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Abstract The present research is focused on investigation

of torrefied biomass combustion process and kinetic anal-

ysis. Two wood biomass samples (B1 and B2) were tor-

refied in a specially designed set-up under 1.0 h of

residence time, 230, 260 and 290 �C temperatures, and

argon atmosphere. The studied materials were charac-

terised in terms of their chemical composition and calorific

value. The results showed the improvements of biomass

properties towards higher carbon content and low moisture

content fuel. The behaviour and comparison of raw and

torrefied biomass during the combustion process was

investigated by thermal analysis (TG, DTG and DTA). The

samples were heated at an ambient temperature up to

700 �C at constant rates: 10, 20 and 40 �C min in air flow.

The MS technique was also used simultaneously with TG

to determine gaseous products from combustion process

(namely NO, CH4, CO2, and H2O). The kinetic parameters

were calculated for torrefied biomass combustion using

three isoconversional methods: Friedman, Kissinger–Aka-

hira–Sunose and Flynn–Wall–Ozawa. The isoconversional

methods were used to find dependency of the activation

energy of studied processes on the conversion degree. The

kinetic data for raw and torrefied biomass indicates that

torrefaction process reduces the activation energy of the

studied biomass. The average values of activation energy

for biomass combustion e.g. TB1 are Ea = 111; 105.2 and

110.4 kJ mol-1 calculated by Friedman, KAS and FWO

methods, respectively. For all studied biomass samples, the

slight differences between the values of activation energies

calculated by Friedman, FWO and KAS methods were

obtained.
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Introduction

The development of renewable energy and alternative fuel

for environmental sustainability has become a crucial topic

currently. Nowadays, biomass is a versatile energy source,

which stands out as one of the most important renewable

energy sources. Biomass energy or bioenergy is an

important third energy resource after oil and coal in the

world, and it has been extensively applied, because of its

high reactivity and volatility. Biomass can be utilised in the

forms of solid, liquid and gas for energy. Therefore, bio-

mass is studied in a variety of conversion techniques such

as physical, thermal, chemical and biological methods due

to obtain clean and sustainable source of energy for elec-

tricity and industrial applications [1]. Due to its variety of

species and compositions which depend on its origin,

several operating problems occur during conversion pro-

cess. Thus, it is necessary to continuously enhance the

biomass properties such as hydrophilic nature, low heating

value and high energy required in grinding to improve its

efficiency of utilisation. The pretreatment process, as tor-

refaction, has been found to improve the biomass proper-

ties. Torrefaction, so-called mild pyrolysis, is a process

where raw biomass is heated under an inert atmosphere at a

range of temperature 200–300 �C. During this process, the

hydroxyl groups are removed producing a hydrophobic

material. Torrefied biomass in contrast to raw one is

enhanced by a higher calorific value and energy density, a
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lower O/C ratio and moisture content. The obtained solid

product is easier to grind, because it is brittle. Moreover,

the torrefied biomass is more resistant on biological

degradation getting safety storage and easier transport. The

great advantage is the significant size reduction of torrefied

biomass [2, 3]. During biomass torrefaction process,

devolatilisation, depolymerisation and carbonisation of

lignocellulose components take place. Besides solid pro-

duct, water, organic, lipids, alkali, CO, CO2, H2, CH4 and

primary tars are also formed [4]. Gaseous and liquid

products have to be minimised by capturing, and the

remaining emissions consist only of CO2, H2O, NOx, CH4

and SOx. The gaseous biomass conversion products contain

pollutants. Although NOx emissions is low due to low

temperature, it is important to know that nitrogen oxides

are environmentally the most harmful substances [5, 6].

Sulphur dioxide is considered to be one of the fundamental

air pollutants from combustion process. It is the main

constituent of the London type smog and acid rain. But, in

the case of torrefaction process, SO2 can be negligible due

to least sulphur contents of the lignocellulosic biomass.

Torrefied biomass is successfully applied as a biofuel for

combustion, co-gasification or gasification processes [1]. It

is worth to mention that torrefied biomass in the form of

pellets is very attractive with respect to its enhanced

properties. Torrefaction of biomass causes loss of a great

amount of volatiles so there are less remaining for com-

bustion. Nevertheless, torrefied biomass has good physical

properties; unfortunately, during combustion, pollutants are

produced as ash, chlorine, hydrogen fluorides, sulphur and

alkaline production, sulphides and nitrates.

