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This present thesis focuses on production of biochar with good fuel characteristics through
torrefaction of lignocellulosic biomass. The changes in physicochemical characteristics of hybrid
poplar at various torrefaction temperatures for 1.0 h reaction time were investigated. Increase in
torrefaction temperature resulted in an increase in carbon content and decrease in hydrogen and
oxygen content. The best results based on mass and energy yield were evaluated for their
physiochemical and kinetic characteristics. A decreased activation energy of 168 kJ/mol of
torrefied poplar compared to raw poplar’s 202 kJ/mol was observed. The overall torrefaction
process was modelled using Aspen Plus to observe the dependency of process variables on
biomass moisture content and reactor temperature. The comparative combustion and pyrolysis
behavior of raw and torrefied fuels showed that torrefaction enhanced the combustion and
pyrolysis properties hybrid poplar. Further, a model was developed using COMSOL to observe
the heat transfer mechanism during torrefaction.
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Chapter 1 INTRODUCTION

1.1 Background
Energy sustainability, climate change and food securities are three major global issues for the
next fifty years. Fossil fuels are dominant source of energy accounting for 80% of total global
energy consumption. Among various regional energy consumption, Asia-Pacific is the highest
consumer of energy with North America being third. Because of huge consumption, the current
reserve to production ratio for fossil fuel oil, natural gas and coal are 41.6, 60.3, and 133 years
respectively [1]. Further, the global emission issues for environmental sustainability are forcing
nations to shift into renewable form of energy whose current consumption is 13% of the world
total consumption. Biomass is a renewable form of energy due to its carbon neutral properties
which means the carbon emitted during combustion of biomass is equal to amount of carbon
absorbed during its growth through photosynthesis [2]. All solid materials derived from
photosynthesis and bi-products from photosynthesis which contain hemicellulose, cellulose and
lignin as main constituents are known as lignocellulosic biomass. Bioenergy, the energy mostly
coming from traditional and modern biomass is the largest source of renewable energy which
constitutes 10% of world’s energy supply. About 56EJ of energy supply comes from forest
biomass which is 90% of primary energy obtained from all source of biomass. The world
currently consumes 7700Mt of coal annually, which constitute 40% of the world’s total
electricity production [3]. However the amount of biomass energy utilized for electricity
generation is not significant and is not included in the world’s total electricity production
statistics [4].
Globally, around 3.39 Gt of net CO2 emission will be eliminated if biomass is used to replace
coal used in existing infrastructure because of its carbon neutral nature. However some issues
arise when biomass is used in power and heating conversion. The foremost is low bulk and
energy density of biomass, which leads to high cost of transportation [2]. Secondly, the internal
material moving system used in current existing coal power plant would not be able to handle
biomass due to difference in physical density of biomass and coal [5]. Further, due to
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hygroscopic nature of biomass the hemicellulose content causes biomass to degrade when stored
at the open atmosphere [6].
The other issue with biomass is the higher amount of elemental oxygen compared to coal, which
leads to higher volume of volatile matter released during combustion. This requires larger
combustion chambers with increase in the secondary air supply required to completely burn
biomass [5]. The increased oxygen also makes it difficult to control the rate of heat conversion
during combustion, which leads to operating facilities working on fluctuating demand basis. Also
biomass contains higher amount of inorganic elements such as magnesium (Mg), titanium (Ti),
Iron (Fe), silica (Si), and aluminum (Al), which cause ash agglomeration at certain range of
temperature (i.e. between initial deformation temperature (IDT) and fluid temperatures (FT)) [7].
Torrefaction is a proven thermal physicochemical pretreatment process to improve combustion
and energy properties of biomass [8, 9, 10, and 11]. It is a process of heating biomass at 200 to
200℃ at atmospheric pressure under inert gases. During torrefaction the biomass decomposes
partly giving off light volatiles. The final product left over is known as torrefied biomass. In
general 70% of mass is yield in a solid form which contains 90% of total energy contained in
biomass initially. The remaining 30% mass is driven off as torrefaction volatiles which contains
only 10 % of total biomass energy initially. Thus the energy densification factor for torrefaction
is around 1.3 on mass basis. The heating value increases by 30% after torrefaction due to a
decrease in O/C and H/C ratios.

Volatile Gases
30% Mass
10% Energy

Biomass
100% Mass
100% Energy

Torrefaction
200 to 200℃

Biomass
70% Mass
90% Energy

Figure 1. 1 Typical torrefaction process Mass and Energy Balance [10]
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Pyrolysis, is the process of heating biomass in presence of inert gas in the temperature range of
300 to 800°C depending upon product required from process [10]. Pyrolysis of biomass
produces three products –solid, a gas, and liquid which is composed of mixtures of may
oxygenated organic compounds. The comparative study of torrefaction and pyrolysis process is
presented in below table.
Table 1.1 Comparision of Torrefaction and Pyrolysis Process
Torrefaction

Pyrolysis

Heating of biomass in presence of inert

Heating of biomass in presence of inert

gases around (200 -300 °C).

gases around (300 -600 °C).

It partly decomposes hemicellulose

It decomposes all the hemicellulose and

component of biomass.

some cellulose components as well.

It produces more carbonaceous solid char

It produces solid, liquid and gaseous

with higher heating value.

product depending upon temperature and
heating rate.

The mass yield after torrefaction is around

The mass yield after pyrolysis is around

60 to 90% depending upon operational

40%.

conditions of temperature and time.
The torrefaction process results in medium

It results in full degradation of structure

degradation of structure i.e. porosity,

resulting change in surface morphology i.e.

surface area, and volume surface area..

porosity, surface area, and volume surface
area.

1.2 Scope and Objectives
It is well known that the torrefaction process improves energy properties of biomass
significantly. In countries like Canada, where biomass is abundant, biomass has a strong
influence in sustainable energy development. Many researchers are working in development of
3

energy crops like miscanthus, switch grass, and hybrid poplar which grow very quickly and
requires less work [12]. Using energy crops for commercial bioenergy production has strong
potential to be used as substitute for coal in near future. Thus the work in this thesis gives more
information on characteristics of products obtained through torrefaction of energy crop (hybrid
poplar). The experimental, analytical and modeling analysis are performed with following
objectives:
i.

Physicochemical characterization of hybrid poplar wood torrefaction at various
conditions of temperature and retention time.

ii.

Investigating combustion and pyrolysis properties of raw and torrefied biomass as
fuel.

iii.

Comparative analysis for pyrolysis kinetics of raw and torrefied hybrid poplar wood.

iv.

Analysis of heat transfer during poplar wood torrefaction.

The following analyses were performed to achieve required objectives: a) Ultimate, Proximate,
and FTIR to characterize chemical composition and heating value before and after torrefaction;
b) TGA-FTIR to observe pyrolysis kinetics; c) Experimental and modelling of poplar wood
torrefaction to observe the effect of temperature at various points.
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Chapter 2 LITERATURE REVIEW

2.1 Biomass Overview
Originally, the word “biomass” meant the total mass of living matter within a given area.
However, more recently it is described as living plants, vegetation, crop residue or agricultural
residue. Biomass is also defined as composite of carbohydrate polymers with some amounts of
organic and inorganic elements [1]. Biomass can be categorized into three types: first, second
and third generation type depending upon end use, growing environment, and composition. The
first-generation types are food based biomass such as wheat, barley, corn etc. which are
commonly used for liquid fuel production [2]. Third generation refers to those that grows in
water such as wax plant, pothos, algae, and seaweed. Second generation biomass are further
subdivided into three types: 1) solid product obtained from ingestion of food and products; 2) all
non-edible plant grown through the photosynthesis process; and 3) Residue obtained from
processing of edible and non-edible organic sources [3]. Ontario Ministry of Agriculture and
Rural Affairs (OMAFRA) has also classified biomass as grass/forages, wood, straw, and
byproduct from processing [4]. The forages and grass mainly consist of energy crop, which
means nonedible crop grown up at faster rate mainly for energy use. Switch grass and
Miscanthus are common biomass grasses grown popularly in Ontario for energy use. The
decrease in potassium concentration in miscanthus and increase in concentration of sulphur and
potassium has been observed for delayed harvesting. However there has been a decrease in ash
content for both these energy crops for delayed harvesting. The typical moisture content and
calorific value for miscanthus and switchgrass when harvested are 15-20% & 17.9 GJ tonne

-1

and 7-8% & 18.5 GJ tonne -1 respectively [4, 5].
2.1.1 Biomass Composition
2.1.1.1 Cellulose, Hemicellulose and Lignin
The cell wall of a plant is a rigid or sometimes flexible component giving structural support and
acting as a protective coating from external physical and mechanical forces. Cellulose,
hemicellulose, carbohydrates and pectin are the major constituents of cell wall [6]. Mainly
biomass contains three polymer components: Hemicellulose (20-40%), cellulose (40-60%) and
6

lignin (10-25%) [7-8]. The thermal pretreatment of biomass results in physical structural and
chemical change making it more suitable energy utilization. The changes in structure of
lignocellulosic components of biomass due to thermal treatment is shown in Fig. 2-1.

Figure 2. 1 Effect on structure due to thermal treatment [1]
Cellulose which constitutes 45% of total biomass weight is a linear polymer of D-glucose
subunit (C6H10O5) n linked together in long chains to form elemental fibrils. These fibrils are
further linked together by Van der Waals forces and hydrogen bonds in between, which makes
the structure more amorphous or crystalline. Cellulose is considered to have an average
molecular mass comparable to hemicellulose and lignin [9]. Due to higher resistance of
crystalline structure for thermal depolymerization, the degradation of cellulose starts from 240 –
350℃ [10]. During thermal treatment of biomass the steam is formed from water held within
amorphous section of cellulose which breaks the structure [6].
Hemicellulose, which constitutes 25-30% of total biomass weight, is a complex carbohydrate
heteropolymer of D-xylose, D-mannose, D-galactose and D-glucose. The major components of
cellulose in hardwood is glucuronoxylan and in softwood is glucomannan [11]. Each polymer of
hemicellulose contains 500-300 sugar units compared to cellulose, which contains 7,000 to
15,000 glucose per unit [6]. Hemicellulose degrades thermally around 130 – 260 ℃ with majority
of degradation occurring above 180℃.

