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Abstract:

Beech and spruce chips were torrefied in a batch rotating pilot kiln. For each torrefaction the
temperature curve of the moving chips bed was recorded. The anhydrous weight loss (AWL)
of each torrefaction was measured. Effect of torrefaction temperature and duration on the
AWL was studied. In order to optimise short time torrefaction, models that can estimate the
AWL from the chips temperature curve are required. Three phenomenological models were
successfully applied. They all gave good correlations between experimental and calculated
AWL. These three models can be employed to optimise industrial torrefaction. However, the
more complex they are, the more difficult it is to understand their physical meaning. It is thus
preferable to use simple model for the industrial control of torrefaction.
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l. Introduction

Biomass, in particular wood and forest residues, is the largest source of renewable material
and energy. Nowadays the use of wood as building material is promoted. Wood can store large
amounts of carbon and its processing induces less CO. emissions than other materials [1] and
[2]. Facing the decrease of fossil fuels resources, it becomes also crucial to enhance the use of
biomass as a source of energy. To use biomass as a source of energy, different ways are
considered such as direct combustion, co-firing in power plants, production of biomass based
motor fuels. For example, diesel can be made from biomass by Fischer-Tropsch synthesis.
Fischer-Tropsch synthesis requires a preliminary gasification. Gasification produces syngas
(H. and CO) by heating biomass particles at temperatures between 800°C and 1000°C. In
order to perform gasification at high yields, wood must be reduced to fine powder. However
wood has viscous-elastic and plastic behaviours. Grinding wood requires a lot of energy,
because a lot of energy is dissipated before failure [3] and [4].

Torrefaction is a heat treatment at low temperature, which may improve wood grindability
[5]. Contrary to natural wood, torrefied wood has a brittle behaviour and a decreased
mechanical strength. A lot of energy necessary for powdering wood may thus be saved [5].
Moreover torrefaction increases the carbon content of wood. Its energy content is
consequently enhanced [6] and [7]. Heat treatments decrease biomass moisture content and
hygroscopicity [8], [9] and [10]. The advantages provided by torrefaction may also be useful
for co-firing, or pellets manufacturing [11] and [12]. The torrefaction is energy-consuming,
and therefore the energy balance “torrefaction — grinding” is reduced. However, the energy
balance between energy gain made by grinding, the increase in the heat value of wood and
energy consumption for torrefaction seems favourable [11], [12] and [13].

* Auteur a qui la correspondance devait étre adressée : govin@emse.fr
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In a more detailed way, torrefaction is a heat treatment of ligno-cellulosic material carried out
at temperatures inferior to 300°C. Torrefaction can be carried out under different gaseous
atmospheres. Nitrogen or hot gases released during the thermal treatment are employed most
of time. It avoids exothermic reactions that are likely to occur in presence of oxygen. When
exothermic reactions take place, a fast and uncontrolled increase in temperature of the
material occurs. However, chemical reactions involved during torrefaction as well as final
properties of the material depend strongly on the temperature of the wood. To control the
torrefaction process, it is consequently necessary to monitor the temperature of the material,
and not only the temperature of the kiln that can be quite different. Kiln temperature is not
adequate to estimate the advancement of torrefaction. To monitor correctly material
temperature, a thermocouple has to be dived into the wood chips bed.

From the chemical point of view, wood is composed of three main structure constituents:
cellulose (35 to 40 weight %), hemicelluloses (20 to 30 weight %) and lignin (20 to 30 weight
%). It contains also 1 to 4 weight % of extractives compounds [14]. During torrefaction, slow
pyrolysis prevails: wood is thermally decomposed at a slow rate [15] and [16]. This
decomposition leads to an anhydrous weight loss (AWL) of the wood. AWL is representative
for physical-chemical transformations of wood. AWL matches to the advancement of the
torrefaction reaction. At temperatures below 300°C, the main products of wood
decomposition are water, carbon dioxide, carbon monoxide, formic acid, acetic acid and
furfural. Many studies have shown that these products correspond mainly to hemicelluloses
decomposition. Nevertheless, lignin and cellulose undergo also some decomposition, in
particular when the temperature goes over 250°C [17], [18] and [19].