Combustion characteristics of torrefied biomass have

been studied using thermoanalytical techniques. The

influence of temperature and atmosphere has been inves-

tigated by thermal analytical techniques [7–10]. Thermo-

gravimetric analysis has a lot of advantages such as a rapid

assessment of the fuel value, the temperatures at which

combustion starts and ends, the maximum reactivity tem-

perature, the amount of ash and total combustion time.

Because thermochemical conversion requires the control of

outflow gas emission, chemical composition of exhaust

gases should be determined before any industrial applica-

tion. The combination of MS and TG offers a detailed

identification of gaseous species evolved during thermal

processes in a real time [11–13].

The most important applications of thermal analysis is

kinetic calculations. The kinetic parameters such as activa-

tion energy and pre-exponential factor could be obtained by

methods for analysing non-isothermal solid-state kinetics.

Solid-state kinetic data are the major interest in combustion

processes. The kinetic studies of coal, oil and biomass (wood

biomass, sewage sludge, etc.) combustion have been studied

by many research groups [14–19]. In non-isothermal

kinetics, the Friedman (F), Flynn–Wall–Ozawa (FWO) and

Kissinger–Akahira–Sunose (KAS) methods are the most

often used isoconversional methods [20–22].

Generally, the kinetics of reactions in solid-state are

described by equation:

da
dt

¼ k Tð Þf að Þ ð1Þ

where a is conversion defined as follows:

a ¼ mi0 � ma

mi0 � mf

ð2Þ

where mi0—the initial mass of the sample, ma—the actual

mass, and mf—mass after combustion.

The rate constant k is determined by the temperature and

is given by the Arrhenius equation:

k Tð Þ ¼ Ae�
Ea
RT ð3Þ

where R—gas constant (8.314 kJ mol-1), T—temperature

in Kelvin, A (min-1)—pre-exponential factor, and Ea—

activation energy (kJ mol-1) constants which describe the

properties of the material. The combination of these two

Eqs. (1) and (3) gives the fundamental expression (4) of

analytical methods to calculate kinetic parameters, on the

basis of the TG results:

da
dt

¼ A � f að Þ � e�
Ea
RT ð4Þ

The expression of the function f(a) = (1 - a) and its

derivative g(a) = -ln(1 - a) are used to describe solid-

state first-order reaction. The equation including reaction

order n takes the form:

da
dt

¼ A � 1 � að Þn�e�
Ea
RT ð5Þ

For non-isothermal TG experiments in which a sample is

heated at a constant rate (b ¼ dT

dt
—heating rate); Eq. (5) is

given by:

da
dT

¼ A

b
� f að Þ � e�

Ea
RT ð6aÞ

Eq. (6a) expresses the fraction of material conversion

during temperature change.

Integration of Eq. (6a) yields:

g að Þ ¼ A

b

Z T

0

e �Ea

RT dT ð6bÞ

If x is given by Ea/RT and integration limits transformed

Eq. (6b) becomes:

g að Þ ¼ AEa

bR

Z 1

0

e�x

x2
dx ¼ AEa

bR
p xð Þ ð7Þ

Integral p(x) must be approximated as it has no analytical

solution [23]. Different approximation formulas [24, 25]
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give various methods [26–29]. Friedman method [30] is

one of the earliest isoconversion methods. The method

starts with Eq. (6b):

b
da
dT

¼ A � e
�Ea
RT f að Þ ð8Þ

gives:

ln b
da
dT

� �
¼ ln Aaf að Þ½ � � Ea;a

RTa
ð9Þ

Hence, a plot of ln(bda/dT) versus 1/T at each a gives Ea

from the slope of the plot.

The Kissinger–Akahira–Sunose [26, 27] method is

based on the Coats–Redfern approximation of the p(x)

[24]:

p xð Þ ¼ e�x

x2
ð10Þ

and resulting equation is as follows:

ln
b
T2
a

� �
¼ ln

AaR

Eaag að Þ

� �
� Eaa

RTa
ð11Þ

The apparent activation energy can be obtained from a plot

of ln(b/Ta
2) versus 1/T for a given value of conversion a,

where the slope is equal to -Ea/R.

Flynn–Wall–Ozawa method is based on the Doyle’s

approximation of p(x) [25]:

log p xð Þ ¼ �2:315 � 0:4567x ð12Þ

which results in following equation:

ln b ¼ ln
0:0048Ea

Rg að Þ

� �
� 1:0516

Ea

RT
ð13Þ

The activation energy can be determined by measuring the

temperatures corresponding to fixed values of a from

experiments at different heating rates.