Further, it has been found that above 180℃,

hemicellulose is soluble in water or even at lower temperature in an acid or alkaline medium [12,
13]. However products obtained from hydrolysis are more complex and cannot be quantified due
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to many monosaccharides present. Degradation of hemicellulose has less tar and char as it is
degraded at a lower temperature range compared to cellulose.
Lignin, one of the most abundant polymers found in the environment is a heteropolymer made of
mainly three phenyl propane monomeric groups namely: p-coumaryl, coniferyl and sinaply
alcohol. It lies within cell walls and between hemicellulose, cellulose and pectin components
[14]. It has greater mechanical strength due to covalent bond with hemicellulose. It is more
hydrophobic and aromatic compared to hemicellulose and cellulose and decomposes in
temperature range of 280 – 500℃. Since lignin is difficult to hydrolyze, degradation of it leads to
higher char yield in comparison to cellulose and hemicellulose [14].
2.1.1.2 Proximate Analysis
Proximate analysis is a quantitative measurement of biomass representing the percentage of
certain components. In other words, it is method of dividing the compounds within biomass into
four major categories (moisture, ash, fixed carbon, and volatile matters) depending on the
chemical properties of compounds contained [15]. The values for proximate analysis can be
given on either wet basis (w.b.), dry basis (d.b.) and dry and ash free basis (d.a.f) depending on
percentage value compared with wet mass, dry mass and dry and ash free mass respectively.
Moister content within biomass is one of most important and governing factors for thermal
treatment of biomass. It not only affects heating value but also the density of biomass as fuel. For
biomass with higher moisture content, a major part of energy supplied for thermal treatment goes
to evaporate moisture. Further, low moisture results in low mass per unit volume, which makes
transportation easier. Very high moisture content (above 80%) will stop the combustion process
altogether [16]. Biomass has moisture content in a range of 5 – 85% depending on the types and
the time when it has been harvested. The moisture lies within cavities and between walls of
cellulose and hemicellulose fibres [17].
Volatile content in biomass is the weight percentage of biomass which is converted into gaseous
products when subjected to heat in an inert medium. In general, biomass has volatile content in
range 63 to 86 % depending on the type. For example, miscanthus contains 15-20% of moisture
when harvested at the end of winter while 7-8 % moisture content when harvested at summer
[18].
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2.1.1.3 Organic and Inorganic Elements
Carbon, hydrogen, nitrogen, and oxygen are the major organic elemental constituents of biomass.
Depending upon the biomass type, geographical condition and soil types for growing organic
content proportion might vary [17]. In general, the carbon content of biomass ranges from 35 to
58% on a dry basis depending on types. For example, hardwood biomass has a carbon content of
48 to 52% , while continuing grasses have 45-52 % carbon content [3]. The carbon, hydrogen,
and oxygen content of hybrid poplar wood are 48.33, 6.01 and 45.33 % respectively. The
increase in percentage of carbon and hydrogen content of biomass increases its heating value
while increase in oxygen leads to increase in volatile matters and decrease in heating value.
Nitrogen and sulphur are the most abundant inorganic compounds found in biomass with a range
from 0.1 to 3.2 % and 0 to 0.6% respectively [3]. The digested biomass from animal bi-products
has higher value of nitrogen (9.2%) and Sulphur (3.4%). Since Nitrogen and Sulphur are bonded
together with organic elements, they volatize during combustion process unlike other inorganic
elements, which undergo ash formation [18]. The inorganic constituents of biomass depends on
same factors as for organic content. Primary, secondary and tertiary are three major categories of
inorganic minerals that undergo ash formation [19]. Primary is minerals that exist in raw biomass
during its growth, while secondary are the types of minerals that are formed due to combustion
of biomass and tertiary are those attached to biomass during storage, transportation and handling
[19]. Though ash is formed from incombustible inorganic elements, oxygen is the highest
contributor to ash due to formation of oxide compounds of alkali inorganic metals during
combustion. Potassium (K), sodium (Na), phosphorus (P), calcium (Ca), magnesium (Mg),
Aluminum (Al), Silicon (Si) and Chlorine (Cl) are common inorganic elements found in biomass
[3]. Traces of manganese (Mn) and titanium (Ti) have also been identified [19]. The digested biproducts from animals contain higher level of inorganic elements compared to lignocellulosic
biomass.
2.2 Torrefaction
Torrefaction is a mild isothermal pyrolysis process at a temperature range of 200 – 300℃ at
equitable residence time [20]. Though different researchers have defined torrefaction in different
ways, the temperature range for torrefaction is varied depending upon the type of biomass used.
Bergman et al. [21] defined torrefaction as thermal pretreatment at a temperature range of 200 –
300℃ in an inert gas at lower residence time and slow heating rate ( below 50 ℃/min). The fiber
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structure of biomass is broken up with release of low quality volatiles resulting in the yield of
solid fuel known as torrefied biomass [1, 20, 21].
Since all biomass contain hemicellulose, cellulose and lignin, the thermal treatment of biomass
during torrefaction causes many simultaneous reactions resulting from decomposition of these
components [22]. The thermal decomposition of each constituent at various temperatures has
been explained by Bergman et al. [21]. At a lower torrefaction temperature range of 200 – 250 ℃
, the degradation of hemicellulose is by limited devolatilisation and carbonisation; however there
is very minor degradation of lignin and cellulose as shown in figure 2-2. At a higher torrefaction
temperature range of 250- 300℃, hemicellulose undergoes extensive devolatilisation and
carbonization, while there is more limited devolatilisation and carbonisation and very little
devolatilisation and carbonisation for cellulose and lignin [21]. Thus torrefaction of
lignocellulosic biomass at a temperature range of 200 -300℃ would result mostly in
decomposition of hemicellulose through devolatilisation and carbonisation. The cellulose and
lignin have minimal devolatilisation and carbonisation reaction within this range, which causes
lignin and cellulose to remain in biomass after torrefaction.

Figure 2. 2 Decomposition of lignocellulosic materials during thermal treatment [23]
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Torrefaction improves combustion properties of biomass due to alteration of the physical and
chemical properties. However all these physical, chemical and combustion properties depend on
various characteristics of torrefied biomass as listed below:
i.

Appearance: Biomass undergoes change in color during torrefaction depending upon
operational variables such as time and temperature. The appearance varies from
shades darker than original biomass to black. The bulk density of biomass after
torrefaction gets reduced due to devolatilization and drying. Further, torrefied
biomass are more friable than raw biomass to touch.

ii.

Grindability: Due to devolatilisation and carbonisation during torrefaction the fibrous
structure is broken making biomass easily grindable. This makes it suitable for cofiring with coal in a conventional coal fired plant or feedstock for Circulating
Fluidized Bed (CFB) gasifier. Higher value of C/H ratio and C/O ratio makes
torrefied biomass more brittle improving the pulverization features and requires lower
grinding energy [21].

iii.

Hydrophobicity: The loss of polar O-H bond structure (which works as water binding
space) due to thermal degradation of hemicellulose during torrefaction reduces the
water absorbing capacity of torrefied biomass making them more hydrophobic [24].
Pimchuai et al. [22] compared the hydrophobicity of raw and torrefied biomass and
concluded that torrefied biomass are more hydrophobic in nature.

iv.

Blending in coal fired power plant: The heating value of torrefied biomass ranges
from 20 to 50 GJ/ton which makes it suitable to blend with coal. This will result in
lower emission from coal plants. Finally, a 20-40% reduction in weight makes
handling of torrefied biomass easier.

v.

Pelletization: Pelletization increases the energy and bulk density of biomass. Biomass
treated with a combination torrefaction with densification (torrefied pellets) methods
has proven to be better feedstock for decentralize heating due to hydrophobic
characteristics. Dehydration during torrefaction leads to formation of cracks, voids,
and decrease in particle size thereby increase in porosity. This leads to increase
particle and bulk density of torrefied biomass [20].

vi.

Particle size distribution (PSD): In general, biomass has non uniform particle size
distribution due to fibrous structure. However torrefied biomass has uniform particle
11

size distribution similar to coal due to increased grindibility. A Study done by Mani et
al. [25] concluded that torrefied biomass has a smaller and uniform range of particle
size distribution compared with raw biomass.
2.3 Torrefaction Mechanism
Depending upon time-temperature profile, torrefaction mechanism is divided into five stages as
shown in figure 2-3 [21]. First stage is the sensible heating of biomass during which temperature
keeps on increasing until it reaches 100℃ . Then in stage 2, water/ moisture starts evaporating
using latent heat of vaporization. During this stage temperature remains constant till all the water
evaporates. Then in stage 3 during the post drying process, which occurs between 100 to 200℃,
the portion of water that is chemically bounded within biomass is released and there is change in
weight of biomass due to removal of low quality volatiles. Stage 4 is where actual torrefaction
occurs through several complex chemical reactions occuring within biomass, and this stage is
responsible for maximum weight loss. In general, torrefaction starts at a temperature above 200
℃. The maximum temperature at stage 4 is known as torrefaction temperature.
Among the three major constituents of biomass hemicellulose is the most reactive polymer
whose maximum weight loss occurs around 250 ℃ , as shown in figure 2-4. So major mass loss
of biomass during torrefaction comes through degradation of hemicellulose which can be
explained by a two-step mechanism [27]. The first step is mainly comprised of depolymerization
reaction below 250℃ which results in yield of intermediate products as shown in figure 2.4. The
second step involves formation of char from intermediate product that is around 250-300 ℃ .
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Figure 2. 3 Various stages in torrefaction process [24]

Figure 2. 4 Thermogravimetric Analysis (TGA) and Differential Thermogravimetric
(DTG) curves for pyrolysis of hemicellulose, cellulose, and lignin [26]
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2.4 Composition of products during torrefaction
Solid biochar and volatiles are major products from torrefaction as shown in figure 2.5. Volatiles
are partly condensable and non-condensable depending on the temperature. Temperature,
retention time, properties of biomass are major factors for mass yield during the process. The
volatiles released during torrefaction account 30-40 % of total initial mass, however they
contains only 10-15% of total initial energy in biomass. The low energy contained in volatiles is
due to presence of higher percentage of oxygen. The final torrefied biomass has increased energy
density.
Volatiles 0.128 kg
632 kJ
Torrefaction 250 ℃ , 30 mins

Wood 1 kg
17630 kJ (± 204)

Torrefied wood 0.872 kg
17085 kJ (± 209)

87 kJ ((± 449)
Volatiles 0.332 kg
3541 kJ

Wood 1 kg
17630 kJ (± 204)
Torrefaction 300 ℃ , 10 mins

Torrefied wood 0.668 kg
14213 kJ (± 209)

124 kJ ((± 400)

Figure 2. 5 Energy and mass balance during torrefaction at two temperature conditions
The torrefied product consists of unbroken polymer from cellulose and lignin which are more
stable and less degradable at torrefaction temperature range. However due to thermal degradation
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of hemicellulose oligomers are from through depolymerization and recondensation reactions.
This makes short chain organic which condense within biomass making carbonized char looking
structures [21, 28].
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Chapter 3: Modelling and characterization of poplar wood (nm 6 - populus nigra)
torrefaction1

ABSTRACT
This research investigates the changes in physicochemical characteristics of hybrid poplar
(Populus nigra - NM6) when torrefied at 240, 250, 260, 270, and 280°C for 1.0 h of reaction
time in a tube furnace under nitrogen atmosphere. The overall torrefaction process was modelled
using Aspen Plus to observe the dependency of process variables on moisture and temperature of
reactor. The combustion and pyrolysis behavior of raw and torrefied fuels was studied and
compared using differential thermal analysis (DTA). Volatiles evolution and weight loss for
torrefaction at different conditions were experimentally measured. As torrefaction temperature
increased, the carbon content increased from 48.33% to 56.61% while the oxygen and hydrogen
content was decreased from 6.01% to 5.24 % and 45.33% to 37.59%, respectively. The removal
of moisture and decomposition of mostly hemicellulose and to a lesser extent, cellulose, led to
higher pyrolysis and combustion temperature of torrefied poplar wood in comparison to raw
poplar. Torrefaction increased the heating value, ash content and C/H and C/O ratio of biomass.
Results obtained indicated the enhanced combustion and pyrolysis properties of torrefied hybrid
poplar making it suitable as fuel for various applications.

3.1 Introduction
Torrefaction is a process in which biomass is heated in the absence of oxygen at temperatures
ranging from 200 to 300°C with retention periods of 15 to 60 mins. It is also called mild
pyrolysis process. During torrefaction moisture contained and superfluous volatile materials are
driven off, and biopolymers are partially decomposed, releasing various types of volatiles [1].
Typically, torrefied biomass loses 30 % of mass in form of volatiles while only 10% of total
initial energy content in biomass is lost in the form of hot volatile gas driven off during the
process [2]. However these effluent gases can be combusted to provide heat for preheating the
biomass before torrefaction. The process improves the thermochemical properties of biomass,
1

Bharat Regmi, Bishnu Acharya, Syeda Humaira Tasnim , and Animesh Dutta (Paper working
for submission soon)
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making it feasible for co-firing with conventional coal fired system for energy generation [3, 4].
A recent experiment on biomass torrefaction process combined with oxygen-biomass
combustion showed that adding a supply of steam with CO2 (CO2/H2O mole/mole ratio 1/0.7) as
medium resulted in the highest mass and energy yield in comparison to that with N2 only [5].
The composition of biomass is an important parameter that governs the overall torrefaction
process. Generally, biomass is of two types: deciduous wood and coniferous wood. The
coniferous wood contains a higher percentage of lignin (25-30%) than deciduous wood (1825%), lower amount of cellulose (35 -50%) in comparison with deciduous wood (40-50%), and
almost identical amount of hemicellulose (20-32% versus 15-35%). But the composition of the
polysugars that forms the hemicellulose fraction is very different. For deciduous wood, the
hemicelluloses contain 80-90% of xylan whereas coniferous wood’s hemicelluloses has 60-70%
of xylan and 15-30% of arabinogalactan [6]. However the thermal behavior of these components
can be different during thermal pretreatment. So it is important to know the thermal behavior of
deciduous and coniferous wood. Prince et. al., 2006 [7] found that deciduous wood such as
beech, willow and straw during torrefaction produced more volatile (especially methanol and
acetic acid) in comparison to coniferous wood such as larch due to higher percentage of xylan
containing hemicellulose present. This results in higher mass yield for torrefaction of deciduous
wood.

3.1.1 Weight loss kinetic model
The kinetics of weight loss during torrefaction is based on a two-step mechanism, which was
firstly introduced by Di Blasi and Lanzetta [8, 9]. The first stage, up to temperature of 250°C, is
decomposition of hemicellulose which consist of formation of some volatiles and solid
intermediates. The second stage, above 250°C, is decomposition of cellulose and solid
intermediates which leads to the formation of more volatiles and char.

Further, Prins [7]

accurately developed a two stage mechanism of first order type to model mass change and yield
for overall torrefaction of willow. In general, the first step is faster than the second one in such a
way that a critical time can be found. The time when first reaction finished and second reaction
starts is known as critical time.
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Table 3. 1 Summary of previous experiments for torrefaction
Studies

Experiment

Materials

Nitrogen

Heating

Flow

rate

(ml/min)

(°C/min)

83.33

NA

Methods

Ferro et al.
[10]

Cylindrical

65gm

Reactor

(Straw/Willow

Retention
Temp (°C)

Time
(mins)

230

60

250

120

280

180

/Miscanthus/
Wood
pallets/Birch )

Bridgeman et

TGA

al. [11]

Analyser

25-35gm

50

10

250

(wheat

30

straw/willow)
270
290
Wang et

Fixed bed

22gm

al.[12]

reactor

Straw

Lanzetta and

TGA

10mg

Di Blasi[9]

analyser

Straw

Chen W. et al.

