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Abstract

The goal of this thesis is to converge the models of different time and length scales
that are present in thermo-chemical processes of biomass in order to describe them
from first principles in a multi-scale approach. The focus will be on fixed-bed pyrol-
ysis and the molecular, particle and reactor level will be described.

At the molecular level the reaction schemes that should be applied to de-
scribe the processes are discussed and the kinetics of these reactions are calculated.
Kinetics of biomass smouldering, including biomass pyrolysis and char oxidation,
were calculated by thermo-gravimetric analysis.

At the particle level transport phenomena should be taken into account
in combination with kinetics derived from the molecular level. A particle model
describing pyrolysis of a single biomass particle was developed together with an
experimental set-up. The main disadvantage of incorporating a particle model in
a reactor model is the high computational time needed for the numerical solution
of such a multi-scale model. To decrease this computational time a novel iterative
solution method for solving a particle model based on the analysis of characteristic
times was developed. Also, the presence of secondary heterogeneous tar cracking
reactions in single particle slow pyrolysis was shown by laser induced fluorescence.

At the reactor level the single biomass particles should be considered to-
gether with the interstitial gas phase. The introduction of a particle model in a
reactor model was done with the representative particle model (RPM) approach,
which numerically solves the problem in a feasible computational time for a techni-
cal scale reactor. In the RPM approach an intra-particle model is solved for each
finite volume element of the reactor. The RPM framework was applied to fixed-
bed heating up and pyrolysis and compared to experimental results available in the
literature. It was able to predict the experimental results, describing intra-particle
gradients in a much more feasible computational time than the discrete particle
model (DPM).
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Chapter

1
Introduction

1.1 Biomass conversion

The energetic and chemical utilization of biomass has become a prominent topic in
the last years and it is expected to play a more important role in the future due to
it benefits. Biomass is a renewable energy source, if the harvest is accomplished in
a sustainable way it is CO2-neutral and it allows the production of heat and power
on demand.

There was recently severe criticism from scientific and policy communities
about first generation biofuels, defined as the ones conventionally produced from
food crops; i.e. bioethanol from starchy crops via fermentation and biodiesel from
vegetable oils via transesterification of triglycerides. It was stated that they were
little better than traditional fossil fuels in terms of overall carbon footprint and
environmental damage and possibly much worse due to their potential effects on
biodiversity, land-use, food availability and prices as well as related socio-economic
implications. In contrast, second generation biofuels significantly improve the first
generation in terms of green house gas emissions savings, carbon footprint and en-
vironmental damage (e.g. deforestation) [1]. The utilization of biomass types that
produce second generation biofuels becomes therefore more prominent every year. It
accounts for various biomass types, such as ligno-cellulosic biomass (the most com-
mon) or bio-algae (also considered as third generation biomass). Ligno-cellulosic
biomass is plant biomass that is mainly composed of cellulose, hemi-cellulose, and
lignin; with wood and agricultural residues being the main examples.

Biomass conversion can be either biochemical, physico-chemical or thermo-
chemical [2]. In biochemical conversion, biomass molecules are broken down into
smaller molecules by bacteria or enzymes. This process is much slower than thermo-
chemical conversion, but does not require much external energy. The principal routes
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for biochemical conversion are digestion (anaerobic and aerobic) and fermentation.
In aerobic digestion, or composting, different types of microorganisms that have ac-
cess to oxygen from the air produce carbon dioxide, heat, and a solid digestate. In
anaerobic digestion the main products are methane and carbon dioxide in addition
to a solid residue. In fermentation, part of the biomass is converted into sugars
using acid or enzymes. The sugar is then converted into ethanol or other chemi-
cals with the help of yeasts. Fermentation of biomass to produce first generation
biofuels is fully commercial, but this is not the case with ligno-cellulosic biomass.
It requires hydrolysis pretreatment (acid, enzymatic, or hydrothermal) separating
lignin, hemi-cellulose and cellulose. It is an expensive and difficult process. Once
these ingredients are separated, the cellulose fraction can be fermented into alcohols.
The lignin is not converted and is left either for combustion or for thermo-chemical
conversion into chemicals. In physico-chemical processes vegetable oil is generated
from some biomass types like seeds from sunflower or rape by pressing.

In thermo-chemical processes biomass is converted at high temperatures.
The main thermo-chemical processes are [3, 4]:

• Pyrolysis: thermal degradation of carbonaceous material in absence of an ex-
ternally supplied oxidizing agent, usually at temperatures in the range 300 -
600◦C. The products of pyrolysis are char (solid), tar (liquid at room temper-
ature, often referred to as bio-oil or pyrolysis-oil) and permanent gases. The
proportions of the relative yields depend very much on the process conditions
chosen, i.e. heating rate, final temperature, pressure, particle size and fluid
residence time in the reactor. The heating rate of the biomass particles is
the most important parameter for pyrolysis with regard to the product yield
distribution. In slow pyrolysis maximum char yields are obtained. Fast or
even flash pyrolysis provide maximum yields of tar. Char can be employed
as a domestic cooking fuel or for barbecuing, upgraded to activated carbon
or used in the metallurgical industry. When the obtained char, also called in
this application biochar, is redirected to a soil, the properties of the former
are highly improved in the mid and long term, being also able to become a
strong CO2 sink [5–7]. The obtained bio-oil can be upgraded to liquid fuel for
combustion engines (e.g. transportation) [8], or directly employed for power
or heat generation. It is also a promising source for biological pesticides [9].
Pyrolysis gas can be also used for heat and power generation.

• Gasification: thermal degradation of carbonaceous material in presence of an
externally supplied oxidizing agent (air, pure oxygen or steam). The main
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product of gasification is a mixture of gases (producer gas), which main com-
ponents are CO, CO2, H2, H2O, CH4, N2 (just when air is used as oxidizing
agent), tar and small particles of ash or char. The quality of the gas depends
on the same parameters as in the pyrolysis process. Air gasification produces
a low heating value gas, while oxygen gasification produces a medium heating
value gas. The producer gas can be used as fuel gas in an internal combustion
engine for power and heat production. Gas turbines or fuel cells could also be
employed. Liquid fuels can also be obtained from the producer gas through
methanol or Fischer-Tropsch synthesis.

• Combustion: complete oxidation of the biomass feedstock. In contrast to py-
rolysis and gasification, which represent fuel conversion processes, combustion
can provide heat. The hot gases are used for direct heating purposes, for power
generation producing steam by means of subsequent steam turbine processes
or as the energy source for a Stirling engine.

• Liquefaction: direct conversion of biomass in the liquid phase at low temper-
atures (250 - 400◦C) and high pressures (up to 200 bar), usually with a high
hydrogen partial pressure and catalysts to enhance the reaction rate and/or
to improve the selectivity of the process. The main goal is to reach maximum
liquid yields with higher quality than the ones from a pyrolysis process, in
terms of higher heating value and lower oxygen content [10].

1.2 Fixed-bed thermo-chemical conversion

Fixed-bed processes are suitable for decentralized heat and power production in
small plants. This is particularly reasonable if the energy production is combined
with the treatment of biomass on site, e.g. waste wood from the wood manufacturing
industry or agricultural waste. Among the processes in fixed-bed reactors gasifica-
tion is a technique of major importance because of its high efficiency [11]. Fixed-bed
gasification is a staged process composed of several sub-processes: drying, pyrolysis,
oxidation and char gasification. These sub-processes are spatially separated and can
be assigned to layers which are relatively clearly distinguished, as seen in Fig. 1.1.

In the drying zone the moisture, that can be in form of bound or free water,
is released as water vapour. Bound or hygroscopic water is found in the cell wall,
mainly hydrogen bonded to the hydroxyl groups of cellulose and hemi-cellulose and
to a lesser extent of lignin. It is limited by the number of sorption sites available
and the number of molecules of water which can be held on a sorption site. Free or
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Figure 1.1: Updraft (left) and downdraft (right) fixed-bed gasification [12].

capillary water is in liquid form and it is found in the lumens or voids of the wood.
It is only held by weak capillary forces, without hydrogen bonds.

In the pyrolysis zone, as a result of primary pyrolysis the dry biomass is
converted into char, tar and gases as previously explained. The primary tar produced
in primary pyrolysis can also be converted by several secondary tar cracking reactions
to secondary tar, permanent gases and char, reducing the total tar yield. These
secondary reactions can occur either homogeneously or heterogeneously, catalyzed
by the char surface.

In the oxidation zone of a gasifier, there are exothermic heterogeneous re-
actions of char with oxygen that provide heat for the endothermic char gasification
reactions in the reduction zone:

• Char + O2 → CO / CO2 + Ash

In the reduction zone mainly heterogeneous reactions between the solid
char and the gas occur. They are, respectively, the carbon steam, Boudouard and
hydrogasification reactions:

• Char + H2O → CO + H2 + Ash

• Char + CO2 → 2 CO + Ash

• Char + 2 H2 → CH4 + Ash
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The gas composition is also adjusted by the water-gas shift reaction, that
is supposed to occur by heterogeneous catalysis at the char surface, and the homo-
geneous methanation reaction, which are respectively:

• CO + H2O → CO2 + H2

• CO + 3 H2 → CH4 + H2O

Also the secondary tar cracking reactions continue during the oxidation and
reduction zone, reducing significantly the tar content in the producer gas.

There are two main configurations in fixed-bed gasification, as seen in Fig.
1.1. In updraft gasification biomass is fed at the top of the reactor and moves
downwards as a result of the conversion and the removal of the ashes. The air
intake is at the bottom and the producer gas leaves the reactor at the top. Drying,
pyrolysis, reduction and oxidation are produced sequentially. The major advantages
are the simplicity, high char conversion and gasification efficiency and low gas exit
temperature. They accept some size variation and high moisture content. However
a high amount of tars is produced. This is a major drawback if the gas is used for
power production, as extensive gas cleaning is required. In a downdraft reactor the
air intake is also at the top of from the sides. The producer gas leaves at the bottom,
so fuel and gas move in the same direction. The same zones can be distinguished as in
updraft gasification, although in a different order. The main advantage is the lower
tar content of the producer gas. Low moisture content and uniform particle size are
however required and high amounts of ash and dust are contained in the producer
gas, which is at high temperature. Another option is the stage fixed-gasification.
Different zones are separated in different vessels in order to optimize them and even
lower tar contents than in downdraft gasification are achieved.

Up-scaling of fixed-bed gasification is difficult, specially to achieve an ho-
mogeneous oxidation zone in downdraft gasifiers. The maximum power is usually
limited to 5 MWth in downdraft gasifiers and to 20 MWth in updraft gasifiers [11].
To higher powers fluidized-bed gasification is recommended, where a compact con-
struction is possible because of high heat exchange and reaction rate due to intensive
mixing in the bed. A more uniform temperature is achieved and there is more flexi-
bility in fuel humidity and particle size. However there are high tar and dust contents
in the producer gas and usually incomplete char conversion.

Currently, the process of decentralized biomass gasification in fixed-bed re-
actors is in demonstration status and the major challenge in this field is to achieve a
minimum tar level in the producer gas without reducing the heating value too much.
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The producer gas does not fulfill the quality parameters for subsequent utilization
in internal combustion gas engines in a combined heat and power plant, the usual
application. Before the gas can be used the contaminants (mainly particles and tar)
have to be removed. The requirement for the gas to be used as a fuel in an engine
is to have a tar level at least lower than 50 mg/Nm3 and if possible lower than 25
mg/Nm3. Fixed-bed downdraft gasifiers produce between 100 - 500 mg/Nm3 of tar
in the producer gas and updraft gasifiers can reach values up to 100 g/Nm3 [13].
And many wood gasification processes have failed after less than hundred hours of
operation because of tar condensation in either the pipes or the engine [14]. There-
fore, the producer gas should be cleaned before it is combusted in the gas engine and
the cost of the gas-cleaning system generally exceeds the cost of the gasifier. Fur-
thermore, when tar is removed in filters and scrubbers, it must be disposed, which
is a difficult and, thus, costly task.

Pyrolysis is also a promising conversion process by itself to generate liq-
uid bio-fuel and bio-char [7] and a main sub-process in gasification, combustion,
smouldering or hydrothermal carbonization.



Chapter

2
Multi-scale

In fixed-bed gasification, as well as in many other processes, modelling is an impor-
tant tool to optimize the reactor performance and to control the process. However,
there are only very few models of fixed-bed gasification available. But in analogy
with the development of biomass combustion plants in the past modelling can be
expected to play a major role in the commercialization of fixed-bed gasification [11].

In fixed-bed thermo-chemical processes of biomass different phenomena take
place simultaneously. It involves different homogeneous and heterogeneous chemical
reactions interacting with the transport of heat, mass and momentum in the fluid
and solid phases. Modelling fixed-bed gasification of biomass particles is based
on kinetics of surface reactions. In many downdraft fixed-bed gasification kinetic
models the description of drying, pyrolysis and oxidation zones is still based on
equilibrium models or on highly simplified treatments, like assuming the temperature
and concentrations of the gas leaving these zones "a priori". The description of
drying and pyrolysis is however of critical importance for a correct prediction of
the tar evolution, the major challenge in this field [15, 16]. And the char reduction
zone is usually modelled as a steady state and one-dimensional problem. But these
models describing steady-state conditions do not allow the prediction of the dynamic
behaviour of the gasifiers and of the different modes of stabilization of the reaction
front, so they are not suitable for control. The first dynamic model was developed
by Di Blasi to describe a stratified downdraft gasifier [15]. Later on similar models
were developed for updraft gasification and also compared to experiments [17–20].
These works can be considered as the current state of the art in fixed-bed biomass
gasification modelling.

However, in these gasification studies quasi-continuous models have been
established where the solid phase and the gas phase are treated as if they were
continuous phases (this approach is also referred to as Euler-Euler description).
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Both phases are assumed to coexist at every point of the spatial domain. This
type of reactor model has also been applied to combustion (references in [21], [22])
or pyrolysis [23–25] in fixed-beds. Quasi-continuous models can also be applied to
conversion processes in fluidized-beds, for example to pyrolysis [26] and gasification
[27], though the closure between phases is not easy to solve. That is why Eulerian
fluidized-bed reactor models for thermo-chemical conversion processes are rather
scarce.

Quasi-continuous models are appropriate for thermally thin particles since in
this case the intra-particle gradients of temperatures and species concentrations are
negligible. However, to describe thermally thick particles, intra-particle modelling
is required. For fixed-bed combustion, it has been shown by Peters [21] that there
are significant temperature and species concentration gradients within the particles.
Also an overlapping of several processes (pyrolysis and gasification) can occur in a
single particle. In another study Thunman and Leckner [28] showed the influence of
the particle size on the conversion process and intra-particle temperature gradients
≥100 K were reported. A model considering intra-particle gradients was compared
to quasi-continuous models and clear differences are found for large particles (>2 cm)
in the work of Johansson et al. [29]. With the former model a wider reaction front
(and thus a less steep temperature profile) has been simulated as compared with the
latter model type. However, the differences were not significant for particles smaller
than 0.5 cm. Similar results have been reported by Wurzenbeger [30] in his study
about particle gradients in slow pyrolysis and drying in a fixed-bed reactor with a
flow of hot nitrogen. Temperature profiles of the bed are similar but drying and
pyrolysis fronts in the bed are extended when intra-particle gradients are considered
and these gradients are less steep. Therefore not including particle gradients into
reactor models introduce severe inaccuracies in the predictions of important design
parameters of the reactor, and as pointed out in a recent review by Di Blasi [31]: "de-
scriptions of single-particle pyrolysis accounting for spatial gradients of temperature,
once incorporated in reactor models, could produce a significant advancement with
respect to the current state of the art". It has also been concluded by Di Blasi in
another study about fixed-bed gasification that single-particle effects, mainly in the
description of primary pyrolysis and moisture evaporation, are important especially
for a correct prediction of the tar evolution [15].

Therefore modelling fixed-bed thermo-chemical processes of biomass should
be considered as a multi-scale problem. Multi-scale modelling is a multi-disciplinary
attempt to converge the models of different time and length scales in order to describe
the processes from first principles. In chemical engineering, the different scales range
from atomic to the plant level, as seen in Fig. 2.1. At atomic level quantum chem-
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Figure 2.1: Multi-scale modelling in chemical engineering.

istry can provide reaction rate constants, activations energies, heat of adsorption or
heat capacities. That information is the input of the molecular level, consisting of
chemical reactions and surface processes. At the particle level, that is to say the cat-
alyst level, transport phenomena should be taken into account in combination with
the kinetics of the molecular level and the usual approach is the Thiele modulus.
At the reactor level computational fluid dynamics (CFD) are employed to describe
the mass, momentum and energy transport. The aim of multi-scale modelling is to
combine all these levels to describe the chemical process [32].

The same approach should be employed when thermo-chemical processes
of biomass are modelled. The uncertainty in biomass and tar compound makes it
impossible to apply the first principles of quantum chemistry, so the atomic level
is not considered. But the molecular, particle and reactor levels, shown in Fig.
2.2, should be considered together in the models. Conventionally, when describing
fixed-bed pyrolysis or gasification of biomass, the particle level is not considered
and apparent kinetics are, thus, directly introduced in reactor models. It has been
emphasized that, instead of global kinetics, intrinsic reaction kinetics - the molecular
level - should be applied to describe a process [33]. Without reliable kinetics, the
reactor design is rather speculative and it is not really possible to predict the dynamic
behaviour of a reactor. This means that more sophisticated models are required,
based on chemico-physical processes rather than on empirical correlations. Only a
model incorporating different spacial scales will be able to describe thermo-chemical
fixed-bed processes of biomass with adequate accuracy.
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Figure 2.2: Multi-scale modelling in fixed-bed thermo-chemical processes of biomass.

Figure 2.3: Biomass pyrolysis at the particle level [3].

The objective of this work is to develop a multi-scale approach to model
fixed-bed thermo-chemical processes of biomass. The focus will be on fixed-bed
pyrolysis. As seen in Fig. 2.3, in primary pyrolysis char, tar and gases are generated.
The primary tar produced in primary pyrolysis can also be converted by several
secondary tar cracking reactions to secondary tar, permanent gases and char while
leaving the particle. These secondary reactions can be enhanced by the char surface.
The molecular level is described in Chapter 3. The reaction scheme that should be
applied to describe pyrolysis and smouldering will be discussed and then the kinetics
of these reactions will be calculated.

In Chapter 4 the particle level is described, where transport phenomena
should be taken into account in combination with the kinetics derived from the
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molecular level. A particle model describing pyrolysis of a single biomass particle
will be first presented and then solved for typical conditions. The main disadvan-
tage of incorporating a particle model in a reactor model is the high computational
time needed for the numerical solution of such a multi-scale model. To decrease this
computational time a novel iterative solution method for solving a particle model
describing pyrolysis of a biomass particle will be introduced and compared to com-
monly applied solution methods. Also, by means of Laser-Induced Fluorescence
(LIF), the presence of secondary tar cracking reactions in single particle pyrolysis
experiments will be evaluated.

The reactor level is described in Chapter 5, where the single biomass parti-
cles should be considered together with the interstitial gas phase. The introduction
of a particle model in a reactor model with the representative particle model (RPM)
approach, which numerically solves the problem in a feasible computational time for
a technical scale reactor, will be discussed. In the RPM approach an intra-particle
model is solved for each finite volume element of the reactor, as seen in Fig. 2.2. All
particles within a finite volume element are assumed to obey the same characteristics
as the one for which the intra-particle model is solved, which is why it can be con-
sidered as representative. The RPM is applied to fixed-bed pyrolysis and compared
to experimental results available in the literature. The importance of intra-particle
gradients in fixed-bed pyrolysis will be also highlighted.



Chapter

3
Molecular level

At the molecular level the several chemical reactions that are present in a fixed-bed
reactor are considered. For each process a reaction scheme that is able to describe
it should be defined. The processes that will analyzed in this chapter are biomass
pyrolysis and smouldering. The reaction mechanisms (or reaction schemes) of these
process are discussed in Sections 3.1 and 3.2, respectively. The experimental method
carried out, based on thermo-gravimetric analysis (TGA), and the employed mate-
rials are presented in Section 3.3. The analysis of the data to obtain the kinetics is
presented in Section 3.4. The current concern about the reliability of the experiments
and the analysis of the data in the biomass community will be also discussed in these
two sections. The results are presented in Section 3.5 and finally the conclusions
drawn from the molecular level are shown in Section 3.6.

3.1 Kinetics of pyrolysis

Pyrolysis of biomass proceeds via a very complex set of competitive and concurrent
reactions but the exact mechanism remains unknown [34] and a widely applicable
kinetic model for pyrolysis is still missing [35].

One method to describe pyrolysis of biomass is the one component mecha-
nism with several competitive reactions, called from now on the competitive scheme.
In this scheme, as depicted in Fig. 3.1, the reaction products are lumped in three
categories: char, tar and gas. Primary pyrolysis is described as the competition
between the formation of char, tars and gas in an endothermic reaction. Then the
primary tar can further react in a secondary exothermic reaction to produce more
permanent gases or secondary char. This scheme attempts to be able to predict
the product distribution at a different range of conditions, ranging from slow to
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Figure 3.1: Competitive reaction scheme for primary pyrolysis and secondary tar cracking reac-
tions.

fast heating rate, and it is the most commonly employed to describe the kinetics of
biomass pyrolysis in single particle models [4, 35–41]. However information about
the reaction kinetics of primary pyrolysis in the competitive scheme is scarce [35].
Differences between the predictions of the available kinetic data sets are huge and
trends are sometimes even not uniform, predicting some of them an increase in the
yield of one product with higher reaction temperature, while other kinetic data pre-
dict a decrease. This happens, actually, for the gas or tar yield [35]. The char yield
diminishes with increasing temperature but with in a different way with each set of
kinetic data and with different values.

In a non competitive scheme the yield of the different primary pyrolysis
products is fixed, so the model can just predict the rate of weight loss provided that
the total amount of matter to be released in the gas/vapour phase is already known.
The simplest scheme would be to consider biomass as one component: Biomass →
Char + Volatiles (Tar + Gas). The kinetics can be obtained by dynamic experi-
ments, usually with a constant heating rate, by classical thermo-gravimetric analysis
(TGA), as it will be later explained. A one component scheme describes with good
accuracy the pyrolysis of pure cellulose [42, 43], but in biomass the fitting is worse.
To improve the fitting of the previous scheme a multi-component devolatilization
mechanism with parallel reactions can be applied [44, 45]. In the parallel reaction
scheme each pseudo component acts as if there are no interactions, in an independent
way: Biomassi → Chari + Volatilesi (Tar + Gas). Usually the pseudo-components
represent the main components of biomass: cellulose, hemi-cellulose and lignin. In
the figures representing the reaction rate versus temperature at a constant heating
rate the main peak corresponds to cellulose, the shoulder at lower temperatures to
hemi-cellulose and lignin decomposition covers a wider temperature range, including
the tail at high temperatures. However with this approach the proportions of each
pseudo-component do not correspond to the composition of the real components
because of the influence of mineral mater and interactions among the components
in pyrolysis [31].
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We should ask ourselves if in order to describe fixed-bed thermo-chemical
processes of biomass a competitive or non-competitive scheme should be applied. We
will focus on the prediction of the char yield. In biomass pyrolysis at atmospheric
pressure it depends on:

• Heating rate

• Maximum temperature

• Secondary reactions

• Biomass species

Theoretically the competitive scheme can predict the product composition,
including the char yield. But it actually just predicts the differences in the char
yield of primary pyrolysis at different heating rates. Due to the different activation
energies for the production of char, tar and gas; char formation is favoured at low
heating rates (i.e. low temperatures) while gas and tar formation is favoured at high
heating rates. In Fig. 3.2, it can be seen the differences in char, gas and tar yields
at different heating rates ranging from slow to fast pyrolysis when the kinetics of
Chan et al. [37] are applied. A typical heating rate for slow pyrolysis, the one that
takes place in a fixed-bed, is 20 K/min (log10 20 ≈ 1.3), and a char yield of 29.3%
is predicted at that heating rate. In fast pyrolysis there are heating rates in the
order of 2000 K/min (33.3 K/s, log10 2000 ≈ 3.3), and in that case a char yield of
21.4% is predicted. It can be seen that this kinetics can predict significat differences
in char yields between slow and fast pyrolysis. However, in the range of typical
heating rates for pyrolysis in fixed-beds, the changes in char yield predictions with
different heating rates are low. Char yields in primary pyrolysis of 30.6% and 27.6%
are predicted with heating rates of 10 and 50 K/min, respectively. This is usually
the range of heating rates of pyrolysis when it takes place in a fixed-bed.