In this study, the combustion process of torrefied bio-

mass was investigated by thermogravimetry analysis, and

gaseous products were detected using MS.

This study aims to estimate:

(a) Combustion process of torrefied biomass using

thermal analysis (TG, DTG) for thermal behaviour

and mass spectrometry (MS) to detect gaseous

products,

(b) The activation energy (Ea) according to conversion

degree (a) using the Friedman, KAS and FWO

isoconversional methods under non-isothermal

conditions.

Authors believe that the experimental results presented

in this paper are important and novel with respect to other

papers [1–4] because it analyses combustion of torrefied

biomass and determines the activation energy of torrefied

biomass combustion process using three isoconversional

methods.

Materials and methods

The two kinds of wood biomass representing Polish wood

feedstock were studied. Both, B1 and B2 biomass samples,

were taken from two different sawmills. B1 chips were

crushed, milled and sieved (sieve size was 5 mm). The B1

wood biomass was much more heterogeneous (leaves,

stumps, barks and roots milled altogether) than B2, which

was obtained in powdery form of the size B1 mm, bright in

colour. The physical and chemical properties of biomass

were analysed (Table 1). Moisture content of studied bio-

mass was determined using the AXIS ATS precise mois-

ture analyser. The ash content was determined according to

EN 15403:2011 European Standard. In the case of sludge,

EN 15935:2012 was applied. The volatile matter was

determined by using EN 15402:2011 method. Elemental

Truespec CHN and SC-144DR Leco analysers were used to

determine the carbon, hydrogen, nitrogen and sulphur

contents. The higher heating value (HHV) of the studied

samples was calculated from the ultimate analyses by

means of the Friedl et al. [31, 32] equation.

The chemical composition and volatile matter, ash and

moisture of biomass samples as well as the higher heating

value are shown in Table 1.

The torrefaction of biomass was performed using of a

reactor presented in Fig. 1. The reactor made of a quartz

tube reactor, 500 mm of length and 40 mm of diameter,

and an electrical furnace with 30 mm of ceramic fibre

insulation. Two NiCr–NiAl (K) thermocouples were

installed in the reactor: one between the quartz tube surface

and an immersion heater and the second inside the tube

reactor, and collected with temperature controller. The

studied samples 2 g in mass in the ceramic rectangular

crucible were placed in the middle of a quartz tube reactor.

The electrical furnace was heated up to 230, 260 and

290 �C. Then, the samples were inserted to the heated

furnace and torrefied for the 1.0-h residence time;

2.5 L min-1 flow rate of argon was constant through the

reactor to keep the inert atmosphere inside. When the

process was over, the crucible was taken out from the tube

reactor and holds for 5 min on metal surface and then put

in a desiccator for cooling down to room temperature. The

torrefied samples were furthermore analysed to charac-

terise their physical and chemical properties.

The thermogravimetric analyses were conducted using a

Mettler Toledo TGA/SDTA 851 apparatus. The instrument

was calibrated using indium, zinc and aluminium. Its

accuracy was 10-6 g. For the thermal analyses (TG/DTG/

DTA), the samples were placed in alumina crucibles.
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Approximately 15 mg of sample was heated from ambient

temperature to 700 �C at a constant rate of 10 �C min-1 in

a 40 mL min-1 flow of air and argon. Each sample had to

be measured under exactly the same conditions, including

temperature range, atmosphere and heating rate, to deter-

mine the correct conditions. The TG curves for each of the

samples were obtained as the outputs for combustion. The

ordinate on the TG curves was the percentage ratio of the

instantaneous mass of the sample to the initial mass. DTG

curves are the result of mathematical transformation (dm/

dt = f(t), where m—mass of sample, t—time). DTG curves

have allowed to determine and compare the combustion

characteristics of raw and torrefied biomass samples. The

peak temperature (DTG) is the point where the rate of mass

loss is at its maximum.

The evolved gaseous products from decompositions

were identified online using a ThermoStar GSD300T

Balzers quadruple mass spectrometer (QMS). It was

operated in the electron impact mode (EI) using a chan-

neltron as a detector. Screening analyses were performed in

the selected-ion monitoring (SIM) mode. The following

ions, which are characteristic of the molecules of interest,

were monitored: 2, 15, 17, 18, 30, 44 and 64 for H2, CH4,

OH (NH3), H2O, NO (C2H6), CO2 and SO2, respectively.

