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Predicting biomass combustion at temperatures of practical interest requires kinetic expression robust and
reliable over a large temperature range.

The present work examines experimental works on combustion kinetics of lignocellulosic biomass published
since 2015 and reports the experimental methods used and the kinetic parameters obtained therein. The most
common experimental strategy, used in 39 referenced works, was non-isothermal thermogravimetric analysis,

yet the kinetic parameters obtained varied by order of magnitude.
The large variability of the kinetic parameters found in literature cannot be only explained by the feedstock

heterogeneity or the different data analysis methods. One possible and apparently neglected source of error lies
in the fact lignocellulosic biomasses are complex materials, constituted by different components, thus ther-
mogravimetric curves are the resultant of multiple and partly overlapping stages of mass loss. Kinetic analysis in
this case easily generates errors. Another criticality that the work wants to emphasize is the fact that biomass
pyrolyses, burns and even thermally anneals throughout a TGA experiment. These progressive structural changes
are a further problem for application of conventional kinetic analysis methods.

Altogether, it can be concluded that it is difficult to obtain from conventional TGA analysis reliable kinetic
expressions of biomass combustion to be used for boilers modelling. For complex materials like biomass, it is
recommended to adopt expert-case sensitive approaches. As an example, the case of walnut shells combustion is
presented. For this material, four components with different combustion reactivity have been identified and

simplified single rate kinetics are proposed according to the temperature interval of interest.

1. Introduction

In the current energy scenario, dominated by the concern for global
climate change, lignocellulosic biomass are natural candidates to
replace coal in traditional combustion applications, in particular in
power plants for heat and electricity, in cement and steel making etc.

If the biomass is produced with a short life cycle, it can be considered
a carbon neutral energy source; moreover, if Bio-Energy is coupled with
CO Capture and Storage (BECCS), even negative CO, emissions can be
achieved. Notably the Intergovernmental Panel on Climate Change in its
report of 2018 has pointed out that negative CO2 emissions will be most
likely indispensable to limit global warming to 1.5 °C and BECCS, among
the other options, appears to be most promising in terms of maturity,
potential, costs and risks [1]. This perspective sets new challenges for
combustion scientists, committed to secure a smooth transition from

* Corresponding author.
E-mail address: osvalda.senneca@stems.cnr.it (O. Senneca).

https://doi.org/10.1016/j.fuel.2023.128310

coal to biomass in a wide range of combustion applications and from
conventional to capture ready combustion conditions, such as oxy-
combustion.

A huge literature has been produced over the last decades on ther-
mochemical conversion of biomass. A selection of recent and less recent,
but still highly cited, reviews on different aspects and issues related is
reported in Table 1 [2-26].

The scope of the present work is to highlight the difficulties in
derivation and selection of appropriate combustion kinetic expressions,
especially if these have to be implemented in predictive tools of models
of biomass burners, which operate at high temperature.

In fact, over the last decade, thermogravimetric analysis affirmed
itself as the elective and most common technique for the assessment of
biomass combustion kinetics, however the validity of such kinetic ex-
pressions under realistic operating conditions has not been sufficiently
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Table 1
Review papers on different topics of interest for biomass conversion.
Authors, publication Topic Ref.
year
Abanades et al. (2021) Solar reactors applied to biomass [2]
Alvarez et al. [3] Oxy-fuel carbon capture technology for pulverized [3]
fuel boilers
Anca-Couce [4] Reaction mechanisms and modelling of pyrolysis [4]
Babu [5] Biofuels, bioproducts and biorefining [5]
Cai et al. (2018) Modeling of ash formation and deposition in PF' [6]
fired boilers
Choi et al. [7] Kinetic modeling and CFD? [71
Dernbecher et al. [8] Application of CFD? in modeling biomass [8]
combustion systems
Di Blasi [10] Modeling chemical and physical processes of [9]
pyrolysis
Di Blasi [9] Combustion and gasification rates [10]
Fatehi et al. [11] Modeling and optical studies of single particle [11]
combustion
Haberle et al. [12] Numerical models for biomass particles for [12]
domestic appliances
Hosseini et al. (2019) Fixed bed combustion modeling [13]
Kleinhans et al. [14] Ash formation and deposition [14]
Leng et al. [15] Nitrogen transformation [15]
Lewandowski et al. Thermal biomass conversion [16]
[16]
Mazaheri et al. [17] Numerical simulation of biomass gasification [17]
Miao et al. [18] Modeling biomass gasification in circulating [18]
fluidized beds.
Niu et al. (2015) Ash-related issues during biomass combustion [19]
Pourkashanian et al. Modeling of coal and biomass combustion in [20]
[20] power plants
Rabacal et al. [21] Pulverized combustion of non-woody residues [21]
Sharifzadeh et al. Fast pyrolysis and bio-oil upgrading [22]
[22]
Van de Velden et al. CFB® combustion of coal, biomass and sludge [23]
[23]
Verma et al. (2018) Upgrading of lignin-derived products [24]
Wang et al. [25] Chemical kinetic mechanisms of lignocellulosic [25]
biomass pyrolysis
Wang et al. (2021) Thermochemical processing of biomass and solid [26]
wastes

! pulverized fuel; 2Computational fluid dynamic; 3Circulating fluidized bed.

discussed.

The present work surveys 39 recent papers on biomass combustion
kinetics and summarizes the methods used in each paper, both in the
experimental campaign and for the kinetic analysis. The kinetic ex-
pressions suggested in such 39 papers are then compared in order to
highlight the large discrepancies between the results.

Ultimately, the limits of a conventional approach for derivation of
appropriate and reliable biomass combustion kinetics are discussed and
a different method is proposed and applied to a specific biomass.

2. Combustion kinetics by TGA in published papers

This section summarizes the results and the experimental methods
used in 39 papers published since 2015, where TGA has been applied to
derive biomass combustion kinetics. The selection of kinetic studies
[27-65] has been reported in Table 2. Notably a large array of biomass
samples has been screened, so forth further contributing to the already
large database of biomass combustion kinetics.

2.1. Methods

From the experimental point of view, a TGA campaign can consist of
isothermal experiments (I-TGA) at different temperature and non-
isothermal experiments (NI-TGA), where the temperature is increased
at different constant heating rates. Mass loss data and their derivatives
as a function of time/temperature provide the so called TG and deriv-
ative DTG curves. The thermogravimetric experiments can be preceded
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by a pre-treatment stage even in different apparati.

In general two experimental approaches can be followed, schema-
tized as pathA and pathB +C in Fig. 1.

According to pathA, thermogravimetric experiments are carried out
on the raw biomass in oxidizing atmosphere. In this case, the experi-
mental matrix of the TGA campaign consists of several experiments at
different heating rate, typically in the range 2-50 K/min.