Actually it may be questionable to employ the same set of activation ener-
gies for low and high heating rates. At low heating rates the internal structure of
char is not abruptly modified from the one of the original wood during pyrolysis,
where the natural porosity allows the release of the volatiles and there is no major
morphological change [46–48]. However at high heating rates the cell structure is
lost due to it melts, maybe leading to different reaction pathways.

When the maximum pyrolysis temperature increases the char yield is re-
duced, while the carbon content of the produced char increases [49]. As an example
of the significant effect, in the experiments with pine wood done at 10 K/min that
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Figure 3.2: Gas, tar and char yield at different heating rates calculated with the primary pyrolysis
kinetics of Chan et al. [37].

will be presented in Section 3.5.1, the char yield decreases from 24 to 21.5% just
when the maximum pyrolysis temperature is increased from 450 to 500◦C.

The presence of secondary reactions also influences significantly the char
yield. In experiments done by Alves and Figueirido [50] with pine wood a char
yield of 18% was obtained with a sample of 10 mg when determining the kinet-
ics of primary pyrolysis, that is, without secondary reactions. When experiments
were done with cylinders of 18 mm of diameter the char yield increased to 22%,
due to the presence of secondary reactions. In experiments with oak wood done
by Mok [51], the char yield increased from 14.5 to 18% when a lower flow rate was
employed, increasing thus the retention time of the volatiles and therefore the sec-
ondary reactions. Also the global pyrolysis process (prymary pyrolysis + secondary
reactions) changed from being globally endothermic to exothermic. It is known that
the secondary reactions, that produce secondary char, are exothermic, so there is a
relationship between exothermicity of pyrolysis and increasing char yield [51,52].

The differences in biomass species also affects significantly the char yield.
When the lignin content of the biomass is higher, the obtained char yield increases
[53–55]. According to the relationship established by Hashimoto et al. [55], from
experiments with small samples of several biomass species at low heating rates and
maximum temperatures of 900◦C, the char yield increases from 16 to 22% when the
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lignin content increases from 20 to 40%. And ash constituents, especially potassium,
sodium and calcium, act as catalysts for the decomposition process and favour char
formation [31].

The influence determining product yields of factors such as maximum tem-
perature, secondary reactions or biomass species can be individually higher than
the influence of the heating rate in the range of conditions in a fixed-bed. In a
non-competitive scheme the char yield in primary pyrolysis is fixed, but it can be
calculated from TGA, with the considered species and maximum temperature and
roughly in the range of heating rates present in fixed-bed reactors. TGA is actu-
ally usually done with low heating rates and small samples, in order to avoid heat
and mass transfer limitations; i.e. to be in the kinetic regime. Therefore secondary
reactions are not present. The influence of secondary reactions can be considered
through a particle model. The product composition of primary pyrolysis remains
constant, but the final distribution can be affected by secondary reactions, where the
gas and char yields increase while the tar yield decreases. The tar cracking kinetics
to consider the secondary reactions will be discussed in the following subsection.
Therefore a non-competitive scheme (one or multi-component), with the consider-
ation of secondary reactions, will be considered to describe pyrolysis in fixed-bed
reactors.

3.1.1 Secondary tar cracking

Tar produced in primary pyrolysis can be converted by several secondary tar crack-
ing reactions when the temperature increases, reducing the tar yield and changing
the nature of the tar. The chemical reaction network of tar evolution in pyrolysis
and gasification is very complex. In order to simplify it, Evans and Milne [56] es-
tablished a classification of tar compounds, divinding them into primary, secondary
and tertiary tar species. Primary tar compounds are oxygenated organic species gen-
erated by depolymerization of the wood macromolecules: cellulose, hemi-cellulose
and lignin. Typical primary tar compounds from cellulose and hemi-cellulose are
acids, sugars, ketones, aldehydes and furans. Primary tar formed by lignin contains
mainly guaiacol and syringol units, i.e. the aromatic structure existing in the orig-
inal lignin continues being present but in smaller pieces. Tertiary tar compounds
are polyaromatic hydrocarbons (PAH) such as naphthalene, anthracene or pyrene.
Secondary tars are basically all intermediates between primary and tertiary tars.
Primary tars generated in the particle pores can be cracked to secondary tars either
homogeneously in the gas phase (i.e. in the pores) or heterogeneously on the char
surface, i.e. the pore walls. In this second step also secondary char (coke) and
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permanent gases are generated. The secondary tars can also react further homo- or
heterogeneously to tertiary tars (polyaromatic hydrocarbons), more secondary char
(coke) and permanent gases.

During secondary reactions, the tar yield from cellulose and hemi-cellulose
dramatically decreases, whereas the gas yield increases considerably. Tar from these
polysaccharides has a lesser impact in the final tertiary tar in gasification. Some
aromatic compounds can appear, although in a lower concentration than to those
coming from lignin decomposition. A schematic of the current understanding of
tar generation from lignin - the main tertiary tar precursor - under slow pyrolysis
conditions is depicted in Fig. 3.3, which is adapted from [57]. Secondary tars
from lignin include phenol, catechol, pyrogallol, cresol, xylenol. It should be noted
that the actual reaction network is even more complex due to possible interactions
between the reaction products and intermediates of lignin decomposition on the
one hand and of the other major wood constituents cellulose and hemi-cellulose on
the other hand [58]. And the considered molecules are just one ring units, real tar
consist mainly of polymers (try- and tetramers are the most abundant) from these
one ring units [59]. A proposed structure of pyrolytic tar of lignin is show in Fig. 3.4.
During secondary reactions the reduction of the tar yield from lignin is slower than
the reduction of tar yield from cellulose and the molecular weight of the molecules
is also reduced.

It should be noted that there is not a defined criterium to classify primary,
secondary and tertiary tars. In the work of Evans and Milne [56] temperature zones
were assigned to the existence of tars of each category: primary tar from 400◦C
to 700◦C, secondary tar from 700◦C to 850◦C and tertiary tar above 850◦C. Later
studies [58,61] have shown that tar from the three categories can be formed at lower
temperatures. And tar compounds like phenols or cresols can be either be considered
primary or secondary according to a temperature classification. They are mainly the
result of secondary reactions but they are formed at low temperatures. It should be
noted that also the direct generation of polyaromatic hydrocarbons (tertiary tars)
from solid lignocellulosic fuel (as if they were also primary tars) was proposed as a
possible pathway in slow pyrolysis [62].

Schinkel [63] pointed out that at temperatures below 450◦C tar cracking
occurs predominantly heterogeneously. Hence, for modelling pyrolysis of a biomass
particle of cm size kinetics of primary pyrolysis as well as of homogeneous and het-
erogeneous cracking of primary and secondary tars are required. The most employed
sets of tar cracking kinetic data in particle models [36,38–41,64,65] are the ones cal-
culated by Liden et al. [66], with the variation proposed by DiBlasi to include the
production of secondary char [36], as show in Fig. 3.1, and the heat of reaction
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Figure 3.3: Reaction network of lignin slow pyrolysis adapted from [57].
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Figure 3.4: Proposed structure of a tetramer of pyrolytic lignin [60].

determined by Koufopanos et al. [67]. But the kinetics data from Liden et al., based
on a one step reaction, were derived from data of fluidized bed flash pyrolysis of
hardwood. They claim that the model should be valid for most biomass particles
under 2 mm in size, when pyrolyzed in a fluidized bed reactor at temperatures of
450◦C or higher; but they were applied to very different conditions. And even more
important, the effect of char in a heterogeneous reaction is not considered. Other
kinetics data were employed in particle models, however, in none of numerous parti-
cle models reviewed recently by Di Blasi [31], intra-particle heterogeneous cracking
reactions have been considered, due to the lack of this information.

Tar cracking kinetics are important to predict the yield of the different
pyrolysis products and also the composition (and therefore quality) of the tar (or bio-
oil) obtained in pyrolysis. However a general kinetic scheme is not yet available [35],
despite recent findings about how this complex mechanism proceeds. Such complex
reaction schemes as in Fig. 3.3 cannot be considered, simply because there is no data
for the kinetics of the elementary reaction steps. In order to obtain this information
a setup was built in the EVUR institute, that allows to measure homogeneous and
heterogeneous tar cracking kinetics of tar model compounds [68]. In Section 4.4, the
volatiles of pyrolysis of a single biomass particle will be characterized by means of in-
situ Laser-Induced Fluorescence. The results, that indicate that there are secondary
heterogeneous cracking reactions of the primary and secondary tar species, help
to develop the description of the complex heterogeneous reaction network of the
secondary tar cracking reactions.
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3.2 Kinetics of smouldering

Smouldering is a slow, low temperature, flameless form of combustion, sustained by
the heat evolved when oxygen directly attacks the surface of a condensed phase fuel,
as it happens for example in charcoal grills or cigarettes [69].

Uncontrolled smouldering processes can produce severe damages. Smoulder-
ing is very common in wildfires and implies a potential risk when re-flaming occurs.
Even more aggressive is the long lasting effect of the subsequent smouldering [70]
that may follow a flaming fire. Peat beneath wildlife areas can burn for even months
and reappear to the surface, being the cause of a new open fire. Also fuel accumu-
lations and coal mines can be easily affected by smouldering. There is evidence of
smouldering fronts which continue burning decades after the first ignition [71]. It is
also a critical matter in fire safety of building and aerospace environments [72].

Controlled smouldering can also have benefits. Obtaining biochar from
smouldering of plants biomass is a promising alternative for renewable energy sources.
It is exposed the possibility of using small reactors which could provide energy to
small communities, exclusively designed for these purposes. The main advantage of
this facility is that there are practically no energy costs as the operating can be self
sustained with the energy of the biomass oxidation [72]. When the biochar obtained
is redirected to a soil, the properties of the former are highly improved for the mid
and long term, being also able to become a strong CO2 sink [5, 6]. Also, smoul-
dering can be a suitable remedy for different wastes or environmental issues which
have difficult solutions. But the spontaneous flaming during the processes can be a
technical security problem if a biomass smoulder is to be sustained, as the leading
to an open fire is an unacceptable risk [72].

Smouldering, as other fixed-bed thermo-chemical processes of biomass, is a
process in which different phenomena take place simultaneously. Well established
kinetic mechanisms are lacking and, thus, smouldering combustion is frequently
described in a different way depending on the propagation mode. Only recently,
the same kinetic mechanism and parameters were shown to be able to predict both
forward and opposed smouldering [73].

In the literature there are several kinetic data derived from weight loss curves
of lignocellulosic fuels in inert atmospheres (pyrolysis) [31] and air (oxidation) [49],
as shown by these review papers. But a smouldering process occurs also at low
oxygen concentrations because of the depletion of the oxygen content inside the
bed [69, 74, 75] or the low ambient oxygen concentration [76]. There are just a few
works in the low oxygen concentration level. Examples deal with cellulose paper
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[77,78], tobacco [79], residues from olive oil processing [80], pine wood [81] and rice
straw [82].

The kinetic scheme that is frequently used to describe smouldering is the
three-step chemical reaction scheme of a polymeric fuel proposed by Ohlemiller [69].
The mechanism includes fuel pyrolysis, fuel oxidation and char oxidation, accounting
for three solid species or components (fuel, char and ash) as shown:

• Fuel → νc,pyr Char + νg,pyr Gas

• Fuel + νo2,oxd O2 → νc,oxd Char + νg,oxd Gas

• Char + νo2,cox O2 → νa,cox Ash + νg,cox Gas

The distinction between fuel pyrolysis and oxidation should be done because
their heat of reaction is extremely different, and this heat of reaction could control
the process. In cellulose experiments in air [83] at 190◦C the oxidative degrada-
tion is predominant, but above 300◦C pyrolysis is dominant. The difference in the
activation energies should reflect this behavior, the activation energy of cellulose
pyrolysis is higher than the one of cellulose oxidation [77]. However, the distinction
between fuel pyrolysis and oxidation was not usually done when smouldering kinetic
constants of lignocellulose materials were obtained [79–82]. It was done describing
smouldering of cellulose, with the three-step scheme previously described, including
cellulose pyrolysis, cellulose oxidation and char oxidation [77]. These cellulose ki-
netics are the most commonly employed to describe smouldering processes. They
were applied to smouldering of cellulose [84], but also of a very different material
such as polyurethane foam [85, 86] or a general material [87] and they were able
to provide relatively good results compared with experiments, although predicting
excessive mass-loss due to the consideration of a single one-step pyrolysis [88]. Some
of the pre-exponential factors were modified in these works [84–86] to match the
experimental results. The Ohlemiller mechanism was also applied to polyurethane
foam with kinetics derived from this material [88].

To improve the results of the Ohlemiller scheme, more solid species and
steps have been included. A 5-step mechanism for polyurethane consisting of two
foam pyrolysis, two foam oxidations and one char oxidation reactions was developed,
accounting for four solid species: foam, β-foam, char and residue [88,89]. Also ligno-
cellulosic materials were considered to be formed of several pseudo-components de-
scribing their oxidation, but without distinguishing between pyrolysis and oxidative
degradation. Two pseudo-components associated with holocellulose and lignin [80]
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and three associated with hemi-cellulose, cellulose and lignin [90] were considered.
A different approach is the distributed activation energy model (DAEM) [79].

There is an increasing necessity of obtaining more information about biomass
smouldering kinetics and heat of reactions, which is currently only available with
a scheme distinguising fuel oxidation and pyrolysis for few materials, such as to-
bacco [91], paper (cellulose) [77] or polyurethane [89]. The determination of smoul-
dering kinetics is also needed to describe fixed-bed gasification processes. Kinetics
of biomass oxidation should be used in models for downdraft gasification when the
air intake is at the top, since there is oxygen present in the gas phase of the pyrolysis
zone. Only considering non-oxidative pyrolysis kinetics may lead to wrong results.
And char oxidation is the main reaction in the oxidation zone of fixed-bed gasifiers.

The scheme that will be proposed to describe biomass smouldering will be
an extension of the Ohlemiller scheme. As explained in the previous section, to
describe pyrolysis of cellulose one component is employed but to describe pyrolysis
of wood several pseudo-components should be employed to obtain a good fit. There-
fore, as to describe smouldering of cellulose one component was employed [77] the
natural further step to describe the increasing complexity of the reaction should be
to describe the smouldering of biomass with several pseudo-components, in a similar
way as done with other polymeric fuel, such as polyurethane foam [89].

3.3 Experimental method and material

The pyrolysis and smouldering kinetics of a kind of biomass, pine wood, will be
determined by thermo-gravimetric analysis (TGA). In the thermo-balance where
TGA is done the mass changes of a sample is recorded as a function of time and
a determined temperature program. This equipment consists of a very precise bal-
ance in which the sample is placed, a heating system and a thermocouple. All of
them are coordinated to be able to take measurements of weight, temperature and
time systematically and also to accomplish the desired temperature program. The
used thermo-balance was the model L81/1000 from Linseis Thermal Analysis, in
a horizontal configuration. The thermo-balance system consists of an L81 Ampli-
fier, a Thyristor power unit, a L70/2004 USB-Box and the thermo-balance itself.
The USB-Box is connected to a computer. The thermo-balance requires the use
of a cooling system for the oven which surrounds the measured samples. This was
accomplished using a Circulator HAAKE Phoenix II P1 from Thermo Electron Cor-
poration, using distilled water at a constant temperature of 5◦C. Nitrogen (with a
99.999% purity) and synthetic air (79.5% nitrogen, 20.5% oxygen) were employed
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and the oxygen volume concentration during the experiments was controlled with
two mass flow controllers (Tylan GmbH FC-260), which permit to regulate the in-
coming flow from each bottle and thus allows obtaining the desired concentration
for each experiment. The gas is directed then to the thermobalance and flows across
it acting as a carrier gas to finally leave the installation.

The wood sample used was conventional pine wood (Pinus sylvestris) from
a forest in Brandenburg (Germany). It was previously dried, milled and then sifted
through a 0.2 mm sieve. It has an appearance of pale yellow powder and a calorific
value of 20.0 MJ/kg. Ultimate and proximate analysis were carried out. The values,
shown in Tab. 3.1, are in the medium range of the values reported for wood and
woody biomass in a recent review [92]. It only should be mentioned that the nitrogen
content is in the lower range, in that work an average value of 0.4 was reported.
The cellulose, hemi-cellulose, lignin and extractives contents are taken from the
literature [4]. These values are known to vary only a few percent within a species [93].
Regarding the concentration of the different elements contained in the sample, an
inductively coupled plasma - optical emission spectrometry (ICP-OES) analysis was
carried out, obtaining the values shown in Tab. 3.2. Other elements were detected
in quantities smaller than 5 ppm in mass. It should be noted that here it is not
presented the ash composition, but the original content in wood. These species
volatilize partially in pyrolysis and gasification, so they are not completely retained
in the final ashes [94]. The final content in ashes can be significantly lower. Usually
in biomass potassium, calcium, sodium, silicon, phosphorus and magnesium are the
main ash constituents [31]. The results of the ICP confirm that most of these are
the main mineral components in the studied wood.

Two different kinds of char were employed because, as it will be explained in
Section 3.5.2, they have different reactivity. Char-TGA is produced in the thermo-
balance, as the residue of wood pyrolysis. Slow heating rates, between 2.5 and 10
K/min, until a final temperature of 500◦C are employed to produce char-TGA, with
an initial mass of wood lower than 10 mg. Char-FB is produced in a bench scale
fixed-bed reactor (40 cm high with 8 mm of internal diameter) from the original
wood chips with slow pyrolysis (heating rate around 2 K/min) and a flow rate of
nitrogen of 1 L/min until a maximum temperature of 500◦C, keeping it during one
hour. Both chars are produced from the same pine wood employed in the other
experiments.

The experimental plan is shown in Tab. 3.3. As stated at the beginning
of this chapter there is currently a concern about the reliability of the experiments
and the analysis of the data in the biomass pyrolysis community, due to the very
different kinetic data that are reported in the literature in the last years [31, 34,
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Table 3.1: Proximate, ultimate and polymer analysis in dry basis of biomass pine wood sample

Parameter Result (%)
Volatile matter 84.7 ± 0.3
Fixed carbon 15.0 ± 0.4

Ashes 0.3 ± 0.03
C 50.2 ± 0.1
H 6.6 ± 0.4
N 0.11 ± 0.08
S 0.08 ± 0.04

O (by difference) 43.01 ± 0.4
Cellulose 43

Hemi-cellulose 27
Lignin 30

Extractives 5

Table 3.2: ICP-OES elemental analysis of biomass pine wood sample

Element Mass concentration (ppm)
Ca 960.2 ± 20.4
K 289.9 ± 3.6
Mg 165.1 ± 1.9
Mn 143.6 ± 0.5
Al 34.5 ± 2.3
Fe 27.8 ± 2.2
Na 16.5 ± 0.1
Zn 8.1 ± 0.3
Ba 7.7 ± 0.6
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Table 3.3: Experimental plan to determine reaction kinetics

Experiment Material Oxygen content(%) Heating rate (K/min)
1 Cellulose 0 5
2 Wood pine 0 2.5
3 Wood pine 0 5
4 Wood pine 0 10
5 Char-FB 20.5 2.5
6 Char-FB 20.5 5
7 Char-FB 20.5 10
8 Char-TGA 20.5 2.5
9 Char-TGA 20.5 5
10 Char-TGA 20.5 10
11 Char-TGA 8.2 5
12 Char-TGA 4.3 5
13 Wood pine 20.5 2.5
14 Wood pine 20.5 5
15 Wood pine 20.5 10
16 Wood pine 8.2 5
17 Wood pine 4.3 5

95]. The first experiment is pyrolysis of cellulose AVICEL PH 105 and was done
following the recommendation of Gronli and coworkers [43], which suggested the
comparison to their own results to proof the reliability of the thermobalance, because
AVICEL PH 105 microcrystalline cellulose is known to supply good reproducibility
on thermogravimetric analysis. The sample was supplied by SERVA Electrophoresis
GmbH (Cat.No. 14205, Contr.No. 00587). Cellulose pyrolysis is modelled as a single
first order reaction and the activation energy and pre-exponential factor are in the
ranges of this study (values of [43] in parenthesis): E = 237.5 (244±10 kJ/mol), A
= 18.3 (19.0±1.1 log s−1).

The main experimental concern is to ensure the absence of heat and mass
transport limitations, mainly to avoid thermal lag. Thermal lag is the temperature
difference between the sample and the controlling (external) thermocouple, due to
sample thermal inertia and/or reaction energetics (endothermicity or exothermicity).
The most visible effect of such a drawback is a shift of the mass loss peak to higher
temperatures. The effect is quite high for cellulose as a consequence of the strong
endothermicity of the decomposition process, and also high for other kinds of biomass
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[96]. Low initial mass samples and heating rates can be employed to avoid thermal
lag.

From the three reactions present in smouldering (wood pyrolysis, char oxi-
dation and wood oxidation) just the first two can be conducted in an independent
experiment. Therefore, wood pyrolysis and char oxidation experiments are first
conducted to understand previously these reactions and then the smouldering ex-
periments are carried out, where wood oxidation is combined with the two previous
reactions.

In the experiments 2-4 pyrolysis of pine wood is done at three different
heating rates until a final temperature of 500◦C. It is not shown in the table, but also
experiments were made to check that the result is not affected by some parameters
such as initial sample mass (2.5 to 7.5 mg) or gas flow rate. Initial sample mass of
5 mg were finally employed for pyrolysis. The absence of leakages and the purity of
nitrogen were checked keeping in some experiments the final temperature of 500◦C
constant during one hour. As expected the mass of the sample was constant during
this interval of one hour.

Then char oxidation experiments are carried out. At first, at an oxygen
concentration of 20.5%, experiments are conducted with char-FB (5-7) and char-FB
(8-10) employing three different heating rates and then, at a constant heating rate
of 5 K/min, experiments are done with char-TGA (11-12) at different oxygen con-
centrations. These experiments are carried out until a final temperature of 600◦C
and low initial sample mass should be employed, with values between 1 and 2 mg.
In preliminary kinetic experiments of char oxidation and also smouldering the reac-
tion rate of char oxidation dramatically increased at some temperature, especially at
high oxygen concentration and heating rate, due to a self heating behaviour. Similar
problems were also found in the literature [97]. In one work with constant temper-
ature experiments a high temperature increase of the sample was detected [98]. In
these experiments, at 400◦C and 18% O2, with a very thin 0.1 mm diameter thermo-
couple close to the char surface a temperature rise of 80 K for a 4.5 mg char sample
was measured. When the sample size was decreased to 2.5 mg, the temperature
increase dropped to 30 K. In the case of a 1 mg char sample, the maximum tem-
perature increase was only 7 K. In another work, employing constant heating rates
temperature runaways were detected using small samples, where the real sample
temperature greatly exceeded the temperature reported by the TGA device, leading
to a gross overestimate of the reactivity of the charcoal [51]. This temperature run-
away occurred in the range of 255-340◦C which is in good agreement with measured
ignition temperatures of charcoal. These temperature runaways should be avoided
using samples as small as needed. In our case this problem was detected with 5 mg
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char samples, but avoided with samples of 1-2 mg, the ones finally employed. To
confirm it several runs with different masses in this interval were done, checking that
they produce the same results and also the absence of diffusional resistance.