The QMS spectrum of mass 17 can represent not only NH3,

but also OH-fragment of H2O fragmentation, and that of

mass 30 can represent both NO and C2H6. All these gas-

eous molecules are important from the point of view of air

pollution and energy value.

Results and discussion

The biomass composition is a fundamental information that

determines properties, quality and thermal application of

that type of fuel. That is why the detailed description of

ultimate and proximate analysis is presented. Both studied

biomass samples have similar chemical composition.

Generally, biomass has proximate analysis of 80 % volatile

matter and less than 20 % fixed carbon (moisture free and

ash free basis). Typically, raw biomass usually has high

moisture content resulting in a relatively low calorific value

of the fuel. It is well known that moisture content of bio-

mass affects its combustion properties; thus, less moisture

content accelerates the maximum combustion temperature

and decreases the necessary residence time of feedstock in

a combustion chamber, and in consequence results in

complete combustion and decreased emissions related to it.

Regarding two discussed biomass samples moisture and

volatile matter contents were at similar level. The ash,

because of its complex character, is one of the most

interesting characteristics of biomass, because it originates

simultaneously from inorganic, organic and fluid matter

during biomass combustion. In studied samples, ash

amount in B2 was two times less than in B1 resulting in

higher obtained FC. Carbon is the main component of

biomass in both samples. The concentration of oxygen is

up to 50.5 mass%. Nitrogen and sulphur exist in biomass;

therefore, a very less amount causing low emission of NOx,

and SOx pollutants during combustion process is expected

Table 1 Ultimate and proximate analyses of studied raw biomass samples (B1, B2), [33]

Sample M/mass% A/mass% VM/mass% FC/mass% C/mass% H/mass% N/mass% S/mass% Oa/mass% HHVbMJ kg-1

B1 5.30 5.20 80.00 9.5 39.0 5.44 0.10 0.02 44.94 15.70

B2 4.90 2.20 80.48 12.42 44.40 6.73 0.14 0.03 41.60 17.60

a Calculated by difference
b Calculated by Friedl equation [31]

TEMPERATURE
 CONTROLLER

   SYSTEM
IN-PUT

SAMPLE

ARGON

ELECTRICAL
FURNACE

QUARC
TUBE

OUT-PUT
TORREFIED

SAMPLE

TORGAS

GAS BAG

Fig. 1 Schematic diagram of biomass torrefaction unit [33]
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to appear. It is well known that the thermochemical prop-

erties of solid fuels are related with its elemental analysis,

by which HHV was evaluated.

Torrefaction of biomass samples resulted in higher HHV

and higher carbon contents. The HHV of torrefied B1

ranged from 17.8 to 24.4 MJ kg-1 and for torrefied B2

ranged from 20.8 to 26.2. Therefore, it can be said that a

significant increase in HHV after torrefaction process is

observed compared to raw samples. The high value of

HHV results from increased carbon content of torrefied B1

and B2 compared to raw biomass. C.a. 60 % increase in

carbon content for biomass B1 is observed at 290 �C
(Table 2). Hydrogen content in all torrefied samples usu-

ally decreased with temperature of the process. There is an

influence of torrefaction conditions observed on the nitro-

gen content of the samples. The values of nitrogen content

increase c.a. 29. Figure 2 presents the change in the H/

C and O/C ratios with the increase in the torrefaction

temperature. Decrease in H/C and O/C moves torrefied

biomass towards coal properties.

According to the mass loss and heating values of tor-

refied biomass, the energy yield of torrefaction products

can be calculated by Eq. (1):

gE ¼ gm � HHVtorrefied

HHVraw

� 100%; ð14Þ

where: gE—energy yield, gm—mass yield gm ¼ mtorrefied

mraw

� �
,

mtorrefied—mass of torrefied biomass, mraw—mass of raw

biomass, HHV—high heating value.

The energy yield indicates the amount of energy lost

during torrefaction. Results show that the torrefaction

temperature at fixed residence time (1 h) has significant

effects on the mass yield and energy yield (Table 2) of

torrefied biomass.