According to pathB + C, the biomass is previously subject to thermal
treatment (B), which can be torrefaction (B.1), pyrolysis (B.2) or even
torrefaction followed by pyrolysis (B.3). Notably the torrefaction and
pyrolysis stages can be carried out in the TGA apparatus itself, or else in
external reactors such as fixed beds (FR), fluidized beds (FB), drop tube
reactors (DTR), heated grid (HGR) or heated strip reactors (HSR).
Combustion of the torrefied biomass or char is investigated in a second
stage (pathC) by TGA and the experimental matrix of the combustion
tests, in this case, can consist of either non-isothermal tests at different
heating rates (pathC.1) or isothermal tests at different temperatures
(pathC.2).

Mass loss data and their derivatives as a function of time/tempera-
ture provide the so called TG and derivative DTG curves.

Combustion indexes (comprehensive combustion performance
index, ignition index, burn out index), usable for a preliminary screening
of the biomass performance in combustion environments, can be
assessed from the DTG peaks of single experiments, according to the
definitions reported in the Appendix (Table A.1).

As far as the evaluation of kinetic expressions, the most popular
methods rely on multiple tests at different heating rates. These methods,
summarised in Table A.2 of the appendix, are the method of Kissinger
[66], Friedman [671, Kissinger—Akahira-Sunose [68],
Flynn-Wall-Ozawa [69,70], Coats-Redfern [72], Starink [73]. Software
packages are indeed able to perform kinetic analysis of TG results by
means of the mentioned methods.

2.2. Surveyed papers

Table 2 shows that the vast majority of the surveyed works followed
the approach indicated as pathA in Fig. 1, in other words they consisted
in non-isothermal thermogravimetric experiments on raw biomass in
oxidizing atmosphere, most commonly air. Few studies have instead
followed the approach indicated as pathB, where the combustion runs
have been proceeded by a torrefaction or pyrolysis stage. Few recent
works, in particular, produced char samples in drop tube reactors or
heated strip reactors with COy rich atmospheres, fast heating rates
(10000-100000 K/s) and temperature (up to 2000 K) in order to mimic
the fast pyrolysis conditions that hold in pulverized oxy combustion
boilers [60-65].

2.3. Results reported in the surveiyed works

Figs. 2-5 show DTG curves obtained by non-isothermal TGA in air on
raw and pre-treated biomass samples. Notably Fig. 2 reports results
obtained on raw biomass, i.e. following the experimental approach
indicated in Fig. 1 as pathA. Instead, Fig. 3 refers to torrefied samples, i.
e. to the experimental approach pathB.1 + C.1, and Figs. 4 and 5 refer to
chars prepared under different conditions, i.e. to the experimental
approach pathB.2 + C.1.

When the experimental approach pathA of Fig. 1 is followed, the TG
curves of biomass generally show two broad ranges of weight loss as
temperature is increased above 473 K (exemplary DTG curves in Fig. 2).
The first region, in the temperature range (473-673 K circa), corre-
sponds to pyrolysis of the least thermally stable fractions (mainly
hemicellulose and cellulose). The second region, in the high temperature
rage (T > 673 K) corresponds to char combustion and pyrolysis of the
more stable biomass fractions, mainly lignin, whose degradation is
known to span over a broad temperature range (433-923 K circa).
Mineral matter transformation can also occur in the high temperature
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Table 2
Methods and materials used in recently published works on biomass combustion by TGA.
Authors/year Reference  Samples Reaction Experimental Corrisponding Combustion Kinetic
of publication atmosphere Method Path in Fig. 1 indices analysis
method
Alvarez et al. 27 Cellulose; Lignin; Almond shell; Apple tree leaves; NI-TGA' Path A CR, FWO, KAS
[27] Beetroot pellets; Briquette
Charcoal; Chestnut tree chips; Cocoa bean husk;
Coffee bean husk; Corncob; Eucalyptus tree chips;
Extracted olive pomace; Gorse; Grape seed flour;
Miscanthus; Olive stone; Olive tree pruning; Pepper
plant; Pine and pineapple leave pellets; Pine kernel
shell; Pineapple leaf; Rice husk; Sainfoin; Scrubland
pruning; Thistle; Vine shoot; Wheat straw; Wheat
straw pellets
Buratti et al. 28 Cellulosic ethanol residue NI-TGA' Path A FWO
[28]
Cai et al. 29 Waste tea; Tea leaves Oxy2 NI-TGA' Path A X DAEM, FR,
(2018) FWO
Deng et al. 30 Wheat straw Oxy? NI-TGA' Path A CR
[30]
Garcia- 31 Agricultural biomass from olive trees (leaves, NI-TGA' Path A CR, FR, FWO,
Maraver etal. prunings and wood) KAS
[31]
Guizani et al. 32 Olive pomace NI-TGA! Path B1 + C1 Model fitting
[32]
Huang et al. 33 Peat NI-TGA' Path A Model fitting
[52]
Islam et al. 34 Karanja (pongamia pinnata) fruit hulls NI-TGA' Path B2 + C1 FWO, KAS
[34]
Jayaraman 35 Poplar wood; Halzenut shell NI-TGA' Path A Arrhenius, CR
et al. [35]
Kok et al. 36 Halzenut shell; Cellulose; Hemicellulose; Lignin NI-TGA' Path A FWO, KAS
(2017)
Liang et al. 37 Bamboo; Wood NI-TGA! Path A CR, FWO
[37]
Lopes et al. 38 Guarana seed residue NI-TGA' Path A CR
[38]
Lopez- 39 Black spruce, Banksiana mixtures, Willow, NI-TGA' Path A CR
Gonzélez Common reed, Switchgrass
et al. [39]
Toptas et al. 40 Vine pruning; Olive tree pruning; Corn stalk; NI-TGA' Path B1 + C1 CR
[40] Poultry litter
Wang et al. 41 Pinewood NI-TGA' Path A FWO
(2018)
Wilk et al. [42] 42 Pine; Acacia; Miscanthus giganteus NI-TGA' Path B1 + C1 KAS, FWO
[43]) 43 Pine wood NI-TGA' Path A X CR, FWO,
Model fitting,
et
Yu et al. [44] 44 Eucalyptus bark NI-TGA' Path A X CR, FWO
Liu et al. [45] 45 Switch grass; betroot NI-TGA' Path A CR, FWO
Zhang et al. 46 Rice husk; Peanut shell; Wheat straw; NI-TGA'! Path A X CR
[46]
Zhang et al. 47 Duckweed NI-TGA' Path B1 + C1 X FWO
[47]
Zhou et al. 48 Soybean stalk; Wheat straw NI-TGA'! Path A integral
[48] methods
Zhou et al. 49 Soybean stalk; Sawdust t NI-TGA' Path A DAEM
[49]
Barzegar et al. 50 Wood chips Oxy? NI-TGA' Path B1 + C1 FWO, KAS, FR
(2020)
Deng et al. 51 Wheat straw Oxy? NI-TGA! Path A x CR
[51]
Huang et al. 52 Water hyacinth Oxy? NI-TGA' Path A X FWO
[52]
Sher et al. [53] 53 Barley straw; Miscanthus; Waste wood; Wheat Oxy2 NI-TGA' Path A Arrhenius
straw; Willow; Wood pellet plots
Wu et al. [54] 54 Sedum alfredii Hance NI-TGA' Path A X FWO, KAS
Kopezyniski 55 Willow NI-TGA', model  Path Bl + C1 X
et al. [55] fitting
Hu et al. [56] 56 Bamboo NI-TGA', Path B1 + C1
Staring
Magdziarzetal. 57 Polish wood NI-TGA' Path B1 + C1 KAS, FWO, FR
[571]
Lietal. [58] 58 PKS I-PFR® Path B1 + C1 Model fitting
Path B2 + C1

