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Popular science summary

The increasing concern over climate change and global warming has led the people all
around the world to consider replacing fossil fuels with renewable sources of energy
which have a lower impact on the environment. A promising source of renewable
energy is biomass which is a large group of organic materials including wood and other
plant-based materials and also residual waste. Biomass became much more popular
in the past few decades because it offers several advantages over fossil fuels. First,
different biomass sources such as wood, forestry residues, crops, agricultural residues,
vegetable oils, and straws are available all around the world. Second, biomass is a
renewable source of energy that can be replenished over a relatively short time. Third,
biomass can be CO;-neutral if produced in a sustainable way. This means that the
same amount of CO; that was captured by the plant during its growth stage will
be released into the atmosphere after the utilization. These unique features have led
to the rapid growth of biomass applications over recent years. Furthermore, there
are several rules and recommendations all around the world, which motivate further
biomass usage. For instance, there is a target of at least 32% renewable energy in the
European Union’s energy consumption by 2030. Among European countries, Sweden
has the highest share of renewable energy in gross final energy consumption (around
60% in 2020). The largest source of renewable energy is biomass which accounts for
more than 26% of the total energy in Sweden in 2020. This high share of biomass in
the energy sector motivates further research on biomass utilization process to improve
the efliciency of this technology and reduce the harmful emissions.

Biomass can be converted to energy or other types of fuels through thermo-
chemical or biochemical processes. The thermochemical conversion, which is the
main topic of this study, is the act of processing biomass through heat and chemical
reactions. For this purpose, solid biomass is placed in a special device, called a reactor,
which is operated at a relatively high temperature. Depending on the application of
the reactor, some air or other gas mixtures is blown into the reactor which reacts with
the biomass. In some reactors, biomass is directly burned with the oxygen available in
the gas to produce heat. But in other cases, the solid biomass is heated in an oxygen-
free environment and is converted to the other types of liquid or gaseous biofuels,
for instance through chemical reactions with water vapour or carbon dioxide. The
liquid and gas biofuels are easier to use and have many different applications in the
transport sector or electricity production. Hydrogen gas (H;) and carbon monoxide
(CO) and their mixtures, called syngas, are among the interesting products of biomass
thermochemical conversion.

Despite many advantages and the wide range of applications of biomass, there
are some drawbacks such as the emission of nitrogen oxides (NOx — which are harmful

vii



to humans and the environment) and the release of unwanted inorganic elements such
as potassium, chlorine, and sulfur (which are abundant in plant-based biomass and
are harmful to the device and atmosphere), which have to be studied in more detail.
The performance of a biomass reactor can be studied by experimental measurement of
important parameters such as temperature or species concentrations at various loca-
tions in the reactor. However, measurement techniques are usually expensive, cannot
be applied to every type of reactor, and only a limited number of parameters can
be measured at the same time. Therefore, numerical (mathematical) models are also
developed and used to simulate and study the process of biomass thermochemical
conversion. To develop a numerical model, all the physical processes such as fluid
flow, heat transfer, and chemical reactions, are represented as a set of mathematical
equations which are called governing equations. Solid biomass particles have a porous
structure, so the physical processes inside and outside the particle have to be consid-
ered in the governing equations. Typically, these governing equations can be solved
using computers to predict/simulate the biomass conversion process.

In this thesis, the objective is to develop numerical models for the thermochem-
ical conversion of biomass and use the models to better understand the physics of the
process. The main contributions of the thesis are: the development and verification of
a detailed single-particle model, and a new shrinkage model based on the structure of
the wood; the development of a chemical kinetic model for the release of potassium,
chlorine, and sulfur from biomass particles and applying the model to simulate a real
biomass reactor; the development of a model for conversion of several large particles
at the bottom of a reactor, and study of the NOx emissions and reduction methods in
the reactors. These detailed models contribute to the long-term development of sim-
ulation tools that can be used to design and optimize the biomass thermochemical
conversion process and reactors.
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Abstract

The use of biomass as a renewable source of energy has been increasing over the past
few decades, and biomass is regarded as a promising replacement for fossil fuels. Ther-
mochemical conversion of biomass is a common approach for biomass utilization with
a relatively short conversion time. Despite the many advantages that biomass offers
over fossil fuels, the thermochemical conversion of biomass has some drawbacks in-
cluding harmful emissions such as NO and negative impacts of alkali metals such as
potassium, which need to be further studied. Numerical modelling is a powerful tool
that compliments the experimental measurements for studies on biomass conversion
and its challenges.

In this thesis, numerical models are developed with a focus on different scales
of biomass conversion, ranging from single particles to reactor-scale simulations. A
detailed mesh-based particle model is developed to study the intra-particle phenom-
ena, as well as the reactions surrounding the particle. The model is used to study
the effects of particle shrinkage, anisotropic heat transfer, and the stiff problem of
particle-surrounding gas coupling. Moreover, a new anisotropic shrinkage model is
proposed that correlates the axial and radial shrinkage of particles to the decomposi-
tion of main wood components, i.e., cellulose, hemicellulose, and lignin. Finally, the
particle model is used to study the stages of hydrogen release during pyrolysis and the
effects of wood inhomogeneities on particle conversion.

Potassium release from biomass can cause numerous problems in the reactors,
namely, corrosion, slagging, fouling, and aerosol formation. A new detailed potassium
release model is developed in the current study, which for the first time, takes into
account the effects of variables such as fuel type and ash composition, conversion
temperature, and surrounding atmosphere. The model is validated against different
experimental measurements from the literature in terms of the prediction of different
types of potassium in residual solid, the total potassium, chloride, and sulfur in solid,
and also the gas-phase potassium-containing species downstream of reacting particles.
Later, the developed potassium model is used in a CFD simulation of an entrained
flow gasifier to study the gasification process and the potassium release in the reactor.

Numerical studies are also carried out to investigate the performance and NO
emissions from fixed-bed biomass reactors. A novel method is proposed to handle the
complicated tar species and their decomposition in the freeboard of a lab-scale fixed
bed reactor. The model is used to study NO emissions from the same reactor and the
performance of selective non-catalytic reduction (SNCR) for NO reduction. In alater
study, the bed is also included in the simulations with a fast-solving 2D bed model.
The model is based on the detailed simulation of thermally-thick particle conversion
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at different conditions. The simulation results are tabulated and then used to extract
the source terms for particles in the fuel bed at different times and locations.
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Chapter 1

Introduction

1.1 Motivations

Biomass is a renewable source of energy that is widely used as a replacement for fossil
fuels to control global warming and climate change. Biomass offers many benefits
as it is available worldwide, is CO; neutral, and has a wide range of applications.
Based on the statistics from the World Bioenergy Association (WBA), around 17%
of the gross final energy consumption in 2019 was from renewable sources, where
biomass accounts for 70% of the renewables [1]. This marks biomass as the main
source of renewable energies and the fourth largest source of energy in the world
(after oil, natural gas, and coal) with a share of 12% in the total energy consumption
(1]. Energy production from renewable sources and biomass in specific is expected
to increase even more in the coming years, because of the new environmental laws
and directives all around the world. For instance, the renewable energy directive in
Europe sets a target of at least 32% renewable energy in the EU’s energy consumption
by 2030 [2].

The mentioned directives and other regulations greatly changed the share of
different energy sources over the past few decades. The gross available energy from
different sources from 1990 to 2020 in Europe (data obtained from Eurostat database
[3]) is presented in Fig. 1.1. It can be observed that the share of solid fossil fuels has
been decreasing while the energy from renewable sources has been increasing over
the years. Since 2018, renewables surpassed solid fossil fuels and also nuclear heat
and became the third largest source of energy in Europe after oil and natural gas. In
Sweden, the ambition for utilization of renewable energy sources are even higher than
in the rest of Europe. The gross available energy sources in Sweden [3] are presented



in Fig. 1.2, which shows that since 2010, the largest portion of Energy in Sweden is
obtained from renewable sources. Based on the data from the International Energy
Agency (IEA) [4], energy from biofuels and waste is the biggest source of renewable
energy in Sweden, and in 2020, it was the second largest source of total energy supply
with 26.6%, only surpassed by nuclear energy with 26.9% share.
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Figure 1.1: Gross available energy from different sources in Europe between 1990 to 2020 [3].

Renewables and biofuels —+—  Oil and petroleum —=—
Solid fossil fuels Nuclear heat
Natural gas —=—

1x108 ; ,
900000 |
800000 |

700000 vad/ J_E\E\s\ﬂ/h
600000 | ~*\k\/‘,ﬁ~«”’*
500000 ;ﬂ,”*\g/K\/”*\(/ ‘k‘kﬂ\ffk"ﬂ‘\\
400000 |
300000 |-

200000 -

100000 F
- ‘,"‘\ﬁ—*_‘_*_ﬁ_‘—g_*_'d
0 T T I L

1990 1995 2000 2005 2010 2015 2020
Year

Gross available energy [Tera Joules]

Figure 1.2: Gross available energy from different sources in Sweden between 1990 to 2020 [3].

The above discussion highlights the significant role of biomass as an energy
source all around the world and especially in Sweden. Based on the trends in en-
ergy supply over the past few decades, it is expected that the applications of biomass
in the energy sector will expand even more in the coming years, which motivates fur-
ther research in this field. Biomass conversion for energy production is a complicated



process that should be studied with a focus on different scales. Experimental mea-
surements and numerical modelling are the two main tools for the study of biomass
conversion, and the focus is on the latter in the present thesis. The multi-scale con-
version of biomass and its challenges, and how they can be improved by numerical
modelling are introduced in the next sections of this chapter. Finally, the contribution
of the present thesis is explained at the end of this chapter.

1.2 Biomass conversion

Biomass is referred to organic and usually plant-based material such as wood, agricul-
tural residues, forestry residues, grasses and straws, energy crops, or in a wider view,
municipal and food waste can also be considered as biomass [5, 6]. The main source
of biomass is plant-based (also called lignocellulosic) which can be converted to other
types of fuel or energy through biochemical or thermochemical conversion. The ther-
mochemical conversion of biomass, which is the main focus of the present work, is
the fastest and the most efficient method for biomass utilization [7]. The main types
of thermochemical conversion are pyrolysis (devolatilization), gasification, and oxi-
dation (combustion) which are explained in the following.

Pyrolysis is the decomposition of initial solid fuel in a hot and inert atmosphere
which leads to the release of volatiles and the formation of char. The main volatile
species that are released during pyrolysis (or devolatilization) are water, permanent
gas, and tar. Permanent gas (also referred to as gas or light gas) is a mixture of volatile
species released during pyrolysis which are in the gas phase at room temperature. Hy,
CO, H,0, CO;, and CHy are the main components of gas which are produced dur-
ing pyrolysis [8]. Tar is also a mixture of volatile species that are released during
pyrolysis, but tar (also called bio-oil) species are in condensed form at room tempera-
ture. The composition of tar is more complicated than gas and it can contain various
molecules with different molecular weights and properties. The residual solid after
pyrolysis is called char (also bio-char or charcoal) which is highly rich in carbon and
is comparable to coal. The pyrolysis process is endothermic meaning it requires en-
ergy to progress. However, the gas, liquid, and solid-phase products of pyrolysis are
all combustible, and they can be used in different devices to produce energy. The
ratio of gas, tar, and char in the pyrolysis products is dependent on many factors,
such as maximum temperature, heating rate, particle size, and fuel type. Especially,
temperature has a high impact and generally a higher temperature leads to a higher
gas, and lower tar and char production. Torrefaction is a mild type of pyrolysis per-
formed at low temperatures to produce char. In some cases, pyrolysis can be used as
an independent technology to produce secondary types of biofuels. However, pyrol-
ysis is also studied because it is an important stage of biomass conversion in any other



technology such as combustion or gasification.

Biomass combustion and gasification are among the most important technolo-
gies for biomass utilization. In both combustor and gasifier reactors, the biomass
particles are injected into the hot atmosphere of the reactor to undergo drying and
pyrolysis first. In a combustor, enough oxygen is available for the complete combus-
tion of volatiles and char, and the combustors are used for direct energy production.
However, in a gasifier instead of oxygen, the atmosphere is rich in CO, or H,O. After
pyrolysis, the char reacts with CO; and H,O which leads to the production of a gas
mixture which is rich in CO and H;. The produced gas which is called synthesis gas or
syngas has a high calorific value and it can be used as a clean fuel in other combustion
devices. Similar to pyrolysis, char gasification is an endothermic process and is used to
produce secondary types of biofuels. The energy required for the gasification process
can be obtained by partial combustion of the char or volatiles. Char gasification and
oxidation are heterogeneous reactions happening between solid and gas phases, at the
surface of the char pores. The heterogeneous char reactions are generally more com-
plicated than the homogeneous gas-phase reactions, as they depend on many factors
such as temperature, the diffusion rate of the reactant and product gases, particle size
and structure, and concentration of inorganic elements inside biomass which can act
as a catalyst for the reaction [5, 9]. Some of the mentioned parameters such as the
particle size and the operating temperature are determined by the requirements of the
biomass conversion device. Hence, it is important to know the main characteristics
of different devices that are used for biomass conversion.

The combustion and gasification of biomass can be carried out in fixed (or mov-
ing) bed, entrained flow, and fluidized bed reactors [9]. Large biomass particles which
have a long conversion time are usually converted in fixed-bed reactors. Fixed bed re-
actors are relatively insensitive to particle size and moisture content which makes their
design and fuel processing more simple. However, the temperature and heating rate
are relatively low in this design, which promotes tar formation, which is not the de-
sired product, especially in gasifiers. Moreover, it is not easy to maintain a stable flame
front in a large bed of fuel particles, so fixed bed reactors are mainly used in domestic
or small-scale industrial applications [9]. In fluidized bed reactors, the biomass par-
ticles should be small enough to be suspended by the fluid flow. In addition to the
biomass particles, inert sand particles are also injected into the fluidized bed which
helps to keep the bed temperature high and the process of gasification/combustion
continuous. Fluidized bed reactors have a better mixing and a higher conversion
rate compared to fixed bed reactors, and they have the possibility to be scaled up
to medium and large scale [9]. On the other hand, the design of this type of reac-
tor is more complicated and the temperature inside the reactor has to be limited to
avoid sand melting and bed agglomeration. The entrained flow reactors are used for



large-scale systems, in which very small fuel particles are injected into the reactor and
converted at high temperature and low residence time [10]. In this design, the tem-
perature can be higher than in the fluidized bed reactors, since there is no sand in the
system and the liquid ash can be removed easily [11]. The high temperature in this
type of reactor improves the carbon conversion efficiency and also leads to the pro-
duction of a gas that is almost tar-free, which is highly important for gasifiers [9, 12].
The main drawbacks of entrained flow reactors are the cost of size reduction of fuel
and the problems such as slagging or corrosion associated with the high alkali content
of biomass, which are more significant at higher temperatures.

1.3 Challenges of biomass conversion

There are some challenges and complications related to biomass thermochemical con-
version and further research is still required to improve the design of conversion de-
vices. The main problems can be categorized as those related to emissions to the en-
vironment, ash and alkali-related problems, and conversion efficiency and products.
Such problems and some of the known solutions to overcome them are discussed in
the following.