Properties of torrefied biomass depend on the AWL. Hence, controlling the torrefaction
process means to control precisely the AWL of the material. It requires a model to estimate
the AWL from the temperature record of the material. The purpose of this study is to examine
different models that can be used as tools to predict the AWL. A large number of torrefactions
were carried out. AWLSs of each torrefaction were measured. The temperature of wood chips
was recorded during torrefaction runs. According to these temperature records, different
models were employed to predict the AWL. Parameters of each model were fitted, and the
relevance of these models was examined.

I1. Materials and Methods
I1.1. Torrefaction kiln

A pilot kiln designed at the Ecole des Mines de Saint Etienne was used to carry out
torrefactions. It was an airtight rotating batch kiln with a volume of 30 litres. The kiln
consisted of a cylindrical chamber made of stainless steel. When wood chips were introduced
into the kiln, the chamber was closed to become airtight with outside. It rotated on itself in
order to homogenize the wood charge. The whole (chamber and wood) was heated by
electrical resistors located just below the rotating cage and regulated by a controller.
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Figure 1: Typical curves of the temperatures recorded during a torrefaction run.
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Torrefactions were carried out under nitrogen flow (6 L/min). The temperature of the kiln
was measured on the outer surface of the metal chamber of the reactor and used for control.
The temperature of the material was measured in the moving bed of wood chips by the way of
a thermocouple. Wood chips had to have a volume at least of 6 litres, to ensure a correct
surrounding of the thermocouple. Figure 1 presents typical curves of the temperatures
recorded during a torrefaction run.

II.2. Samples

Forty three torrefactions were carried out on wood chips. Two kinds of wood species were
used: spruce and beech. These species were chosen as typical European softwood and
hardwood. The samples had been equilibrated at ambient temperature and humidity at least
for 3 months. Table 1 summarizes the properties of the wood chip: wood density, chips bulk
density, average particle sizes, moisture content and mass employed for one torrefaction.
Owing to wood density and chips sizes, bulk density of beech chips was much higher than
bulk density of spruce chips. Consequently, to ensure that the volume of chips was large
enough to surround correctly the thermocouple, the mass of beech chips had to be 1.5 times
higher than the mass of spruce chips.

Table 1: Properties of the wood chips.

Wood  Specific Chipsbulk  Average particles sizes (mm) Moisture  Mass of

Species  gravity density ) ) content  one batch
(kg/m3) (kg/m3) thickness width length (%) (kg)
Spruce 450 155 2to5 5to 20 15to 50 11,7 1
Beech 680 285 1to2 10to 15 15 to 30 11,8 1,5

I1.3. Torrefaction parameters

For given chips size, species and gaseous atmosphere, the AWL depends only on two
parameters: torrefaction temperature and duration. [Table 2] and [Table 3] present the
parameters of the forty three torrefactions carried out for this study. The nomenclature of
each torrefaction is composed of three parts. The first part is the wood chips specie: S for
spruce and B for beech. The second one is torrefaction temperature, and the third one is
torrefaction duration. For example, a run labelled B-240-20, is a torrefaction of beech wood
chips carried out at 240°C during 20 min.

Table 2: Torrefaction of spruce chips: nomenclature and parameters.

Name Torrefaction Torrefaction Number of runs
temperature (°C) duration (min)
S-160-5 160 5 2
S-200-5 200 5 2
S-220-5 220 5 2
S-240-5 240 5 2
S-260-5 260 5 2
S-280-5 280 5 3
S-300-5 300 5 3

Once torrefaction temperature and duration were chosen, the kiln temperature was
programmed. At first, it was increased at a rate of 5°C/min until the torrefaction temperature.
Then it was kept at torrefaction temperature until the temperature of wood chips reached
torrefaction temperature. Then, kiln and chips temperatures were kept constant for the
torrefaction duration. Once this duration was completed, the kiln was cooled by removing its
thermal insulation.

As can be seen on Figure 1, there is a large difference between the temperature of the outside
of the envelope from the kiln (temperature used for control purpose) and the temperature of
the charge. Torrefaction parameters as defined previously are consequently a rough
estimation of the temperature curve of chips. Hence, torrefaction parameters do not allow a
precise prediction of the AWL. Any model for predicting the AWL must rely on the

3


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V22-4Y9C16M-1&_user=7754539&_coverDate=05%2F31%2F2010&_alid=1312736665&_rdoc=1&_fmt=high&_orig=search&_cdi=5690&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=aab1ed0814c670b2c13a51c2e33d2b20#tbl2#tbl2
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V22-4Y9C16M-1&_user=7754539&_coverDate=05%2F31%2F2010&_alid=1312736665&_rdoc=1&_fmt=high&_orig=search&_cdi=5690&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=aab1ed0814c670b2c13a51c2e33d2b20#tbl3#tbl3

Biomass & Bioenergy, 2010, 34(5), 602-609, doi : 10.1016/j.biombioe.2010.01.002
temperature curve of wood chips. In this work, three different models were applied to the
chips temperature curves.

