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ABSTRACT. The combustion of four torrefied wood samples and their feedstocks (birch and
spruce) was studied at slow heating programs, under well-defined conditions by thermogravimetry
(TGA). Particularly low sample masses were employed to avoid the self-heating of the samples due
to the huge reaction heat of the combustion. Linear, modulated and constant-reaction rate (CRR)

temperature programs were employed in the TGA experiments in gas flows of 5 and 20% O». In
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this way the kinetics was based on a wide range of experimental conditions. The ratio of the
highest and lowest peak maxima was around 50 in the experiments used for the kinetic evaluation.
A recent kinetic model of Varhegyi et al. [Energy & Fuels 2012, 26, 1323-1335] was employed
with modifications. This model consists of two devolatilization reactions and a successive char
burn-off reaction. The cellulose decomposition in the presence of oxygen has a self-accelerating
(autocatalytic) kinetics. The decomposition of the non-cellulosic parts of the biomass was described
by a distributed activation model. The char burn-off was approximated by power-law (n-order)
kinetics. Each of these reactions has its own dependence on the oxygen concentration that was
expressed by power-law kinetics, too. The complexity of the applied model reflects the complexity
of the studied materials. The model contained 15 unknown parameters for a given biomass. Part of
these parameters could be assumed common for the six samples without a substantial worsening of
the fit quality. This approach increased the average experimental information for an unknown

parameter by a factor of 2 and revealed the similarities in the behavior of the different samples.

1. INTRODUCTION

Biomass has been widely recognized as a vital renewable energy source to meet current as well as
future energy demands of the world. The extended use of biomass will help to reduce the
greenhouse gas emissions and also extends the lifetime of fossil fuel resources. In order to promote
biomass usage, various countries have or are trying to establish promising bio-energy policies. The
Scandinavian countries take particular efforts in this direction. Sweden for example has set up a
goal that 40% of its primary energy supply should come from biomass by 2020.! Similarly,
Norway formulated a goal of 30% reduction in greenhouse gas emissions before 2020 and certainly,
extended biomass usage will help achieve this target.”

However, the widespread use of biomass is faced with many challenges linked to the general
properties of biomass such as high moisture content, poor grindability, low calorific value and low

bulk density. Torrefaction is one of the potential solutions to these problems and it has gained a lot



of research momentum as a biomass pre-treatment process in the last two decades.* It is
essentially a mild pyrolysis process carried out at a temperature between 200 and 300°C in inert
atmosphere. During torrefaction the fuel retains most of its energy content. Torrefaction affects
mostly the hemicellulose fraction of biomass, but as the process temperature is increased, other
biomass components such as cellulose, lignin and extractives are also decomposed. Torrefaction
improves the properties of the biomass fuels; among others it reduces the moisture content;
increases the energy density and the heating value; changes the hygroscopic behavior of the raw
biomass into a hydrophobic behavior, and enhances grindability.>-

Several torrefaction studies are available in the literature. Most of these studies have focused on
characterizing torrefied products, evaluating product yields and product properties such as
grindability, particle size distribution, and hydrophobicity from various biomass materials such as
woods, agricultural residues and energy crops.>> However, as the eventual use of biomass fuel is
utilization in thermo-chemical processes such as combustion, gasification and pyrolysis, the actual
test of torrefaction is how it affects the behavior of biomass in these processes. So far, only a few
studies have attempted to analyze the reactivity of torrefied products in these processes and only
limited information is available in this field.>'* For combustion, being the main process option for
the use of biomass, the understanding of the behavior of torrefied biomass under oxidative
conditions should be a priority. The present work aims at studying the combustion process under
kinetic control and providing a background for future kinetic sub-models. As thermogravimetric
analysis (TGA) is a proven method to collect basic information on the partial processes and reaction
kinetics of the thermal degradation of biomass materials, it was chosen for this study. With its high
precision and well-controlled experimental conditions, TGA 1is a useful tool for studying
devolatilization and combustion in the kinetic regime.!>'® However, TGA can be employed only at
relatively low heating rates as the true temperature of the samples becomes unknown at high
heating rates. Accordingly the results of the TGA studies cannot be utilized directly in the modeling

of industrial combustors; they serve as basic research to direct further development in the field.
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Among the previous studies, Bridgeman et al.!®, Arias et al.'*, Jones et al.'° and Brostrom et a

have utilized TGA to evaluate the combustion reactivity of torrefied samples. No kinetic analysis

1.14

was performed by Bridgeman et al."* Arias et al.'* divided the TGA experiments into a low and a

high temperature stage (below and above ca. 400°C, respectively) and described both stages by first

order kinetics. Jones et al.'”

performed TGA experiments on chars that were prepared from
torrefied biomass samples, and applied a first order reaction model to deduce kinetic parameters for
the char reactivity under oxidative conditions. They observed that the chars from the torrefied
samples had lower reactivity than the chars produced from raw samples, but they had higher

reactivity than the chars produced from coal. In a later study, Brostrom et al.!?

provided a detailed
kinetic model for the devolatilization and oxidative kinetics of torrefied Norwegian spruce wood.
For the devolatilization, measured curves were predicted by three parallel reaction mechanisms
corresponding approximately to the three main wood components: hemicellulose, cellulose and
lignin. In the presence of oxygen, two additional reactions for the char devolatilization and
combustion were included.

The present work continues the efforts of Brostrdm et al.'? to establish a detailed model for the
oxidation kinetics with the following extensions:

(i) Brostrom et al.!

used TGA experiments with heating rates 2.5, 5 and 10°C/min at one oxygen
concentration on samples prepared from one feedstock (spruce). The TGA experiments of the
present work cover a wider set of experimental conditions, as it will be outlined in Section 2.2, and
the study is based on two feedstocks: a deciduous and an evergreen species (birch and spruce). The
presented kinetic model is based on the least squares evaluation of 36 experiments.

