-glycosidic bonds (Balat et al., 2008). Crystalline and amorphous structures 

are contained in cellulose and can be expressed by (C6H10O5)m, where m represents the 

degree of polymerization.  

(III) Lignin is a three-dimensional, highly branched polyphenolic substance that consists of 

an irregular array of variously bonded “hydroxy-” and “methoxy-” substituted phenylpropane 

units (Chen and Kuo, 2011). Its chemical formula is represented by [C9H10O3·(OCH3)0.9-1.7]m 

(Chen et al., 2011a).  
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Due to their distinct compositions and structures, hemicellulose, cellulose and lignin differ in 

their thermal decomposition characteristics. Therefore, an in-depth understanding of the 

thermal decomposition behaviour of these constituents assists in elucidating biomass 

torrefaction characteristics. Yang et al. (2007) investigated the pyrolysis characteristics of 

hemicellulose, cellulose and lignin, and found that hemicellulose decomposition occurred in 

the range of 220-315°C, whereas cellulose decomposed at 315-400°C, and lignin gradually 

decomposed over the extensive temperature range of 160-900°C. Meanwhile, it was found 

that hemicellulose pyrolysis and lignin pyrolysis were exothermic, while that of cellulose 

was endothermic. More lignin content in biomass led to higher exothermicity in the biomass 

decomposition process (Gomez et al., 2009). Thermal behaviour of cellulose pyrolysis could 

be driven in the exothermic direction by the charring process, which competed with tar 

formation (Milosavljevic et al., 1996). Chen and Kuo (2011) torrefied the five basic 

constituents (i.e. hemicellulose, cellulose, lignin, xylan and dextran) and two pure materials 

(i.e. xylose and glucose) to simulate the thermal degradation characteristics of biomass. They 

found no interactions among the torrefaction of hemicellulose, cellulose and lignin. 

Therefore, the weight loss of biomass torrefaction could be predicted from linear addition of 

the weight losses of the individual constituents. Wang et al. (2016a) studied the effect of 

torrefaction on hemicellulose characteristics and found that the main reactions were 

dehydration of hydroxyls and dissociation of side chains at low temperature (200-275°C), 

while at high temperature (>275°C) depolymerization of hemicellulose and fragmentation of 

monosaccharide residues were of primary importance. Wang et al. (2017b) investigated the 

influence of torrefaction on cellulose, and proposed that the main reactions include the 
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destruction of crystalline cellulose, decomposition of amorphous regions, cleavage of b-1,4-

glycosidic bonds and dehydration of hydroxyl. 

Based on the torrefaction atmosphere, torrefaction can be categorized into non-oxidative 

torrefaction, i.e. in an inert (usual nitrogen) atmosphere, and oxidative torrefaction, i.e. 

containing some oxygen as in a flue gas atmosphere.  

1.2.1 Non-oxidative torrefaction 

Untreated biomass
Inert gas

(Nitrogen)

Heat

Volatiles

Torrefied biomass

 

Figure 1-2 Schematic diagram of non-oxidative biomass torrefaction. 

Non-oxidative torrefaction is defined as occurring when the biomass is heated at modest 

temperatures of 200-300°C in the absence of oxygen, i.e. in a nitrogen atmosphere, as shown 

in Figure 1-2. The main mechanisms of non-oxidative torrefaction consist of devolatilization 

and thermal degradation of biomass constituents. Biomass torrefaction is generally an 

endothermic process, with its heat of reaction determined by the thermal degradation 

characteristics of the main biomass constituents (Chen and Kuo, 2011; Yang et al., 2007).  
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(i) Effect of torrefaction temperature and reaction time 

Temperature is the main operation parameter affecting the torrefaction process. It influences 

the mechanism and kinetics of reactions (Wang et al., 2017b; Wang et al., 2016a). Reaction 

time is another important parameter. The effects of temperature and reaction time on the 

chemical and physical characteristics of biomass were investigated by Peng et al. (2013b) in 

a bench-scale fixed bed tubular reactor for biomass torrefaction at temperatures of 240-340°C 

with residence times up to 60 min. Results showed that the mass loss of BC softwood mainly 

depended on the torrefaction temperature and reaction time. The heating value of torrefied 

sawdust had a close relationship with the mass loss, increasing with increasing severity of 

torrefaction. Severity hereafter refers to the degree of biomass degradation due to torrefaction. 

Considering the quality of torrefied pellets, the optimal torrefaction condition appeared to be 

~30% mass loss.  Strandberg et al. (2015) studied the effects of temperature and residence 

time of spruce wood in a continuous torrefaction rotary drum reactor. It was found that the 

effect of torrefaction temperature was greater than the effect of residence time on the 

torrefaction process. Increased torrefaction severity led to decreased milling energy, angle of 

repose, mass and energy yields, contents of volatile matter, hydrogen, cellulose and 

hemicellulose contents, and also resulted in increased hydrophobicity, heating values, carbon 

and fixed carbon contents. 

Wang et al. (2017a) torrefied Norway spruce stem wood, stump and bark in a bench scale 

tubular reactor at 225, 275 and 300°C with two residence times (30 and 60 min).  They 

observed that an increase in torrefaction temperature and residence time led to greater 

heating values and higher fixed carbon contents, and decreased hemicellulose and cellulose 

contents of the torrefied biomass. They also concluded that mild torrefaction could 
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significantly improve the physicochemical properties and grindability of biomass. Recari et 

al. (2017) explored the torrefaction of a solid recovered fuel (SRF) and its influence on the 

fuel properties for gasification. The results showed that the torrefaction process improved the 

SRF gasification parameters (resulting in lower tar, higher H2/CO ratio, carbon conversion, 

etc.) and strongly affected the concentration of HCl in the producer gas.  

(ii) Effect of particle size 

When torrefying biomass, particle size is an important parameter due to varying conditions 

experienced by reaction intermediates (Chen et al., 2015; Ciolkosz and Wallace, 2011). Peng 

et al. (2012b) studied the effect of particle size less than 1 mm on biomass torrefaction in a 

thermogravimetric analyzer (TGA) and in a tubular fixed bed reactor.  The torrefaction rate 

was found to be influenced by the particle size, especially at high temperature. Bates and 

Ghoniem (2014) compared predictions of a one-dimensional model accounting for the effects 

of temperature, particle size and moisture content with the experimental results of Basu et al. 

(2013), who examined the effects of biomass size and shape on torrefaction in a convective 

bed reactor. Their results showed that the energy and mass yields increased as the length-to-

diameter ratio of the biomass particles increased. They also found that torrefaction 

conversion decreased strongly not only with increasing particle size, but also with increasing 

moisture content, and suggested that it may be advantageous to have a separate grinding or 

drying step prior to torrefaction.  
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1.2.2 Oxidative torrefaction 

Untreated biomass
Oxygen-containing gas

(Flue gas or Torgas)

Heat

Volatiles

Torrefied biomass

 

Figure 1-3 Schematic diagram of oxidative biomass torrefaction. 

Oxidative torrefaction is also a pretreatment method for biomass upgrading, with biomass 

torrefied in the presence of some oxygen at 200-300°C, as shown schematically in Figure 1-3. 

As mentioned above, non-oxidative torrefaction is carried out with the inert gas, generally 

nitrogen, requiring a gas separation process to capture nitrogen, thereby increasing the 

operating cost of the torrefaction. Recycling of torrefied gas or flue gas from a combustor 

(Mei et al., 2015; Uemura et al., 2017) is promising as a means of reducing cost. The oxygen 

concentration in the flue gas generally varies from 3 to 16 vol.% (Uemura et al., 2017). 

The main mechanisms of oxidative torrefaction include not only devolatilization and thermal 

decomposition of biomass, but also oxidation reactions. These oxidation reactions are usually 

exothermic, providing the heat for thermal degradation of biomass and thereby reducing the 

heat demand of torrefaction. Moreover, the rate of oxidation reactions is generally faster than 

those of devolatilization and decomposition reactions, leading to shortening of the 

torrefaction duration. In addition, to achieve the same weight loss, a lower torrefaction 

temperature is required for oxidative torrefaction than for non-oxidative torrefaction. 
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Overall, an increase in the oxygen concentration leads to lower mass and energy yields of 

biomass, reduced H/C molar ratio, and lower HHV of the torrefied product. Rousset et al. 

(2012) investigated oxidative torrefaction of Eucalyptus grandis in a macro-TGA and tested 

the influences of two temperatures (240 and 280°C) and four gas oxygen concentrations (2, 6, 

10 and 21 vol.%) on the properties of the torrefied product. They found that the oxygen 

concentration did not significantly influence the solid yield and composition of the biomass 

torrefied at 240°C. The influence of oxygen concentration on solid yield reduction and 

torrefied biomass properties at 280°C was more marked than at 240°C.  

Uemura et al. (2013) torrefied oil palm fruit bunches of four sizes (0.375, 1.5, 3 and 6 mm) in 

a fixed-bed reactor in the absence and presence of oxygen (0, 3, 9, and 15 vol.%) at three 

temperatures (220, 250 and 300°C). The results showed that the mass and energy yields of 

biomass decreased with increasing temperature and oxygen concentration, but were not 

influenced by the biomass particle size. They reported that the oxidative torrefaction process 

took place in two successive steps or via two parallel reactions, where the first was ordinary 

(oxygen-free) torrefaction and the other was biomass oxidation. Chen et al. (2013a) explored 

the effect of the superficial velocity, i.e. of the flow rate of carrier gas on non-oxidative and 

oxidative torrefaction of biomass. They proposed that the oxidative torrefaction of biomass 

was dominated by surface oxidation, and that there existed an upper limit for air superficial 

velocity beyond which the thermal degradation of biomass was governed by internal mass 

transport, rather than was by surface oxidation.  Joshi et al. (2015) reported that there were 

temperature-specific limits beyond which an increase in oxygen concentration likely resulted 

in an oxidative thermal runaway in their packed bed. An increase in torrefaction temperature 

from 270 to 290°C for bagasse was found to reduce the combustive limits of oxygen 
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concentration from 5 vol.% to 1 vol.%. Furthermore, it was determined that adding some 

oxygen did not significantly reduce the mass and energy yield of the torrefied biomass, but 

could lead to more uniform heating of the bed. 

Uemura et al. (2017) torrefied biomass in combustion flue gas with oxygen contents of 8.1-

8.9 vol.% and carbon dioxide content of 13.1-13.5 vol.% at 200-300°C. They reported that 

the mass yield of empty fruit bunches (EFB) torrefied in combustion gas was lower than that 

torrefied in a nitrogen atmosphere, and the solid yield decreased and the calorific value 

increased with increasing torrefaction temperature in a combustion gas environment. Wang et 

al. (2013a) investigated oxidative torrefaction of sawdust using carrier gases containing 0, 3 

and 6 vol.% of oxygen at 250, 270 and 290°C in a fluidized bed reactor, followed by 

pelletization. They found that the properties of oxidatively torrefied sawdust particles and 

corresponding pellets, especially density, energy consumption for pelletization, HHV and 

energy yield, were similar to those of non-oxidatively torrefied sawdust. Mei et al. (2015) 

performed cedar wood torrefaction in a pilot-scale rotary kiln with nitrogen and flue gas 

atmospheres. The use of an industrial flue gas significantly influenced the behaviour of the 

cedar wood during torrefaction and the properties of the solid products. The samples torrefied 

in the flue gas environment had combustion characteristics similar to lignite.   

1.3 Torrefaction reactor 

Torrefaction has been studied in different reactors, i.e. fixed beds (Joshi et al., 2015; Peng et 

al., 2013b; Wang et al., 2017a), rotary drums (Colin et al., 2017; Mei et al., 2015; Strandberg 

et al., 2015), screw conveyor (Nachenius et al., 2015), fluidized beds (Atienza-Martínez et al., 
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2013; Li et al., 2012b; Wang et al., 2013a), microwave reactor (Huang et al., 2017), compact 

moving bed (Verhoeff et al., 2011), and Torbed reactor (Janssen and Konings, 2000), etc.  

Spouted beds were originally developed for gas-solids contacting of coarse particles (Mathur 

and Gishler, 1955), e.g. for drying of wheat. Spouted beds have found some applications in 

energy conversion due to their excellent gas-solids heat and mass transfer performance. 

Abundant research is available on pyrolysis of wood (Fernandez-Akarregi et al., 2013), scrap 

tyres (López et al., 2010), and sewage slurries (Alvarez et al., 2015) as well as on gasification 

(Erkiaga et al., 2014; Erkiaga et al., 2013a; Erkiaga et al., 2013b; Lopez et al., 2017) in 

spouted bed reactors. However, application of slot-rectangular spouted beds is very limited. 

The application has mainly focused on particle coating (Donida and Rocha, 2002; 

Wiriyaumpaiwong et al., 2003) and powder drying (Braga et al., 2015). Our literature review 

reveals that they have not been previously utilized to torrefy woody biomass. Spouted beds 

are capable of handling large (>1 mm) particles, such as typical biomass particles. Moreover, 

spouted bed reactors can provide excellent particle-particle and particle-fluid heat transfer. In 

addition, the slot-rectangular spouted bed reactor is relatively easy to scale up, compared to 

conventional spouted beds (Grace and Lim, 2011). These advantages suggest that slot-

rectangular spouted beds should be investigated for their potential to serve as commercial 

torrefaction reactors.  

1.4 Research objectives and principal tasks in this thesis project 

• Investigate solids mixing in a dual-compartment slot-rectangular spouted bed reactor 

(DSRSB) with a suspended partition at room temperature, while also providing 
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crucial information needed for the design and operation of dual-compartment slot-

rectangular spouted bed reactors. 

• Assess the feasibility and reliability of biomass torrefaction in a single-compartment 

slot-rectangular spouted bed, provide data for evaluation and optimization of the 

performance of slot-rectangular spouted bed torrefaction reactors, and compare to 

other types of solid-gas reactors. 

• Evaluate the scale-up of a single-compartment slot-rectangular spouted bed reactor to 

a dual-compartment slot-rectangular spouted bed reactor.  

• Test the feasibility and reliability of biomass torrefaction in a dual-compartment slot-

rectangular spouted bed equipped with a suspended partition, and provide data with 

respect to evaluation and optimization of the performance of slot-rectangular spouted 

bed torrefaction reactors. 

• Study the effects of temperature, biomass feed rate, sawdust particle size and oxygen 

concentration on torrefied product properties in slot-rectangular spouted beds. 

To achieve the above-mentioned objectives, the principal tasks include: 

• Design, construct and operate a cold transparent model of a dual-compartment slot-

rectangular spouted bed with a suspended partition to investigate the solids mixing 

between two adjacent compartments.  

• Design, construct and operate an experimental platform of biomass torrefaction 

including preheating system, a single-compartment slot-rectangular spouted bed/a 

dual-compartment slot-rectangular spouted bed, feeding system, cooling system, 

combustor and data acquisition system.  
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• Determine the thermal degradation behaviour of sawdust by means of TGA. 

• Explore the effects of torrefaction temperature, biomass feed rate (reaction time), and 

sawdust particle size on biomass torrefaction in a semi-batch single-compartment 

slot-rectangular spouted bed reactor. 

• Investigate the influence of oxygen concentration in the feed-gas during oxidative 

torrefaction in a semi-batch single-compartment slot-rectangular spouted bed reactor.  

• Test the effects of biomass feed rate, torrefaction temperature and oxygen 

concentration in the feed-gas on biomass torrefaction in a dual-compartment slot-

rectangular spouted bed reactor.  

• Explore the influence of torrefaction on biomass properties, such as: proximate 

analysis, elemental analysis, fiber analysis, higher heating value, and particle density, 

SEM measurement, FTIR analysis, and analysis of composition of the gas and liquid 

products, such as CO, CO2, H2, CH4, and water content.  

• Study the chemical kinetics of pyrolysis of raw and torrefied sawdust based on TGA 

tests. 

1.5 Thesis outline 

Chapter 1 reviews the literature on slot-rectangular spouted beds and biomass torrefaction, 

and provides an introduction to the current work.  

Chapter 2 describes the detailed experimental set-up and operating procedures. It also 

provides the detailed information on the experimental biomass material, characterization 

methodology for torrefied product and the procedures used. 
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Chapter 3 presents the results of experiments which determined solids exchange between two 

adjacent compartments in a dual-compartment slot-rectangular spouted bed with a suspended 

partition.  

Chapter 4 investigates biomass torrefaction in a semi-batch slot-rectangular spouted bed 

reactor, including the effects of torrefaction temperature, biomass feed rate, sawdust particle 

size and non-oxidative vs. oxidative environment on torrefaction performance and torrefied 

product properties.  

Chapter 5 explores experimental biomass torrefaction in a semi-batch dual-compartment slot-

rectangular spouted bed with a suspended partition, including effects of torrefaction 

temperature, biomass feed rate, non-oxidative vs. oxidative environments on torrefaction 

performance and torrefied product properties. 

Chapter 6 tests thermogravimetric characteristics and kinetics of pyrolysis of torrefied 

sawdust in a thermogravimetric analyzer. The torrefied biomass was obtained from the 

biomass torrefaction in a single-compartment slot-rectangular spouted bed reactor. 

Chapter 7 provides conclusions from the current work and recommendations for future 

studies.  
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Chapter 2 Sample preparation, experimental set-up and 

methodology 

2.1 Cold model dual-compartment slot-rectangular spouted bed  

2.1.1 Equipment design  

 

        (a)                        (b) 

 

Figure 2-1 (a) Schematic and definition of symbols for dual-compartment slot-

rectangular spouted bed column; (b) top view. 

The configuration of the dual-compartment slot-rectangular spouted bed (DSRSB) with a 

suspended partition is shown schematically in Figure 2-1(a). The column consists of a 

Plexiglas vessel, 300 × 100 mm in inner cross-section, 800 mm in height, supported by a W-

type lower divergent section with 60° inclination angles. A thin partition of width 100 mm is 
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suspended centrally and rigidly in the upper freeboard section to create two compartments of 

equal volume. Two horizontal-axis ports (A and B), just above the distributor, are available 

for insertion of a probe from the wall to measure the bed pressure drop. Two rectangular slots 

shown in Figure 2-1(b) are located symmetrically at the base, each connected to an 

independent windbox. The DSRSB column dimensions are listed in Table 2-1. 

Table 2-1 DSRSB column dimensions. See Figure 2-1 for definition of dimensions. 

Parameter Value 

Overall height, Ht (mm) 800 

Width, W (mm) 300 

Thickness, L (mm) 100 

Base width, Wb (mm) 25.4 

Gas entry slot width, Wslot (mm) 4.0 

Gas entry slot length, Lslot (mm) 30 

Divergent base height, Hd (mm) 120 

Included base angle, θ (°) 60 

Suspended partition height, Hsp (mm) 100 and 300 

Suspended partition width, Lsp (mm) 100 

Suspended partition thickness, Wsp (mm) 6.35 

Gap between partition and static bed surface, ∆h (mm) 20, 40, 60 

Static bed height, HB,0 (mm) 150-210 
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2.1.2 Material and methodology 

Table 2-2 Key properties of experimental particles and gas. 

 Value 

Particle colour Red Black 

Sauter mean particle diameter, dsv (mm) 1.16, 1.61, 2.85 1.16, 1.61, 2.85 

Particle density, ρp (kg/m3) 2530 2530 

Sphericity, Φ (-) 1.0 1.0 

Angle of repose (°) 22.0, 20.4, 22.8 19.9, 21.8, 23.3 

Gas (air at 20°C and 1 atm)  

Density, ρg (kg/m3) 1.2 

Viscosity, μg (kg/m.s) 1.88e-5 

Superficial spouting velocity, U (m/s) 0.34-1.4 

The spouting fluid was air at 20°C and 1 atm. The particles studied were glass beads. The 

key particle properties and fluid properties are listed in Table 2-2. The measurements of 

angle of repose (AOR) of samples were performed on an AOR tester (Mark 4, Powder 

Research Ltd., developed by Professor Derek Geldart) (Geldart et al., 2006). 

Figure 2-2 shows a schematic diagram of the experimental dual-compartment slot-

rectangular spouted bed with a suspended partition. Compressed air was first measured by a 

rotameter and then divided into two equal streams. Each divided line had a globe valve and 

an orifice flowmeter to control and measure the air flow precisely. To quantitatively analyze 

the exchange of particles between the chambers, half of the original glass beads were painted 

red and half black. The red and black solids had virtually identical density, diameter and 

sphericity. The red particles were assigned to be tracers. The partition was first inserted into 

the upper section at position (1) to separate the DSRSB column into two independent 
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compartments. The left compartment was next loaded with red tracer particles, while the 

right one was filled to the same height (HB,0) with black particles. The air flow rate was then 

gradually increased to the desired value. When both compartments reached the same stable 

spouting state, the partition was quickly raised to its required position (2). After each pre-

determined time interval, the air flow was abruptly terminated. Next, a 4 mm thick vertical 

partition of width × height 100 × 300 mm was inserted in position (1) to divide the bed into 

two identical volumes. The particles from each compartment were then discharged by an 

electric vacuum cleaner, and ten 70 g samples were taken from the discharged particles for 

each compartment. The glass beads were in a single layer, when each sample was 

photographed. The number of particles of each colour in each sampled mixture was then 

determined by image analysis with Adobe Photoshop CS4 software, and represented by the 

area of each colour in one picture, as shown in Figure 2-3. The tracer mass fraction of each 

sample was then calculated from the ratio of the area of the tracer particles divided by the 

total area of the particle mixture.  Each measurement was repeated, so that each measured 

concentration was based on an average of 20 determinations.  
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    (a) 

DSRSB 

DSRSB: Dual-compartment Slot-Rectangular Spouted Bed

F1: Rotameter

F2, F3: Orifice Flowmeter

P: Pressure Gauge

ΔP: Differential Pressure Transducer

V1: Ball Valve

V2, V3: Globe Valve
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Figure 2-2 (a) Photo of cold model dual-compartment slot-rectangular spouted bed 

facility, (b) schematic diagram of dual-compartment slot-rectangular spouted bed with a 

suspended partition. 

DSRSB  

Air 
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Figure 2-3 Photos of red+black particles, black particles, and red particles.  

Variables studied in the solids mixing between adjacent chambers involved superficial gas 

velocity (U), static bed height (HB,0), particle size (dp), partition position (Δh) and partition 

height (Hsp). Details are shown in Figure 2-4. 

Variables

Gas velocity (U)

Static bed height 

(HB,0)

Particle size (dp)

Partition position 

(Δh)

Partition height (Hsp)

1.1-1.4Ums

150, 180, and 210 mm

1.16, 1.61 and 2.85 mm

20, 40, and 60 mm

100 and 300 mm

 

Figure 2-4 Operating variables and their ranges in solids mixing experiments.  

Black 

 

Red+Black 

Red 
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2.2 Sample preparation for torrefaction experiments 

The experimental material, obtained from Tolko Industries Ltd., Vernon, BC, Canada, is a 

mixture of spruce, pine and fir (SPF) sawdust from a sawmill. The SPF sawdust was first 

dried in an oven (Model: LHT6, Carbolite) at 105°C for 24 h, and ground by a hammer mill 

(Model: 10HMBL, Glenmills Inc., USA,) with a 3.18 mm screen. The ground sawdust was 

subsequently sieved for 10 min in a Gilson Test-Master sieving device (Gilson Company Inc., 

Lewis Center, Ohio) to select the fractions to be chosen for the experiments. The 0.25-0.5, 

0.5-1.0 and 1.0-2.0 mm sawdust particles are designated hereafter as the smallest, 

intermediate and coarsest particles. The sawdust was dried again at 105°C for 24 h prior to 

each torrefaction experiment.  

Key properties of the three sawdust selected particles are given in Table 2-3. The bulk 

density was measured by half-filling a graduated cylinder with a weighed sawdust sample, 

inverting the covered cylinder and then quickly re-inverting it to measure the volume. The 

particle density was determined by a helium displacement pycnometer (Quantachrome 

Instruments, USA). The moisture content was measured by weighing a sample of raw 

sawdust before and after putting it into an oven (THELCO laboratory PRECISION oven) at 

105°C for 24 h. Elemental analysis, proximate analysis, fiber analysis, and higher heating 

value (HHV) are described in section 2.6.1 below. 
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Table 2-3 Properties of raw SPF sawdust and glass beads. 

 
Raw sawdust Glass beads 

Screen size range (mm) 
0.25-0.5 

(Smallest) 

0.5-1.0 

(Intermediate) 

1.0-2.0 

(Coarsest) 
0.85-1.18 

Sauter mean diameter, dsv (μm) 263 433 1454 1000 

Bulk density, ρb (kg/m3) 87.7 137.6 220.5 1550 

Moisture content wet basis (wt.%) 3.9 3.1 3.3 0 

Particle density dry basis, ρp (kg/m3) 1231 1254 1239 2526 

Proximate analysis d     

    Volatile Matter (VM) (wt.%) 84.55  

    Fixed Carbon (FC) (wt.%) 15.06  

    Ash (wt.%) 0.39  

Fiber analysis d     

    Hemicellulose (wt.%) 14.6  

    Cellulose (wt.%) 49.0  

    Lignin (wt.%) 27.6  

    Extractives (wt.%) 8.4  

Ultimate analysis d     

    C (wt.%) 46.2  

    H (wt.%) 6.4  

    O* (wt.%) 47.4  

    N (wt.%) <0.1  

HHV (MJ/kg) 18.23  

d Dry basis. * Oxygen content was determined by difference. 
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2.3 Single-compartment slot-rectangular spouted bed torrefaction reactor  

2.3.1 Equipment design 
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Figure 2-5 (a) Slot-rectangular spouted bed reactor; (b) plan view of base. (T1-T4: K type 

thermocouples, P: Pressure gauge with range 0-103.4 kPa, ΔP: differential pressure 

transducer with range 0-6.9 kPa.) 

The single-compartment slot-rectangular spouted bed reactor (SRSB) shown in Figure 2-5(a) 

was made of carbon steel, 150 × 100 mm in cross-section and 1000 mm in height, with a 

diverging base of 60° inclination angles. A plan view of the base is shown in Figure 2-5 (b). 

The width of the base (Wb) was 25.4 mm. The slot length (Lslot) was 30 mm, and its width 

(Wslot) was 4 mm. To observe solids motion in the reactor, five quartz windows of diameter 

50.8 mm were installed on its front wall.  Thermocouples (K type) were used to measure gas 

Wslot

Lslot

Wb

W=150 mm

L
=

1
0
0
 m

m
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temperatures in the windbox and in the spouted bed, 64, 165 and 267 mm above the base. 

The latter three thermocouples measuring the spouted bed temperatures were inserted 20 mm 

from the inside wall of the spouted bed column. The pressure drop (ΔP) across the reactor 

was measured by a differential pressure transducer (Omega model: PX142 series, uncertainty: 

±0.75% full span). The pressure transducer probe was just above the distributor. A feed port 

of diameter 25.4 mm was located on one side, 180 mm above the base, as shown in Figure 

2-5(a). 

2.3.2 Methodology 

The semi-batch slot-rectangular spouted bed torrefaction facility is shown schematically in 

Figure 2-6. The inlet gas flow was controlled by a needle valve upstream of the preheater, 

and measured by an orifice flowmeter. The flow rate measured by the orifice flowmeter was 

converted to standard conditions based on the fluid temperature and pressure.  3000 g of 

glass beads of 1.0 mm diameter were loaded into the reactor before the experiments.  

At the beginning of each run, air was employed to preheat the reactor to the required 

temperature. Subsequently, nitrogen replaced air to purge the system for 5 min. The nitrogen 

or a mixture of nitrogen and air was then fed to the reactor with a pre-determined flowrate 

and oxygen concentration. The oxygen concentration in the feed-gas was controlled by 

mixing air and nitrogen at different flowrates, and the two gas flows were controlled 

individually, aided by two rotameters. A flue gas analyzer (PS-200, HORIBA) was 

connected to gas sampling port #1 to ascertain the oxygen concentration prior to biomass 

feeding.  
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Figure 2-6 Schematic diagram of slot-rectangular spouted bed torrefaction facility. (F1, 

F2: Rotameter with range 0-51 m3/h, F3: Orifice flowmeter with range 0-51 m3/h, P: 

Pressure gauge with range 0-103.4 kPa, T1-T4, Tc and The: K-type thermocouples, V1, 

V2: Needle valve, V3: Ball valve, V4: Globe valve.) 

After the system had stabilized for 5 min, the screw-feeder was turned on to initiate the 

feeding of sawdust into the reactor. The screw-feeder had been calibrated at room 

temperature with the SPF sawdust before being employed in the experiments, and the feed 

rate was calculated as the actual weight of fed biomass divided by the duration of feeding. To 

prevent hot gas from entering the screw-feeder, 4 L/min nitrogen was fed into it. Sawdust 

was fed into the reactor, contacting the heat carriers, i.e. the heated glass beads, and 

N2/N2+air. There was no immediate discharge of torrefied material. Instead, the sawdust 

particles lost density as they devolatilized, with some then being pneumatically transported 

out of the reactor. Most entrained particles were captured by a cyclone. The clean gas then 
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passed to a stainless-steel mesh filter of 50 μm aperture to remove the remaining particles. 

Finally, the off-gas entered an afterburner after being cooled to room temperature.  

During the torrefaction experiments, torrefied product samples of ~2 g were taken from a 

solid sampling port just below the bottom of the cyclone (See Figure 2-6) at 5-10 min 

intervals. The cyclone was heated to the same temperature as the spouted bed reactor by a 

heating tape. The filter was close to the cyclone, so no condensation was observed inside it.  

After cooling to less than 50°C, the mixed torrefied sawdust and glass beads were extracted 

from the reactor by a vacuum cleaner. Glass beads were recycled after being separated from 

the torrefied sawdust. Each torrefied solid sample was sealed in a zip bag, labeled and stored 

in a cold storage room (< -4°C) for future analysis.  

SRSB Reactor

Temperature (T)

Feed rate (F)

Particle size (dp)

N2, N2+O2 (XO2)

240, 270, 300, and 330
o
C

220, 440, and 710 g/h

0.25-0.5, 0.5-1.0,

 and 1.0-2.0 mm

0, 3, 6, and 9 vol.% O2

 

Figure 2-7 Experimental variables studied and their nominal ranges in the slot-

rectangular spouted bed torrefaction facility.  

Figure 2-7 lists all experimental variables investigated in the torrefaction experiments. The 

average reactor temperature (T) was designed to be varied from 240 to 330°C. The biomass 
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feed rates (F) were 220, 440 and 710 g/h. The oxygen concentration (XO2) in the feed gas was 

controlled to be 0, 3, 6 or 9 vol.%. The mass of the inert particles was fixed to be 3000 g. The 

freeboard was defined as the region from the static bed surface to the top of the column; its 

height was 673 mm.  

