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Chemistry and Reaction Kinetics of
Biowaste Torrefaction

Summary

This thesis addresses the question of how the chemistry and reaction kinetics of
torrefaction are influenced by reaction conditions and the effects occurring during
the reaction. This research question can be specified by questions such as, what
controls their kinetics during torrefaction and what does this mean, which products
are formed, what are the mass - and energy balances, and what is the endothermal
and/or exothermal behaviour.

In future energy scenarios an important role in the (renewable) energy supply is
given to biomass. The unique position of biomass as the only renewable source for
sustainable carbon carrier makes biomass an attractive energy source. Biomass as
energy source has some typical characteristics making it a specific, but complicated
fuel for the future. Some biomass properties are inconvenient, particularly its high
oxygen content, a low calorific value, the hydrophilic nature and there with
connected high moisture content. Other disadvantages of biomass are its tenacious
and fibrous structure and its inhomogeneous composition. This makes process
design and process control complicated. Torrefaction is a technology that can
improve biomass properties and therefore offers solutions to the above problems.
Torrefaction is a thermal pre-treatment technology to upgrade ligno-cellulosic
biomass to a higher quality and more attractive biofuel. The main principle of
torrefaction, from a chemical point of view, is the removal of oxygen leading to a
final solid product: the torrefied biomass having a lower O/C ratio compared to the
original biomass.

The heart of the torrefaction technology is the reactor concept. In the development
of the torrefaction system knowledge it is important to obtain a good insight into
the mechanisms of torrefaction at fundamental level. Torrefaction is a complex
process which involves many physical and chemical processes such as heat
transfer, moisture evaporation, decomposition kinetics, heat of torrefaction,
pressure build up in the solid, changes in material properties all in relation with



torrefaction temperature. Further the material is inherently anisotropic. Research at
this level can give better information about the quality of the torrefaction.

The thesis can be divided into three parts. In the first part a broad literature review
about pyrolysis and torrefaction is carried out. The second part gives the
experimental section in which the chemistry and reaction kinetics have been
studied extensively with the help of different experimental methods. The final part
gives an overview on the-state-of-the-art of different commercial torrefaction
initiatives to further assist reactor technology.

Although pyrolysis and torrefaction operate in a different temperature regime,
pyrolysis type research is applied for exploring torrefaction of biowaste resources.
The chemical principles and different reaction mechanisms are to get insight into
the torrefaction characteristics. Due to the different reaction temperatures
differences between pyrolysis and torrefaction are observed in the final product
composition and reaction rates.

The weight loss kinetics of different biowaste resources and its constituents are
determined by thermogravimetric analysis at a milligram scale. The reaction
kinetics are modeled based on existing pyrolysis reaction models. On the basis of
the mathematical results only, it cannot be stated how the biomass decomposes
during torrefaction. Different assumptions on the kinetics lead to identical
mathematical formulations. Hence, it is found that biomass torrefaction follows the
classical methods of reaction kinetics. During biomass torrefaction two different
phases on these categories react independently of each other. The slow reacting
phase has high availability and the fast reacting phase has an apparent temperature
dependence of the (low) availability.

The products formed during torrefaction of different biowaste streams have been
determined in a small scale fixed bed reactor (0 — 10 g) and thermogravimetric
analysis coupled with mass spectroscopy and Fourier Transformed Infrared. In the
fixed bed reactor the torrefied wood, the condensable and non-condensable gases
are quantified offline with elemental analysis, gas chromatography/mass
spectroscopy and micro gas chromatography. The fast reacting phase with low
availability produces small molecular products even as the slow reacting phase
with high availability, but this phase also produces higher molecular weight



products and aromatic compounds. Finally, the energy balance of the torrefaction
of beech wood is determined. The heat of reaction that is found is between 0.7
MlJ/kg biomass endothermic and -0.8 MIJ/kg biomass exothermic for reaction
temperatures between 230 and 280°C.

Finally, the influence of torrefaction on large cylindrical wood particles with
diameters between 10 and 28 mm for beech and willow wood has been
investigated. Fixed bed experiments are carried out at temperatures between 200 -
300°C to determine the product composition and the intra particle temperature
profile depending on location, time and temperature. The condensable products are
characterized and the exothermal effect is quantified. It is shown that the maximum
temperature increase due to this exothermal effect is between 40°C inside a large
particle. Also an analytical mathematical model has been developed based on the
reaction mechanism found with thermogravimetric analysis and for the kinetic
modelling to describe this internal temperature profile. Some modifications are
applied to the model found to describe the weight loss kinetics. The model
describes the temperature profile in the particle as a function of time, temperature,
location and the progress of the reaction. The high number of required numerical
parameters limits the numerical validation of the torrefaction model and makes
biomass modeling complicated.
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Chapter 1

Introduction

Abstract
This chapter highlights the challenge of the transition to a bio-based economy in

which bio-energy can play an important role. Co-firing of biomass is seen as an
important step in the renewable energy mix. In this chapter the role of torrefaction
for co-firing is described briefly. The main objective of this study and the structure
of this thesis are outlined.
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1.1 Background

Nowadays, there is an increased interest in the transition from a petrochemical
based industry towards a bio-based economy. Biomass is getting increased
attention as a potential source for non-food applications such as fuel-, chemical-,
material- and electricity production. In a bio-based economy biomass replaces
partially the fossil based resources as oil, natural gas and coal. Rising prices of
fossil fuels, climate change discussions, instability of oil producing countries and
increasing pressure on the environment are drivers for green engineering.
Sustainable chemical processes, products and system designs must lead to a
diversified economy in which less energy is consumed, less CO, is emitted and
greener resources are applied [Ten Pierick &Van Mill, 2009].

The challenge for the long-term development of the bio-based economy is
enormous since there is a strong interaction with themes like climate, energy, trade,
agriculture policy, food facilities, knowledge based economy, biodiversity,
logistics and transport fuels is clearly present. The advantages of a bio-based
economy are much known, but at the other side attention is necessary for barriers
such as sustainability in relation to biomass use, market failures, still the lack of
required technologies and biomass availability. Also the impact of large scale
biomass use must guarantee the application of sustainable produced biomass from
anywhere in the world.

The Netherlands is considered to play an important role in the transition to a bio-
based economy because of its large port facilities, chemical industry, refinery
facilities and sophisticated agro industry. 30% of the fossil resources should be
replaced by biomass feedstock in the year 2030 according the working program of
the Dutch government [Schoon en Zuinig, 2007]. [Sues, 2011] shows that biomass
waste streams (or residues) are an interesting sustainable option for conversion into
energy in Europe. These tertiary biomass resources do not show competition with
food production, but the availability is marginal with a range between 1.4 and 3.4
El/year. The same study shows that with these proportions it is inevitable to import
biomass from other continents to reach the targets for transportation fuels and
biomass co-firing for the production of electricity. This is supported by [de Wit and
Faaij, 2010] looking at the agricultural residues from food and feed production.



Introduction 3

Table 1.1: Total biomass use as part of avoided primary fossil energy use in % in The
Netherlands

Avoided primary energy use (%)
1995 2000 2005 2008

Biomass total 0.59 0.88 1.81 2.16
Waste incineration 0.21 0.39 0.37 0.41
Co-firing biomass 0 0.06 093 0.59
Wood stoves for heat, companies 0.06 006 0.06 0.08
Wood stoves, households 0.16 0.15 0.18 0.21
Other biomass combustion 0.02 0.08 0.14 0.28
Biogas 0.14 0.14 0.3 0.22
Biofuels - - 0 0.36

It is supposed that 20% of the energy in Europe is being produced from renewable
sources in 2020. Bio-energy is a part of the bio-based economy that can partly
replace the energy application of fossil resources, but [Faaij, 2006] mentions that
the use of available biomass resources could become a problem and limitation.
Biomass import from South America is proposed as a tool to reach the targets
[Sues, 2011]. According the Transition Biomass bioenergy can comprise 30% of
the total energy consumption in 2040. An important role is ascribed to the
electricity production by co-firing biomass waste streams in existing coal fired
stations [Sues, 2011]. In the covenant about coal as energy resource
[Kolenconvenant, 2002] it is stated that around 30 PJ/year co-firing of biomass
could be achieved in the period 2008 — 2012. The goal of 10% energy supply by
renewable sources will be covered for around 50% by biomass use in 2020. This
means around 190 PJ/year [Tortech, 2006]. At the moment the use of biomass in
The Netherlands for energy purposes is not that large. Table 1.1 summarises the
evolution of biomass use as pronounced in avoided primary energy use (%) in The
Netherlands from 1995 — 2008. It is shown that the contribution of biomass is still
only 2.16%. Almost half of the contribution is derived from waste incineration and
co-firing of biomass.

Co-firing is seen as an important step in the energy transition, but the application of
biomass in the bio-energy chain for the production of energy in the form of
electricity offers some difficulties. Particle size reduction of woody feedstocks is
necessary for co-firing in coal fired power stations or for application in entrained
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flow gasification. Due to the fibrous and tenacious structure of biomass this offers
problems for the grindability and makes large scale biomass co-firing problematic.
Also the transportation of biomass (which is necessary to reach the renewable
energy targets) comprises difficulties such as low energy density of the biomass,
hydrophilic behaviour, sensitivity for rotting and bad fluidization behaviour.

The technology of torrefaction can improve the characteristics mentioned above.
By thermal treatment of the biomass in the temperature range 200 - 300°C
(between drying and pyrolysis) the biomass shows improved characteristics like:

e Improved grindability
* Increased energy density
e Better hydrophobic properties

e Improved homogeneity of the biomass

The torrefied product can be easily grinded and pelletized so that a high quality
fuel is produced that can be co-fired into the existing coal power stations or
entrained flow gasification. Nowadays, the often mentioned name for torrefied
biomass is biocoal. Next to co-firing, pelletized torrefied biomass can also be
applied into wood stoves for small scale combustion in the private market. Small
scale combustion systems can be used as an alternative to oil-fired central heating
in developed areas with a lot of biomass waste streams such as Sweden, Norway
and Austria, but small scale combustion systems are also used in developing areas
such as parts of Africa. Easily access to sustainable use of biomass can contribute
to rural development.

1.2 Co-firing biomass in the Netherlands

Co-firing of biomass is an important activity in The Netherlands. The idea behind it
is to replace fossil fuels with renewable resources in existing coal fired power
plants. Co-firing reduces the CO, emissions and enhances recycling of material so
land filling is minimized. Among the different combustion techniques like
pulverised coal combustion, fluidised bed combustion and grate combustion,
pulverised coal combustion is the most common technology to produce power in
large scale power plants up to 1000 MW,. A fine grinded fuel with particles
smaller than 100um is pneumatically injected into a furnace. High moisture content
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and the fibrous nature of biomass make it difficult to achieve this particle size.
[Spliethof et al., 2001] mentions the main problems of biomass co-firing which are
fuel supply, fuel handling, behaviour inside the boiler and the quality of the ash.
Fuel supply is related to the several pre-treatment steps that are necessary for
application such as harvesting, drying, milling and densification. Fuel handling is
related to the particle size of the biomass. According to [van Loo & Koppejan,
2002] the maximum size for renewable fuels in PF boilers is 10 — 20 mm. [Hein &
Bemtgen, 1998] states that wood particles should be milled to less than 1 mm to
reach a satisfactory burn-out within the residence times [Heikkinen, 2005].
Blockages and self-ignition are the main possible problems. Also the flow
behaviour of biomass is different than coal and the lower energy density requires
larger streams of biomass. If the biomass particle is too large for complete burnout
in the boiler it could start glowing. This leads to the formation of CO which is
responsible for corrosion effects in the boiler. Corrosion can be enlarged by the
alkali containing ash of the biomass.

Co-firing of biomass has certainly also advantages [Dai et al., 2008]. Often
mentioned advantages next to decrease of CO, emissions and reduction of land
waste fill are the flexibility in fuel supply and types of resources. Making the
power station attractive for a diverse stream of resources creates more flexibility in
handling secondary fuels. Seasonal fuel streams become easier to be handled in the
coal station. Therefore co-firing of biomass and waste can be carried out by three
different methods, namely:

¢ Direct co-firing: coal and biomass are handled together before the burner and
fed through the coal burners into the boiler.

e Indirect co-firing: coal and biomass are gasified in a different unit and the
product gas is injected into the coal furnace.

e Parallel combustion: biomass and coal infrastructure consists of complete
separate combustion unit, but than the heat to power equipment

Next to co-firing with biomass, pulverized fuel combustion can also contribute to
decreasing the greenhouse gas emissions by improving its efficiency, capturing and
storing the CO,. Large efficiency improvements are difficult to achieve and CO,
capturing is costly and technically complicated [Heikkinen, 2005].
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Table 1.2: Co-firing locations in The Netherlands

Capacity

Power plant Owner (MWth)  Co-fired fuel Type
Hemweg Centrale

(HWS) Nuon 670 Sewage sludge Direct
Borssele 12 EPZ 403  Wood pellets, olive pulp  Direct
Amercentrale 8 Essent 600 Wood pellets, olive pulp  Direct

Indirect +

Amercentrale 9 Essent 600 Wood pellets, olive pulp  direct
Gelderland Electrabel 602 Demolition wood Direct
Buggenum Nuon 253  Sewage sludge, wood Direct
Maasvlakte 1+2 E-ON Benelux 1062  Biomass pellets Direct

The co-firing activities in The Netherlands are mentioned in Table 1.2. At the
moment there are eight power plants in The Netherlands in which pulverized coal
and a secondary fuel are used for the production of electricity with a total capacity
more than 4000 MW,,. For the Amercentrale 8 320kton/a biomass is co-fired and
Amercentrale 9 it will be contribution of 600kton/a biomass [Kiel, 2010]. For
Borssele 112 it is 100 kton/a, for Buggenum the contribution is around 5 kton/a
gasification of biomass and in the Maasvlakte units the contribution is together
around 200 kton/a. The Dutch municipal solid waste is currently being incinerated
in the existing grate-fired incineration plants and is not mixed with the coal in the
coal power stations for co-firing.

[Kiel, 2010] states that for the middle- and long term the energy production will
depend on oil and gas. Co-firing biomass can be an easy and cheap possibility to
increase the renewable energy share. Nowadays, around 30 wt% is co-fired in the
existing power stations, with concrete plans (Amercentrale 9) to achieve 50%. It is
expected that co-firing biomass becomes more attractive if large amounts of
torrefied biomass will enter the renewable resources market. The improved
grindability due to torrefaction makes it possible to co-fire larger shares of
(pelletized) biomass taking into account the current infrastructure and burnout
behaviour of the biomass particle.
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1.3 Biomass torrefaction

This thesis deals with the role of torrefaction as pre-treatment technology in the
production of bio-energy. Torrefaction is a thermo-chemical conversion method in
the temperature range between drying and pyrolysis operating at 200 — 300°C
under inert atmospheric conditions. Other names for the torrefaction process are
roasting, slow- and mild pyrolysis, wood cooking and high-temperature drying. In
this temperature range the biomass decomposes and during this decomposition a
gas is produced.

The chemical principle of torrefaction is the removal of oxygen containing
compounds out of the biomass. Typically, a solid product is formed which is called
torrefied biomass, bio-char or bio-coal. The modified solid product contains like
70% of the mass and 90% of the energy of the original raw biomass leading to an
increased energy density (because of the removal of oxygen). The produced gas
can be used to supply the necessary process heat for torrefaction. An increased
energy density makes the bio-coal interesting as intermediate product for large
distance transportation. Also due to the removal of oxygen after torrefaction the
biomass has more hydrophobic characteristics that make storage of torrefied
biomass more attractive above non-torrefied biomass, because of the rotting
behavior.

The thermal treatment also destructs the fibrous structure and tenacity of biomass,
which makes it interesting for grinding. Grinding of the biomass offers an even
higher increased volumetric energy density. Due to biomass grinding also higher
shares of co-firing of coal/biomass mixtures can be achieved. Another advantage of
torrefied biomass that increases co-firing possibilities is its uniformity in product
quality. Woodcuttings, demolition wood, waste wood have after torrefaction quite
similar physical and chemical properties including hydrophobicity.

Although the advantages of torrefaction are known, nowadays, there is no
commercial reactor technology available for torrefaction purposes. At the moment
several initiatives with a capacity ranging between 10 and 100 kton annual are in
development.
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1.4 Research activities

In the development of the torrefaction knowledge it is important to get a good
insight in the mechanisms behind torrefaction at fundamental level. Torrefaction is
a complex process which involves many physical and chemical processes such as
heat transfer, moisture evaporation, decomposition kinetics, heat of torrefaction,
pressure build up in the solid, changes in material properties with the extent of
torrefaction temperature, anisotropic property behavior. Research at this level can
give better information about the quality of the torrefied product. The most
important technological issues that remain to be solved at fundamental level before
large-scale use becomes more efficient are related to the complex torrefaction
kinetics.

The study of the basic reaction mechanism is the priority of the present research
which intends to make an experimental, theoretical and modelling contribution to
the development of torrefaction. Therefore it concentrates on the determination of
the operating conditions in relevant experimental research, the kinetic constants of
biomass torrefaction, the reaction heat of biomass torrefaction and (volatile and
solid) product information related to the torrefaction conditions. The different
approaches to investigate the torrefaction of biowastes are:

e Thermogravimetric Analysis (TGA) is applied on a generally small
particle, so that the heat transfer is neglible compared to the decomposition
rate and useful information on the kinetics of biowaste torrefaction can be
gained by monitoring the mass loss of the particle. The information
obtained by TGA can be applied in different kinetic models to study
different reaction mechanisms.

e Thermogravimetric Analysis coupled with Mass Spectroscopy (TG-MS) or
Fourier Transformed Infrared (FTIR) is applied on small particles so that
the online analysis of product formation can be monitored.

e Fixed bed experiments have been carried out on generally small particles
to study the product formation of biowaste, so that the heat transfer in the
particle is limited.
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e Fixed bed experiments are applied on large cylindrical particles of wood.
The heat transfer is then the limiting step and this study deal with the
modelling of the thermal properties of the wood. Thermocouples are set
inside the particle to measure temperature profiles.

This thesis addresses the question how the chemistry reaction mechanism of
torrefaction is influenced by its reaction conditions and what effects occur during
the reaction.

1.5 Scope and outline of this thesis

This research is carried out within the framework of the project “EOS-LT Tortech
Torrefaction as key technology for the production of solid fuels from biomass and
waste”. Torrefied pellets are considered an important feedstock in the co-firing of
biomass in existing coal fired stations for the production of electricity and in the
transportation of biomass in the bio-based economy. The project is financed by
SenterNovem and is cooperation between the Energy research Centre of The
Netherlands, Eindhoven University of Technology and GF Energy. Other
companies involved in the project are Imtech Technology, CPM Europe BV, HVC
Alkmaar, Technisch Bureau MTM BV, NUON, Delta Milieu Biofuels BV and
EPZ. This part of the research is carried out at Eindhoven University of
Technology, The Netherlands.

The goal of this thesis is to identify the reaction mechanism of biowastes during
torrefaction for the production of solid biofuels. This thesis addresses the
question how the chemistry and reaction Kkinetics of torrefaction are
influenced by its reaction conditions and what effects occur during the
reaction. This research question can be more specified with the subquestions such
as, how are the kinetics during torrefaction and what does this mean, which
products are formed, what are the mass - and energy balances, what is the endo-
and or exothermal behaviour, etc. Understanding the reaction mechanism during
torrefaction could increase the fundamental knowledge for torrefaction as new
thermochemical technology between drying and pyrolysis. The research is focused
on the kinetic mechanism of biowaste decomposition and the product formation
between 200 - 300°C.
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In Chapter 2 an overview is presented about the thermo chemical conversion of
biomass. The chapter deals mainly with the relation of pyrolysis with torrefaction
research. The characteristics of pyrolysis and its products and product applications
of these fractions are shown. Also an overview of the kinetic pyrolysis models
which will be used in Chapter 4 is presented. Finally, some different reactor
technologies for pyrolysis are discussed.

In Chapter 3 a review is given about the upgrading of biomass for the production
of biofuels by torrefaction. In this review the characteristics of torrefaction are
described and a short history of torrefaction is given. Torrefaction is based on the
removal of oxygen from biomass which aims to produce a fuel with increased
energy density by decomposing the reactive hemicellulose fraction. Different
reaction conditions (temperature, inert gas, reaction time) and biomass resources
lead to various solid, liquid and gaseous products. A short overview of the different
mass and energy balances is presented. Finally, the technology options and the
most promising torrefaction applications and their economic potential are
described.

In Chapter 4 a method is presented to study the reaction mechanism of biomass
decomposition during torrefaction. The question that is answered is how the
reaction mechanism of the torrefaction process is depending on different process
conditions such as temperature and residence time. Thermo gravimetric
experiments are carried out to get information about the weight loss of several
biowastes and biomass constituents. Four different models are analyzed and
validated with the experimental results. The model is verified by reactivity plots of
the torrefaction of torrefied biomass which means that the weight loss kinetics of
torrefied biomass have been researched by torrefaction at higher temperatures.

Chapter 5 summarizes the results of investigation upon the product formation
during biomass torrefaction for different biomass feedstocks and its constituents in
a small scale fixed bed reactor. The mechanism found in Chapter 4 has been
studied more extensively looking at the products. Also the reaction mechanism is
research by the analytical method of combined dynamic thermo gravimetric mass
spectroscopy (TG-MS) and thermo gravimetric Fourier transformed infrared (TG-
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FTIR). Based on these experiments the mass and energy balances are constructed
and more qualitative information is gained about the mechanism.

Chapter 6 summarizes the results of investigation upon the torrefaction of large
wood particles comprising the product formation and the intra particle temperature
profile. Fixed bed experiments have been carried out at different temperatures to
determine the product composition and the intra particle temperature profile
depending on location, time and temperature. The condensable products have been
characterized and the exothermal effect quantified. Finally an analytical model has
been developed based on the reaction mechanism found in Chapter 4. Some
modifications are applied regarding reaction kinetics, reaction coordinates and the
heat transfer. The model describes the temperature profile in the particle as
function of time, temperature, location and the progress of the reaction.

In Chapter 7 an overview is given about the commercial state of the art of the
torrefaction technology. The different reactor technologies will be outlined and the
initiatives in The Netherlands will be discussed. Finally, in Chapter 8 the main
conclusions of this study are presented and some recommendations about future
work are proposed. Also an outlook to the future of torrefaction is given.
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Chapter 2

Fundamentals of thermo chemical conversion
of biomass

Abstract

In this chapter an overview is presented about the fundamentals of thermo
chemical conversion of biomass. Different topics such as biomass composition,
biomass decomposition chemistry, reaction kinetics and product applications are
presented. A specific outlook is given to the technology of pyrolysis to understand
the basic principles of torrefaction. Finally, an overview is given about the
available reactor technologies for the thermal treatment of biomass.
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2.1 Introduction

The conversion of biomass comprises a whole range of technologies from a wide
spectrum of feedstocks to several energy carriers and products. In this chapter an
overview is presented about the main principles of thermo chemical conversion
technologies in general and pyrolysis in detail. This thesis deals with the question
what the chemistry and reaction kinetics of torrefaction are. Torrefaction is a
thermo chemical conversion method that focuses on a high quality solid fuel. A
different name for torrefaction is low temperature pyrolysis; both technologies,
pyrolysis and torrefaction, respectively, operate at inert conditions. The difference
is that pyrolysis operates at temperatures above 400°C and torrefaction below
300°C. Depending on the composition of the biomass resource, the reaction
conditions and the reactor technologies different pyrolysis products can be formed.
An overview is given about the different choices that can be made. Also a literature
review is presented about the reaction mechanisms of biomass during pyrolysis
which will be used for the modelling of biomass torrefaction in Chapter 4. Because
extensive literature reviews on the subject have appeared over the years [Mohan et
al., 2006] [Hubert et al., 2006] [Czernik & Bridgwater, 2004] [Bridgwater, 1999]
only the major aspects of the pyrolysis mechanism are discussed. Finally, the most
important reactor technologies are discussed.

2.2 Biomass composition

The chemical structure and major constituents in biomass are important in the
several thermo chemical processes and development for producing biofuels and
biochemicals. Biomass is a solid fuel and, like most of the solid fuels, it consists of
the elements carbon, oxygen and hydrogen. The presence of large amounts of
oxygen in biomass means that the (pyrolytic) chemistry differs extensively from
fossil fuels [Mohan et al., 2006]. Herbaceous and woody biomass can both be
classified as lignocellulosic biomass, which consists mainly of cellulose,
hemicelluloses and lignin. Other chemical fractions in biomass are small amounts
of inorganic material (which upon thermal decomposition transforms into ash) and
low molecular extractives such as resins, terpenes, fats and waxes.

The main role of lignocellulose is to build up the cellular structure of plants as a
foundation and connection agent of cell walls, providing mechanical strength and
toughness to the plant. On microscopic scale, the wood is composed of micro
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fibrils. The cellulose is concentrated in the interior of the fiber, the outer wall of the
fiber is composed of lignin and hemicelluloses and the lamellas to connect the
fibers are composed in general of lignin. The lignin connects the wood fibers with
each other and the hemicelluloses link the cellulose with the lignin. In the rest of
this paragraph the (chemical) characteristics of the three lignocellulosic compounds
are described.