(ii) Brostrom et al.'” employed a kinetic model built from n-order independent parallel reactions.
In the present work a more complex model is used'” which tries to reflect better the real complexity
of the biomass combustion. The model itself is outlined in Sections 3.2 and 3.3, below. We believe

that the fast development of both software and hardware will make it possible to employ the more

complex models, too, in practical calculations.



2. SAMPLES AND METHODS

2.1 Sample Characterization and Preparation. The samples were composed of two wood
types; birch and spruce, which are commonly available in Norway. Sample particle sizes of 10 mm
cubes from both feedstocks were torrefied in a batch reactor (macro-TGA). The details of the
torrefaction process were presented in a recent work.> The samples were heated at a heating rate of
5° C/min up to either 225 or 275 °C. Samples with a 60 min holdup time at the torrefaction
temperature were used in this kinetic study. Fine grinding of the torrefied samples was performed in
a cutting mill equipped with 1 mm bottom sieve. The powder samples were afterwards sieved with
a series of sieves of mesh sizes 1 mm, 500 pm, 180 um, 125 pm and 63 pum in a vibrating sieving
machine. The particles belonging to the size 63 — 125 pm were used for the kinetic study. In all, 6
samples were prepared for this study, 4 torrefied samples and the 2 raw fuels. The torrefaction
conditions under which the samples were generated, along with the naming convention for these,

are presented in Table 1. Table 2 shows the ultimate and proximate analysis of the samples.

Table 1: The samples used for the kinetic modeling

Name Sample  Torrefaction
temperature [°C]

B -- Birch none
B225 Birch 225
B275 Birch 275
S -- Spruce none
S225 Spruce 225
S275 Spruce 275




Table 2: Proximate and ultimate analysis of the samples?®

Sample Proximate analysis Ultimate analysis

VM fC Ash C H 0 N S HHV®
B -- 89.4 104 02 48.62 634 449 0.09 <0.05 19.80
B225 86.4 132 04 4990 598 44.00 0.10 <0.05 19.90
B275 77.7 219 04 5416 5.65 40.00 0.12 <0.05 2140
S -- 86.3 134 02 50.1 636 4352 0.07 <0.05 2045
S225 84.0 15.8 0.2 5097 6.15 4276 0.07 <0.05 20.62
S275 75.7 242 02 5533 573 3881 0.09 <005 22.05

29 (m/m), dry basis. ®MJ/kg

2.2 Experimental Setup and Procedure. The reactivity studies were conducted in a Q5000 IR
analyzer from TA instruments which has a sensitivity of 0.1 ug. 5% v/v and 20% v/v oxygen-
nitrogen mixtures were used as purge gas with a gas flow of 100 mL/min. Sample masses of 0.5
mg or less were used to avoid self-heating of the samples due to the high reaction heat. Each

sample was analyzed with three different heating programs, as shown in Figure 1:

(1) 10°C/min linear T(t);

(i1)) modulated T(t), where sinus waves with 5°C amplitudes and 200 s wavelength were
superposed on a slow, 2°C/min linear;

(ii1) “constant reaction rate” (CRR) T(t), when the employed equipment regulated the heating of
the samples so that the reaction rate would oscillate around a preset limit.!® The CRR experiments
aimed at getting very low mass-loss rates in the whole domain of the reaction. The DTG peak
maxima of the CRR experiments varied between 0.04 and 0.07 pg/s. This interval corresponds to
rates between 0.8x10™ and 1.3x10* s! after normalization by the initial dry sample mass. The T(t)
program for a CRR experiment obviously depends on the behavior of the given sample. Figure 1

shows four of the CRR T(t) programs of the present study.
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Figure 1. Temperature programs used in the TGA experiments. Note that each of the twelve

constant heating rate experiments has different T(t); this figure shows four of them.

The modulated and CRR temperature programs were employed to increase the information

content of the data, as outlined in earlier work.'>?

From one point of view, the linear T(t)
experiments with different heating rates are rather similar to each other, hence their information
content is limited.!” On the other hand, an acceptable kinetic model should describe well the
experiments at any T(t), including the highly irregular CRR temperature programs, t0o.?°

2.3. Numerical Methods. Fortran 95 and C++programs were employed for the numerical
calculations and for graphics handling, respectively. The employed numerical methods have been

described in details earlier.?!

The kinetic evaluation was based on the least squares evaluation of
the -dm°”/dt curves, where m°" is the sample mass normalized by the initial dry sample mass. The
method®? used for the determination of -dm°?*/dt does not introduce considerable systematic errors
into the least squares kinetic evaluation of experimental results.> The model was solved
numerically along the empirical temperature — time functions. The model parameters were
determined by nonlinear least squares minimization, as outlined in Sections 3.1 and 3.4. The
calculations were carried out on a desktop computer equipped with a 3.4GHz Intel Core i7
processor, under Windows. The run times varied between 10 minutes to 10 hours, depending on the

initial guess of the parameters in the nonlinear least squares minimization. The calculation of one

theoretical DTG curve by the model outlined in Section 3.3 requires 23 pus on average without



parallel computation. With the use of the four cores of the processor one can calculate one million

theoretical curves in 96 minutes.

