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Abstract

Pulverized biomass may self-heat and spontaneously ignite when stored or processed at in-

termediate or even low temperatures. In this work, reaction kinetic parameters for biomass

oxidation and pyrolysis were determined for the temperature range 423–523 K. Thermogravi-

metric analysis was used to determine mass loss kinetics in a stepwise-isothermal heating

program. Two wood species (pine, beech), two agricultural residues (wheat straw, sunflower

husks) and two commercial wood pellet samples were investigated. Atmospheres with 0 %,

20 % and 80 % oxygen were used in the experiments. A pyrolysis model of four parallel

reactions for extractives, hemicellulose, celluose and lignin fit the experimental data for 0 %

O2 well. Oxidation kinetics could be modelled by additional reactions in parallel to the
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pyrolysis mechanism. Two mechanisms were tested: (1) considering oxidation of a lumped

’volatilizable’ component plus oxidation of char; and (2) separate oxidation reactions for

volatilizable extractives, hemicellulose, celluose and lignin, plus char. The more complex

mechanism did not give a clear advantage over the simpler mechanism. It was further found

that pyrolysis and oxidation reactions for the components could be modelled with the same

activation energy, regardless of which biomass they appear in. For the lumped component

oxidation model, an apparent activation energy of 130 kJ/mol was found. The observed

reaction order in oxygen was in range 0.4–0.5. The models also compared favorably to ad-

ditional experimental data between 373–773 K for a heating rate of 5 K/min. The kinetic

models presented here are intended mainly to describe low-temperature reactions, such as

self-heating of biomass and the onset of smoldering combustion.

1 Introduction

Biomass can replace coal as a fuel for heat and power generation in pulverized fuel fired

boilers. One recent example is the conversion of Danish combined heat and power (CHP)

plants originally built as pulverized-coal fired boilers. This technological switch requires to

store and process solid biomass materials, mainly in form of pellets, in large quantities. In

CHP-facilities, fires have occured in storages and power plant mills that were likely caused by

spontaneous ignition. Excessive self-heating, leading to thermal decomposition and ignition,

is a known problem for storages.1,2 To the authors’ knowledge, the role of self-ignition of

biomass in mill fires, i.e. at elevated temperatures above 423 K, has not been explicitly

researched. However, based on older studies of coal mills, settled dust beds may build up

and self-ignite in these devices.3–5 Predicting such events requires accurate reaction kinetic

data for low temperatures. Unfortunately, such data are scarce for typical fuels such as wood

pellets and agricultural residues.

Additionally, there does not appear to be a consensus on the appropriate kinetic model
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for low temperature oxidative conversion. Different researchers have proposed single-reaction

models,1,6–10 models with two or more parallel reactions,11–17 models with two or more

sequential reactions,18–20 and models involving combinations of serial and parallel reac-

tions.21–26 Where several reactions are used, these have been used to distinguish between

pyrolysis and oxidation, between different biomass components, or different stages of pyrol-

ysis and/or oxidation reaction pathways. A short overview will be given below in the light

of determining kinetic parameters at temperatures relevant to self-heating in power plant

mills.

If only a single reaction is used to model low temperature oxidation, the reported kinetic

parameters vary widely. Activation energies for wood pellets from isothermal calorimetry at

low temperatures (300–350 K) have been measured as 50–80 kJ/mol.1,7 From oven heating

tests, 89 kJ/mol are reported for mahogany wood at 375–450 K.11 Data compiled from oven

tests of different wood species at 370–570 K result in activation energies of 110–125 kJ/mol.6

From self-ignition oven tests according to EN 15188, activation energies of 139 kJ/mol

and 207 kJ/mol are reported for sunflower husk pellets and softwood chips, respectively.10

Kinetic parameters from tests on larger samples may also be influenced by heat and mass

transfer limitations. Thermogravimetric analysis (TGA) is considered a method to avoid such

transport limitations. Single-reaction models have been fit to TGA data, and activation

energies for oxidation of forestry and agricultural residues are given in the range of 61–

68 kJ/mol (at 293–1073 K)9 and 75–116 kJ/mol (at 500–630 K).8

Thermogravimetric analysis has also been used to determine reaction kinetic parameters

for biomass oxidation and pyrolysis in more complex models.12–20,22–26 The most widespread

method is to conduct experiments at several constant heating rates from ambient conditions

to temperatures exceeding 873 K or higher. The experimental data are in turn used to fit

the parameters of a reaction model consisting of two or more seuqential or parallel reactions,

so that this best matches the conversion rate dX/dt as a function of temperature. Mass loss

at low temperatures (<470–525 K) is frequently very low, however, and not well resolved
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in the reported experimental data. In the few cases in which mass loss is reported at

these temperatures, it is attributed to evaporation of moisture.25,26 In both of those cited

works, the evaporation peak is also clearly offset from oxidation and/or pyrolysis of the

organic fraction when plotting conversion rate over temperature. Significant thermal or

oxidative degradation below 470 K is not described in any of the cited TGA-studies.12–20,22–26

Comparison with the experiments at low temperatures (370–570 K) and long holding times

(minutes to years),1,6,7,11 where significant conversion of the organic fraction is observed,

suggests that the heating rates used in typical TGA-studies are too high to resolve the

slow reactions at low temperatures. While experimental procedures slightly vary among

researchers,12–20,22–26 the lower bound for heating rates is usually 5–10 K/min (Anca-Couce

et al.14 also investigated 2.5 K/min), with an upper bound of typically 20–40 K/min. Such

heating rates are interesting to describe propagation of smoldering combustion, which is

associated with heating rates in order of 10–1000 K/min.21 In contrast, this work focuses on

the initiation and onset of smoldering. Based on practical experience with ignition in mill

fires, it is suspected that this incipient smoldering occurs on much larger timescales and at

lower temperatures. Isothermal27–30 and stepwise isothermal thermogravimetric analysis31,32

have been used to investigate torrefaction reactions (a mild pyrolysis, ≈473–573 K), while

only few comparable works are available for oxidative atmosphere (e.g.,33).

The aim of this work is to extend kinetic models of devolatilization and oxidation to

lower temperatures and heating rates. We present a model to describe mass loss kinetics

for six different biomasses, distinguishing between pyrolysis and heterogeneous oxidation

as parallel processes. Thermogravimetric analysis with stepwise isothermal programs in

the range of 423–523 K is used to find the values of the kinetic parameters for each of the

biomasses investigated. The oxygen concentration is varied in the experiments (0 %, 20 % and

80 % oxygen) to separate purely thermal decomposition (pyrolysis) from oxidative reactions,

and to determine the influence of oxygen on the reaction rates. The kinetic models found

for low temperatures under isothermal conditions are then compared to thermogravimetric

4



experiments at intermediate heating rates (5 K/min) and temperature ranges 373–773 K to

ensure that they are consistent with the data available in the literature for those conditions.

2 Experimental

Six different biomasses were investigated: beech wood, pine wood and wheat straw as raw

materials, as well as two types of wood pellets obtained from a local CHP-plant, and a

sample of sunflower husk pellets as commercial pelletized fuels. Additionally, experiments

were carried out with cellulose (Sigma-Aldrich C6288), xylan (from cornstalk; abcr Chemie

AB143294) and lignin (alkali; Sigma-Aldrich 471003). Rapeseed oil was used as a model

substance for extractives, as it contains a mix of saturated and unsaturated fatty acids

(mainly C18:1 and C18:2). Unsaturated fatty acids may play a role in the autooxidation of

biomass.2 In order to model extractives bound in a matrix, experiments were carried out

with mixtures of oil and SiO2 as well as oil and cellulose, both 50 %/50 % by weight.