2.2.1 Cellulose

Cellulose is a linear polysaccharide (C¢H;(oOs), of D-glucose (C¢H;,O¢) linked by
B-1,4-glycosidic bonds with a degree of polymerization between 1000 - 10000. The
chemical structure of cellulose is shown in Figure 2.1. The basic repeating unit of
the cellulose polymer consists of two glucose anhydride units containing hydroxyl
groups. Both molecules adopt a stable chair conformation which allows the
formation of hydrogen bonds between the adjacent oxygen and hydrogen atoms.
This intra and inter molecular hydrogen bonds forces a linear arrangement and
increases the crystalline character of the material. Cellulose derives its strength
from its fibrous structure, which is mainly coming from its hydrogen bondings
within the polymer chain. Cellulose fibers form the skeletal structure of - and give
strength to the biomass.
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Figure 2.1: Chemical structure of cellulose

2.2.2 Hemicelluloses

Hemicelluloses are complex hetero polysaccharides consisting out of pentoses
(CsHgO,4), and hexoses (C¢H;9Os),. The different saccharides are glucose,
galactose, mannose, xylose, arabinose and glucuronic acid and vary in the
composition of soft- and hardwood. Examples of glucomannan and xylan are
shown in Figure 2.2. Hemicelluloses have an amorphous structure rich of branches
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and are the least stable constituent in the biomass due to their lack of crystallinity.
Hemicelluloses are shorter chains than the cellulose since the degree of
polymerization varies mainly between 50 — 300 monomer units.
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Figure 2.2: Different components of hemicelluloses

2.2.3 Lignin

The third major component of lignocellulosic biomass is lignin. Lignin has an
amorphous and highly cross-linked structure, without a well defined order or
clearly repeated aromatic units. This irregular structure of lignin is a direct
consequence of its biosynthesis, whose last step is constituted by a random
recombination. Different polymerization of phenylpropenyl units results in lignin.
There are three different types of phenylpropane units such as coniferyl, sinapyl
and p-coumaryl alcohol according to the different side groups. Softwood is mainly
composed of coniferyl phenylpropane units. On the other hand, hardwood is
mainly composed of coniferyl and sinapyl alcohol units.
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Figure 2.3: Chemical structures of lignin

2.3 Biomass conversion

Biomass can be converted into different useful products by biochemical and
thermo chemical pathways. Biochemical conversion comprises the technologies of
anaerobic digestion and fermentation. This thesis deals mainly about the thermo
chemical conversion in the low temperature regime, which is torrefaction. This
chapter deals about the higher temperature range. The temperature difference
between both technologies is clearly shown in Figure 2.4. Lignocellulosic biomass
can be used in different thermo chemical ways to provide energy:

e Direct combustion to produce heat for use in heating and steam for
electricity generation.

e Gasification to produce a syngas which can be combusted for heat and
electricity generation (indirect combustion). Gasification operates basically
at temperatures higher than 800°C.

e Pyrolysis to produce a solid, liquid and gaseous fuel which can be used for
a wide spectrum of applications (including chemicals).
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With direct combustion and gasification the products must be used immediately
since storage is difficult and costly. The advantage of pyrolysis is that the liquid
product can be stored, although the liquid produced is not completely stable
[Diebold, 2000]. [De Wild, 2009] expressed very clearly the differences between
the various thermo chemical conversion processes as in Figure 2.4. The biomass
constituents decompose in the torrefaction and/or pyrolysis temperature regime
between 200 and 600°C. At lower temperatures the biomass loses almost entirely

Staged degasification for value-added chemicals and fuels
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Figure 2.4: Staged degasification concept within the thermo chemical biorefinery [De Wild
et al., 2009]

water and at higher temperatures the biomass is gasified to a syngas consisting out
of CO, CO,, H, and CH,. It is shown that at different temperatures different
products are formed from hemicellulose, cellulose and lignin. Combustion is not
shown in this figure since it operates at oxygen conditions stoechiometrical higher
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than 1. Gasification, pyrolysis and torrefaction operate under (partial) inert
conditions.

The several technologies produce their final energy carriers in different forms with
several possible applications, but there is also a difference in efficiency. Bio-
energy conversion efficiencies for biomass combustion power plants, producing
electricity, range from 20 to 40% [McKendry, 2002], for biomass gasification
between 75 to 80%, as chemical energy in the gas produced and pyrolysis
efficiencies vary extremely in the energy content of the final liquid product. In the
next paragraph a more detailed description is given about the pyrolysis process
which stands close to the principles of torrefaction.

2.4 Pyrolysis

2.4.1 Description and process parameters

The focus of torrefaction is to produce a high quality solid fuel, pyrolysis is meant
to convert biomass to (a maximum quantity of) liquids (bio-oil). This thesis deals
mainly about the thermo chemical conversion in the low temperature which is
torrefaction. This paragraph deals about the higher temperature range above 300°C.
Both processes have in common that the biomass feedstock is densified in its
energy content to reduce storage space and transport costs [Venderbosch & Prins,
2010]. Pyrolysis is a thermo chemical conversion method (of biomass) operating
between 300 - 600°C in the absence of oxygen to produce renewable fuels and
chemicals. It is also always the first step in combustion and gasification, but in
these processes it is followed by total or partial oxidation of the primary products.
Pyrolysis is a combination of the Greek words pyros and lysis which mean fire and
breaking [Cornelissen, 2009]. It leads to an array of useful solid, liquid and gaseous
products. Pyrolytic oil (synthetic oil) has a strategic value because, as a liquid, its
handling, storage, transportation and utilization are similar to that of petroleum
based oil.

Pyrolysis is an old process that was already applied in ancient times to produce tar
in combination with caulking boats and embalming agents. In the past pyrolysis
was mainly focused on the carbonization of biomass resources, but nowadays the
main concept behind pyrolysis is the production of a liquid bio-oil which can be
used for combustion, gasification and extraction of chemicals.
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Pyrolysis is the breaking apart of the chemical bonds by the use of thermal energy
only. The degradation of a molecule is caused by the dissociation of a chemical
bond and the production of free radicals. Scission of the volatiles is dependent on
the chemical bond strengths of the different groups. The weakest bindings will
break up first and can be found in the side groups of the natural polymers
hemicellulose, cellulose and lignin. The process parameters that determine the
yield of the pyrolysis products are reaction temperature, residence time, heating
rate, physicochemical pretreatment, particle size, geometrical configuration of the
reactor, heat carrier and biomass species [Lievens, 2007].

The different pyrolysis principles are fast, intermediate and slow pyrolysis based
on different reaction conditions mentioned. Table 2.1 shows the typical product
yields (dry wood basis) obtained by different modes (fast, intermediate and slow)
of pyrolysis of wood [Bridgwater, 2003]. Fast pyrolysis has a high conversion into
liquid products at temperatures between 300 and 600°C. Fast pyrolysis is focused
on the production of a maximum amount of condensable gas which can be reached
with high heating rates and fast quenching of the volatiles. Slow pyrolysis can be
subdivided into conventional slow pyrolysis and torrefaction. Conventional slow
pyrolysis has a high conversion in condensable and gaseous products at
temperatures between 300 and 500°C, but a higher char rate than for fast pyrolysis
is produced. Slow pyrolysis is the process that comes closest to the technology of
torrefaction. Torrefaction can be regarded as low temperature pyrolysis with a low
conversion of biomass operating below 300°C. The heating rates between slow
pyrolysis and torrefaction are similar. There is more char formation during slow
pyrolysis than during fast pyrolysis. A slightly lower reaction temperature, lower
heating rate and secondary reactions due to longer residence time are the main
reasons for this char formation.
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Table 2.1: Typical product yields (dry wood basis) obtained by different modes of
pyrolysis of wood

Process Temperature Vapour Liquid Char Gas
residence (%) (%) (%)
time

Fast Moderate mili sec 75 12 13

Intermediate Moderate sec 50 25 25

Slow Low min 30 35 35

The composition of the biomass is also an important parameter determining the
amounts of pyrolysis products. As the cellulose content decreases the char yield
increases and the liquid and gas yield decrease [Zanzi et al., 2002]. A higher yield
of lignin in the biomass leads to more char formation, since the aromatic structure
is very stable. This char formation is stimulated by a high carbon ratio in the lignin
in relation to the other biomass constituents. The ash in the biomass contains the
inorganic elemental constituents which occur as oxides, silicates, carbonates and
sulphates. A higher yield of ash leads to more char formation, less liquid
production, faster reaction rates and lower reaction temperatures [Piskorz et al.,
1998]. Also, the heating value of the gas phase decreases with a higher ash yield.

2.4.2 Pyrolysis fractions

The solid fraction of the pyrolysis of biomass contains char and ash. This fraction
can be used for combustion, gasification and as activated carbon with a high
internal surface area and porosity. From the elemental analysis of the chars it can
be concluded that the energy values of the carbons must be high between 26 and 36
MlJ/kg based on the higher heating value (HHV) [Demirbas, 1999].

The main product of pyrolysis is a vapour that condenses resulting into a liquid
phase which is called the bio-oil. [Czernik & Bridgwater, 2004] studied the fuel
properties of pyrolysis oils from several biomass resources. Depending on the
resource and the pyrolysis temperature 21.1 — 49.3 wt% on dry and ash-free basis
bio-oil is produced with a HHV between 32 - 40 MJ/kg. The higher heating values
of pyrolysis oil increase with increasing lignin content in the biomass samples.
The bio-oil is a complex mixture of oxygenated hydrocarbons with large water
content. In Chapter 5 it is explained how most of the products are formed during
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pyrolysis. The elemental composition is mainly 54 — 58 % carbon, around 6%
hydrogen and the rest is mainly oxygen. Heavy fuel already contains like 85 — 90%
carbon and the rest is hydrogen with a HHV of almost 50 MJ/kg.

The gas fraction of pyrolysis products contains mainly the small permanent gases
such CO, CO,, H, and CHy. It can be used in combustion engines for power
generation necessary for the pyrolysis process, but the HHV of the gas is much
lower than for methane, propane and LPG, but higher than conventional
gasification gas.

2.4.3 BEST Energies slow pyrolysis technology’

The slow pyrolysis process is a process which comes closest to the reaction
conditions of torrefaction. Although the temperature is higher than for torrefaction
the heating rate for both processes are almost similar. In this and next paragraph
two different types of slow pyrolysis will be described focused on the production
of biochar and energy.

A well known slow pyrolysis process has been developed by BEST Energies from
the United States of America. The slow pyrolysis process recycles waste biomass
such as animal manure and green waste to produce energy and a stable form of
carbon which can be sequestered beneficially over the long-term in soils. As a
proof of concept BEST Energies has a fully operation demonstration plant with a
capacity of 300kg/hr of biomass intake. Approximately 35% by weight of the dry
feed material is converted to a high-carbon char material that is collected on the
discharge of the kiln, called the Agrichar.

The BEST Energies slow pyrolysis technology consists out of a drier, pyrolysis
kiln, gasifier, syngas clean-up and engine. The biomass resource is dried and fed
into an externally heated kiln. As the material passes through the kiln, it reacts to
produce an off-gas (syngas) which is utilized for the internal heat circulation. The
commercial production plant will be based on 4kton per hour of continuous dry
biomass supply.

! www.bestenergies.com
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Figure 2.5: The BEST Energies slow pyrolysis technology for the production of Agrichar

2.4.4 Slow pyrolysis CHOREN technology

CHOREN Industries is a company focused on the biomass-to-liquid production via
a multistage gasification process. It is possible to convert solid biomass and other
feed materials containing carbon into combustion and synthesis gas. At the heart of
the CHOREN technology is the Carbo-V Process. The Carbo-V Process is a three-
stage process involving the following sub-processes:

¢ low temperature slow pyrolysis,
¢ high temperature gasification
¢ endothermic entrained bed gasification.

In the first step, the low temperature slow pyrolysis, the biomass is heated to 400 —
500°C and broken down into tar rich volatiles and solid char. The volatiles pass
into the high temperature combustion chamber of the Carbo-V-gasifier where they
are partially oxidized with oxygen and steam. Above 1400°C the ash particles melt
and the long chain hydrocarbons are broken down to CO and H, resulting in a tar
free gas.

The milled and pulverized char is blown into the hot gases beneath the combustion
chamber. The endothermic gasification of the char causes an almost instantaneous
drop in temperature to 800°C producing a raw gas with a high heating value. The
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tar free gas is cooled by the heat exchanger yielding steam for industrial processes
or generation of power. Ash particles and char, that have not been entirely
converted, are separated from the raw gas in the deduster. These are then recycled
back in the Carbo-V-combustion chamber. After scrubbing the gas the Fischer-
Tropsch synthesis can start.

2.4.5 Fast pyrolysis Bioliq technology*

In cooperation with LURGI AG, Frankfurt, a flash pyrolysis pilot plant with a
capacity of 500 kg/h biomass was built at Forschungszentrum Karlsruhe with funds
from BMELV. Operation of the plant started in 2007. In a twin-screw reactor, the
crushed biomass is heated to 500°C using hot sand. In the absence of air, the
biomass reacts to gases and coke within seconds. Most of the gas condenses to
liquids after cooling. Then, the coke is mixed into these liquids. This results in an
energy-rich mix that may be transported and handled rather well and is transferred
to the next process step. A small amount of burnable gas is used to reheat the sand.

2.5 Pyrolysis Kkinetics
2.5.1 Thermal degradation

This section reports the state of the art in modelling chemical decomposition
processes of wood - and wood constituents pyrolysis. It is assumed that the
mechanisms of pyrolysis and torrefaction are closely linked, but that the different
operating temperatures and heating rates influence the product formation and
reaction path; the pathways can be used for the different pyrolytic conversion
methods, but yields will differ. Torrefaction operates at lower temperature with low
carbon conversion, slow pyrolysis operates at higher temperature with slow, but
high carbon conversion and fast pyrolysis operates at high temperature with fast
and high conversion. A literature study about the pyrolysis kinetics and reaction
path can give a first insight into the torrefaction kinetics. The pyrolysis kinetics is
used as foundation for the description of torrefaction. The difference between slow
and fast pyrolysis has not been taken into account, since in both processes a gas, a
condensable fraction and char is formed, but the yields and composition are
different.

2 http://www.bioliq.com/schnell.html
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Chemical kinetics is important in the description of the pyrolysis mechanism and to
arrive at a good understanding of the process. It helps to control the process and
optimize the design. A wealth of research data is available about the pyrolysis of
wood, especially about reaction mechanism, reaction kinetics, and optimization of
process condition, selection of particle size and influence of process technology
[Gronli, 1996]. The thermal degradation process of wood at average temperature
can be subdivided into primary and secondary pyrolysis:

® Primary pyrolysis is the first stage of the solid degradation in which
condensable volatiles, permanent gases and a char are produced.

e Secondary pyrolysis is the next stage in which homo- and heterogeneous
reactions take place between the products that are formed during the
primary pyrolysis such as thermal cracking, repolymerisation and
recondensation.

The thermal degradation of biomass is a process in which a set of several
degradation reactions occur which makes it a rather complex process, so simplified
kinetic models are applied to describe and determine the reactivity and its kinetics.
Di Blasi mentions that the problem exists of a not available classification of
biomass fuels based on thermo gravimetric analysis and general mechanisms to
interpret such results [Di Blasi, 2008]. Varhegyi also reports the general problem of
numerical modelling for pyrolysis of biomass which is the number of the unknown
parameters [Varhegyi, 1980]. If the number of parameters is too large, different
sets of values of the parameters can provide an acceptable fit between the
experimental data and the corresponding calculated data. In such instances, special
chemical considerations or hypotheses should be used to reduce the number of
parameters.

At molecular level biomass consists of different natural polymers such as
hemicellulose, cellulose and lignin that all show different thermal reactivity [Gaur
& Reed, 1998], so three different temperature ranges may be distinguished in
biomass that comprises different fractions of these components. In this thesis it is
assumed that hemicellulose is the main reaction component in the biomass,
although there are many different hemicelluloses (xylans, glucomannans,
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galactoses, pectin). Hemicelluloses decompose in general at temperatures between
225 - 325°C, cellulose at 305 - 375°C and lignin over a broad temperature range
between 250 - 500°C. Some studies suggest that primary decomposition of biomass
is the superstition of the thermal behaviour of the relative reactivity ratios of the
different lignocelluloses constituents.

A general one-component mechanism of primary wood pyrolysis is presented by
[Shafizadeh & Chin, 1976] in Figure 2.6. In this model three competing reactions
occur at different reaction rate. This model is applicable if high heating rates or
high temperatures are applied in the pyrolysis process so that differentiation
between reaction steps becomes complicated. Parallel or consecutive reactions in
the biomass occur then at high reaction rates so that intermediate products are
complicated to analyse. The effect of heating the biomass becomes stronger than
the reactivity effect. Di Blasi mentions that the wide range of activation energies
that has been found for this model can be a result of the different heating
conditions established in different experimental devices, the different sample
characteristics and the mathematical treatment of the data [Di Blasi, 2008. If the
data is structured according the reaction temperature three different sets of data are
found, but still with a wide range of activation energies.

Ny
Char

Figure 2.6: One-component mechanism of primary wood pyrolysis

Another general model is proposed by [Chan et al., 1985] [Chan et al., 1988] that
added tar cracking to the competing reaction model. Also dehydration is included
in the reaction model. This model can be seen in Figure 2.7.
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Figure 2.7: Competing reactions with secondary tar cracking and dehydration

Next to the model proposed by [Chan et al., 1985] [Chan et al., 1988] Di Blasi and
others included tar cracking and repolymerisation to the reaction model with three
competing reactions [Di Blasi et al., 1999]. This model can be seen in Figure 2.8.
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Figure 2.8: Competing reactions with secondary tar cracking and repolymerisation

Di Blasi subdivided the many chemical mechanisms in one-component
mechanisms of primary pyrolysis, multi-component devolatilisation mechanisms,
multi-component decomposition mechanisms of primary pyrolysis and secondary
reaction models. In the first case a simplified model of primary decomposition
process is based on a one component (or one-stage) reaction process with
additional measurements of the yields of the product formation.
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Figure 2.9: Various kinetic models for biomass decomposition according to Prins et al.

Multi component decomposition or volatilization models describe the dynamics of
several zones or pseudo-components. These multi components are often described
with the reactivity of the biomass constituents hemicelluloses, cellulose and lignin.
Secondary reaction models take into account the reactions that occur between the
primary pyrolysis products. For torrefaction [Prins et al., 2006] subdivided the
different mechanisms of biomass kinetics in a global one step mechanism,
independent multistep reactions, overlapping multistep reactions and independent
reactions. Although four different mechanisms are found two mechanisms are
chemically the same, namely the independent and the overlapping multistep
reactions. It is not logic that first reaction A to B will occur completely before
reaction product C is formed. More about these different mechanisms can be read
in the chapter about the mechanistic pathway for biomass decomposition during
torrefaction at isothermal conditions.
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In the rest of this paragraph a few specific pyrolysis models and its assumptions
will be outlined and described in detail. Generally two different approaches are
used in modelling the pyrolysis of biomass. The first consists of predicting the total
behaviour of wood starting from its principal components. The other method is
called the “Lumped Parameter Approach” which is more a strategy that consists of
classifying the products resulting from the degradation [Turner et al., 2010]. The
models discussed are the following:

1. The Broido-Shafizadeh model
2. Di-Blasi & Lanzetta model
3. Rousset model

2.5.2 The Broido-Shafizadeh model

A commonly accepted model for the decomposition of celluloses during pyrolysis
is the Broido-Shafizadeh model [Bradbury et al., 1979]. Broido showed that
cellulose decomposes by a six step reaction mechanism at low temperatures.
[Broido & Weinstein, 1971] described the pyrolysis of cellulose as a multistep
reaction mechanism in which an endothermal reaction step forms an active
anhydrocellulose (A*). This intermediate anhydrocellulose reacts in the second
step to gas and char (C) which can be seen in Figure 2.10. Next to these two
reaction steps a competitive reaction occurs resulting in the formation of volatile
organic tars. D and E are modified solid residues.

C + gas > D + gas E + gas

N —>
A .A'

Volatile tar

Figure 2.10: Cellulose decomposition as is proposed by [Broido & Weinstein, 1971]

[Bradbury et al., 1979] simplified the reaction network. This model describes
pyrolysis at low pressure in the temperature range 259 - 341°C by a three step
reaction model. An initiation step leads to the formation of “active” cellulose (A*)
that further decomposes by two mutually competitive first-order reactions leading
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to (i) a condensable fraction and (ii) a char and gaseous fraction including (C and
gas). At lower temperatures the initial period can be explained by a high activation
energy process converting the cellulose from an inactive to an active form. At
higher temperatures the initial period results from the time required for the
cellulose sample to reach temperature equilibrium. The thermal degradation of
cellulose undergoes intermediate physical and chemical changes such as a glass
transition and depolymerisation. These changes are ascribed to the activation of the
cellulose macromolecules. The description of this model assumes ash free reactions
without secondary reactions and transport processes.

Char + gas
NG
Volatile tar
Figure 2.11: Broido-Shafizadeh model which describes the decomposition of cellulose (A)
by pyrolysis with the formation of active cellulose (A*)

Char + gas—»  Char + gas
R {
Volatile tar
Figure 2.12: Broido-Shafizadeh model modified by [Varhegyi et al, 1994] which describes
the decomposition of cellulose (A) by pyrolyis

In Chapter 4 it will be shown that this activation step can also be the result of
heating the biomass with a causal effect of mass loss. The phenomenon seen at
312°C is possibly an error in the measurements. Also [Varhegyi et al., 1994]
seriously questioned the Broido-Shafizadeh model for cellulose pyrolysis and
modified the model slightly. Their criticism focused on the first initiation step
which is according to them too extensive in the temperature range 250 - 370°C.
Activation into active cellulose is something that cannot be detected. According to
[Varhegyi et al., 1989] [Varhegyi et al., 1994] other researchers weight loss curves
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show only a single step first-order rate law. Although this activation step is not
found a high temperature (370°C) decomposition step is observed. A reaction
pathway by two competitive reactions followed by a decomposition step is
proposed for high temperature reactions. Possible explanations for an initiative step
could be the effect of secondary reactions due to bigger particle size and the effect
of pyrolytic vapors in the work of [Bradbury et al., 1979]. The simplified model by
[Varheghyi et al., 1994] is generally accepted today as reference point for the
thermal degradation of pyrolysis. The modified Broido-Shafizadeh model is
presented in Figure 2.12. Out of the biomass char + gas are formed mutually with
competitive tar formation. The char and gas can react further via secondary
reactions to modified char and gas.

2.5.3 Di Blasi model

The model developed by [Di Blasi & Lanzetta., 1997] was originally developed to
describe the thermal decomposition of hemicellulose which is the most reactive
constituent of wood. More present the method has also been applied to the
pyrolysis of wood in the low temperature regime [Branca & Di Blasi, 2003]. It is
mentioned that the thermal degradation of xylan and model compounds show the
existence of a two-step decomposition mechanism. An important role is assigned to
the cleavage of the glycosidic group, polymerization of the glycosyl units and the
decomposition of the sugar moiety. Figure 2.13 shows the biomass pyrolysis model
of xylan according to Di Blasi.

It is shown that xylan reacts via an intermediate modified solid B to a final char
product C. Volatile products from side chains are the main contributors to the mass
loss that occurs in the biomass or xylan. It is shown that the first step is much faster
than the second step based on the parameters that have been derived by the
Arrhenius law. The main drawback of the model is that this model (and other two
step mechanisms) can predict the global solid degradation rate, but no information
can be obtained on the dependence of product yield on reaction temperature.
[Demirbas, 2000] considered three different steps during the pyrolysis of wood, see
Figure 2.14. In the first step moisture and volatiles are released under formation of
a solid residue that did not react. This first step is followed by the formation of
volatiles and gases by devolatilisation from the residue resulting in a solid bio char.
The last step in the pyrolysis mechanism is the decomposition of the bio-char into a
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carbon rich secondary char. The model proposed can be seen as a multi-component
mechanism of primary pyrolysis.

V1 VZ
kvl kv2
kl kz
Xylan > B » C
Kl =k1 + kvl

Figure 2.13: Schematic representation of the biomass pyrolysis model according to di Blasi

Volatiles Volatiles
Water Gases Gases

Biomass ——» Residue —» Char1 —» Char2

Figure 2.14: Schematic representation of the biomass pyrolysis model according to
Demirbas et al.

2.5.4 Rousset model

A model developed by [Rousset, 2004] [Rousset et al., 2006] [Turner et al., 2010]
describes the low temperature thermal decomposition as a superposition of the
decomposition of the biomass main constituents (cellulose, hemicelluloses and
lignin) as a ratio of their content in the wood. The Rousset model is a combination
of the Broido-Shafizadeh model (BS) and the Di Blasi-Lanzetta model (BL). The
cellulose decomposition is described according the BS model and the
hemicelluloses decomposition follows the BL model. This combination results in
an enormous disadvantage in the number of parameters that can be derived
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resulting in seven reaction constants with the same number of kinetic constants and
activation energies based on the Arrhenius law.

Vi Vv,
Kl =k1 + le
k\l kvl
K2 =k2 + kv2
kl kz
Hemicellulose > B » Char
V3
Ks =k3 + ki3
kv3
ks
Lignin ——— Char
A\
Ky Ky =ks+ kyy

ky
Cellulose ——» Char

Figure 2.15: Reaction model for the decomposition of wood as superposition of the
lignocellulose constituents hemicellulose, cellulose and lignin as a ratio of their content in
the wood according to Rousset [Rousset,2004][Repellin et al., 2010]. The model is a
combination of the modified Broido-Shafizadeh model and the Di Blasi and Lanzetta model
with the extension of a simple model for the degradation of lignin
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2.6 Pyrolysis oil

2.6.1 Composition and stability

Pyrolysis oil consists of the condensable fraction of the volatiles formed during
thermal treatment and makes it possible to decouple the biomass conversion and
the generation of energy. An essential aspect for this decoupling is, however, that
the oil is thermodynamically stable which is not the cases due to the large fraction
of reactive oxygenates in the liquid. [Diebold, 2000] reviews the chemical and
physical mechanisms of the storage stability of fast pyrolysis oils. The oxygen
content of the bio-oils is usually 35 — 40% and is predominantly present in most of
more than 300 compounds. The most important reactions that occur between these
compounds within the bio-oil involve:

Organic acids with alcohols to form esters and water

Organic acids with olefins to form esters

Aldehydes and water to form hydrates

Aldehydes and alcohols to form hemiacetals, or acetals and water
Aldehydes to form oligomers and resins

Aldehydes and phenolics to form resins and water

Aldehydes and proteins to form oligomers

Organic sulfur to form oligomers

e A Al

Unsaturated compounds to form polyolefins

An important problem of the pyrolysis product is the large amount of water,
although the fluidization of the oil is increased by the water since the viscosity of
the organic phase is high. Distillation is not a solution for water removal as already
at water evaporation temperatures, the above mentioned reactions will occur at
higher rate forming all kind of sticky products. Polymerisation of pyrolysis liquids
is strongly accelerated when heated up to 80°C or higher [Scholze, 2002] [Boucher
et al., 2000]. These polymerization reactions also make it difficult to characterize
and quantify all components formed during thermo chemical conversion. Selective
condensation may reduce the water content of one or more fractions but at the
expense of operating problems [Bridgwater et al., 1999].
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2.6.2 Applications

Pyrolysis oil can be used for a wide variety of applications, because of its
decoupling of production in time, scale and place from its application. The bio-oils
have been successfully tested in engines, turbines and boilers and upgraded to
high-quality hydrocarbon fuels [Czernik & Bridgwater, 2004]. The bio-oil can be
used for energetic, chemical and commodity purposes depending on the upgrading

technology. An overview is presented in

Table 2.2: Bio-oil applications after upgrading

Energy Commodity Chemicals
Fuel for power Bio-lime Acetic acid
Fuel for heat Hydrogen Acetone

Energy carrier

Fatty acids

Food flavourings

Adhesives and resins

Alkanes

Diesel Glyoxal Anhydrosugars
Fuel oil Hydroxyacetaldehyde Anisole
Gasoline Levoglucosan Aromatics
Reformulated gasoline Oxychemicals Aryl ethers
Olefins Phenols Calcium acetate
Emulsions Polyphenols Carboxylic acids
Fertiliser Cresols

Wood preservative

2.6.3 Upgrading to chemicals

Pyrolysis oil is also seen as an important resource for the production of different
bio-based chemicals [Mohan et al., 2006]. There is an increased interest since
chemicals have a higher economic value than fuel products. Although not all
compounds in the bio-oil have been characterized yet, still hundreds of compounds
can be identified as fragments of the biomass fractions lignin, cellulose and
hemicellulose [Mohan et al., 2006]. The non-characterized compounds are related
with the polymerization reactions of the oxygenates (phenols and carbohydrates).
All types of oxygen functionalities with different molecular weight are present:
acids, sugars, alcohols, ketones, aldehydes, phenols and furans. A large fraction of
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the oil is the phenolic fraction, consisisting of small amounts of phenol, eugenol,
cresols and xylenols. Research has been applied on the valorisation of the lignin
fraction of pyrolysis oil, called the pyrolitic lignin [De Wild et al., 2009b].
[Bridgwater et al., 1999] states that also the small concentrations of typical
organics can be economic viable in the future.