3. RESULTS AND DISCUSSION

3.1. Evaluation by the Method of Least Squares and Characterization of the Fit Quality.
The kinetic evaluation is carried out by the method of least squares. Such values are searched for

the unknown model parameters that minimize the following objective function:

dm\°bs dm» cale 2
of= ZNexper ZNk [(E)k (ti)_(ﬁ)k (ti)]
T Lg=1 4i=1 N2

(1)
Here Neyer is the number of experiments evaluated together; its value in the present work is either
6 or 36, as outlined later. The division by hZ serves to counterbalance the high magnitude
differences. Traditionally hx is the highest observed value of the given experiment.?* The
normalization by the highest observed values in the least squares sum assumes implicitly that the
relative precision is roughly the same for the different experiments. This assumption has proved to
be useful in numerous works on non-isothermal kinetics since 1993.>* Among others, the
antecedents of the present work also used it.!”?*?! However, the magnitude differences were very
high in the present work. The peak maxima of the CRR experiments scattered around a very low
value, 1x10* s’!, while the peak maxima of the 10°C/min experiments were roughly 30 times
higher. The ratio of the highest and lowest peak maxima was around 50 in the given set of the
experiments. Test calculations showed that one cannot assume approximately equal relative
precisions at such high magnitude differences. No information was available on the absolute and
relative precision of the -dm/dt values in the CRR experiments, hence, the choice of the 4k of the
CRR experiments could not be based on theoretical considerations. An arbitrary i=5x10"*s! value
was used for the CRR experiments which is ca. 5 times higher than their peak maxima. The fit
qualities obtained in this way will be discussed in Section 3.4. The peak maxima of the 10°C/min

linear T(t) experiments and the 2°C/min modulated experiments were much higher, around 33x10



and 9x10* ™!, respectively, hence their peak maxima could be used as /x values, in the usual way.
The fit qualities obtained in this way will be shown in details in Section 3.5 and in the Supporting
Information.

The obtained fit quality can be characterized separately for each of the experiments evaluated
together. The deviation between the observed and calculated DTG values of a given experiment is

given as a root mean square (rms):

N
dern (g9 = {1 225 [(49).” o0 - ()" o) } o

Here subscript & indicates the experiments of the series evaluated; ¢ denotes the time values in
which the discrete experimental values were taken; N is the number of the # points in a given
experiment and G is the TGA signal without normalization in unit pg.

The deviations defined by eq. (2) can also be expressed as percent of the peak maximum, getting

in this way a sort of relative deviation:
dc\°bs
rel.devk (%) = 100 dewvx / max (E)k (3a)

The same relative deviations can obviously calculated from -dm°"/dt values, too, because the G

and m values differ only by a constant divisor:

dt dt

rel.devi (%) = 100 {N,; Ly [(d—m)ibs (t) — (d_m)ialc (ti)r} / max (‘Z_’:)st (3b)

In the tables of the present work the magnitude of the objective function will be characterized by
100+/0. f. because this quantity is related to the relative deviations by eq. 3b. If all 4k were equal

to the corresponding peak maxima, 100,/0. f. would be equal to the root mean square formed from

the relative deviations of the evaluated experiments.

3.2. Four Main Reactions that are Described by Three Pseudo-components. Figure 2

compares the behavior of the samples at 10°C/min heating rate, in 20% oxygen. As in a previous



work,!”, the DTG curves of the untreated samples (green lines), can be interpreted as the results of
four main reactions that partly overlap each other:

(i) the decomposition of the hemicellulose and other thermally labile parts of the sample that
dominate the DTG approximately between 200 and 300°C;

(i1) the oxidative decomposition of the cellulose component which produces a sharper peak with a
maximum around 335°C;

(ii1) a flat section which due to the high temperature end of the lignin decomposition and the slow
carbonization and other reactions of the formed char; these reactions dominate the DTG
approximately between 360 and 430°C;

(iv) and the char burn-off which result in a peak around 460°C.

Earlier works have shown that reactions (i) and (iii) can be described by the same distributed

17,23,25

activation energy model, as outlined in the next section.

4 7 ]
(a) 10°C/min experiments ] (b) 10°C/min experiments
in 20% O, on samples 3 in 20% O,
MO 3 _E B -- mo s -
: B225 : ] $225
— B275 — 2 S275
"o, o, ]
c} )
£ £
° ?

Temperature [°C] Temperature [°C]

Figure 2. Comparison of the experiments at 10°C/min heating rate, in 20% oxygen

The inorganic components are distributed in various forms in the woody biomass.?® The ash
formation includes chemical reactions as well as the physical agglomeration of the inorganic
particles after the burn-off of the organic constituents. The present samples contain only a low
amount of mineral matter (0.2 — 0.4%), hence it is possible to neglect the ash-formation reactions.
However, this would reduce the future applicability potential of the model. As an alternate solution,

the parameter connected to the ash formation will be determined from the total ash of the proximate

10



analysis, as outlined in the next section. In this way the inclusion of a global ash formation reaction
will not increase the number of the unknown parameters in the least squares procedure. From a
computational point of view the ash formation rates are proportional to the char burn-off rates;

hence their calculation does not require any extra effort.

3.3. The Employed Model. As mentioned in the Introduction, the model of wood combustion is
employed from a recent work,'” except a minor change in the description of the cellulose part of the
samples. All masses in the treatment are normalized by the initial sample mass. The normalized
amounts of the unreacted part of the sample, char and ash will be denoted by mu,, mchar and magn,
respectively. As the reactions proceed, m. decreases from 1 to 0 because no unreacted biomass
remains at the end. menqr 18 zero at the beginning of an experiment. It reaches a maximum as the
char forms and converges to zero again as the char burns off. m®° is the sum of the normalized

masses of the solid components:

m(t) = mur(t) + Menar(t) + Mash(t) (4a)
dmeale _ dmy, dMchar dmggsp
- ar T a7 T a (4b)

The unreacted part of the sample, m., will be regarded as the sum of the cellulose component and
the rest of the sample. The models for pyrolysis kinetics are usually written for variables that run
from 0 to 1; accordingly we shall use a reacted fraction for cellulose, ocen(?), and another reacted
fraction, Qomer(t), for the other components of the biomass. The corresponding boundary conditions
are een(0)=0, eer(0)=1, ome(0)=0 and omed{©)=1. mu(t) is the weighted sum of its two

constituents with weight factors cces and cCozher:

mur(l) = Ccell [1-0(ce]l(lj] + Cother [1'C¥other(l)] (Sa)
dam da da
— d:r = Ccell dctell + Cother odz;her (Sb)

At =0 eq. 5a reduces to

1 = ceeli+ Cother (SC)

11



The char burn-off will be described by power-law kinetics where the reaction rate is 7ncner order
with respect to menar and verar order with respect to the oxygen concentration, Cp,. Accordingly the

char burn-off rate is approximated as

char burn-off rate = AcparCp" exp(— Ch‘”) m,char (6)

Both the cellulose and the non-cellulosic parts of the biomass form char. The corresponding
char yields are denoted by yeeir.char and Yomer char, respectively, which are dimensionless quantities.