Table 3: Torrefaction of beech chips: nomenclature and parameters.

Name Torrefaction Torrefaction Number of
temperature (°C) duration (min) runs
B-180-5 180 5 2
B-200-5 200 5 2
B-220-5 220 5 2
B-240-5 240 5 2
B-260-5 260 5 2
B-280-5 280 5 2
B-220-20 220 20 2
B-240-20 240 20 2
B-260-20 260 20 2
B-220-40 220 40 2
B-240-40 240 40 2
B-260-40 260 60 2
B-220-60 220 60 1
B-240-60 240 60 1
B-260-60 260 60 1

II.4. Anhydrous weight loss measurement

The moisture content (MC) of the natural chips was first measured before each torrefaction.
Few grams were taken and weighed (m;). Then it was oven dried at 103 C for 24 h, cooled in
desiccators and weighed again in its anhydrous state (m,). The MC in percent was calculated
as follow:

(m; —m,)x100

m,

MC = ®

The mass of the batch of natural wood (mna.) was weighted. The mass of anhydrous natural
wood (Mmnato%) Was then calculated in function of the MC:

100xm_,

nat0% = m (2)

m

The mass of anhydrous torrefied wood (Mmierox) was weighted directly after torrefaction.
Finally, the AWL was estimated as follow:

m

AWL = M09, ~ Moy, %100 (3)
mnatO%

I1.5. Thermal analysis measurements

Thermo gravimetric analyses (TGA) were carried out on beech wood. Isotherms were done at
220°C, 240°C and 260°C. The samples were made of 10 mg of beech wood powder. They were
obtained by grinding and sieving beech wood between 150 and 212 um. Before experiment,
the samples were stored at room temperature in ambient humidity. The device was a thermo-
balance Netsch TG 209. The temperature program began by a ramp from 30°C to 150°C at
30°C/min. It was followed by an isotherm at 150°C for 20 min to dry the sample until its
anhydrous state. Mass reference was set to zero at this point. A ramp was carried out at
99°C/min from 150°C to the isotherm temperature: 220°C, 240°C or 260°C. The isotherm
temperature duration was 80 min. This procedure allowed calculating the anhydrous weight
loss of the samples in function of time. The results were compared to the AWL obtained by
torrefaction of beech wood.
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I11. Experimental results and discussion

II1.1. Temperature curves and thermal transfer

A large difference was measured between kiln temperature curve and wood chips temperature
curve (Figure 1). Temperature difference can be explained by several effects: the oven design
(heat transfer area, thermal inertia, nitrogen flow ...), charge properties (species, moisture
content, mass, chips sizes) or thermocouple position. For the same reasons, torrefaction
reproducibility can be difficult and each experiment was carried out twice ([Table 2] and
[Table 3]). Consistently, torrefaction temperatures were reached faster for spruce than for
beech. For S-260-5 and B-260-5, it took in 85 minutes for spruce and 105 minutes for beech
to reach torrefaction temperature. This difference can be mainly attributed to the mass of
chips and then quantity of water to be evaporated, which is 1.5 times higher for beech.
Therefore, more energy is needed to evaporate the water content of beech. This takes longer.
Therefore, the wood itself reaches the desired temperature later. Particle size and species may
also play a role. Hence, chips temperature curve depends on the properties of the chips
feedstock (specie, particle sizes and mass). Though, the chips temperature curve will
determine the AWL. Beech and spruce charges do not have the same mass and particle sizes.
Thus, AWLs of spruce and beech are not comparable.

A second level of thermal transfer limitation may happen within a chip. Typical characteristics
times of wood chips were calculated. They represent the time taken for the centre of a wood
chip to reach a temperature imposed at the surface of this chip. At 200°C these characteristic
times were found equal to 8 seconds for beech and 11 seconds for spruce. This is in agreement
with the thermal conductivities of beech and spruce which are around 0.16 and 0.11 W/mK,
respectively [20]. These characteristics times were short regarding treatment duration and
rate of temperature increase. Thus, thermal transfer within wood chips was neglected in this
study.