Similar to any combustion device, biomass reactors and especially combustors
can emit some harmful species into the environment, which has to be controlled.
Compared to fossil fuels, biomass has the advantage of being CO,-neutral so it has
a lower contribution to global warming. However, biomass combustion can lead to
harmful emissions such as NO,, SO, and soot and unburned hydrocarbons. In this
thesis, the main focus is on NO emissions and for other types of pollutants from
biomass combustion, the readers are referred to the review by Williams et al. [13].
Nitrogen oxides which are produced in almost any combustion device are important
because NO and NO; are acid rain precursors and participate in the generation of
photochemical smog, and N, O is a greenhouse gas [14]. In biomass combustors, NO,
can be formed from the atmospheric N3 in the air (thermal and prompt pathways),
or from the solid fuel-bound nitrogen (fuel-N). The fuel-N is known to be the dom-
inant source of NO, from biomass, and oxygen availability and the nitrogen content
of the fuel are among the most significant parameters affecting the NO, formation
[14]. During biomass conversion, the fuel-N is released to the gas phase in the form
of HCN, NH3, and HNCO, which can later react in the gas phase to produce NO,.
The gas-phase reactions for formation and reduction of NO, in biomass combustors
have been studied and detailed and skeletal reaction mechanisms have been proposed
for the simulation of this process [15, 16, 17]. Three main methods are used for the
reduction of NO emissions which are the use of low NO, burners or oxy-fuel com-
bustion, selective non-catalytic reduction (SNCR), and selective catalytic reduction



(SCR) [18, 14]. In the first method, the temperature field and the mixing with oxygen
are controlled in the burner to minimize the NO emissions. In SNCR, ammonia is
injected at a specific temperature range in the burner which reacts with NO to form
other N-containing species such as N,. SCR is similar to SNCR but it is applied to
the flue gas at a lower temperature, and a catalyst is used to enhance the ammonia
reactions. SCR is very effective in NO reduction and is widely used in the exhaust
system of motorcars, but the alkali metals from biomass can react with the catalyst
leading to its deactivation. For this reason, SNCR becomes more appropriate for
biomass combustion, and this method is examined as a part of this study.

Biomass has a relatively higher content of alkali metals compared to coal. Espe-
cially, biomass has a high potassium (K) content, which together with other elements
such as chlorine (Cl) and Sulfur (S), can cause a lot of problems such as fouling,
slagging, corrosion, and agglomeration of bed media [19]. The K-CI-S elements from
biomass can release into the gas phase in the form of KCI which is highly corrosive and
K,SO4 which facilitates aerosol formation [20]. The release of K-containing species
(called K-release for brevity) is a complicated process and is dependent on many pa-
rameters. The type of biomass and composition of ash-forming elements play an im-
portant role because some elements such as Cl, Magnesium (Mg), and Calcium (Ca)
facilitate, and others such as Silicon (Si) or Aluminum (Al) prohibit the K-release
[21]. The occurrence form of the elements is also important because they are available
in both organic and inorganic forms, and each form follows a different pathway for
transformation and release [22]. The major part of K in different types of biomass is in
the form of inorganic salt namely KCl, K;CO3, and K;SO4. Conversion of biomass
at high temperature increases the evaporation rate of inorganic salts and high H,O
concentration increases the dissociation rate of K;CO3 and K;SO4 which leads to
KOH formation [21]. The release of inorganic salts is highly important in entrained
flow gasifiers (EFG) because the temperature and H,O concentration are very high
in this type of reactor. Other known parameters that are effective on the K-release
are the size and structure of the particles which affects the diffusion rate, and also the
conversion atmosphere where combustion in O, increases and gasification in CO,
decreases the K-release from biomass [22].

The carbon conversion efficiency and the composition of the products are among
the most important parameters of interest in biomass conversion, especially in gasi-
fiers. The case of biomass combustion is quite straightforward because, in ideal con-
ditions, all of the char and volatiles are oxidized in combustors, so the major products
will be a mixture of CO,, H,O, O3, and N,. The mass fraction of combustion prod-
ucts can be determined based on the C, H, and O content of the original fuel. In
pyrolysis, the gas-phase products are highly sensitive to temperature and heating rate.
A higher heating rate generally leads to lower tar and char and a higher gas produc-



tion [8]. Furthermore, more hydrogen will be released to the gas phase by pyrolysis
at higher temperatures [23] which is important for the production of H, or Hj-rich
mixtures. In biomass gasifiers, both carbon conversion and gas-phase products are
important, which are both dependent on the type of the device and operating con-
ditions. In fixed bed gasifiers the residence time of the particles are high and in the
EFGs the temperature is high, so near complete carbon conversion is expected in both
devices [9]. However, additional care is required in the operation of a fluidized bed
gasifier to achieve a high carbon conversion, because of the moderate temperature and
residence time [9]. The gas composition that is produced in a gasifier is dependent on
the temperature, heating rate, particle size and residence time, and the partial pressure
of the gasifying agent. One of the main challenges in biomass gasifiers is to produce
a gas mixture that is rich in CO and H; (syngas), that can be used as a fuel in other
devices.

Further research is still required to improve biomass conversion devices in re-
gard to pollutant emissions, alkali release, and product composition. Experimental
measurements and numerical modelling are the main two methods which are used
to increase the current knowledge in this field. Performing experiments provides re-
liable information on the matter, but the experiments are usually expensive and only
a limited number of variables can be measured in each experiment. Numerical mod-
elling is an alternative approach which complements the experimental measurements.
Model predictions have to be compared with some experimental data for validation of
the model. After that, the model can be used to extract more information about the
process or be used to improve the design or operating conditions of the device. The
most recent numerical models from the literature which are relevant to the objectives
of this thesis are summarized in the next section.

1.4 Numerical modelling

Biomass conversion is a multi-scale problem and various types of numerical models
are developed each with a focus on a specific range of time and length scales. The span
of scales involved in biomass conversion is very wide, ranging from fast reactions in
micro-pores of the solid to very slow char conversion of large particles in an industrial
reactor. The numerical models that are used for the study of biomass conversion can
be categorized into particle, bed, and reactor models. In all models, a kinetic model is
required to simulate the reactions at different scales. A brief overview and the recent
advances in these models are presented in the following.

Single particle models are used to study the thermophysical phenomena inside
and around a single biomass particle. The particle models are categorized into two



groups based on the conversion regime which is determined by Biot number (Bi),
the ratio of the convective to conductive heat transfer in the particle [24]. The small
particles that have Bi<1 are converted in a thermally thin regime, which means the
temperature inside the particle is almost uniform. This considerably simplifies the
thermally thin particle models because the particle conversion becomes dependent
on a single temperature. In this case, no spatial discretization is required inside the
particle and all governing equations are expressed as Ordinary Differential Equations
(ODE) with time as the only independent variable. On the other hand for larger par-
ticles in the thermally thick regime that have a Bi>>1, the process is more complicated
because the intra-particle heat and mass transfer cannot be neglected. In that case,
spatial discretization is required to solve the partial differential equations (PDEs) gov-
erning the conversion of the particles. Interface-based [25] and mesh-based methods
[26, 27] are the two main approaches used for single particle modelling. The mesh-
based models are generally more accurate than interface-based models at the expense
of a higher computational cost. The mesh-based modelling can be carried out using
a 1D [28], 2D [29], or 3D [30] domain. The 2D and 3D simulations can include
the anisotropic characteristics of wood (such as heat and mass diffusion and shrink-
age) and they can be easily coupled to CFD solvers to model the gas-phase reactions
around the particle. One of the main challenges in the simulation of the particle and
the surrounding gas phase is the significant difference between the time scales of the
particle conversion and the combustion of volatiles around the particle. Different
types of particle models can be used in the simulation of the bed or the freeboard of
a biomass reactor.

Bed models are required for the simulation of biomass conversion in a fixed or
moving grate reactor. In most studies, the models have been developed for a batch
(packed bed) reactor, because for a moving grate, the distance travelled over the bed
can be converted to the time spent in a packed bed [31]. The most simple approach
to model the bed is the so-called porous bed model [32, 33]. In the porous bed
model, the bed is considered as a homogeneous media and is discretized (usually one-
dimensional) in a way that all fuel particles in a grid cell are assumed to be at the
same temperature. The temperature gradient inside the particles is neglected in this
method, which is a reasonable assumption for small particles in the thermally thin
regime. However, relatively large particles in the thermally thick regime are converted
in fixed-bed reactors, so the intra-particle gradients cannot be neglected [34]. To
overcome this problem, simplified and fast-solving interface-based particle models
are developed to be coupled to the bed model [35, 36, 37]. More expensive mesh-
based particle models are also used in some bed simulations, but a coarse grid is used
for both the bed and the particle to make the simulation possible [38]. In general,
the main challenge in bed simulations is the high computational cost of the models.
Therefore, it is not easy to include detailed particle models, detailed chemistry, or 2D
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or 3D discretization in the bed model. Such details are important in some studies
such as the simulation of channelling problem in the bed [39]. More research has
to be done and new methods have to be developed to allow adding more details to
the bed simulations. A bed model can be coupled to a CFD solver of the freeboard
to have a complete model of the fixed-bed reactor. Different types of reactor-scale
models are introduced in the following.

The largest scale of biomass conversion modelling is the CFD simulation of
biomass reactors. The kinetic, particle, and bed models (for fixed bed reactors) can all
play a part in a comprehensive model of a biomass conversion device. Modelling of
the fluidized bed and entrained flow reactors are considerably different from fixed bed
reactors. In fluidized bed and entrained flow reactors, the most common approach is
to use an Eulerian-Lagrangian approach [40, 41, 42]. In this approach, the dispersed
biomass particles are tracked in Lagrangian and the continuous fluid phase is modelled
in the Eulerian frame of reference. Since the particle size is relatively small in entrained
flow and fluidized bed reactors, the thermally thin particle models are commonly used
in their simulations. The simulation of fixed bed reactors is different in the sense that
particles are stationary (or moving with the grate). It is possible to model the fixed
bed reactors with different strategies. The first approach is to model the bed separately
to get an estimate of the volatiles that enter the freeboard (as a function of time, or
steady-state conditions). Then the mass flow and concentration of the volatiles can
be used as a boundary condition for CFD simulation of the freeboard [43, 44]. A
more advanced method which has a higher computational cost is to couple a bed
model directly to the CFD solver to simultaneously model the reactions in the bed
and freeboard [45, 46]. By this method, a two-way coupling of bed and freeboard
is possible so the effects of gas-phase reactions on the bed can also be included in
the model. Reactor scale simulations are commonly carried out to study the overall
performance of the reactor or the composition of the product mixture, especially in
fluidized bed reactors [41]. More research is still required on pollutant emissions and
potassium release, and the possible methods to reduce the problems associated with
them.

In all of the mentioned models at different scales, kinetic models are required to
simulate the reactions related to conversion of solid particles or the gas phase. Some
of the kinetic models related to solid particle conversion are the simple and detailed
pyrolysis mechanisms [47, 25, 23] and the char oxidation and gasification kinetic
models [5]. Furthermore, over the past few years, single-step and multi-step kinetic
models are developed for the release of potassium from solid biomass, e.g., the re-
cent models developed in our group [48, 49, 50]. For the gas-phase reactions kinetic
models are developed for tar cracking and combustion, NO emissions, and gas-phase
potassium chemistry. A detailed kinetic model is developed by the CRECK mod-
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elling group for the decomposition and combustion of complicated volatile mixtures
[51]. This reaction mechanism involves 486 species and more than 16,000 reactions
and is computationally expensive for CFD simulations. However, a compact and
reduced kinetic model is derived based on the CRECK mechanism for the decompo-
sition of tar species in an inert atmosphere which is suitable for CFD simulations as
well [52]. Detailed [15] and skeletal [16, 17] kinetic models are developed to study the
nitrogen chemistry during biomass combustion. A detailed kinetic model is proposed
for the gas-phase reactions of K-CI-S species [53] and a skeletal model is developed
later which can be implemented in CFD simulations [54]. Selecting the appropriate
kinetic model is an important step in numerical modelling of biomass conversion,
because in general, more detailed kinetic models lead to more reliable results at the
expense of a higher computational cost.

Based on the above discussion, significant studies were dedicated to the mod-
elling of biomass conversion over the past few decades. However, there are still some
research gaps which require further studies. Some of the research gaps that are inves-
tigated in this thesis are: (1) more detailed particle models which include the effects of
anisotropic wood properties and wood non-homogeneities are still needed for thick
particles; (2) the release of K-CI-S from biomass at different operating conditions is
not very well known; (3) NO emissions and possible methods for the reduction of
NO emissions from biomass devices have to be studied; and (4) more advanced bed
models are required to study the fixed-bed reactors in more details. In the next sec-
tion, the main contributions of this thesis regarding the mentioned research gaps are
discussed.

1.5 Thesis contribution

The main objectives of the present thesis are to further develop the numerical models
and use the models to study the biomass conversion process. Each paper included in
this thesis covers a part of the knowledge gaps discussed in the last section. The main
contribution of the thesis through each paper is presented as follows.

In Paper I, a detailed mesh-based, multi-region particle model is developed and
used for the study of single particle pyrolysis and combustion in a thermally-thick
regime. The proposed model can predict the temperature distribution inside the par-
ticle, the products of conversion, and temporal mass loss of the particle during various
stages of conversion, i.e., drying, pyrolysis, and char combustion. The model is ex-
tensively validated against various experimental measurements from the literature and
then is used to study the effects of anisotropic heat conductivity in the model and also
a possible solution to the stiff problem of coupling the particle model to the surround-
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ing gas phase simulation. In Paper II, the same particle model is used to study the
stages of hydrogen release during biomass pyrolysis. A novel anisotropic shrinkage
model is proposed which correlates the particle shrinkage to the conversion of cel-
lulose, hemicellulose, and lignin, which are the main components of the wood cell
walls. The model is developed based on the temporal measurement of the axial and
radial dimensions of wood dowels during pyrolysis up to 1273 K. Using the model,
pyrolysis is divided into four different stages with different characteristics related to
hydrogen release and gas phase products.

Another contribution of the thesis is related to the development and validation
of a new detailed model for the release of K-CI-S species from biomass, which is pre-
sented in Paper III. The model involves 12 solid species and 13 reactions to simulate
the main pathways of transformation and release of potassium species. The model
prediction for different parameters related to potassium release is compared and vali-
dated against different experiments from the literature. Three main parameters related
to K-CI-S release that can be predicted by the proposed model are: (1) the types of
potassium (organic, inorganic, and stable) that remain in the solid after pyrolysis or
combustion at different temperatures; (2) the residual mass fraction of K, CI, and S
in the solid after combustion at different temperatures; (3) the concentration of the
gas phase K-containing species (atomic K, KCl, and KOH) at the vicinity of burn-
ing particles. The proposed model is coupled to a reactor scale CFD simulation of a
140 kW EFG to study the K-release during gasification and the results are presented
in Paper IV. To the best of authors’ knowledge, this was the first attempt to study
the K-release in a biomass reactor using a detailed K-release model. In this paper, the
gasification process and the main processes that are active at different locations inside
the EFG are studied. The concentration of water and gas temperature inside the re-
actor and also the gas-phase composition at the gasifier outlet are compared against
experimental measurements from an earlier study. On the other hand, the concen-
tration of gas-phase K, KCI, and KOH is compared with experimental measurements
to examine the validity of the K-release model in reactor scale simulations. Finally,
the model is used to study the different stages and pathways of K-CI-S release during
the gasification process.