The char is formed from the biomass decomposition and consumed by the burn-off, hence

dMchar
dt

da v h n
= Ccell 2 _,Votlzer_cbar—AcharC char exp( ﬂ) m char (7)

1 da
£ Veell.char + Cother RT char

The ash is formed by the char burn-off reaction with a yield of yug:

dmgsh _ Vchar Echar Nchar
dt AcharC exp( ) mchar Yash (8)

Note that a dimensionless Cp, concentration is needed in the kinetic equations. Otherwise the

dimension of the preexponential factor should depend on Viar in order to get dmcna/dt and dmasi/dt
in unit s,

In inert atmosphere, under the conditions of thermal analysis the cellulose decomposition is
usually regarded to have approximately first order kinetics, though more complex models are also
employed. Among others, the use of self-accelerating kinetics has been suggested.””?® In the
presence of oxygen the cellulose decomposition was found to be a self-accelerating reaction by

Viarhegyi et al., too.!” The self-accelerating reactions can typically be described by an equation of

type

daceir

= AcenCoee exp(—Z2) flocu) ©)
dt

where f is a function capable of expressing self-acceleration. The mathematical unambiguity
requires a normalization for flac.n) because f functions differing only in constant multipliers are
equivalent in eq. 9 (parameter 4. can compensate any multipliers of f). As a normalization, we

require that the maximum of /" be 1. f{acen) is approximated formally by

12



f{(ocen) = normfactor (1-acen) " (et z) (10)

where nc.; and z are model parameters and normfactor ensures that max f~=1. Parameters nc.; and
z do not have separate physical meaning; together however they determine the shape of f, and, in
this way, the self-accelerating capabilities of the model. Eq. 10 is a slightly simplified version of an
earlier approximation that has been employed to different self-accelerating reactions.?***!7 These
earlier works employed an exponent on factor (acen+z); the omission of this parameter did not affect
the fit quality in the present study. A differentiation of eq. 10 by acer yields that f{acen) reaches its
maximum at

Olcell = (1—HcellZ)/(Hce]] +1) (1 1)

When eq. 11 gives a negative value, f{acerr) 1S monotonously decreasing in the [0,1] interval. In
the present work, however, the maximum of f{ac./) proved to be around 0.4 — 0.5. The normfactor
in eq. 10 is the maximum of (1-cten)" (aertz) in the [0,1] interval, hence its value can be
immediately calculated by substituting the ocer value from eq. 11.

The oxidative decomposition of the non-cellulosic part of the sample is described by a distributed
activation energy model for reasons as follow. This pseudocomponent includes the decomposition
of the extractives, hemicelluloses, and lignin. There is a high number of different reactive species
here. The differences in their reactivity are described by different activation energies. To keep the
number of unknown model parameters low, the activation energies in this pseudo-component are
assumed to have a distribution function. The usual Gaussian distribution function is employed, by

an Eo mean and o width. The effect of oxygen is described by a power function, Cg;’”“’r. The
reacted fraction of this pseudo-component, aosmer is calculated by the same high-precision numerical
methods that were used in earlier works.3!"!172%21:23 Note that the term A ¢per Cg;’”“’r is a constant

multiplier during the numerical solution for a given experiment.
Parameter ., expresses the ash yield of the char burn-off. In the present work yu is determined

from the total ash obtained by proximate analysis. This latter will be used as a dimensionless ratio,
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mé@ which is equal to the hundredth of the corresponding percent value in Table 2. The overall

ash yield of the model is forced to be equal to m&"! by equation

(C cell Ycell.char + Cother Vother. char) Yash = mg?f? : (12 )

In this way yusn can be eliminated from the model because it can be expressed as a function of

mEA . Yother char and ceen by equations 12 and 5c.

3.4. Evaluation by Assuming Common Parameters. The model outlined above has 16
unknown parameters for each sample, as follows:

Acell, Veelly Ecelt, Z, Neell, Yeell.char, Cceti (cellulose decomposition);

Aothers Vothers E0y O, Yother char (the decomposition of the non-cellulosic parts of the sample; here
Cother=1-Ccenr due to eq. 5¢);

Achary Vehars Echar, and ncnar (char burn-off).

It turned out during the evaluation that there is a strong compensation effect between parameters
Yeell.char, Ccell ANA Yother char. Practically any yeenchar value can be selected between 0 and ca. 0.2
because ccen and youmer char can compensate its effect so that neither the fit quality nor the rest of the
parameters are affected. The Appendix at the end of the article clarifies the problem in detail. As
explained there, the physical meaning of the effect is connected to the temperature difference
between the devolatilization and the char burn-off. As the figures of the next section and the
Supporting Information show, the cellulose decomposition terminates before the start of the char
burn-off. If the value of yceii.char 18 altered, ccenr and Voser char can be changed so that the amount of
char formed till the start of the char combustion would not change. To overcome this problem, all
of the results will be reported at ycemchar = 0.07 which was the mean value of the cellulose
experiments of eight European laboratories in a round-robin work.>? It is important to emphasise
that this choice affect only ccen and yomer char in the tables. Anything else in the tables and in the

figures is the same as it were with an assumption of another ycei.crar value between 0 and 0.2. (This

14



was carefully checked; all calculations of the present paper were carried out with more than one
Veell.char Value.) In this way the number of unknown parameters reduces to 15.

The remaining 15 unknown parameters of the model can be determined by the least squares
evaluation of the six experiments of a given sample. In this approach there are 2.5 unknown
parameters for one TGA experiment. If all of the parameters are assumed to depend on the sample
type then the 6 samples together have 6x15=90 unknown parameters. The total number of the
unknown parameters for the six samples will be denoted by Nyuam. There are 36 TGA experiments
for the determination of the Npuram unknown parameters.