TGA

5mg

[13]

analyser

500

30

200

NA

25-70

200-300

20-50

50

20

230-290

60

NA

10-20

250

30

NA

NA

Cellulose,
hemicellulose,
lignin

Prins et al. [7]

Fixed bed

10gm

reactor

Willow/straw

Sadaka et al.

Muffle

50 gm

[14]

furnace

Straw

20

200

30

260

45

315

60

V1
kv1

V2
kv2

k1
A

k2
B

C

(1)

where, A is the mass of raw willow, B intermediate product formed at end of first reaction, C is a
final product leftover after torrefaction, and V1 and V2 are the volatiles released.
At a time, the total mass of the solid obtained is described by the sum of all the mass of A, B,
and C, while the volatiles mass is provided by the sum of V1 and V2 produced during process.
The below given equations explain the development of these pseudo components during process:
𝑘1

𝐴 → 𝑦1 𝐵 + (1 − 𝑦1 )𝑉1

(2)

𝑘1

𝐵 → 𝑦2 𝐵 + (1 − 𝑦2 )𝑉2

(3)

Where, y1 and y2 are yield of solid products which are as given below:

𝑦1 =

𝐾1

(4a)

𝐾1 +𝐾𝑣1

𝑦2 =

𝐾2
𝐾2 +𝐾𝑣2

(4b)
The above expression shows that higher activation energy of first volatile reaction Kv1
(respectively Kv2) than that of solid intermediate char reaction K1(respectively Kv2), the mass
yield decreases with increase in temperature. The differential equation for the mass loss kinetic
developed by Prins [7] are:
𝑑𝑀𝐴
= −𝐾1 𝑀𝐴 → 𝑀𝐴 = 𝑀0 𝑒 −𝐾1𝑡
𝑑𝑡
𝑑𝑀𝑉1
𝐾𝑣1
= 𝐾𝑣1 𝑀𝐴 → 𝑀𝑣1 =
𝑀 (1 − 𝑒 −𝐾1𝑡 )
𝑑𝑡
𝐾1 0
𝑑𝑀𝐵𝐴→𝐵
𝐾𝐵
= 𝐾𝐵 𝑀𝐴 → 𝑀𝐵𝐴→𝐵 =
𝑀 (1 − 𝑒 −𝐾1𝑡 )
𝑑𝑡
𝐾1 0

(5𝑎)
(5𝑏)
(5𝑐)

where, M0 is initial weight of biomass and 𝑀𝐵𝐴→𝐵 is the weight of B as produced from mass of A
(MA), at every time step, K is pre-exponential factor. The respective kinetics rates for individual
stage (1 and 2) can be expressed as:
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𝐾1 = 𝐾𝐵 + 𝐾𝑣1

(6a)

𝐾2 = 𝐾𝑐 + 𝐾𝑣2

(6b)

For each reaction rate, the temperature relationship can be calculated using an Arrhenius as given
below:
𝐸𝑗

𝐾𝑖 = 𝑘0,𝑗 𝑒 −𝑅𝑇

𝑖 = 𝐴, 𝐵, 𝐶, 𝑉1 , 𝑉2

(7)

For a torrefaction which occurs below 250 0C, only the first stage takes place. For any above 250
0

C, critical time can be calculated by maximizing yield of B which is given by
𝐾
𝑙𝑛 𝐾1

2

𝑡∗ =

(8)

𝐾1 − 𝐾2

3.1.2 Solid and Volatile composition model
The proximate and elemental compositions of product with respect to the temperature (230300°C) and residence time during wheat straw torrefaction is built-up and used by
N.Nikolopolos [15] as:
𝐶𝑠𝑜𝑙𝑖𝑑 𝑘𝑔
𝐶𝑟𝑎𝑤

𝐻𝑠𝑜𝑙𝑖𝑑 𝑘𝑔

𝑡(𝑠)

(𝑘𝑔) = −0.004 𝑇(𝐶) − 0.020 3600 + 1.87

𝐻𝑟𝑎𝑤

𝑂𝑠𝑜𝑙𝑖𝑑 𝑘𝑔
𝑂𝑟𝑎𝑤

𝑡(𝑠)

(𝑘𝑔) = −0.0014 𝑇(𝐶) − 0.010 3600 + 1.22

𝑡(𝑠)

(𝑘𝑔) = −0.005 𝑇(𝐶) − 0.015 3600 + 2.02

(9)

(10)

(11)

Similarly, the fixed carbon and volatile material with respect to time and temperature are given
by following expressions.
𝐹𝐶𝑠𝑜𝑙𝑖𝑑 𝑘𝑔
𝐹𝐶𝑟𝑎𝑤

(𝑘𝑔) = −0.0003𝑇 2 (𝐶) + 0.1762𝑇(𝐶) − 24.149

𝑉𝑀𝑠𝑜𝑙𝑖𝑑 𝑘𝑔
𝑉𝑀𝑟𝑎𝑤

(𝑘𝑔) = −0.0122 𝑇(𝐶) + 3.88

(12)
(13)

The solid mass yield during five different willow, torrefaction, as reported by Prins [7], was
found in between 66.7% and 92.6%. The sample weight was 10 grams of biomass with size
between 0.7 to 1.0 mm with a constant heating rate of 10°C/min. Based on detailed data from
composition of volatiles and the solid weight loss kinetics for different experiments, Bates et. al.
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2012 [16] proposed a model for different volatiles evolved in the torrefaction stages of 1 and 2 as
follows:
𝑑𝑚𝑥
= 𝑟𝑉1 𝑌𝑉1 + 𝑟𝑉2 𝑌𝑉2
𝑑𝑡
where,

𝑑𝑚𝑥
𝑑𝑡

is rate of volatile mass production in (kg s-1) of chemical species ( x = a, b, c, d,….,i)

and 𝑟𝑉1 and 𝑟𝑉2 are rate of production of volatiles V1 and V2. YxVN is the mass fraction of pseudo
component VN (V1, V2) composed of chemical constituent (x = a, b, c,..., i), in (kg x /kg VN). The
subscripts (a, b, c, . . ., i) means carbon monoxide, carbon dioxide, furfural, lactic acid, acetic
acid, water, formic acid, water, acetic acid, methanol and hydroxyacetone respectively which are
evolved

during

torrefaction.

The

inverse

problem

for

compositional

coefficient

(𝑌𝑎,𝑉1 𝑌𝑏,𝑉1 𝑌𝑐,𝑉1 … … . . 𝑖) nine describing V1 and nine describing V2 are used to related fractional
composition measured yield of the nine chemicals. This relationship between the simulated
(kinetically) V1 and V2 yield and nine major volatiles measured from experiment is given as
following sets of equations;
𝑛
𝑛
𝑌𝑉1
∗ 𝑌𝑥,𝑉1 + 𝑌𝑉2
∗ 𝑌𝑥,𝑉2 = 𝑌𝑥𝑛

Till date, few process tools for modelling torrefaction are available in the literature [15, 20].
Mathematical models for weight loss kinetics and volatiles emission can be found in past
research [7, 16]. The development of a process model, which can examine key parameters such
as temperature and reaction time, will give valuable information that can be used to design
efficient reactors for torrefaction. Nikolopoulous el at. [15] developed a batch reactor model for
torrefaction of straw system using ASPEN Plus. The thermodynamic tool has described straw
pellets torrefaction based on the above described modeling approach, integrated in Aspen Plus.
But none of the previous experiments or works on modelling of torrefaction of coniferous wood
(raw poplar wood) can be found till date.
Findings presented in this paper highlight the fundamental characterization of torrefaction and its
modelling in Aspen plus. The second part of the paper investigate combustion and pyrolysis
characteristics of torrefied poplar wood and its comparison with raw poplar wood.
3.2 Methods
Hybrid yellow poplar wood chips of size 0.7mm to 1mm were chosen for experiment. For the
analysis of overall process in dry basis, the sample was dried overnight at 105°C to remove the
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moisture. The dried wood chips of 10 gm were placed in a reactor, which was heated in muffle
furnace where constant nitrogen supply of 100ml/min was maintained throughout the
experiment. The wood chips were torrefied at temperatures of 240, 250, 260, 270, and 280°C at
60 min reaction time. After the experiment, the heater was turned off and was cooled in open
environment to room temperature. A schematic diagram of process is as shown in Figure 3.1.

Figure 3. 1 Lab scale torrefaction set up

3.2.1 Elemental Analysis and Higher Heating Value of biomass
Various ASTM standards were used for proximate and ultimate analysis. Oven dry method was
used to measure the moisture content of raw and torrefied biomass. The higher heating value was
measured on dry weight basis with sample weighting from 0.4 to 0.6 gm in bomb calorimeter
(name of Manufacture). The ash content was measured by heating 0.5 gm of sample at 525±5°C.
The elemental composition of raw and torrefied biomass was measured with a FLASH 2000
elemental analyzer. The sample was dropped into hot furnace, which is rapidly combusted with
supply of oxygen. The product of combustion CO2, H2O, NOx and N2 were passed through
furnace filter and thermoelectric cooler for collection in a ballast apparatus. The collected gas
were mixed, and small amount of it is used for further conversion of gases. The left gas mixture
is reduced and nitrogen is calculated by means of thermal conductivity.
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3.2.2 Thermogravimetric analysis (TGA)
The mass loss kinetics of wood during torrefaction was studied with a TGA apparatus. The
sample was heated at a constant heating rate of 10°C with 50mL/min of nitrogen supply to final
temperatures of 240, 250, 260, 270, and 280°C. Then it was held at constant temperature for
60min. Further, the combustion and pyrolysis characteristics of raw and torrefied biomass was
done on same apparatus with 10 gm of sample with a constant heating rate of 20°C/min.

3.2.3 Mass and Energy Yield
Energy yield is the percentage of initial energy in raw biomass which has been preserved after
torrefaction. The loss of weight during torrefaction has to be taken into account for calculating
energy yield. The mass yield and energy yield are defined by the following expression
respectively (Bridgeman et al. 2008)
Mass Yield =

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛

Energy Yield =

𝐻𝐻𝑉 𝑜𝑓 𝑡𝑜𝑟𝑟𝑒𝑓𝑖𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐻𝐻𝑉 𝑜𝑓 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

× 100 %

× 𝑀𝑎𝑠𝑠 𝑌𝑖𝑒𝑙𝑑 × 100 %

3.2.4 Aspen plus model of torrefaction
Aspen Plus model was made for torrefaction of poplar wood. The system capacity is design for
10 kg/h supply of raw poplar with 10% moisture content wet base. The system consists of a
dryer, a torrefaction reactor. A stoichiometric (RSTOIC) reactor was used to dry biomass which
occurs simultaneously in torrefaction reactor. The biomass enters first reactor named as DRYER
where drying of biomass occurs. The moisture removal from raw, proximate and ultimate value
of torrefied product is being controlled by a separate two-calculator block in Aspen. The
temperature of this reactor is assumed to be 105°C. Thus, the properties of biomass after drying
stage is assumed to be the same as heating biomass at 105°C overnight. The raw and torrefied
biomass during the whole process are assumed to be non-conventional components for which the
proximate and ultimate composition were estimated by using empirical relations developed [15,
16] and results obtained from experiments. The synthesis of final torrefied biomass and volatiles
are done with R-Yield reactor TOR. A description of Aspen Plus reactor blocks and simulation
diagram is shown in Table 3.2 and Figure 3.2. The outcomes of the model were compared to
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values obtained from the experiment. Further, in the Aspen Plus model, the moisture content of
biomass was varied from 4 to 40% to examine the amount of energy required for overall drying
and torrefaction process.
Table 3.2 Descriptions of reactor blocks for simulation
Blocks

Descriptions

DRYER

It models a reactor with a known drying reactions. Processes whose kinetics
are unknown but the stoichiometry and degree of reaction are known use this
type of reactor.

SEP

It is a 2-phase (vapor and solid) separator which separates water vapor formed
during drying and solid biomass.

TOR

It is a RYIELD reactor modeled by specifying yield of components during
reaction. It is more useful when kinetics and stoichiometry of reaction are
unknown but yield of components or correlation for yield is known/available.

GAS-SPTR

It models a splitter which separates volatile gas and solid biochar produced
during torrefaction.