When the behaviour of wood pyrolysis and char oxidation is known, smoul-
dering kinetics experiments are carried out, where the two previous reactions occur
together with wood oxidation. As with char oxidation, first experiments with three
different heating rates at an oxygen concentration of 20.5% (13-15) and then, at a
constant heating rate, experiments at different oxygen concentrations (16-17) are
conducted. Experiments are carried out until a temperature of 600◦C and initial
sample mass in the range 2-4 mg. Each experiment of the work plan was done twice
in order to minimize experimental errors. Buoyancy corrections were performed
according to the standard procedures.

3.4 Data analysis

In current studies there is a general consensus about the nature of the kinetic mod-
els. The proposed models in the literature are commonly referred to mass losses
and conversion (α), defined as in Eq. (3.1) as a function of the initial mass (m0),
the current mass (m) and the final mass (mf ). The reaction rate depends on a
pre-exponential factor (A), an Arrhenius-like term related to temperature (T ), an
apparent activation energy (E) and the relative change in available surface area
during the reaction. This last term, equal to S(α)/S0, being S and S0 the current
and initial available surface area [98], respectively, can be expressed through differ-
ent reaction models depending on conversion (α), being the most common one the
power law model, the one shown in Eq. (3.2). The reaction is first order when the
order of reaction (n) is equal to one.

α ≡ 1− m−mf

m0 −mf

(3.1)

dα

dt
= A exp

(
− E

R̄T

)
(1− α)n (3.2)

Eq. (3.2) is applicable for pyrolysis of any component or pseudo-component.
When wood or char oxidation is considered, the reaction rate depends also on the
oxygen partial pressure, expressed at atmospheric pressure, and the reaction order
with respect to oxygen (nO2), as shown in Eq. (3.3). It is considered that there is
a negligible overlap between char oxidation and the other reactions that generate
char [77].
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dα

dt
= A exp

(
− E

RT

)
(1− α)n

( XO2

0.205

)nO2

(3.3)

As stated in the previous section, there is currently a concern not just
about the reliability of the experiments but also about the analysis of the data in
the biomass community, due to the very different kinetic data that are reported in
the literature in the last years.

There are two main mathematical approaches to determine kinetics con-
stants: model-fitting and iso-conversional (model-free) methods. Model-fitting meth-
ods were among the first and most popular methods to be used in evaluating solid-
state kinetics, especially for non-isothermal experiments. Specifically, the non linear
least minimum squares evaluation is the most commonly employed method in the
biomass community. In this method it is recommended to use differential (DTG)
versus integral measurements (TG), because the details of the devolatilization are
better shown [44]. The least-squares evaluation of the N analyzed experiments
should minimize the sum of Eq. (3.4) and the fit of the obtained curve to the
experimental curve is calculated with Eq. (3.5).

Sum =
N∑
i=1

((dαi
dt

)
exp
−
(dαi
dt

)
sim

)2

(3.4)

fit(%) =

√
Sum

N(dαi
dt

)
exp,peak

(3.5)

Iso-conversional methods can compute kinetic parameters without modelis-
tic assumptions, like assuming "a priori" a first order reaction [99, 100]. In the
Kissinger method the activation energy is obtained plotting Eq. (3.6) - obtained
from the derivation of Eq. (3.2) - in a logarithmic scale, with the data of the tem-
perature of the peak of the reaction rate (Tm) at each heating rate (∆T/∆t). The
activation energy can be calculated from the slope of the line [101]. The Kissinger
method is exact when the reaction order is 1, but still a good approximation when it
is different from 1 [77]. An extension to this method is the Kissinger-Akahira-Sunose
(KAS) method, that provides an activation energy at certain fixed conversions α.
In this case the temperatures at a certain conversion at different heating rates are
considered to calculate the activation energy at that conversion [34].

ln
(∆T/∆t

T 2
m

)
= ln

(AR̄
E

)
− E

R̄

1

Tm
(3.6)
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The popularity of iso-conversional methods is increasing in the last years.
Results obtained from different mathematical analysis methods have been viewed as
conflicting rather than complementary. It is however suggested that the combination
of both methods would produce the most accurate results, although it is not done
in the biomass community. The activation energy can be first predicted from an
iso-conversional analysis. Then, based on based on model fitting, the most accurate
reaction model can be chosen, in order to provide an activation energy that is close
to that from the iso-conversional analysis. This allows to select models that might
otherwise be indistinguishable based on quality of the regression fit alone [99].

In some works kinetics from ligno-cellulosic biomass are obtained with just
experiments at one heating rate [45,102]. But criticism was expressed about it [103].
Force fitting models to non-isothermal data obtained from a single heating rate can
generate very inconsistent Arrhenius parameters that display a strong dependence
on the selected kinetic model [34]. Employing several heating rates we avoid com-
pensation effects, that is, the possibility of different couplings of pre-exponential
factor and activation energy to describe reasonably well the same weight loss curve.
Only one set of data can predict the behavior of the material at several heating
rates [31]. And also, iso-conversional methods can just be applied when different
heating rates are considered.

3.5 Results and discussion

3.5.1 Biomass pyrolysis

Pyrolysis of pine wood at different heating rates were done (experiments 2-4). The
experiments are fitted simultaneously in order to avoid compensation effects, as
previously explained. At first, the reaction was modelled with one component as it is
usually done with cellulose, but allowing to change the reaction order. The variation
of reaction rate with the temperature, together with the fit with one component,
at different constant heating rates are shown in Fig. 3.5. The analysis is done in
the temperature range 200-450◦C. At 450◦C, there is left a char residue of around
24% of the initial dry wood mass. This product of the reaction, char, does not react
further in pyrolysis so the mass of char is the value of mf in Eq. (3.1) to define the
conversion α. The kinetic values are shown in Tab. 3.4. The results are in the range
of works with similar materials. For example, [104] reported an activation energy of
106.5 kJ/mol and a pre-exponential factor of 6.4 log s−1 with a first order reaction.
However, as we can see in the Fig. 3.5, the fitting with just one component is not
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Figure 3.5: DTG curve of exp. 2-4. Pyrolysis of pine wood at 2.5, 5 and 10 K/min. Experimental
data in symbols (o) and model with one component in solid line.

able to model the shape of the curve as good as for example in cellulose, obtaining
an error in the fit of 9.5%. For cellulose the fitting error is below 3%.

Just one component seems not suited to describe pyrolysis of wood ac-
curately. As stated in Section 3.1, to improve the fitting the multi-component
devolatilization mechanism can be applied. In this parallel reaction scheme each
pseudo component acts as if there was no interaction, in an independent way. Usu-
ally the pseudo-components represent the main components of wood: cellulose, hemi-
cellulose and lignin. In the figures representing the reaction rate versus temperature
the main peak corresponds to cellulose, the shoulder at lower temperatures to hemi-
cellulose and lignin decomposition covers a wider temperature range, including the
tail at high temperatures. However with this approach the proportions of each
pseudo-component do not correspond to the composition of the real components
because of the influence of mineral mater and interactions among the components
in pyrolysis. The global reaction rate is related to the reaction rate of each pseudo-
component through Eq. (3.7). The parameter ci corresponds to the proportion of
the ith pseudo-component.

dα

dt
=

n∑
i=1

ci
dαi
dt

(3.7)
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Figure 3.6: DTG curve of exp. 2-4. Pyrolysis of pine wood at 10 K/min (top), 5 K/min (middle)
and 2.5 K/min (bottom). Experimental data in symbols (o), model with 3 pseudo-components in
solid line and each pseudo-component with dash-dot lines.
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Table 3.4: Pyrolysis kinetics values. Top the one-component scheme and bottom the three pseudo-
components scheme. a) In parenthesis, the total number of pseudo-components

Componenta) E (kJ/mol) log A (log s−1) n(-) c (-)
Wood (1) 107 6.50 0.91 1

Cellulose (3) 146 9.71 0.59 0.58
Hemi-cellulose (3) 116 8.07 1 0.25

Lignin (3) 167 11.3 2.78 0.17

The multi-component devolatilization scheme with three pseudo-components
will be employed. As it can be seen in Fig. 3.6, with three pseudo-components it
is now indeed possible to model the shape of the curve, and the error in the fit is
reduced to 3.2%. The kinetic values are shown in Tab. 3.4. It can be seen that
the proportions of the pseudo-components do not correspond to the proportions of
the real components, however the values are similar. First order reactions where as-
sumed for hemi-cellulose devolatilization. For cellulose and lignin the reaction order
was allowed to change in order to describe the asymmetry of the DTG value in the
peak. The value obtained for cellulose, less than one, is due to the fact that the
descending part of the curve is less step than a first order reaction. It is the opposite
for lignin.

The obtained activation energies are 146, 116 and 167 kJ/mol for cellulose,
hemi-cellulose and lignin, respectively. These values are going to be discussed and
compared to the reported ones in the literature. Despite the overlapping contri-
butions of the several components in biomass, that are difficult to separate, it is
reported that the activation energies of the pseudo-components in the parallel reac-
tion scheme usually resemble the activation energies of the original components [45].
There is a general consensus about the kinetic model of pure cellulose, based on
a first order reaction with high activation energy: 228 (191 - 253) kJ/mol [42], a
higher value than the one that it is obtained for the pseudo-component cellulose in
this study. In the work of Gronli et al. [45] the main component, corresponding to
cellulose, has an activation energy of 236 kJ/mol, the same value previously deter-
mined for pure cellulose [43]. But criticism was expressed from Branca et al. [103]
that in the work of Gronli et al., and other works, just experiments with one heating
rate were employed. Branca et al. analyzed experiments done at several heating
rates from previous publications. When a model fitting evaluation was done, a value
of 193 kJ/mol was obtained for the cellulose pseudo-component. But it should be
mentioned that the range of variation has been limited to 190-240 kJ/mol, due to
the general consensus about the high activation energy of pure cellulose. The belief
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that cellulose in biomass may have the same activation energy as the pure compo-
nent may come from the results of Antal and Varhegyi [96], where it is reported
that for washed biomass samples, when there was a clear separation of the cellulose
and hemi-cellulose peaks, the high value calculated for the activation energy of pure
cellulose was also valid for the biomass component in that case. But there it is not
stated that it should be extrapolated to all biomass samples. For the hemi-cellulose
pseudo-component a lower value activation energy than the one of cellulose, but still
high (150 - 200 kJ/mol), is usually reported in the literature; and for the lignin
pseudo-component the value is usually quite low (< 100 kJ/mol), although higher
values are also reported [31]. In this study a slightly lower value for hemi-cellulose
is obtained, while the value for lignin is much higher than the average.

Experimental data of biomass pyrolysis obtained at several heating rates
is not very abundant in the literature. A review of the reported values, when sev-
eral heating rates are considered, is shown in Fig. 3.7. Some works will be now
commented. It is very interesting to evaluate the work of the group of Puigjaner.
Applying a parallel reaction reaction scheme, kinetics were calculated with experi-
ments at one heating rate with a fitting method. Experiments with other heating
rates were modelled with variations of the pre-exponential factor, to account for
the thermal lag, and the activation energies previously calculated. They obtained
a high value for the activation energy of cellulose (> 240 kJ/mol), a high value for
hemi-cellulose (around 200 kJ/mol) and a low value for lignin (< 65 kJ/mol) [105].
Lignin was modelled with a third order reaction, the others pseudo-components with
a first order reaction. This work was then extended to more species, reporting simi-
lar values, with just a slight increase in the activation energy for lignin, although it
remains below 100 kJ/mol [106]. In a later work, experiments at different heating
rates (and also temperature stepwise programs) are evaluated together to calculate
the reaction kinetics [107]. Lower values for the activation energy of cellulose (< 200
kJ/mol) and hemi-cellulose (< 150 kJ/mol) were obtained, considering again these
reactions as first order. For lignin high or very high values were obtained (ranging
from 90 to 300 kJ/mol), depending on the species and also if a first or third order
reaction was considered.

In Meszaros et al. [110] experiments at different heating rates and temper-
ature stepwise programs were evaluated together. Assuming six components with
first order reactions, the activation energy of the one that should represent cellulose
was 190 kJ/mol. When four components were assumed without a fixed reaction
order, it was reported that in all components but cellulose the reaction order should
be limited to two, if not the order increased to unrealistic values. It is however
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Figure 3.7: Activation energies reported in the literature for the biomass pseudo-components.
Data obtained with experiments done at several heating rates [102,103,105,106,108–111], with the
exception of [45]

important to note that in this case a higher value for the lignin pseudo-component
than the usually reported in the literature was obtained: 146 kJ/mol.

As in the first commented work of the group of Puigjaner [105], sometimes
when experiments at several heating rates are done they are evaluated independently,
for example in [112, 113]. In these cases high activation energies for the cellulose
pseudo-component were reported (> 200 kJ/mol). It is also reported that this value
is decreased when the heating rate is increased, probably due to thermal lag in
the experiments. Also in the case were just experiments at one heating rate are
considered high values for the activation energy of cellulose and low for the one of
lignin are usually reported [45,114,115].

Related to the activation energy of lignin, it should be also mentioned the
recent work of Jiang et al. [116], where it was determined the activation energy of
several types of pure lignin with the Kissinger method and high values were obtained,
around 150 kJ/mol. In the discussion the authors state that previously lower values
were usually obtained by other researchers for the activation energy of pure lignin,
and it may be due to the erroneous assumptions of the first order reaction or that a
single heating rate experiment were employed to calculate the activation energy.
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It has been reviewed the high scattering of the literature about the activa-
tion energies of the several pseudo-components in biomass pyrolysis. As previously
stated, this scattering may arise due to the poor reliability of the experiments but
also due to the analysis of the data. Related to the reliability of the experiments,
thermal lag should not be present in the reported experiments. That is the main
experimental concern and it causes a reduction in the calculated activation ener-
gies. We believe that there is no thermal lag in our experiments because, first, the
results with Avicel cellulose from other authors could be reproduced and, second,
experiments were done with several initial sample mass (2.5, 5 and 7.5) mg, without
appreciable change in the results.

The analysis of the data should be supported, as remarked in Section 3.4, by
iso-conversional methods. The cellulose pseudo-component is the one representing
the peak of the reaction rate. The activation energy calculated by the fitting method
is very similar to the one obtained by the the iso-conversional Kissinger method, as
seen in Tab. 3.5. This confirms that the peak is being well represented with the
cellulose pseudo-component activation energy. With the scheme of one component
instead of three, the activation energy was lower, 107 kJ/mol, the peak was not being
represented correctly. The Kissinger-Akahira-Sunose (KAS) method, providing an
activation energy at certain fixed conversions α, is also applied to further confirm
the results. As seen for pyrolysis in Tab. 3.5, values similar to the one of the
Kissinger approach are obtained at medium conversions. At lower conversions the
activation energy decreases approaching the value for the pseudo-component hemi-
cellulose and at higher conversions (α=0.9) a higher activation energy is obtained,
similar to the one of lignin. It should also be mentioned the differences that arise
when first order reactions for the devolatilization of the pseudo-components are
considered, not allowing to change the reaction order. If first order reactions for all
pseudo-components were considered, activation energies of of 175, 150 and 35 would
have been obtained for the pseudo-components cellulose, hemi-cellulose and lignin,
respectively. These values are actually higher than the calculated for cellulose and
hemi-cellulose and much lower for lignin. These values are actually more similar
to the ones usually reported in the literature. But they are not considered because
the results are not supported by the iso-conversional KAS method. As explained
in Section 3.4, iso-conversional methods allows to select models (such as first or n
reaction model) that might otherwise be indistinguishable based on quality of the
regression fit alone.

Despite their benefits iso-conversional methods are not commonly employed
in the biomass community. Results from two studies [100,117] show that different iso-
conversional methods than KAS, like Flynn-Wall-Ozawa (FWO), give very similar
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results to this one. In both cases a low activation energy at medium conversions is
obtained, around 150 kJ/mol. However in Slopiecka et al. [100], for poplar wood,
there is a significant increase of the activation energy at high conversions (> 200
kJ/mol); while in Ye et al. [117], for maize straw, the value at high conversions is very
similar to the obtained at medium conversions. However in the work of Gasparovic et
al. [118], for wood chips, a high value is obtained (216 kJ/mol) at medium conversions
while it decreases with increasing conversion. But in Senneca [119], also for wood
chips, a low value of 120 kJ/mol is obtained with the Kissinger method. In these
studies model-fitting methods were not employed.

It can be concluded that although the activation energies of the pseudo-
components may resemble the one of the real components, some differences are
plausible to appear. It may be possible that the pseudo-component cellulose has
in some cases a lower activation energy than pure cellulose. There could be two
possible reasons: the interactions of cellulose with the other components and the
the catalytic/inhibitory activity of the mineral content. At 5 K/min the main peak,
as seen in Fig. 3.5, is for the pine wood of this study, at 358◦C. In a study done with 9
wood species it was at an average temperature of 348◦C (ranging from 334 to 353◦C).
In pure cellulose it is at 327◦C [43]. This delay is due to the interactions with hemi-
cellulose and lignin [120] and the mineral content that can have either a catalytic
or inhibitory effect [96]. These reasons may also influence the activation energies
of hemi-cellulose and lignin. In this study the activation energy of hemi-cellulose
remains lower than the one of the cellulose, as usually reported in the literature.
Also, the high value reported for lignin in this study may be more plausible than
the usually reported low values. Despite the scattering in the literature, there are
also hints that support the trends of the activation energies reported in this study,
especially when care was taken in the analysis of the data. Systematic investigation
of several biomass species could clarify these conclusions, but as previously explained
caution should be taken when reviewing the existing literature and in the design of
future experimental plans and data analysis.

In the literature, it is also usual to consider more pseudo-components, some-
times corresponding to extractives, such as in [45]. However, as the results with three
pseudo-components are already satisfactory, with an error in the fit lower than 3.5
%, extra ones will not be considered to not add extra complexity to the scheme. It
should be again noted that the pseudo-components do not correspond to the real
proportion of the components in the original wood.
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Table 3.5: KAS and Kissinger method results for activation energies (kJ/mol)

Wood Wood Char-FB Char-TGA
α Pyrolysis Smouldering oxidation oxidation

0.1 (KAS) 127.1 112.8 98.3 122.9
0.2 (KAS) 136.5 116.8 107.9 126.7
0.3 (KAS) 137.1 124.2 116.2 122.6
0.4 (KAS) 143.0 122.9 121.9 117.4
0.5 (KAS) 146.6 129.9 122.8 119.9
0.6 (KAS) 144.5 129.5 125.8 127.3
0.7 (KAS) 143.5 132.2 129.0 164.8
0.8 (KAS) 151.4 131.5 131.3 149.1
0.9 (KAS) 162.5 130.8 133.8 131.9
Kissinger 145.6 130.4 127.7 111.3

3.5.2 Char oxidation

In smouldering experiments it is difficult to completely distinguish the char oxidation
reaction. Even though the peak of this reaction is clear, there is an overlapping
between char oxidation and both pyrolysis and oxidative degradation [78] and, as
the heat of reaction of these reactions is very different, they should be correctly
distinguished. Therefore, thermo-gravimetric experiments of char oxidation are done
before smouldering with pine wood to know in advance the behavior of this reaction.

The experiments are done with two different kinds of char to check the
differences in reactivity between them, that is the different reaction rates at a certain
temperature and conversion degree. Oxidation of wood and the two chars with
20.5% O2 at 10, 5 and 2.5 K/min are shown in Fig. 3.8. It can be seen that the
reactivity of the char produced in the thermo-balance from wood pyrolysis (char-
TGA) is higher, reacts at lower temperatures, than the reactivity of char produced
by slow pyrolysis from the same type of wood in a fixed-bed reactor (char-FB). Char
reactivity is affected by the morphological structure, which is especially influenced
by the pyrolysis conditions, and the amount and composition of inorganic matter
[31]. The difference in reactivity between char-TGA and char-FB may be due to
the absence of secondary reactions in char-TGA. In primary pyrolysis volatiles and
primary char are generated. Char-TGA should be exclusively primary char. The
volatiles generated in primary pyrolysis may suffer secondary reactions, producing
more volatiles and secondary char [31]. The secondary reactions take place when the
residence time of the primary volatiles in the reaction zone is high enough. This does
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not happen in the production of char in the TGA, but it happens inside the fixed
bed. Therefore char-FB can be expected to be a mixture of primary and secondary
char. The secondary reactions reduce the specific surface area and the reactivity of
the secondary char itself is lower than the reactivity of the primary char [121, 122].
Consequently, the reactivity of char-FB is lower than the reactivity of char-TGA. It
can be also seen in Fig. 3.8 that the reaction rate of char produced in the smouldering
experiments resembles to the one of char-TGA and not to the one of char-FB. The
peak of the reaction rate, at the same heating rate, is produced roughly at the same
temperature. It is reasonable because in the thermo-gravimetric experiments of
smouldering there are also no secondary reactions. In this study we will focus more
on the reactivity of char-TGA, because it is generated in the kinetic smouldering
experiments. However, in real life applications of smouldering secondary reactions
may be present and the reactivity of the char generated may resemble more the one
of char-FB.

The reactivity of char-TGA was not affected by the differences in the heat-
ing rate in the slow pyrolysis applied in the thermo-balance to produce it. Several
heating rates were employed without change in the reactivity of the char. They
include linear heating rates from 2.5 to 10 K/min and a temperature step-wise pro-
gram, with intervals of 30 min with constant temperature each 50◦C and increasing
it at 10 K/min. The reactivity is indeed affected by the amount of initial wood in the
pyrolysis process. Samples up to 10 mg of initial wood produced char of the same
reactivity, but when the initial sample was 25 mg, the reactivity of the produced
char was lower. This should be because with 25 mg of initial wood some secondary
reactions are already present. Therefore char-TGA was produced following a slow
heating rate program until a temperature of 500◦C, with initial wood mass samples
of less than 10mg, producing roughly 1 mg of char-TGA per 5 mg of initial wood.