[Cornelissen, 2009] made an overview of bio-oil upgrading technologies, which are
related with the incompatibility with conventional fuels, stability, odour options,
high viscosity and the water content. At the moment the only commercially
attractive application is that of food flavouring or liquid smoke. A red-coloured
product is used to brown and flavour sausages, bacon and fish. The browning
agents include: glucoaldehyde (and other aldehydes), and acetone. These products
can be produced by adding water to the bio-oil. Another attractive application is the
production of calcium salts of carboxylic acids which are used for road de-icers.
Aspects to be considered for economical attractiveness are that the original
feedstock, the process conditions, and condensing parameters are of major
importance for het type of chemicals [Venderbosch & Prins, 2010]. Pre-treatment
may influence the chemical production.

[Venderbosch & Prins, 2010] described the fractions of the bio-oil that can be
isolated for chemical production which are technical feasible, but economically not
yet attractive. These fractions are for example the phenol compounds for wood
preservation and wood panels such as plywood, MDF and particle board, sugar
fractions in the bio-oil for further fermentation by hydrolysis and the synthesis of
antibiotics, carboxylic acid fraction for its catalyst functionality. Phenolic
compounds can also be used as natural resin, but variability in the lignin fraction
makes production difficult.

An important project going on at the moment is the project set up by the European
Union which is called the BIOCOUP project’. Forest residues are used as a cheap
resource for the production of bio-liquids for the application in bio-refinery, due to
that oxygenated compounds can be recovered as valuable bio-chemicals. For

? www.biocoup.com, last checked 5" August 2010
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Figure 2.16: Tar formation during biomass pyrolysis and gasification

example the isolation of acids from aqueous streams and the use of residual
phenolic fractions in phenol-formaldehyde resins and the possibilities of extraction
and separation of bio-chemicals have been studied. Separating and purifying
valuable bio-chemicals may help increase the viability of the overall process.

Solvent fractionation of bio-oil is an important step in the upgrading to high quality
biobased chemicals. Effective separation methods must be developed to
concentrate different fractions. Several reaction schemes are proposed based on
column separation and solvent extraction [Mohan et al., 2006]. In general, the first
step of purification is the separation of the aqueous fraction and the organic
fraction by adding water to the bio-oil. Overlap of components in the different
phases may exist due to polarity of the compounds.

2.7 Tar formation during thermo chemical conversion

A negative side effect during thermo chemical conversion of biomass is the
formation of tar. There is no clear and uniform definition for tar, but basically it
means the formation of hydrocarbons that can condensate in the reactor under
operating conditions. The most precise definition is that “tar is a mixture of
organics being produced during thermochemical biomass conversion processes”.
Primary tars, in general the hydrocarbons that are released during pyrolysis, can
react with each other to form more developed secondary products with higher



38 Chapter 2

Primary Tar Secondary Tar Tertiary Tar
H>0, CO, || Primary Oil Light Olefins, PAH
Vapor ||CO Vapors Hydrocarbons, || Aromatics || CO, H,, CO,,| | CO, Ho,

(Oxygenates) | | Aromaticsand | | CO, CO, H,0, CH, CO,, H,0
Oxygenates H,0, CH,4

— R — - >
A A 7Y | o
> —
2 _ »
g ) High
0 Pressure
o
= Primary Oil Condensed
Liquid o Liquids » Oils, (Phenols,
£ Aromatics)
3 |
| »
High
Pressure
Y '

y
Solid I Biomass —»‘Charcoal‘ Coke Soot

Reaction Severity

\j

Figure 2.17: Pyrolysis pathways, according to [Milne & Evans, 1998]

molecular weight. Primary tars can also react with the biomass and form char, see
Figure 2.16.

An extensive overview of reaction pathways of (secondary) tar reactions is
reported by [Milne & Evans, 1998]. This molecular pathway is shown in Figure
2.17. Depending on reaction conditions such as temperature, pressure, reaction
time and progress different products are formed. In this overview a subdivision is
made between primary, secondary and tertiary tar. The Energy research Centre of
the Netherlands (ECN) proposed a tar classification system based on the
compounds larger than benzene; an overview is given in [Devi, 2004]. The
different classes consist out of tars containing hetero atoms, light hydrocarbons
with single ring, hydrocarbons with two and three ring compounds and heavy
polyaromatic ring compounds larger than three rings.

Primary tar is the direct volatilization product of pyrolysis, which is formed
between 300 and 600°C containing the oxygenates formed out of hemicellulose,
cellulose and lignin. Secondary tar is formed out of the primary oil vapors which
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contains small polymers and aromatics; the formation starts around 500°C [Milne
& Evans, 1998]. Tertiary tar contains polycyclic aromatic hydrocarbons (PAH) and
is formed between 800 - 1000°. Finally, all tars can be cracked into the permanent
gases CO, CO,, CHy, H, and H,O by primary and secondary measures [Devi,
2004].

2.8 Pyrolysis reactor technologies

The centre of the torrefaction and pyrolysis process is the reactor. The overall
objective is to improve the speed of reactor implementation and success of fast
pyrolysis for fuels and chemicals by contributing to the resolution of critical
technical areas and disseminating relevant information particularly to industry and
policy makers®. In the development of pyrolysis reactors the main consideration is
heat transfer [Bridgwater, 1999] [Bridgwater et al., 1999] [Venderbosch & Prins,
2010]. There are two important features of heat transfer in a pyrolysis reactor:

1. to the heat transfer medium (solid reactor wall, gas and solid, or gas)
2. from the heat transfer medium to the biomass particle which can be
subdived in:
® gas - solid heat transfer where heat is transferred from the hot gas
to the pyrolysing biomass particle by convection

e solid - solid heat transfer with conduction heat transfer

Since the thermal conductivity of biomass is very poor, reliance on gas — solid heat
transfer means that biomass particles have to very small to fulfill the requirements
of rapid heating. For fast pyrolysis already some commercially available
continuous reactor designs have been developed. In Figure 2.18 these reactors are

shown:
1. Ablative
2. Circulating fluidized bed
3. Vacuum reactors
4. Bubbling Fluidized bed
5. Auger reactor
6. Rotating cone

* www.iea.org
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Table 2.3: Advantages and disadvantages of several reactor technologies for pyrolysis

Reactor type

Mode of heat transfer

(Dis)advantages

Ablative

Circulating Fluidized Bed

Fluidized Bed

Entrained flow

95% Conduction
4% Convection
1% Radiation

80% Conduction
19% Convection
1% Radiation

90% Conduction
9% Convection
1% Radiation

4% Conduction
95% Convection
1% Radiation

Accepts large size feedstock

High mechanical char abrasion
Compact design

Heat supply problematic

Heat transfer gas not required
Transport gas not always required
High heat transfer rates

High char abrasion and erosion
Char/solid heat carrier separation
required

Solids recycle required

Maximum particle size up to 6 mm
Possible liquids cracking by hot
solids

Possible catalytic activity from char
Greater reactor wear possible

High heat transfer rates

Heat supply to fluidizing gas
Limited char abrasion

Very good solids mixing

Particle size limitation up to 2 mm
Simple reactor configuration

Low heat transfer rates

Particle size limitation

Limited gas/solid mixing

Ad. 1. In an ablative pyrolysis reactor the surface, heated by a hot flue gas is

rotating and the biomass is pressed onto the hot surface. This means that the wood

“melts” and leaves an oil film behind which evaporates. [Cornelissen, 2009]

compares this with the melting of butter in a frying pan. The shearing action

creates more surface area increasing the heat transfer. The mechanical action and

centrifugal force causes the particle to pyrolyse and it is very dependent on the

pressure, the relative velocity of the wood, shear forces that reduce the particle size

and the reactor’s surface temperature. The application of ablative pyrolysis leads to
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compact and intensive reactors that do not need a carrier gas. In general the
following limitations for the ablative technology can be expected [Venderbosch &
Prins, 2010]:

e Limited heat transfer rates to the hot surface due to the indirect heating
principle. There is only a limited temperature difference between the hot
flue gas (800°C) and the pyrolysis reactor (500 - 600°C).

e Restrictions in feedstock morphology since the material needs to be
pressed against the hot surface.

Ad. 2. A circulating fluidized bed (CFB) have many of the characteristics of
bubbling fluidized beds (Ad 4.), except that the residence time of the char is almost
the same as that for the vapors [Mohan et al., 2006]. A solid heat carrier (hot sand)
is circulated between the combustor and the pyrolysis reactor to supply the heat.

The sand is heated by blowing hot air at the bottom of the reactor which makes gas
— solid heat transfer by convection an important part of the heat transfer. The heat
is supplied by the burning char, which lead to more attrition. These reactors easily
achieve short residence times for volatiles, but biomass residence times are not
uniform and only a little greater than the volatiles residence times [Cornelissen,
2009]. Recycling of the partly reacted char is necessary, but recirculation leads to
the building up of ash. The ash can crack the volatiles and lead to a lower yield of
the bio-oil. The heat transfer limitation is within the particle, like the bubbling
fluidized bed reactor, which requires also small particle sizes up to a few mm. CFB
reactors are suitable for large throughput of biomass, because the hot recirculated
sand is often contacted with the biomass.

Ad. 3. Vacuum pyrolysis involves the thermal decomposition of biomass under

reduced pressure (15kPa) [Cornelissen, 2009]. The biomass is moved by gravity
and rotating scrapers through multiple hearth pyrolyzers with the temperature
increasing from 200 to 400/500°C. These horizontal plates are heated up by molten
salts which are heated by a burner that is supplied with the non-condensable gases.
Additional heating could be necessary. In comparison to the other pyrolysis
techniques larger particles can be used, but it has smaller heating rates. The
pyrolytic vapours are quickly removed from the reactor under vacuum conditions,
so the amount of secondary reactions and products is small, representing more the
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original structures of the complex constituents in the biomass. The application of a
vacuum pump and the difficulty to scale up makes it a difficult technology
[Bridgwater & Peacocke, 2000].

Ad. 4. A bubbling fluidized bed is the most common used reactor type for fast

pyrolysis [Bridgwater et al., 1999]. Bubbling fluidized provide good temperature
control and very efficient heat transfer to biomass particles, because of the high
solid density in the bed [Bridgwater & Peacocke, 2000]. The heat is transferred
from an external heat source to the biomass by a mixture of convection and
conduction, requiring very small particles of typically not more than 3 mm to
obtain good liquid yields [Bridgwater et al., 2009] [Brown and Holmgren®]. In the
reactor the sand heats the biomass by solid — solid heat transfer. The heat transfer
limitation is within the particle, requiring small particles. A carrier gas is needed
for fluidization and transport [Mohan et al., 2006]. Char has a higher residence
time than the gases and acts as an effective vapour cracking catalyst. Cyclonic
separators are place after the reactor to separate rapidly and effectively the char.
[Cornelissen, 2009] states the important difference between CFB and BFB as
follows that in a CFB sand and char are removed by the reactor and in BFB only
the char.

Ad 5. In auger pyrolysis reactor the screw mechanisms plays an important role in

the pyrolysis process looking at the heat transfer and transportation through the
reactor tube. The reactor design is adopted from the Lurgi process in which a twin-
screw mixer reactor is developed for oil shale, tar sand and refinery vacuum
residues [Venderbosch & Prins, 2010]. In general it contains the following
features: it is compact and does not require any carrier gas, it operates at lower
process temperatures and operates as a continuous process [Cornelissen, 2009].
Char is produced and gases are condensed as bio-oil, while non condensables are
collected as biogas. Chopped biomass is mixed with hot sand and decomposed to
vapors and char. Heat transfer takes place by intimate contact with a heat carrier,
with no need for an inert carrier gas [Venderbosch & Prins, 2010].

Ad. 6. The rotating cone is a reactor in which the biomass is mixed with the heat

transfer medium (mostly sand). It is developed by BTG and the University of

> pdf file with presentation at http://www.ars.usda.gov last checked May 17, 2010
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Twente in The Netherlands. By rotation of the cone the biomass is mixed which
makes compact design possible and it does not need carrier gas. The vapours and
aerosols are not diluted and their flow is upwards, but minimal. It requires very
small particles and is hard to scale-up. The original idea was to achieve ablative
pyrolysis where biomass particles were heated on a surface, but nowadays an
enormous ratio between sand and biomass is used [Bridgwater & Peacocke, 2000]
Bridgwater et al., 1999] [Bridgwater, 1999] summarized the advantages and
disadvantages for different reactor types for (fast) pyrolysis, which are shown in
Table 2.3.

Finally, Figure 2.19 shows the market attractiveness and the technology strength of
different pyrolysis reactor systems as adopted from [pyne.co.uk]. It is shown that
fluidized beds and auger reactors have high market attractiveness and a strong
technology strength. Entrained flow concepts have low market attractiveness and a
weak technology strength for pyrolysis of biomass.

TECHNOLOGY STRENGTH
Strong Average Weak

High |:| F

]

Ablative
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Figure 2.19: Market attractiveness and technology strength of different pyrolysis reactor
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Chapter 3

Biomass upgrading by torrefaction for the
production of biofuels: a review

Abstract

An overview of the research on biomass upgrading by torrefaction for the
production of biofuels is presented. Torrefaction is a thermal conversion method of
biomass in the low temperature range of 200 - 300°C. Biomass is pre-treated to
produce a high quality solid biofuel that can be used for combustion and
gasification. In this review the characteristics of torrefaction are described and a
short history of torrefaction is given. Torrefaction is based on the removal of
oxygen from biomass which aims to produce a fuel with increased energy density
by decomposing the reactive hemicellulose fraction. Different reaction conditions
(temperature, inert gas, reaction time) and biomass resources lead to various solid,
liquid and gaseous products. A short overview of the different mass and energy
balances is presented. Finally, the technology options and the most promising

torrefaction applications and their economic potential are described.
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3.1 Introduction

The transition to a society driven by renewable energy sources such as solar, wind,
biomass, tide, wave and geothermal energy next to energy savings becomes even
more an important alternative in our energy consumption. According to the World
Energy Outlook [IEA, 2006] renewable energy sources are expected to be the
fastest growing energy sources. In this spectrum of several different energy sources
biomass is the only source that is based on sustainable carbon.

In future energy scenarios an important role in the (renewable) energy supply has
been addressed to biomass. The unique position of biomass as the only renewable
source as sustainable carbon carrier makes biomass an attractive energy source.
Biomass can be converted into energy via thermo chemical conversions,
biochemical conversions and extraction of oil from oil bearing seeds. Among
various thermo chemical conversion methods gasification is the most promising.
Gasification is the partial oxidation of carbonaceous feedstock above 800°C to
produce a syn-gas that can be used for many applications such as gas turbines,
engines, fuel cells, producing methanol and hydrocarbons. Due to its higher
efficiency, it is desirable that gasification becomes increasingly applied in future
rather than direct combustion.Coupling gasification with power systems increases
the efficient use of thermal energy streams [Prins et al., 2005] [Prins et al., 2006a]
[Prins et al., 2006b].

Biomass as energy source shows some typical characteristics which make it a
special, but rather complicated fuel for the future. Biomass is available in a wide
range of resources such as waste streams, woody and grassy materials and energy
crops. Woody materials are preferred above food crops, because of several reasons.
Woody materials contains much more energy than food crops, the amount of
fertilizers and pesticides necessary for wood is much lower and the production of
woody materials is much higher than for food crops which means that the land use
becomes smaller. Another characteristic of biomass is its climate neutral behavior.
If biomass is grown in a sustainable way, its production and application produces
no net amount of CO; in the atmosphere. The CO, released by the application of
biomass is stored in the biomass resource during photosynthesis and is extracted
from the atmosphere which means a climate neutral carbon cycle of CO,,
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On the other hand, some biomass properties are inconvenient, particularly its high
oxygen content, a low calorific value, a hydrophilic nature and a high moisture
content. Also the energy production from biomass resources shows reduced overall
energy efficiency due to photosynthesis. The overall energy efficiency from solar
energy to biomass energy is 1 — 3% [Hermann, 2005]. The high amount of oxygen
also results in smoking during combustion. Other disadvantages of biomass are its
tenacious and fibrous structure and its heterogeneous composition that makes
process design and process control more complicated.

The use of biomass is also subjected to limitation of land, water and competition
with food production. The agricultural production of biomass is relatively land
intensive and involves high logistics costs due to low energy density of biomass.
For biomass based systems a key challenge is to develop efficient conversion
technology which can also compete with fossil fuels.

Torrefaction is a technology which can improve biomass properties and therefore
offers some solutions to above problems. Torrefaction is a thermal pre-treatment
technology to upgrade ligno-cellulosic biomass to a higher quality and more
attractive biofuel. The main principle of torrefaction from a chemical point of view
is the removal of oxygen with a final solid product: the torrefied biomass which has
a lower O/C ratio compared to the original biomass.

The aim of this review is to present recent developments in the torrefaction
technology. In the next part the main torrefaction characteristics such as operating
conditions, mass — and energy balances and particle size reduction are described.
Finally, this chapter shows the applications of torrefaction and an economic
evaluation of the production of torrefied biomass pellets.

3.2 Torrefaction characteristics

3.2.1 General process description

Torrefaction is a thermal method for the conversion of biomass operating in the
low temperature range of 200 to 300°C. It is carried out under atmospheric
conditions in absence of oxygen. Other names for the torrefaction process are
roasting, slow- and mild pyrolysis, wood cooking and high-temperature drying. In
recent history torrefaction has only been applied to various types of woody
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biomass, but already around 1930 the torrefaction process was studied in France.
The amount of publications on torrefaction is relatively small. Literature about
torrefaction of diverse biomass resources can be found, namely: maritime pine ,
chestnut, oak and eucalyptus, Caribbean pine [Arcate, 2002], birch, pine, bagasse
[Pach et al., 2002], bamboo [IIS, 2006], wood briquette [Felfli et al., 2005] and
willow and beech [Prins et al., 2006a] [Prins et al, 2006c] [Prins et al., 2006d]. Just
below 200 °C thermal methods are used for wood preservation [Hakkou et al.,
2006] [Windeisen et al., 2007] [Sundqvist et al., 2006] [Tjeerdsma et al., 1998]
[Rousset et al., 2004], while torrefaction is applied for energy purposes.

Torrefaction is used as a pre-treatment step for biomass conversion techniques such
as gasification and cofiring. The thermal treatment not only destructs the fibrous
structure and tenacity of biomass, but is also known to increase the calorific value.
Also after torrefaction the biomass has more hydrophobic characteristics that make
storage of torrefied biomass more attractive above non-torrefied biomass, because
of the rotting behavior. During the process of torrefaction the biomass partly
devolatilises leading to a decrease in mass, but the initial energy content of the
torrefied biomass is mainly preserved in the solid product so the energy density of
the biomass becomes higher than the original biomass which makes it more
attractive for i.e. transportation.

A typical mass and energy balance for woody biomass torrefaction is that 70% of
the mass is retained as a solid product, containing 90% of the initial energy content.
The other 30% of the mass is converted into torrefaction gas, which contains only
10% of the energy of the biomass [Bergman et al., 2005]. An energy densification
with typically a factor of 1.3 can be attained. This is one of the main fundamental
advantages of the torrefaction process. As the energy density of torrefied wood is
significantly higher compared to untreated wood, larger transportation distances
can be allowed. Another advantage of torrefied biomass is its uniformity in product
quality. Woodcuttings, demolition wood, waste wood have after torrefaction quite
similar physical and chemical properties including hydrophobicity.

Research focused on torrefaction has been started in France in the 1930’s, but
publications about this research are limited. [Pentanunt et al., 1990] studied the
combustion characteristics of (torrefied) wood in a bench scale torrefaction unit. It
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was shown that torrefied wood has a significantly higher combustion rate and
produces less smoke than wood. Also it was found that torrefied briquettes were
practically water resistant and torrefaction appeared a good technique for
upgrading briquettes. The structure of the torrefied biomass is changed in
comparison to the raw biomass which makes it brittle and hydrophobic [Bourgeois
& Guyonnet., 1988] [Bourgeois et al., 1989] [Li & Gifford., 2001].

[Ferro et al., 2004] studied the effect of the raw material, temperature, residence
time and nitrogen flow on the properties of the torrefied products. The experiments
were performed in a reactor tube with pine, lucern, sugar cane bagasse, wood
pellets and straw pellets. It was concluded that the type of biomass influenced the
product distribution in its gas, liquid and solid ratio. The same research has been
done for birch [Pach et al., 2002].

The Energy research Centre of the Netherlands (ECN) has been working on the
principle of torrefaction since 2002 and published various reports [Bergman et al.,
2005] [Bergman, 2005] [Bergman et al., 2004] [Pels & Bergman., 2006]. So far,
their research has been focused on various woody biomass and herbaceous species
as straw and grass. In particular the influence of feed, particle size, torrefaction
temperature and reaction time on torrefaction characteristics such as mass and
energy yield and product properties has been investigated. As torrefaction is not
available commercially at the moment, much of the generated knowledge still is
used to develop this technology. On the basis of the principles of torrefaction it is
strongly believed that is has high potential to become a leading biomass
pretreatment technology [Weststeyn, 2004].

Prins et al. performed thermodynamic analysis of coupled biomass gasification and
torrefaction [Prins et al., 2006acd] [Prins, 2005]. This work is in line by what is
done by the Energy research Centre Netherlands [Bergman et al., 2005] [Bergman,
2005]. The research was focused on weight loss kinetics of wood torrefaction
[Prins et al., 2006c¢], analysis of products from wood torrefaction [Prins et al.,
2006d] and more efficient biomass gasification via torrefaction. It was shown that
weight loss kinetics for torrefaction of willow can be accurately described by a
two-step reaction in series model and deciduous wood types, such as beech and
willow, were found to be more reactive than coniferous wood. Prins concluded that
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the overall mass and energy balances for torrefaction at 250 and 300°C showed that
the process of torrefaction is mildly endothermic. The general conclusion was that
the concept of wood torrefaction, followed by high temperature entrained flow
gasification of the torrefied wood, is very promising [Prins, 2005].

The mass and energy losses of torrefaction in nitrogen of two energy crops, reed
canary grass and short rotation willow coppice (SRC), and wheat straw showed
that the torrefied fuel can contain up to 96% of the original energy content in the
solids [Bridgeman et al., 2008]. Also the combustion behavior of raw and torrefied
was studied by differential thermal analysis. It is shown that both volatile and char
combustion of the torrefied sample become more exothermic compared to the raw
fuels. TGA experiments have shown that the torrefied product exhibited different
volatile release and burning profiles. Combustion behavior of (torrefied) willow
showed that the initiation of volatile release for willow torrefied at 290°C is
approximately 60°C higher than for untreated willow For willow treated at 250 and
270°C it is shown that the initiation of the combustion starts at temperatures 30°C
and 40-50°C higher. Finally, it is demonstrated that torrefied particles start char
combustion quicker than the raw SRC particles, although char combustion is
slower for the torrefied fuel.

In the work of [Arias et al., 2008] the influence of torrefaction on the grindability
and reactivity of woody biomass has been investigated to improve its properties for
pulverized systems. After torrefaction at 220, 260 and 280°C the grindability of
raw biomass and the treated samples was compared and an improvement in
grindability was observed after torrefaction. In order to evaluate the grindability of
the raw biomass in comparison to the torrefied biomass the samples were handled
in a cutting mill with a bottom sieve of 2 mm. The samples were then sieved and it
is shown that the torrefied biomass has a particle size distribution in which the
amount of smaller particles is larger than in the non torrefied sieved particles.
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Figure 3.1: The Van Krevelen diagram which shows the atomic H/C ratio and the atomic
O/C ratio of several different kinds of biowastes and torrefied wood

3.2.2 Process stages

The overall torrefaction process can be divided into several steps, such as heating,
drying, torrefaction and cooling. The definitions provided by [Bergman et al.,
2005] have been used as a basis to further define the temperature-time stages in
torrefaction. Five main stages that have been defined in the total torrefaction

process are:

¢ Initial heating: the biomass is initially heated until the stage of drying of
the biomass is reached. In this stage, the temperature is increased, while at
the end of this stage moisture starts to evaporate.

® Pre-drying: at 100°C the free water is evaporated from the biomass at
constant temperature.

e Post-drying and intermediate heating: the temperature of the biomass is
increased to 200 °C. Physically bound water is released. During this stage
some mass loss can occur as light fractions can evaporate.
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e Torrefaction: during this stage the actual process occurs. The torrefaction
will start when the temperature reaches 200°C and ends when the process
again is cooled down from the specific temperature to 200°C. The
torrefaction temperature is defined as the maximum constant temperature.
During this period most of the mass loss of the biomass occurs.

e Solids cooling: the torrefied product is further cooled below 200°C to the
desired final temperature, which is the room temperature.

3.2.3 Mass and energy balances

During torrefaction numerous different products are formed depending on the
torrefaction conditions such as reaction temperature, residence time and biomass
properties. As result of partial decomposition of biomass during this process, the
chemical composition of original biomass changes as is shown in the Van Krevelen
diagram [Prins, 2005]. The Van Krevelen diagram gives information about the
differences in the elemental composition (C,H,O ratio). In this figure the
composition of typical fuels such as coal, lignite, peat biomasses are shown. It is
clear that biomass compared to coal contains more oxygen.

Torrefaction has a big influence on the properties of the solid product, mainly
caused by the removal of oxygen from the original solid biomass resource. In the
Van Krevelen diagram for torrefied wood it is shown how the properties of the
solid product are influenced and become more coal like [Prins et al., 2006a] It can
be seen that biomass loses relatively more oxygen and hydrogen than carbon and
properties changes in the direction of carbon. In this way the net calorific value
(LHV) is influenced and the product becomes energy denser.

Various products are formed as torrefied solid product, condensable volatiles and
gas as the biomass reacts under different conditions. An important parameter is the
composition of the biomass resource since the content of hemicellulose, cellulose
and lignin differs influencing the product distribution. The effect of process
conditions (residence time and torrefaction temperature) was studied by Prins and
Bergman, respectively.

[Prins et al., 2006d] studied the product distribution during the torrefaction of
larch, willow and straw at different temperatures and reaction times. Table 3.1
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presents the composition of wood and torrefied wood, derived at two different
experimental conditions. Table 3.1 also shows that the lower atomic ratio between
hydrogen and carbon and the lower oxygen to carbon ratio result into a higher
LHV. It was found that the yield of solid product decreases with temperature and
residence time.

The observed weight loss for straw is comparable to willow and beech wood. The
volatiles were subdivided into condensable and non-condensable volatiles. Acetic
acid and water are the main condensable torrefaction volatiles. These products
were ascribed to the decomposition of hemicellulose. The non-condensable
volatiles formed were mainly carbon dioxide and carbon monoxide. At higher
temperatures, both condensables and non-condensables are produced in a higher
amount.