In order to continuously conduct a torrefaction experiment for 120 min, the superficial gas 

velocity was set at 1.2Ums, where Ums was the minimum spouting velocity of inert particles 

measured at the elevated temperature and initial bed depth at which the experiment was to be 

conducted.  
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2.4 Dual-compartment slot-rectangular spouted bed torrefaction reactor  

2.4.1 Equipment design 
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Figure 2-8 (a) Schematic of dual-compartment slot-rectangular spouted bed reactor, (b) 

plan view of base, (c) photo of DSRSB column, (d) photo of W type base and windbox. 

(𝑇1
′-𝑇7

′: K type thermocouples, P: Pressure gauge with range 0-103.4 kPa, ΔP: 

differential pressure transducer with range 0-6.9 kPa.) 

The dual-compartment slot-rectangular spouted bed reactor was made of carbon steel. Its 

configuration is shown in Figure 2-8(a). The DSRSB column dimensions were 1000 × 300 × 

100 mm in height × width × thickness, with a W-type base of 60° inclination angles. DSRSB 

had twice the capacity of the SRSB. A 6.4 mm thick partition of width × height 100 × 100 

mm was suspended rigidly and centrally in the freeboard. Two identical slots as shown in 

Figure 2-8(b) were installed, one for each compartment, each connected to an independent 

c d 
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windbox. Each compartment contained five quartz windows of 50.8 mm diameter for 

observing solids motion in the reactor. Two 𝑇1
′ and 𝑇2

′ (K type) thermocouples were used to 

measure gas temperatures in the two independent windboxes, and five thermocouples of 𝑇3
′ - 

𝑇7
′  (K type) in the spouted bed 64, 165 and 267 mm above the top of the slot. The 

thermocouples measuring the spouted bed temperatures were inserted 20 mm from the inside 

wall of the column. A feed port of diameter 25.4 mm was located on the right side of the 

reactor, 180 mm above the base. The pressure drop (ΔP) across the reactor was measured by 

two differential pressure transducers (Omega model: PX142 series, uncertainty: ±0.75% full 

span). The pressure transducers probes were installed immediately above the distributor. 

2.4.2 Methodology 

Biomass was also torrefied in the dual-compartment slot-rectangular spouted bed facility 

shown in Figure 2-9. The experimental operating procedures for biomass torrefaction in the 

dual-compartment slot-rectangular spouted bed facility were the same as those for the single-

compartment slot-rectangular spouted bed reactor (see section 2.3.2). However, 8.5-13.6 

m3/h of the off-gas was recycled by a blower to reduce the operating cost, as shown in Figure 

2-9. The blower was modified from an air compressor (Model: 5Z28B-2, SPEEDAIRE) by 

adding a frequency inverter (SMVector Series, Lenze/AC Tech, USA) to control the motor 

speed.  
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Figure 2-9 (a) Photo of dual-compartment slot-rectangular spouted bed torrefaction 

facility, (b) schematic diagram of dual-compartment slot-rectangular spouted bed 

torrefaction facility.  

(F1, F2: Rotameter with range 0-51 m3/h, F3: Rotameter with range 0-25.5 m3/h, F4, F5: Orifice 

flowmeter with range 0-51 m3/h, P: Pressure gauge with range 0-103.4 kPa, T: K-type 

thermocouple, V1, V2 and V7: Needle valve, V3, V6 and V8: Ball valve, V4, V5: Globe valve.) 

The operating variables for biomass torrefaction in the dual-compartment slot-rectangular 

spouted bed facility included temperature (T), biomass feed rate (F), and oxygen 

concentration (XO2), as summarized in Figure 2-10. To ensure that the biomass torrefaction 

results from the SRSB and DSRSB reactors were comparable, the average bed temperature of 

the DSRSB reactor and oxygen content were required to be the same as those for the SRSB 

facility. Because the DSRSB reactor was scaled up to give twice the capacity of the SRSB 
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reactor, the biomass feed rate was set at double that of the SRSB facility. The partition was 

rigidly installed in the freeboard zone, 130 mm above the initial bed surface.   

In order to continuously conduct a torrefaction experiment of duration 120 min, the 

superficial gas velocity was set at 1.2Ums, where Ums is the minimum spouting velocity of 

inert particles measured at the elevated temperature and initial bed depth of interest.  

 

DSRSB Reactor

Temperature (T)

Feed rate (F)

240, 270, and 300oC

600, 900, and 1400 g/h

0, 3, 6, and 9 vol.% O2N2, N2+O2 (XO2)

 

Figure 2-10 Experimental variables studied and their nominal ranges in the dual-

compartment slot-rectangular spouted bed torrefaction facility. 

2.5 Thermogravimetric analysis for kinetic study and experimental design 

(I) Dynamic tests 

The raw sawdust was first tested in a thermogravimetric analyzer, TGA (TA-60WS, 

Shimadzu) at different temperatures and atmospheric pressure with pure nitrogen carrier gas 

of 50 ml/min to identify suitable temperature ranges for the spouted bed torrefaction 

experiments. Dynamic thermal degradation experiments were performed by: (1) heating 
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samples from room temperature to 110°C at a heating rate of 10°C/min, (2) holding at 110°C 

for 30 min, and (3) then heating from 110 to 800°C at a rate of 1°C/min. 

(II) Isothermal torrefaction experiments 

Isothermal experiments in the TGA were carried out to identify the weight loss 

characteristics of the raw sawdust at different temperatures. A ~10 mg sample was first 

heated to 110°C at a heating rate of 10°C/min, then held at that temperature for 30 min. Then, 

the sample was heated at 50°C/min to reach a pre-determined torrefaction temperature, where 

it was held for 8 h. After this, the sample was heated to 800°C at 50°C/min and kept there for 

30 min to complete the process. The experiments were conducted in an inert atmosphere of 

nitrogen (99.999% purity) with a flow rate of 50 ml/min. The three torrefaction temperatures 

chosen for the experiments were 240, 270 and 300°C. 

(III) Kinetic study  

The pyrolysis characteristics of the raw and torrefied SPF sawdust were investigated in the 

thermogravimetric analyzer (DTG-60, Shimadzu).  A ~10 mg sample was heated from room 

temperature to 105°C, and held there for 5 min to remove the free moisture. The sample was 

then heated further at a heating rate of 10, 20, 30 or 40°C/min to 800°C. Thermogravimetric 

data were recorded at each second during the tests. These analyses were conducted in an inert 

atmosphere of nitrogen (99.999% purity) with a nitrogen flow rate of 100 ml/min. 

 

 

 



39 

 

2.6 Characterization of torrefied product 

The torrefaction experiments primarily produced solid product, but also condensable liquid 

and gas by-products, as shown in Figure 2-11.  
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Gas 
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• Proximate analysis 
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• Proximate analysis

• Elemental analysis
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• HHV measurement

• Particle density

• Particle size distribution 

• FTIR analysis

• SEM analysis

Filtrated by 

Filter

Remain in
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Captured by 

Cyclone

• Component measurement 

(CO, CO2, H2, CH4 )

• Component measurement

• Water content 

Loss

 

Figure 2-11 Torrefied product map and corresponding measurements. 

2.6.1 Solid product 

As indicated in Figure 2-11, the torrefied solid product remained in the reactor, was captured 

by the cyclone, or was collected by the downstream filter. However, most solid product (> 99 

wt.%) came from the cyclone and reactor. Because the torrefied sawdust from the filter 

constituted less than 1 wt.% of the total torrefied solid product, its properties were not 

analyzed.  
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The volatile matter of the solid sample was measured by the TGA (Shimadzu, TA-60WS). A 

dried sample was first heated to 110°C at a rate of 10°C/min, and held at that temperature for 

30 min to determine the moisture content. Then, the sample was heated to 800°C at 40°C/min 

and kept there for 30 min to complete the process. The volatile matter was determined from 

the weight loss of the sample between 110 and 800°C. The ash content was determined based 

on the NREL/TP-510-42622 method (Sluiter et al., 2008a). The fixed carbon content was 

subsequently determined by difference. Ultimate analysis of raw and torrefied SPF sawdust 

was conducted using a Carlo Erba EA 1108 elemental analyzer, providing the carbon, 

hydrogen, nitrogen and oxygen elemental contents of the samples in wt.% on a dry basis, 

with oxygen content estimated by difference. The fiber analysis was carried out with a 

Gerhardt Fibretherm FT12. The higher heating value (HHV) of the samples was measured 

with a Parr 6100 bomb calorimeter, with the raw and torrefied SPF sawdust pelletized prior 

to the HHV measurements to ensure controlled combustion. The particle density was 

determined by a helium displacement pycnometer (Quantachrome Instruments, USA). 

Particle size distributions were measured by a Malvern Mastersizer 2000. The structural 

composition of the raw and torrefied product was analyzed by FTIR spectroscopy (Cary 600 

Series, Agilent Technologies). The microscopic structure of raw and torrefied sawdust was 

investigated by a scanning electron microscope (FEI Quanta 650). 

For all property measurements, two replicates were conducted, with the average and standard 

deviation then calculated.  
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2.6.2 Condensable liquid product 

Chemical compositions of the condensable liquid were analyzed by a Gas Chromatograph 

(Agilent 7820 A GC system) coupled with a Mass Spectroscope (Agilent 5975 MS detector) 

from Agilent Technology (California, United State), with a HP-Innowax column (60 m × 

0.250 mm × 0.25 µm). Prior to the GC-MS measurements, samples of the condensable liquid 

were diluted with acetone, with a mass ratio of acetone-to-sample of 2:1. The GC injector 

temperature was set at 250°C, with a split ratio of 100:1. During analysis, the GC oven 

temperature profile was set to follow the sequence: 50°C for 2 min, next increased to 150°C 

at a ramping rate of 15°C/min, and again increased to 260°C with a ramping rate of 5°C/min, 

then held for 5 min. 

The water content of the condensable liquid was determined by Karl Fischer titration (ASTM 

D1744). 

Each measurement was made twice for each sample, with the average and standard deviation 

then calculated.  

2.6.3 Gas product 

The CO and oxygen concentrations in the feed-gas and off-gas were measured by a flue gas 

analyzer (PS-200, HORIBA), with measurement ranges of 0-25 vol.% and 0-5000 ppm for 

oxygen and CO, respectively. The CO2 concentration in the off-gas was measured by a CO2 

detector (Model 906, Quantek Instruments) with a measurement range of 0-5000 ppm. Other 

compounds of the off-gas, namely H2, CH4 etc., were only present at low concentrations, 

outside of the ranges of our GC and flue gas analyzer (H2 > 0.5 vol.%, CH4 > 0.5 vol.%). 

Therefore, only O2, CO and CO2 concentration data were obtained.  
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Chapter 3 Solids mixing in a dual-compartment slot-rectangular 

spouted bed with a suspended partition 

As mentioned in Chapter 1, the slot-rectangular geometry is beneficial in overcoming the 

scale-up challenge of spouted beds. An internal partition is essential to minimize interference 

between compartments and to achieve stability in multiple spouted beds. In this chapter, a 

dual-compartment slot-rectangular spouted bed reactor (DSRSB) with a suspended partition 

was investigated to address the scale-up issue, while also providing crucial information 

needed for the design and operation of dual-compartment slot-rectangular spouted bed 

reactors, e.g. for biomass torrefaction. A solids exchange coefficient was determined to 

characterize the solids exchange rate between adjacent compartments. The solids mixing 

between adjacent compartments was studied for different operating conditions of superficial 

gas velocity (U), static bed height (HB,0), particle size (dp), partition position (Δh) and 

partition height (Hsp). See section 2.1 of Chapter 2 for the operating procedure.  

3.1 Quantitative study of solids mixing  

As shown in Figure 3-1, before initiating the flow, 0M g of red particles were loaded into the 

left compartment (compartment 1), while an equal mass, 0M  g, of black particles was added 

to the right compartment (compartment 2). The red particles were assigned to be tracers. 

Initially, the weight fractions of tracer particles in compartments 1 and 2 were 1C = 1 and 2C

= 0, respectively. The variation in 1C  and  with time t depends on the lateral exchange of 

solids between the compartments. 

2C
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Figure 3-1 Schematic configuration of solids mixing between compartments in DSRSB. 

3.1.1 Solids exchange between compartments  

Assumptions are made as follows:  

(a) Each compartment is well mixed;  

(b) Each compartment maintains a total mass of 0M  g particles; 

(c) There is a constant mass flow of m  from compartment 1 to compartment 2 and 

from compartment 2 to compartment 1. 

Mass balance for compartment 1:  

12
10 )(

CmCm
dt

CMd
                         (3-1) 

Similarly for compartment 2:  
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CMd
                      (3-2) 

Initial conditions:  

at t=0, C1=1, C2=0                   (3-3) 

But  121  CC , i.e.  12 1 CC                    (3-4) 

Substitution of Equation (3-4) into Equation (3-2) yields, 
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For our purpose, we want to find m , which is obtained from Equation (3-6) as 
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where Kse is a solids exchange coefficient, A0 is the cross-sectional area of each of the two 

equal compartments (m2), Gair is the mass flow of air (kg/h), U is the superficial gas velocity 

(m/s), t is time (s), and C2 is tracer concentration in the #2 compartment. A greater Kse results 

in a faster solid exchange rate for a given air flow rate and physical system.  

3.1.2 Lacey mixing index 

In order to quantitatively access the solids mixing degree, the well-known Lacey mixing 

index (Lacey, 1954) was employed to characterize the degree of solids mixing. The DSRSB 

has two sampling cells, the #1 and #2 compartments shown in Figure 3-1. The variance of the 

concentration in each sample is expressed as  

1

)(
1

2

,
2
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CC
N

i
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                     (3-9) 
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where N is the number of samples, tiC , is the concentration of tracer particles in sample i at 

time t, and 𝐶̅ is the average concentration. The Lacey mixing index ( LI ) is then defined as 

22

0

22

0

R
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                    (3-11) 

where 𝜎0
2  and 𝜎𝑅

2  represent the variances of a completely segregated mixture and a 

completely random mixture, respectively. Hence 

)1(2

0 pp                   (3-12) 
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n

pp
R

)1(2 
                   (3-13) 

where p and (1-p) are the proportions of the two components determined from sampling, and 

n is the number of particles in each sample. 

3.2 Minimum spouting velocity and maximum pressure drop 

The experimental minimum spouting velocities and maximum pressure drops for different 

operating conditions are presented in Table 3-1. As expected, these critical parameters are 

almost identical at the same operating conditions for the red and black particles. Furthermore, 

with increasing static bed height, the minimum spouting velocity and maximum pressure 

drop increased in a similar manner. Also as expected, larger particles gave higher minimum 

spouting velocities and maximum pressure drops than smaller particles for a given static bed 

height. 

Table 3-1 Experimental minimum spouting velocities and maximum pressure drops. 

Particles 
HB,0 (mm) 

 

Ums (m/s) ∆Pmax (Pa) 

Black Red Black Red 

GB1.16* 

150 0.34 0.34 911 900 

180 0.38 0.40 1230 1206 

210 0.42 0.44 1477 1509 

GB1.61* 

150 0.54 0.58 1243 1293 

180 0.68 0.68 1424 1439 

210 0.79 0.78 1625 1600 

GB2.85* 150 1.00 1.00 1480 1495 

        *GB: glass beads; 1.16, 1.61 and 2.85: diameter of glass beads in mm. 
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3.3 Image analysis method 
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Figure 3-2 Comparison of measured and true mass fraction of tracer particles in mixtures. 

Pretests had been conducted to assess the validity of the image analysis method. Samples of 

known tracer mass fraction were tested by the image analysis method. Each sample contained 

a 70 g mixture of red and black glass beads with different tracer mass proportions from 0 to 

100%. The glass beads were in a single layer, when the sample was photographed. As shown 

in Figure 3-2, measured values are in good agreement with true values based on the image 

analysis method, with maximum relative deviations of 2.0%, 2.2%, and 1.0% for the 1.16, 

1.61 and 2.85 mm glass beads, respectively. Therefore, it was verified that the image analysis 

method is capable of providing accurate results.  
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3.4 Evolution of solids exchange with time 

After a long enough time, it is expected that each compartment should approach 50% tracer 

particles, corresponding to a completely random mixture. This was indeed the case for the 

1.61 mm and 2.85 mm particles, as shown in Figure 3-3. However, in the case of the 1.16 

mm glass beads, the net transferred tracer mass fraction approached a maximum value of 

42%, indicating that 8% of the tracer particles were in a dead zone for these smaller glass 

beads, likely due to the DSRSB base of 25.4 mm width being large enough to retain those 

1.16 mm particles. Therefore, the base needs to be modified in the future, to reduce this blind 

zone.  
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Figure 3-3 Tracer concentration in compartment 2 for HB,0 = 150 mm, U = 1.2Ums, ∆h = 

20 mm, Hsp = 300 mm. 

Figure 3-4 plots the Lacey mixing index against time for the three sizes of glass beads 

studied. The mixing index shows the same trend for all cases. The maximum Lacey mixing 
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indexes for the 1.61 and 2.85 mm glass beads approached unity, whereas for the 1.16 mm 

glass beads, the maximum was ~0.95. The elapsed times to reach the maximum mixing index 

were ~540, 420 and 180 s for the 1.16, 1.61 and 2.85 mm glass beads, respectively. The 

differences are due to different superficial velocities. A higher superficial gas velocity results 

in faster particle motion, which promotes particles mixing. Note that U = 1.2Ums corresponds 

to U = 0.41 m/s, 0.67 m/s, and 1.2 m/s for the 1.16, 1.61 and 2.85 mm glass beads, 

respectively, at room temperature and a static bed height of 150 mm.  
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Figure 3-4 Lacey mixing index for glass beads of three sizes with HB,0 = 150 mm, U = 

1.2Ums, Hsp = 300 mm and ∆h = 20 mm; t' is the time required to reach equilibrium. 

 

 



50 

 

3.5 Effect of suspended partition position  
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Figure 3-5 Effect of partition position on solids exchange coefficient and tracer 

concentration for 1.16 and 1.61 mm glass beads with HB,0 = 150 mm, U = 1.2Ums, t = 30s, 

Hsp = 300 mm. 

In principle, the DSRSB does not require a partition (Chen et al., 2013b), but a partition 

stabilizes the flows, reduces intermingling of the fountains and prevents side-to-side 

percolation of gas from a spout into the corresponding annulus (Rovero et al., 2012). Figure 

3-5 shows that the partition position had a significant influence on the solids exchange 

between the compartments. As the gap (∆h) between the bottom of the partition and the top 

surface of particles increased from 20 mm to 60 mm, the magnitude of the solids exchange 

coefficient and the concentration of tracer particles increased by a factor of 2.2. The gap is 

the main area available for solids exchange between the compartments. Fountain spreading 

provides the principal mechanism for interchange of particles between the compartments 
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(Chen et al., 2013b). When the partition was raised, the taller gap allowed more particles to 

pass in both directions, facilitating solids exchange.  

3.6 Effect of superficial gas velocity  
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Figure 3-6 Effect of superficial gas velocity on solids exchange coefficient and tracer 

concentration for 1.61 and 1.16 mm glass beads with HB,0 = 150 mm, ∆h = 20 mm, t = 30 

s, Hsp = 300 mm. 

Figure 3-6 shows the effect of superficial gas velocity on the solids exchange between the 

compartments. The superficial gas velocity is seen to have had a secondary effect on the 

solids exchange. As the superficial gas velocity increased, the solids exchange coefficient 

increased and more solids exchanged between the compartments. This occurred because a 

higher superficial gas velocity resulted in faster particle motion, not only in the axial 

direction, but also in the lateral direction, which is helpful for particle mixing (Huang and Hu, 
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2007). Moreover, the spout diameter increased as the gas flow increased (McNab, 1972), 

strengthening the spout intensity, and promoting solids circulation and flow into the fountain. 

3.7 Effect of static bed height  
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Figure 3-7 Effect of static bed height on solids exchange coefficient and tracer 

concentration for 1.61 and 1.16 mm glass beads with U = 1.2Ums, ∆h = 20 mm, t = 30 s, 

Hsp = 300 mm. 

Figure 3-7 presents the effect of static bed height on the exchange of solids between the 

compartments. The exchange coefficient increased as the static bed height increased at a 

given U = 1.2Ums. Slower axial mixing is expected in a deeper bed than in a shallower one 

(Devahastin and Mujumdar, 2001; Huang and Hu, 2007). With increasing static bed height, 

the gap (∆h) shown in Figure 3-1 between the top of the static bed and the bottom of the 

partition, available for solids exchange, decreases, and the fountain surface coverage declines. 

The reduced gap retards solids exchange between the compartments. Moreover, the reduction 
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in fountain particles reaching the wall retards particles mixing. However, the gap between the 

top of the divergent base and the surface of the static bed increased, promoting solids 

exchange between the compartments. Therefore, solids exchange in the lateral direction 

increased slightly as the static bed height increased for the cases considered here. 

3.8 Effect of partition height 
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Figure 3-8 Evolution of Lacey mixing index in the DSRSB with 100 mm and 300 mm 

partition heights for 1.61 mm glass beads, HB,0 = 150 mm, ∆h = 20 mm, U = 1.2Ums. 

The suspended partition prevents the fountains from merging and improves the stability of 

the DSRSB (Chen, 2008). However, it also impedes solids exchange between the 

compartments. Figure 3-8 shows the effect of the partition height on solids exchange between 

the compartments. Both compartments of the DSRSB contained stable overdeveloped 

fountains, i.e. the outermost returning particles bounced off the column wall. Less time was 

required to reach equilibrium when a shorter partition was present. The average fountain 
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height for the 1.61 mm glass beads with HB,0 = 150 mm, U = 1.2Ums, and ∆h = 20 mm was 

175-184 mm for the partition heights of 100 and 300 mm. Since the fountain height exceeded 

the sum of the 20 mm gap (∆h) and the 100 mm height of the shorter partition, solids 

exchange occurred not only through the gap (∆h), but also over the top of partition in the case 

of the shorter partition.  
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Figure 3-9 Solids exchange coefficient for 100 mm and 300 mm partition heights for 

1.61 mm glass beads, HB,0 = 150 mm, ∆h = 20 mm, U = 1.2Ums. 

Figure 3-9 demonstrates that a higher solids exchange coefficient was obtained with the 100 

mm partition height than with the 300 mm partition height. The dependence of the solids 

exchange coefficient on time was the same for the short and long partitions. The magnitude 

of the solids exchange coefficient was less than unity, indicating that most of the energy of 

the air was used to accelerate particles in the vertical direction, rather than to facilitate solids 

exchange in the lateral direction. In addition, the solids exchange coefficient decreased 
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slightly as time elapsed because the difference between the tracer concentrations in the two 

compartments was becoming smaller with time, and particles which had traveled from one 

side to the other were then included in those transferring in the opposite direction. For a 

DSRSB running a continuous process with feeding on one side and discharge from the 

opposite side, it is seen to be possible to promote solids mixing between compartments by 

reducing the height of the suspended partition. 

3.9 Conclusions 

(1) Comparison of glass beads of diameter 2.85, 1.61 and 1.16 mm shows that exchange of 

larger particles between compartments reached an equilibrium composition in less time in the 

dual-compartment slot-rectangular spouted bed than for smaller particles, in each case 

operating with a superficial gas velocity equal to 1.2 times the minimum spouting velocity.  

(2) The effect of the partition position on solids exchange between the compartments was 

more important than other factors, with a larger gap leading to faster exchange.  

(3) A shorter partition accelerated solids exchange between the compartments by allowing 

some fountain particles to pass over the partition.  

(4) The static bed height and superficial gas velocity had only a slight influence on solids 

exchange for the range of conditions investigated.  
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Chapter 4 Biomass torrefaction in a single-compartment slot-

rectangular spouted bed reactor 

In the present chapter, biomass was initially torrefied in a TGA, providing fundamental 

insights into its thermal behaviour at different operating conditions. Then, biomass was 

torrefied in a slot-rectangular spouted bed reactor of 1000 × 150 × 100 mm (height × width × 

thickness) under pure nitrogen and oxygen-containing atmospheres. Variables involved 

torrefaction temperature (T), biomass feed rate (F), biomass particle size (dp) and oxygen 

concentration (XO2) in the feed-gas. Their effects on reactor hydrodynamics, torrefaction 

efficiency and torrefied biomass properties are investigated. See Section 2.3 of Chapter 2 for 

the operating procedure. In this chapter, a mixture of spruce, pine and fir (SPF) sawdust was 

used as experimental material. Key properties of the sawdust are given in Table 2-3. 

4.1 Effects of temperature and biomass feed rate 

In this section, 0.5-1.0 mm SPF sawdust and pure nitrogen were employed to investigate 

effects of torrefaction temperature and biomass feed rate on biomass torrefaction.  

4.1.1 Pretests in TGA 

The SPF sawdust was pre-tested in the TGA reactor to explore its thermal behaviour under a 

nitrogen atmosphere. Figure 4-1 presents the dynamic weight loss and devolatilization rate 

curves of SPF sawdust after completion of drying at a heating rate of 1°C/min. The 

devolatilization rate is derived from the weight loss of biomass per unit time. It shows that 

the weight loss of SPF sawdust started at 172°C, and continued to 800°C. An inflection point 
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occurred at 338°C on the weight loss curve. A peak was observed at 321°C in the 

devolatilization rate curve. The peak point likely corresponds to the maximum decomposition 

rate of cellulose, while the inflection point is thought to indicate completion of hemicellulose 

decomposition (Chen and Kuo, 2011). 
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Figure 4-1 Dynamic weight loss and devolatilization curves for SPF sawdust particles of 

0.5-1.0 mm for a TGA heating rate of 1°C/min with nitrogen of 99.999% purity. 

Figure 4-2 shows the weight loss curves of SPF sawdust at different temperatures obtained 

from isothermal experiments of duration 8 h in the TGA. It is found that temperature played 

a crucial role in the biomass weight loss.  Increasing the torrefaction temperature led to a 

greater weight loss.  SPF sawdust lost 23%, 54%, and 70% of its initial dried weight when 

they maintained at 240, 270 and 300°C for 8 h, respectively. The devolatilization rate was 

greater at a higher temperature.  
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Figure 4-2 0.5-1.0 mm SPF sawdust torrefaction in TGA at different temperatures with 

nitrogen of 99.999% purity at 50°C/min heating rate. 

4.1.2 Operating conditions 

The operating conditions for 0.5-1.0 mm sawdust torrefaction in the SRSB facility are listed 

in Table 4-1. More than half of the cases have been repeated in the present study. The screw-

feeder was calibrated with the SPF sawdust tested at room temperature before the 

torrefaction experiments, with the actual feed rate calculated as the weight of fed biomass 

divided by the duration of feeding. The experiments were planned for four temperatures (240, 

270, 300 and 330°C), three biomass feed rates (220, 440 and 710 g/h) and a single gas 

superficial gas velocity of U = 1.2Ums, but the actual operating conditions differed somewhat 

from these pre-set conditions. The average actual biomass feed rate was ~220, 440 or 710 g/h.  

The actual temperature of the reactor was quite close to the planned value. Prior to each 

torrefaction experiment, the minimum spouting velocity (Ums) of nitrogen for the inert 
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particles was measured at the corresponding elevated temperatures, i.e. 240, 270, 300 and 

330°C, respectively. The minimum spouting velocity (Ums) of nitrogen for the inert particles 

was found to be 0.30, 0.31, 0.32 and 0.33 m/s at 240, 270, 300 and 330°C, respectively. 

During the torrefaction process, the superficial gas velocity of nitrogen was controlled 

accurately at 1.2Ums. Each experiment ran for 50 min, except for case C-11 which was 

extended to 110 min.  

Table 4-1 Operating conditions for torrefaction experiments of 0.5-1.0 mm SPF sawdust. 

For each case, U = 1.2Ums. 

Case 
Nominal operating conditions 

(T, F, t) 

Actual operating conditions 

T (°C) F (g/h) t (min) 

C-1 240°C, 220 g/h, 50 min 253 210 50 

C-2 270°C, 220 g/h, 50 min 278±3 220±11 50 

C-3 300°C, 220 g/h, 50 min 298±2 233±10 50 

C-4 240°C, 440 g/h, 50 min 241±3 413±12 50 

C-5 270°C, 440 g/h, 50 min 269±4 420±20 50 

C-6 300°C, 440 g/h, 50 min 295±3 467±8 50 

C-7 330°C, 440 g/h, 50 min 333 479 50 

C-8 240°C, 710 g/h, 50 min 255 632 50 

C-9 270°C, 710 g/h, 50 min 276±2 704±10 50 

C-10 300°C, 710 g/h, 50 min 296 803 50 

C-11 270°C, 440 g/h, 110 min 274 477 110 

         ±value: Value of standard deviation.  
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4.1.3 Typical case 

Figure 4-3 shows the temperature evolution for a typical case of torrefaction (C-6) conducted 

at 295°C with 467 g/h sawdust feed rate and 0.5-1.0 mm diameter sawdust. The windbox 

temperature (T1) and temperatures at Z = 64 mm (T2), 165 mm (T3) and 267 mm (T4) were 

measured at 1 s intervals. Because the initial static bed height for 3000 g of glass beads (HB,0) 

was 176 mm below the location of T4, the reactor temperature (T) was taken as the average of 

T2 and T3. As shown in Figure 4-3, the windbox temperature (T1) as expected was the highest 

temperature in the SRSB reactor, and it maintained a nearly constant value. The T2 and T3 

thermocouples were immersed 20 mm from inside wall of the reactor, in the annulus of the 

SRSB (Saidi et al., 2015b), where the particles descended, resulting in decreasing in 

temperature with decreasing height as heat was transferred between the fluid and particles 

(Kmiec and Englart, 2011). Therefore, the temperature at T3 was higher than at T2. However, 

it was observed through the glass windows that particle movement was retarded due to more 

and more biomass particles packing into the vicinity of T2. The SPF sawdust feeding began at 

time 0 min. Initially, temperatures at T2 and T3 slightly decreased because of the biomass at 

room temperature being fed into the reactor. Subsequently, these two temperatures leveled 

off as the torrefaction continued. Affected by the sawdust feed, the temperature at T4 initially 

decreased, but then increased slowly during the rest of the torrefaction process, due to the 

gradual increase of the bed height as torrefied product accumulated in the reactor 

compartment. 
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Figure 4-3 Time variation of temperatures for SRSB reactor, case C-6 of sawdust with 

0.5-1.0 mm diameter, T = 295°C, and F = 467 g/h.  

Figure 4-4 shows the time variation of the pressure drop across the reactor and the superficial 

gas velocity for case C-6. The superficial gas velocity of nitrogen was maintained quite 

stable at ~0.4 m/s (1.2Ums). The reactor pressure drop (ΔP) was measured between just above 

the slot and the reactor top as shown in Figure 2-5 (a). For the first few minutes, the reactor 

pressure drop was very stable, because of the limited quantity of SPF sawdust fed into the 

reactor. However, the reactor pressure drop then started to oscillate with an amplitude of 

~600 Pa. The irregular shape of the sawdust particles likely contributed to the oscillation of 

the pressure drop.  
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Figure 4-4 Time variation of reactor pressure drop and superficial gas velocity for case 

C-6 with 0.5-1.0 mm diameter sawdust particles, T = 295°C and F = 467 g/h. 