The reaction scheme of char oxidation can be described with 3 reactions rep-
resenting the chemisorption of oxygen on two active sites and the formation of CO
and CO2, respectively, through desorption and surface reactions [123]. However, due
to simplicity just one simple global reaction is considered for char oxidation, as in
the Ohlemiller scheme, and the reaction rate is usually described as Eq. (3.3), with
the power law model, giving good results [98, 124]. It was expressed concern that
it might not reflect the influence of oxygen chemisorption at low temperatures, the
interaction of oxygen atoms with hydrogen atoms present in the char or the presence
of multiple, different carbon sites for oxygen chemisorption. However, the low tem-
perature reaction rates derived from thermogravimetric data agree well with reactor
experiments in a packed bed [51]. Theoretical models for the change of the surface
area different than the power law, which are deduced for pure, homogeneous carbons
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Figure 3.8: DTG curve of wood smouldering (exp. 13-15), char-TGA (exp. 8-10) and char-FB
(exp. 5-7) oxidation at 10 K/min (top), 5 K/min (middle) and 2.5 K/min (bottom) with 20.5%
O2 and the model predictions for char-TGA and char-FB.
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Figure 3.9: DTG curve of exp. 9 and 11-12. Char-TGA oxidation at 5 K/min and several
O2 concentrations (20.5, 8.2 and 4.3%). Experimental data in symbols (o) and model with one
component in solid line.

are also not of application in biomass feedstocks, because their charcoals inherit the
chemical and structural inhomogeneities from their feedstocks [124]. Therefore, char
oxidation will be modelled as a one-component reaction with the power law model.
It can also be described by two pseudo components [125], the first one representing
devolatilization and the second one the real combustion of char. However, the first
component represents less than than 15% of the mass loss in air.

From the results of Tab. 3.6, it can be concluded that the activation energies
of both chars are roughly the same and of the same order of similar works in the
literature done with char of woody biomass [49]. The lower pre-exponential factor of
char-FB represents it lower reactivity. At a temperature of 450◦C and a conversion of
0.5 with 20.5% O2 the reaction rate of char-TGA is 1.66 times higher than the one of
char-FB. The fitting curves are plotted in Fig. 3.8 for both char-FB and char-TGA
with 20.5% O2 and in Fig. 3.9 for char-TGA with the different O2 concentrations
at 5 K/min. The values of the activation energies are also supported by the iso-
conversional Kissinger method, which gives an activation energy of 128 and 130
kJ/mol for char-TGA and char-FB, respectively. As explained in Section 3.4 these
values are calculated with the temperature of the peak of the reaction rate. They
should be used as approximate values but they confirm that, as opposite to pyrolysis,
more pseudo-components than one are not needed to correctly describe the peak of
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Table 3.6: Char oxidation kinetics. a) results from this work, b) Refuse derived fuel

E log A n(-) nO2

Material (kJ/mol) (log s−1) (-) (-)
Char-FB, exp 5-7 (20.5% O2)a) 122 6.18 0.54 -

Char-TGA, exp 8-13 a) 124 6.55 0.56 0.68
Char-TGA from cellulose [77] 160 9.28 1 0.78

Char from pine wood, fast pyrolysis [98] 125 5.72 0.49 0.53
Char from pine wood, slow pyrolysis [126] 140 7.58 0.4 -
Char from RDFb), slow pyrolysis [127] 162 9.5 1 0.64

the reaction. This is also supported by the KAS method. As seen in Tab. 3.5
very similar values, in the range 120-135 kJ/mol, are obtained for both char-TGA
and char-FB at conversions equal or higher than 0.4 and 0.3, respectively. At lower
conversions a lower activation energy is obtained, being this effect more pronounced
for char-TGA. It corresponds to a state where there is still devolatilization of the
char. It should also be noted that the lower mass samples employed in char oxidation
makes the precision of the fitting lower. Error in the fit of 7.6% and 6.2% are obtained
fro char-FB and char-TGA, respectively.

There is a huge deviation in the reaction order of char oxidation in the
literature, ranging from 0 to 1 [49,98]. Values much lower than 1 are usually obtained
for char from wood [98,126]. For char from other biomass species that are not wood
usually the reaction order is 1, like for refuse derived fuel [127] or cellulose [77]. It
should be noted that the obtained value helps to model the asymmetry of the curve,
due to the fact that the descending part of the curve is less step than a first order
reaction.

The reaction order with respect to oxygen should be in the range between
0 and 1 according to the reaction mechanism [123]. At high temperatures (≥700-
800◦C) the order tends to the value 1, and for low temperatures, typical in smoul-
dering (300-400◦C), it tends to the value 0. This can be explained by the reaction
mechanism. When formation of CO and CO2 are rate determining, zero-order de-
pendency will be found. Usually, chemisorption of oxygen competes with formation
of CO and CO2 and an order between 0 and 1 will be found. At low reaction tem-
peratures, formation of CO and CO2 will be rate-determining so the order tends to
0 [98]. In char-TGA a value of 0.68 is obtained, similar to the values reported in
previous works. It should be noted that, as expected, the activation energy does not
depend on the oxygen concentration, so when the fit is done including experiments



3.5 Results and discussion 42

200 250 300 350 400 450 500 550
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
x 10

−3

Temperature (ºC)

d
m

 /
 d

t

 

 

20.5% O
2

8.2% O
2

4.3% O
2

0% O
2

Figure 3.10: DTG curve of wood smouldering at 5 K/min and several O2 concentrations (20.5,
8.2 and 4.3 %) and wood pyrolysis (exp. 14, 16, 17 and 3). Instead of the reaction rate the change
of normalized mass over time is plotted, to have a better comparison between the oxidation and
pyrolysis.

at low oxygen content, there is almost no change in the activation energy calculated
only with the experiments with a concentration of 20.5% [77].

3.5.3 Biomass oxidation

When wood pyrolysis and char oxidation are determined, just wood oxidation degra-
dation needs to be calculated. Including oxidative degradation, with air as environ-
ment, shifts the peak of mass loss rate to lower temperatures than pyrolysis. The
change produced in the normalized mass loss rate from pyrolysis to smouldering is
shown in Fig. 3.10 with several O2 contents and with a heating rate of 5 K/min.
In an air atmosphere the maximum reaction rate is about 1.5 times higher than in
pyrolysis and produced at a temperature 40◦C lower. The hemi-cellulose shoulder is
less clear in air than in pyrolysis due to an overlap of the cellulose and hemi-cellulose
peak, producing a higher maximum reaction rate. Similar results are reported for
several wood species [81, 90]. At the end of the experiment it is left an ash residue
of around 0.3% of the initial dry wood mass, which corresponds to the value of the
proximate analysis. This product does not react further and this value is taken as
mf in Eq. (3.1) to define the global conversion α.

To calculate the kinetic constants of the reaction scheme each wood com-
ponent should have a competition between pyrolysis and oxidative degradation to
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Figure 3.11: DTG curve of wood smouldering at 10 K/min with 20.5% O2 (exp. 15). Exper-
imental data in symbols (o) and model with 3 components (wood, char and ashes) in solid line.
Wood pyrolysis in dash-dot line, wood and char oxidation in dashed line.

correctly describe the smouldering process, as explained in Section 3.2. At first, as
done in pyrolysis, wood is considered as just one component. Therefore we would
consider three species in the process, two reactive - wood and char - and one inert,
ashes. The kinetic values are shown in Tab. 3.7 and one fit, at 10K/min with 20.5%

O2, is shown in Fig. 3.11. The experiments from pyrolysis (2-4) were simultaneously
fitted with the smouldering experiments (13-17) in order to allow the competition
between pyrolysis and wood oxidation. The previously calculated char-TGA kinetics
are employed without change, providing already good results. New pyrolysis and
wood oxidation kinetics are obtained. It can be seen that the pyrolysis kinetics are
very similar to the ones obtained when just the pyrolysis experiments were ana-
lyzed. However the results are not completely satisfactory. Not just because of the
error in the fitting (7.7%), but the activation energy from wood oxidation is higher
than the one of wood pyrolysis. As noted in Section 3.2, in cellulose the activation
energy for pyrolysis is higher than the activation energy of oxidative degradation,
reflecting that oxidative degradation is dominant at low temperatures, but pyrolysis
is dominant at high temperatures [77]. The values of the iso-conversional Kissinger
method reflect that this behaviour is also expected with wood. While for pyrolysis
the Kissinger approach leads to an activation energy of 145 kJ/mol, in smoulder-
ing it leads to 111 kJ/mol. The KAS method, as seen in Tab. 3.5, provides for
smouldering similar values in the range of conversions up to 0.6.
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Table 3.7: Global kinetic scheme with 3 components - wood, char and ashes - (top) and five
components - cellulose, hemi-cellulose, lignin, char and ashes - (bottom), fitting experiments 2-4
and 13-17

E log A n nO2 c
Reaction and component (kJ/mol) (log s−1) (-) (-) (-)

Wood pyrolysis 105 6.34 0.87 - 0.69
Wood oxidation 127 8.72 0.63 0.72 0.69
Char oxidation 124 6.55 0.56 0.68 0.31

Cellulose pyrolysis 146 9.69 0.56 - 0.55 * 0.75
Cellulose oxidation 116 7.74 0.30 0.61 0.55 * 0.75

Hemi-cellulose pyrolysis 144 10.7 1 - 0.10 * 0.75
Hemi-cellulose oxidation 75 4.97 1 0.49 0.10 * 0.75

Lignin pyrolysis 164 12.1 1.25 - 0.35 * 0.75
Lignin oxidation 164 11.9 5.67 0.66 0.35 * 0.75
Char oxidation 124 6.55 0.56 0.68 0.25

As in pyrolysis, in order to improve the fitting, three pseudo-components of
wood are considered instead of one. As before, in each component there should be a
competition between pyrolysis and oxidation. There are therefore five components,
four of which are reactive - cellulose, hemi-cellulose, lignin and char - and one inert,
ashes. From the kinetics values in Tab. 3.7, it should be noted that as the reaction
rate is being modelled, that is the change of conversion, the ashes do not participate
in the components balance, as they are not further converted. The experimental
results and model predictions are shown in Fig. 3.12 for 20.5% O2 at different
heating rates and in in Fig. 3.13 for 8.2, 4.3 and 0% O2 at 5 K/min. The individual
contribution of each wood pseudo-component pyrolysis and oxidation is not shown
to get a clearer picture. It is indeed shown in Fig. 3.14 a zoom on this region
of Fig. 3.13 middle, with 4.3% O2 at 5 K/min. Now, as pyrolysis and oxidative
degradation should compete with the same pseudo component distribution, this
distribution is not the same as in pyrolysis. But although different, it is still similar
to the one in pyrolysis. The cellulose activation energy in pyrolysis is higher than
in oxidation, reflecting the behaviour reported in the literature for pure cellulose
and shown by the Kissinger and KAS iso-conversional methods. In hemi-cellulose
a higher activation energy is obtained in pyrolysis, but still in the range of values
reported in the literature [31]. The activation energy of hemi-cellulose oxidation
is again lower as the one of pyrolysis. This behaviour is not shown in the KAS
method calculations, probably because it is hidden due to the low proportion of
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this pseudo-component (c=0.075). The lignin models mainly the zone between the
peaks of wood and char oxidation. It should be noted that in the commonly used
kinetics in smouldering, derived from cellulose [77], there was no overlap between
wood and char oxidation, while the experimental data of cellulose and other wood
species shows that the reaction is continuous, there is not a gap in the global reaction
[81, 90]. In this case, lignin, the competition between pyrolysis and oxidation was
not allowed, both have the same activation energy. This was done because, as it
will explained in Section 3.5.4, the heat of reaction in this zone is mainly due to
char oxidation and not due to wood pyrolysis or oxidation, then it will not depend
on the heating rate. This is supported by the KAS method, which gives a similar
activation energy in the pyrolysis experiments at high conversions (α=0.9) to the
one of the wood smouldering experiments in the transition zone (α=0.7) and to the
obtained activation energy for lignin in Tab. 3.7. This is however the zone which is
more difficult to describe, the fit is worse, and therefore it is not possible to conclude
that this behaviour of the activation energies resembles the reality. The proportion
of lignin is increased as compared to the results of pyrolysis alone.

The proportion of the component char is almost equal to the char residue
in the pure pyrolysis experiments. The kinetics of the char oxidation reaction were
not changed from the kinetics of char-TGA providing a good fitting, which is a
confirmation of the validity of the kinetic scheme, where it is implicitly stated that
the char residue of the pyrolysis and wood oxidation reactions is equal. The KAS
method also provides a similar value for the activation energy of the char oxidation
reaction in the smouldering experiments (at α=0.9). With one wood component a
higher proportion of char was obtained, in order to try to model the zone between
the wood and char oxidation peaks. With three wood pseudo-components this zone
is partially modelled by the lignin component.

This reaction scheme, with five species, should reflect better the complexity
of the process, not just obtaining a better fit in the current experiments (error
reduced from 7.7 to 4.5%), but most probably having a better predictive behaviour
outside this range, especially due to the activation energy behaviour of the main
components. It is predicted that in air at a constant temperature of 300◦C pyrolysis
accounts for 14% of the wood degradation, being the other 86% wood oxidation; but
at 400◦C the proportion of pyrolysis rises to 39%.

The change of oxygen concentration has no major influence on activation
energy and the reaction order, whereas the sole presence of oxygen causes a change
of these values between pyrolysis and oxidation [77, 80]. Compared to cellulose,
a higher value of the oxygen order of reaction is obtained in cellulose and lignin.
Reported values for cellulose were 0.43 [78] and 0.5 [77].
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Figure 3.12: DTG curve of wood smouldering at 10 K/min (top, exp. 13), 5 K/min (middle,
exp. 14) and 2.5 K/min (bottom, exp. 15) with 20.5% O2. Experimental data in symbols (o),
model with 5 components (3 from wood, char and ashes) in solid line. Wood pyrolysis in dash-dot
line, wood and char oxidation in dashed line.
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Figure 3.13: DTG curve of wood smouldering with 8.2% O2 (top, exp. 16) and 4.3% O2 (middle,
exp 17) and wood pyrolysis (bottom, exp. 3) at 5 K/min. Experimental data in symbols (o), model
with 5 components (3 from wood, char and ashes) in solid line. Wood pyrolysis in dash-dot line,
wood and char oxidation in dashed line.
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Figure 3.14: Model results, for wood smouldering with 4.3% O2 at 5 K/min, of the wood pseudo-
components pyrolysis in dash-dot line and oxidation in dashed line. The pseudo-components are,
from the left to the right, hemi-cellulose, cellulose and lignin.

3.5.4 Heat of reaction

It should be considered, as stated in Section 3.2, that the heat of reaction, determined
by differential scanning calorimetry (DSC), plays an important role to correctly
describe smouldering and it can be as important as the mass loss rate, measured by
DTG, depending on the application. The several reactions present in smouldering
have very different heats of reaction, ranging from endothermic pyrolysis to strongly
exothermic oxidations.

The values of the heats of reaction are obtained with simultaneous DTG-
DSC experiments. The employed thermobalance is a Netzsch STA409 model, where
there are a reference and a sample crucible. Three experiments were done, wood
pyrolysis in a N2 atmosphere, wood smouldering in a 20.5% O2 atmosphere and
char-FB oxidation in a 20.5% O2 atmosphere. All of them were done at 10 K/min
with an initial mass of 5 mg of wood or 2 mg of char. The results are shown in Fig.
3.15. To obtain good DSC results with these low masses a crucible of Pt-Rh was
required.

The heat radiation effects should be considered and removed to calculate the
heat of reaction of the pyrolysis experiments [52]. It is assumed that at temperatures
over 400◦C the heat recorded is just due to radiation to the remaining char and the
value of the heat of radiation is extrapolated to lower temperatures. After removing
the effect from the heat of radiation to the sample there is a very good correlation
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Figure 3.15: DSC (solid line) and DTG (dashed line) curves of wood pyrolysis (top), wood
smouldering with 20.5% O2 (middle) and char-FB oxidation with 20.5% O2 (bottom), all of them
at 10 K/min.
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between the DSC and the DTG curves. An endothermic heat of reaction of 0.2 kJ/g
is obtained. The same value can be assumed for the three pseudo-components due
to the good DTG-DSC correlation.

In wood smouldering experiments, the DSC peaks are usually later than
DTG peaks and the abrupt change in the rate of weight loss in smouldering is not
entirely reflected in the DSC curve, which exhibits a more gradual transition between
the first and second peak [78,128]. It is found, however, a good correlation between
the DTG and DSC curves in the experiments with pine wood, more deviations
were found in other lignocellulosic materials [128]. A total heat of reaction of 6.1
kJ/g is obtained, similar to the reported value of 6.5 kJ/g obtained also with pine
wood [129]. Compared with the lower heating value of the material (20.0 kJ/g), the
net heat emission efficiency of smouldering is 30%. Higher efficiencies were obtained
for cellulose [77,78] or straws and stalks [128]. This may be due to the low tar content
produced in pyrolysis or oxidation of cellulose and the high catalytic mineral content
in straws and stalks.

To calculate the heat of reaction for the wood oxidation of the several
pseudo-components, it should be considered that according to the previously de-
veloped kinetics at 10K/min the wood pyrolysis reaction represents the 13.1, 9.1
and 16.2 % in cellulose, hemi-cellulose and lignin devolatilization respectively, be-
ing the rest of the devolatization caused by the oxidation reaction. Based on the
results from the model presented in Tab. 3.7 to wood smouldering with 20.5% O2

at 10 K/min, and already knowing the heat of pyrolysis, the heat of the oxidation
reaction that corresponds to each component is calculated by regression analysis.
The obtained values are shown in Tab. 3.8. It can be seen that the value is lower
for hemi-cellulose, due to the DSC peak is later than the DTG peak, and higher for
lignin.

For the char-FB oxidation reaction a heat of reaction of 18.5 kJ/g is ob-
tained. A very similar value as the one also reported for char from pine wood, 17.4
kJ/g [129]. For char from cellulose the value is higher, 25.0 kJ/g [77, 78]; from re-
fused derived fuel it is lower, 7.0 kJ/g [127]. It should be noted that this value is
higher than the value for char-TGA mainly because some of the heat from the char
oxidation is produced when the mass loss of char oxidation has barely started, and
in the smouldering experiment this heat is attributed to the lignin oxidation.
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Table 3.8: Heat of reactions

Reaction and component Heat of reaction (kJ/g)
Cellulose pyrolysis 0.2
Cellulose oxidation -3.5

Hemi-cellulose pyrolysis 0.2
Hemi-cellulose oxidation -0.3

Lignin pyrolysis 0.2
Lignin oxidation -8.4
Char oxidation -11.9

3.6 Conclusions

The kinetic schemes to be applied to the processes considered in the molecular level
were first discussed. In primary pyrolysis, a non-competitive scheme is suggested for
fixed-bed pyrolysis conditions. One or several pseudo-components can be considered.
Primary tar can further react in secondary tar cracking reactions, but nowadays
information about them is scarce. The kinetic scheme for smouldering includes first
two different reactions for the biomass component or pseudo-components: slightly
endothermic pyrolysis or exothermic oxidation. The proportion of each reaction
depends on the oxygen concentration and the heating rate. Both produce char as a
product, which can then suffer char oxidation, highly exothermic, to produce ashes
as an inert solid residue.

To describe pyrolysis of pine wood, based on comparison between model-
fitting and iso-conversional methods such as Kissinger and KAS a scheme with
three pseudo-components representing roughly cellulose, hemi-cellulose and lignin
is adopted. The activation energies of each component are compared to the ones
reported in the literature, where there is high scattering. It is remarked that in
the current study the obtained activation energies of cellulose and lignin pseudo-
componenents are, respectively, lower and much higher than the usually reported
values. The scattering in the literature data may be due to the poor reliability of the
experiments and the analysis of the data. To check the reliability of the employed
thermo-balance in this study the reference experiment of Gronli and coworkers [43]
with pure cellulose is reproduced. Related to the analysis of the data, it is shown the
importance of conducting experiments at several heating rates and comparing the
results from model-fitting methods to the ones of iso-conversional methods, in order
to avoid incorrect assumptions such as to consider first order reaction models for the
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components. It is also shown that in previous works where some of these concerns
were considered, similar trends as the ones obtained in this study are reported for
the activation energies of the three pseudo-components.

To describe smouldering of pine wood three pseudo-components are needed
to describe the competition between wood pyrolysis and oxidation. Considering
wood as one component the model-fitting method leads to a higher activation energy
for wood oxidation than for wood pyrolysis, as opposed to the real behaviour, known
from the literature and the application of iso-conversional methods. Therefore in the
final kinetic model, summarized in Tab. 3.7, wood is considered as a mixture of 3
pseudo-components. The heats of the several reactions are also determined and
shown in Tab. 3.8.

The influence of secondary tar cracking reactions on the reactivity of char
with oxygen is also remarkable. Char produced in the TGA, in the absence of
secondary reactions, has a faster oxidation rate than char produced in a fixed-bed,
where there are secondary reactions and therefore also secondary char is produced.
At a temperature of 450◦C and a conversion of 0.5 with 20.5% O2, the reaction rate
of char-TGA is 1.66 times higher than the one of char-FB.



Chapter

4
Particle level

At the particle level transport phenomena should be taken into account in com-
bination with kinetics derived from the molecular level. In this chapter a single
particle model describing biomass pyrolysis will be presented in Section 4.1. The
main disadvantage of incorporating a particle model in a reactor model is the high
computational time needed for the numerical solution of such a multi-scale model.
This is mainly due to the large number of particles that have to be considered. Dif-
ferent solution methods for solving a biomass pyrolysis particle model are presented
in Section 4.2. The particle model is solved in Section 4.3 taking into account typ-
ical process parameters and time step sizes in fixed and fluidized bed conditions.
The significant particle gradients are highlighted and the computational time that
each method requires to solve the problem is compared. Single particle experiments
of slow pyrolysis with different particle sizes and heating rates are also presented
in Section 4.4 and the volatiles are characterized by means of Laser-Induced Fluo-
rescence (LIF). The presence of secondary tar cracking reactions is shown, helping
to develop the description of the complex heterogeneous reaction network of these
secondary reactions in the particle level. Finally the conclusions drawn from the
particle level are shown in Section 4.5.

4.1 Description of the particle model

4.1.1 Assumptions

Many models for pyrolysis of a single biomass particle and literature reviews of them
are available [4, 31, 35]. The dimensional analysis of the particle model reveals two
dimensionless numbers which describe the controlling factors of pyrolysis [130,131].
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The thermal Biot number, defined as in Eq. (4.1), measures the importance of
internal temperature gradients. For large Bi, internal heat transfer is slow compared
to external heat transfer and internal temperature gradients are significant. The
inverse of the pyrolysis number, also called thermal Thiele modulus and defined as
in Eq. (4.2), is the ratio of the characteristic times of heat penetration and reaction.
If it is small the reaction proceeds slow compared to the temperature wave. If it is
high the reaction is almost instantaneous.

Bi =
αR

λ
(4.1)

1

Py
=
ṙcpR

2

λ
(4.2)

For particles with typical properties, as the ones that will be presented in Section
4.1.2, the pair of dimensionless numbers (Bi,1/Py) are equal to (2.0,204) in fixed-
bed reactors and (3.2,10) in fluidized-bed reactors, when a reaction temperature of
800 K is considered; and equal to (2.0,1850) and (3.2,74), respectively, when the
reaction takes place at 900 K. These Bi numbers are not small, so particle gradients
should be considered. The approach of unreacted shrinking core model, where the
char region is separated from the virgin wood by an infinitely thin surface front
where pyrolysis takes places [31], can just be used without significant error when
these pairs of numbers are higher than (100,100) [131] or (40,1400) [130]. As they
are not, this approach is not going to be used in this study. The model proposed
will describe the transport of mass, momentum and energy in conjunction with
the evolution of porosity, so it covers the entire range from the limiting case of a
reaction rate limited regime to the mass transfer limit or internal heat transfer limit
(shrinking-core model) [47].

The main assumptions considered in this work are the following ones:

1. The particle is spherical and the properties are considered one dimensional in
space, as wood is considered isotropic, and transient in time.