The last two papers that are included in this thesis are focused on the study of
fixed-bed biomass combustion. In Paper V, the gas-phase reactions in the freeboard
and NO formation and reduction are discussed. To model the boiler freeboard, the
most common volatile (tar and gas) species from biomass pyrolysis are identified us-
ing a detailed single particle model from an earlier work. A method is developed to
estimate the mass fraction of volatile species right above the bed in a way that satis-
fies the elemental and energy balance in the bed. Two reduced reaction mechanisms
from the literature, one for tar decomposition and one for hydrocarbon combustion
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and NO emissions, are coupled to study the gas-phase reactions in the reactor. The
model predictions for major and minor species at different heights along the reactor
are validated with experimental measurements from the literature. The possibility of
SNCR for NO reduction in this specific boiler and the effective parameters on the
performance of this method are investigated. In Paper VI, a tabulation-based model
is developed for the simulation of the fixed bed reactors. The model is based on pre-
processing the pyrolysis of thick particles in different conditions using the detailed
particle model presented in Paper I. The temperature range for table generation is re-
lated to that in a fixed-bed reactor. The generated tables are used to include the intra-
particle processes in the 2D bed model, without the need to run the computationally
expensive particle model. The tabulation method is validated for the conversion of a
single particle and three stacked particles and the results are compared to the detailed
particle model. Finally, the tabulation method is used to model the combustion in a
batch reactor and the temperature evolution and the flame propagation speed in the
bed are compared with the experimental measurements. The bed model is coupled to
a CFD solver of the freeboard to have a comprehensive model of a fixed bed reactor.
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Chapter 2

Theory and modelling

Thermochemical conversion of biomass is a multi-scale problem and specific models
have been developed and presented for each scale. In this chapter, the mathematical
description of the different models that have been developed for the particle scale,
potassium release, fixed bed, and freeboard simulations are presented.

2.1 Particle models

Biot number, Bi, is the ratio of convective to conductive heat transfer to a particle
and is a decisive parameter in particle modelling. The Biot number can be defined as

h,
Bi = '4%

Kp

) (2.0

where d), is the (equivalent) particle diameter and &, is the conductivity of the solid
particle. /@ﬁr is the effective heat convection coefficient, in which both the radiative
and the convective heat transfer coefficients are considered. The convection coefficient
can be calculated by the Nusselt number, Nu, and the radiation coefficient can be
calculated based on the particle surface temperature, 7, and the radiation source
temperature, T,,,. Hence, the effective heat convection coefficient becomes [55]
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where i is the surrounding fluid conductivity, o is the Stefan—Boltzmann constant,
and € is the emissivity factor.
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Based on the Biot number, the conversion of the particle is either in a thermally
thin or thermally thick regime. The temperature gradient inside a thermally thin
particle (Bi < 1) can be neglected which simplifies the problem and the governing
equations for the particle. This is not the case for larger particles in the thermally
thick regime (Bi > 1) and the temperature distribution inside the particle should
be considered. In the following, the governing equations for both types of particles
are presented. The thermally thin particle model is used in Paper III and Paper IV to
study the potassium release from single biomass particles or in an EFG. The thermally
thick particle model is developed and used in Paper I and is later used to study the
anisotropic shrinkage and hydrogen release from a single particle in Paper II.

2.1.1 'Thermally thin particle model

For particles in the thermally thin regime, all properties inside the particle can be con-
sidered uniform. Therefore, the governing equations for thin particles become a set
of ODE:s that are only a function of time. The mass balance and energy conservation
equations for a thin particle can be expressed as

dm, . : .
Z = §Raz’ryl'ng + §Rlz))/rolyxix + %dmr ) (2.3)
a, . . . .
mp"p? = Qconv + de + Qa’;ying + varolyxix + Qrbﬂr,s ) (2.4)

where My, Cps and T, are the mass, specific heat capacity, and temperature of the
particle, respectively. Q,,, is the radiative heat transfer and is calculated by a radiation
model, and the convective heat transfer to the particle can be calculated by

Qcam/ = bmnvAp(T:g - T})) ) (2.5)

where 4, is the particle surface area, and 7 is the gas temperature surrounding the
particle. The other source terms in mass and energy equations are calculated through
submodels for drying, pyrolysis, and char conversion, which are presented in Sec-
tion 2.2.

The thermally thin particles are relatively small and in a fluidized bed or en-
trained flow reactors, they constantly move by the fluid flow. The momentum equa-
tion for the movement of the thin particles is in the form of

dmy Uy Pg
7 =fpp+ gl — p—p)mp , (2.6)

where My, Pps and U, are particle mass, density, and velocity vector, fD,}7 is the drag
force vector and ¢ is the gravitational acceleration vector.
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2.1.2  'Thermally thick particle model

For the thermally thick particles, the temperature and other properties inside the par-
ticle are not uniform. Hence, the variables are dependent on both time and location
and the governing equations are in the form of PDE. In this case, the equations and the
computational domain have to be discretized and a computational grid is required.
2D and 3D grids can be used for spherical and cylindrical particles, such as those
presented in Fig. 2.1a—d. Furthermore, the particle region can be coupled to the sur-
rounding region as in Fig. 2.1e, based on the multi-region approach that is explained
in Paper I. The governing equations for the thick particle model were presented and
discussed in detail in Paper I, and a summary is also presented here.
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Figure 2.1: Different 2D and 3D grids used for uncoupled particle simulations (a—d) or coupled simulations (e).

The biomass particle is a porous media which can contain solid, liquid, and gas
phases at the same time. At low temperatures before the moisture content of the
particle evaporates, the liquid water is trapped within the pores of the particle, and its
movement can be neglected. Neglecting the movement of liquids within the pores,
the governing equations for the solid and liquid phases become similar. The mass
balance equation for the solid and liquid species can be expressed as

Opsi
ot

and the continuity equation for the gas phase is

= R,,, 2.7)

o .
EP (epg) + V- (epU) = Ry (2.8)

In the above equations, p;; is the density of the 7th solid or liquid species and R, ;
is the source term for the same species due to drying, pyrolysis, or char conversion
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reactions. p, and U are the density and velocity vector of the gas phase inside the
particle, and R, is the total gas formation due to particle conversion. The total gas
formation rate is equal to the sum of the formation rate of different gas-phase species,

N, gas

Re=> Ry, (2.9)
J

—
where R, ; is the formation rate of j'th gas-phase species due to particle conversion.

The fluid velocity vector inside the particle can be estimated by the Darcy equa-
tion,

U= —Kv;; , (2.10)
iz

where p and p are the gas pressure and dynamics viscosity, respectively, and K is the
permeability of the particle which can be calculated based on the pore diameter, .,
and local porosity inside the particle, €, using [50]

.2

K=" 2.11

180(1 = 2)2 @1
Various gas-phase volatiles are produced during the particle conversion and the

transport equation for the volatiles inside the porous particle can be expressed as

0 )
92 (epY) +V - (ep,UY) =V - (0 Dy V) + Ry, (2.12)

where Y is the mass fraction of the jth volatile species and Dy, is the effective pore

diffusivity.

The local thermal equilibrium assumption is considered in the model meaning
that the three phases of solid, liquid, and gas have the same temperature, 7 at each
specific location inside the particle. Hence, one energy equation can be solved for the
whole particle, which is expressed as

oT .
(pfﬁ) tot E + €pgfngVT: V- (Heﬁvj—) + Qrmf 5 (2-13)

where Cp, is the heat capacity of the gas mixture and Q,, is the heat generation due
to particle conversion. The derivation of the energy equation for the solid particle is
presented in Appendix A.1. (pc,) , can be calculated as

to

N, gas Niiid | liquid
(pcp)m = EPgCp, T PsCp, = 5,ogz Yiep, + ps Z Y i, - (2.14)
j i
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The ko gin Eq. 2.13 is the effective heat conductivity in the porous media which in-
cludes conduction and pore radiation by

K{f: Beond + Krad (215)
where
Naas Nislid, liquid
Keond = EkKg + (1—¢e)Rr;=¢ Z Yik; + Z Y, ki, (2.16)
and
0 P dypre
Krad = - (2.17)

In the above equation, € is the local emissivity inside the particle pores which can be
calculated as a mass-weighted average of the emissivity of different solid components,
i.e., biomass, char, and ash, so that

Neolia

€= Z Y, i dni - (2.18)

More details on the thick particle model and also the parameters that are used
in the model are presented in Paper I.

2.2 Submodels for particle conversion

Biomass particles in both thermally thin and thermally thick regimes undergo three
main stages of conversion that are drying, pyrolysis, and char conversion. The main
difference between thin and thick particles is related to the temperature distribution
inside the particle, which significantly affects the progress rate of all stages of conver-
sion. Therefore, the local temperature inside the particle should be used for the thick
particles, and the particle temperature, T, for the thin particles. On the other hand,
the progress of char conversion is also controlled by mass diffusion to the particle,
which is handled differently for thin and thick particles. The details of the conversion
submodels that are used in different papers are presented in the following.

2.21 Drying

Drying is the first stage of biomass conversion, during which the moisture content of
the biomass is evaporated and released into the surrounding. Three types of drying
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models are used in the literature, i.e., the heat flux, equilibrium, and chemical reaction
models [27]. It was found that the three methods lead to very similar predictions,
especially at higher temperatures [27]. So it is intuitive to use a method that is easier
to implement in the simulation. A brief description of the equilibrium and chemical
reaction methods, which are used in different parts of this thesis, is presented in the
following.

The chemical reaction model is a simple and stable model for particle drying,
and it is used in Paper I and Paper II to model the drying of thick particles. In this
model, evaporation is considered as a reaction to convert the liquid water to water
vapour, where the reaction rate per unit mass is expressed in the Arrhenius form,

r=Aexp (—E/(R,T)) [l/s], (2.19)

where A and E are the pre-exponential factor and the activation energy of the reaction,
respectively. Here, rate constants of 4 = 5.13 x 10'° [1/s] and E = 88 [k]/mol] are
used to model the drying [57].

The equilibrium model is slightly more advanced than the chemical reaction
model and is used in Paper III and Paper IV to model the drying of thin particles. In
this model, the drying rate is estimated by

éﬁedrying = bmAprater(Cwmer,S - Cwﬂter,g) [kg/ S] 3 (220)

where 4,, is the mass convection coefficient, 4, is the particle surface area, and M43, is
the molecular weight of water. Ciyurer,s and Cygrer, g are the water vapour concentration
at the particle surface and in the gas phase surrounding the particle, respectively. The
Cuaters is calculated by the saturation vapour pressure of the water at the particle
surface temperature.

For both models, the heat of drying can be calculated based on the drying rate by
Qirying = RaryingNhvap wasers Where Abyap warer is the latent heat of water evaporation.

2.2.2 DPyrolysis

Pyrolysis or devolatilization is an important stage of conversion, during which be-
tween 60-90% of the particle mass is released as volatiles, and the rest remains in the
solid state in the form of char and ash. The pyrolysis rate and products are highly
sensitive to temperature, and different mechanisms are proposed in the literature to
model pyrolysis. The pyrolysis models used in this thesis can be categorized into a
one-step single reaction, three competing reactions, and detailed multi-step models.
A schematic representation of the three pyrolysis models is presented in Fig. 2.2. The
kinetic rate constants for the first two models are presented in Table 2.1.
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Figure 2.2: Different schemes for pyrolysis of lignocellulosic biomass. Single reaction (a), three competing
reactions (b), and detailed multi-step (c) schemes.

Table 2.1: Pyrolysis kinetic rate constants for the single reaction and three competitive reaction models.

A; [1/s] E,; [k]/mol] Ref.
Single reaction:
ki 1.73 x 106 106.5 (58]
Three competitive reactions:

by 4.4 x 10° 153 [47]
k3: 1.1 x 1010 148 [47]
kg 3.3 x 106 112 [47]

In the one-step single reaction model, the biomass is converted to gas, tar, and
char through a single reaction. The mass fraction of pyrolysis yields, i.e., aj—as3, are
the model inputs which should be predicted by experiments or other more advanced
models. This model is the most simple pyrolysis model with the lowest computational
cost. Therefore, it is commonly used for simulations in the reactor scale where a large
number of particles are involved. This pyrolysis model is used in the modelling of
thin particle conversion in Paper III and Paper IV.

The three competitive reaction model is more advanced compared to the single
reaction model, mainly because it can predict the gas, tar, and char yields relatively
well. The main limitations of this pyrolysis model are that it is not dependent on the
fuel type, gives no information about the composition of the gas-phase products, and
it cannot predict the elemental composition of char at different temperatures. This
model is used in Paper I to study the conversion of thermally thick particles, and its
performance is compared against the detailed pyrolysis model.

The most advanced pyrolysis model for lignocellulosic biomass is a multi-step
reaction mechanism that is developed over the years by CRECK modelling group
[59, 60, 23]. In this model, the thermal decomposition of main biomass constituents,
i.e., cellulose (CEL), hemicellulose (HCE), lignin (LIG), and extractives (EXT) are
considered as presented in Fig. 2.2¢c. Each biomass component has its own decompo-
sition rate and pathway, and it can be converted to volatiles, char, and intermediate
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species such as metaplastic species (MET), during different stages of conversion. The
initial composition of the biomass can be estimated based on the ultimate analysis of
the fuel (C, H, O, and ash content). The main advantages of this model compared to
earlier pyrolysis models are a more accurate pyrolysis rate at different stages of pyroly-
sis, detailed prediction of volatile species, ability to predict the elemental composition
of the residual char, and more realistic prediction of the heat of pyrolysis. This model
is used in both Paper I and Paper II for detailed analysis of biomass pyrolysis. The
main limitation of this model is its high computational cost, so it is cannot be easily
implemented in reactor scale simulations. Nevertheless, the single particle simula-
tions with the detailed pyrolysis model can be used as a pre-processing step to predict
the volatile composition, for instance, in the one-step single reaction pyrolysis model.

2.2.3 Char conversion

The heterogeneous char conversion can take place after biomass pyrolysis through the
reactions that are presented in Table 2.2. Depending on the atmosphere, the solid
char can react with oxidizing agent O, (combustion), or gasifying agents H,O, CO»,
and H, (gasification). The gasification with H is very slow in atmospheric gasifiers
and it can be neglected in many cases [9]. Based on reaction Rl, char can react with
oxygen to produce CO and CO,. The ratio of CO to CO; during char combustion
is determined by Q¢ which is a function of temperature [61, 25]

2(1+ 4.369610[—3390/71).