The two woods were provided in pulverized form (beech: 0–250µm, pine: 50–200µm).

The other biomass samples were milled and a size fraction <125µm was used in the experi-

ments. Cellulose, lignin and xylan were used as provided by the manufacturer. Information

on the chemical properties of the six biomass materials used is found in Table 1. Results

from proximate and ultimate analysis fall within the range of values typically found in the

literature, although pine and wood pellets appear to have low char and high volatile con-

tents. Of the inorganic elements present in the samples, especially potassium and sodium

are known to have a catalytic effect on thermal conversion.30,34–37 Other metals observed to

have catalytic effects are magnesium30 and, to a lesser extent, calcium.34

2.1 Biopolymer analysis

Klason lignin and carbohydrate composition of the six samples were determined by sulfu-

ric acid hydrolysis. 1.5 mL of 72 % H2SO4 were added to 0.16 g sample, which was pre-
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hydrolyzed for 60 minutes at 303 K. After dilution of the hydrolyzate with Milli-Q purified

water (42 mL), the liquid samples were autoclaved at 393 K for further 60 minutes. Filtered

liquids were analyzed on an HPLC (high-pressure/high-performance liquid chromatography)

column, while the solid residue was heated to 823 K to determine the lignin ash content. Re-

sults are summarized in Table 1. For the two wood pellet samples, analyses from an external

lab were available. The results agreed with the ones presented here within ±0.01 kg/kg,

with the exception of glucose (0.401 kg/kg and 0.395 kg/kg for wood pellets I1 and I2, rep-

sectively), which showed slightly larger deviations.

Acid methanolysis and GC-MS (gas chromatography – mass spectrometry) was applied

to three of the biomass samples in order to separate and quantify their hemicellulose-bound

glucose content. The method is described elsewhere in more detail.38 The analysis was done

in duplicate and results were repeatable within 10 % of the reported values. Data is included

in Table 1, based on the total dry matter.

Extractives were measured following a procedure based on an NREL report, Determina-

tion of Extractives in Biomass (NREL/TP-510-42619). Lipids were extracted with ethanol

(96 v/v%) in a Soxhlet extractor for 6 hours to measure the amount of total extractives.

The extracts were then chemically modified with 1.25 M HCl in methanol to produce fatty

acid methyl esters, so that the fatty acids become detectable for the GC-MS instrument. An

Agilent 7890B gas chromatograph interfaced to an Agilent 5977B Mass Selective Detector

was used in this part of the study. Samples of 1 µL were injected in split mode (1:20). The

source and rod temperatures were 503 K and 423 K, respectively. The products were sepa-

rated using two HP-5ms ultra inert columns (15 m, 0.25 mm, 0.25 µm coating). Separation of

products was achieved using a temperature program from 343–523 K at 10 K/min. Results

are included in Table 1, where the relative abundance of the C 16:0–C 22:0 fatty acids are

given for each biomass. The fatty acid values given are proportions, and do not allow an

absolute quantification.
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Table 1: Proximate, elemental and compositional analysis of the biomasses used used in this
study. Difference to one in the sum of the compositional analysis is balance error.

Beech Pine Sunflower Wheat W. pellets I1 W. pellets I2

Proximate analysis, dry base [kg/kg]
Volatiles 0.771 0.856 0.756 0.774 0.845 0.839
Char 0.202 0.141 0.193 0.184 0.149 0.155
Ash 0.027 0.003 0.052 0.042 0.006 0.006
Moisture (average) 0.059 0.049 0.085 0.061 0.060 0.057

Elemental analysis, dry base [kg/kg]
C 0.512 0.528 0.521 0.480 0.507 0.511
H 0.057 0.061 0.059 0.057 0.061 0.061
O 0.429 0.410 0.503 0.457 0.430 0.427
N 0.002 0.001 0.015 0.004 0.002 0.001

Inorganic elements (selection), dry base [mg/kg]
Ca 4600 900 2600 2300 2000 1400
K 4600 360 8000 7500 1200 640
Mg 830 130 1400 690 420 320
Na 280 71 10 260 33 94

Compositional analysis, dry base [kg/kg]
Arabinose 0.005 0.015 0.022 0.032 0.010 0.014
Galactose 0.007 0.025 0.009 0.011 0.013 0.026
Mannose 0.015 0.117 0.006 0.005 0.046 0.106
Rhamnose 0.004 0.002 0.008 0.002 0.003 0.002
Xylose 0.168 0.055 0.174 0.271 0.134 0.074
Galacturonic acid 0.025 0.013 0.048 0.008 0.024 0.013
Glucuronic acid 0.001 0.001 0.006 0.004 0.001 –

Sum non-glucose sugars 0.225 0.228 0.273 0.333 0.231 0.235

Glucose (total) 0.337 0.440 0.270 0.424 0.423 0.431
Non-cellulose glucose 0.016 0.037 0.009 n.a. n.a. n.a

Klason lignin 0.346 0.278 0.316 0.208 0.273 0.316
Extractives 0.015 0.093 0.089 0.039 0.066 0.072

Sum (composition) 0.923 1.039 0.948 1.004 0.993 1.054
Lignin ash 0.009 0.002 0.006 0.014 0.006 0.004

Fatty acids analysis, relative abundance [arbitrary units]
C 16:0 0.255 0.045 0.101 0.332 0.200 0.158
C 18:0 0.058 n.a 0.084 0.052 0.038 0.046
C 18:1 0.190 0.207 0.199 0.123 0.188 0.184
C 18:2 0.082 0.020 0.231 0.045 0.186 0.025
C 18:3 n.a. n.a. 0.046 n.a. 0.038 n.a.
C 20:0 0.039 n.a. 0.018 0.020 0.024 n.a.
C 22:0 0.108 0.024 n.a. 0.036 0.034 n.a.
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2.2 Thermogravimetric analysis

Thermogravimetric measurements were carried out on a Netzsch STA 449-F1 Jupiter. The

instrument was checked by repeating a round-robin study on cellulose pyrolysis,39 as well

as repeating pyrolysis experiments on beech40 and pine14,40 at a heating rate of 5 K/min.

Agreement between our data and the kinetic models presented in the literature14,39,40 was

good. It was also found that kinetics derived from TGA with 5 K/min heating rates does

not predict low-temperature mass loss well (see supporting information).

The focus of this work is on low temperature kinetics. Therefore, a temperature program

for the TGA experiments was designed to investigate the region 423–523 K. The program

consisted of a series of six isothermal stages: 423 K, 443 K, 463 K, 483 K, 503 K and 523 K.

Each isothermal condition was held for one hour, with heating rates of 10 K/min in between

stages and up to the first isothermal holding point (compare the top part of Fig. 1). Temper-

atures measured at the sample crucible generally followed the preset temperature programs

well. A mild excess in temperature was seen at the beginning of each isothermal interval,

which was attributed to a controller overshoot. The measured temperature history was used

in the analysis of the data.