Figure 3.2 - Figure 3.5 show the product distribution for torrefaction at different
reaction conditions and several biomass resources such as birch, straw pellets,
miscanthus and pine [Pach et al., 2002] [Ferro et al., 2004]. During torrefaction the
relative amounts of solid, liquid and gas can be determined. The liquid is formed
after gases are condensed. As the temperature and residence time rises torrefaction
forms more condensables and gasses. The amount of torrefied solid biomass left
ranges between 65 — 95%. It can be seen that a temperature rise has more influence
on product distribution than a longer residence time which means that reactivity of
the biomass becomes smaller after 1 or 2 hours. It can be seen that in case of pine
more volatiles are formed compared to birch and straw. However, the differences
in torrefied behavior of researched biomass sources are relatively small.
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Table 3.1: Composition of wood and torrefied wood

Wood Torrefied wood Torrefied wood
(250°C, 30 min.) (300°C,10min.)
Carbon 47.20% 51.30% 55.80%
Hydrogen 6.10% 5.90% 5.60%
Oxygen 45.10% 40.90% 36.30%
Nitrogen 0.30% 0.40% 0.50%
Ash 1.30% 1.50% 1.90%
LHV
(MlJ/kg) 17.6 19.4 21

Table 3.2: Mass and energy balances for torrefaction of (dry) willow at a temperature of
250°C (reaction time of 30 minutes) and 300°C (reaction time of 30 minutes). Data per kg

of wood input

Torrefaction (250°C, 30 min.) Torrefaction (300°C, 10 min.)
Mass LHV Sensible Mass LHV Sensible
heat heat

(kg/kg)  (kl/kg) (kl’kg)  (kg/kg)  (kl/kg)  (klkg)

Torrefied wood

Org. material 0.859 0.655

Ash 0.013 0.013

Total 0.872 16883 202 0.668 14024 189
Volatiles

Steam 0.057 0 24 0.066 0 35

Acetic acid 0.021 300 6 0.072 1001 28

Other organics 0.018 258 6 0.142 2280 59

Carbondioxide 0.029 0 6 0.04 0 11

0.003 30 1 0.012 121 3

Carbonmonoxide

Hydrogen trace 1 0 trace 1 0

Methane negl. 0 0 trace 2 0

Total 0.128 589 43 0.332 3405 136
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Figure 3.2: Product yield torrefaction of birch after 1, 2 and 3 hr at 230, 250 and 280°C
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Figure 3.4: Product yield torrefaction of miscanthus after 1, 2 and 3 hr at 230, 250 and
280°C
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The mass and energy balances for the data shown in Table 3.1 and Figure 3.6
present the overall mass and energy balances for both experiments. It is shown that
several organic (acid) condensable volatiles are formed such as acetic acid,
furfural, formic acid, methanol, lactic acid and phenol. At 250°C less volatiles are
formed compared to torrefaction at 300°C. Also the torrefied wood at 250°C is
energy denser than the torrefied wood produced at 300°C, mainly because of the
acetic acid and other organics formed at high temperature. Non-condensable
volatiles such as CO, and CO are the main gas products.

Figure 3.6 shows that, depending on the temperature, the solid torrefied product
contains 95% (250°C) and 79% (300°C) of the energy input based on the LHV
[Prins et al., 2006a] Energy densifications of 1.1 and 1.19 are determined for
torrefied wood in relation to raw wood for the two experiments. It can be seen that
the torrefaction process is slightly endothermic at different reaction conditions.

In Figure 3.7 [Pach et al., 2002] [Ferro et al., 2004] the influence of different
torrefaction conditions (reaction temperature and residence time) for several other
biomass streams on the energy densification are shown. The energy densification

numbers vary between 1.00 for straw pellets and 1.45 for miscanthus' torrefied at
280°C for 3hr.

! http://hem.fyristorg.com/zanzi/paper/zanziV2A-17.pdf 18th April 2008
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Figure 3.6: Overall mass and energy balances for torrefaction of (dry) willow at
temperature and reaction time of (a) 250°C and 30 minutes (b) 300°C and 10 minutes
[Prins et al., 2006a]

3.2.4 Particle size reduction

In existing entrained flow gasification, as currently used for coal, a small particle
size is necessary. Biomass resources have a tenacious and fibrous structure which
makes it rather difficult to grind and suitable for co-firing in existing coal fired
stations or other pulverized systems. Nowadays large energy consumption is
necessary to get small particle size of typical biomass, such as wood. Torrefaction
is a technology that improves the grindability of biomass resources. The Energy
Research Centre Netherlands studied the grindability of several (woody) biomass
feedstock, torrefied biomass and coal. Size reduction experiments show that the
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power consumption needed for grinding torrefied biomass can be reduced with 80
—90% in comparison with untreated biomass [Bergman et al., 2005]

In Figure 3.8 the power consumption necessary for grinding several samples of
biomass to small particles is shown. Size reduction experiments were carried out
for coal, torrefied woodcuttings (C), willow (W) and demolition wood (D) for
different torrefaction conditions (temperature and residence time) and wet
woodcuttings, willow and demolition wood. It is shown that the power
consumption for grindability of torrefied biomass is reduced and is compared to
that of coal.

[Arias et al., 2008] also studied the influence of torrefaction on the grindability and
reactivity of woody biomass. The grindability was studied using a cutting mill,
after which the particle size distribution of torrefied biomass was evaluated after
torrefaction in the temperature regime of 240-280°C. Different sieve fractions are
used to determine the effect of milling on the particle size and particle size
distribution. It is shown that there is an improvement in the grindability
characteristics of the torrefied biomass. The percentage of particles in the smallest
sieve size increases after torrefaction.
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3.3 Technological applications
3.3.1 Pelletisation

It is commonly known that various biomass resources differ in composition and so
in behaviour. Pelletisation of biomass is an interesting option to improve biomass
properties to get more uniformity. Densification by means of pelletisation is
considered to be a proven technology to improve biomass properties for its
conversion into heat and power. Pellets from torrefied biomass are attractive with
respect to heating value, grindability, combustion nature, storage, transport and
handling which make them attractive as replacement for coal in existing power
stations. The Energy Research Centre Netherlands (ECN) developed the so called
BO,; process (in initial literature also referred to as the TOP process) in which
pellets are processed with torrefied biomass. Compared to non-torrefied pellets
BO, pellets show better hydrophobic behaviour, strength and higher density. The
main characteristics of different pellets are shown in Table 3.3 [Bergman, 2005].

Table 3.3: Properties of wood, torrefied biomass, wood and BO, pellets

Moisture Jowt 35% 3% 10% 7% 5% 1%
LHV
normal MJ/kg 10.5 19.9 15.6 16.2 19.9 21.6
dry MlJ/kg 17.7 20.4 17.7 17.7 20.4 22.7
Bulk density kg/m’ 550 230 500 650 750 850

Energy density ~ GJ/m’ 5.8 4.6 7.8 10.5 14.9 18.4
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Figure 3.9: Pelletisation, torrefaction and the TOP process schemes [Bergman et al., 2006]

The BO, process combines torrefaction and pelletisation and according to Figure
3.9 torrefaction is introduced into the system as a unit after drying and before size
reduction in comparison to a typical biomass pelletisation process. The torrefaction
process consists of several steps such as drying, torrefaction and cooling. The
pelletisation process comprises the steps of drying, size reduction, steam pre-
conditioning, densification and cooling. Combining the torrefaction and
pelletisation process leads to the introduction of torrefaction in the pelletisation
step and the removal of the steam pre-conditioning from the pelletisation step.

3.3.2 Torrefaction and gasification

Torrefaction is mainly used as pre-treatment technology to upgrade the biomass to
a higher quality bio-fuel. This biofuel can be used in other conversion methods to
produce bio-energy. The main application of torrefied biomass (wood) is as a
renewable fuel for combustion or gasification. [Prins et al., 2006a] studied the
possibility of more efficient biomass gasification via torrefaction in different
systems; air-blown circulating fluidized bed gasification of wood, wood
torrefaction and circulating fluidized bed gasification of torrefied wood, and wood
torrefaction integrated with entrained flow gasification of torrefied wood.
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The main idea behind combining biomass torrefaction and gasification is that the
heat produced during gasification in the form of steam is recovered for application
in the torrefaction stage. The advantages of torrefaction as a pre-treatment prior to
gasification in three concepts are compared with each other. In Figure 3.10 abc
three different gasification schemes are presented.

e Figure 3.10a shows biomass (wood) gasification in circulating fluidized
bed (CFB). The CFB gasifier is operated below 1000°C at atmospheric
conditions to avoid problems with ash softening and melting. Air is used as
gasifying medium. The steam is exported at 280°C at 45 bar.

e Figure 3.10b shows torrefied biomass (wood) gasification in an air-blown
CFB gasifier. The volatile product is not used in the process. The acidic
water can be condensed and the non-condensable gases combusted.

e Figure 3.10c shows torrefied biomass (wood) gasfication in an oxygen
blown entrained flow gasifier. The torrefied wood is gasified at very high
temperatures. At these high temperatures the volatiles will decompose into
carbon monoxide and hydrogen. According to Prins et al. this method
avoids the loss of organic material, because all product streams are
effectively integrated in the gasification system and contribute to the
production of syn-gas.

The processes were modeled with Aspen Plus, version 11 and the main interest was
to estimate the effect of modifying the chemical composition prior to gasification
Prins et al. The other assumptions used are:

e The mass and energy balances as shown in Table 3.1 are used as input for
the simulation

e The torrefied wood is pulverized into particles of 100um and the energy
requirement for this is 10-20 kWe/MWth, this amounts value of 3% and
2.5% of the fuel for torrefaction at 250°C and 300°C.
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e Cryogenic air separation is used with an electricity requirement of 380
kWh/ton oxygen.

e Operating temperatures of 950°C and 1200°C were assumed for CFB and
EF gasification, respectively. The operating pressure was atmospheric.

e The hot product gases from the gasifier are quenched with cold product gas
to a temperature of 800°C. Steam produced is partially used to provide
heat for the torrefaction process.

In Figure 3.11 the overall gasification efficiency at varying gasification
temperature for different process schemes on exergetic basis is shown; air-blown
circulating fluidized bed gasification of wood, wood torrefaction and circulating
fluidized bed gasification of torrefied wood, and wood torrefaction integrated with
entrained flow gasification of torrefied wood. Compared to energy, exergy is not
only taking the amount of energy into account, but also the quality of the energy.
Exergy is the maximum work possible during a process. Energy is never destroyed,
but exergy accounts for the irreversibility of a process that occurred due to a
production of entropy.
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Figure 3.10: Gasification process schemes (a) Circulating Fluidized Bed gasification of
wood, (b) wood torrefaction and CFB gasification of torrefied wood, (c) wood torrefaction
integrated with EF gasification of torrefied wood
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Figure 3.11: Overall gasification efficiency on exergetic basis at varying gasification
temperature for different process schemes at a) 250°C torrefied wood and b) 300°C
torrefied wood
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Figure 3.12: Exergetic efficiency of different process schemes, see also Figure 16 for the
explanation of the cases

It is shown that the integration of torrefaction and gasification results into higher
exergy efficiency than stand-alone gasification. Torrefaction integrated into
gasification leads always to the usage of a bone-dry solid product in the gasifier
which always leads to higher efficiencies. The overall efficiency of air-blown CFB
gasification is lower for torrefied wood than for wood, especially at a high
torrefaction temperature when a lot of energy is contained in the volatiles, which
are not used in the process. Prins et al. concluded that “if the heat produced in the
gasifier is used to drive the wood torrefaction reactions, the chemical exergy
preserved in the product gas has been shown to increase provided that both
torrefied wood and volatiles are introduced into the gasification process”.

In Figure 3.12 the exergetic efficiency of different process schemes are shown.
The efficiency is based on the exergy of product gas and steam relative to the
exergy of the wood fuel. It is shown that overall efficiency comprises contributions
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of the exergy of the steam, physical and chemical exergy of the product gas in
relation to the input of the exergy of wood. Torrefaction at 300°C integrated with
gasification at 1200°C conserves the highest amount of chemical exergy in the
product gas, the maximum possible amount of work that can be provided by the
substance itself. On the other hand physical exergy depends only on physical
conditions that are pressure and temperature.

3.4 Economics

The torrefaction step represents an additional unit operation in the biomass
utilization chain. The attendant capital and operating costs, as well as conversion
losses are, however, off-set by savings elsewhere. The advantages of torrefaction
are particularly pronounced for three applications at present, namely entrained flow
gasification, small scale combustion using pellets and co-firing in pulverized coal
fired power stations.

For small scale combustion applications, logistics and storage are the key areas
where BO, pellets have a competitive advantage over ordinary first generation
wood pellets. For the other two applications just listed grindability is of particular
significance, as it is quite difficult to obtain the right particle size and properties
with virgin biomass. Size reduction is also energy intensive, as is transportation of
low density biomass over long distances.

Recent cost estimates [Bergman et al., 2007] for the ECN torrefaction technology
indicate that the total capital investment of a stand-alone 75 ktonne/a plant will be
in the range 6.1 to 7.3 M€. The assumed feedstock is wet softwood chips. The plant
consists of a conventional rotary drum for drying the biomass, ECN torrefaction
technology and conventional grinding equipment and pellet mill. No feedstock
preparation (e.g. chipping) before drying was included

About 75 ktonne/a production rate (design), the total production costs are
calculated at 37 €/tonne product (2.0 €/GJ), produced from a feedstock with 35%
moisture content. At 50% and 25% moisture content this is about €/tonne (2.6
€/GJ) and 34 €/tonne (1.9 €/GJ) of product respectively. The moisture content is
one of the most influential parameters of the torrefaction process as it
predominantly determines the energy input of the process. These data represent the
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added cost for the torrefaction process, assuming a zero cost of the feedstock.
biomass, ECN torrefaction technology and conventional grinding equipment and
pellet mill. No feedstock preparation (e.g. chipping) before drying was included

Table 3.4 summarises the main outcomes of an economic analysis performed for
four cases comparing torrefied pellets (TOP) and conventional pelletisation. The
main cost items shown are the total capital investment (TCI) and the total
production costs (TPC). Although depreciation and financing are items
contributing to the TPC, they are also summarised individually, as these items may
be treated differently in discounted cash flow analyses.

Table 3.5 shows the importance of economy of scale for torrefaction technology.
These economic characteristics clearly offer opportunities to achieve profitable
biomass- to-energy chains.

A recent study [Zwart et al., 2005] also includes a comparison of torrefaction and
another pre-treatment option for the production of liquid fuels via entrained flow
gasification and Fischer-Tropsch. Its main conclusions are that pre-treatment
significantly enhances the economic viability of synthetic transportation fuels, and
that among the pre-treatment options studied, torrefaction has an edge over fast
pyrolysis and conventional pelletisation. The main conclusion of the assessment of
ten various biomass-to-liquids production routes is that overseas torrefaction is the
most attractive pre-treatment technology. The additional investments related to this
pretreatment step are less than the associated logistic cost reduction.

This view is supported by a study about pre-treatment technologies, and their
effects on the international bioenergy supply chain logistics [Uslu et al., 2008]. It is
indicated that torrefaction as pre-treatment technology seems a very promising
option for minimizing logistic costs and energy use for long distance bio-energy
transport. A chain analysis in this work including local biomass production, central
gathering point where pretreatment takes place, export and import terminals and
final conversion unit is considered. The final conversion methods considered were
Fischer Tropsch (FT) fuels and power production by means of biomass integrated
gasification combined cycle (BIGCC), combustion and co-firing.
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Table 3.4: Economic performance characteristics of the pelletisation of sawdust and green
wood (hardwood) for the conventional pelletisation process and the BO, process

Conventional BO, Conventional
BO, process
Item unit  Pelletisation =~ process  Pelletisation
Feedstock Sawdust Sawdust Green wood  Green wood
Production rate  kton/a 80 56 80 56
Total Capital =0 59 5.6 5.9 7.4
Investment*
Total production hon 41 45 54 50
costs**
€/G] 2.6 2.2 34 2.5
Financing €/ton 2.0 4.4 32 5.9
Depreciation €/ton 4.0 8.8 6.5 11.7
*: including working capital of about 0.5 to 0.7 M€
**: Including cost items financing and depreciation
Capacities and costs are related to tonnages of product
Table 3.5: Economies of scale for torrefaction technology
36 ktonne/a 75 ktonne/a 112 ktonne/a
Investment 4.7 M€ 6.7 M€ 7.3 M€
Total production 3.1 €/GJ 2.5€/GJ 1.6 €/GJ

costs

Energy crops produced in Latin America were transported to The Netherlands. The
costs of delivering biomass in the form of BO, pellets and pellets is 3.3 €/GJ and
3.9 €/GJ, respectively. This includes the biomass source, transport and pre-
treatment. Transportation of torrefied pellets is much cheaper than pellets.
Delivering liquid energy carriers at an intermediate harbor is more expensive than
solid torrefied pellets. The delivery costs of bio-oil vary between 4.7 and 6.6 €/GJ
including biomass production, transportation, storage and pretreatment. Delivering
power in the form of electricity costs at least 4.4 €/kWh from an existing cofiring
plant and 4.6 €/kWh from a BIGCC.
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It is also shown that economy of scale plays an important role in costs of pre-
treatment. A torrefaction and pelletisation capacity of more than 40 MWth does not
gain more on the economy of scale. On a scale of 19 MWth the delivery costs
increase with 16%.

It is concluded that torrefaction in combination with pelletisation is the optimum
supply chain from economic and energy efficiency perspective, BO, supply
converted to FT-liquid is the optimal synfuel production chain and BO, supply
converted to power either by BIGCC or existing co-firing facility are the optimal
chains.

3.5 Conclusions

Some biomass properties, particularly high O/C ratios and difficulties to get small
particle size, form problems for technological application of biomass. Torrefaction
has the potential to become an important biomass pretreatment technology and so
improve the biomass to a high quality solid fuel with good characteristics in energy
density, homogeneity, grindability and hydrophobic behavior. The main advantage
of torrefaction is improvement of energy density and grindability. Further research
on kinetics is recommended to get data needed for reactor design in large scale.
Also further research on the product -characteristics is recommended.
Characteristics such as pelletisation, biological degradation and dust forming of the
solid biomass need more attention. It is shown that torrefaction offers efficiency
advantage when used as a pretreatment step before entrained flow gasification.
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Chapter 4

Mechanistic pathway for biomass decomposition
during torrefaction at isothermal conditions

Abstract

This chapter describes the weight loss kinetics of biomass composition during
torrefaction at isothermal conditions between 220 - 300°C for several biomass
resources and its constituents such as beech, willow, spruce, straw, hay, bagasse,
refuse derived fuel, xylan (hemicellulose), cellulose and (alkali lignin). Four
different models are studied and validated for the thermal decomposition of beech
wood. Also a causal model, which takes into account the effect of the reactor
temperature and the biomass particle temperature on the biomass weight loss, is
developed. It is shown that a model that describes the decomposition of biomass

via two independent phases is an accurate decomposition mechanism.
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4.1 Introduction

Kinetic modelling produces advanced computational tools for the design and
optimization of chemical reactors applied for thermo chemical conversion of
biomass. The knowledge of the fuel reactivity is also needed for the formulation of
simple design and scaling results.

The main principle of torrefaction is based on the reactivity of hemicellulose. The
other two components (cellulose and lignin) are less reactive in the temperature
range 200-300°C. Low stability organic compounds that are highly volatile at low
temperatures such as most of the food contain an extended amount of starch
[Heikkinen et al., 2004]. Due to these different fractions biomass can decompose in
different ways under various conditions. Biomass torrefaction can be subdivided
into four stages: moisture evaporation, hemicellulose decomposition, lignin
decomposition and cellulose decomposition [Bergman et al., 2005].

Volatilization forms the major step in any thermo chemical conversion process
involving biomass materials due to the fact that biomass materials comprise about
80% volatile fractions and 20% solid carbonaceous residue, namely char and ash,
respectively [Gaur & Reed, 1998]. Torrefaction of biomass involves several
reactions, which makes it a complex mechanism. Decomposition of biomass is
actually a set of reactions taking place at the same time and these reactions can be
analysed with complex kinetic models.

Knowledge of the torrefaction of the three main components cellulose,
hemicellulose and lignin is important to get a fundamental base of understanding of
torrefaction. If the temperature is increased to 200°C hemicellulose starts limited
volatilization and carbonization (the biomass starts to become brown).
Hemicellulose decomposes into volatiles and a char-like solid product. Extensive
devolatilisation occurs when a temperature around 250 — 260°C is reached. In this
temperature range also lignin and cellulose slightly decompose, which do not lead
to a significant mass loss.

[Ferro et al., 2004] mentions that after drying at 100°C further heating removes
chemically bound water due to evaporation and decomposition reactions, which
occurs at temperatures over 160°C. At this temperature also the formation of CO,
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starts. While various biomass resources consist of various fractions of
hemicellulose, lignin and cellulose a variation in reactivities can be found among
these resources. [Bergman et al., 2005] states that even the reactivity of
hemicellulose very much depends on its molecular structure so that a large
difference is observed between deciduous and coniferous wood. Torrefaction of
deciduous wood leads to more devolatilisation and carbonization than torrefaction
of coniferous wood [Prins et al., 2006a].

Recently, [Prins et al., 2006a] described the weight loss kinetics of wood (willow)
torrefaction with a model based on a two step reaction in series. The model is
developed by Di Blasi and Lanzetta for the thermal decomposition of xylan [Di
Blasi & Lanzetta, 1997]. It is shown that the model can describe accurately the
weight loss kinetics for torrefaction between 230 - 300°C. Finally, Prins concluded
that the first step to form an intermediate product is much faster than the formation
of the final char. It is not known what the chemical structure and formula of this
intermediate product is. The final elemental composition of the solid product is
studied [Prins et al., 2006b].

A schematic representation of this Di Blasi model is shown in Figure 4.1 (model
ii). Typical information about the torrefaction kinetics is reported by Prins et al.
Biomass “A” decomposes in an intermediate product “B” which remains undefined
and volatiles “V1” are formed. This intermediate product decomposes in a final
char “C” and other volatiles “V2”. For the two decomposition steps activation
energies of 76.0 and 151.7 kJ/mol, respectively, and pre-exponentional factors of
2.48 x 10* and 1.10 x 10" kg kg s, respectively, were found for willow wood
used as biomass resource. Di Blasi found activation energies of 76.0 and 143
kJ/mol for the decomposition steps [Di Blasi & Lanzetta, 1997].

[Repellin et al., 2010] modelled the anhydrous weight loss of beech and spruce
chips during torrefaction in a pilot kiln. Three phenomenological models are
applied to study the effect of torrefaction temperature and reaction time on the
weight loss after 5, 20, 40 and 60 minutes. A simple global one step model, the Di-
Blasi Lanzetta model and a third model by Rousset [Rousset, 2004] were used to
describe the kinetics. They all showed good correlations between experimental and
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calculated anhydrous weight loss. It is shown that the anhydrous weight loss took
place in the first 20 minutes of torrefaction.

In this chapter, four different biomass decomposition models are presented to
describe the isothermal weight loss kinetics; a general one step model, a two step
reactions in series model, a two competitive reactions model and two parallel
reactions model. Since it is the goal to describe the reaction kinetics at isothermal
conditions a solution is presented for the stage in which the biomass heats up by
the application of a causal model. This model describes the effect of the reactor
temperature on the particle temperature and the effect of the particle temperature
on the mass loss.

4.2 Biomass decomposition models applied for torrefaction

4.2.1 Model selection and description

In Chapter 2 the models that describe the pyrolysis reactivity and kinetics have
been studied extensively. It is seen that there are two approaches to describe the
mass loss. These approaches are based on a single homogeneous fuel or based on
the three biomass constituents hemicellulose, cellulose and lignin. Also an
overview is presented about commonly used models. In this paragraph the four
models that have been selected for the modelling of biomass torrefaction are
discussed, namely

e model i: a general one step model in which all reactions take place at
once producing volatiles and a chemically changed solid. Only one
phase “A” reacts during the torrefaction. This single phase can be the
biomass as a whole or a constituent of the biomass.

® model ii: two reaction steps follow each other in series resulting in
two (different) volatile phases. One solid phase reacts and an
intermediate product is formed. This solid intermediate product “B”
is a chemically changed solid that reacts further to produce a final
solid char. This model is also proposed by [Di Blasi and Lanzetta ,
1997]. In the Di Blasi model component “A” is defined as xylan.
[Prins et al., 2006b] defined component “A” as willow wood.
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e model iii: two reactions compete with each other to form a
chemically modified solid product leading to two different phases.
This single reacting phase can be the biomass or a constituent of the
biomass.

e model iv: two different phases or constituents of the biomass react
independently of each other to form a chemically changed solid
product. For example hemicellulose and cellulose decompose during
biomass torrefaction.

The models are a simplification of the real reaction mechanisms, because the
structure of biomass is complex. This complex structure means that during
the decomposition of biomass feedstocks during torrefaction different sets of
reactions can occur at the same time. To keep the modelling of biomass
decomposition controllable these four models are proposed. Different
variations between and within the models can be thought about, but will
make the modelling even more complicated. An example is that a
combination of models ii and iv will automatically lead to three phases that
react. Another possibility that can be proposed is the formation of volatiles
“V,” also out of solid phase “A;” in model iv.
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V1 V1 V2
kv1 kv1 kv2
k1 k1 k2
A—> B A B C
K1 =kq1 + ky1 K1 =kq1 + ky1
Kz =k2 + k21
Model i : Single step Model ii : Successive reactions
V1 V1
kv1 kv1
k1 k1
A —> B, A—> B;
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kv2
kv2
V, Vs
K1 =k1 + kv1 K1 =k1 + kv1
Kz =k2 + kvz K2 =k2 + kvz
Model iii : Two competitive reactions Model iv : Two parallel reactions

Figure 4.1: Different biomass decomposition models as applied in the evaluation of
torrefaction weight loss kinetics between 220 - 300°C under inert conditions
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4.2.2 Model equations and assumptions

Kinetics provides the framework for describing the rate at which a chemical
reaction occurs and enables us to relate the rate to a reaction mechanism that
describes how the molecules react via intermediates to the eventual product
[Chorkendorff & Niemantsverdriet, 2003]. Kinetic models for the pyrolysis of
biomass are often based on the Arrhenius law which describes the temperature
dependence of the reaction rate. In order for the reaction to occur, the reactant
molecules must become activated and there exists equilibrium between normal and
activated molecules. In this part the four mechanistic models are explained with the
equations and the assumptions.

Model i: Global one step
For each of the four mechanistic models, the reactivity equations of the different

reactive phases can be derived. It is assumed that biomass reacts in sets of reactions
since thermo chemical conversion of biomass comprises many different reactions.
The reactivity rates and balances for model i are:
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In the reaction rate equation all reactions are assumed to be first order in A so the
system of equations can be solved. If the mass balance for the total solid residue is
solved by integration of the differential equations for the reaction rate, the
following expression for the total relative mass loss is derived for the global one
step reaction mechanism.