(continued on next page)
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Table 2 (continued)
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Authors/year Reference  Samples Reaction Experimental Corrisponding Combustion Kinetic
of publication atmosphere Method Path in Fig. 1 indices analysis
method

Apicella et al. 50 Cellulose hydrochar NI-TGA' Path B2 + C1 Model fitting
[59]

Senneca et al. 60 Walnut shells NI-TGA' Path B2 + C1 Model fitting
(2018)

Senneca et al. 61 Walnut shells NI-TGA' Path B2 + C1 Model fitting
(2020)

Senneca et al. 62 Lignin; Cellulose; Hemicellulose NI-TGA' Path B2 + C1 Model fitting
(2020)

Cerciello et al. 63 Walnut shells NI-TGA' Path B2 + C1 Model fitting
[63]

Senneca et al. 64 Walnut shells NI-TGA! Path B2 + C1 Model fitting
(2018)

Liet al. [65] 65 Lignin from bagasse and black liquor NI-TGA' Path A X

! Non-isothermal Thermogravimetric experiments; 2Oxyfuel atmosphere; ®Isothermal Plug Flow Reactor experiments; “Plug Flow Reactor.

range, such as decomposition of carbonates in calcium rich biomass.

The deconvolution of the DTG curves above 473 K is quite complex
and requires the adoption of multiple partly overlapping peaks, as
shown in the example of Fig. 5. The readers must be advised against
assuming a one to one correspondence between these peaks and peaks of
specific biomass components (cellulose, hemicellulose or lignin). In fact,
the DTG curves of natural or even synthetic lignocellulosic materials are
not the weight sum of the DTG curves obtained for cellulose alone,
hemicellulose alone and lignin alone [60,63]: synergistic effects, cata-
lytic active of inorganic matter, effects of extractives etc. do play a role
and contribute to the DTG patterns.

Notably thermal degradation in oxidative atmosphere can be
enhanced by the concurrent course of purely pyrolytic processes and
heterogeneous oxidation. This phenomenon has been investigated for a
suite of non-conventional solid fuels, included biomass, by Senneca et al.
[74] who used the term “oxidative pyrolysis” to distinguish it from the
purely thermally activated degradation reactions typical of inert
pyrolysis.

When torrefaction treatments are carried out prior to oxidation
[32,40,42,47,55-58], according to the methodological approach
described as pathB.1 + C.1, during the combustion tests (C.1) the early
mass loss events decrease, as a consequence of the fact that the less
thermally stable fractions are partly lost in the pretreatment, as can be

| Biomass I A

Isothermal
TG combustion

Non-lsothermal
TG combustion

Fig. 1. Experimental approach and methodology for kinetic analysis.

observed in the example reported in Fig. 3. When the severity of biomass
pretreatment (temperature and time of heating) increases, the early
mass loss stages are progressively reduced, this can be clearly observed
in Fig. 4, reporting the combustion DTG curves of biomass char samples
produced under different conditions in a drop tube reactor (pathB.2 +
C.1.

Some of the references works evaluated the TGA data in order to
obtain combustion indexes, according to the methods reported in the
Appendix.

As far as the results of kinetic analysis is concerned, notably most of
the works applied iso-conversional methods, in particular those of Kis-
singer—Akahira-Sunose (KAS) [68], Flynn-Wall-Ozawa (FWO) [69-70],
Coats-Redfern (CR) [72]. These methods are often implemented in
software packages for thermogravimetric analysis. Few works employed
parallel reaction and model fitting methods [32,33,43,58-63].

The kinetic parameters obtained in the references works are reported
in Table 3. The comparison of the activation energy values reported in
the referenced literature show large variations among research groups,
for a given research group among different materials and for a given
material at different conversion degree a. Altogether, activation energy
values span from 10 to 250 kJ/mol.

The pre-combustion treatments also affect the values of activation
energy. Magdziarz et al. [57], Wilk et al. [42] and Hu et al. [56] found
that torrefaction decreased the measured values of activation energy for
the combustion process, while Kopczynski, et al. [55] found that the
activation energy of the second stage (combustion) decreased,
conversely that of the first stage (pyrolysis) increased with increasing
torrefaction temperature.

In Fig. 4, it is possible to observe also the differences between sam-
ples produced in Ny and CO5 atmospheres. The presence of COy during
in the early stages of pyrolysis in a DTR (0.1 s circa) results in chars with
a low share of components with early DTG combustion peaks, however
for longer residence times in the DTR the differences between chars
produced in Ny and CO5 atmosphere become negligible. A larger array of
experiments according to the methodological path indicated as
pathB.2 +C.2in Fig. 1 are reported in refs [59-64] and confirms that COg
rich atmospheres, typical of oxy combustion, can accelerate the degra-
dation of selected biomass components over exposure times much
shorter than the times of heterogeneous carbon gasification.

The biomass combustion rate in COy rich atmosphere throughout
non-isothermal oxy combustion has been investigated in some of the
referenced works [29,30,50-53] and the main result is that the quali-
tative patterns of DTG curves is not dramatically changed, but the values
of activation energy in the combustion stage are lower.
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Fig. 2. DTG curves of the combustion process of raw biomass samples (pathA of Fig. 1). From [27], Copyright 2016, with permission of Elsevier.

3. Criticalities and limits of the surveyed works and
conventional kinetic approach

The kinetic parameters obtained in the surveyed references for
different biomass types have been summarized in Table 3 and used to
draw Arrhenius plots of the combustion rate. Arrhenius plots obtained
with all the data available are shown in Fig. 6A. It can be seen that the
wide variability in reported kinetic parameters reflects in combustion
rates which differ by order of magnitude especially at realistic boilers
temperatures.

Of course the various referenced work refer to different biomass and
used different analytical methods for the estimation of kinetic parame-
ters, therefore in Fig. 6B the comparison has been limited to biomass of
similar nature, in particular woody biomass, and to the same type of
kinetic analysis, in particular the Coat-Redfern method (CR).