4.1.4 Solid product yield 

In each experiment, mass conservation was tested for the entire system. It is found that the 

mass of torrefied fine sawdust captured by the filter (Mf) was much less than 1% of the total 

fed sawdust (Mt). The rest of the torrefied sawdust was either captured by the cyclone (Mc), 

or stayed in the reactor (Mr).  Table 4-2 indicates the SPF sawdust weight loss defined by  

%100)1(X
t

frc 



M

MMM
                   (4-1) 

The weight loss increased with increasing temperature at a given biomass feed rate, 

consistent with the results of Figure 4-2.  A relatively high weight loss was obtained with a 

lower feed rate, leading to a longer residence time for biomass particles. True yield (Y) is a 



63 

 

ratio of mass of torrefied sawdust captured by the cyclone (Mc) to total mass of torrefied 

sawdust, defined as  

%100Y
rc

c 



MM

M
                   (4-2) 

The true yield, Y, increased as the temperature increased at a given biomass feed rate, 

indicating that more torrefied sawdust would be captured by the cyclone at higher 

torrefaction temperature.  For a given temperature, Y increased as the biomass feed rate 

increased, suggesting that higher biomass feed rate led to more torrefied sawdust being 

captured by the cyclone. 

Comparison of runs C-5 and C-11 reveals that the weight loss of sawdust (X) slightly 

increased, while the mass of torrefied sawdust remaining in the reactor (Mr) increased from 

134 to 254 g when the operating time was extended from 50 min to 110 min. Note that the 

entire system did not reach steady state within 50 min.  
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Table 4-2 Experimental solid torrefied product yield and weight loss in experiments. 

Case:  

Nominal operating conditions* 

Mt (g) Mc (g) Mr (g) Mf (g) Y (%) X (%) 

C-1: 0.5-1.0 mm+240°C+220g/h 174.9 45.8 83.4 2.1 35.4 24.9 

C-2: 0.5-1.0 mm+270°C+220g/h 182.9±4.6 54.1±1.4 65.6±1.6 2.0±0.2 45.2±1.1 33.5±0.8 

C-3: 0.5-1.0 mm+300°C+220g/h 194.2±4.2 65.5±1.6 50.5±1.5 2.1±0.1 56.5±1.4 39.2±0.8 

C-4: 0.5-1.0 mm+240°C+440g/h 344.0±5.0 130.0±3.0 163.9±4.9 1.0±0.1 44.2±1.9 14.3±0.3 

C-5: 0.5-1.0 mm+270°C+440g/h 349.9±8.3 138.7±3.3 133.8±3.3 1.50±0.2 50.9±2.5 21.6±0.6 

C-6: 0.5-1.0 mm+300°C+440g/h 389.1±3.3 150.0±3.8 136.8±3.4 1.5±0.2 52.5±2.1 25.7±0.7 

C-7: 0.5-1.0 mm+330°C+440g/h 399.0 145.6 133.9 2.0 57.7 29.4 

C-8: 0.5-1.0 mm+240°C+710g/h 527.1 273.2 216.5 1.9 55.8 6.7 

C-9: 0.5-1.0 mm+270°C+710g/h 586.7±4.2 316.7±7.5 191.4±2.9 2.0±0.1 62.3±1.2 13.1±0.4 

C-10: 0.5-1.0 mm+300°C+710g/h 668.8 333.7 163.1 2.1 67.2 25.4 

C-11: 0.5-1.0 mm+270°C+440g/h+110min 873.1 384.6 253.7 2.0 60.3 26.7 

          *See Table 4-1 for actual operating conditions. ±value: Value of standard deviation. 
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Figure 4-5 Mass distribution map of raw and torrefied sawdust torrefied at different 

biomass feed rates and temperatures in SRSB facility. 

Figure 4-5 shows the mass distribution of torrefied product in the SRSB facility. At the 

operating conditions of 240-330°C, 210-803 g/h biomass feed rate with U = 1.2Ums nitrogen 

flow, 7-39% of the mass of biomass was lost in the volatiles, while the cyclone caught 26-52% 

of the total mass of biomass, 24-48% of the biomass remained in the reactor, and the filter 

captured less than 1% of the total mass of biomass.  It is observed that increasing the biomass 

feed rate led to a greater mass percentage of torrefied sawdust captured by the cyclone, but a 

smaller mass percentage of torrefied sawdust remaining in the reactor. A more important 

finding is that a lower weight loss of sawdust occurred at a higher feed rate.  



66 

 

4.1.5 Properties of torrefied product 

Table 4-3 Particle density, HHV and energy yield of torrefied SPF sawdust on a dry 

basis. 

Case: Nominal operating conditions* 

Torrefied product 

(Cyclone) 

Torrefied product 

(Reactor) Energy 

yield (%) ρp,c 

(kg/m3) 

HHVc 

(MJ/kg) 

ρp,r 

(kg/m3) 

HHVr 

(MJ/kg) 

C-1: 0.5-1.0 mm+240°C+220g/h 1323±68 19.68±0.02 1309±17 19.90±0.01 79.2±0.1 

C-2: 0.5-1.0 mm+270°C+220g/h 1393±20 20.19±0.08 1331±6 20.46±0.15 71.8±0.4 

C-3: 0.5-1.0 mm+300°C+220g/h 1345±9 20.50±0.12 1376±3 21.57±0.47 67.4±0.5 

C-4: 0.5-1.0 mm+240°C+440g/h 1356±13 20.62±0.32 1336±10 21.00±0.04 97.6±0.6 

C-5: 0.5-1.0 mm+270°C+440g/h 1398±53 20.20±0.08 1345±6 21.16±0.09 88.3±0.3 

C-6: 0.5-1.0 mm+300°C+440g/h 1317±31 20.34±0.07 1305±17 21.95±0.10 85.6±0.2 

C-7: 0.5-1.0 mm+330°C+440g/h 1367±30 20.78±0.06 1366±16 22.80±0.06 81.3±0.2 

C-8: 0.5-1.0 mm+240°C+710g/h 1402±10 19.66±0.06 1363±29 20.31±0.01 98.7±0.2 

C-9: 0.5-1.0 mm+270°C+710g/h 1429±50 20.04±0.05 1356±17 20.38±0.20 94.7±0.7 

C-10: 0.5-1.0 mm+300°C+710g/h 1395±11 19.99±0.08 1304±10 21.45±0.29 82.9±0.6 

C-11: 0.5-1.0 mm+270°C+440g/h 

           +110min 
1415±40 20.04±0.17 1345±4 21.84±0.01 82.8±0.7 

*See Table 4-1 for actual operating conditions. ± value: Value of standard deviation.  

Table 4-3 shows particle densities of the torrefied sawdust collected by the cyclone and 

remaining in the reactor on a dry basis. The torrefied SPF sawdust consistently had a higher 

particle density than the untreated sawdust of 1254 kg/m3, due to the shrinkage of particles 

during torrefaction. The higher heating value (HHV) and the energy yield on a dry basis are 

also presented in Table 4-3. Torrefaction significantly increased the sawdust HHV because of 

the removal of low-carbon-content volatiles and moisture. However, the effects of 
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temperature and sawdust feed rate on the HHV of the torrefied sawdust collected by the 

cyclone were small. Comparison of the higher heating values of torrefied sawdust collected 

by the cyclone (HHVc) and particles remaining in the reactor (HHVr) reveals that HHVr was 

always higher than HHVc. This is associated with the operating procedure whereby no 

biomass would be extracted from the SRSB reactor until the reactor was cooled from the 

torrefaction temperature to less than 50°C. Furthermore, as shown in Table 4-3, the energy 

yield defined by  

%100
HHV M

HHV M HHV M
                   

%100
biomass rawin Energy 

product edin torrefiEnergy 
yieldEnergy 

0t

rrcc

dry

dry

dry









                (4-3) 

clearly decreased with increasing temperature. The fraction of torrefied biomass energy after 

treatment varied from 67.4 to 98.7%, related to temperature and biomass feed rate.  The loss 

of energy in volatiles increased with increasing temperature and with decreasing biomass 

feed rate.  

One of the important advantages of torrefaction is that the energy density of the torrefied 

product is greater than that the untreated biomass, mainly due to the removal of oxygen from 

the raw biomass. Table 4-4 summarizes the composition of the raw and torrefied sawdust on 

a dry basis. Case C-9 was selected to test the repeatability of the elemental analysis. The 

results (shown in Table 4-4) indicate that the elemental analyzer was able to provide 

repeatable results. As shown in Table 4-4, the proportion of atomic oxygen and hydrogen 

were both lost during the torrefaction, so that the atomic carbon content increased. The losses 

of oxygen and hydrogen are likely due to decomposition of hydroxyl (-OH) and carboxyl (-
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COOH) during the torrefaction process (Wang et al., 2016a; Yang et al., 2007). An increase 

in temperature led to increased carbon content, but decreased hydrogen and oxygen content 

at a given biomass feed rate. However, the elemental compositions of torrefied sawdust were 

only slightly affected by the biomass feed rate. 

Based on fiber analysis, torrefied sawdust contained less hemicellulose compared to the raw 

sawdust. The proportion of hemicellulose dropped significantly with increasing temperature 

for a given biomass feed rate, because hemicellulose is the most readily decomposed 

constituent of the biomass (Chen and Kuo, 2011). Meanwhile, a decrease in the biomass feed 

rate resulted in less hemicellulose in the torrefied sawdust, due to a longer residence time for 

a smaller feed rate. Moreover, the proportion of cellulose first increased and then decreased 

as the temperature increased from 240 to 330°C at a 440 g/h biomass feed rate. This was 

likely due to the cellulose starting to decompose at ~300°C (Yang et al., 2007). For a 710 g/h 

biomass feed rate, the cellulose kept increasing with increasing temperature from 240 to 

300°C, related to the shorter residence time at the 710 g/h feed rate.  In addition, the lignin 

content gradually increased as temperature increased from 240 to 300°C, due to 

decomposition of hemicellulose and cellulose. The lignin fraction of torrefied sawdust was 

only slightly affected by the biomass feed rate. 
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Table 4-4 Elemental and fiber analyses of raw SPF sawdust and torrefied SPF sawdust collected by cyclone on a dry basis. 

Case: Nominal operating conditions* Elemental analysis (wt.%) Fiber analysis (wt.%) 

C  H N  O** Hemicellulose Cellulose Lignin Extractive 

C-0: Raw SPF sawdust 46.2 6.4 < 0.1 47.4 14.6 49.0 27.6 8.8 

C-1: 0.5-1.0 mm+240°C+220g/h 50.6 6.3 < 0.1 43.1 11.8 51.6 29.7 6.9 

C-2: 0.5-1.0 mm+270°C+220g/h 51.5 6.2 < 0.1 42.3 9.6 52.6 31.3 6.5 

C-3:0.5-1.0 mm+300°C+220g/h 52.0 6.1 < 0.1 41.9 6.4 51.9 36.5 5.2 

C-4: 0.5-1.0 mm+240°C+440g/h 50.9 6.2 < 0.1 42.9 14.6 47.0 28.7 9.7 

C-5: 0.5-1.0 mm+270°C+440g/h 51.2 6.2 < 0.1 42.6 14.1 46.5 30.1 9.3 

C-6: 0.5-1.0 mm+300°C+440g/h 52.2 6.1 < 0.1 41.7 11.5 48.7 32.0 7.8 

C-7: 0.5-1.0 mm+330°C+440g/h 53.3 6.1 < 0.1 40.6 3.9 46.7 46.6 2.8 

C-8: 0.5-1.0 mm+240°C+710g/h 50.8 6.4 < 0.1 42.8 13.0 51.9 30.6 4.5 

C-9: 0.5-1.0 mm+270°C+710g/h 51.4 

±0.1 

6.3 

±0.1 

< 0.1 42.3 

±0.1 

9.1 55.5 30.8 4.6 

C-10: 0.5-1.0 mm+300°C+710g/h 51.7 6.3 < 0.1 42.0 8.8 54.3 32.4 4.5 

C-11: 0.5-1.0 mm+270°C+440g/h+110min 51.5 6.3 < 0.1 47.2 12.0 53.8 33.0 1.2 

   *See Table 4-1 for actual operating conditions. 

   ** Oxygen was determined by difference. 
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Table 4-5 shows the volatile matter (VM), fixed carbon (FC) and ash contents (AC) of the 

raw SPF and torrefied sawdust. It is seen that the volatile content of the torrefied sawdust 

was significantly less than that of the raw SPF sawdust, presumably due to hemicellulose 

decomposition and cellulose depolymerization during the torrefaction process (Prins et al., 

2006a; Yang et al., 2007). The formation of volatiles is mainly influenced by temperature 

and reaction time (Prins et al., 2006b). It is also found that the volatile content decreased with 

increasing temperature.  Nevertheless, the HHV of the torrefied solids increased with 

increasing temperature as shown in Table 4-3. This means that the escaping volatiles 

contained less energy per unit mass than the solids left behind, especially as the temperature 

increased. Comparison of the torrefied products from the cyclone and reactor in Table 4-5 

shows that the volatile content of torrefied product collected by the cyclone (VMc) was 

greater than that of the torrefied product remaining in the reactor (VMr), while the fixed 

carbon content (FCc) was less than FCr. As mentioned above, the explanation is that the 

torrefied sawdust remaining in the reactor had a longer residence time than the torrefied 

sawdust captured by the cyclone.  
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Table 4-5 Proximate analysis of torrefied SPF sawdust on a dry basis. 

 

*See Table 4-1 for actual operating conditions.  

        VM: Volatile matter; FC: Fixed carbon; AC: Ash content.  ±value: Value of standard deviation. N/A: Not available.  

Case:  

Nominal operating conditions* 

Torrefied product (Cyclone) Torrefied product (Reactor) 

VMc (wt.%) FCc (wt.%) ACc (wt.%) VMr (wt.%) FCr (wt.%) ACr (wt.%) 

C-1: 0.5-1.0 mm+240°C+220g/h 82.67±0.83 16.99±0.77 0.34±0.03 80.74±0.40 18.81±0.41 0.45±0.01 

C-2: 0.5-1.0 mm+270°C +220g/h 80.89±0.86 18.69±0.87 0.42±0.01 77.29±0.48 22.22±0.49 0.48±0.01 

C-3: 0.5-1.0 mm+300°C +220g/h 78.31±1.64 21.24±1.63 0.45±0.01 69.82±0.26 29.54±0.28 0.64±0.02 

C-4: 0.5-1.0 mm+240°C +440g/h 81.44±0.48 18.25±0.47 0.43±0.01 77.50±0.20 22.19±0.29 0.51±0.02 

C-5: 0.5-1.0 mm+270°C +440g/h 78.75±0.79 20.78±0.75 0.47±0.04 72.52±0.42 26.91±0.39 0.57±0.02 

C-6: 0.5-1.0 mm+300°C +440g/h 78.55±0.01 20.93±0.03 0.52±0.02 70.14±0.10 29.28±0.12 0.58±0.02 

C-7: 0.5-1.0 mm+330°C +440g/h 73.41±0.51 26.04±0.28 0.55±0.02 N/A N/A N/A 

C-8: 0.5-1.0 mm+240°C +710g/h 81.08±0.51 18.54±0.4 0.38±0.02 80.00±0.16 19.55±0.28 0.46±0.12 

C-9: 0.5-1.0 mm+270°C +710g/h 80.27±1.18 19.32±1.1 0.41±0.03 78.66±0.46 20.96±0.56 0.38±0.10 

C-10: 0.5-1.0 mm+300°C +710g/h 78.81±0.93 20.73±1.0 0.46±0.04 72.58±0.83 26.78±0.97 0.64±0.14 

C-11: 0.5-1.0 mm +270°C +440g/h 

          +110min 
81.48±0.16 18.03±0.1 0.49±0.03 N/A N/A N/A 
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Figure 4-6 SEM images of untreated and cyclone-caught torrefied SPF sawdust. See 

Table 4-1 for detailed operating conditions. 
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Figure 4-6 shows SEM images of raw and cyclone-caught torrefied sawdust. Extractives 

deposited within the sieve tubes of the raw biomass can be clearly seen with 1000 

magnification. It is apparent that these extractives were decomposed during the torrefaction 

process. After undergoing torrefaction, sieve tubes could be clearly seen. As the torrefaction 

temperature increased from 240 to 300°C, the cell wall was observed to become thinner, and 

the particle surface was smoother. 

4.1.6 Particle size distribution of torrefied product 

Particle size distribution was determined by a sieve shaker with sieves of 125, 180, 250, 355, 

425, 500, 720 and 1000 μm. The sieving time was 10 min for each test. 

Torrefaction had a significant impact on the particle size distribution of torrefied biomass, as 

shown in Figure 4-7. The particle size reduction is linked to the improved grindability of 

torrefied biomass (Chen and Kuo, 2011; Wang et al., 2017a). Meanwhile, spouted beds 

provide effective and intense particle-particle and particle-gas contact (Fernández-Akarregui 

et al., 2012; Haddou et al., 2013). The raw sawdust particle size was in the range of 0.5-1.0 

mm. A significant increase in the number of smaller (< 0.5 mm) particles was observed for 

all cases, with these smaller particles approaching 36-56 wt.% of the torrefied sawdust 

collected by the cyclone.  

It was found that the particle size distribution curve skewed towards smaller particle sizes 

after torrefaction. It was also seen that the particle size distribution curve tended towards 

smaller particles as the torrefaction temperature increased. The increase in the number of 

smaller (< 0.5 mm) particles was especially significant for the torrefied biomass treated at 

330°C (case C-7, in Table 4-1), with a mass increase of 56%.  The reduction in particle size 
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was likely caused by partial destruction of the fibrous structure during torrefaction (Chen and 

Kuo, 2011).  
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Figure 4-7 Particle size distribution of cyclone-caught sawdust torrefied at T = 240-

330°C with F = 440 g/h for 50 min. See Table 4-1 for operating conditions. 

4.2 Effects of temperature and particle size 

Within spouted beds, the particles undergo vigorous movement, improving their contact with 

the gas. Particle size plays an important role with respect to solids mixing (Ren et al., 2012; 

Wang et al., 2016b), minimum spouting velocity (Olazar et al., 2006) and residence time 

distribution, even affecting the discharge method of the torrefied biomass. In this section, 

three different sizes SPF sawdust were first torrefied in the TGA reactor to explore their 

thermal behaviour. The particles of different sizes were then torrefied in the SRSB facility 

with a nominal biomass feed rate of 440 g/h. The experimental variables include temperature 

within the range of 240-300°C, and particle size of 0.25-0.5, 0.5-1.0 and 1.0-2.0 mm. All 
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experiments were conducted at the same multiple of minimum spouting gas velocity, i.e. 

1.2Ums. Prior to each torrefaction experiment, the minimum spouting velocity (Ums) of 

nitrogen for the inert particles was measured at the corresponding elevated temperatures, i.e. 

240, 270 and 300°C, respectively. The minimum spouting velocity (Ums) of nitrogen for the 

inert particles was found to be ~0.32, 0.31 and 0.3 m/s at 240, 270 and 300°C, respectively.  

Before beginning, the column was filled with 3000 g of glass beads of 1 mm diameter. Each 

experiment was terminated after 50 min.  

4.2.1 Pretest in TGA 
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Figure 4-8 Weight loss curves of SPF sawdust of 0.25-0.5, 0.5-1.0 and 1.0-2.0 mm 

diameter at different temperatures with a heating rate of 50°C/min.  

In pre-tests in the TGA, the smallest (0.25-0.5 mm), intermediate (0.5-1.0 mm) and coarsest 

(1.0-2.0 mm) sawdust particles were each torrefied for 8 h at 240, 270 and 300°C, 

respectively, with a heating rate of 50°C/min.  Weight loss curves of these three sizes of 
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particle at different temperatures are plotted in Figure 4-8. It is found that smaller particles 

resulted in lower residual weight fraction at the same torrefaction temperature, as a 

consequence of better mass and heat transfer within the particles (Peng et al., 2012b). It is 

also seen that temperature played a crucial role in the torrefaction process. After 8 h, the 

residual weight fraction of the 0.25-0.5, 0.5-1.0 and 1.0-2.0 mm diameter sawdust decreased 

from 73%, 77%, and 78% to 28%, 29%, and 31% respectively, as the temperature increased 

from 240 to 300°C. The weight loss curve of 0.5-1.0 mm particles was much closer to the 

curve of 0.25-0.5 mm sawdust at 300°C temperature. These results revealed that the 

torrefaction was affected by the biomass particle size.  

4.2.2 Operating conditions 

The operating conditions for the study of the effects of temperature and particle size on 

torrefaction are summarized in Table 4-6. Cases PS-1 to PS-6 and PS-8 were repeated. For 

all experiments, the temporal variation of the average temperature (T) was less than 6°C. The 

sawdust feed rate (F) variation was less than 35 g/h in the repeated experiments. For each 

experiment, the minimum spouting velocity (Ums) of nitrogen for inert particles was 

measured at the corresponding elevated temperature prior to the torrefaction experiment. The 

minimum spouting velocity of nitrogen for the inert particles was found to be ~ 0.32 m/s over 

the 240-300°C range. 
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Table 4-6 Operating conditions for torrefaction experiments with smallest, intermediate 

and coarsest sawdust. For each case, U = 1.2Ums and operating time = 50 min. 

Case 
Nominal operating conditions 

(particle size range, T, F) 

Actual operating conditions 

T (°C) F (g/h) 

PS-1 0.25-0.5 mm, 240°C, 440 g/h 237±4 452±10 

PS-2 0.25-0.5 mm, 270°C, 440 g/h 268±2 472±8 

PS-3 0.25-0.5 mm, 300°C, 440 g/h 297±2 545±15 

PS-4 0.5-1.0 mm, 240°C, 440 g/h 249±3 434±14 

PS-5 0.5-1.0 mm, 270°C, 440 g/h 276±2 429±10 

PS-6 0.5-1.0 mm, 300°C, 440 g/h 298±3 469±20 

PS-7 1.0-2.0 mm, 240°C, 440 g/h 244 489 

PS-8 1.0-2.0 mm, 270°C, 440 g/h 281 514 

PS-9 1.0-2.0 mm, 300°C, 440 g/h 292±2 507±25 

±value: Value of standard deviation. 

4.2.3 Effect of particle size on hydrodynamics of SRSB torrefaction reactor 

4.2.3.1 Pressure drop across SRSB reactor 

The bed pressure drop reflects the degree of solids mixing in the spouted beds (Du et al., 

2015). Figure 4-9 shows the bed pressure drop vs. time for the SRSB reactor during 

torrefaction experiments for the smallest, intermediate and coarsest sawdust.  For the 0.25-

0.5 mm sawdust (PS-2), the pressure drop across the reactor oscillated within the range of 

1100-1600 Pa, while the mean pressure drop decreased with time. As sawdust was 

continuously fed into the reactor, the proportion of the smallest particles increased. The fine 

particles and their lower density likely led to decreased pressure drop across the spouted bed 

(Du et al., 2015). For the intermediate particles (PS-5), the pressure drop varied between 
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1100 and 1850 Pa. The mean pressure drop initially increased, but slightly decreased later, 

because some torrefied sawdust particles were transported out of the reactor, so that the 

pressure drop across the reactor could not remain constant. The bed pressure drop variation 

of the largest sawdust particles differed significantly from the other two particle sizes. As 

shown in Figure 4-9, the pressure drop for case PS-8 underwent a sudden decrease during the 

torrefaction process. It was observed through the quartz windows that the inert and sawdust 

particles were stuck at the bottom of the reactor, due to the needle-like shape of the coarsest 

particles. In addition, the pressure drop fluctuated much less than for the smallest and 

intermediate particles, with an amplitude of ~300 Pa.  
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Figure 4-9 Time variation of pressure drop across SRSB reactor. See Table 4-6 for 

operating conditions. 
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4.2.3.2 Final bed depth within SRSB reactor 

Figure 4-10 plots the bed depth at the end of the torrefaction experiments for the three 

different particle sizes. Compared to the initial bed depth of 176 mm (HB,0), the final bed 

depth (HB) increased by 5.1-9.6%, 23.9-25.6%, and 60-67.6% for the smallest, intermediate 

and coarsest sawdust, respectively. The largest particles led to the deepest final bed depth, as 

a consequence of less entrainment. Comparison of the same size sawdust at different 

torrefaction temperatures reveals that the final bed height was lower at a higher temperature. 

For instance, the final bed depth of 0.5-1.0 mm sawdust decreased from 295 to 282 mm as 

the torrefaction temperature increased from 240 to 300°C, due to the higher weight loss at the 

higher temperature and greater entrainment as the particles lost more weight during the 

torrefaction process, as shown in Figure 4-8.  
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Figure 4-10 Final bed depth after 50 min torrefaction. See Table 4-6 for operating 

conditions. 
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4.2.4 Solid product yield 

Table 4-7 Experimental solid torrefied product yield and weight loss. See Table 4-6 for 

operating conditions. 

Case:  

Nominal operating 

conditions 

Mt (g) Mc (g) Mr (g) Mf (g) Y (%) X (%) 

PS-1:0.25-0.5mm+240°C 376.8±4.2 222.4±4.7 120±3.0 2.0±0.1 65.0±1.6 8.6±0.2 

PS-2:0.25-0.5mm+270°C 393.0±3.3 283.9±5.7 68.4±1.7 2.9±0.1 80.6±2.0 9.6±0.2 

PS-3:0.25-0.5mm+300°C 453.9±6.3 346.5±6.1 44.6±1.1 3.0±0.2 88.6±2.2 13.2±0.3 

PS-4:0.5-1.0mm+240°C 361.5±5.8 152.1±3.8 156.4±2.7 1.5±0.2 49.3±1.2 14.2±0.3 

PS-5:0.5-1.0mm +270°C 357.4±4.2 148.3±3.0 124.4±3.1 1.0±0.1 54.4±1.4 23.4±0.4 

PS-6:0.5-1.0mm +300°C 390.6±8.3 157.2±3.1 123.6±2.8 1.0±0.3 56.0±1.4 27.8±0.6 

PS-7:1.0-2.0mm +240°C 407.5 38.1 280.3 1.0 12.0 21.6 

PS-8:1.0-2.0mm +270°C 428.0 57.1 245.2 0.8 18.9 29.2 

PS-9:1.0-2.0mm+300°C 422.3±10.4 50.6±1.3 208.3±4.7 1.0±0.1 19.5±0.5 38.5±1.0 

±value: Value of standard deviation. 

In each experiment, the total mass of raw sawdust fed into the reactor (Mt), the mass of 

torrefied sawdust captured by the cyclone (Mc), the mass of torrefied sawdust left in the 

reactor (Mr), and mass of torrefied sawdust captured by the filter (Mf) were determined. The 

mass balance was then checked for the entire system. For a given size of sawdust, the weight 

loss increased with increasing temperature, as shown in Table 4-7. For example, the weight 

loss of 0.5-1.0 mm sawdust increased from 14.2 to 27.8% when the temperature increased 

from 240 to 300°C, consistent with Figure 4-8 and previous work (Chen et al., 2011a; Li et 

al., 2012b). This confirms that temperature plays an important role in the torrefaction process 

(Peng et al., 2012b). Comparison of the different sizes of sawdust indicates that the finest 

(0.25-0.5 mm) sawdust had the lowest weight loss for the same operating conditions. For 
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example, at 270°C and a 440 g/h feed rate, the weight losses after 50 min were 9.6, 23.4 and 

29.2% for the smallest, intermediate and coarsest sawdust, respectively, because the smaller 

particles were more readily entrained and hence had shorter residence times within the 

reactor.  
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Figure 4-11 Effect of particle size on mass distribution of raw and torrefied sawdust in 

SRSB facility. 

Figure 4-11 provides a mass distribution map of sawdust in the SRSB torrefaction facility. At 

the operating conditions of ~440 g/h sawdust feed rate and 240-300°C temperature; (i) For 

the 0.25-0.5 mm sawdust, 10-32 wt.% stayed in the SRSB reactor, 59-77 wt.% was captured 

by the cyclone, but less than 1 wt.% was captured by the filter, resulting in 8-13 wt.% weight 
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loss; (ii) For the 0.5-1.0 mm sawdust, 32-43 wt.% remained in the SRSB reactor, 40-42 wt.% 

was captured by the cyclone, less than 1 wt.% was captured by the filter, and the weight loss 

was ~ 14-28 wt.%; (iii) For the 1.0-2.0 mm sawdust, 49-69 wt.% remained in the SRSB 

reactor, 9-13 wt.% was captured by the cyclone, less than 1 wt.% was captured by the filter, 

but the weight loss was 22-39 wt.%. Because most of the 1.0-2.0 mm sawdust remained in 

the reactor, most of the torrefied biomass particles remained mixed with the inert particles, 

which would require therefore further downstream processing to separate the torrefied 

sawdust from the inert particles.  

4.2.5 Evolution of ash content in torrefied product 

During the torrefaction experiments, ~2 g samples of the torrefied sawdust were taken just 

below the cyclone bottom at 5-10 min intervals (See Figure 2-5 for solids sample discharge 

location). Because the mass of torrefied sawdust captured by the cyclone (Mc) was very 

limited for the 1.0-2.0 mm sawdust (See Table 4-7), the ash content for the 1.0-2.0 mm 

torrefied sawdust could not be determined accurately. Therefore, Figure 4-12 plots the 

evolution of ash content in the torrefied product captured by the cyclone for the 0.25-0.5 and 

0.5-1.0 mm sawdust. It is observed that the ash content first increased and then levelled off 

with time. The increase in the ash content of the torrefied sawdust mainly resulted from 

decomposition of extractives, hemicellulose and partial cellulose in the torrefaction process. 

The levelling off of the ash content of the torrefied sawdust indicated that the torrefied 

sawdust properties approached a steady state. In Figure 4-12 (a), the ash content of torrefied 

sawdust reached the maximum at ~20 min for all cases. In addition, the curves show that the 

ash content was only slightly affected by temperature in the 240-300°C range investigated, 

because of the brief residence time for the smallest particles. Figure 4-12 (b) indicates that 
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temperature played a more important role in the ash content evolution for the intermediate 

particles, with the ash content of the torrefied sawdust increasing with increasing temperature 

(Li et al., 2012a; Peng et al., 2012b). The greater influence was because the intermediate 

particles had longer residence times within the reactor than the smallest particles. The ash 

content of the intermediate torrefied sawdust reached a steady state at ~15 min, a little earlier 

than for the smallest sawdust.  