M=A+B 4.3)



88 Chapter 4

M k s
: =(1—?1j(1—€ “) (4.4)

MO 1

This expression to describe the mass loss can be simplified into an equation that
describes the model phenomenologically. With this simplification the model
becomes dependent on parameters that represent a (maximum) amount of a specific
phase/group that can react and a parameter that has the characteristic of an
activation energy. In the equation (4.5) these are parameters “a” and “b”. So, the
global one step model can be described with the following simplified expression:
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Model ii : Two steps in series
The reaction rates and balances for model ii are:
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In the reaction rate equation all reactions are assumed to be first order in “A” and
“B”. If the mass balance for the total solid residue is solved by integration of the
differential equations for the reaction rate, the following expression for the total
relative mass loss is derived for the two steps in series reaction mechanism.
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Like the simplification that has been carried out to derive equation (4.5) the same
simplification can also be applied to a model that represents the reaction of two
different phases. These components are mentioned “a” and “b” for a single
reactive phase in the reaction process and for a second reactive phase “c” and “d”.
This expression to describe the mass loss can be simplified into a simple equation
that describes the model phenomenological, which is the same as:

tog(l—e™)tc-(1-e*) 4.11)

Model iii : Two competitive reactions

The differential rate equations for the two competitive reactions are:
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n, (4.14)

In the reaction rate equation all reactions are assumed to be first order in A, B, and
B,. If the mass balance for the total solid residue is solved by integration of the
differential equations for the reaction rate, the following expression for the total
relative mass loss is derived for the two competitive one step reaction mechanisms.

M =A+B, +B, (4.15)
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This expression to describe the mass loss can be simplified into a simple equation
that describes the model phenomenological. Also the two competitive one step
reaction model can be described with the following simplified expression resulting
in the same expression as for the global one step model:
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Model iv : Two parallel reactions
The differential rate equations for model iv are:
A
S =—K, A
A 9r 4.17)
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In the reaction rate equation all reactions are assumed to be first order in A}, A,, B,
and B,. If the mass balance for the total solid residue is solved by integration of the
differential equations for the reaction rate, the following expression for the total
relative mass loss is derived for the two competitive one step reaction mechanisms.

M=A+A,+B +B, 4.21)

In the reaction rate equation all reactions are assumed to be first order in A. If the
mass balance for the total solid residue is solved by integration of the differential
equations for the reaction rate, the following expression for the total relative mass
loss is derived for the two parallel one step reaction mechanisms.
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This expression to describe the mass loss can be simplified into a simple equation

that describes the model phenomenologically, which is the same as:

M, ' R 4.11)
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This makes clear that effect of two parallel one step reactions is the same as the
result of the summation of two one step reactions. The mathematics of model ii and
iv can also be developed into a two step mechanism with a linear term. The second
exponential is developed into the first term of the series.

<

- =a-(1—e_b’)+c't
0

4.23)

<

Model during heating up with causal effects

This part is concerned with the interactions between heat transfer during biomass
torrefaction and its kinetics. It may contribute to the development of simple models
to describe the torrefaction of (single) biomass particles and so create a better
understanding of the influence of reaction time and temperature on the product
quality.

According to [Pyle & Zaror, 1984], who studied the heat transfer and kinetics in
the low temperature pyrolysis of solids; it is doubtful whether tractable models can
be developed to incorporate all the features of pyrolysis since the process depends
on a wide range of factors including particle size, heating rate and retention time at
different temperatures. Torrefaction is a technology that can be compared with
pyrolysis although the temperature is lower and the focus is on a high quality solid
fuel. In the technology of torrefaction heat is applied to biomass particles with
different particle size. During this process two effects occur. These are the heating
up of the biomass and reactions that stimulate volatilization; the release of mass
destructs the biomass structure and stimulates the increase of the energy density.

In kinetic analysis it is difficult to separate the effects of chemistry and heat- and
mass transport phenomena [Di Blasi, 2008]. These two effects need to be separated
from each other to get a good insight in the rate and influence of both effects.
Below a description is given how this is achieved. It is important to keep in mind
that the heating up of a biomass particle is a function of time and that the reactivity
is a function of temperature and time. In other words, the heating of a particle has
effect on the reactivity of the biomass. This principle is called a causal effect which
means that one parameter has influence on another effect.
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An effect f, (¢) is not constant in time during a process changing in time so we
should find an expression for F, (t) as a function of time and the sum of the
different effects f,, (t) on F), (t). Therefore we divide the time in which a process is
supposed to be changed between time intervals and supposed to be constant during
the intervals and given by f,(7). Below the basic equations are described [Veringa,
1981].

fy M

Fa (t)

Time —

Figure 4.2: the effect F, in a filament approached by a cummulative step function fy,; — f;;

For each interval a relaxation effect occurs which is given by:

(4.24)

06,1

For the contribution of the j" time interval at time t and during At, it follows that:

AF,(t), =%A,»fn ©] eXp(—%(t' —J'At))df' (4.25)

jAt
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with
A1, (0)=f,@0; = £, (4.26)
and
Aot (0)=1,(t), (4.27)
so that
< u| ’ 1/ ,
F,(1)=1lim Y AF, (1), =lim >~ A, f, (t)j exp(—;(t - jAt)jdr 428)
Jj=0 j=0 At
which is

exp(-fj , |
F,(t)= d lfn (t)eXp(t;jdf (4.29)
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Figure 4.3: Causal effects during the heating up of biomass for situation I which means a
infinite step wise heating up curve of the reactor (T,) with effects on the biomass particle
temperature (T,) that causes a certain mass loss (M.L.)
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Figure 4.4: Causal effects during the heating up of biomass for situation I which means a
linear heating up curve of the reactor (T,) whict effects the biomass particle temperature
(T},) that causes a certain mass loss (M.L.)

This causal effect can be translated to the mass loss experiments carried out by
TGA experiments. During TGA the apparatus is heated up to its final reactor
temperature (T,). This reactor temperature influences the heating up of the biomass
particle (T,) which causes thermal degradation of the biomass (M.L.) These causal
effects for two situations I and II can be explained with a figure and described by
related mathematical relations. The two situations can also be visualized by Figure
4.3 and Figure 4.4.

The two situations describe different heating profiles that can be applied to heat to
desired torrefaction temperature and causal effects that follow as heating the
biomass particle and the mass loss that occurs, because of the heat that is applied
and the particle temperature that is reached.
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The mathematics for both situations is described by the following equations:
e Equation f, describes the reactor temperature T,
e Equation f; describes the biomass particle temperature T,
e Equation f> describes the thermal degradation/mass loss M.L.

Situation I is an imaginary situation in which an infinite heating rate step is applied
to heat up to the desired torrefaction temperature; this is described with formula
fo(T.t)". The effects of heating up the biomass particle which is defined with
function fy(T,1)" and the mass loss defined with function f3(7,z)' that occurs if
biomass is torrefied between 200 and 300°C will follow the effect of the infinite
heating rate step. Function f;(T,t)" can also be applied to describe the mass loss if a
constant temperature is reached after situation f5(7,7)" has been . The final result is
the same as the parameters “a,” is substituted with “a,”.

Situation II is a more realistic situation in which a dynamic heating rate a is applied
to achieve a specific torrefaction temperature, which is described with function
foT,t)". The heating rate o influences the functions for the heating profile of the
biomass particle and for the mass loss during torrefaction. This can be seen in the
extra terms that arise in functions f,(7,¢)" and fy(T;1)".

Situation I

The reactor is heated up with a infinite stepwise heating pattern which can be
described with:

£1T.0)= [8 —t,)dr (4.30)

This heating up of the reactor results into a temperature increase of the biomass
particle. The effect on the temperature of the biomass particle is described by:

fiT,1)= (1—e) 4.31)
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If the biomass heats up to torrefaction temperature biomass decomposition occurs.
The effect on the mass loss of the biomass is described by the following functions:

)= e b it -

(4.32a)
L e S 4320
-] oo _ o] (4.32¢)

a, —a

This equation (4.32¢) is symmetric in “a;” and “a,”, so does not matter which of
the two parameters is connected to temperature relaxation or the subsequent mass
release.

Situation II:
The reactor is heated up with a linear heating pattern with heating rate o which can
be described with the following formula:

fHr)=a
(4.33)

This heating up of the reactor results into a temperature increase of the biomass
particle. The effect on the temperature of the biomass particle is described by:

a
U 1_ —at
. [1—e™] (4.34)

t
£ ()= [ £, (T e dr = o -
0
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If the biomass heats up to torrefaction temperature biomass decomposition occurs.
The effect on the mass loss of the biomass is described by the following functions:

£l )= e_aztfot(fl (T, 1)) aydr = (4.35a)

—ayt (! aztl ' —ay [T O —ayt aztv "
e Ioate a,dt —e joz[l—e le > a,dt = (4.35b)
o - o - a _ _
ar——[l1-e “2’]——([1—e “2’]——2[e “—e ]j (4.35¢)
a, a, a, —a,

This equation (4.35¢) is symmetric in “a;” and “a,”, so does not matter which of
the two parameters is connected to temperature relaxation or the subsequent mass
release.

4.3 Experimental
4.3.1 Materials

Different biomass types have been treated isothermal by thermogravimetry
between 200 - 300°C: beech, oregon, spruce, willow, straw, xylan (model
compound for hemicellulose) and cellulose. The materials were obtained from the
Energy Research Centre Netherlands (ECN). The biomass was grinded into small
particles and the sizes were < 250 pum.

4.3.2 Equipment and procedure

The thermal analysis has been carried out with a TA Instruments Q500
Thermogravimetric analyzer with autosampler. The heating rate can be varied
between 0.1 and 100°C, the weighing precision is 0.1pug and the isothermal
temperature precision is 0.1°C.
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The TGA experiments were carried out in an inert atmosphere with a nitrogen flow
rate of 20 ml/min. The several biomass sample weights varied from 3 to 10 mg.
The temperature range varied from 220 to 300°C. The heating procedure started
with a dynamic heating rate of 10°C/min until 105°C to evaporate the moisture in
an isothermal stage of 15 min. After drying, the biomass was heated with a
dynamic heating rate of 10°C/min. The final torrefaction temperature is between
220 and 300°C. An isothermal heating period of two hours was applied at the final
isothermal temperature. Table 4.1 summarizes the experimental conditions used to
investigate the kinetics in this chapter.

If the heating rate is too high, the results may be affected by heat transfer
limitations within the sample. If a too low heating rate is applied, the weight loss
that occurs during the warming up phase is not negligible, which complicates the
interpretation of kinetic data [Di Blasi & Lanzetta, 1997]. The weight loss kinetics
is corrected to avoid variations in ash and moisture content, on dry and ash free
basis.

Mt _ WTG _Wash
My ) "\ W =Wa (4.36)

initial ash

Where Wiyiia is the solid weight of the dry sample, W4, the weight of the ash in the
dry sample and Wrg, is the solid weight that is measured as a function of time.
According the definition torrefaction starts at 200°C, so Wiy 1S the solid weight at
this temperature [Bergman et al., 2005]. It is possible that there is mass loss below
this temperature, but it will only be a few weight percentages. This loss can be
ascribed to residual bound water that is released.

Table 4.1: Experimental conditions during the TG experiments
Instrument TA Instruments Q500
Temperature 220 - 300°C
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Beech, Oregon, Spruce

Biomass types Willow, straw, xylan
Cellulose, (Alkali)
Lignin

Gas flow rate 20 ml/min nitrogen

Sample size 3-10mg

Particle size <250 pm

4.4 Results

4.4.1 Thermogravimetry experiments

Figure 4.5 - Figure 4.12 show the mass loss of the biomass materials beech,
oregon, spruce, willow, straw, xylan, cellulose and (alkali) lignin between 220 -
300°C. The mass loss is observed from 200°C at which a dynamic heating rate is
applied of 10°C/min until the desired final isothermal temperature conditions.
Torrefaction starts according the definition at 200°C, but below this temperature
already a few percents of mass loss occurred. The thermogravimetry experiments
show the fraction of the organic phase that can react at a specific temperature and
show the ratio between the solid and volatile phase. It is a simple method to
determine what can be expected from the mass loss. The mass loss is an important
indicator in torrefaction technology, because it is one parameter that determines
what the result will be on the energy densification in the torrefied biomass. Other
techniques are necessary to determine what happens with the energy balance.

It is shown that all biomass resources have their highest decomposition rate in the
first ten minutes. These first ten minutes describe the mass loss during the heating
up of the TGA apparatus and the biomass from 200°C to the final torrefaction
temperature which is maximum 300°C. During heating to 300°C already a mass
loss around 25% for most of the wood feedstocks can occur. The mass loss of
xylan in this interval can be even higher and results in an organic weight loss of
around 40%. It can be concluded that the xylan is the most reactive component in
the stage that the biomass heats up, but the fixed carbon content of the xylan is
higher than that of all the wood feedstocks at 300°C. On the other hand cellulose
reactivity is small in the lower temperature regime, but temperatures above 280°C
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show that the maximum reactivity of the cellulose is higher than all the other
feedstocks. It is shown that a mass loss of almost 90% can be reached at 300°C.

Looking at the mass loss curves of the wood resources (beech, oregon, spruce and
willow) it can be seen that all different kinds of woods show the same mass loss
curve. Some difference can be seen in the absolute values that represent the
quantitative amount of organic fraction that is converted into the gas phase. Further
it is shown that at each isothermal torrefaction temperature, even after two hours,
the material is still reactive. Between 220 - 300°C after two hours the material still
has a slowly increasing mass loss that shows almost a linear trend. Beech wood
torrefaction between 310 - 330°C does not show this linear trend anymore which
means that the maximum amount of material is volatilized. The fixed carbon
content is reached and represents a volatile weight loss of around 80%. It is
important to keep in mind that commercial torrefaction will never reach these long
residence times. The volatile fraction that is released represents better the amount
of volatiles that is formed during slow pyrolysis. Pyrolysis of biomass is mainly
carried out at higher temperatures between 400 - 600°C to obtain a maximum
amount of bio-oil. Finally, the reactivity of alkali lignin is very small. The final
char yield that is reached after two hours is around 75 — 80% at 300°C and no
reactivity can be observed anymore at this temperature.

In Figure 4.13 and Figure 4.14 the final mass loss of beech, xylan, cellulose and
alkali lignin is shown after 30 min. and 120 min. of torrefaction. It is shown that
during 30 min. torrefaction xylan is the most reactive component at all
temperatures between 220 - 300°C. Therefore, it can be concluded that during 30
min. torrefaction most of the mass loss of wood is caused by the thermal
decomposition of the hemicellulose in the biomass. If longer residence times are
applied for the torrefaction beech wood at a certain moment the contribution of the
cellulose to the mass loss of the beech wood becomes more important. At 270°C
and 120 min. reaction time the loss due to cellulose decomposition is almost as
extensive as due to the decomposition of xylan.

In the TG curves of the different wood species it can be observed that the curves
comprise three different domains (or regimes) in which the biomass reacts. These
three different domains that can be recognised are:
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1. A parabolic mass loss curve in the first minutes in which the biomass
heats up to the desired torrefaction temperatures. In section 4.4.2 this
domain is studied more extensively.

2. A second domain in which the mass loss curve of the biomass shows
exponential characteristics. In section 4.4.3 this domain is studied more
extensively looking at different reaction models and the temperature
dependence.

3. A third domain in which the biomass mass loss curve show a linear
trend. In section 4.4.3 and 4.4.4 this domain is studied more extensively
looking at different mass loss plots that describe the thermal behaviour of
different phases in the biomass that react.

In the rest of this chapter the weight loss of beech wood is studied more
extensively in these three different domains to derive a model that describes the
torrefaction reaction kinetics. The figure schematically represents an s-curve. The
results for beech wood will be compared with the other wood resources.
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Figure 4.5: Isothermal TGA of beech at 220 - 330°C with heating rate 10°C/min until
isothermal temperature. The mass loss is normalized at 200°C which is according the

definition the starting temperature for torrefaction
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Figure 4.6: Isothermal TGA of oregon at 220 - 300°C with heating rate 10°C/min until
isothermal temperature. The mass loss is normalized at 200°C which is according the

definition the starting temperature for torrefaction
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Figure 4.7: Isothermal TGA of spruce at 220 - 300°C with heating rate 10°C/min until
isothermal temperature. The mass loss is normalized at 200°C which is according the
definition the starting temperature for torrefaction
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Figure 4.8: Isothermal TGA of willow at 220 - 300°C with heating rate 10°C/min until
isothermal temperature. The mass loss is normalized at 200°C which is according the
definition the starting temperature for torrefaction
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Figure 4.9: Isothermal TGA of straw at 220 - 300°C with heating rate 10°C/min until
isothermal temperature. The mass loss is normalized at 200°C which is according the

definition the starting temperature for torrefaction
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Figure 4.10: Isothermal TGA of xylan at 220 - 300°C with heating rate 10°C/min until
isothermal temperature. The mass loss is normalized at 200°C which is according the

definition the starting temperature for torrefaction
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Figure 4.11: Isothermal TGA of cellulose at 220 - 300°C with heating rate 10°C/min until
isothermal temperature. The mass loss is normalized at 200°C which is according the
definition the starting temperature for torrefaction
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Figure 4.12: Isothermal TGA of alkali lignin at 220 - 300°C with heating rate 10°C/min
until isothermal temperature. The mass loss is normalized at 200°C which is according the
definition the starting temperature for torrefaction
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Figure 4.13: Mass loss of beech, xylan, cellulose and alkali lignin after 30 min. of
torrefaction at different reaction temperatures
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Figure 4.14: Final Mass loss of beech, xylan, cellulose and alkali lignin after 120 min. of
torrefaction at different reaction temperatures
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4.4.2 Domain 1: Fitting of weight loss curves in heating up stage
The TGA curves are also fitted in the first ten minutes to study the reactivity
behaviour as described by equations (4.30) — (4.35¢). In the first ten minutes the
reactor is heated up to torrefaction temperature; the particle heats up and mass loss
occurs. Curve fitting with equation (4.35¢) shows that the mathematics for causal
effect describes accurately the mass loss in the heating up stage to 300°C.
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Figure 4.15: Mass loss curve fit of the first ten minutes if the torrefaction reactor is heated
up and causal effects occur like biomass particle heat up and thermal degradation. The
curve fit is carried out with equation (4.35c) at 300°C
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4.4.3 Domain 2 and 3: Fitting of weight loss curves at isothermal

conditions

After obtaining the TG curves for the several biomass feedstocks the kinetic
analysis is carried out according the model selection and description for the four
different models. The experimental results were fitted with the equations to obtain

the values for the parameters “a”, “b”, “c” and “d”. The best curve fit was
achieved by the least square methods.

Figure 4.16 shows the curve fitting of the weight loss kinetics of beech wood at
temperatures between 220 - 300°C at isothermal conditions. Model i and model iii
are shown in green and fitted with equation (4.5). These models describe the
reactivity of biomass as a one phase reaction with either one global step reaction or
two competitive reactions. Model ii and iv are shown in purple and fitted with
equation (4.11). The models describe the reactivity of biomass as a two phase
reaction mechanism that consists of two parallel or two consecutive reactions. The
blue line in the graph shows model ii and model iv where the slow exponential part
is described as a linear time dependence.

It is shown that a one phase reaction mechanism described by equation (4.5) is not
accurate enough to describe the mass loss. At low temperatures between 220 —
250°C the curve fit is still accurate, but at higher temperatures between 250 -
300°C another reaction mechanism is necessary to describe the mass loss
accurately. A two phase reaction mechanism is a solution to describe the mass loss
more accurately. Equation (4.11) comprises four parameters that represent the
thermal decomposition of the biomass during torrefaction. The results of the
different parameter fits are shown in Figure 4.17.

In Figure 4.17 it can be seen that too much degrees of freedom are given to the
system, because the a,b,c and d parameters do not show structured trends. The
values that are found make it difficult to interpret the results. It is observed that at
higher temperatures the c-value is satisfied around 0.6. From this the conclusion is
drawn that the values for “a” and “c” are parameters that describe the amount of
material that could react during torrefaction out of the phases that are described by

a & b or ¢ & d. After these observations more limitations are applied to the system.
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Figure 4.16: Experimental and modeled relative mass loss of beech wood versus time for
isothermal temperature conditions between 220 - 300°C. Model i and model iii are shown
in green and fitted with equation (4.5). Model ii and iv are shown in purple and fitted with
equation (4.11). The blue line is equation (4.11) developed into the first term of the series.
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Figure 4.17: determined parameters a,b,c & d for beech wood by curve fitting between 220
- 320°C according equation (4.11)

4.4.4 Quantitative numbers of derived parameters

If too much degrees of freedom are given to the model that describes the biomass
decomposition during torrefaction it is found that the results are difficult too
interpret, so more limitations are applied to the model. These limitations are based

[Pl

on the satisfaction of the “c” parameter around 0.6 shown in Figure 4.17.

Figure 4.19 and Figure 4.20 show the absolute values for the fitted parameters for
the curve fitting of beech wood between 250 - 300°C after restrictions to the model
are applied. The graphical representation is shown in Figure 4.18. It is found that
the best correspondence is obtained if the value for “a” is increasing with
temperature and that “c” is a constant factor. This means that the availability of the
phase (the amount of material that can react) that is described by parameters “a”
and “b” is depended on the temperature. The parameters “b” and “d” are slightly
increasing with temperature. In paragraph 4.4.5 an explanation is given about the
temperature dependence of the “a”-value.
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Figure 4.18: Experimental and modeled relative mass loss of beech wood versus time for
isothermal temperature conditions between 220 - 300°C after restrictions to the model. The
c-parameter in equation (4.11) is restricted to a fixed number
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Figure 4.19: determined parameters a,b,c & d for beech wood by curve fitting between 250
- 310°C according equation (4.11)
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Figure 4.20: determined paramaters a,b,c & d for beech wood by curve fitting between 250
- 310°C according equation (4.11) zoomed in at the b & d values
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4.4.5 Model verification

To verify the model that describes the torrefaction reactivity of different wood
feedstocks the mass loss of beech wood in time is plotted for different temperatures
between 250 - 300°C. In the figures the experimental TGA mass loss curves are
shown together with the curve fit of the experiments and the independent curves
that can be described with the parameters a & b and ¢ & d. The plots are shown in
Figure 4.21 - Figure 4.26. The values that are used for the plots are shown in
Figure 4.19 and Figure 4.20.

It is shown that the summation of the plots that is described with the parameters
“a” & “b” and of the plot that is described by the parameters “c” & “d” represents
quite accurately the experimental values for beech wood. Only the heating up stage
shows some errors, because of a constant lower temperature in the biomass than is
modeled with the derived parameter values.

At (low) temperatures between 250 - 280°C the mass loss that is represented by the
¢,d-plot is shown with an almost linear trend up to 10 — 30% organic weight loss.
At 290 and 300°C the c,d-plot shows already some exponential behaviour with a
mass loss up to 40 — 50% based on the total mass of dry and raw beech wood.
Finally, the c¢,d-plot shows that the reactivity of the beech wood is still present.
After two hours of torrefaction the biomass mass still figures a linear trend in
Figure 4.21 - Figure 4.26.

The a,b-plot shows a small increase in the mass loss with rising temperature. The
mass loss that occurs due to the a,b-curve is almost 20% at 250°C and is increased
up to 30% at 300° for beech wood. At all temperatures the major part is lost
already in the first 30 minutes which is also the commercial residence time for
torrefaction [Bergman et al., 2005].
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Figure 4.21: plot of experimental and
modelled data of determined ab and cd
values for beech wood at 300°C.
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Figure 4.23: plot of experimental and
modelled data of determined ab and cd
values for beech wood at 280°C
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Figure 4.25: plot of experimental and
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values for beech wood at 260°C
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Figure 4.22: plot of experimental and
modelled data of determined ab and cd
values for beech wood at 290°C
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Figure 4.24: plot of experimental and
modelled data of determined ab and cd
values for beech wood at 270°C
Experimental/curve fit/ab plot/cd plot
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Figure 4.26: plot of experimental and
modelled data of determined ab and cd
values for beech wood at 250°C
Experimental/curve fit/ab plot/cd plot
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6

Also the sensitivity of the “a” and “b” values is analyzed to study the effect of the

[Tl

temperature dependency of the “a”-value. It is possible that the increase of
parameter “a” with increasing temperature (as is shown in the curve fitting of the
wood species) is because of a set of reactions with different activation energies. At
higher reaction temperatures it is possible that more organic material in the
biomass could react. At a certain temperature two curves are plotted with different
“a” and “b” values. A high “a;” value is combined with a low “b,” value and a
low “a,” value is combined with a high “b,” value. After plotting these two curves
the summation of these two plots is curve fitted over different time scales. This is
carried out to study the influence of the combination of different “a;” and “b;”
values on the influence of a combined “a”-value. This method shows how the a-
value is build up if it depends on more parameters than only one a-value. The
method that is used to research this dependency and describe the plots can be

described with the following equations:

M (a,b i )

Figure 4.27 }V(I(Z ) =4q (1 —e™ )"‘ a, (1 —e™ ) (4.37)
M (a,b ) _

Figure 4.28 —zv(;: ). al-e)+a,(1-™) (4.38)
M (a,b ) )

Figure 4.29 ot) all—e™)+all-e™) (4.39)

0

The values that are chosen to study the influence of the temperature on the a,b
curve at 260°C for beech wood are shown in Table 4.2. These plots are shown in
Figure 4.27 - Figure 4.29. The a; curves are shown in red, the a, curves are shown
in blue and the summation is shown in black. After plotting these curves with
different a,b values the summation curves are fitted for different time scales to get
more information about temperature dependency. The time scales used are 0 — 30
min, 0 — 60 min and 0 — 90 min. These results are shown in Table 4.3.
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Table 4.2: a,b values used to construct different a,b curves for beech wood at 260°C that
are shown in Figure 4.27 - Figure 4.29

Figure a b, a, b,
Figure 4.27 - 430 |0.05245 0.027585 0.15735 0.165510
Figure 4.29 0.10500 0.027585 0.10500 0.165510

Table 4.3: a,b values found after fitting the curve that has been constructed by the
summation of “a;”” and “b;”” parameters as is shown in Table 4.2

Figure fitted a fitted b
30 min 60 min 90 min 30 min 60 min 90 min
Figure 4.27 0.18589  0.19559  0.19979 |0.14079  0.11857  0.10990
Figure 4.28 0.16370  0.18542  0.19578 |0.06518  0.05038  0.04422

Figure 4.29 0.16794  0.18624  0.19448 | 0.02063  0.07851  0.06869

It is shown by these curves that the process that is described with the a,b-
parameters is a mix of different dissociation processes in the thermal degradation
of the beech wood. Since parameter b is a parameter that represents the activation
energy of the first reaction in the system the dependency can be described with
Arrhenius:

Ea
b=r.exp ~%r (4.40)

The term in the exponent (-b-t) of equation (4.11) is a constant factor which means
that the following equation is constant:

E
ty. exp(— R_;“j = constant (4.41)

From this derivation it can be concluded that with increasing time the temperature
should also increase.
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Also by fitting with equation (4.23) in which the c,d parameter in the equation is
developed into the first term in the series, almost the same process can be observed.