Figures 3 and 4 show the mass changes (%), TG curves

and derivative thermogravimetric (DTG) curves for studied

biomass (B1, B2) up to 700 �C with heating rate of

10 �C min-1 in air atmosphere. Combustion process of raw

biomass resulted in mass loss of 97.1 % for B1 and 98.8 %

for B2 at 700 �C. There is negligible mass loss in the case

of B1 and B2 up to 150 �C. In the range between 200 and

600 �C, a significant mass loss is seen. In the context of

different phenomena that can be observed, similar results

were obtained from TG analysis of other kind wood bio-

mass [7]. Wood biomass contains three main organic

components: hemicellulose, cellulose and lignin which are

in different proportions and decompose at different range

of temperatures [9]. The first mass loss is connected with

moisture release. For biomass (B1 and B2), maximum mass

loss is between 200 and 500 �C due to degradation of their

basic organic components such as hemicellulose, cellulose

and lignin. Mass loss occurs due to decomposition of

hemicellulose (190–320 �C), cellulose (280–400 �C) and

lignin (320–450 �C). The majority of hemicellulose mass

loss can be observed above 200 �C for wood biomass

samples. Hemicellulose produces less tars and char due to

its low degradation temperature range compared to that of

the cellulose. DTG curves for B1 and B2 characterise two

main peaks. For B2, the second peak is less comparing to

B1. The slight differences attribute to the concentration of

Table 2 Thermal and chemical properties of torrefied biomass (1-h residence time)

Sample Temp/�C C/mass% H/mass% N/mass% HHVa/MJ kg-1 gE/% gm/%

TB1 230 45.2 5.17 0.11 17.8 89 86

260 49.6 4.75 0.21 19.3 74 67

290 62.5 4.48 0.24 24.4 61 43

TB2 230 52.8 5.5 0.15 20.8 89 75

260 57.1 5.26 0.17 22.6 76 59

290 66.4 4.56 0.26 26.2 58 39

a Calculated by Friedl equation [31]
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Fig. 2 Changes in H/C and O/C as a function of torrefaction

temperature
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hemicellulose, cellulose and lignin in studied biomass

samples.

Figure 5 presents TG profiles for raw and torrefied

biomass B1 combustion process. The thermal conversion

of torrefied biomass takes place at higher temperatures. TG

curves are moved towards higher temperatures what cor-

respond to coal properties. The mass loss connected with

moisture release is not observed, thus confirming the

hydrophobic properties of torrefied wood. Torrefaction

process of biomass leads to water evaporation, and its

hemicellulose content reduces, yielding a gas consisting of

CO, CO2, H2O and organic compounds.

The most significant gaseous products from torrefied

biomass combustion process are NO, CH4, CO2 and H2O.

Mass spectrometry (MS) was used to monitor these gases.

Because the profiles of gas emissions for both studied

torrefied biomasses (B1 and B2) are very similar, only

results for B1 are presented in Figs. 6–9. Representing

temperatures for the maximum peaks of gas emission for

B1 and B2 are summarised in Table 3.
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Fig. 3 TG and DTG curves for studied raw biomass B1 at heating

rate 10 �C min-1 in air atmosphere
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Fig. 4 TG and DTG curves for studied raw biomass B2 at heating

rate 10 �C min-1 in air atmosphere
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Fig. 6 NO (m/z = 28) evolution profiles monitored using MS during

biomass torrefied biomass (B1) combustion
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Nitrogen oxide is one of the chemical compounds that

harms the environment. NO was released during combus-

tion process above 250 �C for all studied samples (Fig. 6).

The maximum emission was found in c.a. 310 �C for B1

and B2. Taking into account, the residence time of tor-

refaction process, NO emission takes place in the same

range of temperatures for such obtained biomass samples.

However, it can be observed that amount of NO depends on

temperature of torrefaction. NO emission significantly

decreases with the increasing torrefaction temperature. The

biomass combustion goes in not every high temperature

too. Similar tendency is observed for CH4. Only one peak

was observed for all samples (Fig. 7). The maximum peaks

of methane (m/z = 16) are observed between 250 and

400 �C for combustion of all studied torrefied biomass

samples. The NO and CH4 evolution profiles are similar,

and its emission is on the same range.