II1.2. Anhydrous weight loss

Figure 2 presents the AWL of spruce and beech in function of the torrefaction temperature,
for treatment durations of 5 minutes. Large scattering between AWL values is visible, for
example on S-280-5. It confirms the difficulty to carry out reproducible torrefaction on the
ground of torrefaction parameters. From 160°C to 300°C, the AWL of spruce varies from 0%
to 30%. Heat treatment of spruce at 160°C did not lead to any AWL. The AWL increased to 1%
for spruce at 220°C. From 180°C to 280°C, the AWL of beech varies also from 0% to 30%. It
was inferior to 0.5% for B-180-5 and B-200-5. It increased to 5% at 220°C. For the same
torrefaction temperature, AWL of beech wood is superior to the AWL of spruce.
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Figure 2: AWL obtained in function of the temperature of torrefaction of beech and spruce wood
chips. Samples are kept 5 minutes at torrefaction temperature.

This may be due to heat transfer and to chemical composition of the two species. As discussed
previously heat transfer between the reactor envelope and the wood chips is longer for beech
than for spruce. In other words, beech is exposed to high temperature for a longer time than
spruce. In the temperature range of torrefaction, thermal decomposition has an effect mainly
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on hemicelluloses. Among hemicelluloses, xylans thermal decomposition occurs at lower
temperature than other hemicelluloses decomposition [16], [17] and [18]. Beech contains 27.5
% of xylans, whereas spruce contains only 8.6% of xylans [21]. The AWL is expected to be
higher for beech than for spruce, as observed experimentally.

Figure 3 presents the AWL of beech wood as a function of torrefaction duration, at 220°C,
240°C and 260°C. The AWL curves can be separated in two stages. The first one corresponds
to a rapid increase in AWL and the second one matches with a slow increase. For example,
during the first step at 260°C, the AWL increases quickly during 20 minutes up to 22.7% (B-
260-20), while during the second step, it only increases to 25.6% (B-260-60) in 40 additional
minutes. The first step duration last longer when temperature decreases. Despite the different
analytical conditions, similar results were obtained by TGA (Figure 4). The advantage of the
TGA is its ability to continuously monitor the mass evolution of wood. On the isotherms at
220°C, 240°C and 260°C, the AWL increases rapidly at first. It increases slowly in a second
step. Thus, the major part of the AWL occurs in the first stage, at the beginning of
torrefaction. As visible on Figure 3, this first stage is completed within 20 minutes. Over
20 minutes, the AWL increases very slowly. For duration superior to 20 minutes, the AWL
depends almost only on torrefaction temperature. However, short time treatments are the
most interesting from the industrial and economical point of view. For torrefaction of
durations inferior to 20 minutes, the entire temperature curve of the charge must be taken
into account. For example, torrefaction B-260-5 involved a temperature ramp between 200°C
and 260°C. This temperature ramp has a significant influence on the AWL. A model is thus
necessary to evaluate the AWL from the temperature curve of the charge. Such a model would
allow an accurate control of the torrefaction process.
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Figure 3: AWL in function of the duration of torrefaction of beech wood chips.
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Figure 4: Isothermal thermo-gravimetric analysis of beech wood powder
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IV. Modelling torrefaction

Wood thermal degradation is a set of reactions that involves many different chemical
compounds. Wood constituents are complex, and there are numerous torrefaction
products [17] and [22]. Torrefaction models are approximations of the real phenomena
and are necessarily simplified. However, such models are required as tools for
controlling torrefaction process. Since transfer phenomena can be neglected, it is
supposed that torrefaction is Kkinetically controlled. Three kinetic models are
examined, here after referred to as “simple”, “Di Blasi — Lanzetta” and “Rousset”
models. In these models, kinetics of all reactions is assumed to follow an Arrhenius
law with two parameters: activation energy and kinetic constant. For the three
models, these parameters were adjusted in order to fit, the calculated AWL, to our
experimental AWL, using the least square method (Figure 5). The parameters used for
the fitting was: Iterations: 104, Precision: 10-%, Convergence: 10-°.
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Figure 5: Correlation between experimental AWL and calculated AWL obtained with simple model,
for spruce and beech.