The gas flow rate through the oven was 150 mL/min, and experiments were run under

0 %, 20 % and 80 % oxygen (balance: nitrogen). Experiments were duplicated in range 423–

503 K. To compare kinetic parameters determined in this work to data available in the

literature, additional experiments were carried out at a constant heating rate of 5 K/min

from ambient to 773 K, both under inert atmosphere and with 10 % and 20 % oxygen each.

These experiments were also duplicated.

Samples were placed in alumina cups of 7 mm diameter and 4 mm height, which were

filled to less than a third of their height. For the 5 K/min temperature-ramp experiments,

the sample mass was kept below 5 mg to avoid mass- and heat transfer limitations. For the

isothermal experiments, slightly higher sample masses of <10 mg were allowed in order to

better resolve the low mass loss at low temperatures.
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The biomass samples were used as-is, i.e. without prior drying. Evaporation of moisture

was clearly visible in the recorded data as a pronounced loss of mass (between 4–8 % depend-

ing on the individual sample, with typical values around 5 % of the total) within the first

10 minutes of the experiment. As evaporation of moisture and decomposition of the organic

matter were easily distinguished, no dedicated drying period was included in the heating

programs. The measured moisture content was used to rescale the data to dry values.

Data were automatically recorded in 0.05-minute intervals for isothermal experiments,

and in 0.01-minute intervals at constant heating rate. The sampling rates follow the default

settings of the instrument. Recorded mass loss data were corrected for buyoancy effects by

subtracting a correction carried out on an empty crucible for each experimental program. A

simple routine for pre-processing the data was developed and applied to all datasets. Mass

loss data were rescaled to dry-base for further treatment, and m0 refers to the initial dry

mass in the following. To determine the conversion X,

X(t) =
m0 −m(t)

m0 −mf

(1)

the final mass mf was set to the sum of char and ash (from proximate analysis) for pyrol-

ysis experiments, and only ash for experiments under oxidative atmosphere. Ash and char

contents are found in Table 1. Owing to noise on the measured signal, the conversion rates

dX/dt were determined from smoothed data. Data were initially smoothed by calculating

the moving average of X(t) with a filter width of 120 records. From these data, the conver-

sion rate was calculated as the temporal gradient by central differences. The conversion rate

was then filtered again by applying the same moving average filter.

Repeatability of the experiments was generally good. In order to compare duplicate runs,

the root-mean-square (RMS) difference was used.

δϕ =

√∑
(ϕ1(t)− ϕ2(t))

2

N
; ϕ = {m/m0, dX/dt, T} (2)
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In this equation, N is the total number of datapoints measured at time t, and ϕ is a place-

holder for the compared quantities: remaining mass scaled by initial mass, conversion rate

and temperature. This difference can also be scaled to the range of ϕ-values by

δS,ϕ =
δϕ

ϕmax − ϕmin

(3)

Root-mean-square differences, data range, and scaled differences were determined individu-

ally for each biomass sample in each temperature program. In the following, only the maxi-

mum differences and scaled differences across all measurements are given. The temperature-

time programs agreed within a difference of δT = 0.35 K for all experiments. The relative

mass remaining m/m0 was repeatable within 0.0094 (6.5 % of the measured range) for the

isothermal experiments and 0.015 (1.8 % of the measured range) for the constant heating

rate experiments. For the conversion rates, the corresponding maximum RMS-differences

were 7.5× 10−6 s−1 (scaled 13.3 %) for the isothermal experiments and 3.0× 10−5 s−1 (scaled

3.4 %) for experiments at constant heating rate of 5 K/min. Scaled RMS-differences of m/m0

and dX/dt in the isothermal experiments are generally higher owing to the low overall con-

version or mass loss at the low temperatures (<503 K) for which those experiments were

repeated.

Experimental data from thermogravimetric analysis are summarized in Figures 1 and

2. The data from isothermal experiments clearly reveals differences among the different

biomasses in the temperature range 423–523 K. Sunflower husk pellets show the highest mass

loss through most of the temperature range tested. The two wood pellets are among the

least reactive in the entire temperature range of the isothermal experiments. Pine initially

loses mass at rates similar to sunflower, but is less reactive at higher temperatures (≥483 K).

The opposite is observed for wheat and beech, for which mass loss accelerates above this

temperature. Measured mass loss in oxidative atmosphere differs from that in inert atmo-

sphere from approximately the third isothermal stage (463 K) onward. It was considered
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whether air entrapped in the sample beds may lead to few, early oxidation reactions, even

when the experiments are run with nitrogen atmosphere. However, interstitial air could

only supply <0.2 % of the oxygen necessary for conversion of the sample, and the entrapped

oxygen is additionally expected to diffuse out rapidly. Purge flow rates of 150 mL/min are

moreover sufficient to replace the gas volume enclosed in the oven in the first few minutes of

the experiment.

For the experiments at constant heating rate, the conversion rate is shown as a function of

temperature to allow better comparison with the data available in literature.8,12–17,22,24–26,44

With the exception of sunflower, these data does not allow to distinguish between different

biomasses and different atmospheres below 473 K. The dominating feature in this data

presentation is the peak in conversion rate, typically attributed to reactions of cellulose.

Presence of oxygen is seen to accelerate mass loss in all cases, in agreement with published

data. However, the effect of oxygen concentration is small, when comparing the experiments

under 10 % and 20 % oxygen atmosphere. The location of the peak decomposition rate

is shifted by 5–10 K, and the rates themselves are slightly higher. With oxygen present,

two characteristic peaks can be seen. The secondary peaks in range ≥673 K can likely be

attributed to char oxidation.

Dimensionless Biot (Bi), Pyrolysis (Py) and Damköhler (Da) numbers were evaluated

to determine the influence of heat transfer limitations (during transient heating) and mass

transfer limitations (for oxidation experiments). Heat transfer has negligble influence on the

observed mass loss, when internal heat transfer is faster than external heat transfer (Bi� 1),

and when both are faster than reaction rates (Py � 1).41,42 Mass transfer limitations are

considered for oxygen only, and kinetic control can be assumed when diffusion rates are

faster than reaction rates (Da � 1). Addiditonally, the dimensionless Frank-Kamenetskii-

parameter43 was calculated to determine whether thermal runaway (heat release exceeds

internal heat dissipation) could occur in the samples with oxygen present. Details of these

calculations can be found in the supporting information. Based on the evaluation of the
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dimensionless parameters, conditions for the stepwise isothermal experiments were free from

heat- and mass transfer limitations. Transport limitations may play a minor role for the

experiments at constant heating rate: The Biot number becomes independent of particle

or sample size for near-stagnant flows.42 Bi evaluated to 0.1–0.2 for single particles and

Bi < 0.4 for the full sample (i.e., the bed of particles). The Pyrolysis number criterion can

be used to estimate a critical maximum particle size.42 Using this approach, kinetic control

is predicted up to 700 K (pyrolysis) and 625 K (oxidation) based on modelled rates for the

largest particles used (250 µm). Oxygen diffusion limitations were estimated to be wholly

negligible below 570 K. By conservative estimate, self-ignition of the samples cannot occur

below 530 K under the experimental conditions used, and no self-heating was observed in

the experiments. Other possible influences, such as particle specific surface area, particle

porosity and bed structure were not quantified. The former two would influence availability

of active sites to oxygen attack, while the latter determine diffusion through the sample as

well as the bed thermal conductivity. While kinetic control was assumed in interpreting

the experiments, the results are strictly valid only for the size range and morphology of the

particles used.