Even when the analysis is restricted to similar bimass type and
analythical methods, as in the exemplary plots of Fig. 6B, differences in
combustion rate remain very significant. It is worth noticing that dis-
crepancies are larger the further away from the temperature range of
thermogravimetric experiments, indeed around 700 K the ratio between
the highest and the lowest predicted rates in Fig. 6B is approximately 50,
but at 1300 K it exceeds 100000.

It is evident that it is critical to select a kinetic expression that can

predict reliably the intrinsic combustion rate of biomass over a wide
range of temperature, and that can be utilized in codes for the simulation
of high temperature boilers.

The origin of the large discrepancies in calculated kinetic expressions
can be only partly attributed to the methods used to obtain kinetic pa-
rameters from TGA data, which have summarized for the readers’ con-
venience in the appendix. In fact a detailed discussion on such methods
is beyond the scope of the present work and can be found in refs.
[75-77]. What we do want to point out in the present work, instead, is
that no matter which of the proposed methods of kinetic analysis is
used, meaningful results can be obtained only if all of the three following
hypothesis are satisfied:

L. inter and intraparticle mass and temperature diffusion resistances
are negligible;
II. reactions result in a single stage of mass loss or well-resolved and
defined sequential stages;
III. the structure of the solid reactant is relatively constant
throughout the experiment.

Fulfilment of condition I can be achieved through careful control of
particles size, heating rates and gaseous mass flow. It will not be further
discussed in the present work.
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Criterion II deserves a more detailed comment, since it is particularly
critical for a material like biomass, which is inherently made of several
biopolymers of different reactivity. When multiple reaction events are
characterized by quite different timescales and the corresponding DTG
peaks are well resolved and distant from each other, the values of acti-
vation energy obtained at the i interval of « can be attributed to the it"
reaction. Unfortunately, in the case of biomass multiple pyrolysis and
combustion reactions occur in parallel and in series and overlap to a
good extent. This can determine artefacts and fluctuations in measured
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Fig. 5. Example of curve fitting of DTG curves DTG curves of the combustion process of a biomass char samples (walnut shells-WS char prepared in DTR at 950 K in
N, with short residence time) (pathB.2 +C.1 of Fig. 1). Reprinted with permission from [61], Copyright 2020, American Chemical Society.

the TG experiments, when the kinetic expression is extrapolated to
higher temperature the reaction rates can be seriously under or over
predicted.

Criterion III is also critical for biomass because the structure changes
progressively along heat treatment, all the way through torrefaction,
pyrolysis and char combustion. Under the more severe heating condi-
tions, it has also been shown that the carbonaceous solid structure un-
dergoes structural ordering with increase of aromatic domains at all
similar to the phenomenon of thermal annealing of coal [60-63]. Results
of experimental work on thermal annealing of lignocellulosic biomass
[59-65,74,80] suggested that thermal annealing does not affect in the
same way all the biopolymers, but it most likely involves the lignin rich
fractions. Moreover, the presence of CO; in the atmosphere, as in oxy-
combustion, enhances structural rearrangement and thermal annealing
[60,61].

It can be concluded, that conditions II and III are not fulfilled for
biomass, therefore validity of kinetic expressions obtained by the pop-
ular NI-TGA approaches must be carefully considered, especially if the
kinetic equations must be implemented in comprehensive models of
boilers operating at high heating rate and temperatures.

4. Alternative metod for derivation of biomass kinetic
expression suitable for boilers simulation

Predicting the combustion behavior of biomass in real systems of
course implies coupling thermo-fluid dynamic models with appropriate
single particle reaction models. Recent work emphasised the need to
investigate and implement in single particle models also the mutual
interactions between thermochemical processes and particle size, aspect
ratio, morphology and porosity. All these aspects have the potential to
impact severily on the combustion performances of real boilers [81-87]
and certainly need to be investigated in the future. Besides these con-
siderations, the previous paragraphs have shown the difficulty to obtain
reliable kinetic rate expressions from conventional TGA approaches.

In the present work, an alternative methodology has been applied to
select suitable kinetic expressions for combustion of Walnut Shells (WS)
under industrial conditions. Notably these describe only intrinsic ki-
netics which should further be corrected for mass transfer effects in a
combustor model.

The experimental approach followed the path indicated in Fig. 1 as
pathB.2 + C1. Samples were pyrolysed (pathB.2) in a DTR in Bochum
under inert conditions at T = 1273 K and with residence times between
66 and 115 ms, then the combustion rate of chars was investigated by
NI-TGA in air (pathC.1) in Naples [64]. The surprising result was that the
DTG combustion curves of the different DTR-chars exhibited up to four
peaks (see Fig. 5). The four components, hereby called C;, Cy, C3, Ca,
were present in different percentages in the char samples produced with
different residence time/temperature.

As already said in previous paragraphs, it would be unrigorous and
purely speculative to identify C1, C2, C3, and C4 with the different
biopolymers present in lignocellulosic biomass (namely cellulose, lignin
etc.). It can be suggested, instead, that C1, C2 are components with
relatively “fresh” carbon material (they have not yet evolved in char and
even include residues of un-devolatilized matter); C3 and C4 can be
considered char materials (with no residual volatile matter) with
different degrees of structural organization.

Kissinger methods were applied to each of the four DTG peaks in
order to obtain first tentative values of the kinetic parameters for each of
the four components, assuming a first order power law. The kinetic
parameters were further refined applying a curve fitting procedure to
the overall DTG curves [64]. These kinetic expressions have been used to
calculate the rate of combustion of each component as a function of
temperature in air, and results are reported in the form of Arrhenius
plots in Fig. 7A. Two curves have been drawn in Fig. 7B which describe
the rate of combustion of the most and least reactive char component as
a function of temperature. Fig. 7C shows that these two curves fall in the
middle of the cloud of Arrhenius plots obtained with the kinetic pa-
rameters reported in the previously surveyed papers.