= 2.21
« 2 + 4.3exp[—3390/ 1] 2.21)
The char conversion rate or char reactivity is defined as
1 d 1 dX
= —— 20C _ 22 1y (2.22)

mgc dt B I—XC dt

where Xc = 1 — m¢/mqy is the char conversion and m¢ and my are current and
initial mass of char, respectively. The char reactivity per unit mass is presented in
Eq. 2.22 but the char reactivity per unit surface area, 74 [kg/(m? s)] is also commonly
used in the literature [9]. The two types of reactivity are correlated by

Vo = Apra [1/s] (2.23)

where A, [m?/kg] is the total active surface area per unit mass. The active surface
area of char changes during conversion, and is reported in the general form of 4,, =
AmoF(Xc), where different functions of F(X¢) are proposed in different studies [5].
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The heterogeneous char conversion reactions are more complicated in nature
than the pyrolysis reactions. The pyrolysis reactions are mainly controlled by temper-
ature, while many factors related to both kinetics and mass diffusion are effective on
char reactivity. The kinetic rate of heterogeneous reactions is sensitive to the tempera-
ture, active surface area of char, partial pressure of the gas-phase reactant, and also the
catalytic effects of inorganic matter such as potassium [5]. The mass diffusion of the
gas-phase reactant or the products can be limited externally or internally. The external
mass diffusion is dependent on the particle size and the surrounding flow parameters
such as velocity, reactant concentration, and temperature. On the other hand, the in-
ternal diffusion rate is affected by the morphological structure of the biomass which
constantly changes during conversion. Based on the above discussion, three differ-
ent regimes can be defined for the char conversion: Regime I which is controlled
by kinetics; Regime II which is controlled by internal or pore diffusion; and Regime
I1I which is controlled by the external diffusion [62, 5, 9]. Only the experiments in
Regime I leads to the measurement of the intrinsic kinetic rates of char conversion,
as opposed to measurements in Regime II and IIT which provide the overall reactivity
of the char. It was found that the effects of diffusion cannot be neglected even in
particles as small as 60 #m, so most of the experiments in literature are performed to
measure the overall char reactivity [5].

The kinetic rates of the char oxidation and gasification are commonly presented
in a general form of [5]

Fowkini = Ai T exp (—E;/ (R, T)) pF(Xc) [Us] (2.24)
or in some cases, the more simple form of [26]
P kini = Ai Texp (—E;/(R,T)) C:F(Xc) [Us] (2.25)

where 7 is the gas-phase reactant (O, CO; or H,0O) and p; and C; are the partial
pressure or concentration of the same reactant surrounding the particle. It should be
noted that both the overall or intrinsic reactivity of char can be presented in the form
of the above equations. The best approach for char conversion modelling is to use the
intrinsic kinetic rate and model the diffusion rate separately. Different approaches can
be used to model the diffusion rate in thermally thin and thermally thick particles.

In the thick particle models (Paper I), the diffusion of the gas-phase reactant to
the surface of the particle is modelled using the Stefan flow correlations [63]. The
diffusion inside the particle is modelled by solving the species transport equation,

which is affected by the local porosity inside the particle.
For thermally thin particles (Paper III and Paper IV) a kinetic-diffusion limited

model is used to calculate the overall char conversion rate. The kinetic-diffusion lim-
ited model is commonly used in the literature [40, 64] and it can be expressed in the
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general form of
Vm,dif,iVm, kin,i
g = — ATy (2.26)
T, difi + Vm,kin,i
where 7,,,; is the reactivity of char due to reactions with gas species 7 and 7,,, 4; is the
char conversion rate per unit mass [1/s] limited to the external diffusion rate, which

can be calculated by

0.75
Ap;i C(0.5(T, + T,
T difii = bi Ci (05 gdp ) [1/s] . (2.27)

mc

In Eq. 2.27, C; = 4 x 107121/@1‘ [s/K°73] is calculated based on the diffusion
coeflicient, and v is the stoichiometric ratio of char to the gas-phase reactant (Cal-
culations in Appendix A.3). Following the literature, two different sets of kinetic rates
are used for thin and thick particles, which are presented in Table 2.2.

Table 2.2: Kinetic rate of heterogeneous oxidation and gasification reactions. Units in [Pa-J-kmol-m-s-K].

Heterogeneous reactions
RI QcC+0, —2(Qc-1)CO+ (2-Qo) CO,
R2 C+CO;, —2CO
R3 C+H,0—H,+CO

Thin particles, 7, 4in,; [1/s] ref.
Rl 7.06 x 10° P %exp(—160 x 10°/(R,T))(1 — X) [65]
R2  3.62 x 10°P5, T8 exp(—166 x 10°/(R,T))(1 — X)*/*  [66]
R3 1773 x 10°Pibexp(—179 x 10°/(R,T)) [67]

Thick particles, 7, 4in,; [1/5] ref.
Rl 0.658Mc/pcve,iCo,S. Texp(—74.8 x 10°/ (R, T)) [61]
R2  3.42Mc/pcCeoySiTexp(—130 x 10°/(R,T)) [68]
R3  3.42Cm,0Mc/pcS. Texp(—130 x 10°/(R,T)) [68]

2.2.4 Shrinkage

The biomass particles shrink during various stages of thermochemical conversion. The
particle shrinkage is important because it affects the size, density, and porosity of the
particle, hence the heat and mass transfer to the particle. In the case of thermally
thin particles, a simple assumption of constant density is used for simulations. This
means the particle volume changes at the same rate as particle mass loss. However, a
more advanced shrinkage model is used for the simulation of thermally thick parti-
cles. In the case of nearly isotropic particles such as wood pellets, it is assumed that
the shrinkage is also isotropic but the volume change is different at various stages of
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conversion. Hence, an empirical correlation is used in Paper I to calculate the local

%4
shrinkage factor, § = — [27],
)

0 =1+ (1) (22 1)+ (O 05) (L2~ 1)+ (05— 60) (LS~ 1), (2.28)
PM,0 PBo pPCo

where subscripts M, B and C correspond to moisture, biomass and char, respectively.
The paso and ppo are the apparent densities at the start of conversion and pc is the
apparent char density after the pyrolysis stage is finished. 0,7, 0p and 0 are empirical
model constants varying between 0 and 1.

The shrinkage of lignocellulosic biomass which has anisotropic properties is
more complicated and is highly dependent on the structure of the wood cell walls.
Based on some earlier observations [69, 70] and also some experimental results pre-
sented in Paper II, it was found that wood shrinkage can be different in axial (along
the grain) and radial (normal to grain) directions, and also the shrinkage rate is dif-
ferent during decomposition of different wood components (cellulose, hemicellulose,
and lignin). Therefore, a new anisotropic shrinkage model is developed in Paper II
which is explained in the following.

The longitudinal shrinkage vector, 5 , is defined as the particle length to its initial
length, in each of the x, y, and z Cartesian directions. Here we have defined z as the
axial direction (along the grain) of the particle, and x and y are the radial directions.
The 3 is related to the conversion of biomass constituents by

J
where j represents the particle constituents, i.e., moisture, CEL, HCE, LIG, EXT,
MET, and char. Tisa 1-vector, AB]- is an empirical shrinkage vector for the decom-

position of each constituent, and m; and mjy are the mass and initial mass of each
constituent. More details regarding this shrinkage model are presented in Paper II.

2.2.5 K-release model

The most simple and common approach to model the K-release from biomass is to
describe the release rate in the form of an empirical Arrhenius reaction rate. However,
this approach requires experimental measurements for each specific fuel and operating
conditions, because the release rate can be affected by several different factors. A new
detailed K-CI-S release model was developed and proposed in Paper III which is based
on various experimental measurements over the past two decades. This model includes
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12 solid-phase species and 13 reactions which are related to the main pathways of K-
CI-S transformation and release during biomass pyrolysis and combustion. The effects
of fuel type and ash-forming elements, especially K, CI, S, Si, Ca, and Mg, and also
operating conditions, such as temperature and H,O concentration are included in
the model. A summary of the reactions and the proposed kinetic rates are presented
in Table 2.3. Further details regarding the procedure and assumptions that led to
this model, model validation, and the main limitations of the model are presented in
Paper I1I. The model is also used in Paper IV to study the K-release in an EFG, and
the results are compared with the experimental measurements by our collaborators

(71].

Table 2.3: Reactions and the reaction rates used to model the transformation and release of K, Cl, S, and Si-
containing species from Paper IlI, units in [kg-J-kmol-m-s-K].

Reaction rate
Rl Kinganic — $1KCl+¢ K2SO4 + ¢3 K,CO3 5.13 x 10 exp(—88 x 10°/(R, 7))
A 5.13 x 10" exp(—88 x 10°/(R,T))
R3 Sy — SOsy 1.25 x 10" exp(—125 x 10°/(R,T))
R4  KCI+R-COOH — R-COOK + HCly, 1.25 x 10" exp(—125 x 10°/(R,T))
R5  R-COOK — char-K + COy(, 1.10 x 107 exp(—112 x 10°/(R,T))
R6  R-COOK — R+ COyp + K¢y 4.40 x 10° exp(—153 x 10°/(R,T))
R7  KCl— KCl, 4.16 x 107 exp(—186 x 10°/(R,T))
RS  KyCOs — 2Ky + COyp + 0.505(, 3.25 x 10" exp(—360 x 10°/(R,T))
R9  K,COs + HyO(, — 2KOH,) + COyy) 3.25 x 10" exp(—360 x 10°/(R.T)) - pio
R10  K;SO4 — KzSOy(y 5.93 x 10° exp(—261 x 10°/(R,T))
RIT  KiSO4 + H2Op) — 2KOH(g) + SOy + 0.505¢,)  5.93 X 10% exp(—261 x 10°/(R,T)) “Pho
R12  char-K — a K,COj; + (1-a) K»SiO; 2.00 x 107 exp(—182 x 10°/(R,T)) - Xopr
R13  K3SOj + SiO2 — KaSiO3 + SOy +0.50,(, 2.00 x 10° exp(—182 x 10°/(R.T)) - Xopur

2.3 Fixed bed model

The details of the fixed bed model developed in this study are presented in Paper
VI and a summary is reported here. The main idea is to include more details in the
bed model by separating the drying and pyrolysis stages from the char combustion
stage. Then a tabulation method is proposed to model the drying and pyrolysis stage,
while char combustion can be modelled by a relatively simple kinetic-diffusion limited
model which was used in earlier studies.

2.3.1 Tabulation method for drying and pyrolysis

The major part of particle mass is released during the pyrolysis stage in the form of
several different volatile species. However, a detailed particle model and a detailed
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pyrolysis mechanism cannot be easily used in bed simulations due to their high com-
putational cost. The particle drying and pyrolysis are governed by the heat transfer
to the particle. Therefore, it is possible to preprocess the conversion of thick biomass
particles in different thermal conditions and store the results in some tables that can
be used for bed simulation. For this purpose, we have defined three variables which
define the state of the particle and the heat transfer rate to the particle. The three
variables are defined as

o = m/mo, (2.30)
e = (T = Tomin) [ (Tomax — Tomin) 5 (2.31)

and | »
Ty= i’:’; + 1 . (2.32)

In the above equations ¢}, ¢, and Teﬁr represent particle mass, surface temper-
ature, and heat transfer to the particle, respectively. 7 and mq are the particle mass
and initial mass, respectively. 7; is the particle surface temperature which changes
from an initial value of T ,,;, to the maximum temperature in the reactor, 75 ;.
'Qt,,t,p is the total heat transfer to the particle, 4, is the particle surface area, o is the
Stefan-Boltzmann constant, and € is the emissivity of the particle surface. Based on
T definition, a particle that absorbs Qtot,p’ is similar to a particle that is exposed to
a heating source with black body radiation at 7.

In the proposed tabulation method, it is assumed that the conversion rate is a
function of the two progress variables ¢; and ¢;, and the effective temperature T
Therefore, the conversion of particles under different Teﬁr conditions is simulated us-
ing the detailed particle model, and the variables of interest are stored in tables as a
function of ¢; and ¢;. For each particle in the bed, instead of using the detailed parti-
cle model, the total heat transfer to the particle .Qtot, » has to be calculated first to find
the 7,4 Then the governing equations for the progress variables can be solved using
the data from the tables. The governing equations for ¢; and ¢, can be expressed as

dey/dt = (dm/dt) /my = —?)‘?jg,p/mo (2.33)
and

des)dt = (dT,)d8) | (Tomas — Tomin) = To/(Tomax — Tomin) - (2.34)

In the above equations, the terms ., , and 7} which determine the mass loss
rate and surface heating rate will be extracted from the tables. Based on this approach,
the particle surface temperature and mass loss rate which are the most important
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parameters affecting the gas-phase domain are calculated quickly, without solving the
time-consuming equations of the detailed particle model during the run time. The
total heat transfer to the particle is dependent on the particle surface temperature
T}, and no information on the temperature distribution inside the particle is needed.
Qtﬂt,p is calculated based on the convective, conductive, and radiative heat transfer to
the particle, where the details are reported in Paper VI.

2.3.2  Other submodels for the fixed bed

During drying and pyrolysis, the outward flow of the volatiles from the surface of
the particle (Stefan flow) prevents the oxygen to reach the char surface. Therefore,
char combustion starts after the pyrolysis stage and the rate of char combustion can
be limited by either the kinetics or the diffusion rate of oxygen. In the bed model,
the char reactivity is described as in the Eq. 2.22, but the diffusion rate is calculated
in a more general form compared to thermally thin particles. Since large particles are
being converted in a fixed bed, and the fluid flow is relatively slow, diffusion through
the ash layer should also be considered. For a spherical particle in a fixed bed, the
mass transfer limited rate of char conversion can be expressed in the form of

1 d—di \7'_ Mcpo, 1
L Mepo, Ly 2.
o dif <mﬂ2hm + zndldsz) X Mogme ™ 1o, W1 235

where ) and 4, are the char and particle diameters, respectively. 4, is the mass
convection coeflicient, D,y is the effective diffusion coeflicient in the ash layer, and
M and Mo, are the molecular weight of char and oxygen, respectively. The derivation
of this equation and more details on the calculation of different terms are presented

in Appendix A.3.

Other submodels that are required for the solid particles in the bed model are
the convective and radiative heat transfer to the particle. The particle surface temper-
ature is known because the transport equation for ¢, is being solved in the bed. The
convective heat transfer to the particle is calculated by

Qcom/ = /]cSA(T:g - 715) s (2.36)

where /. is the heat convection coefficient, Sy is the particle surface area, and 7, is
the gas temperature near the particle.

The radiative heat transfer from the reactor walls to the particles is calculated
by Discrete Ordinate Methods (DOM) [72]. Since radiation is the main source of
heating of the particles, an important parameter in the bed modelling is the absorption
coethicient. The absorption of gas can be neglected compared to that in the bed of
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solid particles [73]. The bed absorption/emission coeflicient is calculated based on
the volume scattering relation proposed by Brewster et al. [74] as a function of bed
porosity and particle diameter

_ 1.5(1 — )

2.
oy (2.37)

Ra.e

where ¢, is the bed porosity assuming non-porous particles. More details on the
convection, radiation, and different definitions of porosity in the bed are reported in
Paper VI. The governing equations for the fluid flow in the porous bed and also in
the freeboard are presented in the next section.

2.4 Gas-phase model

The numerical modelling of the flow and reactions in a biomass reactor is different
depending on the reactor type. In fixed bed reactors, the solid particles are located
in the bed and they are not moving with the flow. In this case, the bed is considered
as a porous media and the freeboard does not contain any solid particles. On the
other hand, an Eulerian-Lagrangian model is required to model the fluid flow and
particle movement in entrained flow or fluidized bed reactors. The type of gas-phase
reactions to be considered in the model is also dependent on the device, the operating
conditions, and the objectives of the study. In the next sections, first, the general
form of the governing equations for the fluid phase in the porous bed and freeboard
is presented, and then the different gas-phase reactions that are considered in different
parts of this thesis are explained.