<

v =a-(1—e_b’)+c-t 4.23)

0

<

The first term of the series is derived if the following mathematical operation is

carried out:

ZCi(l—e_dt)thcid,. =c-t

(4.42)

This can be carried out if a linear term is found that can describe a part of the
dissociation process. By applying this relation it can also be concluded that the
thermal decomposition of the slow reactive phase, which has high availability to
react described by the “c” and “d” parameter, can be a process of different
dissociation processes. This leads to different activation energies for the
components released during thermal decomposition of biomass by means of

torrefaction.
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Figure 4.27: sensitivity analysis of a,b
values for the analysis of temperature
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Figure 4.30: Two different heating stages are shown. In full black the isothermal TGA
curves of thermal treated beech wood (that was first torrefied at 250°C for 2 hrs that can be
seen in the graph from 0 — 130 min) at 250 - 290°C are shown. The beech wood was
torrefied in a fixed bed reactor as described in Chapter 5. The striped curves describe the
reaction kinetics model for beech wood at 250°C from 0 — 130 min and at 250 - 290°C for
two hours between 130 — 250 min.

To verify the model also a TGA experiment with torrefied beech wood has been
carried out. The beech wood was torrefied for two hours at 250°C and then
analyzed with TGA for around four hours at isothermal conditions between 250 -
290°C. So in total the beech wood was torrefied for two hours. After the
experiment the several mass loss curves were fitted with the kinetic data that has
been found for beech wood. The results are shown in Figure 4.30.

It is seen that the model describes quite accurately the mass loss of the beech wood
that was first torrefied for two hours at 250°C when it is again torrefied at even
higher isothermal conditions. The reactivity almost super poses at the temperatures
between 250°C and 290°C. A small difference of a few percentage of the mass
loss is shown between the experimental and theoretical values. The superposition
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of the mass loss curve at the temperatures 250°C - 290°C means that the two
phases react independently.

It can be concluded that both reactions of A; and A, to form volatiles (V; and V,)
are independent from each other, because both reactions describe two different
systems. The starting point of the reaction can be chosen independent from earlier
reactions as is shown by Figure 4.30. Superposition of the two independent
reactions is possible since it is possible to heat up to higher temperature at any
moment in the process.

4.5 Conclusion and discussion

Describing four different thermal decomposition models for biomass torrefaction at
isothermal conditions in a mathematical formulation shows they formally lead to
the two mathematical descriptions. A global one step reaction model is
mathematically similar to a two competitive reactions model and two steps in series
reaction model is mathematically similar to a two parallel reaction model. Further
it is shown that two different phases in the biomass react independently of each
other. The slow reacting phase has high availability and the fast reacting phase has
an apparent temperature dependence of the availability. The wood species beech,
willow, spruce and oregon show similar thermal behaviour according a two parallel
reaction model.
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Nomenclature Chapter 4

kVl
kv2

K>

M,
M,
M,

I'a
Tal

Ta2

heating rate [°C/min]

availability factor [-]

availability factor 1 [-]

availability factor 2 [-]

activation energy derivative

activation energy derivative

activation energy derivative
availability factor [-]

activation energy derivative

reacting phase A in biomass [-]
reacting phase A; in biomass [-]
reacting phase A, in biomass [-]
relaxation effect 1 constant [-]
relaxation effect 2 constant [-]
reacting and/or intermediate phase B in biomass [-]
reacting/produced phase B in biomass [-]
reacting/formed phase B, in biomass [-]
reacting/formed phase C in biomass [-]
activation energy [J mole h

reaction constant [kg/s]

reaction constant [kg/s]

reaction constant [kg/s]

reaction constant [kg/s]

reaction constant [kg/s]

reaction constant [kg/s]

total solid mass [kg]

Mass loss fraction [-]

initial mass [kg]

solid mass at time t [kg]

volatile mass at time t [kg]

reaction rate [kg/s]

reaction rate [kg/s]

reaction rate [kg/s]
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Wash
Winitial
WTGA

reaction rate [kg/s]
reaction rate [kg/s]
reaction rate [kg/s]
reaction rate [kg/s]

gas constant [J/K]

time [s]

residence time [s]
Temperature [°C] or [K]
volatile fraction [-]
volatile fraction [-]
volatile fraction [-]

ash weight in biomass [kg]
initial weight biomass [kg]
measured weight biomass [kg]
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APPENDIX CHAPTER 4

In this appendix the kinetic parameters found for other biomass resources (willow

and oregon) than beech wood are presented. It shown that the model is also
applicable for these resources. The same trend is observed.

Willow a b c d

250°C 0.46 0.002 0.157 0.058
260°C 0.46 0.002 0.183 0.069
270°C 0.46 0.004 0.207 0.082
280°C 0.46 0.007 0.215 0.091
290°C 0.46 0.010 0.281 0.059
300°C 0.46 0.021 0.301 0.053
Oregon a b c d

250°C 0.20 0.041 0.001 series
260°C 0.20 0.065 0.001 series
270°C 0.20 0.068 0.257 0.007
280°C 0.20 0.091 0.328 0.012
290°C 0.20 0.124 0.410 0.017
300°C 0.20 0.127 0.530 0.017
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Chapter 5

Product formation during torrefaction

Abstract

This chapter describes the product formation during torrefaction at isothermal
conditions between 220 — 300°C for several biomass resources such as beech,
willow, straw and poplar. In Chapter 4 a reaction mechanism has been proposed
to describe the kinetics of torrefaction. In this chapter the products that belong to
the mechanism are characterized by fixed bed experiments coupled with offline
product analysis such as micro GC, GC/MS and elemental analysis. Also TG-MS
and TG-FTIR experiments have been carried out with dynamic temperature
conditions between 100 - 400°C to determine the product formation as function of
time/temperature. Finally, the energy balance is constructed based on the mass
balances found with the fixed bed experiments.
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5.1 Introduction

In the previous chapter it is shown that the biomass decomposition during
torrefaction occurs in two independent steps. Two exponential terms which are
related with the activation energy can describe the kinetics of the weight loss
during the decomposition. These different activation energies belong to different
sets of reactions that occur and the two reaction steps form several products. It is
important to find out which products are formed in these two different steps so that
a better understanding about the torrefaction mechanism can be achieved. In
Chapter 2 an overview is given about the thermo chemical conversion of biomass
and the main principles of pyrolysis mainly above 350°C. In this chapter a closer
look is given at the product formation in the temperature range 200 - 300°C. A
fixed bed reactor and different analytical techniques are applied to determine the
product formation in these two steps.

In order to understand the torrefaction mechanism of biomass particles it is
important to understand the torrefaction behaviour of the individual fractions
hemicellulose, cellulose and lignin. In Chapter 4 it is found that hemicellulose is
the most reactive fraction in the torrefaction of biomass resources, but cellulose
and lignin also react at very low rate. [Gaur & Reed, 1998] mention that
hemicellulose pyrolysis involves three competing reactions: i) low-temperature
polymerization process to form components such as polysaccharides with the
formation of char, CO, CO, and H,O ii) high-temperature decomposition reactions
to generate volatile anhydrosugars and related monomeric compounds and iii)
competitive degradation of some xylan. [Gaur and Reed , 1998] and [Prins et al.,
2006] summarize the degradation of hemicellulose in the temperature range 200 -
300°C as a two step reaction where volatiles are formed in the first step followed
by their catalytic degradation. It is also mentioned that mineral compounds catalyze
the exothermic decomposition of levoglucosan.

Primary pyrolysis (and so also torrefaction) is the random cleavage of chemical
bonds by the application of heat. [Diebold, 2000] mentions even the formation of
secondary products at room temperature if there is no thermodynamic equilibrium.
The condensable volatiles are multi-component mixtures of different molecular
weight species derived from depolymerization and fragmentation. The degradation
of a molecule is caused by the breakage of a chemical bond and the production of
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free radicals. De Wild et al. used different subgroups to classify the several organic
liquids that are produced during the staged thermal degradation of wood [De Wild
et al., 2009]. These different liquid products are water, methanol, acids, furans,
phenols and other oxygenates.

Physically bound water is derived in the process by drying and chemically bounded
water by acid catalyzed dehydration reactions. Hydroxyl groups linked to the
hemicellulose are released and contribute significantly to the amount of water
produced. Also the degradation of cellulose contributes to the formation of water.
Glucose chains in cellulose are first cleaved into glucose and in a second stage
glucosan is formed by splitting off a molecule of water [Demirbas, 2000]. The
decomposition of lignin starts with the cleavage of aliphatic hydroxyl and ether
groups leading to the formation of water [Jakab et al., 1997].

A second important group of degradation products are carboxylic acids like formic,
acetic and propionic acid. It is generally believed that the formation of formic acid
is stemming from the carboxylic group of the pentosan-glucoronic chain. Acetic
acid formation could also be caused by the thermolysis of acetyl radicals linked to
the xylose units of hemicellulose [Demirbas, 2000].

The next important product of pyrolysis/torrefaction reactions is methanol. The
formation of methanol is assigned to the degradation of methoxy groups which
belong to the side chains of hemicellulose [Demirbas, 2000] [Prins et al., 2006]
[Bourgois & Doat, 1984]. Alcohols could also be formed by the breakdown of both
cellulose and lignin. Methanol is released out of methoxy groups of uronic acid
[Demirbas, 2001]. Methyl-esters and or ethers from pectin can also degrade and
form methanol [Demirbas, 2005].

Another important group of decomposition products originated from hemicellulose
is the collection of furan derivatives [Demirbas, 2000] [Alen et al., 1996].
Furfuraldehyde is formed by dehydration of the xylose unit which is a
hemicellulose component [Demirbas, 2005]. Furfural can also be formed by the
degradation of cellulose via levoglucosan dehydration next to formaldehyde
degradation.
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Table 5.1: Organic vapour products of pyrolysis of birch and willow wood between 200 -
300°C adopted from [Lievens, 2007]

Birch Willow
ne/g 200-300°C 300-400°C 200-300°C  300-400°C
Aliphatic hydrocarbons 13 20 - 15
Aromatic hydrocarbons 17 64 40 363
Acids 47 87 131 710
Aldehydes/ketones 77 230 114 576
Esters 9 18 131 90
Ethers/Alcohols 6 16 103 50
N-compounds 0 0 - 21
S-Compounds 4 1 - 6
Phenols 2 2 36 170

The formation of phenol derivatives is mainly due to lignin degradation during
biomass torrefaction. Decomposition at high temperatures occurs by dehydration,
decarboxylation and decarbonylation reactions, where C-C linkages between lignin
monomeric units also cleave to form radicals [Lievens, 2007] [Murwanashyaka et
al., 2001]. Recombination reactions produce syringols and guaiacols. Aromatics
are formed by the degradation of lignin. Depending on the side groups like
hydroxyl- and methoxy-substituted phenyl propane units, connected by ether and
carbon-carbon bridges a range of aromatic derivatives are formed. Polycyclic
aromatic hydrocarbons are the result of secondary and tertiary gas phase reactions
[Milne and Evans, 1998]. It is expected that phenol derivatives and polyaromatic
hydrocarbons are hardly formed during torrefaction.

The formation of other oxygenates, like aldehydes and ketones, proceeds by a
mixture of reactions that occur and is a result of the decomposition of all biomass
constituents.

During torrefaction most of the oxygenates consist of one to three carbon atoms
and one to two oxygen atoms. The difference between for example the C, — C4
oxygenates is due to the internal arrangement and stereochemistry like retro aldol
reactions [Prins et al., 2006]. [De Wild et al., 2009] determined the condensables
acetaldehyde, methylformate, methylacetate, ethylacetate, propanol, acetone, 2-
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Table 5.2: Decomposition of different hemicelluloses during pyrolysis

Hemicelluloses Decomposition effects

Rich of:

Uronic acid Extensive release of CO2
4-O-Methyl (poplar) Extensive release of methanol
Acetyl groups Extensive release of acetic acid

carboxidation important after 240°C

Ester groups Extensive release of acetic acid
Arabinose (poplar + coniferous) Extensive release of water

Galactan (coniferous) Fast decomposition in two steps

Mannan (coniferous) Fast decomposition at basic temperatures

that prolonge at high temperatures
Xylan (deciduous) Fast decomposition with total disapearence

before mannan is decomposed

butenal and acetol). Depending on the type of hemicellulose different products are
formed during pyrolysis, see Table 5.2 [Couhert, 2007].

Demirbas states that the formation of aliphatic hydrocarbons is due to initial
degradation of products of lignin [Demirbas, 2000]. Side chains of lignin are
thermally cleaved because of random scission by applying heat on the biomass
feedstock. Cleavage of the aromatic C-O bond in lignin led to the formation of one
oxygen atom products, and the cleavage of the methyl C-O bond to form two
oxygen atom products is the first reaction to occur in the thermolysis at 300-350°C.
Cleavage of the side chain C-C bond occurs between the aromatic ring and the a-
carbon atom.

Yang et al. studied the gas product releasing properties of the three biomass
components during pyrolysis [Yang at al., 2007]. It was found that the releasing of
CO, was mainly caused by the cracking and reforming of functional groups of
carboxyl (COOH) during hemicellulose decomposition. Also the formation of CO
was mainly the result of hemicellulose decomposition by cracking of carbonyl
(C=0), carboxyl (COOH) and ether groups (C-O-C). It is also shown that
hemicellulose can release CH,4 at 280°C mainly caused by the cracking of methoxyl
(OMe), but only at very low rate. Also the characteristics of hemicellulose,
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cellulose and lignin pyrolysis are researched extensively. Li et al. analyzed the
formation characteristics of gas compounds from cellulose pyrolysis by using FTIR
at various conditions including heating rates, residence time, temperature and gas
flow [Li et al., 2001]. Ferdous et al. researched the gas product property from
lignin pyrolysis at changing temperatures and heating rates [Ferdous et al., 2002].
Bassilakis et al. investigated the gas product releasing from D-glucose, chlorogenic
acid and xylan pyrolysis [Bassilakis et al., 2001].

[Lievens, 2007] studied TG/MS for the pyrolysis of contaminated biomass
feedstocks such as birch, sunflower and willow. The amount of products formed is
quantified in different temperature zones. A selection of the results is presented in
Table 5.1. [Cornelissen, 2009] applied TG/MS in the research of flash pyrolysis of
biomass and co-pyrolysis with biopolymers. The major components of the gaseous
fraction are CO, CO, and CH,4 The major components of the liquid fraction are
water, alcohols/ethers, acids, ketones/aldehydes and phenolics [Diebold, 2003].
[De Wild et al.,, 2009] quantified the amount of certain staged degasification
reaction products.

[DeGroot et al., 1988] studied the first chemical events in pyrolysis of cottonwood
at 250°C by TG FTIR which is shown in Figure 5.1. About 60% of the weight loss
(volatilized) is accounted for by five compounds, which are the only products
deteced in the gas by FTIR. These products are water, carbon dioxide, methanol,
acetic acid and formic acid. The other 40% was already condensed before reaching
the FTIR. It is concluded that uronic acids (a sugar with a carbonyl and carboxyl
acid function) in the hemicelluloses and pectic substances decompose readily to
yield carbon dioxide, water, char and some methanol. Uronic acid is attached to the
xylose units in the biomass. After this the acetyl groups of the xyloses in the
hemicelluloses, are released slowly as acetic acid, but are much more resistant to

pyrolysis.

The research reported in this chapter focuses on the formation of the biomass
degradation products during the two independent steps. The aim is to give a good
insight into the overall mass balance of the process. The effect of different
parameters on the product yield and composition is analyzed such as biomass
feedstock, torrefaction temperature and residence time.
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Pectin substances Decarboxylation uronic acid
Hemicelluloses Loss of arabinose

Decrease in xylose

Loss of acetyl groups

Wood Cellulose —»  Chain scission
Transglycosylation
Small decrease in glucose

Lignin —  »  Loss of some methanol
Other degradation

Figure 5.1: First chemical events in pyrolysis of wood at 250°C

5.2 Experimental
5.2.1 Materials

The experiments in the fixed bed reactor have been carried out with beech, willow,
poplar, straw, cellulose and xylan. The TG-MS experiments have been carried out
with beech, willow, xylan and straw. The biomass feedstock is supplied by the
Energy Research Centre of The Netherlands (ECN) and the constituents are
delivered from Sigma Aldrich. The particle size of the feedstock was a powder
with maximum length of 2 mm. Knowledge of the composition of the biomass is
important, because these parameters have an influence on the torrefaction process
and hence on the torrefaction products. The elemental composition together with
the calculated heating values of the several biomass feedstocks are shown in Table
5.3.
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Table 5.3: Ultimate analysis of raw biomass samples for the torrefaction experiments in the
fixed bed reactor and the TG-MS analysis

Ultimate Beech Willow Poplar Straw
(Wt%, dry basis)
Carbon 46.92 45.73 46.17 41.80
Hydrogen 5.85 6.09 6.06 5.56
Nitrogen 0.01 0.07 0.00 0.32
Oxygen 46.62 46.51 47.37 45.22
Ash 0.60 1.60 0.40 7.10

Heating values
(MJ/kg, dry basis)

HHV 18.44 18.30 18.35 16.31
LHV 17.19 17.00 17.06 15.13

5.2.2 Fixed Bed Reactor setup

The biomass samples are torrefied at different temperatures in a quartz tube fixed
bed reactor that is placed in a Carbolite vertical split tube oven which is electrically
heated. Argon is used as inert and sweep gas to keep the system in absence of
oxygen and remove the formed products to a coldtrap or gasbag. The coldtrap is a
glass tube cooled with ice water and is used to collect the condensable volatiles and
a gas bag is used to collect the permanent gases. The biomass is heated by the
argon gas flowing through the reactor. The temperature in the bed of biomass is
measured by a thermocouple which is placed into a quartz temperature wall.

Due to the temperature overshoot of the oven the reactor is heated up to the
experimental temperature between 200 and 300°C. After stabilization of the
temperature the biomass is dropped into the quartz tube reactor. The reactor bed is
a porous ceramic plate. A batch of 5 — 10 gram of biomass is loaded in the reactor.
The reactor is heated up to the desired temperature around 10°C/min before the
isothermal temperature is reached. After the experiment the reactor is cooled down
within 5 minutes to 200°C which is according the definition the lowest torrefaction
temperature. In order to prevent the condensation of products the tube to the
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Reactor

Oven

"""""""""""""""""""" Tracing

IO Gasbag

Coldtrap

Figure 5.2: Schematic fixed bed torrefaction reactor setup

coldtrap is traced around 180°C. After the experiment the tracing is kept at this
temperature for another 15 minutes.

5.2.3 Analyses Fix Bed Reactor experiments

All the reaction products in the fixed bed reactor experiments (a solid torrefied
biomass, liquid product from the coldtrap and a permanent gas) are collected and
weighed in order to make an overall mass balance. The torrefied wood, the liquid
product and the gas are analyzed by using different techniques.

The composition of the (modified) solid product is analyzed by ultimate and
proximate analysis. The heating values of the torrefied biomass (LHV and HHV)
are calculated. The calculated HHV and LHV are calculated out of the results of
elemental analysis [Channiwala et al., 2002]. The following formula is reported for
the heating values of solid, liquid and gaseous fuels:



136 Chapter 5

HHV, =0.3491C+1.1783H —0.10340 —0.015N —0.0211Ash (5.1

dry

8.936H
LHV,, = HHV,, - 2'442(Wj 5.2)

In which C, H, O, N, S, N and ash are the weight percentages of carbon, hydrogen,
oxygen, sulphur, nitrogen and ash on dry basis.

The composition of the liquid product was analyzed with GC-MS by using two
different columns on a Shimadzu QP5000. The liquid samples are prepared with
isopropanol solutions and an internal standard of fluoranthene is used. Calibration
lines have been constructed to quantify the amount of an organic fraction in the
torrefaction condensables. The columns that are used are a Varian VF5 and a
Varian CP-Wax 52. The method used and column parameters are found in Table
5.4 and Table 5.5 The produced permanent gas is collected in gasbags. The
composition of the produced gas is analyzed by using a Varian Micro GC with a
Poraplot and a Molsieve column.

Table 5.4: GC-MS analytical set up and parameters for analysis of condensable volatile
products by using a Varian VF 5 column

GC MS setup and parameters

Gas chromatograph model Shimadzu QP 5000

GC column Varian VF 5ms, 25m x 0.25 mm x 0.25pum
Injection method 1.0ul split (dilution 1:4)

Temperature program 40°C (5min), 10°C/min up to 250°C (15min)
Carrier gas Helium

Source temperature 250°C injection, 250°C interface

Mass range, scan rate m/z 30 — 500, 0.1 s interval, 6000 amu/sec
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Table 5.5: GC-MS analytical set up and parameters for analysis of condensable volatile
products by using a Varian CP Wax 52 column

GC MS setup and parameters

Gas chromatograph model Shimadzu QP 5000

GC column Varian CP Wax 52, 25m x 0.32mm x 0.2 pm
Injection method 1.0ul split (dilution 1:40)

Temperature program 40°C (Smin), 10°C/min up to 250°C (5min)
Carrier gas Helium

Source temperature 250°C injection, 250°C interface

Mass range, scan rate m/z 30 — 500, 0.1 s interval, 6000 amu/sec

5.2.4 Thermogravimetry — Mass Spectroscopy

Next to the experiments with the fixed bed setup, experiments have been carried
out with thermogravimetry — mass spectroscopy. TG-MS is at the same time an
“experimental” setup that torrefies the biomass and equipment that analyses the
composition of the volatile fractions. TG/MS results in information concerning the
thermal degradation of the input materials and the formation of torrefaction gases
as a function of a temperature profile. The samples of 1- 5 mg are placed into a
crucible and torrefied under a helium flow of 100 ml/min at a heating rate of
10°C/min from room temperature to 400°C.

In comparison to the TGA experiments that have been carried out for the
development of the kinetic model in Chapter 4 no isothermal conditions are applied
in the TG-MS experiments. The small sample size makes it impossible to analyze
the mass of the volatile fractions that are formed during torrefaction at isothermal
conditions. Small amounts of volatiles are not detectable. Dynamic heating
conditions are required to determine the volatiles that are formed. Operating with
larger amounts of sample will block the line to the mass spectrometer because of
the formation of hydrocarbons with large molecular weight. The evolution of
organic compounds as a function of the temperature is analyzed in a scan range m/z
10 — 150. The quadruple mass spectrometer operates with electron impact
ionization at 70 eV electron energy. Ion-kinetograms of different ion-fragments are
selected for the characterization of the evolved fragments, see Table 5.6.
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Table 5.6: Compounds assigned to specific mass ion

m/z values Assigned to

13,14, 15, 16 CH, CH,, CH3;, CH,4
17,18 Water

28 Carbon monoxide

29,31, 32, 43, 45, 58
44

55, 56, 57, 58, 69, 70, 71
46, 59, 60, 74

29, 43, 58

77,78,91, 92

93,94, 107, 108, 109, 110
84,98, 105, 110, 112, 114

Alcohols and ethers

Carbon dioxide

Aliphatic hydrocarbon chains
Acids

Ketones/aldehydes

Aromatic hydrocarbons
Phenolics

Other components

5.2.5 Thermogravimetry — Fourier Transfer Infrared
Spectroscopy (TG-FTIR)

The aim of performing TG-FTIR is to obtain qualitative information of the liquid
and gas phase functional group composition of the evolved gasses of biomass as a
function of the torrefaction temperature. The TG-FTIR analysis is carried with a
TA Instruments 951 Thermogravimetric Analyzer and Bruker IFS 48 FTIR
spectrometer. The sample is heated up to 400°C with a heating rate of 10°C/min in
a N, inert atmosphere. The volatile products are transferred towards a heated gas
cell into the FTIR spectrometer. The measurements are conducted betweed 3330 —
1025 cm™. Interferograms are continuously collected and transformed via a Gram
Schmidt algorithm. Spectral windows, dedicated to functional groups are selected
according to Table 5.7. The intensity within a spectral range as a function of the
time and/or temperature describes the evolution of the functional groups during
torrefaction of the biomass.
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Table 5.7: Functional groups in the volatile fractions of biowaste torrefaction

Wavenumber range (cm™) Functional group

3330 - 3050 H,0

3050 — 3000 Methane, Cyy,-H stretch vibration
(aromatic hydrocarbons)

2990 — 2775 C-H stretching aliphatic hydrocarbons

2410 - 2235 CO,

2235 -2050 CO

1830 - 1700 carbonyl functional groups

1140 — 1025 C-O functional groups

5.3 Results

5.3.1 Mass balances

This section describes the torrefaction yield of different biowaste streams as a
function of time and temperature. The influence of different temperatures between
200 - 300°C and different residence times between 15 — 60 minutes have been
researched. The overall mass balances of the fixed bed experiments for torrefaction
of different biomass feedstock are shown in Figure 5.3 and Figure 5.4. The overall
mass balance of the torrefaction experiments could be closed quite well in the
range of 90 — 100%. There is some lost material because of gas leakages and
condensable volatiles. From the same figures it is clear that with increasing
temperature and residence time the amounts of gas and condensable volatiles
increase while the yield of the solid product is decreasing. The impact of
temperature is stronger than the impact of time as is shown in Figure 5.3. Between
10 and 30% of the willow is volatilized between 230 and 280°C. At 250°C also the
influence of the residence time is researched. It is shown that the impact of the
residence time on the total product yield is not very strong. The increase of
volatilization from a residence of 15 minutes to a residence time of 60 minutes is
about 6%. This means that the process is mainly heat transfer limited.

Figure 5.4 shows the overall mass balance of different woody feedstock, namely
willow, poplar and beech.



140 Chapter 5

100%
TITTIIT

80% A
_
R
B

60% -
E O Leakage
E 0 Gas
S BLiquid
s m Solid
= 40% -
=
=]
=
-9

20% -

0% T T T T
Willow 230°C & Willow 250°C & Willow 250°C & Willow 250°C & Willow 280°C &
30min 15min 30min 60min 30min
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The overall mass balances for cellulose and hemicellulose are given at different
conditions and compared with the overall mass balance of deciduous wood willow
at 280°C in Figure 5.5. It is shown that cellulose has a higher solid product yield
which is approximately 84 wt % and still forms some condensable volatiles of
around 10 wt % at 280°C. However, the solid product yield for willow is 70 wt%
and the solid product yield of hemicellulose is 33 wt%. Moreover, there is a
significant difference between the liquid product yields of cellulose, willow and
hemicellulose. The liquid product yield of cellulose is only small, but willow and
hemicellulose have higher liquid yields such as 20 wt % and 37 wt%, respectively.
It is shown that almost 50% in the volatile phase comprises the condensable
fraction. This indicates that the formation of liquid products can mainly be
attributed to the hemicellulose degradation.