It can be observed that a T < 700 K the component C; burns first,
followed by Cy, C3 and C4. In this temperature range, combustion is
therefore lead by C; whereas C4 may determine combustion tails. This
means that, within a first approximation, the accuracy of the rate of C4
determines the capacity of the model to capture temperature peak
profiles in the burner. The rate of C1 would instead determine the ca-
pacity of the model to describe combustion tails and, ultimately, the
level of unburnbed carbon. At temperatures between 700 and 1400 K the
situation is different, indeed components C; is fastest. Above 1400 K,
combustion is led by the fourth component, Cy4.
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Table 3
Biomass combustion kinetic parameters by TGA.
Ref Sample Kinetic method Atmosphere (if different from Range of conversion (alfa) or temperature E,kJ/mol A 1/min
air) interval
27 Lignin CR 6.95.10* 6.87-10°
27 Almond shell CR 1.71-10! 1.00-10°
27 Apple tree leaves CR 2.06-10" 2.65-10°
27 Beetroot pellets CR 2.32.10* 3.99.10°
27 Briquette CR 5.55.10! 2.24.10°
27 Chestnut tree chips CR 5.38.10! 2.83-10°
27 Cocoa bean husk CR 1.51-10" 6.28-107!
27 Coffee bean husk CR 6.25.10* 7.10-10°
27 Corncob CR 1.95-10! 3.20-10°
27 Eucalyptus tree chips CR 6.30-10" 1.03-10*
27 Extracted olive pomac CR 1.46-10! 5.08-10'!
27 Gorse CR 4.71-10 3.31-10%
27 Grape seed flour CR 5.70-10 3.09-10%
27 Miscanthus CR 5.09-10* 6.76-10%
27 Olive stone CR 4.76-10 7.33-10!
27 Olive tree pruning CR 1.92-10! 2.26-10°
27 Pepper plant CR 4.73.10 7.02:10
27 Pine and pineapple leave pellets CR 7.35.10* 1.01-107
27 Pine kernel shell CR 4.81-10' 7.91-10!
27 Pineapple leaf CR 4.92.10 5.33-10%
27 Rice husk CR 3.28-10! 4.13-10!
27 Sainfoin CR 4.09-10* 1.88-10%
27 Scrubland pruning CR 2.09-10* 2.86-10°
27 Sorghum CR 1.81-10! 2.01-10°
27 Thistle CR 3.05-10! 5.61-10!
27 Vine shoot CR 4.82.10' 8.68-10%
27 Wheat straw CR 2.34.10 4.13-10°
27 Wheat straw pellets CR 2.75-10! 1.51-10!
28 Cellulose FWO alfa = 0.5 8.04-10! n.a.
29 Waste tea FRIEDMAN alfa = 0.5 2.45.102 n.a.
29 Waste tea FWO alfa = 0.5 2.27-10% n.a.
29 Waste tea DEAM alfa = 0.5 2.29-102 n.a.
29 Waste tea FRIEDMAN 80 %CO5 20 %0, alfa = 0.5 2.05-10% na.
29 Waste tea FWO 80 %CO, 20 %0, alfa = 0.5 2.01-10? n.a.
29 Waste tea DEAM 80 %CO, 20 %0, alfa = 0.5 2.02-102 n.a.
29 Tea leaves FRIEDMAN alfa = 0.5 1.92-10? n.a.
29 Tea leaves FWO alfa = 0.5 2.29-10? n.a.
29 Tea leaves DEAM alfa = 0.5 2.30-10? n.a.
29 Tea leaves FRIEDMAN 80 %CO, 20 %0, alfa = 0.5 1.64-10% n.a.
29 Tea leaves FWO 80 %CO4 20 %0, alfa = 0.5 1.93-10% n.a.
29 Tea leaves DEAM 80 %CO, 20 %0, alfa = 0.5 1.94.10% n.a.
30 Straw CR 1.16-102 7.50-108
30 Straw CR 80 %CO4 20 %0, 1.71-10? 1.07-10°
31 Leaves KAS T > 673K 1.14-10? 6.70-10%
31 Leaves FWO T > 673K 1.16-102 1.10-10%°
31 Leaves FRIEDMAN T > 673K 8.91-10! 3.70-10¢
31 Leaves CR T > 673 K 8.90-10 4.58.10"
Hr = 10 K/min
31 Prunings KAS T > 673K 1.0510? 1.20-10%°
31 Prunings FWO T > 673 K 1.07-10? 1.40.10%2
31 Prunings CR T > 673K 8.75-10 1.91-10'°
Hr = 10 K/min
31 Prunings FRIEDMAN T > 673 K 4.99-10' 1.00-10"°
31 Wood KAS T > 673K 8.10-10* 3.40-10%
31 Wood FWO T > 673K 8.48.10* 4.50-10%
31 Wood FRIEDMAN T > 673 K 1.09-10! 6.90-10%
31 Wood CR T > 673K 7.39.10* 1.15-10"7
Hr = 10 K/min
32 Olive pomace MODEL FITTING 1.50-10? 2.39-10'2
32 Olive pomace torrefied 503 K MODEL FITTING 1.50-10? 6-10'°
32 Olive pomace torrefied 523 K MODEL FITTING 1.50-102 1.51-10!!
32 Olive pomace torrefied 543 K MODEL FITTING 1.50-102 1.9-10'
32 Olive pomace torrefied 563 K MODEL FITTING air 1.50-10? 3.01-10"
32 Olive pomace torrefied 583 K MODEL FITTING 1.50-102 1.9-101
34 Karania KAS alfa = 0.5 5.20-10! 1.03-10%
34 Karania FWO alfa = 0.5 6.30-10" 2.33-10°
35 Poplar wood ARRHENIUS 5.09-102 3.96-10%
35 Poplar wood CR 7.50-10* 1.97-10°
35 Hezelnut shells ARRHENIUS 1.05-102 2.51-10%°
35 Hezelnut shells CR 8.10-10* 1.40-10°
36 Hezelnut shells KAS average 8.38.10! n.a.
36 Cellulose KAS average 1.49-102 n.a.
36 Hemicellulose KAS average 1.37-10? n.a.

(continued on next page)
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Table 3 (continued)