TOR

GAS-SPTR

DRYER
SEP

WETBM

NITROGEN

TORPRD
INDRYER

PRD-EXGA
DBM

EXGAS

Figure 3.2 Aspen Plus model for torrefaction

3.2.5. Pyrolysis and combustion characteristics
Pyrolysis and combustion characteristics of torrefied hybrid poplar were measured in terms of
weight loss using TGA Q 200 thermogravimetric analyzer (TA Instrument, USA). Firstly, the
raw and torrefied samples were grinded and separated in particle size range of 500µm-0.1cm.
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Then each sample was kept in an open crucible. The initial sample weight was about 10–15 mg.
Then temperature was increased from room temperature to 1000°C with a ramp heating rate of
20 °C/min. A pure air and nitrogen gas (flow rate of 50mL/min) was continuously supplied into
the furnace to investigate combustion and pyrolysis characteristics, respectively. Each
experiment was repeated three times and resulted same results. The experimental data obtained
through TGA experiment was analyzed manually and by using universal analyzer software from
TA instruments.

3.3 Results and Discussion
3.3.1 Elemental composition and calorific value of torrefied biomass
The ultimate and proximate analysis of raw and torrefied biomass is shown in Table 3.3 and
Table 4.4 Torrefaction of hybrid poplar wood resulted in increase of carbon and higher heating
value. The oxygen and hydrogen content of torrefied biomass decreased with increase in
torrefaction temperature, resulting in decrease of O/C and H/C ratios. The heating value as
compared to raw biomass increased by 31% (wet basis, as received) from 17.55 MJ/Kg to 22.56
MJ/Kg. The increased in higher heating value of biomass during torrefaction was found
comparable with that observed with other type of biomasses [7, 18]. This increase in higher
heating value is due to loss of low quality volatiles during torrefaction and higher percentage of
lignin which gets least decomposed in comparison to hemicellulose during process [10].
Table 3.3 Ultimate Analysis of raw and torrefied poplar wood
Rawdb

Torrefaction Temperature (°C)
240

250

260

270

280

C

48.33

52.04

53.38

54.46

55.52

56.61

H

6.01

5.67

5.64

5.51

5.42

5.24

N

0.34

0.40

0.46

0.49

0.52

0.54

S

0.0

0.0

0.0

0.0

0.0

0.0

O

45.33

41.86

40.47

39.53

38.58

37.59

HHV

19.15

20.67

21.26

21.71

22.16

22.59
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Table 3.4 Proximate Analysis of raw and torrefied poplar wood
Raw

Torrefaction Temperature
240

250

260

270

280

Moisture

10.01

0

0

0

0

0

VM

89.20

82.05

77.99

74.01

73.14

72.87

FC (%)

10.19

17.16

20.89

24.17

25.12

25.37

Ash

0.61

0.79

1.12

1.49

1.82

2.01

The table 3.5 shows the yields of products during the torrefaction of yellow hybrid poplar wood
at 240–280°C and residence time of 60 min. The mass yield of the torrefied poplar decreased
from 80% to 58% and consequently energy yield drop from 86% to 68% as the temperature
increases from 240°C to 280°C.
Table 3.5 Mass yield and energy yield during torrefaction
HHV

MASS YIELD

ENERGY YIELD

(%)

(%)

EDF

RAWDB

19.16

N/A

N/A

N/A

PT-240-60

20.67

79.75

86

1.07

PT-250-60

21.26

76.04

84

1.10

PT-260-60

21.71

71.45

81

1.13

PT-270-60

22.16

66.7

77

1.16

PT-280-60

22.59

57.96

68

1.17

The total input energy torrefaction including energy contained in raw biomass and energy
required to operate reactor was calculated from heating value of raw biomass and Aspen Plus
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model for torrrefaction. The thermal efficiency (Energy Output / Energy Input) for overall
torrefaction was found to be 72%. The efficiency can be increased to higher value, if the energy
contained within volatile release can be reused to dry the biomass prior to the torrefaction
process.
3.3.2 Aspen plus model for torrefaction
The proximate and ultimate values of product at various reactor temperatures is shown in figure
3.3 which showed good agreement with the experimental results. The energy required for overall
torrefaction process at various moisture content (10kg/hr feed rate) is shown in figure 3.4. The
graph shows that majority of energy required for torrefaction is being utilized for drying. For
30% moisture content, 62.7 % energy is being utilized for drying of biomass and remaining
37.3% is being used for actual torrefaction.
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Figure 3.3 Comparison of model proximate and ultimate values with experiment
(C=Carbon, H=Hydrogen, FC=Fixed Carbon, VM=Volatile Matters)
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Figure 3.4 Sensitivity analysis (reactors total power required for torrefaction with moisture
content)

3.3.3 Pyrolysis and Combustion Studies in TGA

3.3.3.1 Pyrolysis Characteristics
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The weight loss percentage and derivative weight (%/°C) for pyrolysis of raw and torrefied
poplar wood at different temperature is shown in Figure 3.5.
1.5

Raw

250

270

raw

Wt. Loss (%)

0.9
0.6

Hemicellulose
Lignin

0.3

250

260

270

100

Cellulose

1.2
DTG (%/°C)

260

0

80
60
40
20

200 243 286 328 371 413 456 498 541

200

243

285

328

371

413

456

498

540

Temperature °C

Temperature °C

Figure 3.5 DTG and weight loss during pyrolysis of raw and torrefied poplar wood

The pyrolysis profiles of raw and torrefied poplar are shown in Figure 3.5. The proximate data in
Table 3.3 depicts the lower volatile materials of torrefied poplar. Further, the temperature at
which volatile started releasing increased to higher value with increase in torrefaction
temperature. Volatile emissions of raw poplar commenced at temperatures approximately 56°C
lower than poplar torrefied at 270°C. For raw poplar there seems to be two stages of volatile
emission during pyrolysis as seen by an initial flat peak prior to the main volatile release peak.
This is mainly due to release of volatile gases by thermal decomposition of hemicellulose at
lower temperature. There is no initial peak for torrefaction above 240°C as hemicellulose present
in raw poplar wood has already been decomposed during torrefaction. There is very small
change in the location of the temperature for highest weight loss per degree C as clear from
above DTG curves.
Table 3. 6 Pyrolysis characteristics of raw and torrefied poplar wood
Samples

Raw

Start Temp.

Peak Temp.

DTGmax

End Temp.

Mass

(°C)

(°C)

(%/°C)

(°C)

Yield

214

367

0.86

390

19.46

31

PT-240

270

371

0.98

392

26.31

PT-250

280

373

1.08

393

26.80

PT-260

285

376

1.12

393

27.05

PT-270

287

380

1.22

396

27.91

PT-280

290

385

1.28

397

28.34

Ti is temperature at which weight start changing, Tp is the temperature corresponding to maximum with loss per
degree C, and Tb is burnout temperature.

Further, the differential weight loss per degree of temperature increased with increase in
torrefaction temperature as shown in Table 3.6, which shows that thermal stability of poplar
wood has been decreased during torrefaction due to removal of low grade volatile components.
This implies that torrefaction causes a focused effect on hybrid poplar over a certain range of
temperature as described in literature [20]. However, mass yield during pyrolysis increased with
increased temperature and reached 28.34% for poplar torrefied at 270°C. This indicated that
various condensation reactions during torrefaction has added more mass yield for pyrolysis of
torrefied biomass at increased temperatures.
3.3.3.2. Combustion Characteristics

Figure 3.6 shows the combustion results for raw poplar and poplar torrefied at 250 & 260 with
the airflow of 50 mL/min and the heating rate of 20°C /min. During this process there exist three
steps namely initial drying, oxidative pyrolysis and char combustion. So unlike pyrolysis there is
a separate char combustion stage for combustion process. This is because the supplied air
enhances the reactivity of char combustion due to heat supplied. Table 3.7 showed combustion
characteristics of all samples.
Table 3. 7 Combustion characteristic of raw and torrefied poplar wood

Sample

Ti

Combustion

Combustion

(Oxidative)

(Char)

Tp(°C)

DTGmax

Tp(°C)

(mg/min))

DTGmax

Tb(°C)

(mg/min)

Raw

213

320

1.27

449

0.74

481

PT-240

255

320

1.59

438

0.98

485

32

PT-250

260

319

1.606

436

1.05

480

PT-260

271

318

1.712

434

1.10

478

PT-270

275

317

1.601

434

1.30

478

PT-280

278

315

1.725

432

1.42

476

Raw

250

260

1.6

DTG (%/C)

1.2

0.8

0.4

0
200 221 243 265 287 310 336 353 373 394 417 439 458 476 496 517 538 559 580

Temperature C

Figure 3. 6 DTG Combustion curves for raw and torrefied poplar
Figure 3.6 shows the burning profiles of raw and torrefied poplar. Torrefied poplar wood showed
narrow peak for volatile combustion. It means a shorter period of combustion with short span of
temperature, which shows that a faster rate of combustion occurred for torrefied poplar wood.
The initial combustion peak prior to main peak was also observed during combustion of raw
poplar wood. Similarly, the torrefied poplar wood combustion showed only one peak similar to
that during pyrolysis.

The ignition temperature, peak temperature for first stage of

oxidative/volatile combustion and char combustion is shown in Table 3.7. The derivative mass
loss increases with increase in torrefaction temperature indicating the faster rate of combustion.
This is because of increase in pore area during torrefaction resulting in increased oxidation [21].

3.4 Conclusion
Biomass undergoes greater alteration in fuel properties during torrefaction. Poplar wood showed
promising improvement in physicochemical properties by torrefaction. Torrefaction increased,
C/O and C/H ratio, combustion characteristics, high heating value and ash content of hybrid
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poplar wood. The majority of energy supplied for torrefaction is used to reduce moisture content
of biomass. Results of combustion behavior in TGA showed various differences between
torrefied and raw poplar wood. Combustion process of both raw and torrefied biomass showed
three steps of drying, oxidative combustion and char combustion though the combustion
characteristics for each sample were different. The main weight loss of torrefied hybrid poplar
occurred during the char combustion region. Torrefaction increases devolatization temperature
and has more profound effects on hybrid poplar’s properties over a narrower temperature range
compared to raw biomass during pyrolysis. Further, weight loss percentage per degree for both
pyrolysis and combustion was also increased making torrefied hybrid poplar more suitable for
pyrolysis, gasification and co-firing.
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Chapter 4: Physicochemical characteristics and pyrolysis kinetics of raw and torrefied
Hybrid Poplar Wood (Nm 6 - Populus Nigra )2

ABSTRACT
The present research work is an attempt to focus on thermal kinetics of raw and torrefied hybrid
poplar wood (Populus nigra - NM6). The results of the experiment under optimal conditions
based on mass and energy yield, which was found to be 270 ℃, were evaluated for its
physiochemical and kinetic characteristics. Comparative pyrolysis of raw and torrified hybrid
poplar wood was carried out to understand the enhancement of biofuel characteristics and
kinetics after torrefaction. Torrefaction of hybrid poplar led to decreased O/C and H/C ratio due
to removal of low quality volatile materials from thermal degradation of hemicelluolose,
resulting in increased higher heating value. The kinetic parameters were determined by different
modelling approaches. The model free pyrolysis kinetics approach was found to be best
applicable model. Results of the KAS and FOW methods indicated that torrefied hybrid poplar
has a decreased activation energy of 168 kJ.mol-1 and 170 kJ.mol-1 compared to raw poplar’s 202
kJ.mol-1 and 201 kJ.mol-1 respectively. FTIR analysis indicated that torrefied hybrid poplar
became more hydrophobic when compared with raw poplar due to increased aromaticity.
Highlights: Hybrid poplar wood, Torrefaction, Pyrolysis, Kinetics, TGA-FTIR.
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Bharat Regmi, , Precious Arku, Ranjan R. Pradhan, and Animesh Dutta, (Submitted to journal
Biofuels)
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4.1 Introduction
The ever-growing energy demand across the globe has led to a projected energy crisis in the near
future and fossil fuels have been the preferred sources of energy for meeting those energy
demands. However, these fossil fuels are not clean sources of energy and cause a lot of
environmental problems and hence need to be replaced with cleaner energy systems. Biomass,
due to its carbon neutral nature and abundance (estimated to be around 146 billion metric tons a
year) has led to it becoming a viable alternative to the traditional fossil fuels [1]. Its demand as
an energy resource varies around the world, as it is more used in developing countries (35%)
compared to developed countries (15%). Despite it not being a perfect energy resource, with
several drawbacks like lower bulk density, lower calorific value, and higher moisture content, the
potential for biomass to successfully replace fossil fuels as the primary energy source around the
world is undeniable [2].
Generally, woody biomass are of two types: coniferous wood and deciduous wood. The
coniferous wood contains a higher percentage of lignin (25-30%) than deciduous wood (1825%), lower amount of cellulose (35 -50%) in comparison with deciduous wood (40-50%), and
almost comparable amount of hemicellulose (20-32% versus 15-35%). Moreover, the
composition of the polysugars that form the hemicellulose fraction from these two types of wood
are very different. Hemicellulose found in coniferous wood has 60-70% of xylan and 15-30% of
arabinogalactan while in deciduous wood, the hemicelluloses contain 80-90% of xylan [3].
The family of Populus genus comprises around 30 species of deciduous plants native to the
northern hemisphere. Poplar is a short rotation woody biomass, which has multiple uses such as
fuel, fiber, and environmental benefit [4]. The breeding of poplar is based on mainly three native
species: Populus balsamifera (balsam poplar), Populus trichocarpa (western black cottonwood),
and, Populus deltoides (eastern cottonwood); and two non-native species: P. nigra (European
blackpoplar) and P. maximowiczii (Asian black poplar) (US Dept. of Energy, 2006). The sample
used in this research is hybrid of Asian and European black poplar. The yield of this type poplar
is reported as 7.71 odt ha-1y-1 during early growing seasons and reaches 12.16 odt ha-1y-1 for
maturing seasons, which is comparable to other energy crops such as willow and miscanthus [5].
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The major routes for increasing energy value of biomass are torrefaction, pyrolysis and
hydrothermal carbonization. The important parameters that govern the overall torrefaction are
composition of biomass and duration of the torrefaction. The process of torrefaction is more
suitable for low moisture containing biomass while hydrothermal carbonization is more suitable
any kind of biomass with higher moisture content such as animal manure, fruits and vegetables
wastes, municipal waste, sewage slug [6].
Improving physicochemical properties of biomass feedstock by thermochemical methods like
torrefaction in inert atmospheric conditions around 200 – 300°C has been demonstrated as a
promising pre-treatment solution for application of biomass for bioenergy [7]. Torrefaction
involves the thermal degradation of hemicelluloses and amorphous cellulose along with a change
in the structure of crystalline cellulose and lignin [8]. Torrefaction improves the higher heating
value (HHV) of the biomass feedstock by reducing the oxygen to carbon (O/C) and hydrogen to
carbon (H/C) ratios resulting in uniform quality of the biomass and enhancing hydrophobicity
[9]. Additionally, torrefaction makes the biomass brittle hence easier to grind in comparision to
untreated biomass [10].