2. The particle is totally dried. No liquid phase is considered.

3. There is local thermal equilibrium between the solid and the gas phase, due
to a large Peclet number [132].

4. Gases are considered as ideal gases.

5. Transport of mass occurs by convection and diffusion.
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To model convection sometimes the hypothesis of immediate outflow of
volatiles is employed. Although the volatiles transport some heat by convection,
its influence on the temperature distribution within the particle is negligible, so the
peremeabilities will have almost no influence on the reaction time. But the sec-
ondary reactions behaviour changes, so immediate outflow should not be used if we
are really interested in the tar content of the gas leaving the particle. Therefore in
applications like combustion, where the tar content is not a critical parameter, the
hypothesis of immediate outflow is appropriate [133–135]. In pyrolysis, however, the
retention time of the volatiles in the particle is important to correctly describe the
tar content of the gases leaving the particle [4, 35]. Thus, the concept of immediate
outflow is not appropriate in this case.

Convection in pyrolysis is usually modelled with the Darcy law, which is
valid when the viscous resistance force due to the momentum transfer at the solid-
fluid interface is much larger than both the inertial force and the viscous resistance
to the flow inside the fluid [136]. The real momentum equation derived theoreti-
cally was solved in particle models with SIMPLE like methods [64, 137]. But even
though Darcy law is empirical and has not been correlated for the case where gas
phase sources occur within porous media, nor for flows which transient effects are
important, it was shown that the magnitudes and relative profiles of the interior ve-
locities are in general agreement with cellulose pyrolysis simulations based on Darcy
law [64]. This holds true if the Reynolds number - based on permeability - is much
lower than 10 [132]. Therefore the Darcy law is used in this study.

The estimation of the characteristic times for diffusion and convection in
porous particles shows that in pyrolysis convection is orders of magnitude faster
than diffusion [37], therefore diffusion could even be neglected. The same conclusion
can be reached evaluating the Peclet number for mass transfer, which is much higher
than one [138]. However, it was also remarked that diffusion plays an important role
in pyrolysis at low heat fluxes and temperatures and in drying [4]. This can be
understood by the role played by the characteristic time and the driving force. We
can describe a phenomenon such as convection or diffusion by the product of char-
acteristic time by the driving force. Usually the phenomenon that has much lower
characteristic time is the one that occurs in the time evolution, even if the driven
force of the other one is larger. However when there are boundary conditions, like
in [4], that fix continually the concentrations outside the particle, diffusion is forced
to happen. Just the result of the product of characteristic time and driving force
is important, and there diffusion can play a role. However, in a particle coupled to
a reactor the boundary conditions will not be fixed, therefore the role of diffusion
should not be very important. Molecular diffusion can be described by multicompo-
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nent Fickian diffusion or the dusty gas model (DGM). In pyrolysis the Fick’s Law is
usually applied, but the DGM was also employed [40,139]. However, the description
of diffusion with the DGM instead of Fick’s Law does not lead to noticeable different
results [139]. Therefore, for computational time savings, the Fick’s Law is consid-
ered. Knudsen diffusion could also be included, however it is usually neglected due
to the typical biomass pore size (10 µm) [37].

Further assumptions of the particle model are:

6. Heat transfer occurs as conduction, convection and radiation

7. External forces are negligible

8. No fragmentation of the particle

9. Shrinkage is included

It has been reported that wood particles shrink during drying and pyrolysis. There-
fore, a shrinkage model is included in some of the previous works. There are mainly
two usual ways to describe it: The three-parameter model, presented by Di Blasi [36],
and the one-parameter model, presented by Hagge and Bryden [38]. The first one
fits the three parameters of the model to reproduce the experimental results. This
model provides flexibility. However, there are no experimental values available for
these parameters and it is not clear that solid volume, volatile volume and wood
porosity are independent from each other as assumed there. The one-parameter
model assumes that the intrinsic density of wood and char are constant. The poros-
ity is determined theoretically. Since there are experimental data available for the
one-parameter model, it will be preferred in this study.

According to this approach, shrinkage is modelled as a linear function of
conversion as shown in Eq. (4.3). The current size of a control volume (CV) is re-
lated to the initial size of the CV through a shrinkage factor VV C = VV C0fShr. This
factor is equal to 1 when there is not shrinkage. This shrinkage factor depends on
the conversion factor, the ratio between the current and initial mass: η = mw/mw0.
It varies from 1 at the beginning until a minimum value (fShr−min). It has been
experimentally observed that shrinkage actually starts later than mass loss in pyrol-
ysis [140]. However, alternative analytical relations to Eq. (4.3) are valid only for
a limited range of experimental conditions and a model based on elasticity theory,
stress and deformation is far from reality [140].

fShr = fShr−min + η(1− fShr−min) (4.3)
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4.1.2 Balance Equations

With the former assumptions it is possible to set up the balance equations of the
particle model. The mass balance of wood, modelling its conversion with three
first order reactions to produce permanent gases (gas*), tar and char, is presented
in Eq. (4.4). The mass of a solid species in a control volume (CV) is given by:
mi = ρ̃iVCV , being ρ̃i the bulk density. Defining the reaction rate of each reaction
as ṙj = −ρ̃wfShrAjexp(−Ej

R̄T
) for j = 1, 3; it is possible to express the mass balance

for every solid species (wood and char) in a more convenient way, as in Eq. (4.5),
where the reaction rates ṙi should include the stoichiometric coefficients of the kinetic
scheme, shown in Tab. 5.4. From the known absolute densities of wood and char
(ρw and ρc in Tab. 4.1), the porosity can be calculated through Eq. (4.6).

dmw

dt
=

3∑
j=1

−mwAjexp
(−Ej
R̄T

)
=

3∑
j=1

ṙjVCV0 (4.4)

∂(ρ̃ifShr)

∂t
=

3∑
j=1

νij ṙj = ṙi (4.5)

1− ε =
(ρ̃w + ρ̃c)

2

ρ̃wρw + ρ̃cρc
(4.6)

The mass balance of the gas phase is given in Eq. (4.7), being the mass flux
j = ρgv. Applying the divergence theorem with a general space coordinate r (not
necessarily spherical) and knowing that mg = ερgfShrVCV0 the continuity equation
is obtained - Eq. (4.8).

∂mg

∂t
− jSin + jSout = −ṙsVCV0 = ṙgVCV0 (4.7)

∂(ερgfShr)

∂t
+ fShr

∂(ρgv)

∂r
= ṙg (4.8)

The mass balance for each gas species - gas* (permanent gases generated in
pyrolysis), tar and N2 (initial gas) - is presented in Eq. (4.9) including also transport
by diffusion. The tar cracking reaction, number four in Tab. 4.2, where reactants
and products are all in the gas phase, is also included here and the reaction rate is
calculated as: ṙ4 = −ερgfShrYtarA4exp(

−E4

R̄T
).

∂(ερgfShrYi)

∂t
+ fShr

∂(ρgYiv)

∂r
= fShr

∂

∂r

(
ρgDi

∂Xi

∂r

)
+ ṙi (4.9)
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Darcy’s Law is considered as the momentum balance, where the superficial
velocity is calculated as in Eq. (4.10).

v = −κs
µg

∂p

∂r
(4.10)

The energy equation in terms of enthalpy is presented in Eq. (4.11), but
it will be used in a non-conservative way in terms of temperature, as shown in Eq.
(4.12).

∂[fShr(ρgĥg + ρsĥs)]

∂t
+ fShr

∂(ρgvĥg)

∂r
= fShr

∂

∂r

(
λ
∂T

∂r

)
(4.11)
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∂T
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∂

∂r
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λ
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)
−
∑
j

ṙj∆hj (4.12)

Temperature, density and pressure are coupled through the equation of state
- Eq. (4.13).

ρg =
pMm

R̄T
(4.13)

As initial conditions homogeneous fields of pressure (ambient), temperature
(300 K) and an inert N2 atmosphere are set. The solid phase is virgin wood (without
char) with an initial porosity ε0 as depicted in Tab. 4.1. As boundary conditions,
symmetry is assumed in the center of the particle and constant ambient pressure,
zero gradients of species mol fractions and radiant and convective heat transfer as
in Eq. (4.14) are considered at the external surface of the particle.(

λ
∂T

∂r

)
r=R

= −α(TR − T∞)− σω(T 4
R − T 4

∞) (4.14)

The properties of the particle and calculation of the thermal conductivity in
the particle including radiation (λ = λg +λs+λrad, with λrad = 4εσωdpor,sT

3/(1− ε)
are taken from Gronli [4] and are summarized in Tab. 4.1. The solid phase properties
(ρs, cp,s, λs, dpor,s and κs) are assumed to vary linearly between wood and char
depending on the previously defined conversion factor η, as in the reference work
in the field of pyrolysis of Gronli [4]; for example: λs = ηλw + (1 − η)λc. The
permanent gases (gas*) are considered as a mixture of CO2 and CO and the tar
has the properties of benzene [4]. The binary molecular diffusion coefficients are
calculated using the Chapman-Enskog theory (from solving the Boltzmann equation)
considering ideal gas [141]. The effective multicomponent diffusivity Di is calculated
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by the Wilke approximation to apply the Fick’s law. For the boundary conditions
(outside temperature and heat transfer coefficient) and particle size two reference
conditions will be considered, corresponding to pyrolysis in a fixed-bed and in a
fluidized-bed [35]. The primary pyrolysis kinetic constants are taken from Chan et
al. [37], where the reaction 1 gives permanent gas as a product (gas*), reaction 2
tar and reaction 3 char. A competitive scheme is chosen in this case to highlight
in Section 4.3 the differences between fixed and fluidized bed conditions. The tar
cracking reaction kinetics are taken from Liden et al. [66], where tar cracks into
permanent gas. As stated in Section 3.1.1 they are the most employed kinetics in
the literature, although they are derived from homogeneous conditions. The heat of
reactions are taken from Gronli [4]. All these parameters are listed in Tab. 4.2.

4.2 Solution methods

The main disadvantage of Euler-Lagrangian (multi-scale) reactor models is the com-
putational effort required for the numerical solution. This is mainly due to the large
number of particles that have to be considered. Different solution methods for a
biomass pyrolysis particle model will be presented.

To solve the system of partial differential equations described in the pre-
vious section, the method of lines is applied, in which all but one dimension are
discretized. The spatial discretization can be done with finite volume or finite dif-
ferences method and as a result it is obtained a system of differential and algebraic
equations (DAE) with time as the non discretized dimension. The finite volume
method is going to be used because it conserves the local heat, mass and momen-
tum better than finite differences. The spherical geometry of the particle should be
considered through adequate shape factors in the spatial discretization. The convec-
tive terms are discretized with the upwind differencing scheme (UDS). The QUICK
(quadratic upwind interpolation for convective kinematics) scheme was also tried
and as it gave the same results, the UDS was selected because of its simplicity. The
diffusive and conductive terms are discretized with the second order central differ-
encing scheme. It is possible to rearrange the obtained DAE system of equations to
get a pure system of ordinary differential equations (ODE). Now, there are several
options to numerically integrate this ODE system, which are going to be described.
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Table 4.1: Properties values and boundary conditions of the particle model

Property Value Units
ε0 0.68 [-]
ρw 1400 [kg/m3]
ρc 1540 [kg/m3]
cp,w 1500 + T [J/(kg K)]
cp,c 808.9 + 0.93 T [J/(kg K)]
cp,gas∗ 770 + 0.629 T - 1.91·10−4 T2 [J/(kg K)]
cp,tar -100 + 4.4 T - 1.57·10−3 T2 [J/(kg K)]
cp,N2 950 + 0.188 T [J/(kg K)]
λw 0.25 [W/(m K)]
λc 0.1 [W/(m K)]
λg 0.0258 [W/(m K)]

dpor,w 50·10−6 [m]
dpor,c 100·10−6 [m]
κw 1.0·10−14 [m2]
κc 1.0·10−12 [m2]
µg 3.0·10−5 [kg/(m s)]

fShr−min 0.5 [-]
Rfixed−bed 1.0·10−2 [m]
αfixed−bed 50 [W/(m2 K)]

Rfluidized−bed 2.0·10−3 [m]
αfluidized−bed 400 [W/(m2 K)]

T∞ 900 [K]
ω 0.85 [-]
R̄ 8.314 [J/(mol K)]
σ 5.67·10−8 [W/(m2 K4)]

Table 4.2: Kinetic data of the particle model

Reaction A (s−1) E (kJ/mol) ∆h (kJ/kg)
1) Wood → Gas* 1.3·108 140.3 150
2) Wood → Tar 2.0·108 133.1 150
3) Wood → Char 1.1·107 121.3 150
4) Tar → Gas* 4.3·106 108.0 -50
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4.2.1 Multi-step ODEs solver

The first approach is to solve simultaneously the ODE system with general purpose
methods developed for the numerical integration of these ODEs. It should at first be
noted that when the hypothesis of immediate outflow is assumed (solid permeability
is assumed sufficiently high so the pressure gradients inside the particle can be
neglected and therefore there is no coupling between the pressure of the momentum
equation and the equation of state) the Crank-Nicolson method (trapezoidal rule)
can be used to solve the partial differential equations [50,130,135].

However, in this application, when conventional methods such as Euler,
explicit Runge-Kutta and Adams-Moulton are employed, they are restricted to a
very small step size for a stable solution. This means that considerable computer
time would be required [134]. Therefore, another method has to be chosen and
the most usual one is backward differencing formulas (BDF), a multi-step method
which is capable to handle stiff systems of equations. The BDF solver that will
be used is CVODE from Sundials, which is in the so-called fixed-leading coeffi-
cient form, with order varying between 1 and 5. The resulting nonlinear system
is solved approximately at each integration step with a Modified Newton itera-
tion [142]. There are several examples of particle models defined as in Section 4.1.2
solved with BDF [4,35,134,143].

4.2.2 One-step ODEs solver

Another option is to use one-step methods which are also able to handle stiff systems,
such as LIMEX [144]. The advantage of the one-step methods could be that the
initialization is faster, therefore these methods could be faster if the ODE system
has to solved in very small time steps, as it happens when coupling the particle
model to the reactor model. There are also examples of particle models defined as
in Section 4.1.2 solved with LIMEX [139,145].

4.2.3 Consecutive Method

There are, however, other options than general purpose ODEs solvers to solve the
whole system of equations simultaneously. The system of equations (mass conserva-
tion, momentum and energy) can be solved in a consecutive way without iterations
among them in each time step following the flow chart in Fig. 4.1a. At the beginning
of the time step, being the properties and the equation of state already updated, the
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momentum equation (Darcy law, Eq. (4.10)), is solved in an explicit way. Then the
solid species - Eq. (4.5) - and gas species - Eq. (4.9) - as well as the energy - Eq.
(4.12) - balance equations are solved with the operator splitting technique, so each
term in the equation is solved with the most appropriate method. The convective
terms are solved in an explicit way, conduction and diffusion are solved in a semi-
implicit way (the driving force is solved implicitly). Since the Tri-Diagonal-Matrix
Algorithm (TDMA) is used in the latter cases, the required computational time in-
crease is not too high because of using a semi-implicit instead of an explicit method.
The heterogeneous pyrolysis reactions and the homogeneous reaction of tar cracking
are solved in an explicit way.

This method is suitable when the time step is very small, if not it becomes
unstable. The time step of the solution of every phenomenon solved in an explicit
way should be lower than the characteristic time of this phenomenon. Convection
is being solved explicitly and its characteristic time is very low. Because of the
influence of the equation of state, which couples pressure and density, pressure waves
should be described. Combining the equation of state (Eq. (4.13)), Darcy’s Law
(Eq. (4.10)) and continuity for the gas phase (Eq. (4.8)) we obtain Eq. (4.15).

∂

∂t

(
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R̄T

)
+ fShr

∂

∂r

(
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R̄T

κs
µg

∂p

∂r

)
= ṙg (4.15)

Considering that the pressure variations ∆p are orders of magnitude lower than the
absolute pressure p , the latter can be expressed as p = p0 +∆p. From Eq. (4.15) the
characteristic time of convection due to pressure variations can be derived, shown
in Eq. (4.16). This time is going to be referred to as characteristic time of Darcy
convection in this study. It should not be confused with the characteristic time of
convection that arises from the continuity equation (Eq. 4.8). This characteristic
time is equal to H/v and is related to the Courant number. It is going to be referred
to as characteristic time of Courant convection in this study. The characteristic time
of Darcy convection is quite small because it depends inversely on the permeability
κ which is very high, especially in char. Therefore the maximum time step allowed
in the consecutive method is rather small as it will be presented in Section 4.3.

tDarcy−convection =
µgH

2

κsp0

(4.16)

4.2.4 Iterative Method

As the maximum allowable time step in the consecutive method is very low, an
iterative method, which advances the velocity in the next time step (n+1) and
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Figure 4.1: a) Flow chart of the consecutive solution method. b) Flow chart of the iterative
solution method.
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therefore can use bigger time steps, is presented. In Computational Fluid Dynamics
the iterative method usually employed is SIMPLE, which was actually developed for
inert homogeneous flows. Although it was also applied to reactive flows in a porous
medium, i.e.: to solve particle models [39], another iterative scheme is going to be
preferred which is adapted to this particular problem.

The novel iterative solution method is similar to the methods presented by
Mermoud et al. [47] and by Di Blasi [36]. Its flow chart is shown in Fig. 4.1b. In
each time step n, after updating the properties, the pressure equation (Eq. 4.17) is
solved to advance the pressure of the new time step n+1. The values of temperature,
porosity and molecular weight in the time step n+1 are approximated by the values
of the previous iteration, and in the first iteration the ones of the previous time
step are used. This predicted pressure in the time step n+1 can be calculated with
the TDMA solving Eq. (4.17). Then the energy and species balance equations
are applied as described in Section 4.2.3 but with the predicted velocity of the
time step n+1, obtained from the predicted pressure, instead of the velocity of the
previous time step. Finally, the equation of state is applied and it is checked if the
predicted pressure was correct. As the convergence criterion the difference between
the predicted pressure, calculated with Eq. (4.17), and the pressure calculated
with the equation of state, Eq. (4.13), is considered. If the sum of the absolute
values of these differences for all control volumes is lower than 0.01 Pa then the
convergence criterion is satisfied and we advance to the next time step; otherwise
the iteration continues with updated approximations of (εMm/(R̄T ))n+1 obtained
from the current iteration when the porosity - Eq. (4.6) -, gas species - Eq. (4.9) -
(for Mm) as well as the energy - Eq. (4.12) - equations were solved.
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The iterations done with SIMPLE are different to these ones and they do
not carry information about the temperature and molecular weight in the next time
step from one iteration to the next one. Another difference with SIMPLE is that
after updating the properties κs, µg and fShr in Eq. (4.17) the convective term is
expressed as ρnvn+1 instead of ρn+1vn+1. Therefore some part of the convective term
is solved implicitly (called in this study Darcy convection) and the other explicitly
(Courant convection). To solve convection in a semi-implicit way is quite advan-
tageous because the low time consuming TDMA algorithm can be used. If it were
needed to apply the equation of state to calculate ρn+1 this algorithm could not be
used to calculate the new pressure in the time step n+1.
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Table 4.3: Characteristic times

Time Time Solution
Phenomenon fixed-bed (s) fluidized-bed (s) method

Reaction (ρ̃s/ṙ) 0.2 0.2 Explicit
Darcy Convection (µgH2/(κsp0)) 1.9·10−5 7.5·10−7 Implicit
Courant Convection (H/vmax) 1.7·10−2 1.0·10−3 Explicit

Conduction (ρ̃scp,sH2/λ) 2.0·10−1 8.1·10−3 Semi-implicit
Diffusion (H2/D) 1.2·10−3 5.0·10−5 Semi-implicit

To make the decision of the most suited method (explicit or implicit) to
solve each phenomenon the characteristic times of each one were calculated and
are listed in Tab. 4.3 [146]. The length of the control volume (H) is 2.5·10−4 m
for fixed-bed and 5·10−5 m for fluidized-bed conditions, considering in both cases
20 control volumes and maximum shrinkage. The solid properties are taken as
the ones of wood at ambient temperature except the permeability, for which the
higher value of char is taken. As previously explained, it is distinguished between
Darcy and Courant convection in this study. The reaction characteristic time is
calculated with the reactor temperature of 900 K. It should be noted that the Darcy
convection has a characteristic time much lower than the other ones, therefore it
was the phenomenon that limits the maximum time step in the consecutive method
and it is being solved in an implicit way in the iterative method. The phenomena
which have higher characteristic times, such as reaction and Courant convection,
can be solved with an explicit method and conduction and diffusion are solved
with a semi-implicit method, where the advantageous TDMA can be applied. It
should be considered that usual time steps to solve a multi-scale reactor model of
biomass thermo-chemical processes are in the order of milliseconds, around 1 ms
for fixed-beds [147,148] and 0.1 ms for fluidized-beds [149,150]. In similar iterative
algorithms different approaches were used, as to include the chemical reactions in
the iterations, but solving also gasification [47], or solving the pyrolysis reaction also
with an implicit method [36].

4.3 Numerical results

The particle model previously defined is going to be solved in both reference con-
ditions, fixed and fluidized bed, as defined in Tab. 4.1. In Tab. 4.4 the conversion
and product distribution of a spherical particle of 10 mm radius after 100 seconds in
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Table 4.4: Results of influence of shrinkage after 100 s in fixed-bed and 10 s in fluidized-bed

Bed Shrinkage % Conversion % Char % Gas* % Tar
Fixed-bed Yes 82.5 25.6 13.2 61.2
Fixed-bed No 76.1 25.9 13.9 60.2

Fluidized-bed Yes 90.2 22.1 14.0 63.9
Fluidized-bed No 86.3 22.3 14.1 63.6

a typical fixed-bed environment and the respective quantities of a spherical particle
of 2 mm radius after 10 seconds in a fluidized-bed environment are summarized.
The temperature evolution of the surface and several internal temperatures are de-
picted in Fig. 4.2. The results are from the multi-step ODEs solver, considered as
the reference solution. Other methods provide however the same results within the
significant figures considered here. As it will be later discussed, the total error of
every method is always lower than 0.1%. Tests were performed to ensure that the
obtained results were grid independent and convergent. 20 grid points were enough
in both conditions. The influence of including or neglecting diffusion and to model
convection with QUICK or UDS was not significant.

It can be seen that fixed-bed pyrolysis conditions, with slower heating rates,
favour the formation of char (reaction 3 in Tab. 4.2); while fluidized-bed conditions,
with a faster conversion, favour the formation of tar (reaction 2 in Tab. 5.4) [31].
In both cases the importance of the correct modelling of the particle due to the
significant gradients can be observed. The shrinkage of the particle, that is even
sometimes neglected in particle models, has also an important impact both on the
conversion time and in the product distribution. When shrinkage is included the
conversion proceeds faster, because the temperatures inside the particle are higher.
In the non shrinking particle there are longer residence times, so more tar is cracked
decreasing the tar yield and increasing the permanent gas (gas*) yield [38]. This
effect becomes clearer in the bigger fixed-bed particles.