Ref Sample Kinetic method Atmosphere (if different from  Range of conversion (alfa) or temperature E,kJ/mol A 1/min
air) interval
36 Lignin KAS average 1.41-10? n.a.
36 Hezelnut shells FWO average 9.33.10! n.a.
36 Cellulose FWO average 1.90-102 n.a.
36 Hemicellulose FWO average 1.79-10% n.a.
36 Lignin FWO average 1.91-102 n.a.
37 Bamboo,/ wood CR Hr = 20 K/min 1.32:102 1.46-10°
37 Bamboo,/ wood Hr = 30 K/min 1.26-10% 8.35.10°
37 Bamboo,/ wood Hr = 40 K/min 1.44-102 2.00-10%°
38 Agroindustrial residue 7.80-10* 5.92.10°
39 Reed phalaris CR 9.80-10* 6.50-10°
39 Switchgrass CR 8.30-10* 7.90-10°
39 Common reed CR 6.70-10* 5.80-10*
39 Black spruce CR 1.12.10% 9.80-107
39 Pinus banksiana CR 1.43102 2.70-10%°
40 Corn stalk CR 719K < T < 829 K 1.68-102 7.36-10%7
40 Olive tree pruning CR 650 K < T < 785 K 4.82.10" 1.11-10%
40 Vine pruning CR 381°C < T < 521°C 4.51.10 7.90-10°
40 Corn stalk torrefied CR 211°C < T < 521 °C 7.55.10 3.53.10°
40 Olive tree pruning torrefied CR 237°C < T < 517 °C 5.89.10* 1.12:10°
40 Vine pruning torrefied CR 181 °C< T < 521 °C 5.17-102 2.47.10%
41 Pine wood FWO 1.82-102 n.a.
42 Acacia KAS alfa = 0.5 2.13.10% 1.88-10'°
42 Acacia torrefied KAS alfa = 0.5 9.87-10! 1.13-10°
42 Pine KAS alfa = 0.5 1.32:102 7.04-10*
42 Pine torrefied KAS alfa = 0.5 9.18.10* 2.71-10!
42 Mischantus KAS alfa = 0.5 2.16-10% 7.53-10°
42 Miscantus torrefied KAS alfa = 0.5 1.28-102 1.75-10%
42 Acacia OFW alfa = 0.5 2.29.102 4.24.10%°
42 Acacia torrefied OFW alfa = 0.5 1.18-102 3.79-10°
42 Pine OFW alfa = 0.5 1.79-102 6.73-10'*
42 Pine torrefied OFW alfa = 0.5 1.07-10? 3.30-10°
42 Mischantus OFW alfa = 0.5 2.20-10% 1.20-10'°
42 Miscantus torrefied OFW alfa = 0.5 1.57-10? 1.89-10"
43 Pinewood OFW, DAEM average 1.86-10° 1.66-10°
STARINK
44 Eucalyptus bark CR Hr = 10 K/min 2.7810* 4.49.10°
44 Eucalyptus bark CR Hr = 15 K/min 5.97-10" 2.44-10°
44 Eucalyptus bark CR Hr = 20 K/min 1.01-10? 2.84.10°
45 Beetroot CR Hr = 10 K/min 5.01-10* 2.33.10°
45 Beetroot CR Hr = 30 K/min 4.34.10! 1.22:10%
45 Beetroot CR Hr = 50 K/min 4.31.10* 1.80-10°
45 Beetroot CR Hr = 70 K/min 3.81-10! 8.64-10%
45 Beetroot CR Hr = 90 K/min 4.1810! 2.87-10%
45 Switchgrass CR Hr = 10 K/min 7.14-10! 3.24-10°
45 Switchgrass CR Hr = 30 K/min 8.13-10 4.18.10°
45 Switchgrass CR Hr = 50 K/min 6.94-10 5.81-10°
45 Switchgrass CR Hr = 70 K/min 5.89-10! 9.06-10*
45 Switchgrass CR Hr = 90 K/min 5.56-10 6.90-10*
46 Peanut shell 708 K < T < 890 K 2.5810% 2.77-10'¢
47 Duckweed DOYLE MODEL 663K < T < 753K 1.68-10 5.03-10"
47 Duckweed wet torreffaction 403 DOYLE MODEL 663K < T < 753K 2.40-10! 1.13-10%
K
47 Duckweed wet torreffaction 433 ~ DOYLE MODEL 633K < T < 753K 3.18-10 4.02:10%
K
47 Duckweed wet torreffaction 463 ~ DOYLE MODEL 623K < T < 743K 4.24.10 2.49-10°
K
47 Duckweed wet torreffaction 493 DOYLE MODEL 623K < T < 743K 4.35.10! 2.70-10°
K
47 Duckweed wet torreffaction 523 ~ DOYLE MODEL 623K < T < 743K 5.22-10! 1.16-10*
K
48-49  Soybean stalk INTEGRAL 663K < T < 786 K 5.25.10* na.
48-49 Wheat straw INTEGRAL 700K < T < 812K 5.39.10! n.a.
50 Pinewood FWO 1.75-102 Min: 5.43-10°
50 Pinewood KAS 1.73-102 Max:
50 Pinewood FRIEDMAN 1.65-102 1.64-10'°
50 Pinewood FWO 80 %CO4 20 %0, 1.86-102 Min: 9.68-107
50 Pinewood KAS 80 %CO5 20 %0, 1.85-102 Max:
50 Pinewood FRIEDMAN 80 %CO3 20 %0, 1.77-10? 1.58-10'7
50 Pinewood torrefied 623 K FWO 1.01-10? Min: 2.98-10°
50 Pinewood torrefied 623 K KAS 9.28-10! Max:
50 Pinewood torrefied 623 K FRIEDMAN 5.72.10 1.08-10'°
50 Pinewood torrefied 623 K FWO 80 %CO, 20 %0, 9.44-10! Min: 2.88-10°
50 Pinewood torrefied 623 K KAS 80 %CO, 20 %0, 8.59-10! Max:
50 Pinewood torrefied 623 K FRIEDMAN 80 %CO3 20 %0, 5.23.10 1.95-10"
51 Wheat straw CR 1.42-10! 1.43.10°

(continued on next page)
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Table 3 (continued)

Fuel 347 (2023) 128310

Ref Sample Kinetic method Atmosphere (if different from Range of conversion (alfa) or temperature E,kJ/mol A 1/min
air) interval