0 10 20 30 40 50

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

 

 

A
sh

 C
o

n
te

n
t 

(%
)

Time (min)

 PS-1: 240
o
C

 PS-2: 270
o
C

 PS-3: 300
o
C

(a) 0.25-0.5 mm

 



84 

 

0 10 20 30 40 50

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

(b) 0.5-1.0 mm

 

 

A
sh

 C
o

n
te

n
t 

(%
)

Time (min)

 PS-4: 240
o
C

 PS-5: 270
o
C

 PS-6: 300
o
C

 

Figure 4-12 Evolution of ash content of product captured by cyclone for (a) 0.25-0.5 mm 

particles; (b) 0.5-1.0 mm particles. 

4.2.6 Properties of torrefied product 

Table 4-8 shows the proximate, ultimate and fiber analyses of the torrefied product and raw 

SPF sawdust on a dry basis. The carbon content of the torrefied sawdust was much greater 

than that of the raw sawdust, whereas the oxygen and hydrogen contents of the torrefied 

sawdust were reduced after torrefaction. Oxygen is removed from the biomass, due to 

hydroxyl (-OH) and carboxyl (-COOH) groups decomposition in the torrefaction process 

(Wang et al., 2016a; Yang et al., 2007). The carbon content of the torrefied sawdust 

increased slightly with increasing temperature, as a consequence of the reduction of oxygen 

and hydrogen. For example, for the 0.25-0.5 mm sawdust, the carbon content of the torrefied 

sawdust increased from 49.9 to 50.4%, while the oxygen content decreased from 43.9 to 

43.3%, as the temperature increased from 240 to 300°C.  Comparison of the smallest, 
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intermediate and coarsest sawdust reveals that the carbon content of the finest sawdust was 

lowest among the three sizes of particles at the same temperature, associated with the smaller 

particles having shorter residence times in the SRSB reactor.  

In addition, as shown in Table 4-8, the volatile content of the torrefied solids was less than 

that of the raw SPF sawdust of 84.55 wt.%, due to hemicellulose decomposition and 

cellulose depolymerization during the torrefaction process (Yang et al., 2007).  The volatile 

content decreased somewhat with increasing temperature in the 240-300°C range. However, 

the magnitude of volatile content variation was quite limited, only varying by 1.1, 2.0 and 4.2% 

for the 0.25-0.5, 0.5-1.0 and 1.0-2.0 mm sawdust, respectively. Comparison of the torrefied 

products from the cyclone and reactor revealed that the volatile content of torrefied product 

collected by the cyclone (VMc) was greater than for torrefied product remaining in the 

reactor (VMr), while the fixed carbon content (FCc) was less than FCr. The reason is again 

that the torrefied sawdust remaining in the reactor had a longer residence time than for the 

torrefied sawdust captured by the cyclone.  

Table 4-8 also presents results of fiber analysis on torrefied sawdust with different sizes. An 

increase in sawdust size resulted in decreasing hemicellulose of torrefied sawdust for a given 

temperature. Meanwhile, the hemicellulose proportion of torrefied sawdust decreased with 

increasing temperature for a given sawdust. In addition, the cellulose proportion of torrefied 

sawdust increased with increasing temperature for the 0.25-0.5 and 0.5-1.0 mm fractions. 

However, an increase in temperature led to decreased cellulose in the torrefied sawdust for 

the 1.0-2.0 mm sawdust. Furthermore, lignin of torrefied sawdust gradually increased with 

increasing sawdust particle size and temperature. 



86 

 

Table 4-8 Proximate, ultimate and fiber analyses of torrefied sawdust on a dry basis. 

Case: Nominal operating  

          conditions* 

PS-1 

0.25-0.5mm 

240°C 

PS-2 

0.25-0.5mm 

270°C 

PS-3 

0.25-0.5mm 

300°C 

PS-4 

0.5-1.0mm 

240°C 

PS-5 

0.5-1.0mm 

270°C 

PS-6 

0.5-1.0mm 

300°C 

PS-7 

1.0-2.0mm 

240°C 

PS-8 

1.0-2.0mm 

270°C 

PS-9 

1.0-2.0mm 

300°C 

 
Torrefied product (Cyclone) 

Elemental analysis 
        

  C (wt.%) 49.9 50.1 50.4 50.6 51.1 51.2 51.1 51.4 52.2 

  H (wt.%) 6.3 6.3 6.3 6.3 6.2 6.1 6.2 6.0 5.9 

  N (wt.%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

  O# (wt.%) 43.8 43.6 43.3 43.1 42.7 42.7 42.7 42.6 41.9 

Proximate analysis 
        

  VMc (wt.%) 83.59±0.28 82.64±0.18 82.49±0.71 83.76±0.16 82.58±0.56 81.80±0.65 82.67±0.63 79.1±0.14 78.40±0.20 

  FCc (wt.%) 15.9±0.28 16.84±0.16 16.98±0.70 15.81±0.14 16.95±0.50 17.68±0.65 16.64±0.61 20.05±0.11 20.55±0.13 

  ACc (wt.%) 0.51±0.00 0.52±0.02 0.53±0.01 0.43±0.02 0.47±0.06 0.52±0.00 0.69±0.02 0.85±0.03 1.05±0.07 

Fiber analysis 
        

  Hemicellulose (wt.%) 15.5 15.0 13.2 14.5 14.2 11.3 10.3 10.0 9.5 

  Cellulose (wt.%) 45.1 46.4 48.7 47.3 46.8 49.6 52.3 51.1 49.8 

  Lignin (wt.%) 28.6 29.0 30.5 28.5 29.6 31.1 29.5 32.7 33.9 

  Extractive (wt.%) 10.8 9.6 7.6 9.7 9.4 8.0 7.9 6.2 6.8 

                                               Torrefied product (Reactor) 

Proximate analysis 
        

  VMr (wt.%) 81.49±1.10 75.46±0.90 72.32±1.12 78.82±0.27 73.53±0.40 70.38±0.13 72.07±1.60 71.37±1.42 65.24±1.24 

  FCr (wt.%) 17.99±1.04 24.0±0.88 27.13±1.11 20.69±0.26 25.9±0.44 29.09±0.19 27.53±1.59 28.12±1.41 34.13±1.19 

  ACr (wt.%) 0.52±0.06 0.54±0.02 0.55±0.01 0.49±0.02 0.56±0.04 0.54±0.05 0.4±0.01 0.51±0.01 0.63±0.03 

* See Table 4-6 for actual operating conditions. # Oxygen was determined by difference.     ±value: Value of standard deviation. 
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Table 4-9 shows particle densities of raw and torrefied sawdust on a dry basis. The torrefied 

SPF sawdust consistently had a higher particle density than the untreated sawdust, due to the 

shrinkage of particles during torrefaction and/or reduction in internal pores. The higher 

heating values (HHV) and energy yields on a dry basis are also presented in Table 4-9. 

Torrefaction significantly increased the sawdust HHV because of the removal of low-carbon-

content volatiles and moisture. As shown in Table 4-9, the energy yield, defined by Equation 

(4-3), clearly decreased with increasing temperature. The energy yield varied from 72.1 to 

99.8%, influenced by the particle size and temperature. Because the 1.0-2.0 mm particles 

were much heavier than the 0.25-0.5 and 0.5-1.0 mm particles, the mean residence time of 

the coarsest particles was much longer than for the other two particle sizes at the same 

operating conditions. Therefore, the energy yield of the coarsest particles was much lower 

than for the smallest and intermediate sawdust. Meanwhile, a drawback was that the mass of 

torrefied sawdust captured by the cyclone for the 1.0-2.0 mm particles was much less than 

for the smallest and intermediate size particles. Recovery of the coarsest torrefied sawdust 

remaining in the reactor would require additional processing to separate the torrefied sawdust 

from the mixture of the inert particles and the torrefied sawdust. In addition, temperature had 

limited influence on the energy yield of the finest particles. As shown in Table 4-7, the 

weight loss of the smallest particles varied from 8.6 to 13.2 wt.%, as the temperature 

increased from 240 to 300°C. Most of energy was retained in the torrefied sawdust, with the 

energy yield of torrefied sawdust varying from 95.3 to 99.8% for the smallest sawdust.  
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Table 4-9 HHVs, particle densities and energy yield of torrefied sawdust on a dry basis.  

Case: Nominal  

operating conditions* 

Torrefied product 

(Cyclone) 

Torrefied product 

(Reactor) Energy yield 

(%) ρp,c 

(kg/m3) 

HHVc 

(MJ/kg) 

ρp,r 

(kg/m3) 

HHVr 

(MJ/kg) 

PS-1: 0.25-0.5mm+240°C 1429±61 19.91±0.04 1370±10 20.55±0.05 99.8±1.0 

PS-2: 0.25-0.5mm+270°C 1384±27 19.92±0.01 1365±16 21.57±0.04 99.5±0.1 

PS-3: 0.25-0.5mm+300°C 1379±10 19.94±0.08 1366±12 22.09±0.15 95.3±0.4 

PS-4: 0.5-1.0mm+240°C 1367±21 19.95±0.01 1366±6 20.30±0.02 94.2±0.1 

PS-5: 0.5-1.0mm +270°C 1336±24 20.02±0.02 1316±1 21.27±0.04 86.2±0.1 

PS-6: 0.5-1.0mm +300°C 1339±18 20.28±0.09 1304±21 21.89±0.15 82.7±0.1 

PS-7: 1.0-2.0mm +240°C 1460±20 20.24±0.02 1382±1 19.98±0.28 85.8±1.0 

PS-8: 1.0-2.0mm +270°C 1452±38 20.72±0.11 1313±22 21.54±0.05 82.9±0.2 

PS-9: 1.0-2.0mm+300°C 1400±14 20.74±0.02 1265±42 21.61±0.27 72.1±0.7 

* See Table 4-6 for actual operating conditions. ±value: value of standard deviation. 

4.2.7 Particle size reduction  

The sawdust particles experienced size reduction during torrefaction. Figure 4-13 shows the 

percentage reduction of Sauter mean diameters (dsv) of sawdust in the torrefaction process, 

where the percentage reduction is defined by  

%100SV
0,

,0,





sv

isvsv

d

dd
                   (3-4) 

Here dsv,0 is the Sauter mean diameter of raw sawdust, dsv,i is the Sauter mean diameter of 

sawdust after screw feeding and then torrefying sawdust at 240, 270 or 300°C. 
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Figure 4-13 Percentage reduction of Sauter mean particle size of SF and torrefied 

sawdust of 240, 270 and 300°C. 

Note that the SPF particles were obtained by sieving for 10 min in the vibrated sieving device 

with 0.25, 0.5, 1.0 and 2.0 mm sieves, whereas the Sauter mean particle diameter was 

determined by the Malvern Mastersizer 2000. The Sauter mean diameters may well be 

influenced by irregular, sometimes needle-like shapes of the SPF sawdust. The particle size 

was reduced in two stages. In the first stage, the sawdust particles were mechanically 

conveyed by the screw-feeder before entering the reactor.  For the smallest sawdust, dsv 

decreased from 263 to 252 μm, whereas for the intermediate sawdust, dsv decreased from 433 

to 413 μm as a result of the screw-feeder. The second stage was when biomass particles were 

torrefied in the reactor. During the torrefaction process, sawdust suffered attrition due to 

contact with inert particles, biomass particles, and the inside reactor wall.  For the finest 

sawdust particles, dsv was reduced from 252 μm to 237, 223 and 210 μm for temperatures of 

240, 270 and 300°C, respectively.  For the intermediate size sawdust particles, dsv decreased 
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from 413 μm to 364, 345 and 310 μm at 240, 270 and 300°C, respectively.  For the entire 

process, as shown in Figure 4-13, the size reduction was 4.3, 10.2, 15.2, and 20.2% for the 

smallest sawdust, and 6.8, 15.8, 20.2 and 28.2% for the intermediate size sawdust after being 

conveyed by the screw-feeder and torrefied at 240, 270 and 300°C, respectively. The particle 

size reduction is related to the improved grindability of torrefied product (Phanphanich and 

Mani, 2011), and intense attrition in spouted beds (Fernández-Akarregui et al., 2012; Haddou 

et al., 2013). Comparison of the two stages reveals that most of the particle size reduction for 

our sawdust particles happened during the torrefaction process, i.e. in the spouted bed reactor, 

rather than in the screw-feeder. 

4.3 Oxidative torrefaction 

In this section, the effects of oxygen concentration in the feed gas on the torrefied product 

properties and the torrefaction efficiency in the single-compartment slot-rectangular spouted 

bed facility are assessed. Results of the oxidative torrefaction are compared with the results 

of non-oxidative torrefaction, where the oxygen content in the feed-gas varied from 3 to 9 

vol.%. The sawdust was intermediate SPF particles (0.5-1.0 mm). The nominal biomass feed 

rate was set at 440 g/h. The superficial gas velocity of nitrogen was 1.2Ums. Each experiment 

was conducted for 50 min.   

4.3.1 Operating conditions for oxidative torrefaction 

Table 4-10 lists the operating conditions for the oxidative torrefaction experiments. Runs 

OT-2, OT-4 to OT-6 and OT-9 were repeated. The carrier gas was a mixture of nitrogen and 

air for the torrefaction experiments. The oxygen concentration in the carrier gas was 

measured by the flue gas analyzer (PS-200, HORIBA), prior to each torrefaction experiment. 
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During the torrefaction experiment, the oxygen concentration was measured at 1 s intervals. 

As shown in Table 4-10, the time-averaged oxygen concentrations were similar to the desired 

values. It is noteworthy that the temperature of the reactor experienced an abrupt increase 

when the 9 vol.% oxygen in the feed-gas was introduced into the reactor at a pre-set 300°C 

temperature. However, no temperature runaway was observed. (See Appendix B: 

Temperature profiles) 

Table 4-10 Operating conditions for oxidative torrefaction experiments.  

Case Nominal operating conditions 

         (T, F, XO2) 

 Actual operating conditions 

T (°C) F (g/h) XO2 (vol.%) U/Ums t (min) 

OT-1 240°C, 440 g/h, 3vol.% O2 240 474 3.7 1.2 50 

OT-2 240°C, 440 g/h, 6vol.% O2 251±3 495±15 6.2±0.1 1.2 50 

OT-3 240°C, 440 g/h, 9vol.% O2 243 463 9.1 1.2 50 

OT-4 270°C, 440 g/h, 3vol.% O2 275±4 477±14 3.4±0.1 1.2 50 

OT-5 270°C, 440 g/h, 6vol.% O2 272±3 407±12 6.1±0.1 1.2 50 

OT-6 270°C, 440 g/h, 9vol.% O2 271±3 495±14 8.8±0.2 1.2 50 

OT-7 300°C, 440 g/h, 3vol.% O2 307 460 3.0 1.2 50 

OT-8 300°C, 440 g/h, 6vol.% O2 307 445 6.0 1.2 50 

OT-9 300°C, 440 g/h, 9vol.% O2 318±8 469±15 9.1±0.1 1.2 50 

     ±value: Value of standard deviation. 
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4.3.2 Typical case 
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Figure 4-14 Temperature profiles for case OT-5, T = 267°C, with XO2 = 6 vol.% oxygen 

in the feed-gas and F = 407 g/h sawdust feed rate.  

The SRSB reactor temperature was measured by four thermocouples in the windbox (T1), Z = 

64 mm (T2), Z = 165 mm (T3) and Z = 267 mm (T4) above the slot. T4 was above the initial 

static bed height of 176 mm, and in the freeboard region. Therefore, the average reactor 

temperature was taken as the average of T2 and T3.  Figure 4-14 plots the temporal variation 

of temperature in the SRSB reactor. As expected, the highest temperature in the SRSB 

reactor was the windbox temperature, which was 280°C with a standard deviation of 1.2°C. 

This windbox temperature was 13°C higher than the average reactor temperature of 267°C. 

The SRSB reactor maintained a stable temperature over the entire torrefaction experiment. 

An evident decline was observed in temperature T2, when raw biomass was fed at room 

temperature into the reactor, and those biomass particles then moved downward from the 
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feed port 180 mm above the slot. After a long trajectory, the sawdust particles arrived at the 

T3 location. This explains why temperature T3 was so little affected by the biomass feeding. 
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Figure 4-15 Profiles of reactor pressure drop and superficial gas velocity for case OT-5, 

T = 267°C, with XO2 = 6 vol.% oxygen in the feed-gas and F = 407 g/h sawdust feed rate. 

The carrier gas was a mixture of nitrogen and air, and its minimum spouting velocity for the 

inert particles was ~0.33 m/s at 270°C. Figure 4-15 shows the time-variations of the 

superficial gas velocity and the pressure drop across the reactor. It was found that the 

superficial gas velocity of the carrier gas was 0.41±0.02 m/s and ~1.2Ums at 267°C. The 

pressure drop across the SRSB reactor gradually increased during the first 30 min, and then 

kept relatively constant at ~1500 Pa for the rest of the experiment. The oscillation intensity of 

pressure drop increased with time, due to more irregular-shaped biomass being fed into the 

SRSB reactor. This oscillating pressure drop indicated that the biomass particles and inert 

particles were mixing well in the torrefaction experiment (Du et al., 2015). 
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Figure 4-16 Oxygen concentration time-variation for case OT-5, T = 267°C, with XO2 = 6 

vol.% oxygen in the feed-gas and F = 407 g/h sawdust feed rate. 

Figure 4-16 shows the oxygen concentration time-variation in the feed-gas during the 

torrefaction experiment. The oxygen concentration was measured by the flue gas analyzer at 

1 s intervals. In order to ascertain the oxygen content in the feed-gas, its concentration was 

measured for 5 min prior to beginning the torrefaction experiments. As shown Figure 4-16, 

the oxygen concentration was 6.1 vol.%, with a standard deviation of only 0.1. This reveals 

that the oxygen content of the feed-gas was closely controlled over the entire torrefaction 

experiment. 
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4.3.3 Solid product yield 

Table 4-11 shows the weight loss of biomass and the mass yield in the reactor, cyclone and 

filter during the oxidative torrefaction experiments. The weight loss of biomass is defined in 

Equation (4-1). It is seen that the weight loss of biomass in the oxygen-containing 

atmosphere was greater than in an inert atmosphere, due to biomass oxidation occurring 

simultaneously (Wang et al., 2013a), and that the weight loss increased with increasing 

oxygen concentration at a given temperature. However, this increase in weight loss was 

limited to 240 and 270°C rather than 300°C. As mentioned above, the temperature of case 

OT-9 experienced an abrupt increase at 300°C and 9 vol.% O2, possibly due to an exothermic 

oxidation reaction of biomass. This suggested that 9 vol.% oxygen in the feed-gas may be 

very close to the lower limit of oxygen concentration needed for biomass ignition in the 

SRSB reactor. For safety reasons, higher oxygen content in the feed-gas was not tested.  

In addition, the true ratio (Y), a ratio of mass of torrefied sawdust captured by the cyclone 

(Mc) to total mass of torrefied sawdust, defined by Equation (4-2) increased with increasing 

oxygen concentration, illustrating that more torrefied biomass was transported out the reactor 

as more oxygen was included in the feed-gas.  
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Table 4-11 Torrefied product yield and weight loss in oxidative torrefaction experiments.  

Case: Nominal operating conditions* Mt (g) Mc (g) Mr (g) Mf (g) Y (%) X (%) 

OT-1: 0.5-1.0mm+240°C+3vol.%O2 394.8 173.1 159.8 1.0 52.0 15.4 

OT-2: 0.5-1.0mm+240°C+6vol.%O2 412.8±6.3 187.1±3.7 159.6±4.0 1.5±0.1 54.0±1.4 15.6±0.4 

OT-3: 0.5-1.0mm+240°C+9vol.%O2 385.8 190.3 133.3 1.0 58.8 15.9 

OT-4: 0.5-1.0mm+270°C+3vol.%O2 397.5±5.8 168.6±4.2 128.8±2.3 1.5±0.2 56.7±1.4 24.8±0.5 

OT-5: 0.5-1.0mm+270°C+6vol.%O2 339.4±5.0 183.9±3.7 68.6±1.7 1.8±0.1 72.8±1.8 25.1±0.5 

OT-6: 0.5-1.0mm+270°C+9vol.%O2 412.8±5.8 235.0±4.7 61.3±1.4 1.6±0.2 79.3±2.0 27.8±0.6 

OT-7: 0.5-1.0mm+300°C+3vol.%O2 383.1 178.0 81.3 1.6 68.6 31.9 

OT-8: 0.5-1.0mm+300°C+6vol.%O2 370.4 181.0 57.4 1.6 75.9 35.2 

OT-9: 0.5-1.0mm+300°C+9vol.%O2 398.5±10.4 177.8±4.4 34.1±0.8 1.6±0.1 83.9±2.1 46.4±1.2 

* See Table 4-10 for actual operating conditions. Mt: Total mass of sawdust fed; Mc: Mass of torrefied sawdust captured by cyclone;              

Mr: Mass of torrefied sawdust remaining in reactor; Mf: Mass of torrefied sawdust captured by filter. ±value: Value of standard deviation. 
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Figure 4-17 Mass distribution of raw and torrefied sawdust for oxidative torrefaction in 

SRSB facility. 

Figure 4-17 summarizes the mass distribution of torrefied biomass in the SRSB facility. At 

240-300°C and 3-9 vol.% O2 in the feed-gas, the biomass was fed at ~450 g/h into the SRSB 

facility, producing 63-86 wt.% solid product, consisting of 9-48 wt.% in the reactor, 42-57 

wt.% in the cyclone and less than 1 wt.% in the filter. The biomass would lose 15-46 wt.% 

during the oxidative torrefaction experiment in the SRSB facility. In summary, supplying 

oxygen in the feed-gas increased the weight loss of biomass, decreased the mass of torrefied 

sawdust remaining in the reactor, and increased the mass of torrefied sawdust captured by the 

cyclone.  
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4.3.4 Evolution of ash content in torrefied product 
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Figure 4-18 Time variation of ash content of torrefied sawdust captured by cyclone at (a) 

T = 240°C, XO2 = 0-9 vol.%; (b) T = 270°C, XO2 = 0-9 vol.%; (c) T = 300°C, XO2 = 0-9 

vol.%. 

When the sawdust was torrefied in the SRSB reactor, some torrefied particles were 

pneumatically entrained from the reactor and captured by the cyclone. In the torrefaction 

experiment, ~2 g torrefied sawdust were sampled at 5-10 min intervals from the solid 

discharge port (See Figure 2-5 for the port location). The time variation of the ash content of 

torrefied product is plotted in Figure 4-18. It is apparent that oxygen affected the ash content 
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of torrefied product in the torrefaction process. The ash content of the torrefied sawdust was 

significantly higher for the torrefaction with oxygen present than for inert torrefaction. At a 

given temperature, as shown in Figures 4-18(a)-(c), increasing the oxygen content in the 

feed-gas from 3 to 9 vol.% led to significantly increased ash content of the torrefied product, 

because decomposition and oxidation reaction of the biomass occurred simultaneously.  

For a given oxygen content, the ash content of torrefied sawdust increased with increasing 

temperature. This is associated with the formation of volatiles during the biomass 

decomposition process being mainly influenced by temperature (Prins et al., 2006b). It was 

observed for all cases that the ash content first increased and then levelled off with time. This 

increase in the ash content of torrefied sawdust was mainly due to biomass oxidation reaction 

and decomposition during the torrefaction process. The levelling off of the ash content of the 

torrefied sawdust reveals that the torrefied product properties approached a steady state. In 

Figure 4-18(a), at 240°C torrefaction temperature, the torrefied product more quickly 

approached a steady state in the presence of oxygen than for the oxygen-free case. To reach 

steady state in the torrefied product properties, the required time was ~15 min for 3-9 vol.% 

O2 and 240°C, while a time of 20-25 min was required for the 240°C and 0 vol.% O2 case, 

showing that the torrefied sawdust properties more quickly approached constant values in the 

oxygen-present environment. The same was also seen for T = 300°C.  

As shown in Figures 4-18(b) and (c), 9 vol.% O2 had a major influence on the ash content of 

torrefied sawdust. The ash content of torrefied product increased sharply for the first 5 min, 

much faster than for 3 and 6 vol.% O2. This suggests that the oxygen concentration in the 

feed-gas and torrefaction temperature may have synergistic effects on biomass torrefaction.   
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4.3.5 Final bed depth within SRSB reactor 

Compared to the torrefaction experiments in the absence of oxygen, the oxidative 

torrefaction experiments led to lower final spouted bed heights, as shown in Figure 4-19. The 

sawdust lost more weight and its properties changed more quickly in the presence of oxygen 

during the torrefaction. Furthermore, when the oxygen content increased from 3 to 9 vol.%, 

the final bed height kept decreasing, as a result of greater weight loss of biomass and more 

entrainment. It was also found that the final bed height was lowest at 300°C, compared to 

240 and 270°C, at otherwise similar operating conditions.  
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Figure 4-19 Final bed depth after 50 min of oxidative torrefaction of 0.5-1.0 mm 

sawdust. 
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4.3.6 Properties of torrefied product 

Table 4-12 shows that torrefied product generally had a lower volatile content than the raw 

sawdust, due to dehydration and devolatilization (Prins et al., 2006a). At a given temperature, 

the volatile content of the torrefied sawdust consistently decreased, whereas its fixed carbon 

increased as the O2 concentration increased. This indicates that it is easier for SPF sawdust to 

liberate small hydrocarbon molecules in the presence of oxygen in the torrefaction 

experiments, resulting from biomass oxidation and decomposition (Haykırı-Açma, 2003; 

Munir et al., 2009). The impact of the O2 concentration on the volatile content and fixed 

carbon was more substantial at a higher temperature. Note that the devolatilization and 

oxidation processes are enhanced when the temperature increases (Haykırı-Açma, 2003). 

Compared to the torrefied product captured by the cyclone, the torrefied product remaining in 

the reactor had a much lower volatile content and a higher fixed carbon content, due to the 

longer residence time of the torrefied sawdust remaining in the reactor. 

The elemental carbon content of the torrefied product was always higher than that of the raw 

sawdust, whereas the elemental oxygen and hydrogen contents were reduced. Torrefaction is 

a mild pyrolysis process, with more carbon retained in the torrefied product than hydrogen 

and oxygen, compared to the raw material. As shown in Table 4-12, the influences of non-

oxidative and oxidative torrefaction on the carbon content were inconsistent in the 240-

300°C temperature range. The carbon content of oxidatively torrefied product was found to 

be slightly lower than that of non-oxidatively torrefied product after processing at 240 and 

270°C. In contrast, the carbon content of oxidatively torrefied product was higher than that of 

non-oxidatively torrefied product at 300°C. This confirms that the oxidation of hydrocarbons 

in the biomass also played an important role in decomposing biomass (Chen et al., 2014a; 
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Daood et al., 2010; Munir et al., 2009). It may also illustrate that oxidation was the dominant 

reaction at 240 and 270°C, while carbonization controlled the torrefaction process at 300°C 

(Daood et al., 2010). Furthermore, in the oxidative torrefaction cases, the carbon content 

slightly increased with increasing O2 concentration in the feed-gas.  This may be associated 

with the synergistic effects of the oxidation reaction and carbonization, with volatiles being 

released and burned (Haykırı-Açma, 2003). It is noteworthy that the elemental oxygen 

content in the oxidatively torrefied product was greater than in the non-oxidatively torrefied 

product at 240 and 270°C. This result is consistent with findings of Chen et al. (2014a), but 

contrary to the results of Rousset et al. (2012) and Wang et al. (2013a). However, the oxygen 

content of oxidative torrefied product was less than that of non-oxidative torrefied product 

when the reaction temperature increased to 300°C. It was also found that varying the oxygen 

content had a greater influence on the C, H and O contents at higher temperature. The effect 

of temperature on the C, H and O contents on oxidative torrefaction was the same as on the 

non-oxidative torrefaction. For a given oxygen content, an increase in temperature led to 

greater C content, but lower O and H contents. 

The main constituents of biomass are hemicellulose, cellulose and lignin; therefore, the 

thermal decomposition characteristics of these three constituents play a strong role in 

determining the performance of torrefaction of lignocellulosic materials. Table 4-12 shows 

the influence of varying the O2 concentration on the hemicellulose, cellulose and lignin 

constituents. Overall, whether or not oxygen was supplied in the feed-gas, the hemicellulose 

content was less in the torrefied product than in the raw material. It is apparent that the 

hemicellulose in the sawdust was influenced by oxygen, even at temperatures as low as 

240°C. Furthermore, for a given temperature, the hemicellulose content slightly decreased as 
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the O2 concentration increased from 3 to 9 vol.%. This reveals that the O2 concentration 

variation had a slight impact on the hemicellulose content of the sawdust at 240°C, in 

agreement with a previous finding (Wang et al., 2013a). At temperatures of 270 and 300°C, 

the variation of hemicellulose content was limited as the O2 concentration increased from 3 

to 6 vol.%. However, as the O2 concentration rose further to 9 vol.%, the hemicellulose 

content decayed abruptly. 

In terms of cellulose content in the torrefied sawdust, introducing the oxygen in the feed-gas 

caused increased the cellulose content for the 240 and 270°C cases, but decreased the 

cellulose content for 300°C. This is related to the decomposition temperature of cellulose, 

which is normally in the range of 315-400°C (Yang et al., 2007). At 240 and 270°C, the 

cellulose content increased with increasing oxygen content, mainly due to hemicellulose 

decomposition. However, at 300°C, the cellulose content decreased with increasing oxygen 

content, as a result of cellulose decomposition and oxidation.  

Lignin, a phenolic polymer, essentially encases the polysaccharides of the cell walls, 

producing a strong and durable composite material (Gomez et al., 2008), resisting 

torrefaction, regardless of the temperature (Chen and Kuo, 2011). The lignin content of the 

torrefied sawdust gradually increased as the O2 concentration of the feed-gas increased from 

3 to 9 vol.%, likely as a consequence of depletion of hemicellulose in the biomass (Chen and 

Kuo, 2011; Yang et al., 2007).  

The extractives are made up of inorganic material (soil or fertilizer), non-structural sugars 

(chlorophyll, waxes) and nitrogenous material (Sluiter et al., 2008b). It was found that these 

were oxidized during oxidative torrefaction.   



104 

 

Whether the sawdust was torrefied in pure N2 or in an oxygen-present environment, the HHV 

of the torrefied product was higher than that of the raw sawdust. However, addition of O2 to 

the feed-gas led to a slight decrease in HHVc for the cyclone-caught torrefied product at 

otherwise similar operating conditions, presumably because more hemicellulose or/and 

cellulose were oxidized as the oxygen was added. However, within the 3-9 vol.% range, the 

HHVc and HHVr of the oxidatively torrefied product were insensitive to the oxygen variation. 

This may be because cellulose and lignin mainly contributed to the HHVc of torrefied 

sawdust (Chen and Kuo, 2011), and these two constituents were insensitive to the oxygen 

concentration variation in the range of 3-9 vol.%. It was also found that the HHVr of the 

torrefied product remaining in the reactor was higher than the HHVc of the torrefied product 

captured by the cyclone. This is due to the fact that the sawdust particles remaining in the 

reactor had longer reaction times and underwent oxidation reaction and decomposition in the 

oxidative torrefaction. However, an increase in temperature led to greater HHV of torrefied 

sawdust. 