2.4.1 Fluid flow in porous bed and freeboard

The continuity, momentum, species transport, and energy equations for the fluid flow
inside the porous bed are expressed in the following form:

o .
gip FV - (5pU) = R,y (2.38)
0
5, E6PU) +V - (eppUU) = —Vewp +eppg + V- (47) =5 (2.39)
where
2
T=pg| (VU+VU) -3Vv-un, (2.40)
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o . .
(e0pYi) + V - (4pUY;) = V - (pDyVY;) + Ry i + Ry (2.41)

Ot
and
9 0 9p
9 . C (e4pk) +V - (e4pUK:) —
5; (E6PP) TV - (24pUb) + 5 (€4pK.) + V- (e4pUK,) — o (2.42)

=V (pOQﬂ”Vb) + de+ QVMC =+ Qc/mr,g - Qmm/ .

In the above equations, p, U, p and /4 are density, velocity vector, pressure and
the specific enthalpy of the fluid, respectively. %xg is the gas production from the solid
particles. In the momentum equation, 7 is the total stress tensor, g is the gravitational
acceleration vector, and Sy is the momentum source term from the particles. Y; is
the mass fraction of the 7'th species in the gas mixture and §)€Eg7i and R&i are the pro-
duction rate of the same species due to gas phase reactions and particles conversion,
respectively. In the energy equation, K, is the kinetic energy per unit mass and Q.
is the radiation source term. 'Q,m is the heat source due to gas phase reactions, 'me,
is the convective heat transfer from gas to the solid and thﬂr,g is a share of the heat
generated due to heterogeneous char reactions, which is directly transferred to the
gas-phase. The derivation of the above equations is presented in Appendix A.2 and
more details on the calculation of each term are presented in Paper VI.

The parameters €, ﬂiﬁjg, Rg,i, Sps Q[har,g’ and Q,p are involved in coupling
the gas-phase equations to the solid-phase particles and their calculation is different
in various parts of this thesis. Other than in the porous bed in Paper VI, ¢, = 1 is
considered in the fluid flow in the other studies. In Paper I and Paper V, the gas phase
reactions around a particle or in the freeboard above a fixed bed are studied. Therefore,
the particle effects are only added to the fluid domain boundaries, so the source terms
from the particles within the domain are zero. In Paper IV, small particles in the EFR
are tracked with a Lagrangian frame of reference, and the source terms in the fluid
region are calculated by a thermally thin particle model. For fixed bed simulations in
Paper VI, the source terms from the particle are calculated based on the tabulation
method and char combustion model that was explained in the previous section.

2.4.2 Gas-phase reactions

Different reaction mechanisms are used in different parts of the present work that are
summarized in Table 2.4 and explained in the following. In Paper I, the GRI-Mech
3.0 [75] is used to model the combustion of volatiles surrounding a thick particle
during pyrolysis. The focus in Paper II and Paper III are on the solid particles, so the
gas-phase reactions are not considered in those studies. In Paper IV a set of global
reactions that are commonly used in gasification simulations [76] are used. The global
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reactions include the forward and backward water-gas shift reactions, and combustion
of CO, Hj, CHy, and C;Hg. A new reaction mechanism is proposed for the simu-
lations in Paper V, which is the combination of two other reduced mechanisms, i.e.,
Lovas [16] and Goyal [52]. The Lovas mechanism is used to model the combustion of
C; and C; hydrocarbons and also NO emissions and reduction in a biomass combus-
tor. The Goyal mechanism includes the pathways for the decomposition of heavy tar
molecules to C; and C; species. The performance of the new combined mechanism
is compared against the two original mechanisms for the main variables of interest to
test the validity of the model. Finally, in Paper VI a new set of decomposition reac-
tions for the tar species are introduced and a set of global reactions are used to model
the combustion of gases. The method used to extract the tar decomposition reactions

is briefly described in the following.

Table 2.4: Different gas-phase reaction mechanisms are used in various parts of the present study.

Paper Name of mechanism Used for ref.
Paper I GRI-Mech 3.0 Combustion of volatiles near particle [75]
Paper IV Global gasification reactions ~ Modelling the EFG [76]
Paper V. Lovas Combustion and NO emissions [16]
Goyal Decomposition of tar species [52]
Paper VI Global tar decomposition Decomposition of tar species This study

Global combustion reactions ~ Combustion of volatiles in freeboard -

A large variety of volatile species is released during the pyrolysis of biomass par-
ticles that has to be included in the gas-phase simulations. In an earlier study in our
group, a set of global tar-cracking reactions was proposed [56], but the rate of decom-
position of different species was unknown. In Paper VI, a detailed gas-phase reaction
mechanism with 486 species and more than 16 thousand reactions [51] was used to
estimate the decomposition rate of different tar species. The detailed kinetic model
was used to propose a set of single-step global reactions for the volatile decomposition,
which are presented in Table 2.5.

Perfectly Stirred Reactor (PSR) simulations are carried out to calculate the de-
composition rate of each volatile species in an inert atmosphere at different temper-
atures between 600 to 1500 K. The major products of decomposition at high tem-
peratures were CO and H; for most volatiles considered in this study. Other species
such as CHy, C,H,, H,O, and CO; were also available in the products and used in
the proposed reactions to satisfy the elemental balance [56]. Further details on the
estimation of the reaction rate constants in Table 2.5 are presented in Paper VI.
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Table 2.5: Global single step reactions for decomposition of the volatiles. Units in [kJ, mol, s].

Reactions A Ea

HCOOH — 0.4H,+0.6H,0+0.6CO+0.4CO, 8.10E+14 282.8
CHOCHO — H,; + 2CO 1.02E+14 220.4
CH,OHCHO — 2H, + 2CO 4.71E+13  253.3
CH,OHCH,CHO — H,; + 2CO + CH4 3.02E+13 208.2
CH3;0H — 2H,; + CO 3.47E+14 305.6
CH3;CHO — CO + CHg4 6.91E+10 204.8
CH,CO,H — 2H, + 2CO 256E+11  228.9
C,H;CHO — H, + CO + C,H, 7.93E+14 294.5
C,Hs0OH — H, + CO + CHy 1.16E+12 248.2
C2H5CHO — 2H, + CO + C,H, 1.42E+13  240.8
C5H804 — 2H, + 4CO + CHy4 7.18E+13  249.2
C¢sHsOH — 0.5H, + CO + 2.5C,H, 1.08E+14 307.0
CHsOCH; — Hy + CO + 3C,H, 133E+11 1737
CsHgO3 — 3CO + C,H, + CHy 1.57E+11  190.9
CsH100s5 — 3H, + 5CO + CHgy 7.11E+13  238.2
C7Hgo — H, + CO + 3C,H, 1.98E+14 285.4
C8H803 — 1.5H, + 3CO + 2.5C,H, 3.75E+10 160.9
Cy4H304 — 4H; + 4CO + 10 C,H, 4.61E+13 2243
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Chapter 3

Summary of results

A summary of the results and the main findings of the papers included in this thesis
are presented in this chapter. The results are categorized as thermally thick particle
conversion (Paper I and Paper II), potassium release (Paper III and Paper IV), and
fixed bed reactor results (Paper V and Paper VI).

3.1 'Thermally thick particle conversion

3.1.1 Paperl

In this paper, the pyrolysis and combustion of a single thick biomass particle are stud-
ied. A multi-region approach is used to study the physical phenomena both inside
and surrounding the particle. The model is extensively validated against different ex-
periments from the literature but only a few cases are presented here. For instance,
the particle mass loss and particle centre and surface temperature (7, and 7) during
fast pyrolysis and combustion are presented in Fig. 3.1 and compared against experi-
mental and numerical data from the literature [26, 77, 78]. The prediction of particle
mass loss in both cases and the particle temperature in pyrolysis agree very well with
the experiments. However, the temperature difference is higher in the combustion
case, which can be attributed to both experimental and numerical challenges. In
the experiments, the thermocouples were disconnected from the particle during char
combustion because of particle deformation. On the other hand, submodels such
as soot formation and radiation are not included in this work, which might affect
the particle temperature during combustion. Nevertheless, the model can predict the
conversion rate and the onset of different stages very well.
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Figure 3.1: Model predictions of particle surface and centre temperature and particle mass loss during pyrolysis
and combustion compared to experimental [26] and numerical data from literature [26, 77, 78].

The numerical model is used to study the effects of shrinkage on particle conver-
sion. The shrinkage effects are more significant during combustion because shrinkage
affects both heat transfer and mass diffusion to the particle. Two cases are simulated
with and without considering the particle shrinkage and the results are compared in
Fig. 3.2. Based on particle temperature in Fig. 3.2a, shrinkage makes the pyrolysis
faster (end of pyrolysis marked by the sudden rise of 7} around t=50 s), and the char
combustion slower (end of combustion marked by a decrease in 7, around t=80 s).
This can be explained by the porosity, €, and effective conductivity, g inside the
particle that is presented in Fig. 3.2b. Without shrinkage, the particle size is larger,
and also the K is smaller, so heat transfer to the centre of the particle is slower and
pyrolysis becomes slower. On the other hand, without shrinkage, the ¢ is higher so
the oxygen diffusion inside the particle and hence the char combustion will be faster.
This highlights the significant effect of particle shrinkage during biomass conversion.
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Figure 3.2: Effects of particle shrinkage on the particle temperature and thermophysical properties during
combustion.

The effects of anisotropic heat conduction inside the woody biomass are also
investigated by 3D simulations of a single cylindrical particle. The heat conductiv-
ity is higher along the fibres of the plant (axial direction) compared to the radial or
tangential directions. Two cases are compared here: an isotropic case with the same
conduction coefficient in all directions; and an anisotropic case with a conductivity
2.5 times higher in axial than in the radial and tangential directions. The average
conductivity in three directions is the same for the two cases. The numerical results
at different times are presented and compared in Fig. 3.3. In the anisotropic case, the
heat transfer rate is higher from the flat sides of the cylinder compared to the curved
side. But in this case, the curved side of the cylinder has a larger surface area, so the
total heat transfer to the particle will be lower, hence the drying and pyrolysis rates
will be lower. This can be observed by the displacement of drying and pyrolysis fronts
that can be identified by water mass fraction, biomass mass fraction, or Qdot fields

in Fig. 3.3.
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Figure 3.3: Effects of anisotropic heat conduction on different variables during particle pyrolysis.

In the last part of this study, coupled particle-surrounding simulations are car-
ried out, to study the volatile combustion during thick particle pyrolysis. Particle-
surrounding coupling is a stiff problem because the time scale of the fluid can be
several orders of magnitude smaller than the particle timescale. Hence, the fluid can
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adapt to changes at the particle surface rapidly and this leads to the idea to update
the fluid field less frequently. A variable frequency scheme (f,,,) is proposed that re-
lates the fluid solution frequency to the flow rate at the particle surface. Based on
this scheme, when the changes in the flow rate are high, the fluid should be solved
more frequently and vice versa. This leads to a considerably lower computational cost
compared to the normal scheme (= 1) in which the fluid variables are updated at
each iteration. The combustion of volatiles is simulated both with f,, and the nor-
mal scheme (f'= 1) and the results at different times are compared in Fig. 3.4. The
gas temperature at a probe location 20 mm above the particle centre is presented in
Fig. 3.4a which shows two distinct peaks around t=3 and 44 s. The evolution of
different variables which shows the flame front is presented in Fig. 3.4b—f. As com-
bustion starts around t=3 s, the flame front is close to the probe location, but it moves
further away when the volatile release increases. The results are very similar from 20 s
to 40 s, but after that toward the end of pyrolysis, the flame front moves back closer
to the probe location and that is why we observe the second peak in temperature.
At all times, the results obtained with the variable frequency scheme are similar to
the normal scheme, while simulation time is around 4.4 times faster for the variable
frequency scheme.
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(a) T at probe location (b) t=1s (c)t=3s
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Figure 3.4: Numerical results with normal coupling (= 1) and variable frequency coupling (f,.,) for combustion
of volatiles surrounding particle. Gas temperature over time at probe location (a) and T, H,0,
C¢HsOH, and CO, concentration fields at different times (b-f). In each contour, the left half is from
f=1and the right half is from variable frequency f,,, simulations.
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3.1.2 PaperIl

In this paper, the pyrolysis of lignocellulosic biomass is studied with special attention
to the particle shrinkage, stages of hydrogen (H) release, and effects of wood inhomo-
geneities. The thick particle model developed in Paper I is used and the simulations
are based on the recent experiments by Ossler et al. [70].

As explained in Section 2.2.4, a new anisotropic shrinkage model is proposed
that is based on the experimental measurements during the pyrolysis of wood dowels.
Six different cylindrical particles, pl-p6, from pine and beech wood were used in the
experiments. The particle length, L, is defined along the fibre, and diameter, D, is
normal to wood fibres, and the particles had an initial L/D ratio of 0.5, 1, and 2. The
final L and D after slow pyrolysis (10 K/min) up to different temperatures between
300-1273 K are measured and the results are presented in Fig. 3.5. The trends for
all particles are very similar and two interesting observations can be made: (1) the
radial shrinkage starts at a lower temperature compared to axial shrinkage; (2) the
radial shrinkage is higher than the axial shrinkage. Those observations led to the
development of the anisotropic shrinkage model in Section 2.2.4, which is used in
the simulations in this paper.
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Figure 3.5: Effects of anisotropic heat conduction on different variables during particle pyrolysis.

Slow pyrolysis of beech wood dowels is studied. The model predictions of the
mass loss, H mass loss, and particle shrinkage are compared against Ossler et al. [70]
experiments and the results are presented in Fig. 3.6. The model predictions are in
good agreement with the experiments at the whole range of the furnace temperature,
T} Furthermore, Fig. 3.7 shows the model prediction of the elemental composition
(C, H, and O mass fraction) of the residual solid at different temperatures compared
to the experimental measurements in this study. Further validation of the shrinkage
model is presented in the supplementary materials of Paper II.
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cle volume, length and diameter (c). surements presented in Paper Il

Biomass pyrolysis from 300 to 1300 K is divided into four stages as presented in
Fig. 3.8. Stage (I) is from room temperature up to 500 K, during which the pyrolysis
is slow and mass and H mass loss are negligible. Stage (II), 500-700 K, is the main
stage of pyrolysis where around 80% of mass and total H is released. Two peaks can
be observed in the H release rate in this stage which is attributed to the HCE and
CEL decomposition, respectively (Fig. 3.8b). In stages (III) and (IV), the mass loss is
very small but the H mass loss is still considerable. The main difference between these
two stages is the mixture that is released into the gas phase as presented in Fig. 3.9. In
stage (IV), the mixture is mainly made of H,, CO, and H,O. The water can be easily
separated by condensation and the final syngas (CO+H;) has many applications in
different combustion devices.
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Figure 3.8: Different stages of pyrolysis and H release
from the biomass particle.

The model is used to study the pyrolysis of inhomogeneous wood, such as forestry
residues, which have inhomogeneous properties because of the growth rings and also
bark. Three cases are considered, i.e., homogeneous beech (HB), beech twig (BT)
which has bark, and beech dowel (BD) which has growth rings. The initial porosity of
the three cases, in the 2D axisymmetric numerical domain, is presented in Fig. 3.10a.
Also, a Neutron Computed Tomography (NCT) image of pyrolyzed wood is pre-
sented in the same figure for comparison. Based on simulations, it was found that
HB and BD have a very similar pyrolysis duration, but BT pyrolysis is faster because
of the lower bark density. On the other hand, the porosity field and the flow pattern
inside the particle, which are presented in Fig. 3.10b, are considerably different in the
three cases. The bark can disturb the flow of volatiles inside the particles toward the
axial direction. Moreover, in the BD the flow rate is higher in the rings with lower
density compared to higher density. The flow pattern is especially important for char
combustion which is limited by mass transfer to the particle.
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Figure 3.10: Effects of wood inhomogeneities such as bark and growth rings on the flow pattern inside the
particle during fast pyrolysis.