The formation of CO2 (m/z = 44) during torrefied bio-

mass combustion up to 700 �C has complex mechanism,

and it is related to the degradation of organic compounds

(Fig. 8). CO2 emission takes places in 250–500 �C range

temperatures with two maximum peaks, c.a. 316 and

425 �C, respectively. Below 400 �C, CO2 is released from

volatile matter, and as the temperature increases, the

polymerisation reaction of coking in solid phase takes

place, accompanied by the emission of low concentration

CO2. The maximum CO2 emission takes place c.a. 425 �C
and corresponds to carbon combustion. The H2O (m/

z = 18) is formed in the range 230–500 �C for all studied

cases (Fig. 9). The H2O profiles are similar. The main peak

(c.a. 310 �C) is related to the combustion of hydrogen

contained in cellulose and lignin. Above 400 �C, small

amount of H2O is produced (second peak).

TG and MS results taken together provide a compre-

hensive information about torrefied biomass combustion.

TG gives the information about thermal behaviour of fuel,

whereas at the same time, MS detects gaseous products of

studied process. Although MS allows to detect species, this

method does not give quantity information, only approxi-

mately one. It is worth to notice that torrefaction temper-

ature plays significant role in the formation of gaseous

products, and gas products are generated in two ranges of

temperature. H2O, CH4 and NO are produced in the

200–400 �C range, whereas maximum CO2 is produced in

the second range of temperatures, from 350 to 500 �C.

Figures 10 and 11 present the differential thermogravi-

metric (DTG) curves obtained from combustion processes

of torrefied biomass by different heating rate (b = 10, 20

and 40 �C min-1). Figures 10 and 11 show the DTG pro-

files with mass loss rate peaks for combustion process.

With the increasing of heating rate, the studied processes

end in higher temperatures. The influence of heating rate is

evidently observed on DTG curves, peaks are wider and the

rates of the decomposition are higher for both torrefied

biomass TB1 and TB2. The maximum mass loss rates

(DTG curves) occur in similar temperature ranges c.a.

310 �C. DTG curves can be divided for two regions, first

from 270 to 380 �C with one peak, and the second from

400 to 560 �C. The first peak reflects the decomposition of

Table 3 Temperatures (�C) of the maximum peaks obtained from MS during the combustion torrefied biomass (TB1, TB2)

TB1 TB2

230 �C 260 �C 290 �C 230 �C 260 �C 290 �C

NO 314 302 299 320 313 310

CH4 315 311 306 321 314 312

H2O 315 305 313 320 314 312

CO2 316, 447 311, 426 419 323, 418, 439 316, 425 316, 425
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Temperature/°C
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Fig. 7 CH4 (m/z = 16) evolution profiles monitored using MS during

torrefied biomass (B1) combustion
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cellulose and less amount of hemicellulose. The second

region is attributed to the decomposition of lignin.

The non-isothermal kinetic study of torrefied biomass

during the combustion was performed. Differential and

integral isoconversional methods, namely Friedman, KAS

and FWO, were used to determine activation energies Ea

and pre-exponential factors A for the zeroth-order con-

version at several conversion degrees (a) assuming one-

step kinetics. b = 10, 20, 40 K min-1 heating rates were

used to examine kinetics of combustion of torrefied bio-

mass. Methods used in analysis of measured data can be

applied only within certain ranges of Ea/RT as dictated by
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Fig. 8 CO2 (m/z = 44) evolution profiles monitored using MS during

biomass torrefied biomass (B1) combustion
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Fig. 9 H2O (m/z = 18) evolution profiles monitored using MS

during biomass torrefied biomass (B1) combustion
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Doyle’s approximation of exponential integral. The iso-

conversional methods are considered as a good approach

for the investigation of biomass combustion kinetics. As

the examples, Figs. 12 and 13 present dependence of

ln(bda/dT) and ln(b/T2) via 1/T for different conversion

degrees (a = 0.1–0.9) and correspond to the data from

combustion of torrefied biomass. Linear regression is used

to calculate the best fit for the line approximated by the

three points obtained from the measured data. The average

activation energies are obtained from the slope of the line

of appropriate conversion degree a. The pre-exponential

factors for zeroth-order conversion are obtained from the

lines’ intercepts. The averaged values of energies and

factors are summarized in Table 4. All methods used gave

similar values. Figures 14 and 15 present the activation

energies versus degree of conversion using Friedman,

FWO and KAS methods for raw B1 and torrefied biomass

TB1. The differences in Ea are less in the case of torrefied

biomass TB1 combustion.