If part of the model parameters is assumed to be common for all samples, two benefits can be
achieved:

(1) The common parameters will indicate the similarities in the kinetic behavior of the samples;

(i1) Less unknown parameters are derived from the given amount of experimental information
(i.e. a given parameter value is based on more experimental information). This helps to eliminate
the usual ill-definition (compensation effect) problems of the non-isothermal kinetics. The
compensation effects between 4 and E or 4, E and n are well known in the literature of the non-
isothermal kinetics. Many works on non-isothermal kinetics proved that more than one kinetic
model of type do/dt=A exp(-E/RT)f(c) can describe equally well a given set of non-isothermal
experiments. Besides, de Jong et al. have also shown a strong compensation effect between A4, Eo
and o in the distributed activation energy model with Gaussian distribution.*?

As more and more parameters are assumed to be common during the evaluation, the objective
function of the method of least squares (o.f. in eq. 1) gets higher and higher values (i.e. the fit
worsens), while, on the other hand, the condition of the parameter determination improves.?>** One
should find a reasonable compromise between the fit quality and the reliability of the parameter
values. This way is followed in the present work, too, as illustrated by Table 3. No common

parameters were assumed in Evaluation 1; this case corresponds to the separate least squares

15



evaluation of the six experiments for each sample. In all other evaluations the whole dataset (36
TGA experiments) were evaluated together by the method of least squares.

The assumption of common Ecen, Eo, Echar values resulted in a slight worsening in o.f. When o
was also assumed to be common, o.f. remained practically the same. (Cf. evaluations 2 and 3.) The
assumption of common Eceu, Eo, Echar, O, Veell, Vother, and Vener in Evaluation 4 resulted only in a
slight worsening of o.f. in comparison to Evaluations 1 — 3. Evaluation 4 was found to be the most
suitable for the purposes of the present work because its parameters retained the characteristic
differences between the samples while its favorable Npuram/Nexper ratio (1.5) allowed the reliable
determination of its parameters. Its 100,/o. f. value, 2.46, is only 7% higher than that of Evaluation
1. The results obtained by Evaluation 4 are shown in details in the next paragraph and in the
Supporting Information.

When other parameters were assumed to be common instead of Veell, Vother, and Vener, Worse
objective function values were obtained for the same number of the unknown parameters, as
Evaluations 5, 6 and 7 show in Table 3. In this latter group the mildest worsening of o.f. was
caused by the assumption of common #neuer and f(ceen) parameters (z and nees) in Evaluation 5.
Hence the assumptions of Evaluations 4 and 5 were combined to achieve a stronger reduction of the
number of parameters in Evaluation 8. In this case 10 model parameters were assumed to be
common for all samples: Ecerr, Eo, Echar, G, Veell, Vother, Vehars Z, Neell, and nenar; While 5 parameters
have different values for the different samples: Acen, Aother, Achars Vother chars and ccen. In this
evaluation Nparam=10+6%5=40 parameters were determined from the simultaneous evaluation of 36
experiments, hence Nparam/Nexper 15 close to 1. However, Evaluation 8 blurs the distinction between
the peculiarities of the samples. In this model variant the differences between the samples are
expressed by the height and the position of the partial peaks because the parameters determining the
shape of these curves (6; z, ncell, nenar) Were kept common for all samples. Such approaches may be
useful in cases when the reduced computational time and the smaller number of unknown

parameters are important.
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Table 3: Evaluations with various groups of common model parameters?

Evalu- Common Nparam ~ Nparam — 100,/0. .
ation parameters Wz
1 none 6x15 2.5 2.30
2 Ecell, EO, Echar 75 21 2.40
3 Ecell, EO, Echar, O 70 1.9 2.42
4 Ecell, EO, Echar, O, 55 15 246
Veell, Vothers Vchar
5 Ecell, EO, Echar, O, 55 1.5 2.64
Z, Ncell, Nchar
6 Ecell, EO, Echar, O, 55 1.5 2.71
Acell, Aother, Achar
7 Ecell, EO, Echar, o, 65 1.8 3.11

Yother char

8 Ecell, EO, Echar, O, 40 1.1 2.68

Veell, Vothers Vchar,
Z, Ncelly Nchar

2 See the Nomenclature for the meaning of the symbols in the Table.
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Figure 3. Results of Evaluation 4. The experiments with the samples torrefied at 225°C are shown
here at Co,=0.20. (The complete figure with 36 experiments is shown in the Supporting
Information.) Notation: experimental DTG curves normalized by the initial sample mass (gray
—); their calculated counterpart (black —); the simulated partial curves: -dmce/dt (red —);
-dmother/dt (blue —); -dmichar/dt (green —); -dmasn/dt (purple —); the temperature programs of the
modulated and CRR experiments (gray —). In this representation the char formation rate (green

line) appears below 0 because mass loss rates (-dm/dt) are plotted.
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3.5. Results of Evaluations 4. The fit quality and the partial curves obtained by Evaluation 4 are
shown for samples B225 and S225 in Figure 3 at Co,=0.20. The whole version of Figure 3 with all
the 36 experiments is given in the Supporting Information. Table 4 shows the corresponding peak
temperatures at 10°C/min and Co,=0.20. The peak temperature differences between the spruce and
the birch samples are also indicated. These differences are small for doce/dt. The highest
difference was observed for d doimer/dt between samples S -- and B --. It reflects the DTG differences
in the low temperature domain, as shown in Figure 2. (See the shoulder of the green colored curve
in Figure 2a.) This difference is smaller between samples S225 and B225 and practically
disappears between samples S275 and B275, as the amount of hemicelluloses decreases during the
225°C torrefaction and becomes nearly zero in the 275°C torrefaction. If the peak temperatures of
the daomer/dt curves of the torrefied samples are compared to those of the untreated samples, high
differences are observed, because the importance of the thermally labile compounds decreases in
this pseudocomponent by the torrefaction. The torrefaction at 225°C has negligible effect on the
peak temperature of dac./dt due to the higher thermal stability of the cellulose. The torrefaction at
275°C, however, markedly decreases the peak temperature of dacei/dt indicating that the cellulose
undergoes some reactions there. The peak temperatures of partial curve -dmcna/dt reflect mainly
the reactivity differences of the formed char. This value increases with the torrefaction temperature

for both samples.
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Table 4: Peak temperatures at 10°C/min heating rate in 20% O: as obtained by Evaluation 4