3.2 Potassium release

3.2.1 Paper III

The K-release model that is proposed in this paper (Table 2.3) can predict different
aspects of K-CI-S release during and after the combustion and pyrolysis of biomass
particles. The initial composition of the fuel and ash-forming elements are among
the most important parameters that are included in the model. First, different types
of K left in solid residue after pyrolysis and combustion at different temperatures are
studied. The numerical simulations are carried out for the conversion of wheat straw
(WS) based on Huang et al. [22] experiments and a comparison of the numerical
and experimental results are presented in Fig. 3.11. Three different types of potassium
are available in biomass, i.e., inorganic (H,O-soluble), organic (NH4AC-soluble),
and stable (acid or non-soluble) [22]. Only a small fraction of K is released after
pyrolysis at 673 K which is attributed to the release of atomic K from organic R-
COOK (R6). At this temperature, also a part of inorganic KCl is converted to organic
R-COOK through R4, which explains the peak of organic K at this temperature.
Higher temperature favours the release of atomic K (R6) over char-K formation (R5).
Therefore, by increasing T (for T>673 K) the amount of organic K in solid decreases.
Two sudden changes are observed in the inorganic K curve, around 900 and 1100 K,
which are attributed to KCl and K;CO3 evaporation. During pyrolysis, the amount
of stable K remains almost constant.

Similar to pyrolysis, different types of potassium after the combustion of WS
are presented in Fig. 3.11b. The total K release is higher after combustion compared
to pyrolysis, which can be explained by the release of char-K (R12) and also a slightly
higher particle temperature. During combustion, the fraction of stable K can increase
due to the reaction of potassium with the aluminosilicate matrix (R13). This last
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reaction is only expected in fuels with high Si content (Si-rich fuels).
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Figure 3.11: Types of residual K in solid particles after conversion in N, (a) and N,-O, (b) atmospheres at dif-
ferent temperatures. Experimental data from Huang et al. [22].

The release of K, Cl, and S elements from two different types of biomass is
studied by the model and the results are compared to experiments [21] in Fig. 3.12.
The two fuels are wheat straw (WS) and carinata (CA) which are rich and lean in Si,
respectively Fig. 3.12. It was observed that the release of ash-forming elements is con-
siderably different in Si-rich compared to lean fuels. Fig. 3.12a shows the normalized
mass of K-CI-S after the combustion of WS at different temperatures. In this case, Cl
is released in two steps which are related to HCI (R4) and KCI (R7) release, respec-
tively. The organic S was released at a relatively low temperature (<673 K), while the
inorganic S from K,SOy4 was released later. The release of inorganic S in Si-rich fuels
is enhanced due to the reaction of K;SOy4 with aluminosilicates (R13) which leads
to the trapping of K and release of SO; t. A small amount of K was released before
673 K that is attributed to organic K. Release of K is related to KCI evaporation up to
1100 K, and evaporation/dissociation of K;CO3 at higher temperatures. The release
of K-CI-S from Si-lean CA is presented in Fig. 3.12b. The major difference between
WS and CA is the fact that R13 is not active for the latter. Hence, a part of Kand S
can remain stable in form of K;SOy until very high temperatures.
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Figure 3.12: Residual K, Cl, and S in solid after combustion of WS (a) and CA (b) at different temperatures.
Experimental data from Knudsen et al. [21].

The model was also used to study the release of gas-phase potassium species
and the model predictions are compared against experimental measurements [79] in
Fig. 3.13. The concentration of K-species was measured downstream of the sample
during the combustion of spruce bark (SB) at different temperatures (only two are
presented here). At T=1123 K (Fig. 3.13a), the concentration of atomic K is high
during the pyrolysis stage (# < 3 s) which is attributed to the release of organic K (R6).
During the combustion stage (3 to 25 s), the sample temperature is high enough for
KCl evaporation. The KClI evaporation continues even after char combustion (during
ash cooking) but at a lower rate. At this temperature, the concentration of KOH
and atomic K are low during the char combustion and ash-cooking stages, which is
predicted by the model. Similar trends are observed at T=1223 K (Fig. 3.13b), but
the concentration of KOH is higher in this case because the dissociation of K;CO3
or K»SO4 becomes more important at higher temperatures.
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Figure 3.13: The concentration of gas-phase K-species downstream of the sample during combustion at differ-
ent temperatures. Experimental data from Sorvajarvi et al. [79].

Based on the model that was proposed in this study, the main pathways for the
transformation and release of K-CI-S can be identified in the schematic presented in
Fig. 3.14. The elements that are initially in organic, inorganic, or stable form follow
different routes depending on the ash composition, temperature, and type of con-
version (pyrolysis or combustion/gasification). This schematic presents a summary of
what was discussed above, the main reactions that are active at different conversion
stages, and the main species that are expected to be in solid particles or released to the

gas phase at various temperatures.
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Figure 3.14: The main pathways for the transformation and release of K-CI-S species. The schematic is based
on the reactions in the proposed K-release model (Table .2.3).

3.2.2 PaperIV

In this paper, an Eulerian-Lagrangian approach is used to study the gasification of
biomass particles in a 140 kW EFG. The model predictions are validated against TD-
LAS measurements of temperature and H,O concentration at two different ports
[80], which are presented in Fig. 3.15a. Furthermore, Fig. 3.15b shows the compar-
ison between model and experimental measurements of mole fraction of the major
gas species at the reactor outlet. The model predictions both inside EFG and at the
outlet are in good agreement with the experimental measurements.
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Figure 3.15: Comparison of the model predictions and the experimental measurements Sepman et al. [80].

The model is used to study the main phenomena that occur in different zones
inside the reactor as presented in Fig. 3.16. Zone I is the drying zone, in which the
liquid water evaporates from the particles and the particles undergo pyrolysis in zone
I1. Zone III is the combustion zone which provides the energy (heat) for the operation
of the gasifier and the particles and gas are at their maximum temperature. The flame
is stabilized by the recirculation zone IV, which is formed around the centre of the
reactor. The gasification of char in zone V is the main active process in a large part
of EFG downstream of the combustion zone. In this zone, the unburned char in
the solid particles reacts with H,O and CO; to produce H; and CO. The particles
at the centre of the reactor have a higher momentum and a lower residence time
(Fig. 3.16h), which leads to a lower carbon conversion at the same height (Fig. 3.16g).
The distribution of the reactants (H,O and CO;) and products (H; and CO) of char
gasification are presented in Fig. 3.16i-1.
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Figure 3.16: Numerical predictions of different fields related to fluid and solid particles. The regions marked
in the figure are (1) drying, (Il) pyrolysis, (Ill) combustion, (IV) recirculation, and (V) gasification
zones.

The potassium release model from Paper III is integrated into the CFD model
in this work to predict the distribution of gas-phase K-species inside the EFG. The
model predictions and the PF-TDLAS measurements at port 2 [71] are compared in
Fig. 3.17. At the operating conditions of the EFG, the major fraction of K is in KOH
form, and the fraction of KCl and atomic K are considerably lower, which is predicted
very well by the model.
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Figure 3.17: The concentration of gas-phase K-species and comparison to experimental measurements at port
1[71].

Finally, the model is used to study the distribution of the gas-phase K-species
and the residual K, Cl, and S elements inside the fuel particles, which is presented in
Fig. 3.18. The distribution of different species can be explained by the reactions in
the K-release model (Table 2.3). The atomic K (Fig. 3.18a) is released at the lowest
temperature which is attributed to the release of organic K (R6). The KCl evaporation
(R7) starts at a higher temperature and almost all of the KCI and solid Cl content is
released around the combustion zone (Fig. 3.18b and d). The dissociation of K;CO3
and K;SO4 (R9 and R11) starts at a very high temperature in the combustion zone,
which leads to the formation of KOH (Fig. 3.18¢c). The KOH release continues in the
gasification zone because the temperature and H,O concentration are still high, and
K and S are still left in the solid in form of K;SOy (Fig. 3.18¢ and f).
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Figure 3.18: Distribution of gas-phase atomic K (a), KCl (b), and KOH (c). Normalized mass of residual Cl (d), K
(e), and S (f) in solid particles.
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3.3 Fixed bed reactor and freeboard

3.3.1 PaperV

In this study, the gas-phase reactions in the freeboard of a fixed bed reactor and NO
emission and reduction are investigated. The reactor is a lab-scale 8-11 kW reactor
that was investigated in earlier studies [81, 82]. 3D simulations of the freeboard are
carried out without including the fixed bed in the model. The products of biomass
conversion in the bed are estimated by single particle studies and the mass, element,
and energy balance in the bed.

The model prediction for temperature and major species at 8 and 11 kW oper-
ating conditions are validated against the experiments. Figure 3.19a and b show the
temperature and O, mole fraction over the centre axis of the reactor. CO; and CO
mole fractions are also validated against the experiments, but the results are not re-
peated here. Finally, the NO concentration which is one of the main topics of this
study is presented in Figure 3.19¢ and compared with experiments. Based on the
model, more than 70% of total NO emission is originated from the fuel-N whereas
the rest is coming from the atmospheric N,.
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Figure 3.19: Comparison of the model predictions over the centre vertical axis of reactor against the experi-
mental measurements by Wiinikka et al. [82].

The application of selective non-catalytic reduction (SNCR) on NO emissions
is studied in the present work. In SNCR, NH3 is injected at a specific height and
temperature range to reduce the NO emissions. SNCR performance is very sensi-
tive to the injection height because injection at very high temperatures can lead to
a further increase in NO emissions, while injection at very low temperatures is in-
effective because the reduction becomes too slow. In this study, NH3 was injected
at seven different heights from z=0.2 to 0.8 m. The NO concentrations for differ-
ent cases are presented in Fig. 3.20a and compared against the original case with no
SNCR. Furthermore, the NO reduction by injection at different heights is presented
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in Fig. 3.20b. It was found that in this specific reactor, maximum NO reduction can
be obtained by injection at z=0.4 m.

The next parameter that is effective on the performance of SNCR is the Nitrogen
Stoichiometric Ratio (NSR), which is defined as the molar ratio of injected NHj to
NO at the outlet of the original case [18]. Simulations with different NSRs in the
range of 0.5 to 7 are carried out and the ammonia utilization efficiency, 7yg;,, and
NO reduction as a function of NSR are presented in Fig. 3.20. The nyg;, is defined
as
NOisiat — NOfpa

NOipisiar X NSR

where NO,,jsiq) and NOg,,, are the NO concentration at the outlet before and after
applying SNCR. It was observed that by increasing NSR, the NO reduction continu-
ously increases, but 1y, increases and then decreases. Operating at NSR=1.5 seems
like an appropriate choice, as it has a relatively high NO reduction and nyz;. NSR
higher than 1.5 does not lead to significant NO reduction but significantly reduces
the ammonia utilization efficiency.
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Figure 3.20: Performance of SNCR method for NO reduction.

The NO formation and reduction and the most important reactions that are
active in different parts of the reactor are studied by the model. The NO formation
rate with and without SNCR are presented in Fig. 3.21a. Two distinct peaks for
NO formation can be observed which can be explained by O, and T distributions at
the bottom of the reactor (Fig. 3.21b). The first peak is around z=0.1 m, where the
combustion started, so the temperature is very high, and O, is still available. Slightly
higher, the O, concentration is very low, so the NO formation rate is very low. Further
downstream close to z=0.22 m, the temperature is still relatively high and the O,
concentration is also high because of the introduction of the tertiary air, which leads to
the second peak in NO formation. In the SNCR case, the NO decreases downstream
of z=0.4 m, because of the ammonia injection at that height. Based on the model, the
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top 10 active reactions which had the highest impact on NO formation and reduction
in each case were selected and their summation is presented in Fig. 3.21a. It can be
observed that the selected 10 reactions are the main reactions affecting NO formation.
A schematic of the fate of fuel-N is presented in Fig. 3.21c, which is based on the 10
selected reactions in this study.
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Figure 3.21: Performance of SNCR method for NO reduction.

3.3.2 Paper VI

In this paper, the tabulation method is used to model the combustion of thermally
thick particles in a fixed-bed reactor. To evaluate the performance of the tabulation
method, two cases with single and three stacked particles as displayed in Fig. 3.22 are
considered. In each case, the pyrolysis of particles in an inert atmosphere is first mod-
elled using the detailed method. Then, the heat transfer to the particle is calculated at
each time and the tabulation method is used to estimate the particle conversion rate.

Detailed ] Detailed
method E method

P3

U;=012m/s

Figure 3.22: The geometry and mesh surrounding the particles for the comparison of the tabulation method
and the detailed model. (a) One-particle case and (b) three-particles case.

The particle surface temperature for the two cases predicted by the tabulation
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method is compared to the detailed particle model in Fig. 3.23a and b. In the single
particle case, the radiation from the walls to the particle is dominant so 7, is almost
uniform and the tabulation method can accurately predict the surface temperature.
However, in the three particles case, the particle-particle interactions also play an
important role. In this case, the middle particle (P2), is partially blocked by the
neighbour particles P1 and P3. Therefore, as presented in the Fig. 3.23c, it absorbs
less radiative heat from the walls, and it has the lowest temperature. Moreover, the
P1 at the bottom is closest to the cold inlet and is being cooled by convection, so
it has the second lowest temperature. The tabulation method can predict the same
trend for the temperature of the particles. However, the temperature at the surface
of the particles is not uniform and Teﬁr changes over time, which leads to some errors
in the tabulation method. This small error is reasonable, especially considering the
significant speed-up obtained by using the tabulation method.
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Figure 3.23: Particle surface temperature in (a) one-particle case and (b) three-particles case. (c) Temperature
inside and around the particles predicted by the detailed model at t=120s.