51 Wheat straw CR 80 %CO; 20 %0, 1.46-10! 1.44.10°

51 Wheat straw CR 70 %CO4 30 %0, 1.30-10! 1.04-10°

51 Wheat straw CR 65 %CO4 35 %0, 1.74-10! 3.35-10°

52 Sewage sludge FWO 80 %CO, 20 %0, 1.64-10° 1.82.10'¢

52 Sewage sludge FWO 70 %CO4 30 %0, 1.16-102 2.27-1011

52 Sewage sludge FWO 50 %CO, 50 %0, 1.65-102 4.07-10'°

52 Sewage sludge FWO 30 %CO, 70 %0, 2.30-10? 1.41-10%

53 Barley straw ARRHENIUS 3.80-102 n.a.

53 Miscanthus ARRHENIUS 3.04-10? n.a.

53 Waste wood ARRHENIUS 1.98-102 n.a.

53 Wheat straw ARRHENIUS 1.68-10% n.a.

53 Willow ARRHENIUS 1.70-10? n.a.

53 Wood pellet ARRHENIUS 1.99-102 n.a.

53 Barley straw ARRHENIUS 70 %CO4 30 %04 1.94.102 n.a.

53 Miscanthus ARRHENIUS 70 %CO, 30 %0, 2.27-10% n.a.

53 Waste wood ARRHENIUS 70 %CO, 30 %0, 3.40-10% n.a.

53 Wheat straw ARRHENIUS 70 %CO4 30 %0, 3.04-102 n.a.

53 Willow ARRHENIUS 70 %CO4 30 %0, 3.33-102 n.a.

53 Wood pellet ARRHENIUS 70 %CO, 30 %0, 4.17-10? n.a.

55 Willow 1.46-10> 9.00-10'°

55 Willow torrefied 473 K 1.41-10? 1.38-10'°

55 Willow torrefied 493 K 1.16-102 2.70-108

55 Willow torrefied 513 K 1.13-10? 1.14-108

55 Willow torrefied 533 K 1.09-10% 5.28:107

55 Willow torrefied 553 K 1.38-102 1.02:10'°

55 Willow torrefied 573 K 1.36-102 5.16-10°

56 Bamboo forest residue alfa = 0.5 1.75-102 7.02-10™*

56 Bamboo forest residue torrefied alfa = 0.5 2.10-10? 5.21.10"7
473K

56 Bamboo forest residue torrefied alfa = 0.5 1.96-10% 6.90-10'¢
523K

56 Bamboo forest residue torrefied alfa = 0.5 1.97-102 1.97-10'7
573K

57 Wood 1 FRIEDMAN 1.53.102 5.64-10%°

57 Wood 1 KAS 1.60-102 1.08-10'°

57 Wood 1 FWO 1.62-102 1.14-10"°

57 Wood 1 torrefied FRIEDMAN 1.11-10? 1.08-10'°

57 Wood 1 torrefied KAS 1.05-102 4.56-10'1

57 Wood 1 torrefied FWO 1.10-10? 8.40-10M1

57 Wood 2 FRIEDMAN 2.32.10% 5.94.10%°

57 Wood 2 KAS 2.15.102 5.52.10%°

57 Wood 2 FWO 2.15.102 3.72-10%°

57 Wood 2 torrefied FRIEDMAN 1.83-102 2.70-10'8

57 Wood 2 torrefied KAS 1.88-102 9.60-10'°

57 Wood 2 torrefied FWO 1.89-102 9.00-10%°

58 Palm kernel shell MODEL FITTING 4.75-10! n.a

58 Palm kernel shell torrefied MODEL FITTING 6.00-10! n.a.

64 Walnut shells char from DTR Component 1 5.8.10 2.00-10*

64 Walnut shells char from DTR Component 2 1.50-102 5.00-10'2

64 Walnut shells char from DTR Component 3 1.50-102 3.50-10"!

64 Walnut shells char from DTR Component 4 2.05-10% 5.50-10'*

With the aim of identifying a simple kinetic expression suitable for
reactor models, for instance in CFD (computational fluid dynamics)
codes, within a first approximation it is suggested to different sets of
kinetic parameters according to the operating reaction temperature, as
reported in Table 4.

5. Conclusions

A survey over recent kinetic studies of biomass combustion has
shown a very common use of TGA campaigns, especially of non-
isothermal experiments (NI-TGA), combined with kinetic analysis
methods of Kissinger, Friedman, Kissinger-Akahira-Sunose,
Flynn-Wall-Ozawa, Coats-Redfern, Starink.

A critical analysis of these results shows large variability in estima-
tion of biomass combustion rate from TGA derived kinetic expression.
Differences cannot be simply attributed to variability of biomass or

10

errors in experimental or data analysis procedures.

Lignocellulosic materials are indeed complex materials where mul-
tiple occur in series and parallel. These include the pyrolysis and com-
bustion of different lignocellulosic components as well the progressive
transformation of the biomass structure towards the progressively more
organized structure of char. Under severe heating conditions, even
thermal annealing/graphitization is possible.

TGA is a valuable and easy tool for comparing and scaling the
reactivity at the laboratory scale, for instance through combustion in-
dexes, but when multiple stage of mass loss overlap and the structure of
the solid reactant is not constant throughout the experiment, as in the
case of biomass combustion, thermogravimetric analysis by conven-
tional methids can fail to produce reliable kinetic expressions.

In these cases, sensitive approaches must be developed by expert
users to gain insightful results. It is also recommended to pre-pyrolyse
the biomass before performing any TG combustion run, in order to
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Fig. 6. Arrhenius plots of combustion rate with literature data. A: all data from Table 3; B. woody biomass obtained by CR methods [27,35,37,39,40,44].
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Table 4

E,

R I . - . da o
Values of kinetic parameters of WS char combustion in air according to kinetic expression. - = koe RT(1—a).

T <700 K 1400 > T > 700 K T > 1400 K
Kinetic-Limited Rate Pre-Exp. Factor, 1/min 3.3.10% 8.3-101° 1.00-1013
Kinetic-Limited Rate Activation Energy, kJ/mol 58 150 205
Table Al
Combustion performance indices.
Performance index Formula Meaning
Comprehensive combustion performance index [%2/(°C3 min2)] DTGy DTG, Overall combustion performance
T2T,
Ignition index [%/min3] DTGpeax Ignition performance
tilpeak
Burn out index [%/(min)4] DTGpear Burnout performance
Aty jotpearts

Aty »is the time to go from DTG=0.5DTGpear t0 DTGpear

limit the structural changes related to pyrolysis and graphitization. Pre-
pyrolysis should be carried out with peak temperature, heating rate and
residence time as close as possible to realistic conditions.

In the reported exemple of walnut shells combustion, four compo-
nents have been identified with four distinct sets of kinetic parameters.
Within a first order approximation, in a given temperature range, the
kinetics of the most reactive component can be used to capture the
burnser’s temperature peak profiles, however the kinetics of the least
reactive component shall be considered to predict combustion tails and,

12

ultimately, the level of unburnbed carbon.
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Table A2
Methods of Kinetic analysis.
Method Type of method To be assessed from TG/DTG Plot Equation
curves
Kissinger [66] Differential DTG peak temperature (Tmax) at  In(8/T%, )VS. 1/Tmax B AR E,
different heating rate (5) In (T?nax =1 (fﬂ) “RTpax
Friedman [67] Differen'tial iso- Conversion rate (d(l/(?[) and In(da/dt); vs 1/T, In(d—‘x — InAf()] _Ea For reaction-order nln(d—O( _
conversional temperature (T,) at given dt RT dt
conversion (a) for different Ea
In(A In(l —x) ——
heating rates () n(A) + nin(1 —o) RT
Kissinger-Akahira-Sunose Integral iso- Temperature (T,) at given In(B/T2) vs. 1/T,, B AE, E, .
(KAS) [68] conversional conversion (a) for different In (ﬁ = (Rg( a)) “RT, for reaction-order n g(a) =
. a a
heating rates () A LI ™
Flynn-Wall-Ozawa (FWO) Integral iso- log(B) vs. 1/T, B B AE, E,
[69-70] conversional For n=1 logf = log (Rg(a) ~2:315-0.4567 RT,
Inf =In A ) ~5.332-1.052-2% For reaction order n
B <Rg(a) ' ORI,
E
In(—In(1 —a)) = InA ——% —nln
(~In(1-a) R ()
DAEM [89] Integral iso- In(B/T?) vs. 1/T,
conversional VT T In (E =In (ﬁ) 0.675— Eq
'IZ E, RT,
STARINK [72] Integral Iso- In(B/T-2) vs. 1/T,, i E
conversional In (T1-92 = const —1.00008 R;u
«
Coats-Redfern method [73] Integral on conversion (@) as a function of 1-(1-a)'™" 1-(1-a)t™" AR\ E
single heating temperature at one heating rate l”(p— 1"(7 =In{ 2 ) —= (for n£1);
(1-n) (1-n) PEa) RT
rate
—In(1-a) —“In(1-a)\ _ (AR\ E, B
orln<T) vs.1/T In (T =1In (/37.1 ﬁ(for n=1)
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Appendix
A.1 Combustion Performance Indices

Thermogravimetric experiments can be used as a means to obtain a quick comparison of biomass and solid fuels in general in terms of combustion
reactivity [88].