3 Modelling

Reactions are described by a differential equation for the conversion X,

dX

dt
= k(T ) · f1(X) · f2(pO2) (4)

k is the rate constant modelled by an Arrhenius-expression,

k = k0 · exp

(
− Ea

R · T

)
(5)
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and f1 and f2 are functions of conversion and oxygen partial pressure, respectively. Most

common models for f1 are first- or n-order reactions:

f1(X) = (1−X)n1 (6)

Oxygen-dependent reactions can be modelled by introducing a reaction order in oxygen

partial pressure,

f2(pO2) =

(
pO2

pref

)n2

(7)

where a reference pressure pref is introduced to non-dimensionalize the oxygen partial pres-

sure.

Initial attempts at fitting a single first order reaction to the pyrolysis experiment and

combining it with a first order reaction for oxidation yielded poor fits. The quality of the

model fit could be improved slightly when an n-order reaction was considered. However,

fitting only selected temperature ranges of the experimental mass loss curve yielded different

sets of kinetic parameters, indicating that a process consisting of several steps was taking

place.

Several researchers have linked these steps in the reaction to parallel and independent

reactions of the components hemicellulose, cellulose and lignin.13–18,25,45 In this work, extrac-

tives are considered as a separate fourth component. Pyrolysis and oxidation of these four

components are modelled as parallel reactions, similar to literature.12,14,23,25,26 For consis-

tency, char is included as an additional fifth component. Char is defined as the remainder of

a complete biomass devolatilization in this model. Char oxidation dominates at higher tem-

peratures, when the volatilizable fractions of hemicellulose, cellulose, lignin and extractives

have been removed. Although this process is physically in sequence to pyrolysis and primary

oxidation, several authors have demonstrated that, mathematically, it may also be modelled

as an additional parallel reaction.13–17 Following this approach, it is not necessary to track
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the formation of char. Instead, the biomass components are split into volatilizable and non-

volatilizable fractions, i.e. char is considered present already in the unreacted biomass from

a modelling point of view. Considering the non-volatilizable fractions as a lumped species,

the following mechanism of nine parallel reactions is applied:

XTR → Volatiles (R1)

HC → Volatiles (R2)

LIG → Volatiles (R3)

CELL → Volatiles (R4)

XTR + O2 → Gas (R5)

HC + O2 → Gas (R6)

LIG + O2 → Gas (R7)

CELL + O2 → Gas (R8)

CHAR + O2 → Gas (R9)

Reactions R1–4 represent pyrolysis of the volatilizable fractions of extractives (XTR),

hemicellulose (HC), lignin (LIG) and cellulose (CELL) components. Reactions R5–8 are the

corresponding oxidation reactions. The final reaction R9 describes the oxidation of char,

regardless of the component or reaction pathway it originates from. The conversion Xi of

each of the five species (volatilizable extractives, hemicellulose, lignin and cellulose, plus

char) is then described by:

dXi

dt
= kpyr,i · (1−Xi(t))

npyr,i + kox,i · (1−Xi(t))
nox,i ·

(
pO2

pref

)nO2,i

(8)

where n is the apparent reaction order and the rate constant k is expressed by an Arrhenius
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law.

nO2 is the reaction order with respect to partial pressure of oxygen pO2 . The reference

pressure pref is used to non-dimensionallize this quantity. Here, pref is simply 1 Pa. For char,

i.e. the non-volatilizable organic fraction, kpyr = 0. Since only the reacting fractions of the

components are considered (i.e. mi,f = 0), the remaining mass fraction of each component i

is given by

wi(t) =
mi(t)

mi,0

= 1−Xi(t) (9)

If wi,0 is the original mass fraction of species i, then the total mass fraction is given by:

w(t) =
m(t)

m0

=
∑
i

wi,0 · wi(t) (10)

The amount of ash is constant. The model requires five parameters for the original mass

fractions wi,0, as well as four reaction kinetic triplets {Ea, k0, npyr} for the pyrolysis reactions

and five sets {Ea, k0, nox, nO2} for the oxidation reactions, i.e. a total of 37 parameters per

fuel.

In order to reduce the model complexity, the following assumptions are made:

1. The fractions of extractives, hemicellulose, cellulose and lignin can be estimated from

the composition analysis (Table 1).

2. The total char yield can be determined from the ultimate analysis. The individual char

yield of the components extractives, hemicellulose, cellulose and lignin, i.e. the split

into volatilizable and non-volatilizable fractions, can be estimated from the behavior

of the pure components.

3. Similar sets of activation energies Ea,pyr,i and Ea,ox,i can be found for each component i,

regardless of which biomass they appear in. The activation energies can be estimated

from the behavior of the pure components.
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4. Similar sets of apparent reaction orders in the solid conversion (npyr,i and nox,i) can be

found for each component i, regardless of which biomass they appear in.

By combining the first two assumptions, the original mass fractions wi,0 can be found. The

third assumption fixes all activation energies, so they need not be included in the parameter

fitting routine. The different biomass conversion models are then defined by 23 parameters:

8 belonging to the four pyrolysis reactions, i.e. {k0,pyr, npyr}i and 15 for the additional oxida-

tion reactions {k0,ox, nox, nO2}i. Adding the fourth assumption further reduces the biomass-

specific parameters to four parameters k0,pyr,i for pyrolysis and five sets {k0,ox, nO2}i for

oxidation. It was further evaluated whether a hybrid model of a component-specific pyroly-

sis model and a lumped species for oxidation can describe the measured data. Assumptions

1–4 are then kept for the pyrolysis mechanism, but replaced with the following for oxidation:

5. Oxidation reactions for the four components extractives, hemicellulose, cellulose and

lignin can be modelled with the same set of four kinetic parameters {Ea, k0, nox, nO2},

which are then specific to each biomass.

6. The oxidation reactions have the same activation energy for all biomasses considered

(leaving 3 free parameters per biomass for oxidation).

The model based on assumptions (5) and (6) is referred to as Model I in the following, the one

without those assumptions as Model II. In model I, activation energies from pure component

studies were only used in the pyrolysis reactions. However, even if the oxidation reactions

are unified in this way, the different volatilizable species need to be tracked individually, as

their pyrolysis reactions are different.

The original mass fractions wi,0 for volatilizable extractives, hemicellulose, lignin and

cellulose, as well as char can be calculated from the composition shown in Table 1. Some

estimations are made to account for the balance error in determining the composition, as well

as the split between volatilizable and char-forming fraction of each component: Extractives

(ethanol-soluble) and lignin (Klason) are taken as measured. Cellulose was determined by

18



subtracting the hemicellulose-glucose from the total glucose. For beech, pine and sunflower,

the hemicellulose-glucose was measured by acid hydrolysis. The two wood pellet samples

appeared to have a carbohydrate composition somewhere in between beech (hardwood) and

pine (softwood). The hemicellulose-glucose was therefore approximated with 0.02 kg/kg for

both samples (beech: 0.037 kg/kg, pine: 0.016 kg/kg – compare Table 1). All measured glu-

cose in wheat was assumed to be cellulose. All other organic substance, i.e. the remaining

monosaccharides, the uronic acids and the hemicellulose-glucose, was lumped into the hemi-

cellulose component. The sum of these four components is then normalized to one. Char

yields from commerical cellulose, lignin and xylan samples were measured, rounded, and

then used to distribute the char among the biomass components (see supporting informa-

tion). For modelling, 10 % of the char was associated with cellulose, 30 % with hemicellulose

and 60 % with lignin. It was assumed that extractives are completely volatilizable. The

model composition of the six biomasses, based on the above, is summarized in Table 2.