The tabulation method is used to simulate the biomass combustion based on
Shin et al. [31] experiments. In the experiments, cubic particles with a size of 20 mm
are placed in a batch reactor with heaters set at 1123 K. Air is flowing with a velocity of
0.12 m/s from the bottom of the reactor. The combustion starts at the top of the reac-
tor and propagates toward the bottom. The flame propagation speed was measured by
placing eight thermocouples, G2—-G9, inside the bed. The measured temperatures are
presented in Fig. 3.24a and the results of the 1D model of Shin etal. [31] are presented
in Fig. 3.24b. The temperature profiles predicted using the present bed model, which
are shown in Fig. 3.24c, are comparable with the experimental and numerical results
of Shin etal. [31]. Furthermore, the flame propagation speed predicted by the present
model is 0.83 cm/min, which is equal to that obtained through measurements.
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Figure 3.24: Temperature history at the location of thermocouples G2-G9 in the bed. (a) Experimental mea-
surements [31], (b) 1D numerical results [31], and (c) numerical results of the present study.
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Chapter 4

Conclusions and outlook

4.1 Main conclusions of the papers

The first part of the results (Paper I and Paper II) in this thesis was related to biomass
conversion at the particle scale. A detailed multi-region model was developed for
the conversion of thick biomass particles and validated against various experimental
data related to particle temperature, mass loss, hydrogen release and char compo-
sition, shrinkage, and gas-phase products from biomass pyrolysis and combustion.
Anisotropic shrinkage of different wood samples during slow pyrolysis was measured
experimentally and a new anisotropic shrinkage model was developed that correlates
the particle shrinkage in different directions to the decomposition of cellulose, hemi-
cellulose and lignin. Simulations of thermally thick particles during pyrolysis and
combustion were carried out to investigate the effects of anisotropic heat conduc-
tion, effects of particle shrinkage, volatile combustion surrounding the particle, stages
of hydrogen release during pyrolysis, effects of heating rate, and effects of inhomo-
geneities such as bark and growth rings in the wood. The simulations at the parti-
cle scale led to several conclusions which can be summarized as follows: (1) Particle
shrinkage increases the heat conduction and reduces the mass transfer inside the par-
ticle, hence it leads to faster pyrolysis and a slower char conversion. (2) Based on
experiments on particles from different sources of wood with different initial dimen-
sions, it was found that the radial shrinkage (normal to the grain) is higher and starts at
a lower temperature than the axial shrinkage (along the grain). The proposed model,
in which the radial shrinkage is mainly attributed to cellulose and hemicellulose de-
composition and axial shrinkage is related to the lignin decomposition, could predict
the anisotropic shrinkage of the wood very well. (3) The anisotropic heat conduction
in the solid plays an important role in the pyrolysis stage. Using the average value of
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heat conduction with an isotropic heat transfer model does not necessarily produce
the same results. (4) Simultaneous modelling of a thick particle and surrounding
fluid is a stiff problem because the timescale of the particle is orders of magnitude
greater than the fluid. A solution to this stiff problem is to solve the fluid region less
frequently when the changes at the particle boundary are small. (5) The hydrogen
content of biomass is released in four stages during pyrolysis. Stage I (300-500 K) is
the heat-up stage and stage II (500-700 K) is the main stage where around 80% of
total mass and H mass are released. In stage III (700-1000 K) and stage IV (1000-
1300 K), the mass release is small but the H release is still considerable. The main
difference between the two stages is the fact that products of stage IV are mainly CO,
H,, and H,O, which are easier to work with. (6) It was shown that a higher heating
rate during pyrolysis can modify the temperature distribution inside the particle and
shift the H release toward higher furnace temperatures. (7) Wood bark has a different
density compared to wood which leads to a different pyrolysis time. Both wood bark
and growth rings of wood affect the flow pattern inside the particle, which influences
the internal mass transfer and char conversion.

In the second part of the thesis (Paper III and Paper IV), the potassium re-
lease from biomass was studied. A multi-step predictive model was proposed with
12 species and 13 reactions, that includes the main pathways for the transformation
and release of K, Cl, and S-containing species from solid biomass. The effects of the
elemental composition of the fuel, the origin of the elements (organic/inorganic), and
the conversion atmosphere are also considered in the model. The model was used to
study the organic, inorganic, and stable K that is left in solid residue after pyrolysis and
combustion at different temperatures and the results are compared with experimental
data from the literature. The residual K-CI-S in two types of biomass (rich and lean
in Si) after combustion were studied next and compared with experiments. Finally,
the production of gas-phase K-containing species during the combustion of biomass
at three different temperatures was simulated and compared against experiments. The
validated model was used to investigate the K-release in a 140 kW atmospheric EFG.
The EFG model was validated using tunable diode laser absorption spectroscopy (TD-
LAS) measurements of H,O and temperature at two ports along the reactor, and also
the mole fraction of major species at the outlet. The following can be concluded from
the main findings of the two papers on potassium release: (1) The K-release model can
predict the main solid and gas phase potassium-containing species during and after
conversion at different temperatures. (2) Total K-release is higher after combustion
compared to pyrolysis, which can be attributed to higher particle temperature or the
release of char-K. (3) Release of atomic K starts at lower temperatures (early pyroly-
sis) due to the decomposition of the organic matrix. KCI evaporation starts at high
temperatures during combustion and its evaporation continues at a lower rate during
the ash cooking stage. KOH is mainly formed through the dissociation of inorganic
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K,CO3 and K;SOy4 with water at very high temperatures. (4) Based on the model,
five different zones can be identified in the EFG, i.e., drying, pyrolysis, combustion,
recirculation, and gasification zones. (5) Based on various experiments from litera-
ture, the gasification with H,O can be slower or faster than with CO,. Nevertheless,
the water-gas shift reaction is very fast in the gasifier conditions in the present study,
so this reaction determines the balance between the gasification products. (6) Release
of atomic K, KOH, and KCl in a gasifier can be predicted by the K-release model,
and it was shown that the model has low sensitivity to the model parameters such as
the ratio of organic/inorganic elements in the raw biomass.

In the last part of the thesis (Paper V and Paper VI), the combustion of biomass
in fixed-bed reactors was investigated. In Paper V, the focus was on the freeboard, so
the composition of the gas-phase products from the bed was estimated by using the
results from single particle modelling and some simple assumptions to preserve the el-
emental and energy balance in the bed. Two reaction mechanisms (Lovas and Goyal)
were combined to include the decomposition of complex tar species as well as com-
bustion and NO chemistry in the model. The gas-phase reactions and NO formation
in the freeboard were studied using the new mechanism and the performance of selec-
tive non-catalytic reduction (SNCR) for this specific boiler was analysed. In Paper VI,
the focus was on developing a computationally efficient numerical model for the bed
which can be coupled to CFD solvers. The tabulation method was proposed for the
drying and pyrolysis stages, and three main controlling variables are defined to gener-
ate the tables. The tabulation method was compared with the detailed particle model
for two different cases with one and three stacked particles. Finally, the bed model
was used for 2D simultaneous simulation of the bed and freeboard in a batch reac-
tor. The temperature profiles and the flame propagation speed in the bed had a good
agreement with the experiments. The results from the study of biomass combustion
in fixed bed reactors have led to the following conclusions: (1) Using the detailed tar
composition and reaction mechanism that was proposed in this study, the utilization
of global reactions for combustion of hydrocarbons is avoided, which leads to a more
accurate temperature and hence NO prediction. (2) Fuel-N is the main source of NO
emission and its contribution to total NO is three times higher than the atmospheric
Nj;. (3) SNCR can be applied by NH3 injection at a specific height downstream of
the bed to reduce the NO emissions, and up to around 60% NO reduction was ob-
tained by proper utilization of this method. (4) Using the tabulation method leads to
a significant speed-up compared to the detailed particle model, and it leads to results
with acceptable accuracy. (5) The tabulation method is not sensitive to the grid size,
and it allows using detailed chemistry or performing 2D/3D simulations, which are
important for some studies such as bed channelling.
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4.2 Future outlook

In this thesis, models have been developed for the study of biomass conversion and
potassium release at the particle and reactor scales. Some research gaps in the literature
were identified and addressed in each part of the thesis. There are still several questions
that can be investigated in future works to better understand the topics presented in
this thesis. Some suggestions for future work are:

* More advanced measurements and models are still required to study the char
conversion stage at the particle scale. More reliable experimental data is re-
quired regarding the particle temperature, the evolution of structure and sur-
face area of char during conversion, the diffusion rate of gas-phase reactant to
and through the char, and also intrinsic kinetic rates of char conversion. Some
measurements have been done in earlier studies but the level of uncertainties
is very high. New measurements can be used to develop more accurate and
predictive models for char conversion.

* Shrinkage of different wood particles during pyrolysis was studied, but more
information is required regarding the drying and char conversion stages.

* Akinetic model was proposed for the release of potassium species from biomass,
in which the rate constants were estimated based on experimental observations
from the literature. A more accurate model requires experimental measurement
ofkinetic rates at different temperatures and H, O concentrations, especially for
important reactions such as evaporation or dissociation of inorganic salts.

* Detailed and skeletal mechanisms are available for modelling combustion in
freeboard, but global reactions are commonly used for the simulations of gasi-
fiers. A detailed kinetic model has to be developed specifically for the gasifier
environment, which can be used for better prediction of temperature, species,
and radicals distribution inside the reactor. This also helps with the modelling
of the gas-phase nitrogen and potassium reactions, which requires the concen-
tration of the radicals.

* In entrained flow and fluidized bed reactors, because of the large number of
discrete particles, a simple thin particle model with very basic submodels for
drying, pyrolysis, and char combustion was used in the present work and most
other recent studies. More detailed particle models can be developed in future
works to improve the reactor scale simulations. Pre-processing of the particle
conversion at different conditions, such as what was used for the fixed bed
simulations in this thesis, is another option that can be used for entrained flow
or fluidized bed reactor simulations.
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* Experimental measurement of species and temperature at several points inside
each zone of gasifiers are required to study the main processes in each zone.
This data will be also valuable for model validation, because in most numerical
studies, only the products at gasifier outlet are compared against the experi-
ments.

* Measurements of the SNCR application in a biomass reactor are scarce. More
measurements are needed to measure the actual effectiveness of this method
and also to validate the model predictions.

* More progress variables can be included in the bed model to improve the ac-
curacy of the tabulation method. When the number of variables is high, a
machine learning algorithm such as an artificial neural network can replace the
tables to extract the conversion rate of the particles. The tables or the neural
network can also be used in Eulerian-Lagrangian simulations for a more accu-
rate description of the solid particles.
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Appendix A

Derivations (Appendix)

A.l Energy Equation

The derivation of the energy conservation equation for continuous fluid and also for
thick biomass particles is presented in this section. The energy equation is derived
following Bai’s lecture notes [83], based on the first law of thermodynamics in an
open control volume (CV). According to the first law, the total energy per unit mass,
éwr» in 2 CV is changed due to the energy transfer at boundaries, heat transfer from
radiation, and heat generation due to viscosity. The total energy per unit mass is equal
t0 €0y = h—p/p+ U? /2 where h, p, p, and U are the enthalpy, static pressure, density,
and velocity vector in the control volume. The conservation of energy based on the
first law can be expressed in the form of

9 B . .
a*f(ﬂfmt) +V- Gtor = de + Qvi: ; (Al)
where ¢, is the total heat flux vector. de and Q,,ij are heat sources in the CV due
to radiation and viscosity, respectively.

The total energy flux over an open CV boundary is the sum of the heat trans-
fer due to gas and species transfer through boundaries, temperature gradient at the
boundary, and heat transfer due to concentration gradient at the boundary (Dufour
effect) which is small in most cases other than binary gas mixtures and is neglected
here. The remaining terms in the total energy flux can be expressed as

- p 1
o= o0 =L )] 4 RV O] a2)
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where the three terms on the right-hand side are the energy flux due to convective
flow, heat conduction, and species diffusion, respectively. By defining K, = U?/2,
placing every term in Eq. A.1, and reordering the energy equation we obtain

0

81‘[ (h— ‘Z—i-[()] + V- (pUh) +V - (pUK,) — V - (Up) =

(A3)
V[V p ST(UR)| + Quua+ Qus

The objective is to derive the energy equation in terms of / for the fluid region
but the diffusion term is a function of 7. Based on the definition of enthalpy of a
mixture we can write

Vh=V> (Yik) =Y (YiVh)+ Y (hVY) (A4)

Enthalpy of species can be calculated by 5, = /7? + f TTH, ; ¢yidT, therefore Vh; = ¢,V T.
Placing in Eq. A.4 yields

Vh= (hVY)+> (Yi,VT) =D (hVY) +¢VT.  (AS)

Reordering the last equation and multiplying both sides to k£ we can write

K
KVT = [w - Z(hz-vn)} . (A.6)

Based on the above equation and FicK’s law, we can rewrite the diffusion term of the
Eq.A.3 so that

KNT—p> (YiUbh) = paVh—pad (bVY)+p> (DhVY)

D, (A7)
= paVh— 1—=2)hVY| .
pa¥Vh—pay [( =) ]
Assuming unity Lewis number, Le; = a/D; = 1, the last term on the right-hand
side of the above equation will be zero, which simplifies the diffusion term to paVA.
Substitution in the Eq. A.3 and neglecting the heat generation due to viscosity yields

0
GK) VU)o

=V (pQVb) + Qma’-

0 op
gt(/)h) + V- (pUh) — 9 V- (Up) +

The last three terms on the left-hand side of the above equation are small for low

Mach flows and can be neglected. Following the standard OpenFOAM solvers, only
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the term V - (Up) is neglected here. Finally, the energy equation for the gas phase,
with unity Lewis number and neglecting the viscosity heat generation, will be in the
form of

0 Y _v. '
5, (D) +V - (pUbh) = =~ + - (pKe) + V - (pUK,) = V - (paVh) + Q|-
(A.9)

The above equation is the energy equation that is solved for the gas phase in
different solvers used in this study. The form of the energy equation that is considered
for the solid particle is quite different. The solid particle is a porous media which
contains both solid and gas and thermal equilibrium is assumed to be established
between the two phases. Therefore, it is easier to derive the energy equation in terms
of the temperature instead of the enthalpy. Unity Lewis number assumption is used
and the viscous heat is neglected in this part as well. Furthermore, it is assumed
that the terms related to pressure and kinetic energy are negligible inside the particle
(low Mach number), and the effect of radiation is included in the conduction term.
Therefore, the energy equation for the solid particle can be simplified to

0
Er(ph) + V- (pUh) =V - (kgV ), (A.10)
where £, gis the effective conductivity which includes radiation effects and is discussed
in the thesis in more detail. The solid velocity is equal to zero, so the energy equation
can be expressed as

gt(pslaj) + gf(epg/ag) + V- (epgUhy) =V - (kgVT) , (A.11)
where € is the porosity and U'is the gas velocity vector. Subscripts s and g represent the
properties of the solid and gas, respectively. It should be noted that the solid density,
ps is the apparent density which includes the porosity. Hence, before shrinkage p, =
(1 — €)ps,prue» where pg e is the true (intrinsic) density of biomass. We can expand
the above equation in the form of

ob, 0p; Oh, Oepy
|:/0:at + /.7: 8t:| + |:5,0g8t hgiat

+ [eps UV by + bV - (ep,U)] =V - (k,yV T) .

(A.12)

Based on the definition, # = ) Y;4; and the fact that 9h;/0t = ¢,,0T/0t and
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Vhi = ¢,;V T, we can rewrite the equation in the following form

8Y 8,05

psz chz +ps

NK Ng
oT oY; Oep
+ z-:pgz Yicp,-—at + €pgz b,'—at + giatg

N N
+ |ep U YiewV T+ epUD  hiVYi+hN - (epU) | =V - (kVT)
(A.13)

where N; and N, are the number of solid and gas species, respectively. From the
continuity equation for the solid species we have

8p5,i _ apxyz o«
2 9 (A14)
and by summation we obtain
Ops _ 8p5, Z _
81: — §R.rz - : . (AlS)

Substituting into the first term in the Eq. A.13 we obtain

[/’sz chl + p,«zh o7 8p:]

oT 4 op.Y; dps Ops
~ P +Zh< or o >+h‘3t (A16)

—pjcpj +Zb( —)/45&{5)+ I

_pjcpI —i—Z}J?R”,

Similarly, we can use the continuity and species transport equations for the gas
species in the form of

) .
% (epg) + V- (epU) = Ry, (A.17)
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and

0 :
Fy (epgYs) +V - (epgUY;) =V - (pgD g, VYi) + Ry (A.18)

to simplify the second and third terms in Eq. A.13. By substitution into the mentioned
terms and neglecting the enthalpy transfer due to diffusion of gas species, we obtain

Ng Ny i
oT oY, Oep,
£pq Z Y}cpifat +ep; Z hii&t + 5,

Ng N,
+ e0U " Yiey N T+ epUD bV Y+ hyV - (ep,U) (A.19)

N,
0T .
= gngPgE + Z hiRg i+ epUcyV T .