Peak temperature (°C) of

dacell/dt daother/dt _dmchar/dt

B --- 335 306 458
S --- 338 316 454
difference” 3 10 -4
B225 331 313 461
S225 335 321 455
difference” 4 8 -6
B275 322 344 473
S275 327 343 460
difference” 5 -1 -13

2 The difference between the peak temperatures of the spruce and the birch samples.

Table 5 shows how the fit quality depends on the temperature programs of the TGA experiments
in Evaluations 4. For this purpose the root mean square deviation and the root mean square relative
deviation was calculated for the 10°C/min, modulated and CRR experiments, respectively. The
lowest deviation, 0.006 ng/s was obtained for the CRR experiments. The corresponding values of
the 10°C/min experiments were 5 times higher. On the other hand, the relative deviation of the
10°C/min experiments were ca. 5 times lower than those of the CRR experiments due to the huge

differences in the heights of the corresponding peak maxima, which are also shown in Table 5.
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Table S: Dependence of the deviations and relative deviations on the heating programs in

Evaluation 42

Group of mean DTG rms dev rms rel

experiments peak max.® (ug/s) dev (%)
(ngls)

linear T(t) 1.35 0.03 2.2

10°C/min

modulated 0.38 0.01 2.8

2°C/min

CRR 0.05 0.06 11.2

2 The root mean square of the absolute and relative deviations were calculated for the 10°C/min,
modulated and CRR experiments, respectively. P The averages of the observed DTG peak maxima
are given in pg/s.

Table 6 lists the parameters obtained in Evaluations 4. The parameter values obtained in the
present work cannot be compared directly to the parameters of the earlier kinetic works on the
combustion of torrefied wood due to the high differences in the assumptions, models and
evaluation. As an example, let us consider an alternative model that contains first order
devolatilization reactions. In first order kinetics the sharpness of a peak depends mainly on the
magnitude of the corresponding activation energy. Accordingly, the description of a narrow peak,
(i.e. the cellulose decomposition) can be described only by high activation energies while a wide
peak can be described by low activation energies. In the present model, however, the width of the
cellulose and the non-cellulosic parts were influenced mainly by the f(acen) parameters and o,
respectively. Similar basic differences may arise for other sorts of alternative models, too. Hence
the work of Vérhegyi et al., 2012,'7 was selected for comparison, where a similar model was
employed on a willow sample. The corresponding values are shown in the last column of Table 6.
The differences between the results of the two works are not high. The activation energies show
only 4 — 9% differences which is less than the activation energy differences reported on pure
cellulose in inert atmosphere in a round-robin TGA study.** The reaction order of the char bun-off,

however, shows a higher alteration. The ncn.r values were 0.58 and 0.64 for the untreated birch and
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spruce samples, respectively, while a nearly first order reaction was observed in the earlier work.

1.7 used young

This might reflect the differences between the samples. The work of Varhegyi et a
willow shoots from a Hungarian energy farm with 1.2% ash content while the present work was
based on Norwegian forest woods with particularly low ash content. On the other hand, cc.s and
cother are the same for the untreated birch and for the willow samples of the older work. In the
present work the cc; parameters increase with the torrefaction reflecting that the partial
devolatilization of the hemicellulose increases the cellulose concentration.

1.'7 because the ill definition of this

Yeell.char had a rather unrealistic value, 0.21, in Varhegyi et a
parameter had not been recognised yet there. Similarly, the high values of y.u also appears

problematic in the earlier work, while this parameter was determined from the proximate analysis in

the present study.
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Table 6: Parameters obtained by assuming 7 common parameters?

Sample B-- B225 B275C S-- S225 S275 Means: Willow in
earlier
work®

Ecenr/ kJ mol™! 135 = = = = = 135 145

Eo / kJ mol! 160 = = = = = 160 166

o/ kJ mol’! 8.1 = = = = = 8.1 11.2

Echar / kI mol™! 153 = = = = = 153 167

Veell 0.50 = = = = = 0.50 0.61

Vother 0.24 = = = = = 0.24 0.37

Vehar 0.47 = = = = = 0.47 0.62

Hcell 094 093 123 080 0.81 1.06 0.96 n.a.

Zeell 0.01 0.02 0.03 0.04 0.05 0.04 0.03 n.a.

Rchar 0.58  0.48 039 064 0.62 0.57 0.55 0.95

logio Acenfs™ 997 999 10.09 9.84 9.86 9.98 9.95 10.66

10810 Aother/s™ 12.44 12.24 11.47 12.16 12.05 11.51 11.98 13.04

logio Achar/s™ 8.69 8.62 850 886 8.85 8.80 8.72 10.49
Yother_char 022  0.30 0.51 033 038 0.55 0.38 0.23
Ceell 0.30  0.35 0.38 030 033 0.35 0.34 0.30
Cother=1- Ccell 0.70  0.65 0.62 0.70 0.67 0.65 0.66 0.70
Veell.char® 0.07 = = = = = 0.07 0.21
Vash® 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.20

2See Evaluation 4 in Table 3. Character ‘=" indicates parameter values that are identical in each
column. P Values obtained in a recent work with a similar model on an untreated willow sample.!’
neen and zee are not listed here because the equation for f{ac.;) was not the same as in the present
work. ¢ In the present work yeen.crhar Was fixed and yusn was calculated from the ash yield of the

proximate analysis (MZ%%Y), Vouer char and ceen, by eq. 12.