Biomass torrefaction process integrated with oxy-fuel combustion

showed that addition of steam into CO2 (CO2/H2O = 1/0.7mole/mole) as medium resulted in the
highest mass and energy yield in comparison to that with N2 only [6].
Pyrolysis, combustion and gasification are major thermal treatment methods to convert biomass
to the energy. Slow pyrolysis of biomass produces charcoal (i.e. major product solids), whereas
fast pyrolysis produces gas or liquid bio-oils as major products. Gasification processes are
carried out for production of syngas – mixture of H2 and CO for chemical synthesis of heat and
energy [11]. The kinetics study of combustion, pyrolysis and gasification is of great importance
for converting biomass into energy. Modelling any of these thermal conversion requires kinetics
of change in weight with temperature and gas evolved during the process [12]. Due to chemical
complexity of each biomass the thermal degradation involves large chemical reactions going
simultaneously.
Thermogravimetric analysis (TGA) is a method of thermal analysis where variations in physical
and chemical properties of material during thermal degradation are measured as the function of
increase in temperature (at constant rate) or time. The change in properties can be used to
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determine kinetic variables such as activation energy and pre-exponential factor assuming that
thermal process follows the first-order kinetics [13]. TGA coupled with Fourier Transform
Infrared (FTIR) spectroscopy gives the measurement of volatiles and gases evolved during
thermochemical processes. The information combined with changes in weight during thermal
process, kinetics parameters will help to determine optimal process variables such as heating
rate, temperature(s), and residence time for devolatization of targeted compounds in a given
biomass [14].
The good understanding of reaction kinetics is important to before we utilized biomass as
feedstock for any thermochemical process [16]. A TGA study of raw hybrid poplar wood is
available in many studies [15], however, very few information is available about pyrolysis
behaviour of torrefied hybrid poplar, its kinetic and characteristics of evolved gases during
pyrolysis using FTIR coupled with TGA. Further, none of previous work has compared the
pyrolysis kinetics parameters of raw and torrefied hybrid poplar wood. Therefore, this paper is an
attempt to establish pyrolysis kinetics of raw and torrefied hybrid poplar wood using isoconversional method with two approaches: model free and model fitting. The investigation
contributes towards finding optimum modelling approach applicable for torrefied coniferous
wood like hybrid poplar. Simultaneously, physicochemical characteristics of torrefied poplar as
green fuel application, during the thermochemical conversion process were evaluated and
compared to that reported by other researchers.
4.2 Materials and Methods
4.2.1 Samples preparation and characterization
Hybrid poplar (NM 6 - Populus nigra L.× P. maximowiczii A. Henry NM6) were collected after
2 years of cultivation in Ontario, Canada. The poplar wood was dried at 105°C for 24 hours. The
torrefied hybrid poplar samples were milled using a commercially available grinder and was then
sieved to a range of 250μm - 500 μm particles. All the prepared samples were stored in a sealed
plastic bag until torrefaction process. Then sample was torrefied at 270°C for 1hr with heating
rate of 10°C/min and approximately 100ml/min of nitrogen supply. The torrefied poplar and raw
poplar were ground using a planetary ball mill PM 100 (Retsch, Haan, Germany). The ground
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samples were taken for further physicochemical characterization using various ASTM standards
listed in Table 4.1. The proximate analysis for moisture content, ash, volatile matters and fixed
carbon was determined using Thermolyne muffle furnace. Elemental analyzer (Thermo
Scientific, Flash 2000) was used to calculate composition of components carbon (C), hydrogen
(H), Nitrogen (N), oxygen (O) and sulfur(S) in biomass.
Table 4. 1 Methods and equipment used in characterizing torrefied poplar wood
Proximate analysis measured
Parameter

Method

parameters
Moisture

Ash

Ultimate analysis

Calorific

measured parameters

Volatile Fixed

C, H, N, S

O

HHV (MJ
kg− 1)

Content Matter

Carbon

ASTM

ASTM

ASTM

ASTM

ASTM

D7582

D1102

E 872-

D7582

D5373

Calculation* ASTM
E711 &

82
Equipment

value

calculation

Muffle furnace

Thermo Scientific, model

used

Flash 2000

IKA C200
bomb
calorimeter

The higher heating value of any biomass has great importance for energy application. The higher
heating value for samples was determined using bomb calorimeter (IKA C200, Wilmington, NC,
USA). Various correlations developed in literatures on basis of proximate and ultimate analysis
were used to validate HHV measured.
Dulong's Formula:
HHV(MJ/Kg) = 0.336C + 1.418H + 0.094 S − 0.145 O

(1)

Boie Formula:
HHV(MJ/Kg) = 0.3515 C + 1.1617 H + 0.06276 S + 0.1046 S − 0.1109 O
IGT formula (Institute of Gas Technology – Chicago, IL, USA)
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(2)

HHV(MJ/Kg) = 0.3417C + 1.3221 H + 0.1232 S − 0.1198( O + N) − 0.0153 A

(3)

Where A= Ash; C = carbon; H = hydrogen; N = nitrogen; S = Sulfur and O = Oxygen contents
by dry weight basis.
The thermogravimetric analysis for raw and torrefied sample was performed using micro-TGA
(Q 600, TA Instruments). Samples were dried at 105°C overnight before thermal analysis in
micro-TGA. 10-12 mg of 250 -500 µm sample were put in a platinum weight crucible. The
samples were heated separately up to 1000°C at different heating rates of 5, 10 and 20°C /min in
inert gas of nitrogen which was supplied at rate of 50 ml/min. Universal Thermal Analysis (TA,
Instrument) was used to monitor the change in weight with time and temperature. FTIR coupled
with TGA was used to observe devolatization (major gaseous constituents) during pyrolysis of
samples.
4.2.2 Kinetics parameters
The pyrolysis behaviors of different biomass varies from one another depending on the chemical
compositions of biomass material. In general, every pyrolysis process takes on a basic route as:
Biomass → Char + Volatiles + Gases [18]. In this study, reaction kinetics of raw and torrefied
Poplar has been investigated using data obtained from thermogravimetric analysis. Isoconversional methods were used to estimate kinetic parameters. For complex processes, where
many chemical reactions are ongoing simultaneously with unknown reaction mechanisms, isoconversional method is used to describe processes. Because of the complexity of biomass, this
method has been widely utilized for describing thermal decomposition [19]. The samples are
heated at constant rate under non-isothermal conditions [20]. The change in weight with respect
to time and temperature during TGA analysis are recalculated as defined follows:
W0 −W

α=W

(4)

0 −W∞

where W is the mass at temperature T, 𝑊0 is the initial mass of sample, and 𝑊∞ is final mass of
sample after the end of reaction.
The rate of reaction in general can be written as:
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dα
dt

= k(T)f(α)

(5)

Where, f(𝛼 ) is the reaction model and k(T) is the rate constant as expressed by Arrhenius Law
below:
𝐸

𝑘(𝑇) = 𝐴 exp(− 𝑅𝑇)

(6)

Where, A is the pre-exponential factor, E activation energy, R universal gas constant and T is
absolute temperature. Substituting (6) into (5) we get,
dα
dt

E

= A exp(− RT)f(α)

(7)

But temperature T is a function of time which keeps on increasing at constant rate (𝛽) with time.
The term 𝛽 can be defined as:
β=

dT
dt

dT dα

= dα dt

(8)

Combining (6) and (8) we get,
α

g(α) = ∫
0

T
dα
A
AEa ∞ −2 −u
AEa
= ∫ e−E/RT dT =
∫ u e du =
P(x)
f(α)
βR x
βR
0 β

(9)

Where x = Ea/RT. The function P(x) has no exact solution. So equation 9 can be solved by
different numerical methods or using approximations. The iso-conversion methods differ by the
types of approximation method used. In non-isothermal kinetics, the Coats-Redfern method [22],
Kissinger- Akahira-Sunose (KAS) [22, 23], and Flynn-Wall- Ozawa (FWO) [24] methods are the
most popular representative of the iso-conversional methods and were used in this study.
4.2.2.3 The method of Coats-Redfern
The Coats-Redfern method is a non-isothermal model free method. It uses the integral form of
the non-isothermal rate law which gives:
𝑙𝑜 𝑔(1 − 𝛼)1−𝑛
𝐴𝑅
2𝑅𝑇
𝐸𝑎
ln (
) = ln (
) (1 −
)−
2
𝑇 (1 − 𝑛)
𝛽𝐸𝑎
𝐸𝑎
2.3𝑅𝑇
42

(10)

4.2.2.4 KAS method
This method approximates P(x) = x-2e-x to equation 9. After rearrangement, we get
β

AE

E

a
ln (T2 ) = ln {Rg(α)
} − RTa

(11)

The activation energies (Ea) can be determined from the linear plots of the lnβ/T2 versus 1/T
temperature corresponding to each conversion degree. Thus activation energy can be calculated
in a conversion range from 0 to 1.
4.2.2.4 Flynn-Wall- Ozawa (FWO)
This method uses Doyle’s approximation [25] which can be given as;
log (P(x)) ≈ -2.315 + 0.457x
Substituting this approximation to equation 9 we get,
AE

a
log(β) = log {Rg(α)
} − 2.315 − 0.457

Ea

(12)

RT

4.3 Results and Discussions
The bulk density of hybrid poplar with and without skin is as represented in Table 4.2. As
observed from Table 4.2, the bulk density of raw hybrid poplar with skin is within the range of
coal at 687 kg/m3 and refined finished hybrid poplar is close to pucks at 708 kg/m3, indicating a
promising material for handling and transport as energy feed stock compared to straw and
briquettes.
Table 4. 2 Bulk density of torrefied hybrid poplar and other energy materials
Comparative bulk density of
hybrid poplar with different fuels

kg/m3

Hybrid poplar with skin

687

Refined poplar without skin

708

Wheat Straw, loose

18*

Baled biomass
Briquettes
Pucks

200-255*
350*
480-640*
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Coal

700*

*Clarke S; Fact sheet, Biomass Densification for energy production, OMAFRA (2015)
4.3.1 Physical and chemical characteristics
The ultimate, proximate analysis and higher heating values are listed in table 4.3 and table 4.4.
The increase in higher heating value (Table 4.4) for torrefied poplar can be accounted for by
removal of moisture and low quality volatile materials during torrefaction. The low ash content
of 1.82% is very promising, which is comparatively low from most biomass. As shown in the
Table 4.3, the torrefied poplar contains only 0.5% nitrogen which is relatively low amount of
fuel-bound nitrogen compared to many other biomass [26]. There is no sulphur content of both
raw and torrefied poplar, which is preferable criteria for most fuel applications. Torrefaction of
hybrid poplar wood resulted in increased carbon and decreased oxygen and hydrogen content,
thereby resulting in reduced O/C and H/C ratios. The reduction of O/C and H/C atomic ratios is
as plotted in Van Krevelen diagram in Figure 4.1. The Van Krevelen diagram demonstrates
change in atomic C, H, and O composition. The figure shows the torrefied biomass to establish
itself within overlapping region of lignite and biomass. The heating value increased from 19.15
MJ.Kg-1 to 22.56 MJ.Kg-1which shows 31% increase compared to untreated raw poplar. The
increase in higher heating values of biomass during torrefaction was found comparable with that
observed with other type of biomasses [27]. Further increase in higher heating value is due to
higher percentage of lignin, which is least decomposed in comparison to hollocellulose
compounds. This suggests the torrefaction process resulted in formation of biochar, which
becomes increasingly closer to lignite in comparison to biomass.
Table 4. 3 Proximate and ultimate analysis of raw and torrefied biomasses
Proximate Analysis (dry
Sample / Test