From isothermal experiments following the same procedure as for the native biomasses,

pyrolysis activation energies of 60 kJ/mol for extractives, 120 kJ/mol for xylan/hemicellulose,

125 kJ/mol for lignin and 185 kJ/mol for cellulose were obtained. Data from these measure-

ments can be found in the supporting information.

The thermogravimetric data measured in inert atmosphere was then used to determine

kinetic parameters of the four pyrolysis reactions. This was carried out in two steps. In the

first step, fitting was done by simulating a large series of conversion curves for the isothermal

Table 2: Composition wi,0 used in the reaction kinetics model. Data calculated from com-
position analysis (compare Table 1). See text for discussion.

Beech wood Pine wood Sunflower Wheat straw Wood pellets I1 Wood pellets I2

XTR 0.019 0.090 0.085 0.038 0.070 0.070
HC 0.183 0.207 0.217 0.261 0.204 0.192
LIG 0.249 0.185 0.197 0.091 0.189 0.205
CELL 0.320 0.375 0.256 0.384 0.383 0.372
CHAR 0.202 0.141 0.193 0.184 0.149 0.155
Ash 0.027 0.003 0.052 0.042 0.006 0.006
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experiments and finding kinetic parameter sets so that the root-mean-square deviations of

relative mass remaining and mass loss rate are minimized. The RMS-deviation is defined as

δϕ =

√∑
(ϕexp(t)− ϕsim(t))2

N
; ϕ = {m/m0, dm/dt} (11)

Due to numerical compensation effects, several combinations of {k0,pyr,i, npyr,i} can model the

data from isothermal experiments within a similar error range. Therefore, those parameter

sets which best fit the isothermal data were then checked against the data from the 5 K/min

experiments. The twenty combinations minimizing mass loss error (δm/m0) and those mini-

mizing error on the mass loss rate (δdm/dt) were compared to the constant heating rate data

in this second step. That parameter set from the reduced number of combinations which

minimizes the deviation in predicting the conversion rate (i.e., ϕ = dX/dt in the above

equation) within 373–773 K was then selected for each biomass. The procedure was repeated

iteratively to determine uniform npyr,i for the components, regardless of which biomass they

appear in (modelling assumption 4).

The same procedure was then applied to the isothermal experiments carried out in oxida-

tive atmosphere. The pyrolysis reactions were modelled by the kinetic parameters obtained

previously. For the simpler oxidation model (model I), the fitting procedure was run iter-

atively to determine a common activation energy for all biomasses. The remaining kinetic

parameters (k0, nox and nO2) for each biomass were then found by again simulating curves

with a large number of parameter combinations, and selecting those with minimal error. For

the more complex scheme (model II), activation energies for oxidation of the volatilizable

fractions were determined as 75 kJ/mol for extractives, 150 kJ/mol for xylan/hemicellulose,

120 kJ/mol for lignin and 225 kJ/mol for cellulose. These estimates are based on the behavior

of the commercial samples when subjected to the same heating program (see supporting in-

formation). In both model I and II (i.e. single- and component oxidation model), the models

for 20 % and 80 % oxygen were optimized simultaneously in order to determine the reaction
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order in oxygen. Again, the parameter sets that best fit the isothermal data are compared

to the non-isothermal experiments, and that set which best represents the conversion rate

between 373–773 K was chosen.

Char oxidation was assumed to be negligible in the temperature range below 523 K.

A simple kinetic calculation was carried out to check this assumption. Char in this case

refers to that fraction of the material which cannot undergo further devolatilization. We

assume this to be identical with the char as determined in the ultimate analysis. Branca

and Di Blasi16,18 suggest a single oxidation reaction with Ea = 185 kJ/mol for a completely

devolatilized biomass residue. This value was also used here. Pre-exponential factor and

reaction order in the solid conversion were then adapted to the experimental data to match

the char peaks apparent in Figure 2. The shift in char peaks from the experiments at 10 %

and 20 % oxygen apparent in the data can be represented with a reaction order between 0

and 1. Here, the reaction order in oxygen for char was fixed at 0.5, which falls within the

lower end of the range of values reported in the literature.14,25,46 It should be emphasized

that optimizing the kinetics for char oxidation is not in focus of this work.

4 Results and Discussion

The kinetic parameters fitted to the six biomasses are found in Tables 3, 4 and 5 for the py-

rolysis model, oxidation model I and oxidation model II, respectively. The same pyrolysis-

and char oxidation kinetics are used with oxidation models I and II. Modelled mass losses

compared well to the isothermal experiments for pyrolysis and both oxidation models. Fig-

ure 3 shows the comparison for model I. Results for oxidation model II are very similar and

can be found in the supporting information. Differences between the two oxidation models

were more apparent when compared to the experiments with a constant 5 K/min heating

rate (Figure 4). Results from this work show that some (but not all) parameters of the

kinetic models can be obtained from pure component studies. The models are evaluated
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Table 3: Kinetic data for the pyrolysis models. Differences between biomasses are modelled
by different pre-exponential factors k0,pyr. Apparent activation energies and reaction orders
of the components are uniform for all biomasses, with the exception of cellulose npyr: Beech:
0.9, Pine: 1.1, Sunflower: 1.7, Wheat: 2.0, Wood pellets I1: 1.1, Wood pellets I2: 1.1

Extractives Hemicellulose Lignin Cellulose

Ea,pyr [kJ/mol] 60 150 125 185
npyr [–] 2.5 3 4 (0.9–2.0)

k0,pyr [s−1]
Beech 1.6× 103 5.6× 1011 2.8× 108 4.30× 1013

Pine 8.0× 102 1.4× 1011 1.0× 108 8.02× 1012

Sunflower 1.2× 103 7.4× 1011 4.0× 107 7.94× 1013

Wheat 1.0× 103 3.2× 1011 4.0× 108 7.47× 1013

Wood pellets I1 4.0× 102 2.6× 1011 1.2× 108 1.36× 1013

Wood pellets I2 6.0× 102 1.4× 1011 1.2× 108 1.06× 1013

Table 4: Oxidation model I: kinetics for oxidation of a lumped volatilizable component and
char. The same char kinetics are used in oxidation model II.