The main objective of this section is to find out which is the most suitable
solution method for coupling the particle model to a reactor model. The com-
putational times needed for each method on a dual core 2.4 GHz AMD Opteron
processor are shown on Fig. 4.3 for fixed-bed and fluidized-bed conditions. The
codes are written on Fortran 77. The abscissa represents the maximum time step
that each solver is allowed to use, that is, the integration interval at which they
should provide a solution. It should be taken into account that although in this
example the boundary conditions are fixed, they will not be fixed when solving a
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Figure 4.2: Temperature profile in -always from higher to lower temperatures - the surface, at a
radius equal to 25% and 50% of the particle radius and in the middle of the particle with shrink-
age (solid line) and without it (dashed line). Above fixed-bed conditions and below fluidized-bed
conditions.
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particle model coupled to a reactor model. The particle model solver should give a
solution each time step of the reactor solver. This is simulated by imposing several
different maximum time steps to the solvers, although in our example it does not
affect the solution because the boundary conditions are constant. Typical reactor
solvers of biomass thermo-chemical processes use time steps in the order of millisec-
onds, around 1 ms for fixed-beds [147,148] and 0.1 ms for fluidized-beds [149,150]. It
should be noted that a particular time step may be higher than the maximum time
step possible with the use of the consecutive or iterative method (called from now on
internal maximum time step). Therefore these solution methods should be applied
in intervals with length of their maximum internal time step until they achieve in
their time evolution the particular time step when they should provide the solution.

When there is no limitation to the maximum time step the multi-step and
one-step ODEs solvers are the fastest. Therefore they are the most commonly used
methods to solve single-particle models. But when the maximum allowable time
step decreases to the order of magnitude typical for reactor simulations they be-
come much slower. This is due to the need of initializating the ODEs solver each
time step. This is the most time consuming task, because a new Jacobian should
be calculated each time step, no matter how small it is. In reactor conditions the
boundary conditions will be always different, so the Jacobian of the previous time
step could not be used. It could be argued that the initialization of the solvers
could be done faster taking information of the previous solution of the solver, which
would reduce the computational time needed to calculate the new Jacobian. But
this would not allow to use the available solvers as some modifications should be
done. And based on these results, where the differences in computational time are
of several orders of magnitude, it was not considered to try it due to the conclu-
sions will remain the same. A similar behaviour as for the ODEs solvers would be
expected for other different iterative methods such as SIMPLE-like methods, which
are designed to calculate steady state conditions and take advantage of their implicit
character to employ large time steps when the time step is not limited. The multi-
step ODEs solver CVODE is faster almost always than the one-step ODEs solver
LIMEX. CVODE, which employs BDF, as a multi-step method uses information
from several previous time steps, information that is not available in the initializa-
tion in every time step. As LIMEX is a one-step solver, its initialization is easier
and, therefore, becomes faster when small time steps are used. When the time step
decreases to 10−4 seconds LIMEX is faster than CVODE (Fig. 4.3).

In the iterative method the maximum internal time step is fixed depending
on the Courant convection characteristic time shown on Tab. 4.3. As this method is
solving this phenomenon in an explicit way, the internal time step should be lower
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Figure 4.3: Computational time to integrate the particle model over 100 s under fixed-bed condi-
tions (top) and over 10 s under fluidized-bed conditions (bottom) with different solution methods:
Multi-step ODEs solver -CVODE- (circle), one-step ODEs solver -LIMEX- (rhombus), consecutive
(triangle) and iterative (square).
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than the characteristic time. Values of 5·10−3 seconds and 2·10−4 seconds for fixed
and fluidized beds conditions respectively are chosen. In each case this internal
time step is already higher that the usual reactor solvers time steps. It should be
noted that usually this internal time step could be increased, because it is calculated
referred to the maximum velocity achieved during all the conversion, but this value
was chosen to ensure a stable solution in all possible conditions. And as it is already
higher than the typical time steps of reactor solvers no more effort was done on the
optimization of this value. The number of needed iterations was always below 10
and usually below 5.

The error of the iterative solver is 0.09% for fixed-beds conditions. This
error is calculated at the end of the computational time and related to the solution
of the values in the time derivative of the multi-step ODEs solver, considered as the
reference solution. This error is mainly due to the operator splitting introduced.
When the internal time step is reduced, the error is also reduced. If we reduce
the internal time step by a factor of 5, to 1·10−3 seconds, the error decreases to
0.065%. For fluidized-beds the error in this example is 0.045%. As we can see in
Fig. 4.3 with high time steps the ODE solvers are faster than the iterative method.
But as the time step reaches the typical values of reactor solvers (ms) the iterative
solver becomes even orders of magnitude faster than the ODE solvers. Therefore
the iterative method presented in Section 4.2.4 is the most suited solution method
of a particle model that is coupled to a reactor model.

In the consecutive method, a maximum internal time step of 6·10−5 s in
fixed-bed conditions is imposed, due to the limitation set by the small characteristic
time of Darcy convection. For fluidized-bed conditions the computational time was
not calculated because the internal time step should be extremely small. As the
considered time steps shown on Fig. 4.3 are higher than this internal time step, the
computational time is always the same in each condition. The error related to the
multi-step ODEs solver is 0.06%. The results are similar for both fixed and fluidized
bed reactor conditions in the sense that the iterative method is the most suitable if
particle models have to be integrated in reactor models, so it can be concluded that
these results are valid for most of the typical biomass pyrolysis particle models.

4.4 Secondary tar cracking reactions

As explained in Section 3.1.1 a general kinetic scheme to describe the secondary
reactions of tar cracking is not yet available. This complex processes needs to be
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known and appropriately modelled to understand the tar evolution in fixed-bed
thermo-chemical processes of biomass.

Primary tars generated in the particle pores can be cracked to secondary
tars either homogeneously in the gas phase (i.e. in the pores) or heterogeneously
on the char surface, i.e. the pore walls. In [63] it was pointed out that at tem-
peratures below 450 ◦C tar cracking occurs predominantly heterogeneously. Hence,
for modeling pyrolysis of a biomass particle of cm size (e.g. wood chips) kinetics of
biomass pyrolysis as well as of homogeneous and heterogeneous cracking of primary
and secondary tars are required. However, in none of numerous pyrolysis particle
models reviewed in [31], intra-particle heterogeneous cracking reactions have been
considered.

In order to develop a more quantitative description of this complex hetero-
geneous reaction network taking place in the pores of a pyrolysing biomass particle it
is necessary to generate experimental data that help evaluating such models. These
experimental data should comprise information on the composition of pyrolysis gases
leaving a pyrolysing biomass particle. Especially the amount of primary, secondary
and tertiary tar compounds are of importance.

In slow pyrolysis experiments with single biomass particles it is most com-
mon to measure the overall mass loss as well as the temperature close to the particle
surface and in the particle center, respectively [151, 152]. However, in order to
correctly describe fixed-bed thermo-chemical processes of biomasss it is of major
importance to know the composition (especially the tar content) in the gas leav-
ing the pyrolysing wood particles. Such data have been determined only scarcely.
In [139] and [153] an FTIR was applied to measure the concentration of permanent
gases in the pyrolysis product gas. The tar content in the product gas of a single
pyrolysing wood particle has so far been determined either by difference [139,153] or
with a wet-chemical method. While the latter method only delivers integral values
over the entire pyrolysis process, the reliability of the former method depends on the
method with which the other gas components are determined. In-situ measurements
of pyrolysis gas have been undertaken by Alden and co-workers [154,155] by means
of Laser-Induced Fluorescence (LIF). However, the heating rates applied in these
works represent flash pyrolysis conditions, which are relevant for fluidized-bed or
entrained-flow reactors, but not for fixed-bed reactors.

As a conclusion it can be noted that there are currently no experimental data
available considering the product gas composition of a slowly pyrolysing biomass
particle, which have been measured in close vicinity of the external particle surface
(in-situ). Furthermore, neither the total tar content nor the tar composition of
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the gas leaving a slowly pyrolysing biomass particle has been measured directly in a
time-resolved manner. The objective of this section is to apply in-situ Laser-Induced
Fluorescence (LIF) to this conversion process for characterizing the species that emit
fluorescence at an excitation wavelength of 355 nm, such as PAH (tertiary tar). With
this method it will be possible to obtain information about the importance of intra-
particle heterogeneous cracking of primary and secondary tar species.

4.4.1 Experimental

The particle cell is made of a hollow tailored stainless steel (1.4841) cube which
houses the biomass particle during pyrolysis and which allows optical access for
both the laser beam and the camera. A schematic drawing of the cell is depicted in
Fig. 4.4. The stainless steel cube (A) is provided with a small hole at the bottom
for the gas outlet as well as three holes to which the flanges (B, C and D) are
connected. These flanges consist of a cylindrical piece (h) housing a quartz glass
(i) and a screw (j) to fix the glass to the cylindrical piece. The laser beam passes
through the flanges which are placed facing each other (B and C), while the other
one (D) is traversed by the scattered fluorescence light. Two holes have been drilled
in the center of the top piece (G): one for the gas inlet and the other for the wire
which is connected to the balance and which holds the wood particle inside the
stainless steel cube. A hollow cylinder (F) fixes a porous plate (E) to the cube.
The aim of the porous plate is to assure a homogeneous velocity field. The wood
particle is held inside the chamber by a wire connected to a balance to measure
the mass loss over time. The balance (Type BP 121S by Sartorius AG, Goettingen,
Germany) has a precision of 0.1 mg. A thermocouple measures the temperature
in the chamber at approximately 30 mm distance from the particle surface. The
laser beam passes through the cell at a distance of approximately 20 mm below the
bottom of the spherical wood particle. The cell is heated with four 200 W heating
cartridges (type HTH Zünder by Rauschert Steinbach GmbH, Germany). With this
setup a maximum heating rate of approximately 0.3 K/s is possible which is in the
range of typical heating rates in slow pyrolysis. A carrier gas flow of nitrogen is
guided through the reaction chamber. The nitrogen flow of 3.5 Nl/min is provided
by a mass flow controller and is preheated to approximately 500 ◦C in a coiled tube
inside an electrical oven before it enters the particle cell.

Laser-Induced Fluorescence measurements were carried out using the third
harmonic of a Nd:YAG laser (Type QuantaRay by Spectra-Physics, USA), corre-
sponding to a wavelength of 355 nm. A repetition rate of 10 Hz with a pulse energy
of 2 mJ was applied. As polariser a λ/2 waveplate for 355 nm (type WPMH10M-
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Figure 4.4: Sketch of the design of the particle cell.

355 provided by Thorlabs GmbH, Dachau, Germany) was installed. The fluores-
cence was detected at an angle of 90◦ with a spectrograph (type SpectraPro 2300i
by Princeton Instruments, USA) using a grating with 300 grooves/mm. An ICCD
camera (NanoStar by LaVision GmbH, Goettingen, Germany) was coupled to the
spectrograph. An intensifier gain of 50 was used in the measurements. Between the
focusing lenses (with 10 cm focus length each) and the camera inlet a U-grade long
pass Raman filter was inserted (type SEM-LP02-355RU-25 provided by Laser2000
GmbH, Wessling, Germany). A schematic drawing of the optical setup is depicted
in Fig. 4.5.

The beech wood spheres with 25 mm diameter, density 715 kg/m3 and
porosity 0.53 were provided by Meyer & Weigand Gmbh, Nordlingen, Germany.
The particles were dried an oven at 106 ◦C for 90 minutes prior to the experiments.
Volatiles and ash content were 87.3 wt% and 0.4 wt%, respectively. Ultimate analysis
of the beech wood particles yielded 47.92 wt% C, 6.64 wt% H, 45.15 wt% O, 0.26
wt% N, 0.03 wt% S (all values on dry basis). The small wood particles have been
generated by milling parts of these beech wood spheres - before drying - to a final
particle size between 0.5 and 1 mm. The nitrogen used has 99.999 mol% purity
(ALPHAGAZTM provided by Air Liquide, Germany).

4.4.2 Results and Discussion

At first the results of a reference case will be presented, in which a spherical beech
wood particle with 25 mm diameter was pyrolysed applying the maximum heating
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Figure 4.5: Schematic drawing of the optical setup for the LIF measurements.

rate of 0.3 K/s which is possible with the experimental setup. Under these condi-
tions the Biot number can be estimated to be approximately 1.2, which is why the
reference particles can be considered as thermally thick [41]. Time dependent mass
loss rate and integral fluorescence intensity of the pyrolysis gas will be discussed.
Furthermore, the fluorescence spectra at different conversion stages will be analyzed.
After the reference case has been examined, the effects of particles size and heating
rate on the pyrolysis gas characteristics will be investigated.

The reference case: pyrolysis of 25 mm beech spheres

The mass loss rate of the spherical particle during pyrolysis is shown in Fig. 4.6
together with the time-dependent total fluorescence intensity (TFI) of the pyrolysis
gas, which was determined according to Eq. (4.18), in which I(λ) refers to the
fluorescence intensity at wavelength λ. Both quantities - mass loss rate and TFI - are
plotted versus the particle conversion α, which is defined as α ≡ (m0−m)/(m0−mf ),
with m being the mass of the particle. The quantities used for normalization are
the respective maximum mean values. Results are plotted up to a conversion of 0.85
since the mass loss rates at higher conversions are very small.

TFI ≡
∫
I(λ) dλ (4.18)

Compared to mass loss rates obtained by thermogravimetric analysis (TGA)
for kinetics measurements (as reviewed, for instance, in [31]) the mass loss rate peaks
observed in this work are more symmetric. No clear "left shoulder" can be observed.
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Figure 4.6: Normalized mass loss rate and total fluorescence intensity (TFI) for the reference
case, error bars indicate sample standard deviations of four measurements.

This is basically due to the influence of the intra-particle heat transfer, which leads
to a significant temperature gradient within the particle. This again means, that -
for instance - the temperature trajectory of the particle center is somewhat delayed
as compared to the temperature trajectory at the external surface of the particle.
Hence, the peaks of the mass loss rates at different particle radii are shifted in time.
What has been measured with the macro-TGA of this study refers to the sum of
several mass loss rate curves obtained with micro-TGA, which are shifted in time
(and, thus, also temperature and conversion). Such a sum shows a much more
symmetric peak than the individual micro-TGA peaks. Hence, the mass loss rate
curve of the reference case can be considered as consistent with previous works, in
which mass loss rates during pyrolysis of wood have been determined.

If the composition of the gaseous mixture - including tar species - leaving
the pyrolysing particle was more or less constant, then the normalized TFI curve
should follow the normalized mass loss rate curve. This can be observed only up
to a conversion of approximately 0.6. At conversions between 0.6 and 0.8, however,
the mass loss rate decreases, whereas the TFI curve further increases. At conver-
sions higher than 0.8 both quantities sharply decrease. The opposite trends of mass
loss rate and TFI for 0.6 < α < 0.8 are probably related to intra-particle hetero-
geneous tar cracking reactions occurring on the internal char surface and leading
to an additional generation of secondary and maybe tertiary substances, such as
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PAH (see Fig. 3.3). The latter are known to exhibit a strong fluorescence signal.
It has been observed that heterogeneous tar cracking is significant at temperatures
between 400 and 600 ◦C [63,156], while homogeneous tar cracking is not significant
at temperatures below 600 ◦C.

In Fig. 4.7 normalized fluorescence spectra of the pyrolysis gas at different
conversions are depicted. Throughout the entire pyrolysis process a broad fluores-
cence signal between the excitation wavelength 355 nm and about 500 nm can be
obtained. The peak fluorescence intensity is always between 380 and 400 nm. These
spectral characteristics are typical for PAH species such as naphthalene, anthracene
or pyrene [157–160]. In the early stage of pyrolysis (α = 0.1) several smaller peaks
appear on top of to the abovementioned broad spectrum. These peaks can most
likely be attributed to formaldehyde [161], which is a primary tar compound [162].
It is generated in the early stage of pyrolysis of lignin [163]. Formaldehyde has also
been detected with LIF measurements in flash pyrolysis of wood particles [154,155].
At a conversion of (α = 0.4) the spectrum is very smooth. The spectrum at a con-
version after the peak of the TFI curve (α = 0.8) is also very smooth. However, the
spectrum peak position shifts from approximately 385 nm at α = 0.4 to about 395
nm at α = 0.8. Furthermore, the intensities in the higher wavelength range (> 440
nm) become bigger relative to the lower wavelength range (< 440 nm). These trends
further support the hypothesis that secondary heterogeneous cracking reactions are
taking place in this stage of conversion. The cracking reactions should lead to an
increase in number of nuclei of aromatic compounds resulting in a red-shift of the
fluorescence spectrum [164].

Which species do mainly contribute to the fluorescence signal during the first
conversion interval (α < 0.6) in Fig. 4.6? No definite answer can be deduced from the
results of this study. Since the trends of both curves are the same in this interval,
the TFI signal could be attributed to the fluorescence of primary tars. However,
PAH species (tertiary tars) are known to possess much stronger fluorescence at an
excitation wavelength of 355 nm than monoaromatic compounds (primary tars).
Furthermore, the shape of the fluorescence spectra shown in Fig. 4.7 are typical
for PAH species, as mentioned before. Thus, it may also be possible, that some
PAH’s are formed already in this early stage of pyrolysis, as has been observed in
a very recent study [9], in which the condensed liquid products of slow pyrolysis of
silver birch wood were analyzed with GC-MS. It could be shown that polyaromatic
hydrocarbons had been generated, the major species being: naphthalene, fluorene,
phenanthrene and dibenzofurane. In some experiments of the reference case the
effluent gas stream from the cell was guided through heated pipes to impinger bottles
filled with isopropanol which acted as a solvent for the condensables. This liquid
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Figure 4.7: Normalized fluorescence spectra of the pyrolysis gas for the reference case.

was analyzed after the pyrolysis experiment with a GC-FID (HP 5890 by Hewlett
Packard). Besides the major primary tar components guaiacol and m-cresol also the
presence of the tertiary compounds naphthalene and fluorene could be verified.

Influence of particle size

The next set of experiments has been conducted with beech wood particles with size
between 0.5 and 1 mm of irregular shape. To avoid secondary reactions in the small
particles only a thin layer of small particles (approximately 400 mg initial weight)
has been placed in a metal basket. Thus, besides the particle size also the total mass
of the wood particles differ from the reference experiments. All other parameters are
the same as in the reference case, including the distances between particles surface
and thermocouple as well as between particles and laser beam.

Under these experimental conditions and using Schinkel’s [63] kinetics for
heterogeneous cracking the Thiele modulus for the small particle case (0.5 mm size)
can be estimated to be approximately unity while for the reference case (25 mm
size) the value is approximately 50 at a temperature of 420 ◦C. Hence, transport
and reaction are equally fast in the small particles while transport is an order of
magnitude slower than reaction in the reference case. Therefore, the extent of sec-
ondary reactions within the small particles should be significantly smaller than in
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the big particles. However, it should be noted that these are only very coarse esti-
mations since the kinetics applied have been established based on a number of very
simplifying assumptions [63].

Due to the different sample sizes it is important to discuss the impact of
possible differences in the flow field - which is laminar in any case - on the results:
The composition of the tar mixture and, thus, the normalized fluorescence spectra
presented in Fig. 4.7, 4.9, and 4.12, respectively, should not be influenced by the
flow field due to the fact that homogeneous gas phase reactions of the volatiles
can be excluded at the temperatures applied in the experiments. Furthermore, the
average residence time of the carrier gas in the cell and, thus, the time of mixing
in the gas phase - is two to three orders of magnitude smaller than the time of
conversion of the particle(s). Hence, a different extent of mixing of fluid in both
cases should not have a significant impact on the normalized fluorescence spectra,
either. The differences in the flow fields between the two cases may, however, lead
to differences in concentrations of tar species and, thus, to differences in the total
fluorescence intensity (TFI). To exclude this impact of different flow fields the TFI
are normalized with the maximum TFI value obtained during one experiment.

After these introductory considerations the behavior of the mass loss rate
and the total fluorescence signal will be examined for the small particle case (see
Fig. 4.8). A significant difference as compared to the reference case is the fact that
the TFI curve closely follows the mass loss rate curve. If the mass loss rate increases,
then the TFI increases also and vice versa. This difference to the reference case may
be because the pyrolysis is completed before the onset of heterogeneous cracking
reactions. The latter start approximately at α = 0.6 (about 380 ◦C) in the reference
case. At this temperature the small wood particles are already totally converted to
char. At higher heating rates than the ones that can be established with the current
experimental setup, intraparticle heterogeneous cracking can also be anticipated to
take place in the small particles (given a sufficient residence time of the volatiles in
the particles), since the mass loss will be shifted to temperatures higher than 380
◦C.

The fluorescence spectra recorded at different conversion stages are depicted
in Fig. 4.9. No significant structure can be observed. Hence, it is difficult to attribute
certain species to these spectra. The peak position can be found at approximately
380 nm. The peak does not shift significantly during conversion, in contrast to what
has been observed in the reference case. This is consistent with the hypotheses that
in the smaller particles case no significant heterogeneous tar cracking is taking place
and that the product composition does not change significantly.
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Figure 4.8: Normalized mass loss rate and total fluorescence intensity (TFI) for the small particle
case, error bars indicate sample standard deviations of three measurements.
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Figure 4.9: Fluorescence spectra of pyrolysis gas for the smaller particle case.
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Figure 4.10: Temperature programs of reference case and lower heating rate case.

Influence of heating rate

In a next set of pyrolysis experiments again beech wood spheres of 25 mm diameter
have been used but now with a significantly smaller heating rate (approximately 0.2
K/s) than in the reference case (approximately 0.3 K/s) as illustrated in Fig. 4.10.
This smaller heating rate has been achieved by using just three of the four heating
cartridges and taking off some of the insulation material of the particle cell. Due to
the good thermal conductivity of the cell material it can be expected that no uneven
heating is affecting the measurements.

The results of the mass loss rate and the total fluorescence intensity over
conversion for the lower heating rate case are shown in Fig. 4.11. The curves look
similar to the reference case (Fig. 4.6). For α < 0.6 both mass loss rate and TFI are
increasing, whereas in the range 0.6 < α < 0.7 both curves show opposite trends.
For α > 0.7 both curves decrease.

The fluorescence spectra of the lower heating rate case (Fig. 4.12) are exam-
ined at the same conversion as has been done for the reference case (Fig. 4.7). The
spectra are very similar to the reference case, including the formaldehyde structures
at α = 0.1 and the red-shift of the spectrum at α = 0.8 as compared to the spectrum
at α = 0.4.
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Figure 4.11: Normalized mass loss rate and total fluorescence intensity (TFI) for the lower
heating rate case, error bars indicate sample standard deviations of four measurements.
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Figure 4.12: Fluorescence spectra of pyrolysis gas for the smaller heating rate case.
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Figure 4.13: Conversion-dependent ratios of normalized total fluorescence intensities (TFI) to
normalized mass loss rates of all three case.

To compare the results of all three cases the ratios of normalized TFI to
normalized mass loss rates are depicted in Fig. 4.13. Up to a conversion of approx-
imately 0.6 the results are similar for all cases: the normalized TFI signal increases
with respect to the normalized mass loss rate. In the conversion stage between 0.6
and 0.8, however, the trends are remarkably different: While in the small particle
case the ratio decreases, it increases for the big particle cases. This qualitative dif-
ference can, again, be explained by secondary cracking reactions occurring in the
big particles. The values at α = 0.85 are not that reliable due to the high scattering
of the data as can be seen in Figures 4.6, 4.8, and 4.11, respectively.

Also the quantitative difference between reference and lower heating rate
case are consistent with the above mentioned hypothesis: In the conversion range
where heterogeneous cracking reactions are significant (α > 0.6), more volatiles
have left the particle if the heating rate is lower, because the retention time is bigger
in this case. In other words: When heterogeneous cracking starts, the amount of
volatiles still present in the solid is bigger for higher heating rates than for smaller
heating rates. Thus, more volatiles can be cracked in the reference case as compared
to the lower heating rate case. Hence, the slope in the TFI to mass loss rate ratio
should be lower in the lower heating rate case than in the reference case. This is
exactly what can be observed in Fig. 4.13.
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4.5 Conclusions

The main assumptions considered to describe pyrolysis of a single biomass particle
were discussed and a particle model, which solves the mass, momentum and energy
balances in combination with reaction kinetics, was presented.