5.3.2 Kinetic model versus fixed bed results

In Chapter 4 a kinetic model for (beech) wood has been presented to observe the
mass loss as function of time and temperature, which is the biomass that volatilizes
to the gas phase. Figure 5.6 presents experimentally determined weight loss as a
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function of time together with values calculated with the kinetic model given in
Chapter 4. The upper data points show the loss of solid fraction into the gas phase
for willow and beech after 30 minutes derived by the kinetic model. The lower data
points show the the loss of solid fraction into the gas phase for willow and beech
after 30 minutes after experiments in the fixed bed reactor. It is shown that there is
good agreement between the model and the fixed bed experiments at the lower
temperatures 230 and 250°C. At 280°C the model predicts a higher loss of solid
fraction into the gas phase than is achieved in the fixed bed experiments.
Secondary reactions and heat transfer effects may play a role for this lower the loss
of solid fraction into the gas phase.
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Figure 5.6: Yield of torrefied beech and willow in the fixed bed reactor as a function of
temperature including the calculated values for the kinetic model for 30 minutes of
torrefaction based on dry basis

5.3.3 Solid product composition

The modified solid product properties are the most important characteristics of the
torrefaction process. It is important that during torrefaction the oxygen content
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decreases. The chemical properties of the solid product are analyzed by using
ultimate and proximate analysis and are shown in Figure 5.7. It is shown that the
carbon percentage is significantly increased with increasing temperature and
residence time. On the other hand, the hydrogen and oxygen content are
decreasing. These changes in the elemental composition improve the heating
values of the biomass (LHV and HHV). This trend shows that the atomic O/C and
H/C ratio become more like coal (O/C around 0.5; H/C around 0.2).

In Figure 5.8 the lower heating values are given for the torrefaction of willow,
beech, poplar wood and straw as function of temperature and residence time. It is
shown that with increasing temperature the LHV of the different resources
increase. It is shown that the LHV increases from 17 Ml/kg to 19.36 MJ/kg for
torrefaction at 280°C and 30 min residence time. The LHV of beech and poplar are
also increased from 17.20 MJ/kg to 20.30 MJ/kg and from 17.06 to 19.70 MJ/kg at
the same reaction conditions, respectively. The LHV of straw is increased from
15.13 MJ/kg to 17.23 MJ/kg at 250°C and 30 min residence time. From these
calculated lower heating values the energy densification can be derived, which is
the LHV of the torrefied biomass divided by the LHV of the virgin biomass. In
Figure 5.10 these values are shown. The maximum energy densification which is
1.16 is calculated for beech at 280°C and 30 min residence time. At 230°C and 30
min residence time, the energy densification values of willow, beech, poplar and
straw are only a few percentages between 4 and 8 %, but at 280°C values around
15% are reached. Although, for the different biomass feedstock the lower heating
values and energy densification show some small differences, the general trend is
the same. The lower heating value is increasing with increasing torrefaction
temperature. In Figure 5.9 it is shown how much of the energy is retained in the
solid fraction and which LHV is related with it. It is shown that between 80 and
99% of the energy can be retained in the modified solid fraction depending on the
conditions. Mild conditions do not lead to a major loss of energy instead of more
extreme temperatures and residence times. Moreover, during the experiments it is
observed that the volume of grinded straw is a factor 8 — 10 smaller than the raw
straw. This is not further quantified, but it is clear that grinded biowaste has an
enormous effect on the volumetric energy densification. As shown in Chapter 3
pelletization can increase the energy densification even more.
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5.3.4 Liquid product composition

The liquid product which is the volatile fraction that condenses in the coldtrap is a
complex mixture of various oxygenated organic compounds and water. In the
torrefaction process design these volatiles can be combusted to produce heat to
sustain the process at the right torrefaction temperature. The product yields of the
condensable volatiles are shown in Figure 5.11. It is seen that the product yields
increase with temperature and residence time. Acetic acid and water are the main
liquid torrefaction products of willow, poplar and beech. However, small quantities
of methanol, furfural and phenol are found. It is seen that the yields of furfural and
phenol are very small compared to the yields of acetic acid and methanol. This is
expected due to the fact that the degradation rates of lignin and cellulose are very
low at temperatures below 300°C. In Chapter 4 it is shown that lignin and cellulose
are reactive at these temperatures, but only with long residence time a certain mass
loss is shown. Since it is known that phenol (and other aromatic compounds) is
mainly coming from the lignin fraction of the biomass, the very low yield is
expected under these conditions with low temperature and residence times smaller
than 30 min. The formation of furfural is observed for willow and beech, because
the dehydration of xylose in the hemicellulose fraction is the main reason for the
furfural degradation.

In Figure 5.12 a more detailed composition of the torrefaction liquid is given for
different types of biomass at different conditions. It is already observed that the
maximum condensable yield belongs to acetic acid compared to the yields of other
products. The yield of methanol is lower than the yield of the acetic acid, but
higher than the yield of the other condensables. Next to acetic acid it is observed
that the condensable fraction of the torrefaction gas contains other carboxylic acids
like formic acid and propionic acid. The yields of acetic acid, methanol, furfural,
formic acid and acetone are the most pronounced condensables and increasing in
amount with increasing temperature. On the other hand, though small also the
amounts of products such as propionic acid, 1-hydroxy-2-propanone, furfuryl
alcohol, phenol, ethyl acetate and oxalic acid could be quantified.
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5.3.5 Gas product composition

The composition of the permanent gas products for each type of biomass is
presented in Figure 5.13. Besides CO and CO, traces of hydrogen and methane are
found in the torrefaction gas. It is seen that carbon dioxide is more dominanct in
the gaseous product. The weight percentages of carbon dioxide and carbon
monoxide are increasing with temperature and residence time. When the
temperature is increased to 280°C, the summation of the weight percentages of CO
and CO, become 1.7 wt%, 1.8 wt% and 2.5%wt for willow, poplar and beech,
respectively. When the different biomass resources are compared with each other,
it is seen that they have nearly the same gas compositions at the same conditions.
This is expected because of the deciduous character of the biomass resources.

In Figure 5.15 and Figure 5.16 the formation of carbon dioxide and carbon
monoxide is shown for willow, beech, straw and poplar as a function of time. It is
observed that the amount of produced carbon dioxide and carbon monoxide is
higher for straw compared to the other biomass types. Since it is known from
literature that inorganic material enhances the formation of CO and CO, it is
expected that straw torrefaction leads to higher CO and CO, weight percentages
during time. The general trend for the evolution of CO and CO; is the same for the
different biomass resources. Looking at the profiles of the overall weight loss
curves in Chapter 4 it is shown that the patterns are comparable. The production
rate of carbon dioxide and carbon monoxide becomes smaller in time after 25 min.
It can be concluded that torrefaction is mainly finished after this time. Further it is
shown in the same figures that the production of the permanent gases reaches a
certain saturation point. Finally, it is observed that the ration CO,/CO decreases in
time, see Figure 5.14. The increased carbon monoxide production can be explained
by secondary reactions that occur in the gas phase by the reaction of carbon dioxide
and steam with porous char to carbon monoxide. As the reaction proceeds more
carbon dioxide is reacting to carbon monoxide.
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Figure 5.17: Derivative of the weight loss of beech wood and the evolution of the mass
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Figure 5.18: Derivative of the weight loss of beech wood and the evolution of the mass
fragment ions 13, 14, 15 and 16 in function of temperature (25 - 400°C)
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Figure 5.21: Derivative of the weight loss of beech wood and the evolution of the mass

fragment ions 46, 59, 60 and 74 in function of temperature (25 - 400°C)
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Figure 5.22: Derivative of the weight loss of beech wood and the evolution of the mass

fragment ions 77, 78, 91 and 92 in function of temperature (25 - 400°C)
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Figure 5.23: Derivative of the weight loss of beech wood and the evolution of the mass
fragment ions 93, 94, 107, 108, 109, 110 in function of temperature (25 - 400°C)
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Figure 5.24: Derivative of the weight loss of beech wood and the evolution of the mass
fragment ions 84, 98, 105, 110, 112 and 114
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Figure 5.25: Derivative of the weight loss of xylan and the evolution of the mass fragment
ions 17, 18, 28, 32 and 44 in function of temperature (25 - 400°C)
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Figure 5.26: Derivative of the weight loss of xylan and the evolution of the mass fragment
ions 13, 14, 15 en 16 in function of temperature (25 - 400°C)
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Figure 5.27: Derivative of the weight loss of xylan and the evolution of the mass fragment
ions 29, 31, 43, 45 and 58 in function of temperature (25 - 400°C)
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Figure 5.28: Derivative of the weight loss of xylan and the evolution of the mass fragment
ions 55, 56, 57, 58, 69 and 71 in function of temperature (25 - 400°C)
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Figure 5.29: Derivative of the weight loss of xylan and the evolution of the mass fragment
ions 46, 59, 60, 74 in function of temperature (25 - 400°C)
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Figure 5.30: : Derivative of the weight loss of xylan and the evolution of the mass
fragment ions 77, 78, 91 and 92 in function of temperature (25 - 400°C)
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Figure 5.31: Derivative of the weight loss of xylan and the evolution of the mass fragment
ions 93, 94, 107, 108, 109 and 110 in function of temperature (25 - 400°C)
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Figure 5.32: Derivative of the weight loss of xylan and the evolution of the mass fragment

ions 74, 86, 96 and 110 in function of temperature (25 - 400°C)
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5.3.5 TG MS of beech wood

The aim of performing thermogravimetric/mass spectroscopy is to gain qualitative
information on the liquid and gas composition of the torrefaction of biomass as a
function of the temperature up to 400°C. TG analysis provides valuable
information on the kinetics which is studied in Chapter 4, but it does not provide
unique information about the nature of the evolving volatile components [Lievens,
2007]. The nature and the identification of the formed compounds can be
investigated by TG-MS. TG-MS experiments have been carried out for beech
wood, willow, xylan and straw. A close look is given to the thermal degradation of
beech wood and xylan. The degradation of willow and straw is comparable with
each other and beech wood.

Figure 5.17 - Figure 5.24 show the ion-kinetograms and the relating derivative
thermogravimetry (DTG) of beech wood between 25 - 400°C. The DTG curve
shows the degradation profile of beech wood by its thermal stability. The evolution
of the m/z values is shown as function of the temperature. Two distinct thermal
events can be observed just before 100°C and 400°C, together with a plateau at
300°C and a peak at around 350°C. The first peak before 100°C is assigned to the
drying of the beech wood. Free residual water is released and corresponds with a
weight loss of around 3%. The decomposition of the beech wood starts around 180
- 200°C with a first plateau at 280 - 300°C and corresponds to a weight loss of
around 25%. This mass loss can be mainly assigned to the degradation of the
hemicellulose in the beech wood. The decomposition of beech wood up to 400°C
coincides with the formation of different degradation products which can be
identified partially with TG-MS and by GC-MS of the products that are formed in
the fixed bed experiments.

Figure 5.17 shows the derivative of the weight loss of beech wood and the
evolution of the mass fragment ions 17, 18, 28, 32 and 44 in function of the
temperature between 25 - 400°C. The intensity of the curve is not in relation with
the quantitative amount of product that is formed. It is shown that in the first part
of the curve below 100°C moisture is evaporated, but at higher temperatures from
200°C also chemical water is formed in two steps. The broad peak means that
different mechanisms occur to release the water. The two steps superpose with the
two steps in which the beech wood decomposes, but there is a difference in the
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intensity. Also the mass fragments that correspond with the formation of CO and
CO, are formed during two steps.

Figure 5.18 shows the derivative of the weight loss of beech wood and the
evolution of the mass fragment ions 13, 14, 15 and 16 as function of temperature. It
is difficult to appoint the mass fragments to certain molecules since these mass
fragments could be secondary degradation products of formed primary products.
Ion fragment 16 (CHy) is often ascribed to the formation of methane, but micro GC
analysis does not confirm the formation of methane in the temperature range of
torrefaction. With TG-MS the ion fragment m/z = 16 can also mean the formation
of methanol (m/z divided by 2e” because of ionisation) which is also related with
ion fragment m/z = 31. It can be seen that the methanol is also formed during two
decomposition steps of the beech wood. Fragments 13, 14 and 15 can be side
groups of molecules that are released.

Polar components like alcohols, glycols and carbonyl compounds are released from
225°C. Figure 5.19 shows the derivative of the weight loss of beech wood and the
evolution of the mass fragment ions 29, 31, 43, 45 and 58 as function of
temperature. The figure shows the release of the alcohols, ketones and aldehydes
like methanol and acetaldehyde, because carbonyl functionalities are observed.
There is a good relation between the evolution of compounds with carbonyl
functionality. The ion fragments with m/z values 29, 43 and 58 are formed around
250 - 400°C. According to [Lievens, 2007] the assignment of masses 29, 43 and 58
can be explained by a cleavage reaction of an ether with rest groups H, CH3, C,Hs.
The formation of these fragments is shown in Figure 5.18 and Figure 5.19. Just like
m/z = 16 it is shown that methanol is released in two steps. Fragment m/z = 58 can
mean the release of a few oxygenated isomers like acetone and propanol. The m/z
= 29 confirms the formation of propanol during the TG-MS experiments. These
products are also formed in two steps during the degradation of beech wood.

Figure 5.20 shows the derivative of the weight loss of beech wood and the
evolution of the mass fragments 55, 56, 57, 58, 69 and 71 as function of the
temperature. These fragments could be assigned to aliphatic saturated and
unsaturated hydrocarbon chains. The formation of these compounds is probably the
result of side chain cleavages. The ion fragments 57 and 71 are saturated
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hydrocarbon chains and 55,56 and 69, 70 unsaturated hydrocarbon chains. The ion
kinetograms of 55, 66, 57 and 58 (Cy4) are very similar to each other and are first
formed at around 270°C with a maximum formation around 350 - 370°C. The
formation of mass fragments with values m/z of 69, 71 (CS5) starts at a little higher
temperatures. Also the maximum formation is at a little higher temperature. It can
be concluded that C4 and Cs are probably formed from the side chains of different
fragments in the biomass.

Figure 5.21 shows the derivative of the weight loss of beech wood and the
evolution of the mass fragment ions 46, 59, 60 and 74. These fragments could be
assigned to the formation of the hydrocarbon acids, namely formic acid, acetic
acid, propionic acid. The ion fragment evolution is almost the same for all
components although m/z values 59 and 74 have a smaller temperature range in
which they are formed. Mass fragments m/z 46 and 60 have a broad range in which
the formation occurs. It is shown that both fragments are formed from the same
constituent in the biomass. Different fragmentation reactions occur for the
evolution of fragments 46 and 60 in comparison with 59 and 74.

The formation of aromatic structures is tried to assign to the mass fragments with
values m/z 77, 78, 91 and 92 in Figure 5.22. It is shown that these components are
formed starting around 300°C, but a lot of noise in the measurement is observed. It
is difficult to separate two different steps in the reaction mechanism for these mass
fragments. Aromatic structures are mainly formed due to the degradation of lignin.
Figure 5.23 shows the derivative of the weight loss of beech wood and the
evolution of the mass fragment ions with m/z values 93, 94, 107, 108, 109 and 110.
These m/z values are assigned to the formation of phenolic derivatives due to the
lignin decomposition. Although a lot of noise is shown in the figure it looks like
that the phenol derivatives are formed in one step in the higher temperature range.

In Figure 5.24 the derivative of the weigh loss of beech wood and the evolution of
mass fragment ion with m/z value 84, 98, 105, 110, 112, 114 is shown. The m/z
values are assigned to the formation of furan derivatives. It is shown that some
furan derivatives are formed in a broad temperature range and others in a single
step at the higher temperatures.
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5.3.6 TG MS of xylan

Figure 5.25 — Figure 5.32 show the ion-kinetograms and the relating derivative
thermogravimetry of xylan between 25 - 400°C. The DTG curve shows that the
degradation of xylan is a stepwise degradation with initial moisture loss. As it is
already shown in Chapter 4, xylan is more reactive than beech wood at lower
temperatures. At higher temperatures the possible mass loss of beech wood is
higher than the mass loss of hemicellulose model compound xylan. The ion-
kinetograms for xylan are comparable to the mass loss of beech wood. An extended
description about all the effects is given in the paragraph about the beech wood
decomposition.

Two distinct thermal events can be observed in the DTG curve of xylan around
100°C and between 200 - 350°C. A shoulder in the reaction pattern is observed at
250°C which means that the degradation of the xylan occurs in two steps. This
shoulder is at a lower temperature than the one for beech wood which is at 300°C.
This means that two different steps in the reaction mechanism do not automatically
result in the conclusion that more constituents in the biomass react. The
decomposition of the xylan up to 350°C coincides with the formation of different
degradation products which can be identified partially with TG-MS. A big
difference with the product formation between xylan and beech wood is the
formation of aromatics and phenolics. Figure 5.31 shows so much noise in the
signal that it is impossible to observe if phenolics are formed in the thermal
degradation of xylan. Also the formation of aromatic hydrocarbons is difficult to
observe during torrefaction of xylan, see Figure 5.30.

The formation of smaller molecules by the thermal decomposition of xylan is more
clear to observe. Figure 5.25 shows the derivative of the weight loss of xylan and
the evolution of the mass fragment ions 17, 18, 28, 32 and 44 in function of the
temperature between 25 - 400°C. The intensity is not in relation with the
quantitative amount of the product that is formed. From 200°C it is shown that CO,
is formed together with CO. The production of moisture is shown over the full
temperature range (physical and chemical water).

Figure 5.25 - Figure 5.32 show the formation of alcohols, aldehydes, ketones,
ethers, aliphatic hydrocarbons and acids. It is shown that the formation of alcohols,
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aldehydes, ketones and ethers occur in a broad temperature range. The formation of
aliphatic hydrocarbons occur in two steps, but a difference can be seen in the
intensity at which C4 and Cs hydrocarbons are formed from the side chains due to
thermal cleavage. It is seen in Figure 5.29 that the formation of acids occur in two
steps, but the intensity for formic acid (m/z value 46) is increasing with
temperature, but fragment with value m/z = 60 becomes less intense with
temperature. The release of aromatic compounds is observed at enhanced
temperature (Figure 5.30).

5.3.7 TG-FTIR of beech wood

Dynamic TG/FT-IR experiments have been performed on the torrefaction of beech
wood. The temperature range is extended to 200 - 400°C since it is not possible to
study isothermal conditions. To investigate the changes in functional groups during
the torrefaction, the FTIR analysis was employed qualitatively in this work. TG
analysis coupled with Fourier transformed infrared spectroscopy has been applied
to study the compounds evolving in the pyrolysis of biomass. It provides important
information on the devolatilisation of materials, that is, the identification of major
volatile species and the typical temperature range of release, with a continuous
measurement [Biagini et al., 2006]. The dynamic heating rate is 10°C/min which
means that time is directly connected with temperature. Figure 5.33 - Figure 5.40
show the evolution of different spectral ranges of wave numbers between 1000 and
3000 cm” as a function of time and/or temperature. In this work, the organic
compounds released during the Devolatilization are grouped in classes.
Compounds with characteristic C-H bond are classified in the saturated
hydrocarbon group (wavenumber interval 2775 — 2990 cm™). Compounds with
characteristic carbonyl bond typical of acids, esters, aldehydes, and ketones
(wavenumber interval 1700 — 1830 cm™) are C=0 compounds with general
formula R-(C=R)-Y with Y is OH, OR, H or R and correspond to the C=0
stretching. The other compounds that are released are mainly H,O (wavenumber
interval 3050 — 3330 cm'l), CH, and C-H stretch vibration (aromatic hydrocarbons,
unsaturated hydrocarbons) (wavenumber interval 3000 - 3050 cm), CO,
(wavenumber interval 2235 — 2410 cm™), CO (wavenumber interval 2050 — 2235
cm™) and C-O functional groups (wavenumber interval 1025 — 1140 cm™).
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It should be noted that the Figure 5.33 - Figure 5.40 have a different scale at the y-
axis to describe the absorbance intensity of evolving gases due to torrefaction.
Comparing different peaks with other is difficult because of the response factor of
different components with the equipment. Figure 5.33 shows the evolution of C-O
functional groups as a function of temperature. It is shown that with increasing
temperature the intensity of C-O functionality also increases having its maximum
intensity around 300 - 330°C. The DTG curve has its maximum weight loss at a
little higher temperature around 350 - 375°C which is seen in Figure 5.17 - Figure
5.24. After its maximum intensity is reached the intensity of the evolution of C-O
functionality decreases and stabilizes. Only a single reaction step is observed in the
evolution of C-O functionalities. Figure 5.34 shows the evolution of carbonyl
functionalities during the torrefaction of beech wood as function of temperature. It
is shown that with increasing temperature the intensity of carbonyl functionalities
increases having a maximum at around 300 - 330°C. It is clearly seen that the
evolution of carbonyl functionalities as function of temperature has the same
profile as the DTG of beech wood. It is clearly shown that C-O functionalities and
carbonyl functionalities do not have the same evolution profile. It can be concluded
that different mechanisms are responsible for the formation of both functionalities.

Figure 5.35 and Figure 5.36 show the evolution of CO and CO, during the
torrefaction of beech wood as function of temperature. It is clearly shown that both
the evolution of CO and CO, has two different peaks at the same temperature. Both
have a maximum (local) intensity around 300 - 330°C and around 400°C. The
intensity of CO is higher at 300°C than at 400°C and CO; intensity is higher at 400
than at 300°C.

Figure 5.37 and Figure 5.38 show the evolution of C-H stretching of aliphatic
saturated hydrocarbons and the C-H stretch vibration of aromatic hydrocarbons
and/or unsaturated hydrocarbons as function of the temperature. C-H stretching of
saturated hydrocarbons starts already between 200 - 300°C, but C-H stretch
vibration of aromatic hydrocarbons and unsaturated hydrocarbons only occurs
above 300°C.
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Finally, Figure 5.39 shows the evolution of H,O during the torrefaction of beech

wood as function of temperature. It is shown that the intensity of the absorbance of

the evolution of H,O is increasing over the whole temperature range from 100 -

400°C. Comparing this with Figure 5.17 the derivative of the weight loss of beech

wood and the evolution of the mass fragment ion 18 the experiments confirm each

other. Physical and chemical bounded water are formed over the temperature range

100 - 400°C.
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Figure 5.33: FTIR spectrum of beech wood
torrefaction including the temperature range
200 - 300°C with wavenumber 1140 — 1025
cm” which is ascribed to C-O functional
groups
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Figure 5.35: FTIR spectrum of beech wood
torrefaction including the temperature range
200 - 300°C with wavenumber 2235 - 2050
cm™ which is ascribed to CO
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Figure 5.34: FTIR spectrum of beech wood
torrefaction including the temperature range
200 - 300°C with wavenumber 1830 - 1700
cm™ which is ascribed to carbonyl functional
groups
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Figure 5.36: FTIR spectrum of beech wood
torrefaction including the temperature range
200 - 300°C with wavenumber 2235 - 2050
cm’! which is ascribed to CO,
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Figure 5.37: FTIR spectrum of beech wood
torrefaction including the temperature range
200 - 300°C with wavenumber 2900 - 2775
cm™ which is ascribed to C-H stretching of
aliphatic saturated hydrocarbons
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Figure 5.39: FTIR spectrum of beech wood
torrefaction including the temperature range
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Figure 5.38: FTIR spectrum of beech wood
torrefaction including the temperature range
200 - 300°C with wavenumber 3050 - 3000
cm” which is ascribed to CH; and C-H
stretch vibration of aromatic hydrocarbons
and/or unsaturated hydrocarbons
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Figure 5.40: Gram Schmidt diagram of
beech wood in the torrefaction temperature
range



Product formation during torrefaction

167

Table 5.8: Overview of qualitative product formation by applying different techniques in
the torrefaction temperature range for beech wood

Component Fixed Bed TG-MS TG-FTIR
H,O 100 - 300°C Two steps One broad peak
Increasing with T Increasing with T Increasing with T
Similar with DTG
CO 100 - 300°C Two steps Two steps
Increasing with T Increasing with T Increasing with T
Similar with DTG Maximum * 330°C
CO, 100 - 300°C Two steps Two steps
Increasing with T Increasing with T Increasing with T
Similar with DTG Maximum * 330°C
2" Max. +400°C
Methanol 200 - 300°C Two steps C-O functionality

Increasing with T

Increasing with T
Similar with DTG

Increasing with T
Maximum # 330°C

Formic acid
Acetic acid

230 - 300°C
Increasing with T

Two steps
Increasing with T

Carbonyl function.
Increasing with T

Propionic acid Similar with DTG Similar with DTG
Maximum # 330°C

Furfural 230 - 300°C Two steps
Furfuryl alcohol Increasing with T Increasing with T

Similar with DTG

Maximum at 330°C
Acetone 230 - 300°C Carbonyl function
Hydroxy propanone  Increasing with T

Hydroxy butanone

Phenol

250 - 300°C

Single step

Single step

Aromatics Increasing with T C-H aromatics
300°C >300°C
Maximum #+ 330°C ~ Maximum 400°C
Aliphatic saturated Two steps

Increasing with T
>280°C
Maximum * 360°C
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5.3.8 Energy balances

The energy balance is made for the different beech wood experiments to determine
the heat of reaction, see Figure 5.41. The heat of reaction is calculated by the
difference of the lower heating values between the output and input streams.
Including the sensible heat of the feed (Qy) and product (Q,) streams information
can be collected for engineering purposes, which is the heat that is absorbed in the
material; to heat up from 25°C to torrefaction temperature. The sensible heat is
calculated as the product from the heat capacity, the temperature difference and the
amount of material.

Qf Hr Qp
A A
H v H
Feed V Products
’ 25°C "1 200-300°C 1 25°C ’
LHV LHV

Figure 5.41: Energy balance calculation for heat of reaction during biomass torrefaction,
where H; is the heat of reaction, Q; and Q, the sensible heat of the feed and the products.
Feed and product streams contain certain lower heating values which are calculated by the
relation of [Channiwalla, 2002] for the solids or tabulated for the volatilized products.

During the experiments the mass balance could not be closed for 100% due to
material that leaks away or condenses in the reactor. The problem is that these
products cannot be characterized. Due to this leaked and/or condensed material in
the fixed bed experiments some assumptions should be made about this material so
that an energy balance can be derived. Six scenarios have been developed to get a
good idea about the total energy balance of the torrefaction experiments. These
different scenarios are:

1. The leaked away and/or condensed material in the reactor has a LHV of
zero, which means that this material is water and/or CO,.
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Hr [kJ/kg (virgin biomass)]

The leaked away and/or condensed material in the reactor has the same
condensable and gas composition as that has been determined in the mass
balance, but has leaked away. This means that the mass balance is
normalized to 100% over the leaked and/or condensed material.

The leaked away and/or condensed material in the reactor has a LHV of
14 MlJ/kg which corresponds with het LHV of acetic acid. All leaked
and/or condensed material consists of organics.

The leaked away and/or condensed material in the reactor is assumed to be
the solid raw material which is lost by introducing in the reactor system.
The leaked away and/or condensed material in the reactor is an equivalent
of solid raw material, leaked and/or condensed condensable fraction (LHV
is 14 MJ/kg) and leaked gas fraction.