At a similar temperature, it was found that varying the O2 concentration within the range of 

0-9 vol.% had a pronounced effect on the energy yield. Although the energy yield of the 

sawdust drastically decreased with increasing O2 concentration, the energy yield of 94-61% 

was still in a reasonable range for making high-quality pellets (Peng et al., 2013b), leading to 

high-quality bio-oil or syngas (Sarkar et al., 2014).    
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Table 4-12 Properties of torrefied sawdust and energy yields on a dry basis. 

Parameter 

 

PS-4 

(240°C+0%O2) 

OT-1 

(240°C+3%O2) 

OT-2 

(240°C+6%O2) 

OT-3 

(240°C+9%O2) 

PS-5 

(270°C+0%O2) 

OT-4 

(270°C+3%O2) 

 Torrefied product from cyclone 

Proximate analysis 

  VM (wt.%) 83.76±0.16 83.42±0.05 83.37±0.21 83.00±0.21 82.58±0.56 82.22±1.03 

  FC (wt.%) 15.81±0.18 16.03±0.07 16.16±0.23 16.51±0.22 16.95±0.62 17.29±1.04 

  AC (wt.%) 0.43±0.02 0.45±0.02 0.47±0.02 0.49±0.01 0.47±0.06 0.49±0.01 

Elemental analysis 

  C (wt.%) 50.6 49.8 50.3 50.4 51.1 50.4 

  H (wt.%) 6.3 6.3 6.4 6.2 6.2 6.2 

  N (wt.%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

  O* (wt.%) 43.1 43.9 43.3 43.4 42.7 43.4 

Fiber analysis 

  Hemicellulose (wt.%) 14.5 13.7 13.6 13.0 14.2 12.2 

  Cellulose (wt.%) 47.3 52.3 52.8 53.5 46.8 52.7 

  Lignin (wt.%) 28.5 29.2 27.9 28.3 29.0 29.2 

  Extractives (wt.%) 9.7 4.8 5.7 5.2 10.0 5.9 

HHVc (MJ/kg) 19.95±0.01 19.86±0.05 19.85±0.07 19.78±0.08 20.03±0.02 19.89±0.12 

 Torrefied product from reactor 

Proximate analysis 

  VM (wt.%) 78.82±0.27 80.01±0.50 79.59±0.01 79.32±0.39 73.53±0.40 76.20±0.64 

  FC (wt.%) 20.69±0.29 19.63±0.51 20.01±0.03 20.27±0.46 25.90±0.44 23.20±0.68 

  AC (wt.%) 0.49±0.02 0.37±0.01 0.40±0.03 0.41±0.08 0.56±0.04 0.60±0.04 

HHVr (MJ/kg) 20.30±0.02 20.06±0.07 20.08±0.05 19.98±0.06 21.27±0.04 20.10±0.04 

Energy yield (%) 94.2±0.1 99.4±0.3 98.6±0.3 96.5±0.1 86.2±0.1 82.0±0.3 
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±value: value of standard deviation.  *Oxygen was determined by difference. 

Parameter OT-5 

(270°C+6%O2) 
OT-6 

(270°C+9%O2) 

PS-6 

(300°C+0%O2) 

OT-7 

(300°C+3%O2) 

OT-8 

(300°C+6%O2) 

OT-9 

(300°C+9%O2) 

   Torrefied product from cyclone 

Proximate analysis 

  VM (wt.%) 81.78±1.75 80.71±0.22 81.80±0.65 79.79±0.30 78.44±0.51 77.80±0.66 

  FC (wt.%) 17.81±1.76 18.74±0.23 17.68±0.65 19.67±0.31 21.01±0.53 21.58±0.70 

  AC (wt.%) 0.51±0.01 0.55±0.01 0.52±0.01 0.54±0.01 0.55±0.02 0.62±0.04 

Elemental analysis 

  C (wt.%) 50.28 50.6 51.17 51.26 52.29 52.15 

  H (wt.%) 6.18 6.17 6.11 6.14 6.07 6.12 

  N (wt.%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

  O* (wt.%) 43.54 43.23 42.72 42.6 41.64 41.73 

Fiber analysis 

  Hemicellulose (wt.%) 12.0 11.1 11.3 9.6 9.4 8.1 

  Cellulose (wt.%) 52.3 51.6 49.6 47.6 47.0 46.5 

  Lignin (wt.%) 30.1 32.7 31.1 40.0 40.4 42.1 

  Extractives (wt.%) 5.6 4.6 8.0 2.8 3.2 3.3 

HHVc (MJ/kg) 19.78±0.13 19.85±0.08 20.28±0.09 20.26±0.10 20.71±0.04 20.78±0.04 

  Torrefied product from reactor 

Proximate analysis 

  VM (wt.%) 75±0.07 68.93±1.93 70.38±0.13 48.64±6.7 57.56±0.67 55.50±2.29 

  FC (wt.%) 24.48±0.07 30.43±2.0 29.09±0.19 50.52±6.71 41.46±0.71 43.56±2.33 

  AC (wt.%) 0.52±0.01 0.64±0.06 0.54±0.05 0.84±0.01 0.98±0.04 0.94±0.04 

HHVr (MJ/kg) 20.15±0.09 21.26±0.08 21.89±0.15 22.89±0.06 21.82±0.12 22.09±0.04 

Energy yield (%) 81.1±0.3 79.2±0.2 82.7±0.1 78.3±0.3 74.1±0 61.2±0.1 
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Figure 4-20 shows SEM images of cyclone-caught sawdust oxidatively torrefied at different 

oxygen concentrations. The extractives were significantly consumed during the torrefaction 

as the oxygen concentration increased from 3 to 9 vol.% at 270°C. When the oxygen 

concentration increased from 3 to 9 vol.%, the tubes became more visible, and the surface of 

the torrefied sawdust particles was cleaner and smoother. Cracks were also observed on the 

surface of the sawdust particles torrefied with 9 vol.% oxygen. All those observations are 

associated with more severe torrefaction at greater oxygen concentration.  

×50 ×100 ×300 

OT-4: 270°C+440g/h+3vol.% O2 

   
OT-5: 270°C+440g/h+6vol.%O2 

   
OT-6: 270°C+440g/h+9vol.%O2 

   

Figure 4-20 SEM images of cyclone-caught sawdust oxidatively torrefied at T = 270°C 

and F = 440 g/h biomass feed rate with different oxygen concentrations. 
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4.4 Conclusions 

• TGA pretests showed that (i) temperature had a significant effect on weight loss of 

biomass in torrefaction, with higher temperature leading to a higher weight loss of 

biomass; (ii) biomass particle size also influenced the torrefaction performance, with 

larger biomass particles experiencing less weight loss at similar operating conditions.   

• Higher temperature, lower biomass feed rate, smaller size biomass particle and 

greater oxygen concentration led to a decreased mass fraction of torrefied sawdust 

remaining in the SRSB reactor, but to an increased mass fraction of torrefied sawdust 

captured by the cyclone.  

• Based on evolution of ash content in cyclone-caught torrefied sawdust, the cyclone-

caught torrefied sawdust properties reached a steady state after 20 min in the 

torrefaction process.  

• Increasing temperature, reducing the biomass feed rate, larger biomass particles, and 

increasing oxygen in the feed gas all resulted in increased weight loss and decreased 

energy yield of sawdust, and produced torrefied sawdust with higher HHV, greater 

atomic carbon content, lower atomic hydrogen and oxygen contents, less volatile 

content, greater fixed carbon content, and less hemicellulose. Torrefied sawdust had 

smoother and cleaner surfaces compared to raw sawdust. 

• The pressure drop across the SRSB reactor fluctuated significantly during biomass 

torrefaction. Feeding the smallest sawdust particles into the SRSB reactor led to 

decreased pressure drop, while feeding the coarsest sawdust particles resulted in a 

lower pressure drop due to inert and sawdust particles sticking at the bottom of the 

reactor. 



109 

 

• Sawdust particles underwent significant particle size reduction during torrefaction, 

with a reduction in Sauter mean particle size of up to 20.3% and 28.2% for the 0.25-

0.5 mm and 0.5-1.0 mm sawdust size fractions, respectively. 
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Chapter 5 Biomass torrefaction in a dual-compartment slot-

rectangular spouted bed reactor 

As a follow-up to Chapter 4, the single-compartment slot-rectangular spouted bed (SRSB) 

was scaled up to a dual-compartment slot-rectangular spouted bed (DSRSB). A partition was 

installed within the DSRSB to stabilize the spouting. The DSRSB provides a more uniform 

residence time distribution for solids, compared to the SRSB. This chapter covers the 

performance of the dual-compartment slot-rectangular spouted bed torrefaction reactor. 

Biomass was first torrefied in an oxygen-free environment, and then in an oxygen-present 

environment. Intermediate-size SPF sawdust particles, i.e. 0.5-1.0 mm, were employed as the 

experimental material. Its key properties are shown in Table 2-3. When operating the DSRSB 

reactor, part of the off-gas was recycled to reduce the operating cost. The schematic diagram 

is shown in Figure 2-9, and the operating procedure is described in section 2.4 of Chapter 2.  

5.1 Biomass torrefaction in nitrogen atmosphere 

5.1.1 Operating conditions 

Table 5-1 summarizes the operating conditions for biomass torrefaction in a nitrogen 

atmosphere. Cases D-C-1 to D-C-9 and D-C-11 were repeated. Temperature and biomass 

feed rate variations were less than 4% in the repeated experiments. Cases D-C-10 to D-C-12 

were longer experiments, each lasting 120 min. Torrefaction temperatures were nominally 

240, 270 and 300°C, the same as those for the single bed SRSB facility (Chapter 4).  The 

biomass feed rate was set at double that for the SRSB facility. These settings ensure that the 

results of the SRSB and DSRSB torrefaction experiments are comparable.  
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Table 5-1 Operating conditions for biomass torrefaction experiments with nitrogen 

atmosphere in DSRSB facility. 

Case 
Nominal operating conditions Actual operating conditions 

(T, F, U/Ums, t) T (°C) F (g/h) U/Ums t (min) 

D-C-1 240°C, 600 g/h, 1.2, 50 min 255±4 668±30 1.2 50 

D-C-2 270°C, 600 g/h, 1.2, 50 min 278±4 610±10 1.2 50 

D-C-3 300°C, 600 g/h, 1.2, 50 min 304±3 613±12 1.2 50 

D-C-4 240°C, 900 g/h, 1.2, 50 min 242±4 930±11 1.2 50 

D-C-5 270°C, 900 g/h, 1.2, 50 min 271±3 916±10 1.2 50 

D-C-6 300°C, 900 g/h, 1.2, 50 min 301±3 957±10 1.2 50 

D-C-7 240°C, 1400 g/h, 1.2, 50 min 244±2 1408±50 1.2 50 

D-C-8 270°C, 1400 g/h, 1.2, 50 min 269±2 1334±32 1.2 50 

D-C-9 300°C, 1400 g/h, 1.2, 50 min 303±3 1408±12 1.2 50 

D-C-10 240°C, 900 g/h, 1.2, 120 min 249 1091 1.2 120 

D-C-11 270°C, 900 g/h, 1.2, 120 min 271±2 907±10 1.2 120 

D-C-12 300°C, 900 g/h, 1.2, 120 min 255±4 944 1.2 120 

             ±value: Value of standard deviation.  

5.1.2 Case study 

Figure 5-1 shows the temperature time-variation for case D-C-6. The torrefaction experiment 

began at time 0 min after pre-heating the column. Thermocouples T′1 and T′2 measured 

temperatures of the carrier gas in the downstream and upstream windboxes. T′3 and T′5 

measured temperatures at Z = 64 and 165 mm above the slot in the downstream compartment, 

whereas T′4 and T′6 portray the temperatures at Z = 64 and 165 mm above the slot in the 

upstream compartment. T′7 plots the freeboard temperature on the right side, because its 

location (Z= 276 mm) was much higher than the initial static bed height of the inert particles 
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(HB,0). The DSRSB reactor temperature was calculated as the average of thermocouples T′3 to 

T′6. For example, the average temperature for case D-C-6 was 299°C with a 4.9°C standard 

deviation. 
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Figure 5-1 Temperature time-variation for case D-C-6. See Table 5-1 for operating 

conditions. 

As shown in Figure 5-1, the inlet temperatures, T′1 and T′2, were very similar, and the highest 

temperatures measured within the DSRSB reactor. In the right compartment, the 

temperatures T′4 and T′6 first decreased and then levelled off. The decrease in temperature 

resulted from biomass at room temperature fed into the reactor with the feed port located on 

the right side. It is seen that T′3 was greater than T′4, associated with the biomass particles 

trajectory, with raw particles first fed into the right (upstream) chamber and then transported 

to the downstream chamber. This also explains why T′3 was slightly affected by the biomass 

feeding. It was also found that T′5 was higher than T′6, as T′6 was close to the biomass feed 
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port, where biomass at room temperature was continuously fed into the DSRSB reactor. The 

standard deviations of the T′1 to T′6 temperature readings were less than 3°C. Temperature T′7 

increased with time, because the bed height gradually increased, causing more particles to be 

in contact with the T′7 thermocouple.  
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Figure 5-2 Pressure drop across DSRSB reactor for case D-C-6. See Table 5-1 for operating 

conditions. See Figure 2-8 for definitions of ΔP1 and ΔP2. 

Figure 5-2 shows the pressure drop across the DSRSB reactor for case D-C-6, measured at 1 

s intervals. ΔP1 is the pressure drop across the downstream compartment, while ΔP2 is the 

pressure drop across the upstream compartment, where the feed port is located. It is seen that 
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the two pressure drops were similar for the initial ~15 min. After ~15 min, ΔP1 increased and 

was then higher than ΔP2. Over the rest of the experimental time, ΔP1 oscillated with an 

amplitude of ~700 Pa, which was about double the amplitude of ΔP2. Note that ΔP1 > ΔP2 

during the torrefaction process in all cases, indicating that the downstream chamber had a 

higher inventory of biomass and inert particles. Note that biomass was continuously fed into 

the DSRSB from the right (upstream) side, disturbing solids mixing in the lateral direction 

between the two adjacent compartments. At similar operating conditions, ΔP1 was higher 

than the pressure drop across the SRSB reactor, while ΔP2 was close to the pressure drop 

across the SRSB reactor. The bed pressure drop oscillated during the entire period of 

torrefaction, while the biomass particles and inert particles mixed well in the DSRSB reactor 

(Du et al., 2015). 

5.1.3 Evolution of ash content of torrefied product 

Figure 5-3 shows the evolution of the ash content of torrefied product during several 

torrefaction experiments in the DSRSB reactor. It is seen that the ash content of the torrefied 

sawdust increased initially, and then levelled off. The initial increase in the ash content 

resulted mainly from biomass decomposition and release of volatiles during the torrefaction 

process. The levelling off of the ash content indicated that the torrefied sawdust properties 

approached constant values. The ash content of the torrefied sawdust was found to increase 

as the temperature increased from 240 to 300°C at a given biomass feed rate. It has been 

previously reported (Prins et al., 2006b) that the formation of volatiles during the biomass 

decomposition process is mainly influenced by temperature. In addition, at the same 

temperature, the ash content was lower for a higher biomass feed rate, due to a shorter 

residence time at the higher biomass feed rate in the semi-batch reactor.  
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Figure 5-3  Evolution of ash content of cyclone-caught torrefied sawdust for (a) D-C-1 

to D-C-3; (b) D-C-4 to D-C-6; (c) D-C-7 to D-C-9; (d) D-C-10 to D-C-12. For detailed 

operating conditions see Table 5-1. 
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5.1.4 Final bed height after torrefaction 
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Figure 5-4 Final average bed depth after 50 min of torrefaction. 

Figure 5-4 plots the final averaged bed depth after torrefaction experiments for three different 

biomass feed rates. The final bed depth was an average depth of two compartments after 

experiments. Compared to the initial bed depth of 176 mm (HB,0), the final bed depth (HB) 

increased after 50 min duration by 32.4-25.0%, 31.8-23.3%, and 39.2-25.0% at 240-300°C 

for 600, 900 and 1400 g/h biomass feed rates, respectively. As expected higher biomass feed 

rate resulted in greater final bed depth. The final bed height was lower at a higher 

temperature at a given biomass feed rate, due to higher weight loss at a higher temperature as 

the particles lost more weight during the torrefaction process and due to greater entrainment. 

When the experimental duration was extended from 50 to 120 min, the final bed height 

increased slightly at similar operating conditions, due to the semi-batch operation, with no 

active solids discharge port for the DSRSB reactor. 
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5.1.5 Solid product yield 

Table 5-2 Torrefied product yield and weight loss in torrefaction experiments with 

nitrogen atmosphere in DSRSB facility. 

Case: nominal conditions* Mt (g) Mc (g) Mr (g) Mf (g) Y (%) X (%) 

D-C-1: 240°C+600g/h+50min 557±13 150±3 310±8 10±0 32.6±0.8 15.5±0.3 

D-C-2: 270°C+600g/h+50min 508±4 142±3 221±6 8±1 39.1±1 27.0±0.6 

D-C-3: 300°C+600g/h+50min 511±5 144±3 173±4 5±0 45.5±1.1 37.1±0.7 

D-C-4: 240°C+900g/h+50min 775±5 270±7 419±7 5±1 39.2±1.0 10.4±0.2 

D-C-5: 270°C+900g/h+50min 763±4 290±6 300±8 5±0 49.2±1.2 22.2±0.4 

D-C-6: 300°C+900g/h+50min 798±4 302±6 232±5 5±0 56.6±1.4 32.5±0.7 

D-C-7: 240°C+1400g/h+50min 1173±21 572±11 473±12 10±1 54.8±1.4 10.1±0.2 

D-C-8: 270°C+1400g/h+50min 1112±13 555±11 339±8 10±0 62.1±1.6 18.7±0.4 

D-C-9: 300°C+1400g/h+50min 1173±5 655±16 245±6 10±1 72.8±1.8 22.4±0.6 

D-C-10: 240°C+900g/h+120min 2192 1278 700 10 64.6 9.3 

D-C-11: 270°C+900g/h+120min 1814±5 924±18 495±12 10±1 65.1±1.6 21.2±0.4 

D-C-12: 300°C+900g/h+120min 1888 866 292 10 74.8 38.2 

        * See Table 5-1 for actual operating conditions. Mt: Total mass of sawdust fed; Mc: Mass of torrefied 

sawdust captured by cyclone; Mr: mass of torrefied sawdust remaining in reactor; Mf: Mass of torrefied sawdust 

captured by filter. ±value: Value of standard deviation.  

Table 5-2 gives the weight loss of biomass and the mass yields in the reactor (Mr), cyclone 

(Mc) and filter (Mf) for torrefaction experiments with a nitrogen atmosphere in the DSRSB 

reactor. It was found that the weight loss of biomass, defined by Equation (4-1), increased 

with increasing temperature at a given biomass feed rate. On the other hand, the weight loss 

of biomass decreased as the biomass feed rate increased from 600 g/h to 1400 g/h at a given 

temperature.  
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When the experimental duration was extended from 50 to 120 min, the weight losses of 

biomass were very similar at 240 and 270°C, i.e. D-C-4 vs D-C-10 and D-C-5 vs D-C-12, 

respectively. However, the weight loss of biomass was greater for case D-C-12 (120 min 

duration) than for case D-C-6 (50 min duration). This is likely because the DSRSB system 

did not reach steady state within 50 min.  

The true yield Y, defined by Equation (4-2), was found to increase with increasing 

temperature, due to the weight loss of biomass increasing with increasing temperature and 

more entrainment at a given feed rate. At a given temperature, Y increased as the biomass 

feed rate increased from 600 to 1400 g/h. In addition, Y was greater than 50% for a feed rate 

of 1400 g/h. 
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Figure 5-5 Mass distribution of raw and torrefied sawdust for biomass torrefaction in 

DSRSB facility. 
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Figure 5-5 summarizes the mass distribution of torrefied biomass in the DSRSB facility. As 

the biomass feed rate increased from 600 to 1400 g/h, the weight loss in the form of volatiles 

decreased, the mass percentage of torrefied product in the reactor decreased, that in the 

cyclone increased, and the mass percentage of torrefied product in the filter was hardly 

affected. However, as noted above, the mass of torrefied product remaining in the reactor 

increased when the biomass feed rate increased, as shown in Table 5-2.  

5.1.6 Properties of torrefied product 

Table 5-3 shows relevant properties of torrefied product obtained from the cyclone and 

reactor. As expected the volatile content of the torrefied sawdust was generally lower than 

that of the raw sawdust. At a given biomass feed rate, the volatile content decreased with 

increasing temperature, because decomposition of the biomass is strongly affected by the 

torrefaction temperature (Prins et al., 2006a; Prins et al., 2006b). The fixed carbon content 

increased with increasing temperature, as a consequence of the decreased volatile content. 

The biomass feed rate had a greater impact on the carbon and volatile contents of the 

torrefied product at 240°C than at 270 and 300°C, illustrating that temperature was more 

important than biomass feed rate in the torrefaction experiments. In addition, torrefied 

sawdust from the cyclone had greater volatile content and lower fixed carbon content 

compared to torrefied sawdust from the reactor, due to longer residence times for the biomass 

particles remaining in the reactor. 

The HHV of the torrefied sawdust was found to be much greater than that of the raw sawdust, 

which is one of important advantages of torrefaction. As the temperature rose from 240 to 

300°C, the HHV of torrefied sawdust from the cyclone increased by 1.4, 1.8 and 3.7%, while 
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the HHV of torrefied sawdust from the reactor increased by 11.6, 16.5 and 20.8% for 600, 

900 and 1400 g/h feed rates, respectively. This illustrated that the temperature was more 

important at higher biomass feed rate. The increased HHV in the torrefied product was due to 

small molecules with low HHV being released in the torrefaction process (Chen and Kuo, 

2011). Furthermore, the HHV of the torrefied sawdust from the reactor was higher than that 

of the torrefied sawdust from the cyclone, as a result of longer residence times for the 

biomass particles remaining the reactor.  

After torrefaction, the particle density of the biomass particles increased to some extent, 

resulting from the shrinkage of particles during torrefaction. However, the particle densities 

of torrefied sawdust from the cyclone and reactor were similar. The particle density was only 

slightly affected by the biomass feed rate, but it was significantly affected by the temperature. 

As the temperature increased from 240 to 300°C, the particle density decreased gradually. It 

has previously been shown (Chen et al., 2014a) that the pore volume of the biomass 

increased after torrefaction, due to the volatiles release. 

It was also found that energy yield was significantly affected by the temperature and biomass 

feed rate. As the temperature increased from 240 to 300°C, the energy yield decreased from 

91.5 to 73.3, 97.6 to 79.2 and 96.9 to 90.1% for 600, 900 and 1400 g/h, respectively. This 

was because a higher biomass feed rate led to shorter residence times for biomass particles in 

the reactor. Compared to the SRSB, the energy yield of biomass torrefied in the DSRSB was 

lower, possibly associated with better heat transfer in the DSRSB than in the SRSB. 
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Table 5-3 Properties of torrefied solid sawdust on a dry basis. 

Case 

D-C-1 

240°C 

600g/h 

50 min 

D-C-2 

270°C 

600g/h 

50 min 

D-C-3 

300°C 

600g/h 

50 min 

D-C-4 

240°C 

900g/h 

50 min 

D-C-5 

270°C 

900g/h 

50 min 

D-C-6 

300°C 

900g/h 

50 min 

D-C-7 

240°C 

1400g/h 

50 min 

D-C-8 

240°C 

1400g/h 

50 min 

D-C-9 

240°C 

1400g/h 

50 min 

 Torrefied sawdust from cyclone accumulated over run 

Proximate analysis 

  VM (wt.%) 82.61±0.08 81.75±0.14 80.28±0.12 83.46±0.22 81.73±0.02 80.34±0.79 82.61±0.01 82.57±0.20 81.28±0.28 

  FC (wt.%) 16.95±0.10 17.76±0.20 19.22±0.14 16.14±0.23 17.82±0.11 19.16±0.83 16.97±0.04 17.02±0.04 18.23±0.30 

  AC (wt.%) 0.44±0.02 0.49±0.06 0.50±0.02 0.40±0.01 0.45±0.09 0.50±0.04 0.42±0.03 0.41±0.02 0.49±0.02 

Elemental analysis 

  C (wt.%) 50.9 51.4 51.8 50.7 52.4 52.7 50.7 51.0 52.1 

  H (wt.%) 6.1 6.1 6.1 6.1 6.0 5.9 6.1 6.1 6.0 

  N (wt.%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

  O* (wt.%) 43.0 42.5 42.1 43.2 41.6 41.4 43.2 42.9 41.9 

H/C 0.12 0.12 0.12 0.12 0.11 0.11 0.12 0.12 0.12 

O/C 0.84 0.83 0.81 0.85 0.79 0.78 0.85 0.84 0.81 

HHV (MJ/kg) 19.98±0.01 20.05±0.01 20.26±0.07 19.85±0.07 19.96±0.22 20.21±0.19 19.56±0.19 19.90±0.02 20.29±0.01 

ρp (kg/m3) 1365±25 1342±14 1326±14 1386±19 1360±90 1358±42 1377±5 1370±5 1365±11 

 Torrefied sawdust from reactor at end of run 

Proximate analysis 

  VM (wt.%) 78.14±0.38 73.80±1.19 69.04±0.98 80.44±0.18 74.26±0.17 66.19±0.92 79.28±0.62 76.50±0.63 60.86±0.38 

  FC (wt.%) 21.40±0.41 25.65±1.21 30.36±0.99 19.12±0.22 25.24±0.27 33.14±0.96 20.31±0.66 22.95±0.65 38.23±0.38 

  AC (wt.%) 0.47±0.03 0.55±0.02 0.60±0.01 0.43±0.04 0.50±0.10 0.66±0.04 0.41±0.03 0.54±0.02 0.92±0.01 

HHV (MJ/kg) 20.27±0.10 21.32±0.01 22.62±0.02 20.09±0.02 21.05±0.04 23.40±0.21 20.17±0.12 21.08±0.06 24.37±0.06 

ρp (kg/m3) 1346±6 1305±2 1271±7 1383±7 1315±8 1298±1 1411±20 1435±2 1308±9 

Energy yield (%) 91.5±0.3 81.6±0.0 73.3±0.3 97.6±0.2 86.9±0.4 79.2±0.7 96.9±0.8 89.7±0.2 90.1±0.1 
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Table 5-3 Properties of torrefied solid sawdust on a dry basis (continued). 

Parameter 

D-C-10 

240°C 

900g/h 

120min 

D-C-11 

270°C 

900g/h 

120min 

D-C-12 

300°C 

900g/h 

120min 

 Torrefied sawdust from cyclone accumulated over run 

Proximate analysis    

  VM (wt.%) 82.80±0.49 80.89±1.15 74.40±1.40 

  FC (wt.%) 17.20±0.50 18.57±1.16 25.60±1.41 

  AC (wt.%) 0.37±0.01 0.43±0.01 0.58±0.01 

Elemental analysis    

  C (wt.%) 51.21 52.15 55.28 

  H (wt.%) 6.14 6.11 5.72 

  N (wt.%) <0.1 <0.1 <0.1 

  O* (wt.%) 42.65 41.74 39.00 

H/C 0.12 0.12 0.10 

O/C 0.83 0.80 0.71 

HHV (MJ/kg) 20.04±0.12 20.52±0.01 21.79±0.01 

ρp (kg/m3) 1393±13 1471±30 1331±15 

 Torrefied sawdust from reactor at end of run 

Proximate analysis    

  VM (wt.%) 79.62±0.29 74.98±0.61 56.24±1.86 

  FC (wt.%) 20.38±0.31 24.18±0.68 43.76±1.87 

  AC (wt.%) 0.34±0.03 0.51±0.07 0.88±0.01 

Elemental analysis    

  C (%) 52.13 55.08 55.30 

  H (%) 6.13 6.04 4.98 

  N (%) <0.1 <0.1 <0.1 

  O* (%) 41.74 38.88 39.72 

H/C 0.12 0.11 0.09 

O/C 0.80 0.71 0.72 

HHV (MJ/kg) 20.52±0.11 21.39±0.13 25.95±0.03 

ρp (kg/m3) 1478±4 1420±20 1220±7 

Energy yield (%) 99.6 89.4±0.2 76.8 

±value: Value of standard deviation.  *Oxygen was determined by difference.                                   

For properties of the raw sawdust feed, see Table 2-3.  
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5.1.7 Liquid product 
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Figure 5-6 GC-MS spectra of condensable liquid obtained from (A) D-C-10; (B) D-C-11; 

(C) D-C-12. For operating conditions see Table 5-1. 
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The condensable liquid collected immediately downstream of the heat exchanger during the 2 

h torrefaction experiments (D-C-10 to D-C-12) were analyzed by GC-MS. The chemical 

composition of the condensable liquid was determined based on the identification. Figure 5-6 

shows GC-MS spectra of the condensable liquids obtained at 240, 270 and 300°C with a 

biomass feed rate of 900 g/h. 33, 42 and 44 chemical compounds were detected for the 

condensable liquid obtained at 240, 270 and 300°C, respectively. It was found that the three 

liquids contained ten chemical compounds in common, listed in Table 5-4. These 

components included acids, alcohols, ketones, phenols, aldehydes, and esters, similar to those 

identified in previous studies (Arteaga-Pérez et al., 2015; Chang et al., 2012). 

Table 5-4 Main compounds identified in condensable liquid via GC-MS. 

 

Residence Time (min) Library/ID 

1 10.45 Acetic acid  

2 10.80 2-Furancarboxaldehyde  

3 13.10 2-Furanmethanol  

4 14.49 Cyclononasiloxane, octadecamethyl-  

5 16.32 Phenol, 2-methoxy-  

6 17.93 Phenol, 2-methoxy-4-methyl-  

7 24.81 Phenol, 2-methoxy-4-(1-propenyl)-, (E)-  

8 25.03 Tetracosamethyl-cyclododecasiloxane 

9 27.28 2-Furancarboxaldehyde, 5-(hydroxymethyl)-  

10 28.58 Vanillin  
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Figure 5-7 Water content of condensable liquid collected for D-C-10: T = 240°C, D-C-

12: T = 270°C, D-C-10: T = 300°C. For operating conditions see Table 5-1. 

The water in the condensable liquid mainly resulted from the absorbed water, constitutive 

water and dehydration of hydroxyls in the raw sawdust. The last two sources were more 

important in the present study, because the biomass was pre-dried before being torrefied. As 

shown in Figure 5-7, the water content in the condensable liquid decreased from 16.4±0.3 wt.% 

to 8.7±0.2 wt.%, as the torrefaction temperature increased from 240 to 300°C.  This result is 

consistent with previous findings (Chang et al., 2012; Chen et al., 2014b), because more 

organic compounds are formed due to a higher degree of decomposition of biomass when the 

torrefaction temperature is increased; thus, the water content of the liquid products decreased 

with increasing temperature. 
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5.1.8 Product gas composition 

240 250 260 270 280 290 300

0

50

100

150

200

250

300

 

C
O

 (
p
p

m
)

T (
o
C)

 CO

0

50

100

150

200

250

300

350

400

 CO
2

C
O

2
 (

p
p

m
)

 

Figure 5-8 CO and CO2 concentrations in the off-gas during torrefaction at end of run D-

C-10 T = 240°C, run D-C-12: T = 270°C, and run D-C-10: T = 300°C. For operating 

conditions see Table 5-1. 