Extr./Hemicell./Lig./Cell Char

Ea [kJ/mol] 130 185

k0 nox nO2 k0 nox nO2

[s−1] [–] [–] [s−1] [–] [–]

Beech 2.00× 107 2.2 0.45 5.7× 109 1.0 0.5
Pine 1.04× 107 1.25 0.40 5.0× 108 0.55 0.5
Sunflower 1.62× 107 2.5 0.50 5.0× 108 0.65 0.5
Wheat 1.49× 107 1.6 0.50 5.7× 109 1.0 0.5
Wood pellets I1 7.52× 106 2.2 0.45 1.1× 109 0.8 0.5
Wood pellets I2 5.60× 106 2.5 0.45 4.2× 108 0.5 0.5
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Table 5: Model II: kinetic data for the component-dependent oxidation model. Differences
between biomasses are modelled by different pre-exponential factors k0,ox and reaction orders
in oxygen nO2 . Apparent activation energies and reaction orders of the components are uni-
form for all biomasses, with the exception of cellulose nox: Beech: 2.2, Pine: 0.6, Sunflower:
3.7, Wheat: 1.8, Wood pellets I1: 0.9, Wood pellets I2: 1.0. Char kinetic data is the same
as in Table 4

Extractives Hemicellulose Lignin Cellulose Char

Ea,ox [kJ/mol] (75) 200 120 225 185
nox [–] (1) 1.6 2.5 (0.6–3.7) (0.5–1.0)

k0,ox [s−1]
Beech 0 2.45× 1015 1.55× 106 2.5× 1013 5.7× 109

Pine 0 5.0× 1014 1.0× 105 5.5× 1012 5.0× 108

Sunflower 0 6.5× 1014 3.9× 105 2.5× 1013 5.0× 108

Wheat 0 1.0× 1015 6.7× 105 4.0× 1013 5.7× 109

Wood pellets I1 0 4.0× 1014 1.0× 105 6.5× 1012 1.1× 109

Wood pellets I2 0 8.5× 1014 1.0× 105 4.5× 1012 4.2× 108

nO2 [–]
Beech – 0.4 0.5 1.1 0.5
Pine – 0.4 0.6 1.1 0.5
Sunflower – 0.5 0.7 1.1 0.5
Wheat – 0.5 0.7 1.1 0.5
Wood pellets I1 – 0.5 0.6 1.1 0.5
Wood pellets I2 – 0.3 0.7 1.1 0.5
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Figure 3: Oxidation model I: comparison of isothermal experiments and models for six
biomasses, assuming that the oxidation of hemicellulose, cellulose, lignin and extractives can
be modelled by the same set of kinetic data. Kinetic parameters are listed in Tables 3 and
4.
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for numerical, rather than physical or chemical accuracy – i.e., the model representations of

extractives, hemicellulose, lignin and cellulose cannot fully capture the complex behavior of

these components as they are found in the biomasses. Additionally, structural influences and

component interactions are neccessarily convoluted in the kinetic parameters in the proposed

scheme of independent and parallel reactions.

Results from modelling pyrolysis and oxidation kinetics are discussed separately below.

4.1 Pyrolysis kinetics

The kinetic parameters found could explain the experimental data both for the isothermal

experiments and those at 5 K/min. Table 6 lists the scaled root-mean-square deviations be-

tween model and experiment. Scaled deviations between model and measurement are similar

in magnitude to the scaled deviations among repeated experiments (compare section 2.2).

The values found for the activation energies are moreover in good agreement with those

found in the literature (e.g., as reviewed in35,47).

An initial loss of mass (423–443 K) could be associated with high amounts of extractives

in pine and sunflower (both 9 %), although this effect was absent in both wood pellet samples

(each 7 % extractives), compare Figures 1, 3 and Table 1. The model predicts that extrac-

Table 6: Scaled root-mean-square deviations (δS,ϕ) between modelled and measured data in
inert atmosphere. ”Isothermal” refers to the stepwise isothermal experiments, ”ramp” to
those at constant heating rate 5 K/min.

δS(m/m0) δS(dX/dt)

Experiment isothermal ramp isothermal ramp
[%] [%] [%] [%]

Beech 0.84 3.60 10.23 2.22
Pine 4.44 6.51 10.33 7.16
Sunflower 1.83 5.13 12.05 6.07
Wheat straw 2.40 4.39 9.64 3.62
Wood pellets I1 5.13 4.95 12.10 5.31
Wood pellets I2 4.75 5.68 15.61 6.38
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tives are pyrolyzed to a large degree (70–90 %) in the isothermal experiments. However,

extractives make up only a small part of the biomasses. In the full temperature range of the

isothermal experiments, 423–523 K, pyrolysis of the six biomasses is dominated primarily by

the decomposition of hemicellulose (25–65 % conversion) and, secondly, of lignin (15–25 %).

An exception is sunflower husk pellets, where the model predicts a slightly lower mass loss

of lignin compared to cellulose (6 % and 10 %, respectively). Modelled mass losses of the

cellulose component are otherwise low in this temperature range (1–11 %). Additionally,

pure cellulose did not show any significant pyrolytic conversion below 503 K (see supporting

information). In the experiments at 5 K/min heating rate, a near-complete devolatilization

of all biomass samples is observed. This is also captured in the model, as conversion rates

approach zero at 773 K in Figure 4.

The activation energy found in the xylan experiments, 125 kJ/mol, does not represent the

hemicellulose components of all biomasses in the 5 K/min constant-heating-rate experiments

very well. An increased value of 150 kJ/mol provides a better agreement between model and

measurement. This can be justified by the inhomogeneous nature of hemicellulose (compare

Table 1), which varies among plant species.37,48,49 Thermal behavior of hemicelluloses may

differ substantially, depending on their composition.37,50–52 Xylan is thermally less stable

than most other hemicelluloses.51 A higher activation energy for the heterogeneous hemicel-

luloses of the six biomasses is therefore plausible.

Owing to its low conversion in the isothermal experiments, the free parameters of the

cellulose component in the pyrolysis model (k0,pyr,CELL and npyr,CELL) could not be reliably

established from the isothermal experiments. Kinetic parameters were therefore adapted to

match the peak seen in the conversion rate/temperature plots (Figures 1 and 4). Inorganic

elements present in the biomass are known to catalyze pyrolysis of the cellulose compo-

nent.36,53 For several biomasses, it has been shown that the temperature of peak conversion

rate is decreased with increasing potassium content.36,54,55 The data for the biomasses in-

vestigated here agree with these reported trends, and this can be used to calculate the
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pre-exponential factors k0,pyr,CELL of cellulose pyrolysis from the potassium content. For an

activation energy of 185 kJ/mol, the pre-exponential factors can be linearly correlated with

the potassium mass fraction wK by

k0,pyr,CELL = (9.34× 1015 · wK + 2.37× 1012 ± 2.29× 1012) · s−1 (12)

to reproduce the temperatures of peak decomposition rate. Details can be found in the

supporting information. The apparent reaction order in the solid was then set to match the

value of the peak decomposition rate. Catalytic effects of inorganic elements have also been

used to model hemicellulose pyrolysis.56 In our experiments, catalytic effects seemed to be

smaller than compositional effects for hemicellulose pyrolysis. The inorganic content could

therefore only be used to predict cellulose kinetic parameters, but not those of the other

components.

The different biomasses can be compared in an Arrhenius plot, Figure 5. The sum of the

modelled rate constants ki is plotted over 1/T , i.e.

ktot(T ) =
∑
i

k0,i · exp

(
− Ea,i

R · T

)
; i = {XTR,HC,LIG,CELL} (13)

In the above expression, ktot does not take the degree of conversion into account, since this

depends on the time-temperature history of the samples. The slope of a curve on an Ar-

rhenius plot is proportional to −Ea/R, i.e., the thermal behavior of the biomasses can be

compared in this way. The plot shows a high-temperature and a low-temperature regime for

all six biomasses, with a transition region at ca. 450–550 K. At temperatures below the tran-

sition region, the slope of the curves approach that of the extractive component (60 kJ/mol).