Finally, we substitute Egs. A.16 and A.19 into Eq. A.13 to obtain the energy
equation for the solid particle in the form of

N; N
or - .
(/)_;Cp_V + e’;‘pgcpg) E + Epgcpgb NT=V- (Iieﬁfvz—) - E /Jl'g%s,i - E bﬁR g
(A.20)

We define the total heat capacity as (pc,), . = £pyc, .+ Ps¢p, and heat of reactions

tot
as Quae = — ZN’ hiXt, i — ZNg hif, ;. Finally, the energy equation for the porous

particle can be expressed in the form of

oT .
(pcl’)mr E + gngPgUVT: V- (’%EﬂVT) =+ Qreac . (A-ZI)

A.2 Momentum equation in porous media

The region inside a particle or in a fixed bed is a porous media consisting of both
the solid and the gas phases. Depending on the definition of the velocity and the
assumptions that have been made (such as constant porosity), the governing equations
of the fluid flow in the porous media are reported in different forms [84]. To avoid
any confusion, the derivation of the general form of the continuity, momentum, and
species transport equations is reported in the following. For any control volume inside
the domain with a total volume of V; the porosity or void fraction is defined as

=V, /V=1-V/V, (A.22)
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where Vj is the volume of the gas and V; is the volume of the solid. The porosity
is used to derive the governing equations for the porous media. Here, we start by
deriving the continuity and the momentum equations in a porous media.

We can write the mass conservation equation for a small control volume (CV)
with centre coordinates at (x, y, z), with a volume of V' = AxAyAz and porosity
of €, such as the one depicted in Figure A.l. Each side of the control volume is
partially blocked by the solid material. For instance, the two sides that are normal
to the x direction have an area of A = AyAz = A, + A;, where A, and 4; are the
areas corresponding to the gas and solid on each side. It can be shown that for a
homogeneous porous media, the ratio between A, to A is equal to the porosity [85]

AfJA=1—AJA=¢. (A.23)
(ngAg)X-AX/Z (ngAg)X+AX/2
E—
y
X
Z

Figure A.1: A control volume in the porous media with the inward and outward mass flow rate in the x direc-
tion.

Therefore, we can write the mass flux along the x direction as 2 = p,U,A4, =
epUA. Based on Figure A.1, for a one-dimensional flow in x direction, the mass
conservation equation for gas in a small time-step of Az becomes

Amg
At

where m, = p,Vy is the mass of gas in the CV, 7z;, and 7, are the mass flux at the two

= iy — o + RV, (A.24)

sides of the CV, and §Rg is the gas formation rate per unit volume due to conversion
of solid to gas. Based on the definition of each term, Eq. A.24 becomes

A(/’gvg)

Az = (ngxAg)x—Ax/Z - (ngxAg)x-i-Ax/Z + §):.Eg‘/a (A.25)
which then by using Eq. A.22 and Eq. A.23 becomes
A(ep,V) .
Tf = (‘SngxA)fox/Z - (gngxA)erAx/Z + §Rgv- (A26)
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Dividing the two sides by the volume, V; and moving everything other than the source
term to the left-hand side yields

Aepy) n (€PeUs)xtav/2 — (€0gUs)x—nx/2 _ 5

At Ax g (A.27)

which by assuming infinitesimally small Az and Ax, can be converted to a partial
differential equation (PDE) in the form of

Oepy) A(epeUs)
ot Ox

=R, . (A.28)

Generalizing the Eq. A.28 to three dimensions leads to

8(59g> 4 8(5F’gUx) I a(sngy) i (9(5ng2)

ot Ox Jy oz B (A-29)
or identically
J(e .
(afg) + V- (epU) = R, |. (A.30)

The Eq. A.30 is the general form of continuity equation in a porous media with the
conversion of solid to gas. The U is the actual velocity vector of the gas phase and
should not be confused with the superficial velocity U; = eU.

Similarly, we can write the momentum equation for the same control volume as
in Figure A.1. The momentum vector of the gas phase is 72,/ and based on Newton’s
second law of motion, the change in the gas phase momentum A(,U) over a short
period At is equal to the summation of the momentum of the fluid entering the con-
trol volume plus the summation of the forces acting over the mass or the boundaries
of the control volume, X F. Therefore, the momentum equation for the CV on the x
direction is

A(m,U,)
At

Using the definition of € and assuming a one-dimensional flow in the x direction we
get

= (mUy) i — (mUy)ous + SFs . (A31)

Aep,U,
(pitv) = (SngxAUx)x—Ax/Z - (SngxAUx)x—i-Ax/Z + YF,, (A.32)

and by dividing to V and moving every term except the boundary force to the left-
hand side we obtain

Ale Ux € Uxe x+Ax/2 — \E Uxe x—Ax, EFx
(Pg )+(Pg )+A/2 (Pg ) A/2:7' (A.33)
At Ax %4
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Assuming infinitesimally small volume and time step, we get the PDE form of the
momentum equation in the x direction

d(epUsy) N d(ep,UUy)  YF,

1 o v (A.34)

By repeating the same process for the y and z directions, we can finally get the general
momentum equation in vector form. The vector form of the momentum equation
that has to be solved in three separate directions is

d(ep,U) Y F

+V - (epU) = 57 - (A.35)

ot

The vector ¥ F in the above equation is the summation of the gravity force acting on
the mass of the gas and pressure and viscous forces acting on the boundaries of the
control volume. Hence,

YF= Fg‘ravity + F:Dresxure + Fvi&com . (A36)

The gravity force is equal to 72,g, where g is the gravitational acceleration vector.
Therefore, the gravity force is equal to

Foraviey = meg = €peVg . (A.37)

The pressure force is acting on the A, = €4 on the boundary that is occupied by the
gas phase. For instance, the pressure force in the x direction is equal t0 e =
(epA)s—nx/2 — (€pA)staxs2> where p is the gas phase pressure. Assuming an in-
finitesimally small volume, and multiplying and dividing the pressure to V, we get
Fyressure,x = — VO(ep) / Ox. Repeating the same procedure in the three directions gives
the vector of pressure force in the form of

P:brmure = —Vv(f'?[)) s (A38)

where V is the gradient operator.

The final force in the momentum equation of the gas phase is the viscous or
the friction force, Fyjpus- In a porous media, the friction force on the boundary is
due to both the viscous stress from the neighbour fluid and also the friction from the
neighbour solid. The viscous force between the fluids can be calculated similarly to
the pressure force, and that is equal to

Fuixmmﬂuid =VWW- (57—> s (A39)
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in which 7 = ﬂeﬁn[ (VU+VUT) = 2/3V - Ul is the viscous stress tensor. The
viscous force due to the friction between the fluid and solid is commonly calculated
by the Darcy-Forchheimer equation [80]

#e ., peCHU )
Fviswu.r solid = -V 7U+ —FU 5 A40
Jsolid <1( NI (A.40)

where K = (0%83)/(180(1 —¢)?) is the permeability [87] of the porous media based

on pore diameter, 4,, and Cp = 1.75/(150¢€%) 1/2 is the Forchheimer coefficient [86].
Finally, the total viscous force is equal to the fluid and solid terms, so we have

ue . peCHU| )
Foiscous = Foiscous fuid + Foiscoussolia = V|V - (e7) = —U——F=—U| . (A4])
fuid solid < (e7) = 7% R
Substituting the Eqs. A.37, A.38 and A.41 into the Eq. A.35 leads to the general
momentum equation for the gas phase in the porous media
d(epgU)

5 + V- (epUU) = epg — V(ep) + V- (e7) —

HE peCr| U Ul
X VK

(A.42)

The species transport equation can also be derived similarly to the continuity
equation, but the effects of species diffusion have to be considered as well. The change
of mass of gas species in the control volume can be expressed as

Amgl-
At

where m,; = m,Yy; is the mass of species g7, and Y, is the mass fraction of that species.

= mgi,in - mgi,out + §R.giI/a (A43)

The mass flux includes a convective and a diffusive term which is calculated based on
Fick’s law. For instance, the inward mass flux of species ¢7 in x direction will be

g = (engxAYgi — eppA 2t 8Yg’> : (A.44)
Tior Ox x—Ax/2
where Dp is the binary coeflicient of the fluid and 7, is the tortuosity of the porous
media, which is defined as the ratio of the actual path length of flow in the porous
media to the straight distance between two points. The tortuosity can be estimated
by 7> = 1/€ [56]. The outward mass flux is also described as similar to the inward
mass flux in Eq. A.44, and by inserting the terms in Eq. A.43 we obtain

A(epVYqi)
At

Dyp 0Yy
= LAY, — epA
(5ng g 5pg Toor Ox )2

Dy 0%, (A.45)

B <6ngXAYgi B 6pgA Twor Ox > +Ax/2 ’ éRgiV.
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By dividing the above equation to V'and assuming small Az and Ax and moving the
convective terms to the left-hand side we get

O(epgYy) | O(epUsYy) 0 eDyp OYyi -
Ot + Ox T oox \[* ¥

(A.406)

Trr  OX

Now, we can define an effective diffusivity as D,g= €Dyp /Tior = €2D 4p and rewrite
the equations in three directions in the vector form. Finally, the species transport
equation in the porous media can be expressed in the form of

a(angg,')

G Y (epUYg) = VDoV Vi + Rei | - (A.47)

A.3 Mass transfer limited char conversion

The char combustion and gasification reactions can be controlled by either the chem-
ical kinetics or the mass transfer of the gasifying agent (O,, H,O, or CO;). The
derivation of the mass transfer limited rate equations for a spherical particle with a
diameter of , is presented in this section. For non-spherical particles, the ), is re-
placed with the equivalent diameter, 4,,, which is the diameter of a sphere with the
same volume as the non-spherical particle.

Figure A.2: Schematic of the electric current analogy for convection and diffusion of the gasifying agent from
the surrounding gas to the char surface.

In general, the gasifying agent is transferred from the surrounding atmosphere
to the surface of the particle through mass convection and then diffuses through the
ash layer to reach the char surface. The mass transfer rate of the gasifying agent can be
calculated based on the electric current analogy as presented in Fig. A.2. In this case,
two variables, R; and R, [m3/s], can be defined as the resistance to convection and
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diffusion of the gasifying agent, respectively. For a spherical particle with diameter
d,, the convective mass flow rate 72, ;o [kg/s] of gas species gi to the surface of the
particle can be expressed as

(Civoo — Cire) Myi
. 91,00 'g1,¢ 54
= , A.48
e R+ R (A-48)

where Cy; oo and Cy; . are the concentration of species [kmol/m?] in the surrounding
gas and at the char surface, respectively. M,; [kg/kmol] is the molecular weight of
the gasifying agent. The resistance to convection, R;, can be calculated using the
definition of mass convection coefficient 7 cony = 1A, (Cgi,oo — Cgi,s), where Cyi s
is the gas concentration at the particle surface. This gives

(A.49)

where 4, = na’; [m?] is the particle surface area, and 4, [m/s] is the mass convection
coeflicient. 4,, can be calculated based on the Sherwood number (Sh) definition

_ ShDyp

hm ;
df’

(A.50)

in which Dyp [m?/s]is the binary diffusion coefficient. Based on Fick’s law of diffu-
sion, the resistance to diffusion in the porous ash layer in a spherical particle can be
expressed as

d, — dc

=+ — A5l
27Z'dpcheﬁf7 ( 5 )

Ry
where dc is the char diameter and D, g = E%DAB is the effective diffusion coefficient,
as explained in Section A.2, and € is the ash porosity. In mass transfer limited con-
ditions, all of the gasifying agents will be consumed at the char surface, which gives
Cei,e = 0. Hence, we can finally rewrite Eq. A.48 to calculate the mass transfer rate
of the gasifying agent to the char surface in a spherical particle as

1 d,—d -1
g = CyiooM, A

i A.52
& ﬂdpShDAB + 27fdpﬂlC5,24DAB ( > )

In the case of small fuel particles which are moving with the fluid, such as in
the fluidized or entrained flow reactors, the mass transfer rate equation can be more
simplified. First, it is assumed that the ash is quickly removed from the surface of the
particle by the airflow, so R, becomes zero. Second, it can be assumed that the relative
velocity between the particle and surrounding fluid is zero, which leads to Sh = 2.
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On the other hand, the binary diffusion coeficient at the particle surface temperature
can be estimated from the following correlation [88, 45]

7\
Dup = Dyp rof T, ; (A.53)

where D gp ,.ris the diffusion coefficient at a reference temperature, 7,4 and 7 is the
gas temperature at the particle surface. Furthermore, from the ideal gas law we can
write

Pgi
7,00 — 9 A 4
Cg ) Ru 7:{ ( 5 )

in which p,; and 7} are the partial pressure of the gasifying agent and gas temperature
near the particle surface, respectively, and R, is the universal gas constant. Based on
the above assumptions and Egs. A.53 and A.54, the mass transfer rate of the gasifying
agent will be simplified as

1.75
PeMgi | 4y 15
= 222D [ = . A.
g, R, |24, P of T (A.55)

Based on the above equation, and assuming Ty is close to 73, the char conversion
rate can be expressed in the form of

) . Mcvcyg 2McDyp revC gi 7075
mc = mgl' Mg< = ( RuTLJZS L, gl'Tp . (A56)

where Mc is the molecular weight of char and v is the stoichiometric ratio of the
char to the gasifying agent. The value in the parenthesis is a constant for each gasifying
agent, so we can define a constant Cg; such that

2MCDAB,re C.gi
Cupy = AT (A57)
R.T,;
This simplifies the char conversion rate for fluidized particles to
75
me = Cdlﬁjiz‘lppgiiT , (A.58)
?

where in some studies, 7 is estimated by the average temperature of the particle and
surrounding gas, 0.5(7),+ T;) [40]. Furthermore, the value of Cj:; can be estimated
by assuming D 4 .r = 3 X 1072 at Tyr = 300 K. This leads to Cyypr; = 4 % 10_121/C,g,-
which is comparable to the values reported in the literature [40, 89].
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This graphical abstract shows the key elements and also some challenges of
sustainable energy production through biomass thermochemical conversion.
The main source of the energy is the sun and the whole process is CO,-neutral
because the same amount of CO, that was absorbed by biomass (the plant)
will be released into the atmosphere again. Solid biomass can be oxidized
to directly produce energy, or it can be converted to other types of liquid or
gaseous biofuels. Two of the main challenges for biomass utilization are the
NO, emissions and potassium (K) release from the solid fuel. NO, is harmful
to the environment and potassium can damage the conversion device or
lead to particulate matter (PM) emissions. In this thesis, numerical models
are developed to study biomass conversion at the particle, fuel bed, and
reactor scales. The release of potassium from the solid fuel and also the NO,
emissions from the reactor are investigated using the models. The simulation
results help to better understand the process of biomass conversion, and also
to find solutions for the mentioned problems associated with potassium and
NO, emissions.
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