From the plots of mass loss (TG curves) and derivative mass loss curves (DTG) versus temperature/time it is possible to identify the ignition and
peak temperature and time (T, t;, Tpeqk, tpeak), the burnout temperature and time (T}, t,), the maximum and average of the DTG curves (DTGpeqx,DTGy).

A first indication on the relative reactivity of samples is provided by simply comparing the peak of the DTG curve: the lower the peak temperature,
the more reactive the sample. However different other parameters can be calculated in order to compare the combustion performance of solid fuels.
The most commonly used combustion performance indices and their formulas are reported in Table Al.

When comparing combustion indices from different research works it must be born in mind that values depend on the heating program and
experimental conditions applied, in particular combustion indices increase with the heating rate.

A.2 Kinetic analysis by TGA

The kinetic analysis from TGA data departs from the general expression:

da _Ea
o = ke #f(a)h(py) (A1)

where ko is the pre-exponential factor,E, the activation energy, T the temperature in K, R the universal gas constant, the functions f(a) and h(pg)
describe the dependance of the rate of reaction from the conversion degree (a) and from the reactant gas (oxygen) partial pressure (pg).
The degree of conversion « is calculated from weight loss data as:
Wy — W,

ae (A2)
Wo — Wy

where wy is the initial weight of the sample, w; is the weight of the sample at a specific time t and wy the final weight of the sample.
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At fixed value of the reactant gas (oxygen) partial pressure in the flow gas, the general conversion-time relationship (A1) simplifies to:

da Eq

— =Ae ®f(a A3

di @ (A3)
The functional form of f(«) is often set to (1 —a), however more complex expressions sometimes are used (n’ reaction order, nucleation, geometrical

contraction models etc.) [27].

Upon heating with constant rate, 3, the following relations hold:

da A _Ea

d—T = Ee f(a) (A4)
h AT L

Gla) = /f(a) =5 e Bar (A5)
0 fo

The kinetic parameters can be obtained applying different methods from isothermal and non-isothermal campaigns.

Isothermal TGA experimental campaigns
For isohtermal thermogravimetric (I-TG) campaigns the function f(a) can be obtained from the shape of the curve of instantaneous conversio rate
‘é—‘; versus a, while the kinetic paramenters A and E, can be obtained by linear regression of Arrhenius plots based on either derivative or integral data.
The kinetic paramenters are obtained from the slope and the intercept of the Arrhenius plots:

da) 1 _ Ea
In (W}W) =1In(A) — RT (A6)

where the values of % are taken at fixed conversion degree (a) from the different TG experiments at isothermal temperature T.

If integral methods are used, instead, the Arrhemius plots are based on average conversion rate (Ray— .), where 7 is the timne needed at a given
isothermal reaction temperature to accomplish the coinversion degree «a .

The particle size and the reaction temperature must be kept sufficiently low to minimize external and internal temperature and concentration
gradients so as to guarantee that reaction occurs under kinetic control. In this case the Arrhenius plots are linear and a linear regression allows to
estimates the values of A and E,

From non-isothermal TGA experimental campaigns
A fast and simple way to obtain approximate values of the kinetic paramenters from a single non-isothermal thermogravimetric (NI-TG) exper-

iment is still through Eq. (8). In this case the values of In (% )ﬁ) to be plotted are obtained throughout the non-isothermal experiment as a function of

the increasing temperature.

If heat and mass transfer limitations are negligible, the Arrhenius plot shows a linear region from which, through linear regression, it is possible to
estimates the value of A and E, just the way it is done from isothermal thermogravimetric campaigns. This method requires a preliminary decision on
the functionality of f(a). This functionality can be in first approximatiom set to (1 —a) otherwise could be obtained from the trend of % versus (a) in an
isothermal thermogravimetric test. Thus the minimum set of experiments necessary to derive a simple kinetic rate expression is constituited by a non-
isothermal plus an isothermal thermogravimetric experiment carried out under kinetic control.

Several more accurate, yet more complex, methods have been developed to perform kinetic analysis from non-isothermal thermogravimetric
campaigns [30,66-73], such as as the methods of Kissinger [66], Friedman [67], Kissinger-Akahira—Sunose (KAS) [68], Flynn-Wall-Ozawa (FWO)
[69-70], Coats-Redfern (CR) [72], Starink [73], which methods are often implemented in thermogravimetric analysis software packages and have
been routinely applied in many recent papers.

The main features of common non-isothermal kinetic analysis methods are summarized in Table A2. While further details on these models can be
found in [66-73] it must be remarked that all of them work fine for reactions characterized by a single component and a well-defined stage of mass
loss. In such simple situation, indeed, even the simple Kissinger method, which assumes a single value of activation energy, provides good estimates of
the kinetic parameters. The analysis is more complex when multiple reactions occur in parallel and series.

A.3 Kinetics for parallel reactions

Lignocellulosic biomass are composite materials, made of hemicellulose, cellulose, lignin, plus smaller amounts of extractives and other species.
Results of thermogravimetric analysis generally reveal the existence of multiple stages of weight loss, which, as remarked before, makes the kinetic
analysis from thermogravimetric curves a rather complex job.

Assuming that the sample is composed of i components with weight fraction y; and that these components undergo parallel-non interacting re-
actions, Eq. (A1) becomes:

diai da,- _
di - 2’

ZA,-ef%f(a[)yi (A7)

If the difference between the rates of the single reactions is large enough, the TG pattern is characterized by well-resolved and distinguishable
stages of weight loss. In this case, the kinetic parameters can be well resolved by the iso-coversional methods described before.

Otherwise, the parameters of the kinetic expression Eq. (A5) must be assessed by least squares fitting of experimental TG/DTG curves, even though
it is still advisable to perform a preliminary analysis by the iso-conversional methods, in order to get first estimates of the activation energy values
[68]. For reaction schemes with a large number of parallel reactions, the DAEM kinetic approach proposed by Vand [89] and further simplified to be
applied to biomass pyrolysis, can also be utilized.
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