Raw Poplar DB
Torrefied
Poplar(270C/1hr)

basis)
Volatile

Fixed

Matter

carbon

89.20

10.91

73.14

25.12

Ultimate Analysis (dry basis)
Ash

C

H

N

0.61

48.33

6.01

0.34

0.0

45.33

1.82

55.52

5.42

0.52

0.0

38.58
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S

O

Raw Miscanthus
Torrefied
Miscanthus(270/1hr)
Wheat Straw DB
Torrefied
Straw(270C/1hr)

81.6

14.6

1.2

43.5

6.49

0.9

0.0

49.11

68.2

26.5

2.7

51.31

5.65

0.64

0.0

42.40

69.6

19.6

11.1

49.04

5.72

0.56

0.0

44.67

56.55

30.68

12.77

52.92

5.90

0.78

0.0

40.39

Table 4. 4 Higher Heating values (HHV) of torrefied poplar wood (270°C/1hr)
Raw

Torrefied

HHV Method

MJ.Kg-1

MJ.Kg-1

Experimental (Bomb calorimeter)

19.15

22.56

Dulong's formula

18.18

20.74

IGT formula

18.96

21.56

Boie formula

18.97

21.42

Average

18.70

21.24

Standard Deviation

± 0.02

± 0.05
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Figure 4. 1 Atomic O/C-H/C ratios of raw and torrefied hybrid poplar wood (Van Krevenel
diagram as adapted from Trif-Tordai and Ionel via Wikimedia Commons)
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Figure 4. 2 Fourier Transform Infrared (FTIR) spectra of raw and torrefied poplar wood.
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FTIR spectroscopy was used to investigate the changes in chemical structure after torrefaction in
Figure 4.2. The peak around 1740 cm−1 corresponds to carbonyl group in raw samples. These
peaks are less visible for torrefied poplar because of removal of ester groups during thermal
degradation of hemicellulose. It has been also been reported that the reduction of the intensity of
the peak at 1740 cm−1 was observed during the hydrothermal treatment of Beech and Spur Pine
wood samples.28 The substantial intensity increase at 1000 cm−1 to 1100 cm−1 of torrefied poplar
can be ascribed to aromatic skeletal vibrations of guaiacyl ring with C-O and enhanced C=C
stretch which implies an increase of aromatic fraction by thermal modification [29].

Table 4. 5 Major functional groups and the associated wave number in FTIR spectra
Wave number cm-1

Functional group & assigned species

4000-3500 O-H Stretching, H2O
3016 C-H aromatic or olefin stretching
3000-2800 C-H aliphatic stretching, CH4
2400-2310 C=O, CO2
2182, 2114 C-O, CO
1790-1650 C=O Stretching, Acids, aldehydes, ketones
1680-1600 C=C stretching (alkenes)
1600-1500 C=C stretching (aromatics)
1600-1450 C-C stretching (aromatics)
C-H bending or scissor (CH2), Alkanes, alcohols, phenols,
1450-1350 ethers lipids
1260-1180 C-O stretching, alkanes, alcohols, phenols, ethers lipids

The pyrolysis profiles of raw and torrefied poplar are shown in Figure 4.3. The proximate data in
Table 4.3 depict the lower volatile materials of torrefied fuels. Further, the start point of volatile
release occurs at higher temperatures for samples which have undergone torrefaction at higher
temperatures. Volatile emissions of raw poplar commenced at temperatures approximately 56°C
lower than torrefied at 270°C. For untreated poplar, there seems to be two stages of volatile
emission during pyrolysis as seen by an initial flat peak prior to the main volatile release peak.
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This is mainly due to release of volatile gases by thermal decomposition of hemicellulose at
lower temperature. There is no initial peak for torrefaction above 240°C as hemicellulose present
in raw poplar wood has already been decomposed during torrefaction. There is very small
change in the position of the peaks temperature as clear from above DTG curves. Further
maximum weight loss percentage per degree temperature increases with increase in torrefaction
temperature. This makes torrefied biomass suitable for pyrolysis.
torrefied-TGA

raw-DTG

torrefied-DTG

120

1.2

100

1

80

0.8

60

0.6

40

0.4

20

0.2

0
0

200

400

600

800

DTG (%/C)

Wt.Loss %

raw-TGA

0
1000

Temperature C

Figure 4.3 TG and DGT pyrolysis curve of raw and torrefied poplar wood

4.3.2 Kinetics analysis of raw and torrefied poplar pyrolysis
 Assumptions
1. Since majority of weight loss occurs at single stage (Figure 4.3), we assume pyrolysis to
take place in single stage.
2. The moisture content in biomass which is released at about 150°C is excluded from
pyrolysis data.
3. All the reactions during pyrolysis are assumed to be irreversible.
4. The models are based on weight loss of biomass as it is impossible to identify all the
compounds in the pyrolysis.
5. The iso-conversional method was used to estimate kinetics of pyrolysis.
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6. The study has not considered effects of internal mass transport as a significant resistance
inside the particles during pyrolysis.
100
90
80
70
5 C/min

Wt.%

60

10C/min

50

20C/min

40
30
20
0

200

400

600

800

1000

Temp (C)

Figure 4.4 TGA weight loss pyrolysis curve of torrefied poplar at different heating rate

4.3.3 Analytical solutions of the rate equation for raw and torrefied poplar wood pyrolysis
The TGA experiment was performed and data was used in order to calculate activation energies.
The conversion degree were taken in the rage from 0.2 to 0.8. The iso-conversional line for
predefined conversion degree was calculated for different set of heating rates (5, 10, and
20°C/min). The iso-conversional lines obtained at higher temperature were not precise as there is
no significant change in conversion. Arrhenius plots for different heating rates were plotted, the
slope of which was used to obtain activation energy Ea, and intercept to obtain pre-exponential
factor for each iso-conversional line.
4.3.3.1 The method of Coats-redfern
From equation 10, the ln (
the

𝐸𝑎
2.3𝑅

𝑙𝑜 𝑔(1−𝛼)1−𝑛
)
𝑇 2 (1−𝑛)

versus 1/T was plotted and the slope of these lines gave

values. The straight line plot for raw and torrefied poplar for 1st order is presented in

Figures 4.5-4.7 and activation energy obtained are tabulated in Table 4.5.
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Figure 4.5 Coats-Redfern plots of raw and torrefied poplar wood for at heating rate of 5 °C/min
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Figure 4.6 Coats-Redfern plots of raw and torrefied poplar wood at heating rate of 10 °C/ min
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Table 4.6 Activation energy calculated
Coats-Redfern method for two stages as
of heating rate

using
a function
-11.5
0.00153 0.00158 0.00163 0.00168
1/T

Heating Rate

R² value

Ea (kJmol-1)

Stage

Curve fit equation

Raw

y = -13.298x + 22.299

0.95

255.08

Torrefied

y = -14.591x + 17.459

0.97

279.86

Raw

y = -13.015x + 21.437

0.95

249.65

Torrefied

y = -15.805x + 28.458

0.99

289.26

Raw

y = -13.339x + 21.616

0.96

255.86

Torrefied

y = -18.249x + 31.303

0.96

345.27

(β )
5 K/min

10 K/min

20 K/min

4.3.3.2 Kissinger-Akahira-Sunose (KAS) method
From equation 11, the activation energies (Ea) was determined plotting lnβ/T2 with respect to
1/T temperature for each conversion degree in Figure 4.8. Similar to other methods, the
activation energies were determined without an accurate knowledge of the reaction mechanism.
The line equations, activation energies (Ea) and coefficient of determination (R2) values
calculated by KAS method for each conversion degree (α) are listed in Table 4.7. The higher
values of coefficient of determination makes the model statistically significant.
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Figure 4. 8 KAS plots of raw and torrefied poplar at different conversion fractions
ɑ=0.2

ɑ=0.3

ɑ=0.4

ɑ=0.6

ɑ=0.7

ɑ=0.8

ɑ=0.5

-9.85

-10.65

-11.45
0.00152 0.00162 0.00172 0.00182
1/T

Table 4. 7 Activation Energy Calculated by the KAS Method for raw and torrefied poplar
Raw Poplar
ɑ

Curve Fit Equation

Torrefied Poplar
R2

E

Curve Fit Equation

R2

E

(kJmol-1)
(kJmol-1)

0.2

y = -22640x + 30.013

0.99

188.81

y = -17848x + 19.088

0.99

148.3

0.3

y = -24338x + 31.813

0.99

202.97

y = -19439x + 21.318

0.99

162.1
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0.4

y = -25575x + 32.843

0.99

213.47

y = -20231x + 22.309

0.99

168.2

0.5

y = -25597x + 31.945

0.99

213.47

y = -20756x + 22.906

0.99

173.1

0.6

y = -24680x + 29.724

0.99

205.83

y = -20934x + 22.96

0.99

174.0

0.7

y = -23870x + 27.882

0.99

199.07

y = -21176x + 23.122

0.99

176.0

0.8

y = -23058x + 26.144

0.99

192.30

y = -21142x + 22.818

0.98

175.7

4.3.3.3 Ozawa, flynn and wall (OFW) method
For each value of conversion degree (α), plot of ln (β) with 1/T from equation 12 gives a straight
line at different heating rates whose slope is the apparent activation energy [30]. Figure 4.9
shows the Arrhenius plots of log (β) versus l/T at constant conversions but different heating
rates. The activation energies (Ea) determined from the slope of each line along with line
equations and coefficient of determination for line (R2) were calculated by OFW method for
different values of α and are tabulated in Table 4.8. The very high value of R2-squared values
show statistically significant fits of the straight lines obtained through the OFW method. Thus it
can be assumed that that activation energies calculated by OFW methods are statistically
significant and valid.31
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Figure 4. 9 OFW plots of raw and torrefied poplar at different conversion fractions

Table 4. 8 Activation Energy by the OFW Method for raw and torrefied poplar
Raw Poplar
Curve Fit Equation

ɑ

Torrefied Poplar
R2

E

Curve Fit Equation

R2

E

(kJmol-1)
(kJmol-1)

0.2

y = -10320x + 19.401

0.99

188.33

y = -8275.4x + 14.72

0.99

148.81

0.3

y = -11071x + 20.207

0.99

202.03

y = -8973x + 15.699

0.99

163.23

0.4

y = -11620x + 20.675

0.99

212.05

y = -9322x + 16.137

0.99

169.58

0.5

y = -11640x + 20.303

0.99

212.42

y = -9553.6x + 16.403

0.99

173.74

0.6

y = -11251x + 19.352

0.99

205.34

y = -9634.7x + 16.432

0.99

175.81

0.7

y = -10906x + 18.563

0.99

199.02

y = -9743.3x + 16.508

0.99

177.80

y = -9732.4x + 16.382

0.98

177.61

0.8
y = -10559x + 17.818

0.99

192.69

4.3.3 Activation energies from different methods
Table 4.9 shows the average activation energies calculated by different methods for raw and
torrefied poplar. The average activation energy obtained for raw poplar through Coats-Redfern,
KAS, and OFW methods were 253.53, 202.27, and 201.69 kJmol-1, and for torrefied poplar were
304.79, 168.2 and 169.51 kJmol-1 respectively.
Table 4. 9 Average activation energies calculated by three different methods
Average Ea (kJmol-1)
Method

Raw

Torrefied

Coats-redfern

253.53

304.79

KAS

202.27

168.20
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FOW

201.69

169.51

Coast-Redfern model-fitting methods for non-isothermal data generally gives significantly
higher values for kinetic parameters in comparison to the model free methods. However, the
model free method is based on simplicity and avoids the errors associated with the choice of
kinetics model [32]. The results obtained suggest that model free methods (OFW and KAS) are
suitable for kinetic evaluation of hybrid poplar wood samples. This is also in agreement with
results in literature [33]. Thus torrefaction leads to the decrease in the activation energy which
gives better combustion characteristics.
4.3.4 TGA-FTIR
The volatile emissions obtained during pyrolysis of raw and torrefied poplar with a heating rate
20°C min- were analysed using real-time FTIR between the wave numbers 400-4000 cm-1 as
shown in figure 4.10. The primary devolatilization of samples occurred between 260 – 460° C.
The stages of decomposition can be noticed with distinct peaks of gas evolution in the
representative ranges in three dimensional IR spectra. Minor presence of OH peak between 3400
and 3500 cm-1 is characteristic of water and the source could possibly be moisture within the
samples. Formation of CO due to pyrolysis is represented by the functional group C=O at the
absorption band between 2268-2395 cm-1 as observed in FTIR. The torrefied hybrid poplar
demonstrates minor presence of absorbance peak in the region of 1200-1800 cm-1 in comparison
with raw poplar which is verified by decrease in volatile material of torrefied poplar in proximate
analysis. This is due to the removal of non-aromatic fraction from raw samples during
torrefaction. In addition, increased aromaticity of torrefied biomass might lead to better
hydrophobic nature and result in better fuel storage characteristics [34].
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Figure 4. 10 Three dimensional FTIR spectra of the gases produced from the thermal
decomposition of raw and torrefied hybrid poplar in nitrogen atmosphere at a heating rate of
20°C/min.