Off-gas compositions obtained from biomass torrefaction mainly include carbon monoxide, 

carbon dioxide, and traces of hydrogen and methane (Chang et al., 2012; Wang et al., 2016a). 

Because the hydrogen and methane concentrations were lower than the lower detectable limit 

of 0.5 vol.% of our GC, and could not be measured accurately, only carbon monoxide and 

carbon dioxide concentration data were obtained. Figure 5-8 plots these concentrations in the 

off-gas of the biomass torrefaction. It is seen that the CO concentration increased from 24±2 

ppm to 231±5 ppm and the CO2 concentration from 129±4 ppm to 344±17 ppm when the 

torrefaction temperature increased from 240 to 300°C. Carbon monoxide release was mainly 

caused by the cracking of carbonyl (C-O-C) and carboxyl (C=O) groups and the secondary 
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reactions of carbon dioxide and steam with porous char (Wang et al., 2016a). The carbon 

dioxide release was mainly contributed by the cracking and reforming of carboxyl (C=O) and 

carboxylic acid (COOH) groups in hemicellulose of SPF sawdust (Wang et al., 2016a; Yang 

et al., 2007). Previous studies (Wang et al., 2016a; Yang et al., 2007) found that CO and CO2 

releases at temperatures < 500°C could be attributed to the decomposition of hemicellulose 

rather than cellulose and lignin, and CO and CO2 concentrations increased with temperature. 

Moreover, due to the secondary reactions, the CO was formed more aggressively with 

increasing temperature, resulting in the CO release rate being higher than the CO2 release 

rate (Deng et al., 2009; Shen et al., 2010). Furthermore, release of these gases during 

torrefaction led to a decrease of elemental oxygen in the torrefied sawdust, consistent with 

the results in Table 5-3.  

5.2 Biomass torrefaction in oxygen-containing atmosphere 

This section reports the effect of varying the oxygen concentration in the feed-gas on the 

biomass torrefaction in the dual-compartment slot-rectangular spouted bed (DSRSB) reactor. 

Results of the oxidative torrefaction are then compared with the results of the non-oxidative 

torrefaction experiments. The concentration of oxygen was controlled by varying the 

proportion of pure nitrogen and air flow rates in the feed-gas, with the oxygen content varied 

from 3 to 9 vol.%. The nominal biomass feed rate was ~900 g/h, the superficial gas velocity 

was 1.2Ums, and each experimental run lasted 50 min. Ums of inert particles was measured for 

each experiment at elevated temperature prior to initiating biomass feeding. 
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5.2.1 Operating conditions for oxidative torrefaction 

Table 5-5 Operating conditions for oxidative torrefaction experiments in DSRSB reactor. 

U = 1.2Ums, operating time=50 min. 

Case 
Nominal operating conditions 

(T, F, XO2) 

Actual operating conditions 

T (°C) F (g/h) XO2 (vol.%) 

D-OT-1 240°C, 900 g/h, 0vol.% O2 242±3 930±11 0.0 

D-OT-2 240°C, 900 g/h, 3vol.% O2 241±3 908±15 3.3±0.2 

D-OT-3 240°C, 900 g/h, 6vol.% O2 243±3 929±12 6.2±0.3 

D-OT-4 240°C, 900 g/h, 9vol.% O2 250±2 1046±40 9.0±0.2 

D-OT-5 270°C, 900 g/h, 0vol.% O2 271±3 916±10 0.0 

D-OT-6 270°C, 900 g/h, 3vol.% O2 273±2 920±20 3.6±0.2 

D-OT-7 270°C, 900 g/h, 6vol.% O2 282±4 946±16 6.4±0.1 

D-OT-8 270°C, 900 g/h, 9vol.% O2 Not done due to safety reasons 

D-OT-9 300°C, 900 g/h, 0vol.% O2 299±5 957±10 0.0 

D-OT-10 300°C, 900 g/h, 3vol.% O2 304 917 3.3 

D-OT-11 300°C, 900 g/h, 6vol.% O2 Not done due to safety reasons 

D-OT-12 300°C, 900 g/h, 9vol.% O2 Not done due to safety reasons 

   ±value: Value of standard deviation.  

Table 5-5 lists the operating conditions for the oxidative torrefaction experiments in the 

DSRSB reactor. Runs D-OT-2 to D-OT-4, D-OT-6 and D-OT-7 were repeated. Prior to each 

torrefaction experiment, the oxygen concentration in the feed-gas was measured and 

confirmed to be close to the planned value by the flue gas analyzer (PS-200, HORIBA). 

During the torrefaction experiments, the oxygen concentration was measured at 1 s intervals. 

As shown in Table 5-5, the time-averaged oxygen concentrations (XO2) were close to the pre-

chosen values. The temperature variation was less than 4°C, and the biomass feed rate 
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variation was less than 25 g/h in the repeated experiments. The relative uncertainty of local 

temperature was less than 3.5°C in each experiment, excluding cases D-OT-7 and D-OT-10. 

The temperature of the reactor underwent an abrupt increase in cases D-OT-7 and D-OT-10, 

as shown in Figure 5-9. However, no biomass ignition was found during the experiments. 

This suggested that the oxygen concentration in the feed-gas had reached an upper limit. For 

safety reasons, higher oxygen concentrations were therefore not tested for temperatures of 

270 and 300°C, i.e. D-OT-8, D-OT-11 and D-OT-12. 

Note that average reactor temperature for cases D-OT-7 and D-OT-10 is based on the 

average of thermocouples T′5 and T′6, whereas other averages were calculated by averaging 

all four thermocouples from T′3 to T′6. 
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Figure 5-9 Temperature time-variation for (a) case D-OT-7; (b) case D-OT-10. See 

Table 5-5 for operating conditions.  

5.2.2 Evolution of ash content of torrefied product 

Figures 5-10(a)-(c) plot the evolution of ash content in the torrefied product of the oxidative 

torrefaction. It is observed that the ash content first increased, and then levelled off with time. 

The increase in ash content of the torrefied sawdust mainly resulted from biomass 

decomposition and oxidation. The levelling off of the ash content of the torrefied sawdust 

indicated that the torrefied sawdust properties approached constant values.  

In Figure 5-10(a), the ash content of the torrefied sawdust reached a maximum at ~20 min for 

all cases. The ash content was higher after torrefaction in the oxygen-containing atmosphere 

than in the inert atmosphere. It was also found that the ash content increased as the oxygen 

concentration increased. The ash content, as shown in Figure 5-10(b), reached a maximum at 

~ 10 min for all cases, except for 6 vol.% O2. The ash content for 6 vol.% O2 and 270°C 
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increased continuously after 20 min, consistent with the observed temperature variation in 

the DSRSB reactor shown in Figure 5-9(a). In this case, the reactor temperature increased 

continuously starting from ~20 min, leading to more severe biomass decomposition, 

oxidation, and even carbonization. In Figure 5-10(c), it is seen that the ash content kept 

increasing as 3 vol.% oxygen was included in the feed-gas, consistent with the reactor 

temperature variation shown in Figure 5-9(b). 
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Figure 5-10 Evolution of ash content of torrefied product captured by the cyclone for (a) 

D-OT-1 to D-OT-4; (b) D-OT-5 to D-OT-7; (c) D-OT-9 and D-OT-10. For detailed 

operating conditions see Table 5-5. 
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5.2.3 Final bed depth after torrefaction 

Figure 5-11 shows the final averaged bed height after 50 min of oxidative and non-oxidative 

torrefaction. It is seen that adding oxygen to the carrier gas had only a slight effect on the 

final bed height. The oxidative torrefaction led to a slightly lower final bed height, compared 

to the torrefaction experiments in the absence of oxygen. The sawdust lost more weight and 

its properties changed more quickly during oxidative torrefaction. Hence, increasing the 

oxygen concentration resulted in slightly lower final bed height, due to higher weight loss of 

biomass in the oxygen-containing atmosphere. The final bed height was lowest for 300°C, 

compared to 240 and 270°C, at otherwise similar operating conditions.  
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Figure 5-11 Final average bed depth after oxidative torrefaction at nominal conditions of 

F = 900 g/h, T = 240, 270 and 300°C with various oxygen concentrations in the feed-gas. 
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5.2.4 Solid product yield 

Table 5-6 Torrefied product yield and weight loss in oxidative torrefaction experiments 

in DSRSB facility. 

Case: nominal conditions* Mt (g) Mc (g) Mr (g) Mf (g) Y (%) X (%) 

D-OT-1: 240°C+0vol.%O2 775±5 270±7 419±7 5±1 39.2±1.0 10.4±0.2 

D-OT-2: 240°C+3vol.%O2 757±6 274±5 382±10 9±0 41.8±1.0 12.2±0.3 

D-OT-3: 240°C+6vol.%O2 774±5 277±6 394±10 9±0 41.3±1.0 12.2±0.2 

D-OT-4: 240°C+9vol.%O2 872±17 309±8 419±7 10±1 42.4±1.1 15.3±0.3 

D-OT-5: 270°C+0vol.%O2 763±4 290±6 300±8 5±0 49.2±1.2 22.2±0.4 

D-OT-6: 270°C+3vol.%O2 767±8 298±6 268±6 6±0 52.7±1.3 25.4±0.6 

D-OT-7: 270°C+6vol.%O2 788±7 328±7 218±5 10±1 60.1±1.5 29.5±0.3 

D-OT-9: 300°C+0vol.%O2 798±4 302±6 232±5 5±0 56.6±1.4 32.5±0.7 

D-OT-10: 300°C+3vol.%O2 764 229 188 9 54.9 44.2 

 * See Table 5-5 for detailed operating conditions. Mt: Total mass of sawdust fed; Mc: Mass of 

torrefied sawdust captured by cyclone; Mr: Mass of torrefied sawdust remaining in reactor; Mf: Mass of 

torrefied sawdust captured by filter. ±value: Value of standard deviation. 

Table 5-6 shows the weight loss of biomass and the mass yield in the reactor (Mr), cyclone 

(Mc) and filter (Mf) during the oxidative torrefaction experiments. The weight loss of biomass 

is defined by Equation (4-1). Compared to the non-oxidative torrefaction, it is seen that the 

oxygen-containing atmosphere led to greater weight loss of biomass, due to biomass 

oxidation and decomposition occurring simultaneously during the oxidative torrefaction 

(Wang et al., 2013a).  

The true yield, Y, defined by Equation (4-2) increased with increasing oxygen concentration, 

indicating that more torrefied biomass was entrained from the reactor when more oxygen was 
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included in the feed-gas. The greater entrainment is explained by the particles losing more 

weight when torrefaction was carried out in the presence of oxygen. 

DSRSB 

 Torrefaction Reactor

(T: 240-300°C)

(N2 (91-100 vol.%)

& O2 (0-9 vol.%))

C
y

cl
o

n
e

Filter
Volatiles 

and gases

= + + +

Screw-Feeder

(Feed rate: 900 g/h)

Mass (%)

100

Mass (%)

29-54

Mass (%)

35-38

Mass (%)

<1

Mass (%)

11-33

O2 conc. (vol.%)

0

1003-9 25-51 35-42 <2 12-44

 

Figure 5-12 Mass distribution of raw and torrefied sawdust for oxidative torrefaction in 

DSRSB facility. 

Figure 5-12 summarizes the mass distribution of torrefied biomass in the oxidative 

torrefaction in the DSRSB facility. Comparison with Figure 5-5 shows that adding oxygen to 

the feed-gas led to decreased product mass in the reactor, increased product mass in the 

cyclone, slightly increased mass captured by the filter, and greater weight loss.  

5.2.5 Properties of torrefied product 

Table 5-7 shows properties of the torrefied solid product obtained from the cyclone and 

reactor in the oxidative torrefaction. Proximate analysis showed that, as expected, the 

torrefied sawdust always had a lower volatile content than the raw sawdust. This is due to 

dehydration, devolatilization and oxidation (Prins et al., 2006a; Prins et al., 2006b). At a 
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given temperature, when oxygen was added to the feed-gas, the volatile content of the 

torrefied product decreased, while its fixed carbon content increased. As the oxygen 

concentration increased, the volatile content of the torrefied sawdust decreased, whereas its 

fixed carbon content increased. This illustrated that small hydrocarbon molecules were more 

easily liberated in the presence of oxygen in the torrefaction experiments, because of biomass 

oxidation and decomposition (Haykırı-Açma, 2003; Munir et al., 2009). An increase in 

temperature can facilitate devolatilization and oxidation processes during torrefaction 

(Haykırı-Açma, 2003). The impact of oxygen on the volatile and fixed carbon contents was 

more significant at a higher temperature.  

Elemental analysis showed that the torrefied product had higher atomic carbon content than 

the raw sawdust, but lower atomic oxygen and hydrogen contents, probably due to the release 

of moisture and decomposition of –COOH and –OH groups in the biomass (Chen et al., 

2014a). The atomic carbon content of oxidatively torrefied product was found to be higher 

than that of the non-oxidatively torrefied product at 240, 270 and 300°C. This is believed to 

be because the oxidation of hydrocarbons in the biomass plays an important role in 

decomposing biomass (Chen et al., 2014a; Daood et al., 2010; Munir et al., 2009). In addition, 

the atomic oxygen and hydrogen contents of the solid product decreased to some extent, 

when the oxygen content of the feed-gas increased. These findings are associated with 

oxidation of hydrogen, carbonization of biomass (Chen et al., 2014a), and combustion of 

volatiles released during the torrefaction process (Haykırı-Açma, 2003). 

Whether the sawdust was torrefied in pure nitrogen or in an oxygen-containing environment, 

the HHV of the torrefied product was higher than that of the raw sawdust. For operation at 

240°C, introducing oxygen in the feed-gas resulted in a slight decrease in HHV for the 
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torrefied product at otherwise similar operating conditions. However, for temperatures of 270 

and 300°C, as oxygen was added to the feed-gas, the HHV of the torrefied product increased. 

This indicated that introducing oxygen in the torrefaction experiment could improve the 

torrefaction performance at higher temperatures. This finding is consistent with our results 

obtained in the SRSB reactor (see section 4.3 of Chapter 4), as well as data reported by 

Almeida et al. (2010) and Wang et al. (2013a), but opposite to Chen et al. (2014a).  

Furthermore, as the oxygen concentration increased from 3 to 9 vol.%, the HHV of the 

torrefied product increased slightly, likely because cellulose and lignin mainly contributed to 

the HHV of the torrefied sawdust (Chen and Kuo, 2011), and these two constituents were 

insensitive to the oxygen concentration in the range covered of 3-9 vol.%.  

The energy yield decreased when oxygen was added to the feed-gas during the torrefaction. 

The effect of oxygen concentration variation was more significant at a higher temperature. 

This is because an increase in temperature has a positive effect on biomass oxidation and 

torrefaction in the oxidative torrefaction process. Although the energy yield drastically 

decreased with increasing oxygen content in the feed-gas,  98-66% energy yield is still in a 

reasonable range for making high-quality pellets (Cao et al., 2015; Li et al., 2015; Peng et al., 

2013b), leading to high-quality bio-oil or syngas (Sarkar et al., 2014).   

In addition, compared to the torrefied sawdust obtained from the cyclone, the torrefied 

product remaining in the reactor had lower volatile content, higher fixed carbon content and 

greater HHV, due to the longer residence time of the torrefied sawdust remaining in the 

reactor. 
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Table 5-7 Properties of torrefied sawdust on a dry basis. 

 * Oxygen was determined by difference. ±value: Value of standard deviation. 

Parameter 

D-OT-1: 

240°C 

0vol.%O2 

D-OT-2: 

240°C 

3vol.%O2 

D-OT-3: 

240°C 

6vol.%O2 

D-OT-4: 

240°C 

9vol.%O2 

D-OT-5: 

270°C 

0vol.%O2 

D-OT-6: 

270°C 

3vol.%O2 

D-OT-7: 

270°C 

6vol.%O2 

D-OT-9: 

300°C 

0vol.%O2 

D-OT-10: 

300°C 

3vol.%O2 

 Torrefied sawdust accumulated in cyclone over 50 min run 

Proximate analysis 

  VM (wt.%) 83.46±0.22 82.76±0.27 82.23±0.60 81.65±1.20 81.73±0.02 81.09±1.27 76.37±0.05 80.34±0.79 73.40±1.19 

  FC (wt.%) 16.14±0.23 16.83±0.29 17.35±0.60 17.94±1.22 17.82±0.11 18.40±1.30 23.10±0.08 19.16±0.83 26.04±1.21 

  AC (wt.%) 0.40±0.01 0.41±0.02 0.42±0 0.41±0.02 0.45±0.09 0.51±0.03 0.53±0.03 0.50±0.04 0.56±0.02 

Elemental analysis 

  C (wt.%) 50.7 50.8 51.1 52.2 52.4 52.7 53.6 52.7 54.4 

  H (wt.%) 6.1 6.1 6.0 5.9 6.0 5.6 5.7 5.9 5.5 

  N (wt.%) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

  O* (wt.%) 43.2 43.1 42.9 41.9 41.6 41.7 40.7 41.4 40.1 

H/C 0.12 0.12 0.12 0.11 0.11 0.11 0.11 0.11 0.10 

O/C 0.85 0.85 0.84 0.80 0.79 0.79 0.76 0.78 0.74 

HHV (MJ/kg) 19.85±0.07 19.30±0.65 19.48±0.56 19.63±0.12 19.96±0.22 20.21±0.04 20.70±0.15 20.21±0.19 20.67±0.72 

ρp (kg/m3) 1386±19 1380±41 1386±3 1381±41 1360±90 1342±51 1339±16 1398±42 1287±14 

 Torrefied sawdust from reactor at end of 50 min run 

Proximate analysis 

  VM (wt.%) 80.44±0.18 79.13±0.13 78.92±0.04 77.44±0.41 74.26±0.17 73.78±0.75 63.51±0.59 66.19±0.92 51.68±0.16 

  FC (wt.%) 19.13±0.22 20.43±0.20 20.65±0.06 22.13±0.43 25.24±0.27 25.71±0.5 35.95±0.61 33.14±0.96 47.50±0.16 

  AC (wt.%) 0.43±0.04 0.44±0.06 0.43±0.02 0.43±0.02 0.50±0.10 0.51±0.01 0.54±0.03 0.66±0.04 0.83±0.01 

HHV (MJ/kg) 20.09±0.02 20.09±0.30 20.17±0.31 20.45±0.12 21.05±0.04 21.00±0.05 23.07±0.04 23.40±0.21 23.50±0.34 

ρp (kg/m3) 1383±7 1363±60 1361±13 1357±11 1315±8 1317±19 1259±12 1248±1 1229±6 

Energy yield (%) 97.6±0.2 93.9±0.5 94.5±1.9 92.1±0.1 86.9±0.4 83.3±0.2 82.3±0.3 79.2±0.7 65.7±0.7 
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5.3 Conclusions 

 (i) Non-oxidative torrefaction 

In the non-oxidative torrefaction, temperature had more influence on torrefaction 

performance than biomass feed rate. An increase in temperature from 240 to 300°C led to 

greater weight loss, lower energy yield, decreased final bed height and more torrefied 

sawdust captured by the cyclone. It also produced torrefied sawdust with higher HHV, 

greater carbon content, lower hydrogen and oxygen contents, less volatile content and 

increased fixed carbon content. An increase in biomass feed rate from 600 to 1400 g/h 

resulted in less weight loss, higher energy yield and more sawdust remaining in the reactor, 

while also resulting in torrefied sawdust with lower HHV, less carbon content, greater 

hydrogen and oxygen contents, more volatile content and reduced fixed carbon content. 

(ii) Oxidative torrefaction 

Sawdust torrefied in an oxygen-containing atmosphere had higher weight loss of biomass and 

lower energy yield. Compared to non-oxidatively torrefied sawdust, oxidatively torrefied 

sawdust has higher HHV, greater fixed carbon and lower hemicellulose at 270 and 300°C. 

Adding oxygen to the feed-gas decreased the product mass in the reactor, increased the 

product mass in the cyclone, and slightly increased the mass captured by the filter. Varying 

the oxygen concentration had a greater effect on biomass torrefaction at a higher temperature. 

An increase in oxygen concentration resulted in greater HHV, higher atomic carbon content, 

lower atomic hydrogen and oxygen contents, less volatile content, greater fixed carbon 

content, and less decomposition of hemicellulose in the torrefied sawdust.  In order to avoid 

thermal runaway in reactors, our experience indicates that the oxygen concentration should 
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not exceed 6 vol.% and 3 vol.% in the feed gas at 270 and 300°C, respectively, when 

biomass is torrefied in a DSRSB reactor.   
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Chapter 6 Thermogravimetric characteristics and kinetic 

analysis of torrefied biomass pyrolysis 

Raw SPF sawdust was torrefied at different temperatures, biomass feed rates and feed gas 

oxygen concentrations in the SRSB reactor, as described in Chapter 4. In this chapter, a 

thermogravimetric analyzer is used to assess the pyrolysis characteristics of the torrefied 

sawdust captured by the cyclone during biomass torrefaction in the SRSB reactor. The aim of 

the present chapter is to determine the values of the kinetic parameters characterizing the 

pyrolysis of sawdust torrefied in non-oxidative and oxidative media using data from non-

isothermal thermogravimetry in an inert nitrogen atmosphere. 

6.1 Modelling 

The overall reaction for biomass decomposition in the nitrogen atmosphere can be written as 

 Wood → Volatiles + Char (6-1) 

        

For this reaction, the kinetic equation can be written as 

 

 ))f(k(d/d Ttα   (6-2) 

where k(T) is the rate constant, f(α) depends on the reaction mechanism, t is the reaction time, 

and α is the conversion defined as 

 
f0

i0

m-m

m-m
α  (6-3) 
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Here m0, m𝑖  and m𝑓  refer to initial, actual and ultimate (final) mass of the solid sample, 

respectively.  

k(T) is the rate constant, expressed by the Arrhenius equation as 

  )exp( )k( E/RTAT 
 

(6-4) 

where A is the pre-exponential factor (s-1), E is the activation energy (J/mol), R is the 

universal gas constant of 8.314 J/(mol·K), and T is the absolute reaction temperature (K).  

Substitution of Equation (6-4) into Equation (6-2) gives  

   )exp( )f(
RT

E
-A

dt

d
 


 (6-5) 

For a constant heating rate (β) 

 /dTdt   (6-6) 

Substituting Equation (6-6) into Equation (6-5) gives 

  dT )exp(
)f( RT

E
-

Ad




  (6-7) 

6.1.1 Kissenger-Akahira-Sunose (KAS) model 

According to the KAS method, Equation (6-7) can be integrated with initial conditions α = 0, 

T = T0 at time 0 to give 

 )(dT )exp(
)f(

)(
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x P
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(6-8) 
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where x=E/RT and 



0

2/)(
x

x dxxexP  

The KAS method makes no assumption concerning the kinetic model, but uses the 

approximation  

 
2

)(
x

e
xP

x

  (6-9) 

With this approximation taken into account, the logarithm of Equation (6-8) gives 

 
RT

E

E

AR

T
-)g(ln -

 
ln)ln(

2











  (6-10) 

Therefore, the activation energy (E) can be calculated from the slope of the line of ln(β/T2) vs 

1/T for a given conversion, α. To apply the KAS method, it is necessary to conduct 

experiments at three or more different heating rates. In the present study, four heating rates of 

10, 20, 30 and 40°C/min were tested.  

6.1.2 Coats-Redfern Method 

Integration of Equation (6-7) with α = 0, T = T0 at time 0 gives: 

  
T

T RT

E
-

Ad
g

0

dT )exp(
)f(

)(
0 






 (6-11) 

There is no exact analytical solution for the right side of Equation (6-11). Cauchy’s rule is 

therefore applied to estimate the integral, i.e. 

  
T

T RT

E

E

RT

ERT

E
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)exp()
2
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dT )exp(
2


 (6-12) 

Since 2RT/E<<1, Equation (6-11) can be rewritten as 
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 (6-13) 

A plot of ln(g(α)/T2) vs 1/T should then result in a straight line when an appropriate 

mechanism (f(α) or g(α)) is selected.  The activation energy (E) can then be estimated from 

the slope -E/R, while the pre-exponential factor (A) can then be determined by the intercept 

ln(AR/βE).  

The function f(α) or g(α) depends on the reaction mechanism and its mathematical model. 

Based on previous work (Masnadi et al., 2014; Vlaev et al., 2003), the chemical reaction is 

well represented by a first order reaction, and the volatile diffusion within the particles is 

well fitted by the Zhuravlev et al. (1948) equation for biomass pyrolysis, shown in Table 6-1. 

Table 6-1 Mechanism functions for modelling pyrolysis of raw/torrefied biomass. 

Mechanism f(α) g(α) 

Chemical reaction (first order) 1- α -ln(1- α) 

Diffusion (Zhuravlev equation) (2/3)(1- α)5/3/[1-(1- α)1/3] [1-(1- α)1/3]2 

With g(α) = -ln(1- α), Equation (6-13) can be rewritten as  

 
RT

E

E

AR

T



)ln( 

α)1ln(
ln

2 
 (6-14) 
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6.2 Thermogravimetric analysis 

The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of raw and 

torrefied SPF sawdust at heating rates of 10, 20, 30 and 40°C/min in a nitrogen flow of 100 

ml/min are shown in Figures 6-1 to 6-9. Weight loss mainly occurred in the temperature 

ranges of 220-500°C and 280-550°C for the raw and torrefied sawdust, respectively. A lower 

weight loss was generally found for a higher heating rate, due to inefficient heat transfer 

during pyrolysis (Oyedun et al., 2014). 

Figures 6-2, 6-3 and 6-4 show TG and DTG curves for pyrolysis of 0.25-0.5, 0.5-1.0 and 1.0-

2.0 mm torrefied sawdust respectively at different heating rates in the nitrogen atmosphere. 

The torrefied sawdust refers to the torrefied product captured by the cyclone for cases PS-1 

to PS-9, whose detailed operating conditions are provided in section 4.2.2 of Chapter 4. For 

sawdust of a given particle size, sawdust torrefied at a higher temperature showed a lower 

TG weight loss, due to the sawdust having already lost more weight during the torrefaction 

process. Sawdust pyrolyzed at a higher heating rate lost less weight in the TGA, due to 

inefficient heat transfer to the sawdust particles (Oyedun et al., 2014). Comparison of the 

smallest, intermediate and coarsest torrefied particles reveals that the coarsest torrefied 

sawdust had the lowest TG weight loss at otherwise similar operating conditions. This is 

consistent with the fact that the larger sawdust particles lost more weight when they were 

torrefied in the SRSB reactor (See Table 4-7 of Chapter 4), associated with the larger 

particles having longer residence times in the reactor.  

It is seen that the shoulders at 300-350°C observed in the DTG curves of raw sawdust were 

smoothed in the DTG curves of torrefied sawdust pyrolysis. This is likely due to the removal 
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of hemicellulose and extractives during the torrefaction process, resulting from hemicellulose 

decomposition, mainly occurring at 220-315°C (Yang et al., 2007). For the 0.25-0.5 mm 

sawdust torrefied at 240 and 270°C, the maximum decomposition rates were close to that of 

the raw sawdust, because the torrefaction carried out on 0.25-0.5 mm sawdust was light, as 

described in section 4.2 of Chapter 4. As shown in Figure 6-2(c), the maximum 

decomposition rate of the sawdust torrefied at 300°C increased, resulting from the 

accumulation of cellulose in the torrefied sawdust, as described in the fiber analysis shown in 

Table 4-8. For the torrefied product of 0.5-1.0 mm and 1.0-2.0 mm sawdust pyrolysis, as 

shown in Figures 6-3 and 6-4, when the sawdust was torrefied at 240 to 300°C, the maximum 

decomposition rate first increased, primarily because of cellulose accumulation, and then 

decreased as a consequence of partial cellulose decomposition at 300°C, consistent with 

previous findings (Cao et al., 2015). Note that a higher activation energy is required to 

decompose cellulose than hemicellulose and lignin (Zhou et al., 2015). Moreover, the gaps 

between different heating rates in the DTG curves were found to narrow for the sawdust 

torrefied at a higher temperature, revealing that more severe torrefaction can improve heat 

transfer from/to particles for pyrolysis at a higher heating rate.  
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Figure 6-1 Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves for 

raw SPF sawdust at heating rates of 10, 20, 30 and 40°C/min: (a) 0.25-0.5 mm; (b) 0.5-

1.0 mm; (c) 1.0-2.0 mm particles. 
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Figure 6-2 TG and DTG curves for torrefied SPF sawdust of 0.25-0.5 mm particle size at 

heating rates of 10, 20, 30 and 40°C/min. Torrefaction conditions: (a) case PS-1: T = 

240°C and F = 440 g/h; (b) case PS-2: T = 270°C and F = 440 g/h; (c) case PS-3: T = 

300°C and F = 440 g/h. See Table 4-6 for detailed torrefaction operating conditions. 
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Figure 6-3 TG and DTG curves for torrefied SPF sawdust of 0.5-1.0 mm particle size at 

heating rates of 10, 20, 30 and 40°C/min. Torrefaction conditions: (a) case PS-4: T = 

240°C and F = 440 g/h; (b) case PS-5: T = 270°C and F = 440 g/h; (c) case PS-6: T = 

300°C and F = 440 g/h. See Table 4-6 for detailed torrefaction operating conditions. 