IV.1. Simple model

The simple model is a one equation global model of wood decomposition, which seems to be
relevant at low temperatures [23].

Wood — Char + Volatiles (komi, Eami) 1)

This simple model has only two parameters (kom: and Eam:). Wood, char and volatiles are not
well defined chemical compounds. Nevertheless, they are used as ‘pseudo’ chemical
compounds in Equation (4). On the one hand, the ‘pseudo’ molar mass of volatiles (MV) and
char (MC) are not known. On the other hand, the experimental yields in volatiles and chars
must be taken into account. For this purpose, an additional parameter, f, must be introduced
in the model and optimised. f is defined as the ratio of pseudo molar mass of volatiles on
pseudo molar mass of char (Equation (5)).
MV

f:M_C (5)

Thermal decomposition of wood at low temperature involves reactions such as
decarboxylation, decomposition of O-methyl groups, and hydrolysis of O-acetyl groups [16].
As volatiles are of low molecular weight, and char molecules are polymer chains of high
molecular weight, f is expected to be lower than one. Activation energy of spruce mentioned in
literature is 92.0 kJ mol-* [24]. This value was determined, by the authors, assuming a first
order reaction. Since this value had been determined accurately with dynamic TGA
measurements by Gronli et al. [25], we preferred not to adjust the activation energy. It is
supposed that the composition of the ligno-cellulosic material of beech is close to the one of
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spruce. This assumption implies that the thermal decomposition of these two species is
almost similar. That is why we employed the same value of the activation energy for the two
species. The initial value of kom; was 1.58 x 106 s~ [25]. f was set at 0.1. Then, adjustment of
the values of kom: and f was performed. A good correlation was obtained between the
calculated and the experimental AWL (Figure 5). Table 4 shows the slopes and the coefficients
of correlations of linear regressions. After adjustment, f was equal to 0.71 for spruce and 0.47
for beech. These values of f are indeed lower than one although an interpretation of theses
values is difficult. The kinetic constants (komi) were 1.02 x 105s* and 2.88 x 105s7!
respectively for spruce and beech. This is in good agreement with the known fact that
hardwoods (beech) have a higher reactivity than softwoods (spruce). Variations of wood, char
and volatiles mass for torrefaction B-260-5 are presented on Figure 6 This model does not
take into account the numerous reactions involved in heat treatment at low temperature [22].
However, it provides a good estimation of the AWL.

Table 4: Results of the three models.

Species Linear Simple Di Blazi- Rousset
regression Lanzetta
Spruce Slope 0.997 0.996 0.998
R2 0.993 0.987 0.963
Beech Slope 0.990 0.993 0.990
R2 0.961 0.986 0.970
B-260-5
1600
Wood
1200 - Volatiles
© — Char
@ 800 -
©
=
400 - ﬁ
0 T T T
0 50 100 150 200
Time (min)

Figure 6: Evolution of wood, char and volatiles according to the simple model.

IV.2. Di Blazi—Lanzetta model
The second model (Equation (6)) was proposed by Di Blazi and Lanzetta [26]
{Wood — Intermediate compound (K,,,E,,)

Wood — Volatiles 1 (ky,,,E,,,)

(6)
{Intermediate compound — Char (K,,E,,)

Intermediate compound — Volatiles 2 (k,,,,E,y,)