4.4 Conclustions
The characterization of torrefied hybrid poplar exhibit a potential to be a bio-renewable fuels due
to higher energy density and low O/C ratio, indicating better fuel characteristics. A decreased
activation energies of 168 kJmol-1and 170 kJmol-1 compared to raw poplar’s 202 kJmol-1and 201
kJmol-1 respectively were found using model-free KAS and FOW methods. The torrefaction of
poplar wood likely has induced rearrangement of non-aromatic products and/or initiated
selective degradation of non-aromatic fraction as well as decomposition of macro molecules such
as carbohydrates to increase aromaticity of biomass, thus making it more hydrophobic. Model
free pyrolysis kinetics approach was verified to be an appropriate method to study the kinetics of
hybrid poplar wood. The experimental data for practical applications may be used in future
numerical simulation models to investigate the torrefied hybrid poplar reaction behaviour under
different operating conditions.
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Chapter 5: Modelling of heat transfer during torrefaction of lignocellulosic biomass3
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Preparation of feedstock is a major energy intensive process for the thermochemical conversion
of biomass into fuel. By eliminating the need to grind biomass prior to the torrefaction process,
there would be a potential gain in the energy requirements as the entire step would be eliminated.
In regards to a commercialization of torrefaction technology, this study has examined heat
transfer inside large cylindrical biomass both numerically and experimentally during
torrefaction. A numerical axis-symmetrical 2-D model for heat transfer during torrefaction at
270℃ for 1 hour was employed in COMSOL 5.1 considering heat generation evaluated from
experiment. The model analyzed the temperature distribution within the core and on the surface
of biomass during torrefaction for various sizes. The model results showed similarities with
experimental results. The effect of L/D ratio on temperature distribution within biomass was
observed by varying length and diameter and comparing with experiments in literatures to find
out optimal range of cylindrical biomass size suitable for torrefaction. The research demonstrated
that a cylindrical biomass sample of 50 mm length with L/D ratio of 2 can be torrefied with in a
core-surface temperature difference of less than 30 °C. The research also demonstrated that
sample length has negligible effect on core-surface temperature difference during torrefaction
when diameter is fixed at 25 mm. This information will help to design a torrefaction processing
system and develop a value chain for biomass supply without using energy intensive grinding
process.
5.1 Introduction
The use of raw biomass has disadvantages like comparatively lower energy density due to higher
O/C ratio than other fossil fuels [1]. Moreover, due to higher moisture content, they have a
tendency to decay during storage. Torrefaction of biomass is the pre-treatment process which
upgrades the fuel quality by overcoming these difficulties. It is a mild heat treatment process
where the biomass is heated to a temperature of 200-300℃ in an inert gas for a specified period
of time [2-3]. Dehydration and decarboxylation reactions during torrefaction cause a mass loss of
the wood, reduced volatile contents whereas the heating value of the wood is largely conserved
along with improved grindability and hydrophobicity. During torrefaction several reactions
occur, each within a temperature range through the cell structure, thereby causing the
thermochemical decomposition of biomass [4].

Torrefaction has shown its potential and

promising abilities on biomass upgrading, and therefore offering possible solutions for co-firing
with coal [5]. Till date torrefaction is the most promising pre-treatment technique and has the
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simultaneous benefits of drying and improving physicochemical properties, which can be
combined with palletization technique to produce higher energy valued pellets [6].

The

torrefaction technology is worthy if it could reduce overall cost of energy conversion chain from
biomass to energy [4]. However, industrial technologies are still under development, with
ongoing research on several fundamental topics related to the process.
The raw biomass contains about 5-10 wt% moisture depending on its source and exposure time
in the open atmosphere. When a biomass is heated, moisture is released completely around
110℃ and then the volatiles are released depending on the final temperature, residence time and
heating rate up until 30-35 wt% of the initial mass of biomass is left. About one third of the
volatiles contain mostly carbon monoxide and carbon dioxide and the remaining two thirds are
rich in condensable species called tar which consist mainly of water, organic acids and aldehydes
[7]. These components are separated and utilized either as a fuel for the process itself or may be
recovered as value-added green chemicals for chemical industries. During torrefaction the O/C
ratio, H/C ratio, and fibrous structure of biomass are reduced while the calorific value increases
[8]. The temperature, residence time, and the particle size are the most important parameters for
torrefaction. The other benefits of torrefaction include the rise of grindability [9] and
hydrophobicity of biomass [10], faster combustion rate of the torrefied wood and production of
less smoke compared to raw wood.

Most published articles in literature for modeling of torrefaction of wood are more concerned
which product output (i.e. heating value, combustion, pyrolysis characteristics of biochar
produced) and its validation with the experimental output. Various studies consider operational
conditions of temperature and residence time [11]. These experiments are performed with the
primary objective to determine the best product yield on the basis of mass and energy yield.
Chan et al. [12] developed a model for thermal treatment of biomass in an inert gas considering
drying, volatiles emission and reaction kinetics. The conduction and convection during heating
was considered. The model final output was compared with experimental results for a standard
biomass size. Granados et al. [13] developed a model coupled with kinetics for torrefaction of
large biomass particle of size 152.4 mm long and 25.4 mm in diameter. The models also
predicted the maximum conversion of biomass into product at various temperature conditions
along with yield of gases. Anon [14] developed a COMSOL model for heat transfer inside a
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spherical biomass. The effect of particle size and reactor temperature on the heat transfer of
spherical pine wood was taken into account. However the effect of heat generation within the
biomass was not considered into the model. During torrefaction of larger biomass, core
temperature plays a vital role as it has effects on both chemical and physical properties. Repolymerization, cross-link and exothermic combustion of volatile matters are the main chemical
changes which cause an increase in core temperature [15]. A 2-D heat transfer model in
COMSOL Multiphysics 3.5 for torrefaction of cylindrical biomass at various operating
temperature was developed by Sule et al. [16].
After considering the previously mentioned modeling approaches for torrefaction, this study is
an attempt to examine the heat transfer within cylindrical biomass at optimal condition of 270℃
found in literature [15]. For the last two decades researchers have been looking into a potential
pre-treatment process for biomass which could improve properties as renewable fuel and address
the existing logistic and operation difficulties. In recent years, torrefaction has emerged as a
viable solution to these problems garnering attention from researchers [17, 5].
Despite the progress achieved in the development of a commercial plant, torrefaction process
requires an in-depth a lot of study to investigate the effects of temperature for a given residence
time in order to optimize the overall energy of the system. Hence, the heat transfer mechanism of
torrefaction is needed to establish optimal energy efficiency of the overall process. Furthermore,
preparation of feedstock is a major energy intensive process for the thermochemical conversion
of biomass into fuel. By eliminating the need to ground biomass prior to the torrefaction process,
there would be a huge drop in the energy requirements as an entire step would be eliminated.
Also, this would reduce the overall cost of the system as biomass is never of uniform size, thus
making grinding difficult. From practical point of view, information on torrefaction of large
biomass pieces is of greater relevance. So, we have modeled cylindrical wood of different sizes
to represent biomass that have not been subjected to grinding after harvesting. This work will
investigate heat transfer during torrefaction for various sizes of biomass by observing the
variation in core and surface temperature in order to determine the extent to which size is a
limiting factor in torrefaction process.
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5.2 Methodology
5.2.1 Experimental Study
A cylindrical biomass (hybrid poplar, NM 6 - Populus nigra L.×P. maximowiczii A. Henry
NM6) of length 50mm and diameter 25mm (L/D = 2.0) was taken for experimental study. Poplar
is a short rotation woody biomass which has multiple uses such as fuel, fiber and environmental
benefit. The sample used in this research is hybrid of Asian and European black poplar. Two ktype thermocouple at mid surface and center was attached to observe temperature variation
during torrefaction as shown in Figure 5.1. The biomass was then heated (rate 20°C/min) in a
closed cylindrical reactor in presence of nitrogen atmosphere. The system was maintained at
constant temperature of 270 °C for one hour. The temperature variation on surface and center
was stored in data logger thermometer [HH374, OMEGA] throughout the whole experiment.

Pressure
Gauge

Nitrogen
Supply

Nitrogen
Supply

Nitrogen
Supply

Nitrogen Exit

Pressure
Gauge

Nitrogen
Heater Exit
Pressure
Gauge

Reactor
Thermocouple
Thermocouples
Wires
Nitrogen
Heater Exit
Biomass
Reactor

Pressure
Gauge

Thermocouples
Thermocouple
Nitrogen
Wires
Heater Exit
Biomass
Electric
Reactor
Wires
Thermocouples
Thermocouple
Heater
Biomass
Temperature
Reactor Wires
Data Electric
Logger
Wires
Thermocouples

Temperature
Controller

Nitrogen
Supply

Nitrogen
Tank

(a)

(b) Biomass
Thermocouple

Figure 5. 1 (a) Schematic and (b) Experimental setup for torrefaction
Nitrogen
(a)
(b)
Tank
5.2.2 Model development using COMSOL
The formulation of the problem was done using governing equations coupled together in a
Nitrogen “Heat Transfer in Porous Media”
COMSOL model. This
(a) model utilized the time dependent
(b)
Tank
equations. The biomass particle is suspended within a reactor which is being heated at constant
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rate of 20 °C/min. The biomass was modeled as a cylindrical piece with the properties found in
literature [18, 19, 20]. Initially the problem was set up as a simple 2-D model but was later
converted into an axi-symmetrical 3-D model due to the convenient symmetry of the system.
The boundary conditions of the system were set to properly demonstrate the torrefaction. The
initial temperature of biomass was assumed to be 20 °C. As previously stated, the biomass
outside surface temperature was heated linearly same as rate of heating reactor (i.e.20 °C/min)
using Heaviside function. The heat generated within the biomass due to endothermic reaction of
volatile materials with oxygen contained within biomass was incorporated within COMSOL
using Heaviside function. The time for activation of heat generation and amount was taken from
the calculation done experiment.
Assumptions
i.

The fluid phases do not react chemically with the solid matrix.

ii.

The moisture content of the material stored as vapor.

iii.

No solid-liquid phase change is considered.

iv.

There is a local thermodynamic equilibrium between the different phases, which means
that water has the same thermodynamic potential in the gaseous, adsorbed and capillary
phases.

v.

No gravity effect is considered.

5.2.2.1 Governing Equations
The time dependent temperature distribution within biomass was formulated using built in heat
transfer in porous media physics. The heat transport in the subsurface is described by the heat
transport equation:
(𝜌𝐶𝑝 )𝑒𝑓𝑓

𝑑𝑇
𝑑𝑡

+ 𝜌𝐶𝑝 𝑢.𝛻𝑇 + 𝛻. 𝑞 = 𝑄

(1)

q = −𝑘𝑒𝑓𝑓 𝛻𝑇

(2)

Q = flc2hs (t-900, 0.075) ×Qgen-flc2hs (t-2000, 0.075) ×Qgen

(3)

where, flc2hs is smoothed heaviside function with continuous second derivative
The effective heat capacity of porous system is defined as:
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(𝜌𝐶𝑝 )𝑒𝑓𝑓 = 𝜃𝑝 𝜌𝑝 𝐶𝜌,𝑝 + (1 − 𝜃𝑝 )𝜌𝐶𝑝

(4)

The effective thermal conductivity of overall porous media is given
𝑘𝑒𝑓𝑓 = 𝜃𝑝 𝑘𝑝 + (1 − 𝜃𝑝 )𝑘

(5)

The total gas pressure in porous media is give as:
𝑃𝑔 = 𝑃𝑎 + 𝑃𝑣

(6)

Boundary Conditions
T = T0 = 293.15 K

(7)

Table 5. 1 Preliminary input parameters in Comsol

Wood (Poplar)

ρ

C

K

(kg/m3)

(J/kg/K)

(W/m/K)

560

420

0.12

The values in Table 5.1 are for ambient temperature and pressure, and were used for preliminary
solution running.
5.3 Results and Discussion
5.3.1 Heat transfer rate estimation from experiment
Temperature-time distribution at two different points (Core and Surface) of sample is shown in
Figure 5.2. The length and diameter of sample were 50mm and 25mm respectively. It is observed
from the figure that both temperatures increased steadily till 270°C and then remained constant.
The variation in temperature curve is due to variation in reactor temperature during experiment.
Initially the temperature inside the core was lower than the surface temperature. However, after a
certain time (900sec) the core temperature increased at higher rate and surpassed the surface
temperature. This is because the first stages of heat transfer within the core were accompanied by
depolymerisation reaction that released volatiles. However, due to low porosity of the biomass,
the rate of diffusion of volatiles from the core to the surface of the biomass were very low.
Therefore, these generated volatiles underwent char-volatile exothermic combustion [21]. The
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heat released through the exothermic reaction could not move outside from the core due to the
low thermal conductivity of the biomass, thereby causing increase in the core temperature. The
core temperature then decreased and became equal to the surface temperature at 2000 sec. The
temperature-time variation observed from the experimental results were similar to that observed
from previous research [13, 16].