 



149 

 

100 200 300 400 500 600 700 800

-40

-20

0

20

40

60

80

100 (a)

 40
o
C/min

 30
o
C/min

 20
o
C/min

 10
o
C/min

 

T
G

 (
%

)

T(
o
C)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

376C

0.410%/s
361C

0.224%/s

394C

0.860%/s

388C

0.679%/s D
T

G
 (

%
/s

)

TG

DTG

 

100 200 300 400 500 600 700 800

-40

-20

0

20

40

60

80

100

 40
o
C/min

 30
o
C/min

 20
o
C/min

 10
o
C/min

 

T
G

 (
%

)

T(
o
C)

TG

389C

0.916%/s

372C

0.459%/s

383C

0.707%/s

349C

0.189%/s
DTG

(b)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

D
T

G
 (

%
/s

)

 

100 200 300 400 500 600 700 800

-40

-20

0

20

40

60

80

100 (c)

 40
o
C/min

 30
o
C/min

 20
o
C/min

 10
o
C/min

 

T
G

 (
%

)

T(
o
C)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

D
T

G
 (

%
/s

)
TG

386C

0.835%/s

379C

0.628%/s

354C

0.214%/s

370C

0.421%/s
DTG

 

 

Figure 6-4 TG and DTG curves for torrefied SPF sawdust of 1.0-2.0 mm particle size at 

heating rates of 10, 20, 30 and 40°C/min. Torrefaction conditions: (a) case PS-7: T = 

240°C and F = 440 g/h; (b) case PS-8:  T = 270°C and F = 440 g/h; (c) case PS-9: T = 

300°C and F = 440 g/h. See Table 4-6 for detailed torrefaction operating conditions. 
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In Figures 6-3, 6-5 and 6-6 TG and DTG curves are plotted for pyrolysis of SPF sawdust of 

0.5-1.0 mm particle size torrefied at different biomass feed rates and temperatures in the 

SRSB reactor. The thermal analysis tests were conducted on the torrefied product collected 

by the cyclone in cases C-1 to C-6 and C-8 to C-10. Detailed operating conditions can be 

found in Table 4-1 of Chapter 4. Based on the TG curves, it is observed that the weight loss 

during thermogravimetric analysis was greater for sawdust torrefied at a higher biomass feed 

rate. This suggests that the weight loss of biomass decreased with increasing biomass feed 

rate for biomass torrefied in the slot-rectangular spouted bed reactor, as discussed in Chapters 

4 and 5.  For the sawdust torrefied at a given biomass feed rate, the weight loss of sawdust 

torrefied at higher temperature was less than that of sawdust torrefied at low temperature. In 

addition, it can be seen from the DTG curves that the maximum decomposition rate increased 

with increasing heating rate. Sawdust torrefied at higher temperatures had greater maximum 

decomposition rates, as a result of cellulose accumulation. However, sawdust torrefied at a 

higher biomass feed rate had a lower maximum decomposition rate, due to a shorter 

residence time in the reactor of sawdust torrefied at a higher biomass feed rate. 
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Figure 6-5 TG and DTG curves for torrefied SPF sawdust of 0.5-1.0 mm particle size at 

heating rates of 10, 20, 30 and 40°C/min. Torrefaction conditions: (a) case C-1: T = 

240°C and F = 220 g/h; (b) case C-2: T = 270°C and F = 220 g/h; (c) case C-3: T = 

300°C and F = 220 g/h. See Table 4-1 for detailed torrefaction operating conditions. 
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Figure 6-6 TG and DTG curves for torrefied SPF sawdust of 0.5-1.0 mm particle size at 

heating rates of 10, 20, 30 and 40°C/min. Torrefaction conditions: (a) case C-8: T = 

240°C and F = 710 g/h; (b) case C-9: T = 270°C and F = 710 g/h; (c) case C-10: T = 

300°C and F = 710 g/h. See Table 4-1 for detailed torrefaction operating conditions. 
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Figures 6-7, 6-8 and 6-9 show TG and DTG curves for sawdust oxidatively torrefied at 

different heating rates. These particles were torrefied with different oxygen contents in the 

feed-gas and at different temperatures. Detailed information on the operating conditions is 

provided in Table 4-10 of Chapter 4. Sawdust torrefied at a given torrefaction temperature, 

but with a higher oxygen content in the feed-gas, had less weight loss based on the TG curve, 

revealing that introducing the oxygen in the feed-gas helped liberate the volatiles. Sawdust 

torrefied with a given oxygen content in the feed-gas, but at a higher temperature, had less 

weight loss.  

Compared to the raw SPF sawdust, oxidatively torrefied sawdust had higher maximum 

decomposition rates. However, the non-oxidatively torrefied sawdust had higher maximum 

decomposition rates than the oxidatively torrefied sawdust. The reason is that oxygen in the 

feed-gas promoted decomposition of hemicellulose/cellulose and extractive during the 

torrefaction process, as discussed in Chapters 4 and 5 and consistent with previous work 

(Chen et al., 2014a; Chen et al., 2013a; Wang et al., 2013a). For the oxidatively torrefied 

sawdust torrefied at the same temperature, the maximum decomposition rate decreased with 

increasing O2 concentration in the feed-gas during the torrefaction. For the oxidatively 

torrefied sawdust torrefied at a given O2 concentration in the feed-gas, the maximum 

decomposition rate increased with increasing temperature during the torrefaction. These 

findings can be explained by increases in oxygen content in the feed-gas and increasing 

torrefaction temperature causing hemicellulose depletion and partial cellulose decomposition, 

so that more char was formed in the oxidatively torrefied sawdust.  
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Figure 6-7 TG and DTG curves for torrefied SPF sawdust of 0.5-1.0 mm particle size at 

heating rates of 10, 20, 30 and 40°C/min. Torrefaction conditions: (a) case OT-2: T = 

240°C, F = 440 g/h and O2 conc.: 3 vol.%; (b) case OT-3: T = 240°C, F = 440 g/h and 

O2 conc.: 6 vol.%; (c) case OT-4: T = 240°C, F = 440 g/h and O2 conc.: 9 vol.%. See 

Table 4-10 for detailed torrefaction operating conditions. 
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Figure 6-8 TG and DTG curves for torrefied SPF sawdust of 0.5-1.0 mm particle size at 

heating rates of 10, 20, 30 and 40°C/min. Torrefaction conditions: (a) case OT-6: T = 

270°C, F = 440 g/h and O2 conc.: 3 vol.%; (b) case OT-7: T = 270°C, F = 440 g/h and 

O2 conc.: 6 vol.%; (c) case OT-8: T = 270°C, F = 440 g/h and O2 conc.: 9 vol.%. See 

Table 4-10 for detailed torrefaction operating conditions. 
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Figure 6-9 TG and DTG curves for torrefied SPF sawdust of 0.5-1.0 mm particle size at 

heating rates of 10, 20, 30 and 40°C/min. Torrefaction conditions: (a) case OT-10: T = 

300°C, F = 440 g/h and O2 conc.: 3 vol.%; (b) case OT-11: T = 300°C, F = 440 g/h and 

O2 conc.: 6 vol.%; (c) case OT-12: T = 300°C, F = 440 g/h and O2 conc.: 9 vol.%. See 

Table 4-10 for detailed torrefaction operating conditions. 
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6.3 Kinetic analysis 

6.3.1 Kinetic parameters determined by Kissenger-Akahira-Sunose (KAS) model 

The thermogravimetric data were analyzed by the KAS model. Linear regression lines for 

raw SPF determined by the KAS method are shown in Figure 6-10(a). The activation energy 

can be determined from the slope of the fitted lines. The correlation coefficients (R2) are 

greater than 0.98, suggesting that the pyrolysis process is well correlated. As shown in Figure 

6-10(b), the activation energy can be divided into three stages. The activation energy of raw 

SPF sawdust increased from 123 kJ/mol to 128 kJ/mol, then remained at ~128 kJ/mol, before 

increasing to 136 kJ/mol in the conversion ranges of 5-40%, 40-70% and 70-75%, 

respectively. The variation of the activation energy is likely related to different 

decomposition temperatures of the hemicellulose, cellulose and lignin components in the SPF 

sawdust (Yang et al., 2007; Zhou et al., 2015). In stage I where the corresponding 

temperature range is from 263 to 338°C, the increase in activation energy suggests that 

hemicellulose had a different activation energy, due to more C-C bond decomposition with 

increasing temperature. In stage II with corresponding temperatures from 338 to 366°C, 

cellulose decomposition is dominant (Zhou et al., 2015). It can be found that the cellulose 

content had its activation energy mainly related to C-C bond decomposition (Cao et al., 2016; 

Chen et al., 2011a). In stage III, where the corresponding temperature > 366°C, the activation 

energy shows an increasing trend, primarily due to the decomposition of chars in the biomass 

(Milosavljevic et al., 1996).  Lignin decomposition was not observed in stage III. This may 

be related to the high activation energy and difficult decomposition for large particles, whose 
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decomposition is controlled by the kinetics and by heat transfer (Cho et al., 2010; Guo and 

Lua, 2001).  
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Figure 6-10 (a) Activation energy from KAS method at different conversions; (b) 

Activation energies for 0.5-1.0 mm raw SPF sawdust at different conversions. 
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Activation energies for the pyrolysis of different particle sizes of sawdust torrefied at 240-

300°C and 440 g/h biomass feed rate are shown in Figures 6-11 (1)-(3). For a given operating 

condition, it is observed that the activation energy is lowest for the smallest torrefied sawdust 

particles. The main reason is that less torrefaction took place for the smallest sawdust 

particles, compared to the intermediate and coarsest sawdust. Moreover, the activation 

energy of the torrefied sawdust was found to be slightly higher when the sawdust was 

torrefied at a higher temperature, due to the hemicellulose depletion and cellulose 

accumulation in the torrefied sawdust. In addition, three distinct stages of activation energy - 

increment, constant and increment - were found for the pyrolysis of the different sizes of 

torrefied sawdust.  

The activation energies for the pyrolysis of the sawdust torrefied at different biomass feed 

rates from 220 to 710 g/h are shown in Figures 6-11 (2), (4) and (5). A small difference was 

observed in the activation energies of the sawdust torrefied at different biomass feed rates 

with otherwise same operating conditions.  

The activation energies for the pyrolysis of the sawdust torrefied at different oxygen 

concentrations in the feed-gas are compared in Figures 6-11(6)-(8). Compared to oxygen-free 

torrefied sawdust, pyrolysis of the sawdust torrefied in the presence of oxygen had lower 

activation energy, mainly resulting from decomposition and oxidation reactions occurring 

simultaneously during oxidative torrefaction. Figure 6-11(6) shows that the activation energy 

of the sawdust torrefied at 240°C first increased, then decreased, as the oxygen concentration 

in the feed-gas increased from 3 to 9 vol.%. However, the hemicellulose content consistently 

decreased, while the cellulose content increased, based on the fiber analysis shown in Table 

4-12 of Chapter 4, suggesting that the activation energy should increase with increasing 
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oxygen concentration in the feed-gas. These inconsistent results indicate that the activation 

energy determined by the KAS model may include energies for both the pyrolysis reaction 

and volatile diffusion. In Figure 6-11 (7), the activation energy of the SPF sawdust torrefied 

at 270°C decreased slightly with increasing oxygen concentration in the feed-gas, consistent 

with the fiber analysis where the cellulose content decreased slightly, as shown in Table 4-12 

of Chapter 4. In Figure 6-11 (8), the activation energy of the sawdust torrefied at 300°C 

increased with increasing oxygen concentration, especially at 9 vol.%. The fiber analysis 

shows that as the cellulose decreased from 52 to 46.5%, the lignin content increased from 

29.2 to 32.7% in the oxidatively torrefied sawdust. This would lead to a decrease in the 

activation energy of the pyrolysis of the oxidatively torrefied sawdust. A reasonable 

explanation could be that the charring process intensified at 300°C in an atmosphere 

containing oxygen.  
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Figure 6-11 Activation energies from KAS method for torrefied SPF sawdust as a 

function of conversions, temperature, biomass feed rate and oxygen concentration. 



162 

 

6.3.2 Kinetic parameters determined by Coats-Redfern model 
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Figure 6-12 Coats-Redfern plots for raw 0.5-1.0 mm SPF particles at different heating 

rates. 

The thermogravimetric data from Ti to Tpeak were also analyzed by the Coats-Redfern method. 

Ti, the initial decomposition temperature, corresponds to the temperature for 0.5% weight 

conversion of raw or torrefied sawdust on a dry basis; Tpeak corresponds to the maximum 

decomposition rate in the DTG curve. Figure 6-12 shows linear regression lines based on the 

Coats-Redfern method for raw 0.5-1.0 mm SPF sawdust at different heating rates. It is seen 

that R2 was higher than 0.994 for the fitted linear lines. The average activation energy and 
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pre-exponential factor are presented in Table 6-2. The activation energy based on the Coats-

Redfern model is around 68-90 kJ/mol, significantly lower than determined by the KAS 

model (see Figure 6-10 and Figure 6-11). The reason is that the KAS model includes the 

activation energies for both the decomposition reaction and diffusion in the pyrolysis process, 

while the Coats-Redfern model only covers the decomposition reaction during the pyrolysis 

process.  The pre-exponential factor for the Coats-Redfern model is around 97-138 s-1. The 

activation energy decreased slightly as the heating rate increased from 10 to 40°C/min.  

Table 6-2 Kinetic parameters for raw and torrefied SPF sawdust pyrolysis obtained by 

Coats-Redfern model. For operating conditions, see Table 4-1, Table 4-6, and Table 

4-10.  

Heating rate (β) 10 °C/min 20 °C/min 30 °C/min 40 °C/min 

#1 Raw SPF (0.25-0.5mm) 

Ti (°C) 210 210 210 210 

Tpeak (°C) 359 377 388 395 

E (kJ/mol) 75.1 77.4 77.5 79.8 

A (s-1) 4.11E+02 9.71E+02 1.17E+03 2.23E+03 

R2 0.998 0.999 0.999 0.998 

#2 Raw SPF (0.5-1.0mm) 

Ti (°C) 210 210 210 210 

Tpeak (°C) 360 378 388 398 

E (kJ/mol) 69.5 69.8 69.0 67.8 

A (s-1) 9.69E+01 1.38E+02 1.35E+02 1.20E+02 

R2 0.997 0.998 0.995 0.995 

#3 Raw SPF (1.0-2.0mm) 

Ti (°C) 210 210 210 210 

Tpeak (°C) 360 378 387 396 

E (kJ/mol) 79.8 82.3 86.4 79.2 

A (s-1) 1.03E+03 2.37E+03 6.86E+03 1.98E+03 

R2 0.999 1.00 0.998 0.993 
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Heating rate (β) 10 °C/min 20 °C/min 30 °C/min 40 °C/min 

#4 PS-1: (0.25-0.5mm)-240°C-440g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 359 379 389 397 

E (kJ/mol) 79.9 83.3 87.5 89.0 

A (s-1) 9.82E+02 2.26E+03 6.07E+03 8.99E+03 

R2 1.00 0.999 0.998 0.993 

#5 PS-2: (0.25-0.5mm)-270°C-440g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 359 378 390 394 

E (kJ/mol) 84.6 81.93 83.9 84.1 

A (s-1) 2.28E+03 1.71E+03 2.93E+03 3.19E+03 

R2 0.999 1.00 1.00 1.00 

#6 PS-3: (0.25-0.5mm)-300°C-440g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 359 379 390 399 

E (kJ/mol) 90.2 89.5 95.7 96.4 

A (s-1) 7.40E+03 7.10E+03 2.82E+04 3.28E+04 

R2 0.999 1.00 0.999 0.999 

#7 PS-4: (0.5-1.0mm)-240°C-440g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 364 381 390 398 

E (kJ/mol) 87.8 90.4 93.4 95.7 

A (s-1) 4.23E+03 8.97E+03 1.91E+04 2.92E+04 

R2 0.999 0.999 0.999 0.999 

#8 PS-5: (0.5-1.0mm)-270°C-440g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 363 378 391 399 

E (kJ/mol) 92.0 113.3 118. 9 99.3 

A (s-1) 8.37E+03 8.25E+05 2.62E+06 5.15E+04 

R2 1.00 0.991 0.985 1.00 

#9 PS-6: (0.5-1.0mm)-300°C-440g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 363 378 390 396 

E (kJ/mol) 94.2 96.7 94.1 100.0 

A (s-1) 1.25E+04 2.49E+04 1.61E+04 5.65E+04 

R2 1.00 1.00 0.998 0.998 
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Heating rate (β) 10 °C/min 20 °C/min 30 °C/min 40 °C/min 

#10 PS-7: (1.0-2.0mm)-240°C-440g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 361 376 388 394 

E (kJ/mol) 109.2 102.4 114.3 104.4 

A (s-1) 3.07E+05 8.78E+04 1.05E+06 1.43E+05 

R2 0.997 0.998 0.998 0.996 

#11 PS-8: (1.0-2.0mm)-270°C-440g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 349 372 383 389 

E (kJ/mol) 95.1 89.4 91.5 79.9 

A (s-1) 1.24E+04 2.61E+03 6.74E+03 6.58E+02 

R2 0.980 0.976 0.973 0.945 

#12 PS-9: (1.0-2.0mm)-300°C-440g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 354 370 379 386 

E (kJ/mol) 88.3 91.1 87.2 85.1 

A (s-1) 2.52E+03 5.56E+03 2.14E+03 2.45E+03 

R2 0.978 0.979 0.971 0.971 

#13 C-1: (0.5-1.0mm)-240°C-220g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 364 380 387 397 

E (kJ/mol) 83.9 86.5 88.5 88.7 

A (s-1) 1.53E+03 3.23E+03 5.40E+03 5.91E+03 

R2 1.00 0.999 0.999 1.00 

#14 C-2: (0.5-1.0mm)-270°C-220g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 362 379 385 396 

E (kJ/mol) 89.9 93.2 95.3 95.6 

A (s-1) 4.96E+03 1.14E+04 2.01E+04 2.08E+04 

R2 1.00 1.00 1.00 1.00 

#15 C-3: (0.5-1.0mm)-300°C-220g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 363 379 386 395 

E (kJ/mol) 87.7 102.1 85.3 93.3 

A (s-1) 3.14E+03 7.29E+04 2.49E+03 1.40E+04 

R2 0.996 1.00 0.986 0.997 
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Heating rate (β) 10 °C/min 20 °C/min 30 °C/min 40 °C/min 

#16 C-8: (0.5-1.0mm)-240°C-710g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 363 374 388 397 

E (kJ/mol) 92.2 97.3 101. 101.3 

A (s-1) 1.03E+04 3.58E+04 8.35E+04 8.89E+04 

R2 1.00 0.999 0.999 0.999 

#17 C-9: (0.5-1.0mm)-270°C-710g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 364 372 389 397 

E (kJ/mol) 94.0 96.2 99.7 99.4 

A (s-1) 1.33E+04 2.62E+04 5.55E+04 5.41E+04 

R2 1.00 0.999 0.999 0.998 

#18 C-10: (0.5-1.0mm)-300°C-710g/h 

Ti (°C) 250 250 250 250 

Tpeak (°C) 359 376 389 395 

E (kJ/mol) 97.1 108.7 101.2 97. 6 

A (s-1) 2.21E+04 2.93E+05 7.35E+04 3.65E+04 

R2 1.00 0.998 0.999 0.998 

#19 OT-1: (0.5-1.0mm)-240°C-440g/h-3vol.% O2 

Ti (°C) 250 250 250 250 

Tpeak (°C) 364 379 391 398 

E (kJ/mol) 84.2 96.9 88.5 87.9 

A (s-1) 2.02E+03 3.53E+04 6.97E+03 6.59E+03 

R2 0.999 0.993 0.999 1.00 

#20 OT-2: (0.5-1.0mm)-240°C-440g/h-6vol.% O2 

Ti (°C) 250 250 250 250 

Tpeak (°C) 362 374 387 396 

E (kJ/mol) 108.3 103.3 115.7 100.6 

A (s-1) 8.97E+05 3.91E+05 5.62E+06 2.79E+05 

R2 0.999 1.00 0.998 0.997 

#21 OT-3: (0.5-1.0mm)-240°C-440g/h-9vol.% O2 

Ti (°C) 250 250 250 250 

Tpeak (°C) 364 378 388 395 

E (kJ/mol) 85.4 90.8 93.8 87.2 

A (s-1) 2.46E+03 9.86E+03 2.16E+04 5.53E+03 

R2 0.999 0.998 0.998 1.00 
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Heating rate (β) 10 °C/min 20 °C/min 30 °C/min 40 °C/min 

#22 OT-4: (0.5-1.0mm)-270°C-440g/h-3vol.% O2 

Ti (°C) 250 250 250 250 

Tpeak (°C) 363 378 386 397 

E (kJ/mol) 103.0 97.4 104.3 98.4 

A (s-1) 9.41E+04 3.54E+04 1.54E+05 4.80E+04 

R2 0.995 0.999 0.998 0.999 

#23 OT-5: (0.5-1.0mm)-270°C-440g/h-6vol.% O2 

Ti (°C) 250 250 250 250 

Tpeak (°C) 362 379 390 396 

E (kJ/mol) 88.8 95. 100.9 93.8 

A (s-1) 5.04E+03 2.30E+04 8.14E+04 2.11E+04 

R2 0.999 0.999 0.997 1.00 

#24 OT-6: (0.5-1.0mm)-270°C-440g/h-9vol.% O2 

Ti (°C) 250 250 250 250 

Tpeak (°C) 364 379 390 396 

E (kJ/mol) 90.6 106. 94.0 110.5 

A (s-1) 7.21E+03 2.19E+05 2.00E+04 5.74E+05 

R2 1.00 0.991 0.999 0.993 

#25 OT-7: (0.5-1.0mm)-300°C-440g/h-3vol.% O2 

Ti (°C) 250 250 250 250 

Tpeak (°C) 364 380 389 397 

E (kJ/mol) 91.1 85.9 94.0 102.6 

A (s-1) 7.25E+03 3.06E+03 1.80E+04 1.04E+05 

R2 0.999 0.993 0.998 1.00 

#26 OT-8: (0.5-1.0mm)-300°C-440g/h-6vol.% O2 

Ti (°C) 250 250 250 250 

Tpeak (°C) 364 379 390 396 

E (kJ/mol) 84.0 87.6 94.7 102.1 

A (s-1) 1.56E+03 4.27E+03 1.96E+04 9.11E+04 

R2 0.998 0.999 1.00 0.999 

#27 OT-9: (0.5-1.0mm)-300°C-440g/h-6vol.% O2 

Ti (°C) 250 250 250 250 

Tpeak (°C) 365 380 388 394 

E (kJ/mol) 91.4 95.2 93.6 100.6 

A (s-1) 7.10E+03 2.04E+04 1.68E+04 6.95E+04 

R2 0.998 0.999 1.00 0.997 
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Compared to the raw SPF sawdust, the torrefied sawdust had a higher activation energy and a 

higher pre-exponential factor, as a consequence of the removal of hemicellulose and 

extractives during the torrefaction process (Oyedun et al., 2014; Yang et al., 2007).  

For 0.25-0.5 mm sawdust torrefied at 240-300°C and 440 g/h feed rate (#4-#6 in Table 6-2), 

it is seen that the activation energy of torrefied sawdust increased with increasing torrefaction 

temperature. For 0.5-1.0 mm sawdust torrefied at 240-300°C and 440 g/h feed rate (#7-#9 in 

Table 6-2), the activation energy of torrefied sawdust increased as the torrefaction 

temperature increased from 240 to 270°C. However, the activation energy dropped at 300°C, 

consistent with the decrement of cellulose content in the fiber analysis shown in Table 4-15. 

This may be because the kinetic parameters produced by the Coats-Redfern method are 

mainly determined from the biomass decomposition stage which tends to be less affected by 

the high chars content in stage III.  For 1.0-2.0 mm sawdust torrefied at 240-300°C and 440 

g/h feed rate (#10-#12 in Table 6-2), the activation energy was observed to decrease with 

increasing torrefaction temperature, due to decomposition of cellulose and accumulation of 

lignin in the torrefied sawdust, consistent with the fiber analysis in Table 4-8.  For sawdust 

torrefied at the same feed rate of 440 g/h, the activation energy of the sawdust torrefied at 

240 and 270°C increased with increasing particle size, because the decomposition was 

controlled by the kinetics and heat transfer mechanism (Guo and Lua, 2001). However, the 

activation energy of the coarsest sawdust torrefied at 300°C is lowest among the smallest, 

intermediate and coarsest torrefied sawdust particles at otherwise similar operating 

conditions. The main reason is believed to be that the larger particles underwent more severe 

torrefaction, with some cellulose decomposed, as discussed in section 4.2 of Chapter 4. 
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For 0.5-1.0 mm sawdust torrefied at different biomass feed rates (#7-#9 and #13-#18 in Table 

6-2), the activation energy of sawdust torrefied at a biomass feed rate of 220 g/h was lowest, 

and increased with increasing biomass feed rate. There are several reasons for this finding: (i) 

Torrefaction was more severe at the lowest biomass feed rate, leading to hemicellulose 

depletion, partial cellulose decomposition and lignin accumulation. (ii) The particle size of 

sawdust torrefied at 200 g/h feed rate was smaller than for sawdust torrefied at 220, 440 and 

710 g/h feed rates, as shown in Figure 4-8, due to improved grindability of the torrefied 

biomass and substantial attrition in spouted beds. The smaller particles have larger surface 

areas, leading to greater heat transfer. In addition, for the sawdust torrefied at 440 and 710 

g/h biomass feed rates, the activation energy of the torrefied sawdust increased with 

increasing torrefaction temperature, revealing that modest torrefaction occurred on the SPF 

sawdust at 440 and 710 g/h biomass feed rate. However, the activation energy of the sawdust 

torrefied at 220 g/h biomass feed rate first increased and then decreased with increasing 

torrefaction temperature, suggesting more severe torrefaction of that sawdust.  

The activation energy and pre-exponential factor of the oxidatively torrefied sawdust appear 

also in Table 6-2 (#19 to #27). For sawdust torrefied at 240°C with different oxygen contents 

in the feed-gas, the activation energy of the oxidatively torrefied sawdust first increased, and 

then decreased, as the feed gas oxygen concentration increased from 3 to 9 vol.%. The 

increase in activation energy is due to accumulation of cellulose in the torrefied sawdust, 

whereas its subsequent decrease is related to decomposition of cellulose and accumulation of 

lignin in the torrefied sawdust during oxidative torrefaction. Note that the activation energy 

of cellulose pyrolysis is much higher than those of hemicellulose and lignin pyrolysis (Zhou 

et al., 2015). For sawdust torrefied at 270 and 300°C with different oxygen contents in the 
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feed-gas, the activation energy of oxidatively torrefied sawdust pyrolysis had an opposite 

trend, compared to pyrolysis of sawdust torrefied at 240°C. The activation energy decreased 

first and then increased as the oxygen content in the feed gas increased from 3 to 9 vol.%. 

This suggests that the activation energy of oxidatively torrefied sawdust is sensitive to the 

oxygen content of the feed-gas. Meanwhile, the decrease in activation energy is caused by 

decomposition of cellulose due to the presence of oxygen. The increase in the activation 

energy may be related to char production during the oxidative torrefaction experiments, 

because the activation energy of char pyrolysis is much higher than for lignin pyrolysis (Peng 

et al., 2012a). 

6.4 Conclusions 

(1) Torrefied sawdust lost less weight than untreated raw sawdust in the pyrolysis process. 

(2) The activation energy of the torrefied sawdust was higher than that of the untreated 

sawdust. In addition, the activation energy of non-oxidatively torrefied sawdust was higher 

than for oxidatively torrefied sawdust. 

(3) The activation energy determined by the KAS model was much higher than that derived 

from the Coats-Redfern model. Activation energies determined by means of the Kissenger-

Akahira-Sunose (KAS) model were 122-137 kJ/mol, 95-146 kJ/mol and 110-164 kJ/mol in 

the conversion range of 5-75 wt.% for raw, non-oxidatively torrefied and oxidatively 

torrefied sawdust pyrolysis, respectively. On the other hand, activation energies from the 

Coats-Redfern model were 68-90 kJ/mol, 80-119 kJ/mol and 84-110 kJ/mol for raw, torrefied 

and oxidatively torrefied sawdust pyrolysis, respectively. 
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(4) The Coats-Redfern model gave more information on variation of the composition during 

the pyrolysis process than the KAS model.  
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Chapter 7 Conclusions and Recommendations 

7.1 Comparison of torrefaction reactors 

Table 7-1 lists different types of reactor applied in torrefaction. These reactors have included 

fixed beds, fluidized bed, screw conveyor, rotary drum, rotary kiln, electronic furnace, 

microwave reactor and the single/dual-compartment slot-rectangular spouted bed from the 

present study. Reactors have operated in batch or continuous mode. Each reactor had its own 

characteristics, and different studies utilized quite different operating conditions, such as 

torrefaction temperature, reaction time, material feed rate, type of material, particle size and 

oxygen concentration, as summarized in Table 7-1. It is therefore extremely difficult to 

compare results and to judge whether one torrefaction technology is better than the others.  

In terms of the torrefied product properties shown in Table 7-1, the previous literature 

studied with different reactors and operating conditions show similar trends as the present 

study. For example, volatile matter and oxygen content decrease, whereas fixed carbon, 

higher heating value (HHV) and carbon content increase to a certain extent after torrefaction 

in all cases. Furthermore, the torrefied product properties from the present study are similar 

to those from the literature, and also similar to the properties of lignite. 

Overall, based on the work of this thesis, the slot-rectangular spouted bed provides a 

potential reactor configuration to produce high-quality torrefied biomass. However, 

comparative studies are needed with the same fuel and feed rates to allow full comparison of 

this type of reactor with the other types identified in Table 7-1. 
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Table 7-1 Comparison of torrefaction using different reactors and operating conditions, 

and key properties of torrefied product (on a dry basis). 