The main disadvantage of incorporating a particle model in a reactor model
is the high computational time needed for the numerical solution of such a multi-
scale model. Several solution methods were presented. When the particle model
is not coupled to a reactor model and constant boundary conditions can be used,
the multi-step ODEs solver employing BDF is the fastest method. Therefore it is
the most used method in the literature for solving single-particle models. But it is
not the fastest when a particle model is coupled to a reactor model and it should
provide a solution each time step of the reactor model with different boundary
conditions. As it should be initializated very often and this is the most internal
time consuming task, this method will not be the fastest to solve particle models
coupled to reactor models with time steps in the order of milliseconds, the usual
ones in thermo-chemical processes of biomass. In this situation the iterative method
presented in this study is orders of magnitude faster. To develop this method an
analysis of the characteristic time of each phenomenon in the biomass particle was
done. The characteristic time related to the Darcy convection is much lower than
the other ones, therefore the velocity calculation is done with an implicit method
with iterations as described in section 4.2.4. The other phenomena are solved using
the operator splitting technique with explicit or semi-implicit methods. Therefore
this is the recommended method to solve particle models that are coupled to reactor
models.

The particle model was solved for fixed and fluidized-bed typical conditions,
showing that fixed-bed pyrolysis conditions, with slower heating rates, favour the
formation of char; while fluidized-bed conditions, with a faster conversion, favour
the formation of tar. In both cases the importance of the correct modelling of
the particle due to the presence of significant gradients can be observed. And the
shrinkage of the particle, that is even sometimes neglected in particle models, has
also an important impact on conversion time and product distribution.

In order to correctly model the composition of the gas mixture leaving a
pyrolysing biomass particle it is necessary to consider intra-particle secondary tar
cracking reactions, but a general kinetic scheme to describe the secondary reactions
of tar cracking is not yet available. To develop a more quantitative description of
this complex reaction network fluorescence measurements in close vicinity to the
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surface of a pyrolysing beech wood particle were done. The results indicate that the
composition of the condensable gas species that leave the particle strongly depends
on the particle size and heating rate. At heating rates of 0.3 K/s the results indicate
that there are secondary heterogeneous cracking reactions of the primary and sec-
ondary tar species occurring in spherical beech wood particles with 25 mm diameter
at conversions higher than 0.6. The same holds true for a smaller heating rate of
0.2 K/s. For pyrolysis of smaller beech wood particles of 0.5 to 1 mm size complete
conversion was achieved without indications of secondary reactions.



Chapter

5
Reactor level

At the reactor level, the single biomass particles should be considered together with
the interstitial gas phase. The reactor level should be coupled to the molecular and
particle level in a multi-scale modelling of fixed-bed thermo-chemical processes of
biomass. The introduction of a particle model in a reactor model with the rep-
resentative particle model (RPM) approach, numerically solving the problem in a
feasible computational time for a technical scale reactor, is presented in Section 5.1.
The reactor and particle model formulation will be presented in Section 5.2. Then
the reactor model solution method is described in Section 5.3, together with the
particle model solution method optimized for the coupling to reactor models that
was previously developed in Chapter 4. A comparison of numerical simulations with
experimental results from the literature of fixed-bed heat transfer and pyrolysis will
be presented in Section 5.4. Finally the conclusions drawn from the reactor level are
shown in Section 5.5.

5.1 Representative particle model

As reviewed in Chapter 2, fixed-bed thermo-chemical processes of biomass are usu-
ally described with quasi-continuous models, where the solid phase and the gas phase
are treated as if they were continuous phases (this approach is also referred to as
Euler-Euler description). But it was also concluded that neglecting intra-particle
gradients in reactor models introduce severe inaccuracies. One possible approach to
solve this multi-scale problem, incorporating a particle model in a reactor model, is
the Discrete Particle Model (DPM) - also referred to as Discrete Element Method or
Euler-Lagrange model - where the fluid phase is also considered as quasi-continuous
but each particle is tracked with a Lagrangian approach. This means: a model for
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each particle in the bed (up to 105 - 106 particles in technical scale fixed-bed gasifi-
cation) is solved simultaneously with the fluid-phase balances in the reactor domain,
which requires a huge computational power. The size and the position of each parti-
cle have to be determined at every time step. This method was previously applied to
fixed-bed thermo-chemical conversion processes such as combustion [21,29], pyroly-
sis and drying [165]. In these studies reactors of lab-scale size have been considered.
It was also applied to fluidized beds - fast pyrolysis [149] and gasification [150] -
but in both latter cases zero-dimensional particles were considered, that is to say,
without gradients.

The main disadvantage of solving such a multi-scale model is the high com-
putational time needed for the numerical solution, mainly due to the large number of
particles that have to be considered. One promising option to reduce the computa-
tional time to model fixed-bed reactors is the Representative Particle Model (RPM).
In the RPM approach an intra-particle model is solved for each finite volume ele-
ment of the reactor, as illustrated in Fig. 5.1. All particles within a finite volume
element are assumed to obey the same characteristics as the one for which the intra-
particle model is solved, which is why it can be considered as representative. The
major advantages of RPM compared to DPM are the significantly smaller computa-
tional effort and the easier integration into existing computer codes for simulation
of fixed-bed reactors. Although DPM have been applied to conversion processes in
fixed- or moving-bed reactors, their size could be described as lab-scale. The number
of particles in technical scale fixed-bed reactors for pyrolysis or gasification would
exceed the available computer capacity nowadays. Therefore, scale-up would not
be possible. But RPM can also describe technical scale reactors. It can be consid-
ered as a compromise between DPM (Euler-Lagrange) and quasi-continous models
(Euler-Euler), considering intra-particle gradients in a feasible way. RPM applied
to thermo-chemical conversion of biomass in fixed-beds was introduced by Wurzen-
berger, who applied the method to fixed-bed pyrolysis and drying in his PhD [30]
and combustion [166], but without experimental validation. In these works both
the reactor and the particle domain were discretized in one direction, in the axial
direction in the reactor and in the radial direction in the particle, that is why the
model was described as 1D+1D. This approach could be considered as similar to
the one sometimes employed in fixed-bed combustion of biomass boilers, where the
bed is considered as a well-stirred reactor when there is a low Damköhler number,
and just a representative particle model is solved for each particle type to account
for intra-particle gradients in the particles of the boiler [167].
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Figure 5.1: Schematic of the RPM concept.

5.2 Model formulation

5.2.1 Interstitial gas phase

The RPM describes the interstitial gas phase as a quasi-homogeneous phase. The
transient balance equations of total mass, species mass, momentum as well as en-
ergy are summarized below. In many fixed-bed reactor models the one-dimensional,
steady-state Ergun equation was applied, such as in [30,166]. However, a more gen-
eral form of the momentum balance for porous media is the Brinkman-Forchheimer
equation [168], which will be applied here. This equation is mathematically similar
to a momentum balance of a flow in a homogeneous gas phase. For a much more
detailed motivation of these balance equations the reader is referred to [147]. The
following simplifying assumptions have been made:

• The bed of particles is cylindrical and isotropic and the properties are consid-
ered one dimensional in space, varying along the axial direction, and transient
in time

• Low Mach number

• Gas phase components are ideal gases

• The net momentum of the gases leaving the particles vanishes due to the 1D-
spherically symmetric nature of the particles
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• Transport of energy due to species diffusion, as well as Dufour effect, can be
neglected as compared to convective energy transport

• Adiabatic reactor walls

• External forces such as gravity are negligible

The following partial differential equations have been derived from balances
applied to the gas phase of a finite volume with the shape of a cylinder of the
same radius as the reactor and an infinitesimal length. It has to be noted that the
particles that are located in this cylinder are not contained in the balanced volume.
The axial velocity wz is the real velocity in the balanced control volume. To obtain
the superficial velocity wz should be multiplied by the porosity of the bed εb. Based
on these assumptions the balances for the interstitial gas mixture can be written as
follows, where primed quantities refer to the values at the external particle surface:

Mass balance of the gas phase:

∂ρg
∂t

= −∂(wzρg)

∂z
+ s

(1− εb)
εb

(ρgv)′ (5.1)

Mass balance of gas species i:

∂(ρgYi)

∂t
= −∂(ρgYiwz)

∂z
+

∂

∂z

(
ρgDz,i

∂Yi
∂z

)
+s

(1− εb)
εb

{
(ρgYiv)′+ζiβ

′
i[(ρgYi)

′−(ρgYi)]
}

(5.2)

Momentum balance in axial direction:

∂(ρgwz)

∂t
= −∂(ρgwzwz)

∂z
− ∂p

∂z
− fwz − εbf2wz|~w|+ 2

∂

∂z

(
µeff

∂wz
∂z

)
(5.3)

Energy balance:

ρgcp,g
∂Tg
∂t

= −ρgcp,gwz
∂Tg
∂z

+
∂

∂z

(
Λz

∂Tg
∂z

)
− s(1− εb)

εb

[(
(ρgcp,gv)′ + ζeα

′
)

(Tg − T ′p)
]

(5.4)

Temperature, density and pressure are coupled through the equation of
state:

ρg =
pMm

R̄Tg
(5.5)

As boundary conditions (t > 0), uniform plug flow is assumed at the inlet
and atmospheric pressure at the reactor outlet. For other scalar variables, Dirichlet
boundary conditions are used at the inlet, whereas Neumann conditions are used at
the outlet.
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Table 5.1: Transport properties of the reactor model

Property Reference
Dz,i = (1−

√
1− εb)Di + wzεbdp/2 [170]

Λz = (1−
√

1− εb)λg + 0.75PrRepλg [170,171]
f1 = 150

(1−εb)2µeff
ε3bd

2
p

[169,170]

f2 = 1.75 (1−εb)ρg
ε3bdp

[169,170]

µeff = 2µgexp(0.002Rep) [170]

Since there will be no homogeneous gas-phase reactions considered in the
interstitial volumes between the particles there is no source term in the balances
due to chemical reactions. However, there is a source term due to mass and energy
transfer between the particles surface and the interstitial gas phase. The quantity s
refers to the ratio of external particle surface to particle volume. The quantities that
appear in the source terms account for the interaction between the quasi-continuous
interstitial gas phase on the one hand and the particles on the other hand. Due to
the fact that the solid matrix of the particles decomposes during thermo-chemical
conversion processes, there are significant net mass fluxes leaving the particles (with
velocity v′). This convective transport between the phases must be accounted for
in the total mass balance, the species mass balances as well as in the energy bal-
ance. However, in case of the momentum balance the convective source term can
be neglected since the particles are assumed to be spherically one-dimensional. This
means: the net momentum of the mass fluxes leaving the particles vanishes. But
of course the momentum transport due to friction at the particles surfaces has to
be considered. This is done in terms of the Ergun equation [169]. Besides the net
mass flux leaving the particles also species mass transport due to diffusion and heat
transport due to conduction between particles and interstitial fluid has to be con-
sidered. These phenomena are modeled by use of empirical mass and heat transfer
coefficients (β′i and α′, respectively). The Stefan correction (ζ) is applied to these
coefficients to account for the impact of the convective flux between external parti-
cle surface and interstitial fluid. For a detailed derivation of these source terms the
reader is referred to [147]. The respective transport coefficients are calculated as
shown in Tab. 5.1. It should be noted that for the diffusive (Dz,i) and conductive
(Λz) terms heat and mass dispersion should be considered, as their effect is actually
higher than mass diffusion and heat conduction, respectively.
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5.2.2 Particle

There is a general consensus about the nature of a single particle model, which
solves the mass, momentum and energy balances as reviewed in Section 4.1. The
main assumptions of the particle model are:

1. The particle is spherical and the properties are considered one dimensional in
space, as wood is considered isotropic, and transient in time.

2. The particle is totally dried. No liquid phase is considered.

3. There is local thermal equilibrium between the solid and the gas phase.

4. Convection is modelled with the Darcy law and diffusion with the multicom-
ponent Fickian diffusion. Knudsen diffusion is neglected.

5. External forces are negligible

6. No fragmentation of the particle

7. Shrinkage is modelled through a shrinkage factor fShr (VV C = VV C0fShr), as a
linear function of conversion - the ratio between the current and initial mass
(η = mw/mw0) - in each control volume as: fShr = fShr−min + η(1− fShr−min)

The respective balance equations are listed below for a general space co-
ordinate r. The spherical geometry of the particle should be considered through
adequate shape factors in the spatial discretization. The reaction rates of the pyrol-
ysis reactions of wood to produce permanent gases (gas*), tar and char are calculated
as: ṙj = −ρ̃wfShrAjexp(−Ej

R̄T
) for j = 1, 3, being ρ̃w the wood bulk density. For a

detailed derivation the reader is referred to Section 4.1.

Mass balance of the gas phase:

∂(εpρgfShr)

∂t
+ fShr

∂(ρgv)

∂r
=

N∑
i=1

k∑
j=1

νij ṙj (5.6)

Mass balance of gas species i:

∂(εpρgfShrYi)

∂t
+ fShr

∂(ρgYiv)

∂r
= fShr

∂

∂r

(
ρgDi

∂Yi
∂r

)
+

k∑
j=1

νij ṙj (5.7)
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Mass balance of solid species i:

∂(ρ̃ifShr)

∂t
=

k∑
j=1

νij ṙj (5.8)

Momentum balance (Darcy’s law):

v = −κs
µg

∂p

∂r
(5.9)

Energy balance:

(ρ̃scp,s + ρ̃gcp,g)fShr
∂Tp
∂t

+ fShrρgvcp,g
∂Tp
∂r

= fShr
∂

∂r

(
λp

∂Tp
∂r

)
−
∑
k

ṙk∆hk (5.10)

Temperature, density and pressure are coupled, as in the interstitial gas
phase, through the equation of state - Eq. (5.5) -. As boundary conditions, sym-
metry is assumed in the center of the particle. The pressure at the external particle
surface is equal to the pressure of the control volume of the interstitial gas phase of
the reactor. The temperature T ′p and gas mass fractions Y ′i at the external parti-
cle surface are calculated from an energy and mass balances at this boundary (see
below). This, together with the source terms in the interstitial gas phase of the
reactor, are the links between the reactor model and the particle model.

In the energy balance of the particle surface, Eq. (5.11), at the particle side
of the boundary energy is transported either by convection (Ḣ ′g) or by radiation and
conduction in the solid and gas phase (both phenomena contained in Q̇′λ). At the
other side - the interstitial gas phase - energy is not only transported by convection
(Ḣ ′g) and conduction (Q̇′g) within the fluid. Here, also inter-particle heat transport
(Q̇′p) has to be considered:

Ḣ ′g + Q̇′λ = Ḣ ′g + Q̇′g + Q̇′p (5.11)

Here, the convective terms cancel due to the fact that there are no temper-
ature jumps. There are four distinct modes of heat transfer between the surfaces
of two contacting particles according to Slavin et al. [172]: radiation, gaseous con-
duction in an inner and an outer region, and solid conduction through the contact.
Expressing the inter-particle heat transfer between contacting hemispheres (Q̇′p) in
terms of conductance (G) as in [172] the previous equation can be written as Eq.
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(5.12), where the representative particle at the axial position k in a one-dimensional
reactor is in contact with neighbour particles in upstream and downstream direc-
tions. It is worth noting that T ′p,up (T ′p,down) is not the surface temperature of the
next representative particle in upstream (downstream) direction, which would be
T ′p,k+1 (T ′p,k−1). Instead, T ′p,up (T ′p,down) is the surface temperature of a representative
neighbour particle in upstream (downstream) direction which can be determined by
interpolation between two axial grid points (i.e. between two representative parti-
cles). For determination of the different conductances the reader is referred to [172].

λ′p

(∂Tp
∂r

)′
Ap = ζeα

′(T ′p − Tg,k)Ap +Gup(T
′
p − T ′p,up) +Gdown(T ′p − T ′p,down) (5.12)

From the gas species mass balance at the external particle surface the gas
mass fractions Y ′i can be calculated in this point in a similar way as the energy
balance.

ρ′gD
′
i

(∂Yi
∂r

)′
Ap = ζiβ

′
i[(ρgYi)

′ − (ρgYi)k]Ap (5.13)

In the particle model shrinkage of the particle is included. When the par-
ticles shrink also the bed shrinks. In each time step the new number of particles
in each control volume is calculated. The void fraction of the bed is constant and
equal to the initial one in the region where there are particles. The properties of
the representative particle in each control volume are calculated as the average from
the particles in that control volume remaining from the previous time step and the
particles that have fallen down from the upper control volume.

5.3 Numerical solution procedure

These kinds of problems have been usually solved with pressure correction methods
such as SIMPLE [173], for example in [174]. However, the fractional step method
is nowadays preferred to solve unsteady reactive flow calculations [148, 175, 176], or
similar methods like PISO [150], because the pressure correction equation (and in
multi-scale reactor models also the particle model) is solved just once per time step.
In SIMPLE type methods these equations are solved several times per time step,
and usually with no high accuracy because mass conservation is not enforced until
the end of the time step, so they are employed usually in steady state calculations,
where an accurate history description is not required.
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The governing equations are discretized by a finite volume scheme. A stag-
gered grid is used for the description of the cylindrical domain of the reactor, and also
for the spherical particles. The velocity components are specified at cell edges, while
the scalar variables (e.g., pressure, densities, mass fractions) are specified at the
cell centers. The integration algorithm is an extension of the algorithm introduced
by Jakobsen’s group [148, 176], with the inclusion of the particle model solution
method outlined below. Sound waves restrict the maximum time step in an explicit
numerical integration of the momentum equation, but they are not of importance in
chemical reactors. The acoustic wave modes are removed when the pressure in the
momentum equation is decoupled from density and temperature fluctuations arising
through the equation of state [177,178]. A split is made between an incompressible
flow with time independent density and the compressible fluid with variable density.
In the incompressible flow step the acoustic modes are removed so larger time steps
can be employed with the advantageous explicit methods in the reactor model. For
further details of the motivation of the algorithm the reader is referred to [148,176].

The algorithm is sketched in the following to consist of four steps:

1) Temporary an-elastic step, with a time-independent density, which is
solved with a fractional step method, also called the projection scheme, consisting
of two sub-steps [179, 180]. The first step (Eq. (5.14)) corresponds to the explicit
solution of the momentum equation to advance the velocity (v∗), where H represents
the convective and viscous terms and F the friction factor. To solve the second step,
the correction of the velocity (Eq. (5.15)), the divergence of that equation is taken
(Eq. (5.16)) and the an-elastic filter is applied in the continuity equation (Eq.
(5.17)), so that the Poisson equation (Eq. (5.18)) is obtained combining the two
previous equations. Rc represents the source term of the continuity equation (Eq.
5.1). Solving the Poisson equation the pressure field in the next time step (n+1) is
obtained. Then the corrected velocities in the next time step are calculated with
(5.15)).

ρngv∗ − ρngvn

∆t
= Hn − F n −∇pn (5.14)

ρngvn+1 − ρngv∗

∆t
= −∇(pn+1 − pn) (5.15)

∇ · (ρngvn+1)−∇ · (ρngv∗)
∆t

= −∇2(pn+1 − pn) (5.16)

∂ρ

∂t
= 0 = Rn

c −∇ · (ρngvn+1) (5.17)
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−∇2(pn+1 − pn) =
Rn
c −∇ · (ρngv∗)

∆t
(5.18)

2) Integration of the transport equations and particle models by splitting
algorithms. The solution of the species mass balances and of the energy balance is
accomplished by integrating the operators in the following order: First the convective
- Eq. (5.19) - and advective - Eq. (5.22) - terms, which are discretized with a second
order TVD scheme in space, and a first order explicit Euler scheme in time. The
first intermediate solutions for partial densities and temperature are obtained. Then
the diffusive - Eq. (5.20) - and conductive - Eq. (5.23) - terms, which are discretized
with a second order central difference scheme in space, and a first order semi-implicit
Euler scheme in time. Finally the particle model in each control volume of the reactor
is solved - Eqs. (5.6) to (5.10). The source terms of the species mass balances - Eq.
(5.21) - and energy balance - Eq. (5.24) - of the interstitial gas phase are integrated
together with the particle model. These terms are coupled to the particle model
through the particle boundary conditions - Eq. (5.12) - and - Eq. (5.13). After this
step the temperature and composition of the interstitial gas phase are obtained.

ρ∗g,i − ρng,i
∆t

= −∂[(ρgYi)
nwn+1

z ]

∂z
(5.19)

ρ∗∗g,i − ρ∗g,i
∆t

=
∂

∂z

(
(ρgDz)

n∂Y
∗∗
i

∂z

)
(5.20)

ρn+1
g,i − ρ∗∗g,i

∆t
= s

(1− εb)
εb

{
(ρgYiv)

′n+1 + ζiβ
′
i[(ρgYi)

′,n+1 − (ρgYi)
n+1]

}
(5.21)

T ∗g − T ng
∆t

= − 1

(ρgcp,g)n
(ρgcp,g)

nwn+1
z

∂T ng
∂z

(5.22)

T ∗∗g − T ∗g
∆t

=
1

(ρgcp,g)n
∂

∂z

(
Λn
z

∂T ∗∗g
∂z

)
(5.23)

T n+1
g − T ∗∗g

∆t
=

1

(ρgcp,g)n
s

(1− εb)
εb

[
(ρgcp,gvTp)

′n+1 + ζeα
′(T n+1

g − T ′n+1
p )

]
(5.24)

The main disadvantage of incorporating a particle model in a reactor model
is the high computational time needed for the numerical solution of such a multi-
scale model. This is mainly due to the large number of particles that have to be
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considered. To decrease this computational time a novel iterative solution method
for solving a particle model describing pyrolysis of a wood particle was previously
introduced in Section 4.2.4 and compared to alternative, commonly applied solution
methods taking into account typical process parameters and time step sizes of fixed-
bed and fluidized-bed reactors, usually in the order of magnitude of milliseconds.

To develop the new method an analysis of the characteristic time of each
phenomenon in the biomass particle was done. The characteristic time related to the
Darcy convection is much lower than the other ones, therefore the velocity calculation
is done with an implicit method with iterations. The other phenomena are solved
using the operator splitting technique with explicit (reaction, Courant convection)
or semi-implicit (diffusion, conduction) methods. Therefore this iterative, fractional-
step algorithm is applied in this study. It should just be mentioned that although
conduction is solved in a semi-implicit way, the inter-particle heat transport in Eq.
(5.12) is solved in an explicit way, as information from the neighbour particles is
required.