Figure 5. 2 Temperature-time distribution for torrefaction of hybrid poplar of length
50mm and diameter 25mm at 270 °C for 1 hour.

5.3.2 Numerical modeling of heat transfer
5.3.2.1 Heat transfer at various L/D ratios with constant Length
The biomass sample for the experimental analysis had a length and diameter of 50 mm and 25
mm, respectively (i.e. L/D=2). Therefore, as explained before a numerical model, developed in
COMSOL Multiphysics environment with heat transfer in porous media, was performed with
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L/D ratio of 2. Subsequently, the diameter of the biomass sample was varied (L/D = 1.5, 2.0, 2.5,
3.0) by keeping its length constant to observe temperature profiles at two locations (i.e., core and
surface) during the torrefaction. The results are shown in Figures 5.3.
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between the core and surface of the sample biomass. This would result in non-uniform properties
within the biomass after treatment.
Furthermore, the temperature variation within the biomass with varying L/D ratio before steady
state temperature can be observed in Figure 3(b). At 1000 second, temperature varied from 495
K at the core to 540 K at the surface for L/D=1.5, while the variation for L/D=3 was from 544 K
to 549 K. One can conclude from these observation that the torrefaction of cylindrical biomass
with lower diameter (larger L/D ratio) is better because it results in a more uniform temperature
distribution and thus, lower the differences between core and surface temperatures. However,
making of smaller size biomass samples might lead to higher grinding energy consumptions,
which increases in total energy input for overall process (feedstock preparation and torrefaction
processes). This leads to decrease in efficiency of system. Thus considering temperature
difference between core and surface temperature and energy required for overall temperature we
can say that L/D ratio of 1.5 to 2 is the optimal size for large biomass torrefaction.
The surface area to volume ratio of any shape is an important characteristic for combustion. It is
an indicator of the porosity of the fuel material. The higher the value of this ratio, the more
porous the material, which makes it more reactive towards combustion. When comparing any
two biomass each of different shape, the one with a higher surface area to volume ratio conducts
heat faster during torrefaction. For a biomass with cylindrical shape, the surface to volume ratio
is given by
𝑆𝐴: 𝑉 =

4𝐿 + 2𝐷
𝐿×𝐷

where, L is the length in m, D is the diameter of biomass in m, SA:V is ratio which has m-1 unit
The parametric study varying diameter and in effect, SA:V ratio was done to observe the effect
of SA:V on the core and surface temperature of cylindrical biomass of length 50 mm. The ratio
was varied from 100 m-1 to 300 m-1 with increments of 50m-1 . The resulting core temperature for
different SA:V values is shown in figure. It has been found that the core temperature increased
with decrease in SA:V ratio. For SA:V ratio of 100 m-1 the core surface temperature reached a
maximum of 663 K, while for SA:V ratio of 300 m-1, the maximum core temperature was
comparatively lower at 558 K. This implies that cylindrical biomass with lower SA:V ratio
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(higher diameter) is undesirable because of low rate of heat transfer during torrefaction which
results in the core temperature being higher than the surface temperature.
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Figure 5. 4: Difference in core and surface temperature at various surface area to volume
ratio
Thus SA:V is a physical property which can be used to measure the effect of torrefaction on core
and surface temperature of biomass regardless of the shape.
5.3.2.2 Heat transfer at various L/D ratios with constant diameter
To observe effect of change in length for constant diameter for large biomass torrefaction, the
COMSOL model with similar Multiphysics was developed with parametric sweep study for
various values of L/D ratios 1.5, 2.0, 2.5 & 3. Results obtained from the model indicated that the
maximum core temperature was similar for all L/D ratios. Because of similar temperature-time
profiles which resulted in overlapping data points for all L/D ratios, only the time-temperature
distribution for L/D ratio of 1.5 and 3.0 is shown in Figure 5.5.
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Figure 5.5: The core and surface time-temperature distribution during torrefaction at 270 C for 1
hour (varying lengths with constant diameter)

The maximum core temperatures for varying lengths (constant diameter of 25mm) is given in
Table. It can be observed that there is no change at all in maximum core temperature when we
vary length of feedstock as long as diameter is the same. This is because radial heat transfer is
more prominent than axial heat transfer in cylindrical medium-sized biomass. An increase in
length of biomass results in higher volatile combustion, thus generating more heat. However, this
increase in length also corresponds to increase in curved surface area, thereby enhancing heat
transfer in the radial direction which prevents the core temperature from increasing too rapidly.
This result shows that there is no effect in maximum core temperature when we vary length of
biomass as long as the diameter remains constant. This implies that for a fixed diameter of 25
mm, the change in volume does not have significant effect in maximum core-surface temperature
difference.
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5.3.3 Model validation
To validate the numerical model in COMSOL, the surface and core temperature estimated from
the model was compared with experimental data performed in the laboratory for L/D =2. The
results showed good agreement with experimental results as shown in Figure 5.5. It can be
observed that the numerically determined maximum core temperature was 587.4 K and the
observed maximum core temperature from the experiments was 575.7 K. This difference in
temperatures can be accounted for by heat loss during torrefaction experiment from reactor.

Figure 5.6 The time-temperature distribution for experimental and numerical model for
poplar wood (Length 50mm and Diameter 25mm) torrefaction at 270°C for 1hour

Further experimental data obtained by Basu et al. [22] were compared to the numerical model
developed. Various torrefaction experiments were performed at 523 K for different sizes of
Poplar and Oak wood. For one set of experiments, the length of poplar wood was kept constant
(65mm) and diameter varied from 25.4 mm to 4.76 mm as listed in Table 5.2. The numerical
model with the same governing Multiphysics and boundary conditions was developed in Comsol
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to calculate the core temperature for torrefaction temperature of 523 K. The numerical model
showed good agreement with experimental results obtained by Basu et al as shown in Table 5.2
and Figure 5.6.
Table 5.2 Experimental and numerical core temperature at various geometry conditions
during torrefaction with furnace temperature of 250°C.
Diameter
(mm)
25.4
22.0
15.0
12.7
10.0
6.35
4.76

Length
(mm)
65
65
65
65
65
65
65

Core Temperature (K)
Basu et al.
Comsol
Experiment
Model
541
558
539
550
535
535
527
532
525
528
524
525
524
523

L/D ratio
2.56
2.95
4.33
5.12
6.50
10.24
13.66

Error %

3.14
2.04
0.0
0.95
0.57
0.19
0.01

Figure 5. 7 Effect of varying diameter and constant length on core temperature compared
with that of Basu et al. [22] for poplar wood torrefaction at 250°C for 1hour
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For additional validation, the numerical model was developed to observe the effect of variations
in the length with constant diameter on core temperature. Basu et al varied the biomass length
from 65mm to 8mm and maintained a constant diameter of 4.6 mm as listed in Table 5.3. Both
the numerical model and Basu et al’s experiments showed that the core temperature did not
change significantly with change in length as shown in Table 5.3 and Figure 5.7.

Table 5.3 Experimental and numerical results for constant length and varying diameter
for torrefaction torrefaction with furnace temperature of 250°C

L/D ratio

Diameter
(mm)

Length
(mm)

Core Temperature
Error %
Basu et al.

Comsol

13.65

4.76

65

524.29

524.2

0.017

6.72

4.76

32

525.09

524.6

0.093

3.36

4.76

16

525.36

524.7

0.125

1.68

4.76

8

525.57

524.81

0.144

5.4 Conclusion
A better understanding of heat transfer mechanism during torrefaction is essential for better
upscaling and downscaling of torrefaction process. This study has explored heat transfer inside
large cylindrical biomass both numerically and experimentally during torrefaction to understand
if grinding of biomass, a high energy intensive process can be eliminated. Temperature
distribution during torrefaction experiment showed an internal volatile combustion for a certain
period of time which caused core temperature to increase above surface temperature. The heat
generation during torrefaction was coupled into COMSOL as heat transfer in porous media with
heat generation using Heaviside function. The parametric studies of temperature distribution
during torrefaction in COMSOL for various L/D ratios showed L/D = 1.5 to 2 as better size
range for uniform and controlled volatile combustion during the torrefaction. Varying the
diameter while maintaining a constant length resulted in a high difference between the core and
surface temperatures. However, the variation of length with a constant diameter resulted in
74

negligible effect on the temperature uniformity within a cylindrical biomass. In other words, L/D
has effect on heat transfer within large sized biomass.
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Chapter 6: Conclusions and Recommendations
6.1 Conclusions
As representative of lignocellulosic biomass, hybrid poplar wood samples were collected and
torrefied in a lab scale reactor. A number of torrefaction experiments were performed at a
temperature range of 240 to 280 ℃ with residence time of 1 hour each to characterize product
yield. Pyrolysis and combustion characteristics were analyzed using TGA. Further, pyrolysis
kinetics of torrefied biomass was compared with raw biomass to investigate the upgrade in fuel
characteristics as a result of torrefaction process. The heat transfer mechanism during
torrefaction of large biomass was numerically modeled and compared with experimental results
to establish sizing factor of feedstock for torrefaction.
Torrefaction process for lignocellulosic biomass showed increase in higher heating value with
increase in temperature and residence time. Mass yield during torrefaction varied from 57 to
79% while energy yield was from 68 to 86% depending on operating temperatures and residence
times. The temperature corresponding to maximum weight loss during pyrolysis and combustion
increases with increase in torrefaction temperature. The time required to achieve maximum
weight loss decreased with increase in torrefaction temperature making torrefied biomass more
suitable for co-firing in coal fired commercial power plants. The Aspen Plus model showed that
almost 60% of the total energy supplied was for drying alone, making biomass with low moisture
content a more suitable feedstock for an energy efficient torrefaction process.
Low quality volatiles coming from depolymerization of hemicellulose during torrefaction
resulted in decrease in O/C and H/C ratio which increases higher heating value. FTIR analysis of
raw and torrefied hybrid poplar indicated rearrangement of non-aromatic products and thermal
degradation of macro molecules resulting in increased aromaticity thereby making torrefied
biomass more hydrophobic. Kinetic modelling approach showed decreased activation energy of
torrefied product in comparison to raw biomass which makes it more suitable for partial
substitution of coal.
Experimental study on heat transfer within large biomass during torrefaction showed heat
generated within biomass from internal combustion of low grade volatiles evolved. The
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parametric studies of temperature distribution during torrefaction in numerical model for various
L/D ratios showed L/D = 1.5 to 2 as optimal size for uniform and controlled volatile combustion
during the torrefaction. The increase in the diameter for a given constant length resulted in higher
difference between the core and surface temperatures. However, the increase in length for a
given constant diameter has negligible effect on the temperature uniformity within a cylindrical
biomass.
6.2 Recommendations and Future Work
Torrefaction has been identified as a prominent pretreatment process which results in significant
improvement in physicochemical properties, grindability, hydrophobicity and storage stability of
biomass making it suitable for co-firing with coal, pyrolysis and gasification. Though this study
focused on various characteristics of torrefied biomass as fuel, however, the following are few
gaps from this study for further investigation.
i.

Surface morphology characterization of torrefied biomass has to be done to ensure
better fuel characteristics.

ii.

Development of multipurpose reactors for torrefaction, pyrolysis and gasification is a
required for thermochemical conversion of biomass to biofuels.

iii.

Life cycle analysis (LCA) of overall torrefaction process Optimization of overall
torrefaction process in terms of degradation of cellulose, hemicellulose and lignin.

iv.

Study off-gassing and self-ignition behavior of torrefied during storage at various
atmospheric conditions.

v.

Life cycle assessment of combined torrefaction and pelletization process.

vi.

A comprehensive optimization of torrefaction process in view of energy density, mass
yield, and hydrophobicity, physical and chemical properties should be done.

vii.

Currently researchers are using traditional methods such as calorimetry, proximate,
ultimate, compositional analysis method to observe effect of torrefaction, which is
time consuming and required technically sound personnel to operate equipment. So,
rapid methods such as IR spectroscopy should be used to compare raw and torrefied
biomass.
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