Peng et al. (2013a) 

Reactor:  Fixed bed (Batch) 

Material:  Spruce, pine and fir 

(SPF) shaving pine sawdust 

dp range: 0.79 and 3.18 mm (for 

sawdust) and 4 mm (for shaving) 

T range: 240-300°C 

Reaction time range:  60 min 

O2 conc. Range:  0vol.% 

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

93.0 

6.8 

49.5-51.2 

42.2-43.9 

18.1 

N/A 

N/A 

63.8-84.5 

15.3-35.8 

52.4-71.9 

22.7-41.3 

20.9-25.3 

63.7-90.9 

49.3-86.7 

Nachenius et al. (2015) 

Reactor: screw conveyor 

(Continuous)  

Material:  Pine 

dp range:  <4 mm 

T range: 275-375°C (reactor wall 

temperature) 

Reaction time range:  5-15 min 

O2 conc. Range:  0vol.% 

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

83.6 

17-34 

48.8 

45.0 

20.37 

N/A 

N/A 

60-80 

17-34 

49-63 

44-30 

20.5-27.5 

66-98 

66-95 

Strandberg et al. (2015) 

Reactor: Rotary drum 

(Continuous) 

Material:  Norway spruce chip 

dp range:  8x8x4.5-25x25x4.5 

(width x length x thickness) mm 

T range: 260-310°C  

Reaction time range: 8-25 min 

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

85.0 

14.6 

50.4 

43.2 

20.4 

51.5-84.0 

15.7-47.8 

51.4-69.2 

25.0-42.3 

20.7-27.8 
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O2 conc. Range: 0vol.% Energy yield (%) 

Solid yield (wt.%) 

N/A 

N/A 

62-99 

46-97 

Wang et al. (2017a) 

Reactor: Fixed bed (Batch)  

Material:  Norway Spruce 

dp range:  10-70mm 

T range: 225-300°C  

Reaction time range: 30-60 min 

O2 conc. Range: 0vol.% 

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

74.85-88.12 

11.6-23.0 

47.4-49.1 

44.4-46.0 

19.5-20.1 

N/A 

N/A 

47.9-87.9 

11.8-47.9 

49.2-68.9 

27.2-44.5 

19.8-24.4 

55.6-96.9 

46.2-92.7 

Martín-Lara et al. (2017) 

Reactor: Electric muffle furnace 

(Batch) 

Material:  Olive tree pruning 

dp range: 0.25-1mm   

T range: 200, 300°C  

Reaction time range: 10, 60 min 

O2 conc. Range: 0vol.% 

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

79.1 

18.2 

45.7 

46.7 

17.32 

N/A 

N/A 

20-26.2 

20.9-27.6 

48.4-53.3 

38.9-43.6 

19.4-20.5 

64.0-101.5 

57.0-87.4 

Colin et al. (2017) 

Reactor: Rotary kiln 

(Continuous) 

Material: Beech wood chip 

dp range:  5-15 mm in length, 

2-7 mm in width, 1-3 mm in 

thickness 

T range: 250-300°C  

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

85 

14.5 

47.2 

46.7 

19.5 

72.2-83.4 

15.8-27.1 

43.4-54.0 

39.7-45.7 

19.8-21.6 
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Reaction time range:21.8-66.7 

min 

O2 conc. Range: 0vol.% 

Energy yield (%) 

Solid yield (wt.%) 

N/A 

N/A 

83.2-100 

75-98.3 

Wang et al. (2013a) 

Reactor:  Fluidized bed (Semi-

batch) 

Material: Spruce, pine and fir 

sawdust   

dp range:  250-355 μm, 0.23 mm 

T range: 250-290°C  

Reaction time range:4-42 min 

O2 conc. Range: 0-6vol.% 

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

N/A 

N/A 

46.5 

45.4 

18.9 

N/A 

N/A 

N/A 

N/A 

50.5-53.5 

40.6-44.0 

20.8-21.8 

79-72 

64-70 

Chen et al. (2014a) 

Reactor: Electrical furnace 

(Batch) 

Material:  Oil palm, coconut, 

eucalyptus, cryptomeria japonica 

dp range:  <30 mm (Oil palm 

fiber, coconut fiber), 15x10x5 

mm (Eucalyptus, cryptomeria 

japonica) 

T range: 300°C  

Reaction time range: 60 min 

O2 conc. Range: 0-21vol.% 

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

72.5-81.1 

18.9-20.5 

50.8-51.9 

40.6-44.1 

17.1-18.6 

N/A 

N/A 

33.0-56.0 

44.0-62.0 

66.6-76.1 

20.9-28.8 

18.6-28.2 

20-78 

18-58 

Joshi et al. (2015) 

Reactor: packed-bed (Batch) 

Material:  Sugar cane bagasse 

dp range:  N/A 

T range: 250-310°C  

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

N/A 

N/A 

N/A 

N/A 
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Reaction time range: 45 min 

O2 conc. Range: 0-10vol.% 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

N/A 

N/A 

19.4 

N/A 

N/A 

N/A 

N/A 

18.4-21.2 

37-88 

37-89 

Uemura et al. (2017)    

Reactor: Fixed bed (Batch) 

Material:  oil palm empty fruit 

bunches 

dp range:  20 x 5 x 10 mm 

T range: 200-300°C  

Reaction time range: ~30 min 

O2 conc. Range: 0, ~8.5vol.% 

(CO: ~13vol.%) 

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

84 

N/A 

41 

37 

15.2 

N/A 

N/A 

70-83 

3-13 

48-57 

21-35 

<22.6 

60-91 

40-72 

Huang et al. (2017) 

Reactor: Microwave reactor 

(Batch) 

Material:  Sewage sludge, 

Leucaena 

dp range:  N/A 

T range: 168-404°C  

Reaction time range: N/A 

O2 conc. Range: 0vol.% 

Properties 

 

Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

52.3 (78.8) 

18.5 (18.7) 

51.6 (47.9) 

31.4 (38.3) 

15.0 (19.3) 

N/A 

N/A 

1.9-37.0 (13.7-62.8) 

25.7-32.5 (35.8-81.2) 

52.6-66.8 (58.7-80.9) 

27.2-33.2 (15.9-35.5) 

10.3-16.2 (23.5-29.7) 

18-82 (23-79) 

9-72 (17-59) 

Note: Brackets indicates properties of Leucaena. 

Present work  

Reactor: Single-compartment 

slot-rectangular spouted bed 

Properties Untreated 

material  

Torrefied product 
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(Semi-batch) 

Material:  Spruce, pine and fir 

mixture sawdust 

dp range: 0.25-2 mm 

T range: 240-300°C  

Reaction time range: N/A 

(220-710g/h feed rate) 

O2 conc. Range: 0vol.% 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

84.6 

15.1 

46.2 

47.4 

18.2 

N/A 

N/A 

65.2-83.6 

15.9-34.1 

50.0-53.2 

40.7-43.9 

19.7-22.8 

67-99 

61-93 

Reactor: Single-compartment 

slot-rectangular spouted bed 

(Semi-batch) 

Material:  Spruce, pine and fir 

mixture sawdust 

dp range: 0.5-1.0 mm 

T range: 240-300°C  

Reaction time range: N/A 

(440 g/h feed rate) 

O2 conc. Range: 3-9vol.% 

Properties Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

84.6 

15.1 

46.2 

47.4 

18.2 

N/A 

N/A 

55.5-83.4 

15.8-43.6 

49.8-52.3 

41.6-43.9 

19.8-22.9 

61.2-94.2 

54-85 

Reactor: Dual-compartment slot-

rectangular spouted bed (Semi-

batch) 

Material:  Spruce, pine and fir 

mixture sawdust 

dp range: 0.5-1.0 mm 

T range: 240-300°C  

Reaction time range: N/A 

(900-1400 g/h) 

O2 conc. Range: 0 vol.% 

Properties Untreated 

material  

Torrefied product 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

84.6 

15.1 

46.2 

47.4 

18.2 

N/A 

N/A 

60.9-83.5 

17.0-38.2 

50.7-52.1 

43.0-41.9 

20.0-24.4 

73.3-97.6 

63-90 

Reactor: Dual-compartment slot-

rectangular spouted bed (Semi-

Properties Untreated 

material  

Torrefied product 
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batch) 

Material:  Spruce, pine and fir 

mixture sawdust 

dp range: 0.5-1.0 mm 

T range: 240-300°C  

Reaction time range: N/A 

(900 g/h feed rate) 

O2 conc. Range: 3-9vol.% 

VM (wt.%) 

FC (wt.%) 

C (wt.%) 

O (wt.%) 

HHV (MJ/kg) 

Energy yield (%) 

Solid yield (wt.%) 

84.6 

15.1 

46.2 

47.4 

18.2 

N/A 

N/A 

51.7-83.5 

16.1-47.5 

50.7-54.4 

40.1-43.2 

19.3-23.5 

65.7-97.6 

56-89 

Note: dp: Particle diameter, T: temperature, VM: Volatile matter, FC: Fixed carbon, C: Carbon, O: 

Oxygen, HHV: Higher heating value, N/A: Not available.  

7.2 Conclusions from this thesis 

Key findings of this work were as follows: 

(1) In a cold model dual-compartment slot-rectangular spouted bed (DSRSB) with a 

suspended partition: 

• Glass beads of diameter 1.16, 1.61 and 2.85 mm were used to investigate solids 

mixing in the DSRSB. Comparison showed that exchange of larger particles between 

compartments reached an equilibrium composition in less time than for smaller 

particles at otherwise similar operating conditions.  

• The effect of the partition position on solids exchange between the compartments was 

very important, with a larger gap leading to faster exchange. A shorter partition also 

accelerated solids exchange between the compartments by allowing some fountain 

particles to pass over the partition.  
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• The superficial gas velocity and the static bed height had only a slight influence on 

the solids exchange for the range of conditions investigated.  

(2) Biomass torrefaction in single and dual-compartment slot-rectangular spouted bed 

reactors: 

• The slot-rectangular spouted bed provides a promising reactor configuration to 

produce high-quality torrefied biomass. 

• Pressure drop across the bed oscillated significantly during torrefaction. Moreover, in 

the DSRSB reactor, the pressure drops across the two compartments were unequal 

during the torrefaction process in all cases, indicating that the downstream column 

contained a higher inventory of biomass and inert particles. At similar operating 

conditions, the pressure drop across the downstream column of the DSRSB reactor 

was higher than that across the SRSB reactor, while the pressure drop across the 

upstream column of the DSRSB reactor was similar to the SRSB pressure drop. 

• Compared to untreated SPF sawdust, torrefied SPF sawdust generally had greater 

higher heating value (HHV), greater carbon content, lower atomic hydrogen and 

oxygen contents, less volatile content, greater fixed carbon content, less 

hemicellulose and smaller particle size. Comparison of torrefied sawdust from the 

cyclone and reactor revealed that the torrefied sawdust from the reactor underwent 

more severe torrefaction and had higher HHV, greater fixed carbon and lower volatile 

content. Based on SEM images, the torrefied sawdust particles had smoother surfaces 

than the raw biomass. Cracks could be clearly seen on the surface of torrefied 

particles after undergoing severe torrefaction. 
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• Temperature was one of the most important properties affecting the torrefaction 

experiments. An increase in temperature from 240 to 300°C resulted in more severe 

torrefaction and more hemicellulose decomposition, leading to increased weight loss 

and decreased energy yield of sawdust particles. As temperature increased, fewer 

torrefied sawdust particles were left in the reactor, while more torrefied particles were 

captured by the cyclone of the torrefaction facility. Increasing the temperature can 

significantly enhance the HHV of sawdust. More carbon monoxide was formed than 

carbon dioxide as the temperature increased.  

• In the single-compartment SRSB reactor, the biomass feed rate was tested up to 710 

g/h, while it was tested up to 1400 g/h in the DSRSB reactor. The biomass feed rate 

was directly linked to the residence time of biomass particles, with higher feed rate 

leading to shorter residence time. As the biomass feed rate increased, the weight loss 

in the form of volatiles decreased, the proportion of torrefied sawdust remaining in 

the reactor decreased, the mass percentage in the cyclone increased, but the mass 

percentage of torrefied sawdust in a downstream filter was hardly affected. Increasing 

the feed rate resulted in lower HHV, lower atomic carbon content, higher atomic 

hydrogen and oxygen contents, more volatile content, less fixed carbon content, and 

less decomposition of hemicellulose in the torrefied sawdust. 

• When torrefying biomass in slot-rectangular spouted bed reactors, biomass particle 

size was an important variable due to varying conditions experienced by reaction 

intermediates. Sawdust particles of three size ranges (0.25-0.5, 0.5-1.0 and 1.0-2.0 

mm) were torrefied in a semi-batch SRSB facility. At the same operating conditions 

of temperature, biomass feed rate and superficial gas velocity, the smallest particles 
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had the shortest residence time. As the particle size increased, more torrefied particles 

remained in the reactor while fewer torrefied particles were captured by the cyclone. 

For the 1.0-2.0 mm size fraction of sawdust, 49-69 wt.% of total fed biomass stayed 

in the SRSB reactor, requiring downstream separation processing to recover torrefied 

sawdust. An increase in particle size led to increased weight loss and decreased 

energy yield of sawdust, resulting in a torrefied sawdust with higher HHV, greater 

atomic carbon content, lower atomic hydrogen and oxygen contents, less volatile 

content, greater fixed carbon content and less hemicellulose. In addition, sawdust 

particles underwent significant particle size reduction during torrefaction in the SRSB 

facility, with a reduction in Sauter mean particle size of up to 20.3% and 28.2% for 

the 0.25-0.5 mm and 0.5-1.0 mm sawdust size fractions, respectively. 

• It was demonstrated that some oxygen can be present in the torrefaction carrier gas in 

slot-rectangular spouted bed reactors, significantly reducing operating and equipment 

costs. Performance of oxidative torrefaction was similar to that of non-oxidative 

torrefaction. It is seen that the oxygen-containing atmosphere led to higher weight 

loss of biomass, but lower energy yield, due to biomass oxidation and decomposition 

occurring simultaneously in the oxidative torrefaction. Compared to non-oxidatively 

torrefied sawdust, oxidatively torrefied sawdust has a slightly lower HHV. Adding 

oxygen to the feed-gas decreased the product mass in the reactor, increased the 

product mass in the cyclone, and slightly increased the mass captured by the filter. 

Variation of oxygen concentration had a greater effect on biomass torrefaction at a 

higher temperature. An increase in oxygen concentration resulted in greater HHV, 

higher atomic carbon content, lower atomic hydrogen and oxygen contents, less 
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volatile content, greater fixed carbon content, and less decomposition of 

hemicellulose in the torrefied sawdust. SEM images show that the oxidatively 

torrefied particles had cleaner and smoother surfaces compared to non-oxidatively 

torrefied particles.  

• In order to avoid thermal runaway in reactors, the oxygen concentration should not 

exceed 9 vol.% in the feed gas at 300°C when biomass is torrefied in a SRSB reactor. 

Moreover, it should not exceed 6 vol.% and 3 vol.% in the feed gas at 270 and 300°C 

respectively when biomass is torrefied in a DSRSB reactor.  

• Sawdust torrefaction performed better in the dual-compartment slot-rectangular 

spouted bed reactor than in the single-compartment slot-rectangular spouted bed 

reactor.  

• Activation energies determined by Kissenger-Akahira-Sunose (KAS) model were 

122-137 kJ/mol, 95-146 kJ/mol and 110-164 kJ/mol in the conversion range of 5-75 

wt.% for raw, non-oxidatively torrefied and oxidatively torrefied sawdust pyrolysis, 

respectively. Activation energies determined by Coats-Redfern model were much 

lower: 68-90 kJ/mol, 80-119 kJ/mol and 84-110 kJ/mol for raw, non-oxidatively 

torrefied and oxidatively torrefied sawdust pyrolysis, respectively.  

7.3 Recommendations for future work 

In order to reduce the carrier gas consumption, future research should focus on:  

1) Employ less dense inert particles, leading to a lower minimum spouting velocity; 

2) Add a mean of removing particles from the dense bed in order that continuous (better 

than semi-batch) operation could be investigated.  
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3) Increase the recycling of torgas as much as possible.  

4) Investigate whether it is possible to terminate the use of inert particles, instead adding 

one or two pulsed gas lines to the current facility or replacing the current steady-flow 

lines with the pulsed flow lines. Benefits of those modifications should include 

reducing the carries gas consumption and reducing potential contamination of the 

torrefied product from inert particles. Future work would: 

• Explore how pulsations affect the hydrodynamics of slot-rectangular spouted 

beds. 

• Study the residence time distribution of sawdust particles in slot-rectangular 

spouted bed with pulsation(s). 

• Test the effect of pulsations on biomass torrefaction performance. 

5) Perform energy and exergy analyses for the current torrefaction facility to provide 

additional insights on optimization of the operating conditions.  
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Appendix A: Summary of previous work on slot-rectangular 

spouted beds 

Table A-1 Previous literature on slot-rectangular spouted beds. 

Author (year) Comments  

Passos et al. (1993) Predicts the maximum spoutable bed height in a slot-rectangular 

spouted bed. 

Dogan et al. (2000) Observed eight different flow regimes and studied mechanisms of 

spout termination. Also, renamed slot-rectangular spouted bed 

instead of two-dimensional spouted bed.  

Freitas et al. (2000) Observed significant three-dimensional effects as the column 

thickness increased, leading to formation of multiple spouts.  

Wang and Luo (2001) Investigated the minimum spouting velocity of multi-size glass 

beads mixtures, and proposed maps of minimum spouting velocity 

for multi-size particle mixture.  

Dogan et al. (2004) Investigated effects of slot width and lower section basal angle on 

hydrodynamics in a half SRSB. 

Freitas et al. (2004) Identified flow regimes by means of pressure fluctuation with the 

aid of statistical, spectral and chaotic analysis in SRSBs.  

Luo et al. (2004) Measured the minimum spouting velocity, maximum pressure 

drop and local voidage in SRSBs with draft plates.   

Chen et al. (2008) Performed experiments in a slot-rectangular spouted bed of 300 

mm x 100 mm cross-section. Studied effect of length-to-width 

ratios of the slot with a fixed cross-section area on the local flow 

structure, and found the effect of slot geometry was small in the 

upper part of the bed. 
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Author (year) Comments  

Chen et al. (2011b) Found slot length, width, and depth all affect the stability of 

SRSBs, and proposed criteria for achieving stable spouting: 

√slot area

𝑑𝑝
< 20 ; and 𝜅/𝑑𝑝 > 25 or 𝜂/ 𝜅 ≤ 15 

 

Chen et al. (2013b) Investigated effect of different configurations of multiple slots, 

including parallel and aligned, on stability of slot-rectangular 

spouted bed with multiple compartments and slots, and compared 

with a single-compartment single-slot spouted bed. They proposed 

to use a suspended partition to stabilize spouting in the SRSBs 

with multiple compartments and slots.  

Gan et al. (2013) Performed experiments in a quasi-slot-rectangular spouted bed to 

investigate lateral mixing of particles by means of the bed 

collapse method, and employed the lateral dispersion coefficient 

of tracer particles to represent the degree of solids mixing. 

Tabatabaei et al. (2013) Employed computational fluid dynamics (CFD) using the two-

phase Eulerian-Eulerian granular model to plot flow regime maps 

of SRSBs, and six distinct flow patterns were identified. 

Yang et al. (2013) Modelled the gas-flow in a three-dimensional SRSB under the 

parallel framework of the CFD-DEM coupling approach, and 

studied profiles of pressure drop, gas velocity and spout-annulus 

interface in the SRSB. 

Yang et al. (2014) Performed three-dimensional modeling of hydrodynamics in a 

DSRSB with a suspended plate using CFD-DEM approach.  

Braga et al. (2015) Applied a DSRSB to milk-blackberry pulp drying, and found 

DSRSB allowed flow rate of paste to be tripled and the bed to be 

operated at a lower superficial gas velocity compared to the 

conventional spouted bed. 
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Author (year) Comments  

Yang et al. (2015a) Conducted numerical study of a DSRSB with CFD-DEM 

approach, explored the start-up procedure and flow patterns.  The 

results showed that the minimum spouting velocity of a DSRSB 

was higher than that of a SRSB. 

Yang et al. (2015b) Numerically studied of spout collapse in a DSRSB, and suggested 

that inserting a vertical partition was an effective way to prevent 

unstable spouting in the DSRSB. 

Qiu et al. (2016) Studied effect of bed depth on hydrodynamics of a SRSB using a 

three-dimensional model with CFD-DEM approach. 

Saidi et al. (2016) Experimentally and numerically studied the gas-solid flow in a 

three-dimensional SRSB. The simulation used CFD-DEM 

approach in the OpenFOAM, and the experiments employed 

pressure transducer and optical fiber probe. The profiles of 

pressure, voidage and particle flux were obtained.  

Wang et al. (2016b) Performed experiments on solids mixing between two adjacent 

compartments in a DSRSB with a suspended partition, and 

investigated effects of partition position, superficial gas velocity, 

static bed height and partition height on the solids mixing.   

Wang et al. (2016c) Investigated experimentally and numerically hydrodynamics of a 

DSRSB with a suspended partition, i.e. particle velocity, voidage 

and solids mixing, and developed a CFD-DEM model for DSRSB.  

Golshan et al. (2017) Studied effect of bed geometry, e.g. cone angle of 20-70° and 

curved cone base, on hydrodynamics of SRSBS by means of 

CFD-DEM approach. 

Parise et al. (2017) Proposed pulsation to facilitate biomass particles movement in a 

SRSB; investigated effects of pulsation frequency and ratio of 

pulsation flow rate to spouting fluid flow rate on hydrodynamics.  
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Author (year) Comments  

Wang et al. (2017c) Apply SRSB to biomass torrefaction, and investigated effects of 

temperature an particle size on biomass torrefaction performance 

in a slot-rectangular spouted bed reactor. 

Zhang and Li (2017) Assessed effect of seven drag force coefficients on simulation of 

the granular flows in a SRSB; suggested Dahl and Hrenya model 

was the best one.   
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Appendix B: Temperature profiles 
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Figure B-1 Temperature profiles in SRSB reactor for case OT-6, T = 271°C, with XO2 = 

9 vol.% oxygen in the feed-gas and F = 495 g/h sawdust feed rate. 
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Figure B-2 Temperature profiles in SRSB reactor for case OT-9, T = 318°C, with XO2 = 

9 vol.% oxygen in the feed-gas and F = 469 g/h sawdust feed rate.
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Appendix C: Fourier Transform Infrared Spectroscopy  

Fourier transform infrared spectroscopy (FTIR) was applied to access the changes in the 

chemical structure of the torrefied product under different operating conditions. The spectra 

were recorded on a spectrometer (Cary 600 Series, Agilent Technologies) in the range of 

650-4000 cm-1 with a resolution of 4 cm-1. Each spectrum was accumulated from 64 scans. 

The measurement method is attenuated total reflectance (ATR). Figure C-1 shows the FTIR 

spectra of the raw and cyclone-caught biomass torrefied at different operating conditions in 

SRSB reactor.  It was found that the raw and torrefied sawdust had the same functional 

groups, but with different intensities in the range of 650-4000 cm-1. To describe important 

structural changes, some well-defined peaks were specifically assigned to the following 

structural components:  

(1) 3345 cm-1 for the stretching vibration of hydroxyl, widely distributed over 

monosaccharide rings, hydroxymethyl, uronic acid, and absorbed water. 

(2) 2920 cm-1 for C-H combination tone, mainly due to stretching in -CH2- and methyl 

groups.  

(3) 2852 cm-1 for symmetric vibration of -CH2-, likely reflects metabolic changes that 

accompany cell growth (Ami et al., 2014).  

(4) 2360 cm-1 is a characteristic CO2 peak(L.R. Glicksman, 1993).  

(5)1735 cm-1  is attributed to stretching vibration of acetyl and carboxyl in hemicellulose 

(Sukhbaatar et al., 2014).  

(6) 1670 cm-1 may be assigned to water of hydration (Kačuráková et al., 1998).  
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(7) 1508 cm-1 is due to the aromatic skeletal vibration with C=O stretch in lignin.  

(8) 1456 cm-1 corresponds to the bending and stretching vibrations of -CH2- in sugar rings.  

(9) 1417 cm-1 is due to -CH2- deformation (Sinclair et al., 1952).  

(10) 1373 cm-1 is characteristic of methyl groups, which mainly exists in the o-acetyl 

branches and 4-o-methyl-glucuronic acid in hemicellulose and cellulose.  

(11) 1265 cm-1 corresponds to bending and stretching vibrations of -CH2- in sugar rings.  

(12) 1157 cm-1 may result from C-O-C stretching in hemicellulose and cellulose.  

(13) 1025 cm-1 is a characteristic of stretching vibration of glucosidic bonds in glucomannan. 

(14) 899 cm-1 corresponds to the frequency of the C1 group in the β-1, 4-glucosidic bond 

(Fang et al., 2000) (for C-H deformation in cellulose).  

(15) 808 cm-1 implies the anomeric region of the mannose residue (Kacurakova et al., 2000).  
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Figure C-1 FTIR spectra of raw and cyclone-caught torrefied sawdust: (1) Sawdust was 

torrefied at different temperatures and biomass feed rates in SRSB reactor. See Table 

4-1 for operating conditions. (2) Different size sawdust was torrefied in SRSB reactor. 

See Table 4-6 for operating conditions. (3) Sawdust was torrefied at different 
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temperature and oxygen concentration in SRSB reactor. See Table 4-10 for operating 

conditions. 

The relative intensity (I7/Ii) of the lignin-associated band with carbohydrate bands for raw 

and torrefied sawdust was introduced to characterize the changes of the functional groups, 

where I7 is the intensity of 1508 cm-1 of the lignin-associated band and Ii is the intensity of 

the specific carbohydrate band in the spectrum (Chang et al., 2012). Specifically, I7/I5 

portrays the relative intensity of aromatic skeletal vibration against C=O vibration; I7/I10 

denotes the relative intensity of aromatic skeletal vibration against C-H deformation in 

cellulose and hemicellulose; I7/I12 represents the relative intensity of aromatic skeletal 

vibration against C-O-C vibration in cellulose and hemicellulose; I7/I14 is assigned to the 

relative intensity of aromatic skeletal vibration against C-H deformation in cellulose. Table 

C-1 shows ratios of intensities of lignin-associated band with carbohydrate bands for original 

and cyclone-caught biomass torrefied at different temperatures and biomass feed rates in 

SRSB reactor. The ratio I7/I5 of torrefied product was less than that of untreated sawdust, 

because of removal of acetyl groups in hemicellulose. Effect of temperature on I7/I5 was 

found to be slight. The ratios I7/I10 and I7/I12 increased with torrefaction temperature, 

revealing that thermal decomposition and depolymerization were dominant during 

torrefaction. The ratio of I7/I14 increased with torrefaction temperature, probably illustrating 

that intramolecular dehydration reaction took place in the cellulose during torrefaction.  
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Table C-1 Ratios of intensities of lignin-associated band with carbohydrate bands for 

original and cyclone-caught biomass torrefied at different temperatures and biomass feed 

rates in SRSB reactor. See Table 4-1 for operating conditions. 

Case I7/I5 I7/I10 I7/I12 I7/I14 

Raw SPF 1.93±0.05 0.87±0.05 0.69±0.06 0.71±0.07 

C-1: 0.5-1.0mm+240°C+200g/h 1.71±0.05 0.82±0.01 0.63±0.01 0.68±0.01 

C-2: 0.5-1.0mm+270°C+200g/h 1.79±0.03 0.87±0.00 0.69±0.02 0.76±0.06 

C-3: 0.5-1.0mm+300°C+200g/h 1.76±0.09 0.86±0.00 0.66±0.01 0.74±0.03 

C-4: 0.5-1.0mm+240°C+400g/h 1.80±0.08 0.98±0.05 0.70±0.03 0.75±0.02 

C-5: 0.5-1.0mm+270°C+400g/h 1.81±0.04 0.91±0.01 0.72±0.05 0.80±0.05 

C-6: 0.5-1.0mm+300°C+400g/h 1.82±0.01 1.04±0.01 0.84±0.01 0.92±0.02 

C-8: 0.5-1.0mm+240°C+600g/h 1.85±0.09 0.97±0.05 0.78±0.08 0.76±0.09 

C-9: 0.5-1.0mm+270°C+600g/h 1.87±0.12 0.94±0.04 0.73±0.11 0.81±0.07 

C-10: 0.5-1.0mm 300°C+600g/h 1.83±0.06 1.07±0.03 0.82±0.03 0.94±0.08 

±value: Value of standard deviation. 

Table C-2 shows ratios of relative intensity of lignin-associated band with carbohydrate 

bands for raw and cyclone-caught torrefied sawdust of different particle sizes obtained in 

SRSB reactor. The ratio I7/I5 decreased with increasing the sawdust size, due to longer 

residence time for larger particles. The ratios I7/I10, I7/I12 and I7/I14 increased with increasing 

particle size, because larger particles underwent more severe torrefaction.  
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Table C-2 Ratios of relative intensity of lignin-associated band with carbohydrate bands 

for raw and cyclone-caught torrefied sawdust of different particle sizes. See Table 4-6 

for operating conditions. 

Case I7/I5 I7/I10 I7/I12 I7/I14 

Raw SPF sawdust 1.93±0.05 0.87±0.05 0.69±0.06 0.71±0.07 

PS-1: 0.25-0.5mm+240°C 1.88±0.04 0.93±0.02 0.74±0.04 0.81±0.05 

PS-2: 0.25-0.5mm+270°C 1.95±0.03 1.07±0.01 0.86±0.02 0.95±0.04 

PS-3: 0.25-0.5mm+300°C 1.92±0.00 0.98±0.05 0.77±0.08 0.87±0.13 

PS-4: 0.5-1.0mm+240°C 1.85±0.08 1.08±0.05 0.87±0.03 0.95±0.02 

PS-5: 0.5-1.0mm +270°C 1.81±0.04 0.91±0.01 0.72±0.05 0.80±0.05 

PS-6: 0.5-1.0mm +300°C 1.82±0.01 1.04±0.01 0.84±0.01 0.92±0.02 

PS-7: 1.0-2.0mm +240°C 1.82±0.11 0.94±0.04 0.72±0.06 0.88±0.09 

PS-8: 1.0-2.0mm +270°C 1.95±0.27 0.95±0.02 0.72±0.02 0.86±0.02 

PS-9: 1.0-2.0mm+300°C 1.87±0.10 0.94±0.05 0.73±0.07 0.83±0.10 

  ± value: Value of standard deviation. 

Table C-3 shows ratios of relative intensity of lignin-associated band with carbohydrate 

bands for raw and cyclone-caught torrefied biomass of oxidative torrefaction in SRSB reactor. 

It is seen that I7/I5 decreased as the oxygen concentration increased, because of removal of 

acetyl groups due to hemicellulose decomposition and oxidation. The I7/I10 and I7/I12 ratios 

increased with increasing the oxygen concentration, indicating that oxidation reaction may 

facilitate thermal decomposition and depolymerization during torrefaction. The ratio of I7/I14 

increased with increasing oxygen concentration, probably illustrating that cellulose 

deformation increased as the oxygen content in the feed-gas increased during torrefaction. 
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Table C-3 Ratios of relative intensity of lignin-associated band with carbohydrate bands 

for raw and cyclone-caught torrefied biomass of oxidative torrefaction in SRSB reactor. 

See Table 4-10 for operating conditions. 

Case I7/I5 I7/I10 I7/I12 I7/I14 

Raw SPF 1.93±0.05 0.87±0.05 0.69±0.06 0.71±0.07 

OT-1: 0.5-1.0mm+240°C+3%O2 1.87±0.14 0.88±0.00 0.70±0.02 0.76±0.01 

OT-2: 0.5-1.0mm+240°C+6%O2 1.58±0.00 1.02±0.02 0.61±0.01 0.80±0.09 

OT-3: 0.5-1.0mm+240°C+9%O2 1.89±0.02 0.90±0.00 0.69±0.02 0.75±0.01 

OT-4: 0.5-1.0mm+270°C+3%O2 1.83±0.01 0.84±0.02 0.66±0.00 0.73±0.02 

OT-5: 0.5-1.0mm+270°C+6%O2 1.73±0.10 0.87±0.03 0.69±0.05 0.77±0.04 

OT-6: 0.5-1.0mm+270°C+9%O2 1.67±0.15 1.09±0.04 0.63±0.04 0.81±0.06 

OT-7: 0.5-1.0mm+300°C+3%O2 1.84±0.02 0.89±0.03 0.69±0.03 0.77±0.02 

OT-8: 0.5-1.0mm+300°C+6%O2 1.86±0.10 1.04±0.14 0.84±0.13 0.87±0.04 

OT-9: 0.5-1.0mm+300°C+9%O2 1.82±0.03 0.97±0.00 0.67±0.02 0.86±0.01 

       ± value: Value of standard deviation. 

 