This model was originally developed to describe the thermal decomposition of xylan. In the
temperature range of torrefaction, the hemicelluloses are the most degraded constituents of
wood. Xylan is the most thermally degraded hemicellulose. Its thermal decomposition occurs
in the temperature range of torrefaction. When applied to biomass, this model gave good
results for thermal decomposition of straw [27] and willow [28]. This model assumes that in a
first step, wood decomposes in volatiles and intermediate compound. In a second step, the
intermediate compound decomposes in volatiles and char. The four reactions of this model
are considered independent one from each other. The model requires 8 independents
parameters (Table 5). These parameters were accurately determined in isothermal conditions
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with a thermobalance by Prins et al. [28] for willow. As for the simple model, activation
energy values were set as found by Prins et al. Thus 4 parameters were adjusted: Ko:, Kovi, Koo,
and kov.. Their values are presented on Table 5, and variations of wood, char, intermediate
product and volatiles mass are presented on Figure 7 for torrefaction B-260-5. A good
correlation with experimental AWL was obtained (Table 4). For beech, the correlation is
slightly better than with the simple model. The good agreement between experimental and
calculated AWL could be due to the taking into account of the intermediate compound. The
existence of this intermediate compound relies on accurate experimental observation [26]. It
could match to the remaining polymer chains, after reactions such as decarboxylation or
decomposition of O-methyl groups. In this model, char is produced from the intermediate
product at high temperatures. This is experimentally realistic. As torrefaction temperature
increases, the carbon content increases, and wood look more and more like char. For B-280-
5, the model gives a char content of 7 % in weight of the torrefied wood. Nevertheless, physical
interpretation of this model is somewhat difficult. In particular, the direct and independent
transformation of wood into volatiles and intermediate product is difficult to justify. For
example, hydrolysis of O-acetyl groups of xylan (main hemicellulose of hardwood) produces
acetic acid and a remaining polymer chain. These two products are not formed independently.
The same remark applies to the transformation of the intermediate product into volatiles and
char.

Table 5: Kinetic parameters of Di Blasi—Lanzetta model.

Parameter Spruce Beech
ko1 (s71) 2.47 104 2.48 104
Ea: (kJmol?) 76.0 76.0
Kova (s7) 1.95 107 3.94 107
Eav: (kJmol) 11.4 11.4
koo (s72) 1.10 101 1.10 10
Ea- (kJmol1) 151.7 151.7
Kova (s1) 4.10 10° 4.12 10°
Eavs (kJmol?) 11.4 11.4
B-260-5
Wood
1600 Volatiles
Intermediate
1200 - — Char

0 T 1 1
0 50 100 150 200

Time (min)

Figure 7: Evolution of wood, volatiles, intermediate compound and char according to the Di blazi-
Lanzetta model.

IV.3. Rousset model

The third model (Equation (7)) was developed by Rousset et al. after an extensive literature
review [24]. It assumes that wood thermal decomposition is a superposition of the thermal
decomposition of its main constituents (lignin, cellulose, and hemicelluloses) in proportion to
their content in wood. Lignin decomposes into char and volatiles in a simple decomposition
path. Cellulose decomposes independently in tar and in char plus volatiles, according to the
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Broido-Shafizadeh model. Hemicelluloses decompose according to the Di Blasi-Lanzetta
model, with creation of an intermediate product (B).

As well as with the simple model, it was necessary to define ratios of molar mass of volatiles to
molar mass of char, both for lignin (f;) and cellulose (fcc) decomposition. The initial values of
the kinetic constants and the activation energy were chosen according to Rousset et al. [24]
As for the previous models, activation energies were kept constant, and only the values of
kinetic constants were adjusted (kovc, fi, Kocr, Kocc, foc, Koms, Komvs, Koc, Kosvs). Direct
adjustment of these nine parameters gave non physical values: slightly negative values of fi,
and kopv, indicated that these reactions may not be occurring. fcc reached 35, to be compared
with a value of 3.6 used by Rousset.

Lignins — Char + Volatiles 1 (koLc, Eacc, i)

Cellulose — Tar (Kycr,Eact)
Cellulose — Char + Volatiles 2 (Kycc, Epces fec)

Hemicelluloses — B (Kyug» Epns)

: : (7)
Hemicelluloses — Volatiles 3 (K, 3> Eanys)

B — Char (Kysc,Easc)

B — Volatiles 4 (Kyzy4»>Epsys)

In a second approach, volatiles products of lignin decomposition and decomposition of B into
volatiles were neglected (fi. and kogv, set to 0). B decomposes only into char. fcc was set at the
value proposed by Rousset: 3.6. With these assumptions, the modified Rousset model can be
rewritten as follow (Equation (8)):

Lignins — Char (kovc, EaLc)

Cellulose — Tar (K,er, Excr)
Cellulose — Char + Volatiles 2 (Kycc, Exccs fec)

Hemicelluloses — B (K55 Eang) (8)
Hemicelluloses — Volatiles 3 (K, 35> Eanys)
B — Char (Kysc,Easc)

Based on these new hypotheses a new adjustment was carried out on the 6 remaining
parameters. A good correlation between experimental and calculated AWL was found (Table
4). Evolution of wood, char, volatiles and intermediate compounds are presented on Figure 8.
The corresponding values of the parameters are presented on Table 6. Adjustment influenced
mainly hemicelluloses parameters. It is well known that in the temperature range of
torrefaction, hemicelluloses decompose more than lignin or cellulose [18]. The Rousset model
takes well into account this experimental observation. As visible on Figure 9, the Rousset
model predicts that lignin and cellulose hardly react. On the contrary, half of the amount of
hemicelluloses is decomposed, causing the overall AWL of wood.