3) Update of the density due to changes in temperature and composition
through the equation of state (Eq. (5.25)):

ρ∗g =
pn+1Mn+1

m

R̄T n+1
(5.25)

4) The elastic step, where the density of the compressible fluid is determined
from the continuity equation:

ρn+1
g − ρ∗g

∆t
= −∇ · (ρ∗gvn+1) +Rn+1

c (5.26)

If the previous scheme were not stable, it could be considered as a predictor
following a predictor-corrector formulation. In [178, 181], modelling a premixed
methane-air flame with a similar scheme (but with a spatially uniform mean pressure
appearing in both the energy equation and the equation of state with the spatially
non-uniform portion of the pressure only appearing in the momentum equation), it
is stated that the scheme is stable when the temperature differences between the
cold and hot zone are not higher than a factor of two. If they are higher a correction
is required to enhance the coupling between density, velocity and hydrodynamic
pressure fields. In the current application the predictor was always stable, so a
corrector scheme is not required, as also happened when applying these scheme to
the conversion of natural gas into synthesis gas [176].
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A grid with 16 control volumes in the reactor and 8 control volumes in
each representative particle and a time step of 2 ms are employed . The variable to
determine the convergence is the mass loss after 2000 s on the pyrolysis reference
experiment (with Nu = 5, see in Section 5.4.2), when more than half of the conver-
sion is achieved. Doubling the number of control volumes in the reactor produces
a difference in the mass loss lower than 0.02%. The same happens when increasing
the number of control volumes in each representative particle. But when reducing
the time step to the half the difference is 0.16%. Therefore the space discretization
error is one order of magnitude lower than the time discretization. The order of
reduction of the time discretization is 1.34, calculated based on the the Richardson
extrapolation method [175]. The total time discretization error is 0.27%. When the
density is updated due to changes in temperature and composition there is a mass
loss. During all the simulation it accounts for 0.01% of the real total mass loss.
This error could be reduced with a predictor-corrector formulation, but as this error
is sensible lower than the discretization error this is not considered. The computa-
tional time needed to solve the problem (4000 s) on dual core 2.4 GHz AMD Opteron
processor is around 2500 s. The solution of the particle models account for 60% of
the time, while the reactor model account for the other 40% of the computational
time. It may be important that the model can solve the problem in the same order
of magnitude of time as the real process, so that the model can be employed to
control live the process. The importance of the previously developed particle model
solution method is clearly shown when the particle model is solved employing a typ-
ical ODEs solver such as LIMEX. The computational time increases by one order of
magnitude, to more than 30000 s.

5.4 Results and discussion

Many fixed-bed pyrolysis experiments are reported in the literature, especially de-
voted to the maximization of the tar yield in order to produce bio-oil [8]. But
pyrolysis of beds of several kilogram of material and particle sizes of more than
10 mm are not reported in the literature to a degree of detail which would be re-
quired for model validation. The only published study in this field - pyrolysis in a
fixed-bed reactor with beds of several kg - that the authors are aware of was done
by Schröder [182]. The Discrete Particle Model (DPM) was applied by Peters et
al. [165] to simulate these experimental results. In this work the Representative
Particle Model (RPM) will be validated with that set of experimental data.
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A sketch of the test reactor is depicted in Fig. 5.2. A detailed description is
given in [182]. The reaction tube (3) is cylindrical with radius of 0.125 m and height
of 0.210 m. It is placed in a steel containment (1) which is heated electrically (2)
to compensate heat transfer between reactor and ambient. Unfortunately, no data
(as, for instance, initial temperature of the wall and heating rate) were published on
this particular point. It will be assumed that the reactor wall is a perfect insulator,
which means that there is no heat transfer across the wall, as done when applying
DPM [165]. The hot gas enters the reaction tube from the top and passes a porous
plate before entering the packed bed in order to achieve plug flow at the entrance of
the bed. At the bottom of the reaction tube there is a tub that collects unevaporated
liquid. A lifting rod (4) connects the tube to a load cell (6) which is part of the cold
instrumentation compartment (5). Twenty k-type thermocouples (8) are positioned
along the axis and the diameter of the packed bed. The thermocouples are spaced
uniformly within the packed bed. One thermocouple is placed shortly above the
surface of the bed to measure the temperature of the entering hot gas flow. This
temperature will be referred to as "gas inlet". While the fuel bed is heated the
reaction tube rests on a metal seat. In order to record mass losses the gas flow is
turned off and the reaction tube is lifted by a motor (7). The mass of the reaction
tube is detected for approximately two minutes by the load cell (6). Afterwards,
the reaction tube is reinstalled in its previous position and the gas flow is turned on
again. These interruptions for the mass loss measurements have not been modelled.

5.4.1 Heating up

In order to first evaluate the heat transfer section of the RPM the heating-up of a
packed bed of slate by a hot air flow is simulated and compared to experimental
data as done by Peters et al. [165] with the DPM. In this case the particle model
is simplified and it consists just of the energy balance (Eq. (5.10)) and the energy
boundary condition (Eq. (5.12)). This is due to the fact that there is no intra-
particle gas phase - the porosity of the particles is zero - and there are no reactions.
The properties of the packed bed of slate are summarized in Tab. 5.2.

Nusselt numbers (Nu = αdp/λg) for the heat transfer between particles and
gas for low to medium Reynolds numbers have been experimentally determined with
the reactor depicted in Fig. 5.2 by Schröder et al. [183]. There is very significant
scattering in the data, as it can be checked in Fig. 11 of that publication. For slate
the Nusselt number ranges from 3 to 10. Unfortunately, in [165] it was not reported
which Nusselt number was employed. The RPM simulations presented here are done
with the upper and lower bound case of the Nusselt number. As it can be seen in
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Figure 5.2: Sketch of the test facility PANTHA, (1) steel containment, (2) electric heater, (3)
reaction tube, (4) lifting rod and potentiometer, (5) cold instrumentation compartment, (6) load
cell, (7) lifting motor, (8) thermocouples, (9) tube [182].

Table 5.2: Properties of heating up simulations

Property Value Units
Bed height 0.19 [m]

Bed diameter 0.25 [m]
Bed porosity εb 0.463 [-]
Particle diameter 12.6·10−3 [m]
Solid density ρs 2700 [kg/m3]

Solid specific heat cp,s 820 [J/(kg K)]
Solid conductivity λs 0.16 [W/(m K)]
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Figure 5.3: Gas temperatures at three different axial positions - bottom (10 mm), middle (90 mm)
and top (170 mm) - during heating-up of a packed bed of slate. Comparison between experiments
and simulations with Nusselt number equal to 3 and 10.

the figure of the temperature evolution with time in several axial positions of the
reactor (Fig. 5.3) a better agreement with the experimental data is obtained for the
upper bound case (Nu = 10).

The agreement is worse close to the inlet of the reactor (top position),
which is also the case in the simulations with DPM of Peters et al. [165]. Most
probably this is due to the lack of adiabatic behaviour of the reactor during the
experiments. Adiabatic walls are difficult to implement in experiments because the
heat losses that have to be compensated are not constant in time and neither in
space. It can be observed that at t > 4000 s the outlet temperature is higher
than the inlet temperature. Unfortunately, there is no information available about
the wall temperatures during the experiment, which is why this behaviour can not
be modelled. However, taking into account the experimental uncertainty it can
be concluded that there is a good agreement between experimental and numerical
results. Hence, the RPM is able to correctly model the heating up of the bed.

5.4.2 Pyrolysis

After simulating the heating up of the bed, the pyrolysis experiment of beech wood
until the maximum temperature (530◦C) will be simulated. It is reported that
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Table 5.3: Properties of pyrolysis simulations

Property Value Units
Initial bed height 0.10 [m]
Bed diameter 0.25 [m]
Bed porosity εb 0.43 [-]
Particle diameter 12.4·10−3 [m]
Solid density ρs 1850 [kg/m3]

Initial particle porosity εp,0 0.64 [-]
Solid specific heat cp,s 2551.3 [J/(kg K)]
Solid conductivity λs 0.1256 [W/(m K)]
Solid pore diameter 50·10−6 [m]

Diffusivity Di 12.6·10−4 [m2/s]
Wood permeability κw 1.0·10−14 [m2]
Char permeability κc 1.0·10−12 [m2]

Minimum shrinkage factorfShr−min 0.5 [-]

the particles are introduced into the reactor with an initial humidity of 8 wt.%.
But the fixed-bed is preheated to a temperature of approximately 90◦C before the
experiment starts. Most of the initial moisture is most probably evaporated during
this preheating period. This hypothesis is further supported by the mass loss data
which show no appreciable mass loss until 1000 s. Therefore it will be assumed that
the wood is completely dry at the beginning of the experiment. The properties of
the bed and the solid particles are taken from [165] and are summarized in Tab. 5.3.
Some properties of the particles which were not readily available are obtained from
a previous publication of the same group to develop the particle model that was
coupled to the reactor model in the DPM [184]. The minimum shrinkage factor is
calculated from the measured shrinkage of single char particles after this experiment
[182].

The kinetic constants of the pyrolysis reactions as well as the heats of reac-
tions are taken from Gronli [4], as done in [165]. All kinetic data are listed in Tab.
5.4. Reaction 1 gives permanent gas (gas*) as a product, reaction 2 tar and reaction
3 char. In the tar cracking reaction, number 4, tar is cracked into permanent gas
and secondary tar (tar*). The permanent gases (gas*) are considered as a mixture
of CO2 and CO and the tar has the properties of benzene. The gas properties are
taken from the VDI Heat Atlas [185].
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Table 5.4: Kinetic data for pyrolysis simulations

Reaction A (s−1) E (kJ/mol) ∆h (kJ/kg)
1) Wood → Gas* 1.3·108 140.3 150
2) Wood → Tar 2.0·108 133.1 150
3) Wood → Char 1.1·107 121.3 150

4) Tar → 0.75 Gas* + 0.25 Tar* 4.3·106 108.0 -50
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Figure 5.4: Total mass in the reactor during pyrolysis until 530◦C.

As for slate, a high scattering is reported for the Nu number, which ranges
from 2 to 6 for the Reynolds numbers of this study [183]. Simulations are done
for values of Nu of 2.5, 5 and 10 and the results of the mass loss evolution over
time are show in Fig. 5.4. As it can be seen there is a good agreement with the
experimental results, especially for Nu in the range 2.5-5. A very good agreement
was also obtained in the simulations with the DPM. This shows that the RPM has
the same ability as the DPM to reproduce these results of fixed-bed pyrolysis.

The influence of the particle model is clearly shown in Fig. 5.5, where the
several reaction rates along the radius of the representative particle of the first control
volume after 1000 s are plotted. In the center of the particle the temperatures are
lower so the reaction rate of the pyrolysis reactions is then lower. It does not happen
to the tar cracking reaction, due to the higher tar concentration in the center of the
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particle. The effect of the particle size will be now analyzed. We should consider
that not just the Nu number has an influence of the heat transfer coefficient α,
but also the particle size influences it (Nu = αdp/λg). In Fig. 5.4 there are also
included simulations with Nu = 5 and a particle diameter of the double and the
half of the real size. 90% conversion is achieved for the reference case after 2730
s. This conversion time is reduced by 11% when the particle size is halved and the
conversion time increases by 32% when the particle size is doubled. For a particle
size the half of the original one the conversion is faster, not just because the heat
transfer coefficient is doubled, that corresponds to the simulation with Nu = 10,
but also because the particle gradients are smaller. For a particle size the double
of the original one the conversion is much slower, again not just because the heat
transfer coefficient is halved, that corresponds to the simulation with Nu = 2.5.
This is more evident when plotting the particle gradients, as in Fig. 5.6 where
the particle gradients of the representative particle of the first control volume after
1000 s are presented. It can be seen for the small particle size that the difference
between the center and surface temperature is small (< 5 K). As the particle size
increases this difference increases to 11 and 39 K for the real particle size and the
double one, respectively. In all cases the fluid temperature of the interstitial gas
phase is around 645 K. Similar results were also reported by Wurzenberger [166] in
his numerical study about intra-particle gradients in slow pyrolysis and drying in a
fixed-bed reactor. He stated that if intra-particle gradients are considered then the
temperature profiles along the reactor axis are not affected that much but drying
and pyrolysis fronts in the bed are extended.

The consideration of the particle model is important not just to consider the
intra-particle gradients, but to have the chance to consider the secondary reaction
of the cracking of the primary tars generated in the particle pores to secondary
tars, especially the heterogeneously cracking on the char surface. With the current
tar cracking reaction kinetics 0.07 (dp/2), 0.1 and 0.2 (dp*2) g of secondary tar
(tar*) are produced (from 1.86 kg of initial wood), and the product composition
remains roughly constant for the three particle sizes: 32% char, 59% tar and 9%
gas*. It should be noted that this tar cracking kinetic parameters were obtained from
Gronli [4] to fit his single particle experiments, where there are higher temperatures
(≥ 800◦C). But as reported in Section 4.4 there is significant tar cracking even
at temeperatures below 400◦C, and it occurs predominantly heterogeneously [63].
But the most commonly employed kinetics, the ones from Liden et al. [66], were
derived with data for fluidized bed flash pyrolysis of hardwood. They claim in that
work that the kinetics should be valid for most biomass particles under 2 mm in
size, when pyrolyzed in a fluidized bed reactor at temperatures of 450◦C or higher;
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Figure 5.5: Reaction rates along the particle radius of the representative particle of the first
control volume after 1000 s of simulation.
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but they were applied to very different conditions. And even more important, the
effect of char in a heterogeneous reaction is not considered. Today there are not
widely availabe heterogeneous and homogeneous tar cracking kinetics, but research
is ongoing in this direction, and to include this information into a reactor model,
the inclusion of the effects of single particles need to be inlcuded.

It is also interesting to consider the influence of shrinkage. Surprisingly, for
the original particle size and Nu = 5, when shrinkage is not included the mass loss
evolution is very similar to the one plotted in Fig. 5.4. The gas temperatures in the
bed during conversion are also very similar. When the particle diameter is decreased
during conversion, the intra-particle gradients are lower, but also the heat transfer
coefficient is reduced. In this case these both effects are almost canceled. However
shrinkage is still important in order to track the particles and to know the height
of the bed. And in other pyrolysis conditions or in gasification it may have a much
higher impact.

In Fig. 5.7 there is a comparison of the temperatures in the bed reported
in [182] and the current simulations. Unfortunately, when DPM was applied to sim-
ulate this experiments [165], there is not information about the temperatures in the
bed, so RPM can not be compared to DPM. It can be seen that at the beginning of
the experiment the temperatures close to the outlet of the reactor from the model
are much higher than the experimental ones. Most probably, as in the heat transfer
experiments, this is due to the lack of a perfect insulation. When time increases
the agreement becomes much better. It can be concluded that in order to check the
predictive capacity of fixed-bed reactor models a more abundant set of experimental
data is required, like information about wall temperatures. Other information, such
as the composition of the released volatiles, would be highly valuable. Currently ex-
perimental work is being carried out in the EVUR institute to provide experimental
data of fixed-bed pyrolysis in a technical scale reactor [186].

5.5 Conclusions

A framework for a multi-scale model for fixed-bed thermo-chemical conversion pro-
cesses of biomass and the respective numerical solution method was introduced: the
representative particle model (RPM). A split is made in the solution of the reactor
model between an incompressible flow with time independent density and the com-
pressible fluid with variable density. The particle model is solved with the previously
developed iterative method. The RPM framework was applied to fixed-bed heating
up and pyrolysis and compared to experimental results available in the literature.
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Figure 5.7: Gas temperatures in the bed at three different times.

The RPM is able to predict the experimental results, describing intra-particle gradi-
ents, in a much more feasible computational time compared to the discrete particle
model (DPM). The importance of intra-particle gradients in fixed-bed pyrolysis is
also highlighted, showing differences in the conversion time of more than 30% when
the particle size is doubled, from a particle diameter of 1.24 to 2.48 cm. It is also
remarked the need of more experimental data to validate fixed-bed reactor models,
including information such as wall temperatures and the composition of the released
volatiles.



Chapter

6
Conclusions

In this work a multi-scale approach to model fixed-bed thermo-chemical processes of
biomass was developed, with the focus on fixed-bed pyrolysis. The molecular, parti-
cle and reactor levels should be considered to describe the processes with adequate
accuracy.

At the molecular level primary pyrolysis of pine wood is described with a
non-competitive scheme with three pseudo-components. The obtained activation
energies of cellulose and lignin pseudo-componenents are, respectively, lower and
much higher than the usually reported values in the literature, where there is a high
scattering. The importance of conducting experiments at several heating rates and
to compare the results from model-fitting methods to the ones of iso-conversional
methods is shown. Primary tar can further react in secondary tar cracking reactions,
but nowadays information about them is scarce. To describe smouldering of pine
wood three pseudo-components are needed to describe correctly the competition
between wood pyrolysis and oxidation with a higher activation energy for wood
pyrolysis than for wood oxidation, behaviour known from the literature and the
application of iso-conversional methods. Both reactions produce char as a product,
which can then undergo char oxidation. Char produced in the TGA, in the absence
of secondary tar cracking reactions, has a much faster oxidation rate than char
produced in a fixed-bed, where there are secondary reactions and therefore also
secondary char is produced.

At the particle level the main assumptions considered to describe pyrolysis
of a single biomass particle were discussed and a particle model was presented and
solved for fixed and fluidized-bed typical conditions. The significant particle gradi-
ents and the importance of shrinkage was shown. To decrease the computational
time to solve a particle model a novel iterative solution method was introduced
and compared to commonly applied solution methods taking into account typical
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process parameters and time step sizes of fixed-bed and fluidized-bed reactors. To
develop this method an analysis of the characteristic time of each phenomenon in
the biomass particle was done. In order to develop the reaction scheme to describe
the secondary reactions of tar cracking fluorescence measurements in close vicinity
to the surface of a pyrolysing beech wood particle were done. The results indicate
that there are secondary heterogeneous cracking reactions of the primary and sec-
ondary tar species occurring in spherical beech wood particles with 25 mm diameter
at conversions higher than 0.6 at a heating rate of 0.3 K/s, while for pyrolysis of
smaller beech wood particles of 0.5 to 1 mm size complete conversion was achieved
without indications of secondary reactions.

At the reactor level the framework for a multi-scale model was introduced:
the representative particle model (RPM). A split is made in the solution of the re-
actor model between an incompressible flow with time-independent density and the
compressible fluid with variable density. The particle model is solved with the pre-
viously developed iterative method. The RPM framework was applied to fixed-bed
heating up and pyrolysis and compared to experimental results available in the litera-
ture. The RPM is able to predict the experimental results, describing intra-particle
gradients, in a much more feasible computational time than the discrete particle
model (DPM). The importance of intra-particle gradients in fixed-bed pyrolysis is
also highlighted.

6.1 Future work

Further work is needed at all levels in order to develop a deeper understanding about
fixed-bed pyrolysis of biomass.

At the molecular level experiments with more biomass species should be
done to determine the relation between the activation energies of pure components
and biomass. The application of iso-conversional methods together with model fit-
ting is suggested to obtain the correct values. Composition of the obtained primary
tars and permanent gases will be also valuable. It is also interesting to determine
how the pyrolysis process influences the reactivity of the produced char, consider-
ing secondary reactions being present or not together with the influence of different
heating rates, maximum pyrolysis temperatures or biomass species.

More information about the reaction scheme of the secondary tar cracking
reactions is needed and also data for the kinetics of the elementary reaction steps,
considering not just the homogeneous reactions but also the heterogeneous reactions
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that occur at the particle level with the presence of char. With this kinetic infor-
mation a single particle model could predict the composition of the volatiles leaving
the particle. More experimental data would also be required to validate the models,
providing information about the temperature evolution inside the particle, the mass
loss and the released volatiles.

At the reactor level more experimental data are needed to validate fixed-bed
reactor models, including information such as wall temperatures and the composition
of the released volatiles, in order to check the predictive capacity of multi-scale
models which apply the knowledge obtained at the molecular and particle level.

Furthermore, the multi-scale approach should be extended to other thermo-
chemical processes, such as fixed-bed drying or gasification.



Appendix

A
Publications

Part of the contents of the present thesis have been already published in the following
peer-reviewed papers:

1. A. Anca-Couce, N. Zobel, A. Berger, F. Behrendt (2012). "Smouldering of
pine wood: Kinetics and reaction heats", Combustion and Flame, 159 (4),
1708 - 1719. doi: 10.1016/j.combustflame.2011.11.015.

2. A. Anca-Couce, N. Zobel (2012). "Numerical analysis of a biomass pyrolysis
particle model: Solution method optimized for the coupling to reactor models",
Fuel, 97, 80 - 88. doi: 10.1016/j.fuel.2012.02.033.

3. A. Anca-Couce, N. Zobel, H.A. Jakobsen (2012). "Multi-scale modelling of
fixed-bed thermo-chemical processes of biomass with the representative parti-
cle model: Application to pyrolysis", Fuel, in print. doi: 10.1016/j.fuel.2012.05.063.

4. N. Zobel, A. Anca-Couce (2012). "Slow pyrolysis of wood particles: Char-
acterisation of volatiles by Laser-Induced Fluorescence", Proceedings of the
Combustion Institute, in print. doi: 10.1016/j.proci.2012.06.130.

Chapter 3 of this thesis is based on publication number 1, with an extended
focus on pyrolysis. Chapter 4 is mainly based on publications number 2 and 3 and
Chapter 5 on publication number 4.

http://dx.doi.org/10.1016/j.combustflame.2011.11.015
http://dx.doi.org/10.1016/j.fuel.2012.02.033
http://dx.doi.org/10.1016/j.fuel.2012.05.063
http://dx.doi.org/10.1016/j.proci.2012.06.130


Nomenclature

Latin symbols
A pre-exponential factor [1/s]
A area [m2]
Bi Biot number [-]
c proportion of a component [-]
cp specific heat capacity [J/(kg K)]
D mass dispersion / diffusivity [m2/s]
dp particle diameter [m]
dpor pore diameter [m]
E activation energy [J/mol]
F friction terms in momentum equation [kg/(m2 s2)]
f1 first friction factor [kg/(m3 s)]
f2 second friction factor [kg/(m4)]
fShr shrinkage factor [-]
fShr−min minimum shrinkage factor [-]
G conductance [W/K]
H convective and viscous terms in the momentum equation [kg/(m2 s2)]
H length of the control volume [m]
Ḣ advection rate [W]
ĥ specific enthalpy [J/kg]
I flourescence intensity [counts]
j mass flux density [kg/(m2 s)]
Mm molecular weight [kg/mol]
m mass [kg]
N number of experiments [-]
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Nu Nusselt number [-]
p pressure [Pa]
Pr Prandtl number [-]
Py Pyrolysis number [-]
Q̇ heat transfer rate [W]
q̇ heat flux density [W/m2]
r radial coordinate of particle [m]
ṙ reaction rate per unit volume [kg/(m3 s)]
R radius of the particle [m]
R̄ universal gas constant [J/(mol K)]
Rc source term in continuity equation [kg/(m3 s)]
Re Reynolds number [J/(mol K)]
S surface area [m2]
s ration surface/volume of the particle [1/m]
TFI total fluorescence intensity [counts]
t time [s]
V Volume [m3]
v general vectorial velocity [m/s]
v particle superficial velocity [m/s]
wz reactor axial velocity [m/s]
X mol fraction [-]
Y mass fraction [-]
z axial coordinate of the reactor [m]

Greek symbols
α conversion [-]
α heat transfer coefficient [W/(m2 K)]
β mass transfer coefficient [m/s]
∆h heat of reaction [J/kg]
ε porosity [-]
η conversion factor [-]
κ permeability [m2]
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Λ, λ thermal dispersion / conductivity [W/(m K)]
λ wavelength [m]
µ viscosity [kg/(m s)]
ν stoichiometric coefficient [-]
ρ density [kg/m3]
σ Stefan-Boltzmann constant [W/(m2 K4)]
ω surface emissivity [-]
ζ Stefan correction [kg/m3]

Subscripts
0 initial value
b relative to the fixed-bed
c relative to char
down downstream
e relative to the energy equation
eff effective
exp experimental
f final value
g pertains to gas phase
i pertains to specie with index i
j pertains to reaction with index j
m maximum
p relative to the particle
rad radiation
sim simulation
s pertains to solid phase
up upstream
V C control volume
w relative to wood
∞ at large distance from particle
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