For temperatures above the transition region, the slope of the curve roughly corresponds to

that given by the hemicellulose component (150 kJ/mol), and would asymptotically approach

that of the cellulose component if extrapolated further (above ≈1000 K). In practical exper-

iments, the hemicellulose is depleted already at lower temperatures, so the measured rates

28



10−7

10−6

10−5

10−4

10−3

10−2

10−1

100

101

102

103

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

∑ w
i,
0
·k

i
[s
−
1
]

1000/T [K−1]

Beech

Pine

Sunflower

Wheat

Wood pellets I1

Wood pellets I2

10−5

10−4

10−3

1.9 2.0 2.1

Figure 5: Arrhenius plot of the pyrolysis models. Solid lines represent the interval 423–
523 K of the stepwise isothermal experiments. The dashed lines extend to 373 K and 773 K,
respectively, covering the range of the constant heating rate experiments. The inset magnifies
the region 465–540 K.

29



become dominated by cellulose kinetics around 600 K (see e.g.18,35,40,57). By comparison wih

Figure 2, the transition region (450–550 K) is not well resolved in experiments with constant

heating rate of 5 K/min or above, which make up the majority of TG-data reported in the

literature. This may explain why models fitted to such data do not explain kinetics at these

temperatures (and below) very well. The plot also illustrates the relative reactivity of the six

biomasses. Sunflower has the highest reaction rate over the entire temperature range, while

the reactivity of wheat increases most over the range evaluated. This compares well to ex-

perimental data (Figures 1 and 2). Pine appears more reactive at low temperatures and less

reactive at high temperatures. This can be explained by its high amount of extractives (low

temperature behavior, <500 K) on one hand, and by the low reactivity of its hemicellulose

and cellulose components (see k0,pyr in Table 3) on the other (high temperature behavior,

>550 K). In comparison, wheat has a high content of cellulose and a low content of lignin,

resulting in a steeper gradient (high activation energy of cellulose component) at the high

temperature end of the graph than those seen for other biomasses. The model behavior in

the transition zone is explained by both the composition and the reactivity of the individual

components. The analysis also shows that no single property of the biomass determines its

pyrolysis behavior over the entire temperature range. Rather, rates appear to change from

being extractives-dominated, to a hemicellulose-controlled range, and finally to a combined

cellulose-hemicellulose controlled regime.

4.2 Oxidation kinetics

Both oxidation models I and II are in agreement with data from the stepwise isothermal

experiments at 20 % and 80 % oxygen concentration. In model I, an apparent activation

energy of 130 kJ/mol describes the oxidation of the volatile fractions of extractives, hemi-

cellulose, lignin and cellulose in the temperature range of 423–523 K. The corresponding

reaction orders in oxygen are between 0.4 and 0.5 (model I, Table 4). Similar rates are found

in this region as the sum of hemicellulose, lignin and cellulose kinetics (model II, Table 5).
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Both oxidation models give a quality of fit similar to the pyrolysis models, where the quality

of fit is measured by the scaled root-mean-square deviations between model and experiment

(see supporting information). From the standpoint of numerical accuracy, there is no reason

to prefer one model over the other in describing the TGA-experiments. The reason why

model II, despite its larger number of parameters, does not give a significantly better fit may

be due to the constraints placed on some of these parameters – most notably, setting the

activation energies to constant values derived from pure component measurements.

The most apparent difference between models I and II is how the overlap between hemi-

cellulose and cellulose oxidation is described at temperatures within 520–670 K, Figure 4.

Model I predicts a flatter conversion rate profile, with lower peak rates (pine, wood pellets)

and a more smooth drop in coversion rates. The higher maximum conversion rates of pine

and both wood pellets (0.0014 s−1, 0.0012 s−1) can be modelled by initially low cellulose ox-

idation rates, that rapidly accelerate at higher temperatures (>550 K). However, the lower

reactivity of cellulose at temperatures below ≈550 K is compensated by a higher hemicellu-

lose reactivity to model the mass loss observed in the stepwise isothermal experiment (model

II). This leads to an over-estimation of conversion rates between 520–570 K (Figure 4, espe-

cially pronounced for both wood pellet samples and pine). The onset behavior (≈450–520 K)

of sunflower in the 5 K/min experiments is only approximated by the pyrolysis model and

both oxidation models. This could possibly be traced to the parameters of the hemicellulose

model.

Differences in modelling the individual components also appear in the stepwise isothermal

experiments, although nearly the same total mass loss is predicted by both models for each

biomass. The general trend is that model I predicts higher conversion of the cellulose com-

ponent and a lower hemicellulose conversion up to 523 K, compared to model II. In model I,

conversion of hemicellulose is within 45–70 % for the six biomasses, lignin within 30–55 % and

cellulose 25–55 %. In comparison, model II predicts 55–90 % conversion for hemicellullose,

20–65 % for lignin and 5–25 % for cellulose. In general, the conversion of the components is
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qualitatively proportional to the total conversion for the six biomasses, i.e., biomasses with

a high degree of conversion of hemicellulose also have high degrees of conversion of lignin

and cellulose. More details can be seen in the supporting information. Predicted conversion

of extractives does not differ much between the two oxidation models and is in the range of

70–90 % for the six biomasses. The values given refer to conversion as the combined effect

of pyrolysis and oxidation.

The apparent activation energy for oxidation found in model I (130 kJ/mol) falls in the

middle of the range of values reported in the literature (90–210 kJ/mol)6,10,11 . It should be

noted that these literature values were derived without separating oxidation and pyrolysis

reactions. Activation energies found for model II are also comparable to those reported in the

literature: 70–294 kJ/mol for hemicellulose, 54–289 kJ/mol for lignin and 70–295 kJ/mol for

cellulose.13,14,17,23–25,45 A direct comparison is difficult owing to the different reaction models

chosen by different authors. As for the pyrolysis model, the apparent activation energy for

hemicellulose (200 kJ/mol) was set higher than that of the xylan experiments (150 kJ/mol).

Apparent reaction orders in oxygen of the cellulose component are slightly > 1, which is

somewhat unexpected, and probably a result of the numeric fitting routine. For model II,

no contribution of extractives oxidation was found. This will be discussed further below.

The oxidation models can be compared using the same type of Arrhenius plot as for the

pyrolysis experiments, as shown in Figure 6. Both models are evaluated as combined rates of

oxidation and pyrolysis reactions. Similar to the pyrolysis model, a transition region around

450–550 K can be seen. In the low temperature range of the plot (<450 K), the overall

apparent rate is mainly dependent on the pyrolysis of extractives (Ea = 60 kJ/mol). The

contribution of the oxidation reaction is more pronounced from 500 K and upwards (compare

Figure 5), which is also where predictions of the two oxidation models begin to diverge. Model

II generally predicts higher rates ktot, while the order of biomasses with respect to reactivity

is similar in both models over a broad temperature range (with sunflower, wheat and beech

the most, and wood pellets I2 and pine the least reactive above 525 K). In comparison
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Figure 6: Arrhenius plot of the oxidation models for model I (top) and II (bottom), evaluated
at pO2 = 20 kPa. Solid lines represent the interval 423–523 K of the stepwise isothermal
experiments. The dashed lines extend to 373 K and 773 K, respectively, covering the range
of the constant heating rate experiments. The insets magnify the region 465–540 K.
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with measured data (Figures 1 and 2), conversion rates of beech and wheat exceed those

of sunflower at higher temperature (>503 K in Figure 1). This is also reflected in the pre-

exponential factors in both oxidation models (Tables 4 and 5), but not seen in the Arrhenius

plot for model I, and visible only for temperatures above 550 K in model II. For model II, the

rates ktot are strongly influenced by the pre-exponential factor for oxidation of cellulose (Table

5) above 525 K, so that beech is modelled most reactive at higher temperatures (>625 K). For

model I, the pyrolysis kinetics of cellulose determine the order of biomasses on the Arrhenius

plot. The contribution of the global oxidation reaction to the modelled rate is weak, owing

to its lower activation energy (Eox = 130 kJ/mol, compared to Epyr,CELL = 185 kJ/mol and

Epyr,HC = 150 kJ/mol).