The average activation energies for raw biomass ranged

from 152.6 to 162.3 and 214.6–232.2 kJ mol-1 for B1 and

B2, respectively, whereas for torrefied biomass, average

activation energies were from 105.2 to 111 and

182.8–189 kJ mol-1 for TB1 and TB2, which were sig-

nificantly lower than for the raw biomass. The present

kinetic data for raw and torrefied biomass show the dif-

ference in the activation energies between the raw and

torrefied biomass. The reduction of activation energy

emphasises the importance of torrefaction process. This is

the consequence of changes in structure and chemical

composition of biomass sample. Torrefied biomass char-

acterises coal properties.
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Fig. 12 Plots of fitting to kinetic model proposed by Friedman under

non-isothermal conditions for various conversion corresponding to

the combustion of torrefied B1 biomass
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Fig. 13 Plots of fitting to kinetic model proposed by Kissinger–

Akahira–Sunose under non-isothermal conditions for various conver-

sion corresponding to the combustion of torrefied B1 biomass

Table 4 Values of activation energy and pre-exponential factor for the zeroth order on version (averaged) calculated by Friedman, FWO, KAS

methods for combustion of raw and torrefied biomass

Friedman Kissinger–Akahira–Sunose Flynn–Wall–Ozawa

ln b da
dT

h i
¼ ln Aaf að Þ½ � � Ea;a

RTa
ln b

T2
a

� �
¼ ln AaR

Eaag að Þ

� �
� Eaa

RTa
lnb ¼ ln 0:0048Ea

Rg að Þ

h i
� 1:0516 Ea

RT

Ea/kJ mol-1 A/1/s Ea/kJ mol-1 A/1/s Ea/kJ mol-1 A/1/s

B1 152.6 9.4 9 1017 160.3 1.8 9 1013 162.3 1.9 9 1013

TB1 111.0 1.8 9 1013 105.2 7.6 9 109 110.4 1.4 9 1010

B2 232.2 9.9 9 1018 215.3 9.2 9 1017 214.6 6.2 9 1017

TB2 182.8 4.5 9 1016 187.8 1.6 9 1014 189.0 1.5 9 1014

Combustion process of torrefied wood biomass 1347

123



Conclusions

In this study, the gaseous products of torrefied biomass (B1

and B2) combustion have been investigated. The TG–MS

tests were done taking into account three different tor-

refaction temperatures at which torrefied biomass was

obtained under specific residence time. The most evident

impact of torrefaction on thermal properties of biomass

was observed in HHV values. Comparing the HHV for raw

and torrefied biomass, the significant increase was obtained

(from 15.70 to 24.4 MJ kg-1 for B1 and 17.60–26.20 for

B2, respectively). The gaseous fraction detected during

torrefied biomass combustion contains primary CO2, NO,

CH4 and H2O. The both studied torrefied biomasses (B1

and B2) released during combustion are similar in profiles

and shapes of CO2, CH4 and H2O. The main gaseous

products of torrefied biomass combustion process are CO2

and H2O (NO and CH4 emission are very low) what con-

firms the carbon and hydrogen are the only significant

compounds of torrefied biomass. The amount of gases

decreases with the increasing torrefaction temperature,

probably because of the gasses removal during torrefaction

process. The NO emission in both cases is insignificant due

to the low processing temperature and should be negligible.

The SO2 emission was not detected due to extremely low

content of sulphur in raw B1 and B2 biomass. Besides the

MS investigations, TA tests were conducted. It can be

concluded from the results of this work that torrefaction

process had significantly improved the thermal properties

of both wood biomass samples (B1 and B2). However,

more relevant results were obtained for homogeneous

material (B2). The effect of temperature was greater on

torrefaction than residence time in all studied samples.

The kinetic analyses demonstrated that torrefaction

process leads to the decrease in the activation energy of the

combustion process. The average activation energy chan-

ged from 152 (raw biomass) to 111 kJ mol-1 (torrefied

biomass) for Friedman methods. For raw biomass, addi-

tional energy from hemicellulose conversion is required.

The temperature range of hemicellulose decomposition is

190–320 �C. The majority of hemicellulose mass loss can

be observed above 200 �C for wood biomass samples,

being the torrefaction temperature. The novelty of this

study was applied the three non-isothermal isoconversional

methods: Friedman, KAS and FWO to obtain activation

energy values for combustion of raw and torrefied biomass.

Ea values obtained for combustion of torrefied biomass are

lower than corresponding raw biomass what confirmed

better fuel properties of torrefied material.
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