The ncen and z parameters together determine f(ac.;) in equations 9 and 10. Figure 4 shows that
the f(acen) curves of the untreated and mildly torrefied samples (lines green and blue) are nearly
identical. The torrefaction at 275°C resulted in different f{acen) functions (denoted by red color)

indicating that the 275°C torrefaction affects the cellulose reactivity, too. Note that these samples
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gave lower peak temperatures for the cellulose decomposition, as mentioned above. (See Table 4.)
All f(acen) functions obtained in the present work revealed a strong self-acceleration which is shown
by the high increase from the starting values of the f(ace) functions till their peak maxima in Figure
4. Mathematically this is connected to the low values of the z parameters obtained in the least
squares evaluation.

The dependence of the char burn-off rate on the normalized amount of char by eq. 6 is shown in
Figure 5, where m?ﬁ’&‘f is plotted as function of mcr.. Here the layout and the coloring are the
same as in Figure 4. In Figure 5 a first order kinetics would give a straight line from coordinates
1,1 to 0,0. The alteration of the obtained curves from the linear indicates a moderate self-
acceleration because the burn-off rate of a unit mass of char (the ratio of the burn-off rate and menar)
is increasing as mcnar 1S decreasing. This self-acceleration, however, is much smaller than that of a

random-pore kinetics®® indicating that the internal pore surfaces have only a limited importance in

the char burn-off kinetics of these samples.

(b)

Samples:

(a)

f(ocen)
f(ocen)

0.4 Samples: 0.4

B-- S --
0.3 0.3

B225 S225

B275 S275

00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0

Acell Acell

Figure 4. The dependence of the cellulose decomposition rate on the reacted fraction of the
cellulose in Evaluation 4. f{acen) is plotted as function of ac.i. The corresponding parameter values

are listed in Table 6.
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Figure 5. The dependence of the char burn-off rate on the normalized amount of char by eq. 6 in

Nchar

Evaluation 4. m ; “

is plotted as function of meiar. The corresponding parameter values are listed

in Table 6

4. CONCLUSIONS

(1) The combustion of four torrefied wood samples and their feedstocks (a deciduous and an
evergreen species) was studied at slow heating programs, under well-defined conditions.
Particularly low sample masses were employed to avoid the self-heating of the samples due to the
huge reaction heat of the combustion. Six TGA experiments were carried out for each sample with
three different temperature programs in 5 and 20% Oa, respectively. Strongly different temperature
programs were selected to increase the information content available for the modeling: linear,
modulated and constant-reaction rate (CRR) temperature programs. The ratio of the highest and
lowest peak maxima was around 50 in the set of the experiments used for the evaluation. In this
way the obtained models described the experiments in a wide range of experimental conditions.

(2) A recent combustion model consisting of two devolatilization reactions and a successive char

burn-off reaction was employed with a minor modification. The cellulose decomposition in the
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presence of oxygen was described by a model that had two adjustable parameters to mimic self-
acceleration tendencies. The decomposition of the non-cellulosic parts of the biomass was described
by a distributed activation model. The char burn-off was approximated by power-law (n-order)
kinetics. Each of these reactions had its own dependence on the oxygen concentration that was also
expressed by power-law kinetics. This model was tested earlier on one wood sample (willow),
hence the present work is a further step to gain experience with its applicability. The reliability of
the model and the obtained parameters was improved by decreasing the number of the parameters
and by clarifying a compensation effect problem.

(3) The complexity of the applied model reflects the complexity of the studied materials. The fast
developing rate of the computers will allow the use of complex kinetic submodels in actual
industrial simulations, too. Presently a medium-priced desktop computer can calculate one million
-dm/dt curves by this model within ca. 1.5 hours at the highly irregular T(t) functions of the present
study.

(4) The employed model contains 15 unknown parameters for a given biomass. The relatively
wide range of experiments made possible the determination of so many parameters by the method
of least squares. The torrefaction have some impact on the parameters, especially on the ones
describing the devolatilization of the hemicelluloses and other thermally labile parts of a biomass
sample. These parts decompose more or less during the torrefaction, as the corresponding cc.;s and
Cother=1- ccen parameters indicated. The cellulose reactivity was also affected at the higher
torrefaction temperature, 275°C, of the study.

(5) Part of the kinetic parameters could be assumed common for the six samples without a
substantial worsening of the fit quality. This approach increased the average experimental
information for an unknown parameter and revealed the similarities in the behavior of the different
samples. The following kinetic parameters could be assumed identical for the six samples with only

a slight worsening of the fit quality: the activation energies; the mean and the width of the
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activation energy distribution in the DAEM part of the model and the dependence of the reactions

on the oxygen concentration.
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APPENDIX: Compensation effect between three model parameters

As outlined in Section 3.4 there is a strong compensation effect between parameters yeeir.char, Ceell
and Yosher char. The problem will be shown here for the behavior of the untreated spruce sample
(S --). Figure 6 shows the corresponding linear heating rate experiments from Evaluation 1. It is
worth observing that the rate of the char burn-off becomes higher than the rate of the char formation

between 380 and 390°C. Note that mass loss rates were plotted; hence the dominance of the char
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burn-off is indicated by the positive values of the overall char mass loss rate (green curve). Most of
the devolatilization is accomplished till this temperature; only a small portion of the non-cellulosic

part of the sample (line blue) decomposes above ca. 380°C.

1 @ .1 M
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Figure 6. The linear heating rate experiments of the untreated spruce sample in Evaluation 1. (See

Figure 3 for the notations).