However, the adjusted values of kous and kosc are much higher for spruce than for beech
(Table 6), which would indicate that spruce reacts more than beech. This result is in
contradiction with experimental observation: beech has a higher reactivity than spruce.
Moreover, the hypotheses made on fi, kopvs and fcc, question the chosen mechanisms of
constituents decomposition and the hypothesis of superposition. Thermal decomposition of
isolated wood constituents is indeed different from their thermal decomposition in native
wood [29] and [30]. The presence of minerals may also catalyse wood constituents
degradation in an unpredictable ways [31].

Wood constituents decomposition occurs generally in three steps; visible by differential
thermal analysis [32] and [33]. However, these three steps do not match to isolated lignin,
hemicelluloses and cellulose decompositions. Grioui et al., Orfao et al., introduced ‘pseudo’
component of wood, each pseudo component corresponding to a step of thermal
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decomposition of wood. These authors calculated kinetics constants of the three pseudo
components [32] and [33]. Their model of wood decomposition is a superposition of the three
pseudo components decomposition. They obtained a good correlation between their
calculated and experimental values of AWL obtained in TGA. However, our set of data was
not sufficient to apply this model.

B-260-5
Wood
1600 Volatiles
Intermediate
1200 1 — Char
G
2 800 -
©
=
400 -
0 T T T
0 50 100 150 200
Time (min)

Figure 8: Evolution of wood, volatiles, intermediate compound and char according to the Rousset
model.

Table 6: Kinetic parameters of Rousset's model.

Parameter Rousset’s Spruce Beech
parameters
korc (s) 2.77 107 2.77 107 2.77 107
Earc (kJmol) 124.3 124.3 124.3
fL 0.1 0] o)
kocr (s71) 2.51 109 2.51109 2.51109
Eacr (kJmol™) 179.0 179.0 179.0
Kocc (s1) 6.66 10 6.66 105 6.66 105
Eacc (kJmol) 217.5 217.5 217.5
fec 3.6 3.6 3.6
Kons (s) 1.74 104 1.39 103 3.18 102
Eang (kJmol?) 66.1 66.1 66.1
Konvs (s) 3.3110° 3.8 105 3.69 105
Eanvs (kJmol?) 91.4 91.4 91.4
kopc (s) 3.43 102 1.05 104 4.09 102
Easc (kJmol) 56.3 56.3 56.3
Koy, (s) 5.87 10! o) 0
Eagv, (kJmol?) 52.6 52.6 52.6

For all three models examined in this work, it was possible to find a set of kinetic parameters
that led to a good agreement between modelled and experimental AWL. Nevertheless these
models predict quite different reactivity for beech and spruce. For the simple model and the
Di Blazy-Lanzetta model, beech has a higher reactivity than spruce. According to the Rousset
model, spruce has a higher reactivity than beech. These differences might allow
discriminating between these three models.
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Figure 9: Evolution of hemicelluloses, lignin and cellulose for B-260-5 according to the Rousset
model.

V. Conclusion

In this study, forty three torrefactions were carried out. Beech and spruce chips were treated
in a batch rotating pilot kiln. For each torrefaction the temperature curve of the moving chips
bed was recorded. The AWL of torrefaction was measured. Effect of torrefaction temperature
and duration on the AWL was studied. AWLSs between 0% and 30% were obtained, depending
on the parameters. The results showed that the AWL occurred at the beginning of torrefaction
(within 20 minutes). In order to optimise short time torrefaction, models that can estimate
the AWL from the chips temperature curve are required. As thermal decomposition of wood
involves many reactions, these models are global. They are more phenomenological models
than kinetic models. Three models were successfully applied. They all gave good correlations
between experimental and calculated AWL. These three models can be employed to optimise
industrial torrefaction. However, the more complex they are, the more difficult it is to
understand their physical meaning. It is thus preferable to use simple model for the design of
industrial torrefaction kilns.
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