Conversion-free rates ktot can also be calculated from published reaction mechanisms

for pine.13,14,17 The model presented in14 gives ktot-rates very similar to model I. The model

presented in13 for pine is also in fair agreement with our model II from temperatures of 500 K

and above, and gives rates ktot that are slightly higher below this temperature. Evaluating

a third model17 gave significantly higher rates than the ones found here.

The absence of extractives oxidation in model II was unexpected, as spontaneous oxida-

tion of extractives can occur at very low temperatures (303–323 K)1,2 and with low activation

energies (as low as 55–60 kJ/mol).1,7 Reactions at very low temperatures (<400 K) and with

low activation energies are difficult to detect in the experimental program used, however.

As briefly discussed above, the rate ktot becomes increasingly dominated by higher activa-

tion energy reactions (especially of hemicellulose) with higher temperatures, and reactions

with Ea < 60 kJ/mol are drowned out. At the low temperature stage of the isothermal

experiments (423 K), the lowest measurable reaction rates were in order of 10−6 s−1, and this

is also represented in the model (compare Figures 5 and 6). At this point, mass loss due

to pyrolysis and oxidation could not be distinguished (Figure 3). Oxidation of extractives

would therefore require significantly higher rates than those of their pyrolysis to be visible

in the experiments. Moreover, extractives could also have been partially evaporated rather
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than pyrolyzed or oxidized in the experiments. Boiling points of C8:0–C18:0 fatty acids are

in a range of 510–630 K, with corresponding enthalpies of evaporation 50–122 kJ/mol.

Similar to the pyrolysis kinetics, no clear correlation between composition (Table 1) and

reactivity (Figure 6) was found. One trend that can be seen is that biomasses rich in potas-

sium (sunflower, wheat; and to a lesser extent, beech) are more reactive at temperatures

above ≈500 K than those with low amounts of alkali and alkaline earth metals (pine, both

wood pellet samples). This tendency agrees with the trend observed for pyrolysis. Qualita-

tively, the same observation as for pyrolysis can be made: total reaction rates are dominated

by (pyrolysis) extractive kinetics at low temperatures (<450 K) and become increasingly

controlled by hemicellulose and cellulose at higher temperatures (model II) or the combi-

nation of oxidation of the lumped volatilizable species and pyrolysis of hemicellulose and

cellulose (model I). The role of lignin is difficult to distinguish, and its reactions appear to

take place in the background. Consequentially, the kinetic parameters determined for the

lignin component in model II (Table 5) are very similar to the global parameters determined

in model I (Table 4) for the lumped volatilizable component.

5 Conclusions

Owing to its high reactivity at low temperatures, biomass may self-heat and spontaneously

ignite when kept or processed in hot environments (>423 K) such as power plant mills.

Thermogravimetric analysis of stepwise isothermal experiments at 423–523 K was carried

out for six biomasses: two wood species (beech, pine), two commercial wood pellet samples,

and two agricultural residues (wheat straw and pelletized sunflower husks). These data

were modelled by a reaction scheme considering oxidation and pyrolysis separately, and by

modelling biomass as the sum of volatilizable hemicellulose, cellulose, lignin and extractives,

as well as a non-volatilizable, combustible fraction (char), and ash as inert component.

The pyrolysis model (Table 3) of four volatilizable components was in good agreement with
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measured data in nitrogen atmosphere. The mechanisms also compared favorably to further

experiments carried out between 373–773 K at a constant heating rate of 5 K/min.

For the oxidation process, two different approaches were considered. In the first model

(model I, Table 4), the volatilizable components were treated as a lumped species, i.e. mod-

elled by the same oxidation kinetic parameters. In an alternative model (model II, Table

5), the oxidation of volatilizable hemicellulose, cellulose, lignin and extractives were treated

separately. Both models compared well with experimental data for stepwise isothermal ex-

periments at 423–523 K in 20 % and 80 % oxygen atmosphere. Oxidation (globally, i.e. for the

lumped volatilizable component) had an apparent reaction order in oxygen of 0.4–0.5. The

oxidation models could with fair accuracy also be applied to experiments at 373–773 K with

a constant heating rate of 5 K/min under 10 % and 20 % oxygen atmosphere. Differences

between the two oxidation models were mainly found in the predicted degree of conversion of

hemicellulose and cellulose. For the global mass loss in the temperature range of 423–523 K,

the simpler oxidation model is considered as sufficiently accurate, and considering oxidation

of the components separately does not offer an advantage.

Some simplifications to the oxidation and pyrolysis models were possible. It was found

that activation energies for the biomass components could be set to the same value, re-

gardless of which biomass they appear in. In this work, activation energies were fixed to

values derived from experiments on commercial cellulose, lignin and xylan samples. This is

to be understood as a numerically, rather than physically correct description of the mass loss

kinetics. Values found for activation energies were consistent with those published in the

literature. The models developed here mainly differ from previous work in the description

of the low temperature range (423–523 K). This could especially be seen in a change from

a low-temperature regime <450 K, which appeared dominated by extractive kinetics, to a

higher temperature regime >500 K, which is controlled mainly by reactions of hemicellulose

and, to a lesser extent, by cellulose (Figures 5 and 6). Biomass rich in extractives (sun-

flower, pine) correspondingly appeared most reactive at the lower end of the investigated
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temperature range, whereas biomass with large potassium content (possibly catalyzing cel-

lulose conversion) showed larger mass loss rates (wheat, sunflower) at the upper end of the

temperature range.

The kinetic models presented here can be used in simulations of low temperature conver-

sion processes, especially self-heating, self-ignition and smoldering combustion of pulverized

biomass. While some trends could be observed, there does not appear to be a strong cou-

pling between any single component and the observed reactivity of the different biomasses.

Further research combining composition information and kinetic parameters may be able to

shed more light on the relation between the two.

Supporting Information

The supplementary material contains a comparison of two models from the literature with

measured data from this work, showing that models fitted to classical TGA-experiments do

not represent low temperature mass loss very well. It further contains: an assessment of

kinetic control in the TG-experimnets; data from cellulose, lignin, xylan and rapeseed oil

experiments; as well as additional information on the modelled conversion of components for

the biomasses used.
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Symbols and abbreviations

symbol quantity base units

Bi Biot number –

Ea apparent activation energy J mol−1

k reaction rate s−1

k0 pre-exponential factor s−1

m mass kg

N number of data points –

n apparent reaction order –

p pressure Pa

R universal gas constant J mol−1K−1

T temperature K

t time s

w mass fraction kg kg−1

X conversion –

δϕ deviation of ϕ units of ϕ

δS,ϕ scaled deviation of ϕ –

indices

0 initial

exp experiment

f final

ox oxidation

pyr pyrolysis

ref reference

sim simulation
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vol volatilizable

CELL cellulose

HC hemicellulose

LIG lignin

XTR extractives

abbreviations

RMS root-mean-square

TGA thermo-gravimetric analysis
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