The mass loss of the devolatilization depends on the amount of volatiles formed from the two
pseudo-components. Keeping in mind the definitions of the ¢ and y parameters and eq. 5c, we get:

normalized mass loss rate of devolatilization =

da(fictell + (1-Cce]1) (1- yatber_char) % (13)

ccell (1- yeelichar)
ANY Veell.char, Ceetl ANA Yorer char cOmbination gives exactly the same mass loss rate in eq. 13 as far
as the values of the coefficients, ccerr (1- yeeiichar) and (1-cce)) (1- Yother char) do not change.
The normalized amount of char formed from the devolatilization is

Ccell Yeellchar + (1-Ccell) Yother char (14)

Most of the amount defined by eq. 14 forms before the start of the char burn-off while a small
portion is produced around ca. 380 — 420°C, where the devolatilization of the non-cellulosic part of
the sample terminates. The ratio of these amounts, however, has only a limited importance on the

overall kinetics because the char burn-off occurs mainly above 420°C, as the green curves show in

28



Figure 6. If yeeir.char, Ceenn and Youmer char vary so that neither the devolatilization kinetics (eq. 13) nor
the amount of formed char (eq. 14) change then the variation affects only the ratio of the amounts of
char formed before the char burn-off and simultaneously with the char burn-off.

As an illustration, the untreated spruce experiments were evaluated so that yeen.crar got fixed
values (0, 0.1, 0.2, 0.3 and 0.4) while ccerr and yorner char Were determined from the experimental data
by the method of least squares. In this test all other model parameters were kept constant at the
values obtained in Evaluation 1. The results are shown in Table 7. Note that 100,/o. f. was 2.127
in for sample S -- in Evaluation 1. As the last row of Table 7 indicates, only the third digit of its
value changed at higher yceli.char. The normalized amount of the formed char, ccenr yeelt.char + (1-Ceelr)
(1- Yother char) also shows similarly small changes. On the other hand, ccen and yother char change

markedly to keep the values of the rest of the table constant or nearly constant.

Table 7: Least squares determination of ccen and yosner char at various values of yceucnar by the

evaluation of the untreated spruce experiments?

Yeell.char 0 0.1 0.2 0.3 0.4

Ceell 0.285 0.316 0.356 0.407 0475
Yother_char 0346 0316 0274 0.212 0.110
Ceell (1- Yeell.char) 0.285 0.285 0.285 0.285 0.285
(I-cceir) (1- Yother_char) 0.468 0.468 0.468 0.468 0.468
Ceell Yeell.char + (1-Cceit) (1= Yother char) 0.247 0.247 0.247 0.248 0.248
1()()\/Tf_ 2127 2127 2127  2.128 2.129

2 The values of all other parameters were taken from Evaluation 1 and were not changed.
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NOMENCLATURE

a = reacted fraction of a component or pseudocomponent (dimensionless)

v = reaction order with respect of oxygen concentration

o= width parameter (variance) of Gaussian distribution (kJ/mol)

A = pre-exponential factor (s™)

Co, = V/V concentration of the ambient oxygen (dimensionless)

dev = root mean square of the deviations between the observed and calculated values of a DTG
curve (ng/s)

E = activation energy (kJ/mol) or mean activation energy in a distributed activation energy model
(kJ/mol)

f = empirical function (eq. 10) expressing the change of the reactivity as the reactions proceed
(dimensionless)

hi = either the height of an experimental curve (s™!) or 5x10* s°!, whichever is higher

m = the mass of the sample or a component of the sample normalized by the initial sample mass
(dimensionless)

manal = 1/100" of the total ash determined by proximate analysis (dimensionless)

n = reaction order (dimensionless)

o.f. = the objective function minimized in the least squares evaluation (dimensionless)

Nexper = number of experiments evaluated together by the method of least squares

Nk = number of evaluated data on the kth experimental curve

Nparam = number of parameters determined in the evaluation of a series of experiments

R = gas constant (8.3143x107 kJ mol ' K1)

rel.dev = the deviation (dev) expressed as per cent of the corresponding peak height

t = time (s)

T = temperature (°C, K)

y = yield (dimensionless). yeeli.char and Yother char represent the char yield from the cellulose and from
the rest of the biomass, respectively. yash denotes the ash yield from char

z = formal parameter in eq. 10 (dimensionless)
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Subscripts:

cell = cellulose

i = digitized point on an experimental curve

k = experiment

other = non-cellulosic organic biomass constituents

ur = unreacted sample
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LIST OF FIGURE CAPTIONS

Figure 1. Temperature programs used in the TGA experiments. Note that each of the twelve

constant heating rate experiments has different T(t); this figure shows four of them.
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Figure 2. Comparison of the experiments at 10°C/min heating rate, in 20% oxygen

Figure 3. Results of Evaluation 8. The experiments with the samples torrefied at 225°C are shown
here at Co,=0.20. (The complete figure with 36 experiments is shown in the Supporting
Information.) Notation: experimental DTG curves normalized by the initial sample mass (gray
—); their calculated counterpart (black —); the simulated partial curves: -dmce/dt (red —);
-dmother/dt (blue —); -dmcnar/dt (green —); -dmash/d¢ (magenta —); the temperature programs of the
modulated and CRR experiments (gray —). In this representation the char formation rate (green

line) appears below 0 because mass loss rates (-dm/dt) are plotted.

Figure 4. The dependence of the cellulose decomposition rate on the reacted fraction of the
cellulose by equations 9 and 10. f{acen) is plotted as function of ac.n. Figures 4a and 4b are the
results of the separate evaluation of the six experiments on each sample (Evaluation 1); while the
curve in Figure 4c was obtained by the simultaneous evaluation of 36 experiments assuming 10
model parameters to be common for the six samples (Evaluation 8). The corresponding parameter

values are listed in Tables 6 and 7.

Figure 5. The dependence of the char burn-off rate on the normalized amount of char by eq. 6.

Nchar

mchar

is plotted as function of mcia-. Figures 5a and 5b are the results of the separate evaluation of
the six experiments on each sample (Evaluation 1); while the curve in Figure 5S¢ was obtained by

the simultaneous evaluation of 36 experiments assuming 10 model parameters to be common for the

six samples (Evaluation 8). The corresponding parameter values are listed in Tables 6 and 7.

Figure 6. The linear heating rate experiments of the untreated spruce sample in Evaluation 1. (See

Figure 3 for the notations).
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