The leaked away and/or condensed material in the reactor based on the
elemental balance contains mainly C and O leading to the assumption that
some CO, and CO is lost. The ratio between the leaked CO and CO, is
taken from the identified CO and CO, ratio as been trapped in the gas bag.
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Figure 5.42: Heat of reaction (H,, for the different energy scenarios as described above for
beech wood torrefaction at temperatures of 230, 250 and 280°C and residence time 30

minutes



170 Chapter 5

From the six different assumptions that have been made the most reasonable option
is the sixth scenario. Based on the elemental balance, mainly C and O are lost in
the overall balance. Also the LHV of the formed volatile fraction is in line with
previous research as is shown in Chapter 3 [Prins et al., 2006] [Bergman et al.,
2005]. As an example the more detailed mass and energy balance for beech wood
torrefaction at 280°C and a reaction time of 30 min are presented for scenarios 6 is
shown in Table 5.9.

A summary of the heat of reactions for beech wood torrefaction at temperatures of
230, 250 and 280°C and residence time of 30 min for the different energy scenarios
one, two and six is shown in Figure 5.42. The main results for the heat of reaction
are shown in the Appendix behind the references of this chapter. It is shown that a
wide variety in results exists leading to an endothermic and/or exothermic
torrefaction process. The results that have been found are between 1.5 Ml/kg
biomass endothermic and -1.2 MJ/kg raw biomass exothermic. It is clear that with
rising temperature the torrefaction process becomes less endothermic or more
exothermic. In Chapter 6 it will be shown that the intra particle temperature profile
increases with radius. It is also confirmed that with increasing temperature the
exothermal behaviour in the particle is increased.

Table 5.9: Detailed mass and energy balance according assumption 6 for beech wood
torrefaction at 280°C and 30 min residence time. The mass balance is presented as a
fraction of a certain product in kg /kg raw biomass.

Scenario 6 Mass (kg/kg) LHV (kJ)  Sensible Heat (kJ)
Wood 1.00 17190.00 264.20
™™ 0.73 14884.19 192.86
Volatiles 0.27 1183.84 101.68
Steam 0.04 0.00 21.27
Acetic Acid 0.03 390.75 9.71
Other Organics 0.02 325.98 6.98
CO 0.01 72.73 1.80
CO2 0.02 0.00 5.04
Leaked away 0.15 394.38 56.88

Heat of Reaction -1121.97 kJ/kg biomass
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For the different scenarios also the energy content of the gaseous phase has been
calculated. These values are important for the design of an auto thermal operational
process. The combustion of the torrefaction gases produces heat to sustain the
process at temperature. The results about the lower heating value of the volatile
fraction are shown in Figure 5.43 and Figure 5.44. Figure 5.43 shows the LHV of
volatile fraction per kg produced gas (Loss of solid fraction to the volatile phase)
and Figure 5.44 shows the LHV of the volatile fraction per kg raw biomass. The
main difference is that in Figure 5.43 the LHV is divided by the fraction of
volatiles that is produced compared to Figure 5.44 in which the values are based on
the raw biomass. It is shown that with increasing torrefaction temperature the lower
heating value of the gas phase increases, but flattens out at higher temperature if
calculated in kJ/kg raw biomass.
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Figure 5.43: LHV of the volatile fraction per kg produced gas depending on the various
scenarios that have been developed for the leaked and/or condensed material during the
experiments
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Figure 5.44: LHV of the volatile fraction based on the mass (kg) of the raw biomass
depending on the various scenarios that have been developed for the leaked and/or
condensed material during the experiments. Scenario 1 and 2 show overlap with each other.

5.4 Conclusion and discussion

In Chapter 4 it is shown that two independent phases in the biomass react; a slow
reacting phase which has high availability and a fast reacting phase that has an
apparent temperature dependence of the availability. In this chapter it is confirmed
by TG-MS and TG-FTIR that two different steps can be identified. Almost all the
components identified (except the phenol and aromatic compounds) are formed
during the fast and slow reacting phase, but the rate in which the components are
formed is different looking at the TG-FTIR figures.

It can be concluded that the fast reacting step with low availability produces small
molecular products even as the slow reacting phase with high availability which
also produces aromatic compounds. This slow reacting phase comprises the
reactivity of lignin. It is shown that carboxylic acids and water are the main
condensable torrefaction products while smaller quantities of other oxygenates
with different functionality are formed. CO and CO, formation comprise an
important part of the mass balance based on the assumptions made.
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The energy balance of the torrefaction process shows that with increasing reaction
temperature the process becomes less endothermic and/or more exothermic. The
heat of reaction that has been found is between 1.5 MJ/kg biomass endothermic
and -1.2 MJ/kg biomass exothermic. The formation of acetic acid (and other
organics) has the highest influence on the energy balance. The lower heating value
of the gas phase increases with temperature and biomass conversion, but at higher
temperatures the LHV of the gas phase flattens out. Probably the organic fraction is
cracked to energetically less valuable products.

It is recommended to obtain more insight into the torrefaction reactions as function
of time at constant reaction temperature. In the development of the experimental
setup it should be taken into account that the biomass can be feed at constant
torrefaction temperature with analytical equipment connected to the setup so that
in-situ measurements about the product characteristics are possible including the
relative weight loss profile.
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APPENDIX CHAPTER 5

In the appendices 5.1 — 5.3 the detailed mass and energy balance according the
different assumptions for beech wood torrefaction at 230, 250 and 280°C are
shown on dry basis. The mass balance is presented as a fraction of a certain product
based on kg; / kg raw biomass

Appendix 5.1 Beech wood torrefaction at 230°C and 30 min

Scenario 1 Mass (kg/kg) LHV (kJ) Sensible Heat (kJ)
Wood 1.00 17190.00 211.15
™W 0.952 17580.30682 200.98
Volatiles 0.048 35.000 14.266
Steam 0.004 0.00 7.599
Acetic Acid 0.002 21.93 2.172
Other Organics 0.001 8.34 0.930
CO 0.000 4.73 0.480
CO2 0.003 0.00 3.085
Leaked away 0.039 0.000 0.000
Heat of Reaction 42531  kJ/kg biomass
Scenario 2 Mass (kg/kg) LHV (k) Sensible Heat (kJ)
Wood 1.00 17190.00 211.15
™ 0.952 17580.30682 200.98
Volatiles 0.048 179.415 26.189
Steam 0.004 0.00 7.599
Acetic Acid 0.002 21.93 2.172
Other Organics 0.001 8.34 0.930
CcO 0.000 4.73 0.480
CO2 0.003 0.00 3.085
Leaked away 0.039 144.416 11.923
Heat of Reaction 569.72 kJ/kg biomass
Scenario 3 Mass (kg/kg) LHV (k)) Sensible Heat (kJ)
Wood 1.00 17190.00 211.15
™W 0.952 17580.30682 200.98
Volatiles 0.048 577.82 26.189
Steam 0.004 0.00 7.599
Acetic Acid 0.002 21.93 2.172
Other Organics 0.001 8.34 0.930
CO 0.000 4.73 0.480
CO2 0.003 0.00 3.085
Leaked away 0.039 542.82 11.923

Heat of Reaction 968.13  kl/kg biomass
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Scenario 4 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 0.96 16502.40 202.96
™W 0.95 17580.30682 200.98
Volatiles 0.009 35.00 14.27
Steam 0.004 0.00 7.599
Acetic Acid 0.002 21.93 2.172
Other Organics 0.001 8.34 0.930
CO 0.000 4.73 0.480
CO2 0.003 0.00 3.085
Leaked away 0.00 0.00
Heat of Reaction 111291  kJ/kg biomass
Scenario 5 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 0.99 16967.83 208.42
™W 0.95 17580.30682 200.98
Volatiles 0.035 264.08
Steam 0.009 0.00 18.05
Acetic Acid 0.004 52.10 5.16
Other Organics 0.001 19.81 221
CO 0.001 11.23 1.14
CO2 0.007 0.00 7.33
Leaked away 0.013 180.94 3.97
Heat of Reaction 876.55  kJ/kg biomass
Scenario 6 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 1.00 17190.00 211.15
™W 0.952 17580.30682 200.98
Volatiles 0.048 93.389 26.189
Steam 0.004 0.00 7.599
Acetic Acid 0.002 21.93 2.172
Other Organics 0.001 8.34 0.930
CcO 0.000 4.73 0.480
CO2 0.003 0.00 3.085
Leaked away 0.039 58.39 11.923
Heat of Reaction 483.70  kJ/kg biomass




178 Chapter 5

Appendix 5.2 Beech wood torrefaction at 250°C and 30 min

Scenario 1 Mass (kg/kg) LHV (kJ) Sensible Heat (kJ)
Wood 1.00 17190.00 231.75
™W 0.874 16774.48 202.58
Volatiles 0.126 436.99 41.35
Steam 0.010 0.00 4.24
Acetic Acid 0.016 228.44 4.91
Other Organics 0.010 183.22 3.20
CcO 0.002 25.33 0.55
CO2 0.009 0.00 1.87
Leaked away 0.079 0.00 26.58
Heat of Reaction 21.46  kJ/kg biomass
Scenario 2 Mass (kg/kg) LHV (kJ) Sensible Heat (kJ)
Wood 1.00 17190.00 231.75
™W 0.87 16774.48 202.58
Volatiles 0.126 1067.62 31.86
Steam 0.026 0.00 11.34
Acetic Acid 0.043 610.38 13.12
Other Organics 0.027 389.56 0.93
CO 0.006 67.69 1.48
CO2 0.024 0.00 5.00
Leaked away 0.000 0.00 0.00
Heat of Reaction 652.10 kJ/kg biomass
Scenario 3 Mass (kg/kg) LHV (k) Sensible Heat (kJ)
Wood 1.00 17190.00 231.75
™™ 0.87 16774.48 202.58
Volatiles 0.126 1565.92 41.35
Steam 0.010 0.00 4.24
Acetic Acid 0.016 228.44 491
Other Organics 0.010 183.22 3.20
CcO 0.002 25.33 0.55
CO2 0.009 0.00 1.87
Leaked away 0.079 1128.94 26.58

Heat of Reaction 1150.40  kJ/kg biomass
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Scenario 4 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 0.92 15836.03 213.50
™™ 0.87 16774.48 202.58
Volatiles 0.047 436.99 14.77
Steam 0.010 0.00 4.24
Acetic Acid 0.016 228.44 491
Other Organics 0.010 183.22 3.20
CO 0.002 25.33 0.55
CO2 0.009 0.00 1.87
Leaked away 0.000 0.00 0.00
Heat of Reaction 1375.44  kJ/kg biomass
Scenario 5 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 0.97 16674.30 224.80
™™ 0.87 16774.48 202.58
Volatiles 0.102 1134.00 32.99
Steam 0.013 0.00 5.66
Acetic Acid 0.021 304.58 6.55
Other Organics 0.014 244.29 4.26
CO 0.003 33.78 0.74
CO2 0.012 0.00 2.49
Leaked away 0.039 551.35 13.29
Heat of Reaction 1234.18  kJ/kg biomass
Scenario 6 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 1.00 17190.00 231.75
™™ 0.874 16774.48 202.58
Volatiles 0.126 615.98 41.35
Steam 0.010 0.00 4.24
Acetic Acid 0.016 228.44 491
Other Organics 0.010 183.22 3.20
CO 0.002 25.33 0.55
CO2 0.009 0.00 1.87
Leaked away 0.079 178.99 26.58
Heat of Reaction 200.46  kJ/kg biomass
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Appendix 5.3 Beech wood torrefaction at 280°C and 30 min

Scenario 1 Mass (kg/kg) LHV (kJ) Sensible Heat (kJ)
Wood 1.00 17190.00 264.20
™W 0.73 14884.19 192.86
Volatiles 0.27 789.46 101.68
Steam 0.04 0.00 21.27
Acetic Acid 0.03 390.75 9.71
Other Organics 0.02 325.98 6.98
CO 0.01 72.73 1.80
CO2 0.02 0.00 5.04
Leaked away 0.15 0.00 56.88
Heat of Reaction -1516.35  kJ/kg biomass
Scenario 2 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 1.00 17190.00 264.20
W 0.73 14884.19 192.86
Volatiles 0.27 1673.03 86.82
Steam 0.10 0.00 48.31
Acetic Acid 0.06 887.43 22.05
Other Organics 0.04 620.42 0.93
CO 0.02 165.18 4.09
CO2 0.05 0.00 11.44
Leaked away 0.00 0.00 0.00
Heat of Reaction -632.78  kJ/kg biomass
Scenario 3 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 1.00 17190.00 264.20
™W 0.73 14884.19 192.86
Volatiles 0.27 2920.92 101.68
Steam 0.04 0.00 21.27
Acetic Acid 0.03 390.75 9.71
Other Organics 0.02 325.98 6.98
CO 0.01 72.73 1.80
CO2 0.02 0.00 5.04
Leaked away 0.15 2131.46 56.88

Heat of Reaction 615.10  kJ/kg biomass
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Scenario 4 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 1.00 17190.00 264.20
™™ 0.86 17484.27 226.55
Volatiles 0.14 865.35 52.99
Steam 0.05 0.00 24.99
Acetic Acid 0.03 459.01 11.41
Other Organics 0.02 320.90 8.56
CO 0.01 85.44 2.12
CO2 0.02 0.00 592
Leaked away 0.00 0.00 0.00
Heat of Reaction 1159.62  kJ/kg biomass 52.99
Scenario 5 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 1.00 17190.00 264.20
T™W 0.77 15660.48 202.92
Volatiles 0.23 2535.59 87.26
Steam 0.03 0.00 16.38
Acetic Acid 0.02 300.82 7.48
Other Organics 0.01 210.31 5.61
CO 0.01 55.99 1.39
CO2 0.02 0.00 3.88
Leaked away 0.14 1968.47 52.53
Heat of Reaction 1006.07  kJ/kg biomass
Scenario 6 Mass (kg/kg) LHV (k]) Sensible Heat (kJ)
Wood 1.00 17190.00 264.20
™W 0.73 14884.19 192.86
Volatiles 0.27 1183.84 101.68
Steam 0.04 0.00 21.27
Acetic Acid 0.03 390.75 9.71
Other Organics 0.02 325.98 6.98
CO 0.01 72.73 1.80
CO2 0.02 0.00 5.04
Leaked away 0.15 394.38 56.88

Heat of Reaction -1121.97  kJ/kg biomass
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Chapter 6

Torrefaction of large wood particles

Abstract

This chapter describes the influence of torrefaction on large cylindrical wood
particles with diameter between 10 and 28 mm for beech and willow wood. Fixed
bed experiments have been carried out at temperatures between 200 - 300 C to
determine the product composition and the intra particle temperature profile
depending on location, time and temperature. The condensable products have been
characterized and the exothermal effect quantified. Finally an analytical model has
been developed based on the reaction mechanism found in Chapter 4. Some
modifications are applied regarding reaction kinetics, reaction coordinates and the
heat transfer. The model describes the temperature profile in the particle as

function of time, temperature, location and the progress of the reaction.
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6.1 Introduction

In the previous chapters it is shown that the biomass decomposition during
torrefaction occurs in two independent steps and which components do belong to
these different steps. Chapters 4 and 5 deal with the torrefaction of small particles
with negligible temperature gradient within the solid, where the chemical kinetics
is the rate controlling process.

In real (industrial) processes torrefaction will be carried out with larger particles
than these that have been researched. In this chapter larger single cylindrical
particles with diameter between 10 mm and 28 mm are applied to investigate their
torrefaction behavior. It is expected that with larger single wood particles the intra
particle physical and chemical effects play an important role in the biomass
torrefaction. Torrefaction itself is a complex phenomenon which involves heat
transfer, drying, flows of liquids and gases, anisotropy, surface recession and a
large number of chemical reactions [Bellais, 2007]. In this case, the chemistry of
decomposition is influenced by heat and mass transfer effects. The key factor in
torrefaction is the heat transfer phenomenon into and in the (large) wood particle.
Reactivity of and volatile product formation from the biomass depend on the
temperature at which torrefaction takes place. The reaction rate of the constituents
of biomass hemicellulose, cellulose and lignin differ with temperature, residence
time and matrix structure of the biomass material. Internal heat transfer limitations
result in a temperature profile which leads to different reactivity rates and
heterogeneous material characteristics in the biomass particle itself. Endo and
exothermal biomass decomposition reactions can enlarge the effect of the
temperature profile and therewith influence the product quality, but also the
process design and process operation regarding temperature set point. The
application of larger wood particles offers the opportunity to study the temperature
profile inside the wood particle and draw conclusions about the homogeneity of the
torrefied material

In order to design a reactor the understanding of the interaction between chemical
and physical phenomena during biomass torrefaction is of fundamental importance.
Coupled transport and reaction models are developed to investigate the effects of
various parameters on biomass pyrolysis and/or torrefaction. This will also be the
subject of this chapter, where theoretical and experimental work on the torrefaction
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of large wood particles will be presented. The chapter contains three topics that are
important for working with large particles, like basic mass balances, temperature
profiles in the large particles and tar formation (due to secondary reactions). The
chapter comprises a literature review about single large particle pyrolysis. An
experimental paragraph consists of torrefaction by fixed bed experiments with
cylindrical beech wood particles measuring the temperature profile. A qualitative
explanation about the observed effects is given by the development of a theoretical
analytical model. The connection is made between the (primary and secondary)
kinetic model and the heat transfer process.

6.2 Large particle modelling

6.2.1 Intra particle process description

Figure 6.1 explains schematically the thermal degradation process during biomass
pyrolysis. The processes of drying, pyrolyzing and charring follow, or even overlap
each other depending on temperature, time, particle size, heat and mass transfer. A
temperature profile moves through the porous solid biomass particle resulting in
the mentioned processes in one and the same biomass particle. As volatiles from
the pyrolysis and water vapour formed during drying flow out through this
temperature affected layer, secondary reactions may occur both homogeneously
and heterogeneously which can be endo and/or exothermic [Gronli, 1996] [Milne
& Evans, 1998] [Morf, 2001].

Although torrefaction is a rather new technology (in development), pyrolysis
research can teach us about the physical processes in wood such as: heat transfer by
convection, conduction and radiation and convective transport of volatile species.
Torrefaction is the result of heat transfer to the particle (external heat transfer), heat
transfer in the particle (internal heat transfer) and chemical reactions. In short, it is
the interaction between chemistry and transport phenomena at the level of the
biomass particle and the reaction environment. Therefore a mathematical large
particle model comprises the conservation equations for mass and energy,
boundary conditions, a kinetic model, property relations and thermo-physical data,
like moisture content, pressure relations, heat of evaporation, permeability’s,
thermal conductivity, specific heat, diffusion coefficients and dynamic viscosity
[Bellais et al., 2003] [Larfeldt et al., 2000] [Di Blasi, 1994 & 1996] [Gronli &
Melaaen, 2000] [Chan et al., 1988].
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Figure 6.1: Schematic diagram of the thermal degradation process of wood during

pyrolysis

A lot of effort has been done to better understand the complex mechanisms
interacting in the thermal decomposition of wood particles and its substances.
[Gronli, 1996] made an extensive review about pyrolysis of large biomass particles
controlled by heat and mass transfer. It is concluded that there are common used
simplifying assumptions applied by modellers, namely:
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e No shrinkage and cracks of the solid

¢ No heat transfer by convection within the solid

e No heat transfer by radiation within the solid

e Local thermal equilibrium between the solid and gas phase

e (Constant thermo-physical properties (specific heat, thermal conductivity)
e Unrestricted outflow of gas species from the solid

¢ No secondary reactions

e No moisture effect

By assuming all above possibilities it is suggested that the transient temperature
response could be described by a one-dimensional heat conduction equation with a
source term to account for the heat of decomposition. Depending on the shape of
the particle a spherical, polar or cylindrical coordinate system is chosen. [Grgnli
and Melaaen, 2000] state that a quantitative comparison between model predictions
and experimental data has to be proved difficult for three reasons:

e The heterogeneity of the biomass resources used in the experiments.
e The high uncertainty in the kinetic model and rate constants used for global
reaction mechanisms and

e The large uncertainty on the properties of the charred product.

In the model that is worked out in this thesis all above assumptions are taken into
account to quantify the heat of reaction in large particle torrefaction. After
quantification of the heat another analytical description is given about the
endo/exothermal effect that has been measured during torrefaction as function of
time, temperature and location in the particle.

6.2.2 Heat of reaction

An important parameter in the torrefaction process is the heat of reaction. In
Chapter 5 it is shown that the heat of reaction for small particles varies between 1.6
MJ/kg biomass (endothermic) and -1.2 MJ/kg biomass (exothermic) based on the
product composition. With increasing temperature torrefaction becomes less
endothermic or more exothermic. In this paragraph a small overview of the
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Figure 6.2: Fast and/or slow heat transfer versus slow and/or fast reactivity determines the
temperature profile in the wood and so the rate of torrefaction which is a indicator for the
quality of the particle

literature is discussed. Most of the literature does not consider the heat of
torrefaction directly, but rather a generic heat of pyrolysis. The reported values for
wood, cellulose, hemicellulose and lignin vary widely as reported by [Rousset,
2004]. It is reported that the heat of pyrolysis for wood varies between -2300
kJ/mole (exothermic) to 450 klJ/mole (endothermic), -510 to 120 klJ/kg for
cellulose, -455 to 79 kJ/kg for lignin and -363 to 42 klJ/kg for hemicellulose.
[Cowdery, 1987] reports heats of pyrolysis between 240 klJ/mole and -2100
kJ/mole. [Park et al., 2010] studied experimentally heat and mass transfer processes
during wood pyrolysis. It is concluded that both endothermic and exothermic
reactions have been observed previously, however the explanation for this behavior
differs significantly, Mechanisms for exothermicity that are mentioned are lignin
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decomposition, secondary tar cracking reaction, de-hydroxy-cellulose
decomposition. [Di Blasi et al., 2001] attributes this to the exothermic secondary
reaction between volatiles and char. Studies show that exothermic behaviour in
biomass pyrolysis is related to the formation of char [Rath et al.,, 2003]
[Milosavljevic, 1996] [Mok et al., 1983]. [Rath et al., 2003] investigated the heat of
pyrolysis of beech and spruce wood by means of a differential scanning
calorimeter. Among the wide variations for the heat of the primary pyrolysis
processes a linear correlation was found with the final char yield. It is assumed that
there is an exothermic primary char formation process competing with an
endothermic volatile formation process.

[Prins et al., 2006] is the only study that shows an energy balance for torrefaction
quite directly. It is found that the overall mass and energy balances show that
torrefaction at 250 and 300°C is mildly endothermic. The error analysis shows that
the process could also be exothermic. At 250°C and a reaction time of 30 minutes
the heat of torrefaction is 87 (x449) kJ/kg and 124 (+400) kJ/kg at 300°C and 10
minutes of reaction time for torrefaction of (dry) willow. If drying of the biomass is
also taken into account the heat to evaporate moisture will make the overall process
certainly endothermic.

It is also found that thermal analysis shows endothermic behaviour of the biomass
pyrolysis at temperatures of up to 230°C, beyond which the reactions were
predominantly exothermic [Strezov et al., 2007]. At temperatures above 230°C the
reactions shifted to an exothermic behaviour, which was significantly complex
consisting of series of endothermic peaks and exothermic troughs. It is found that
hemicellulose decomposes exothermally at about 200°C. Cellulose decomposes
endothermally at 290°C with sometimes an exothermal peak at 350°C. Lignin is
supposed to decompose exothermally. Finally, [Yang et al., 2007] also studied the
pyrolysis characteristics of the three main components (hemicellulose, cellulose
and lignin) of biomass using TGA with differential scanning calorimetry (DSC). It
is shown that from the viewpoint of energy consumption in the course of pyrolysis,
cellulose behaves differently from hemicellulose and lignin. The pyrolysis of the
former is endothermic while that of the latter is exothermic. The DSC values of
hemicellulose and lignin are above zero between 150 and 500°C with two peaks at
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275 and 365°C, respectively, indicating that their pyrolysis reactions are
exothermic. Cellulose showed an endothermal peak at 355°C.

The differences in exothermicity reported in the literature may be due to many
factors. Those authors who have tried to identify the most important underlying
mechanism agree that it is likely that there is a primary pyrolysis step involving
volatilisation that is endothermic and another step that is exothermic involving
secondary reaction between the released vapours and the remaining solid matrix.
Exothermicity increases with pressure, sample weight and sample thickness. In a
series of dedicated experiments it correlates well with final char yield [Rath et al.,
2003]. So, in this chapter the experiments on the heat of reaction are focused on the
low temperature pyrolysis range between 200 - 300 °C.

6.3 Experimental
6.3.1 Materials

The large particle experiments in the fixed bed reactor have been carried out with
beech and willow. The particle size of the feedstock was a 10 cm long cylinder
with a diameter between 10 and 30 mm delivered by a carpenters company. An
example of the material before and after torrefaction is seen in Figure 6.3.
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Figure 6.3: Raw (left) and torrefied beech wood (right) as applied in the large particle
experiments

6.3.2 Fixed Bed Reactor setup

The biomass samples are torrefied in a fixed bed reactor that is placed in a
Carbolite vertical split tube oven which is electrically heated. Argon is used as inert
gas to keep the system in absence of oxygen and remove the formed products to the
coldtrap, which is a glass tube cooled with ice water, or gas bag. The coldtrap is
used to collect the condensable volatiles and the gas bag is used to collect the
permanent gases. The biomass particle is placed in the reactor at room temperature.
Thermocouples are positioned in the middle of the biomass particle so the
temperature profile in the particle can be measured, see Figure 6.4. In this figure
exothermic and/or endothermic effects can be observed. The reactor is heated up to
the desired temperature around 10°C/min before the isothermal temperature is
reached. After the experiment the reactor is cooled down within 5 minutes to
200°C which is according the definition the lowest torrefaction temperature. In
order to prevent the condensation of products the tube to the coldtrap is traced to
around 180°C. After the experiment the tracing is kept at this temperature another
15 minutes. A picture of the experimental setup is shown in Chapter 5.
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Figure 6.4: Single cylindrical beech wood particle including the positions of several
thermocouples

6.3.3 Analyses Fix Bed Reactor experiments

The main focus in this chapter is to measure the endo- and/or exothermic effect.
This is done by measuring the temperature profile in the biomass cylindrical
particle by several thermocouples at different radial positions. In Figure 6.5 these
positions of the several thermocouples in the beech wood particles is shown. If the
particle size becomes smaller than 28 mm radius the number of thermocouples
becomes smaller than six, but the positions will be the same starting with
thermocouple T;, T, etc. The method is verified by applying the torrefaction
conditions to self prepared gypsum cylinders.

In this chapter also information about the mass balances and (condensable) product
formation is gained. All the reaction products in the fixed bed reactor experiments
(a solid torrefied biomass, condensable product from the coldtrap and a permanent
gas) are collected and weighed in order to make an overall mass balance. The
condensable product and the gas are analyzed by using different techniques. The
solid fraction is not analyzed in detail after torrefaction.
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Figure 6.5: positioning of thermocouples in the cylindral beech wood particle in the
vertical and horizontal axis

The composition of the condensable product was analyzed with GC-MS by using
two different columns on a Shimadzu OP5000. The condensable samples are
prepared with isopropanol solutions and an internal standard of fluoranthene is
used. Calibration lines have been constructed to quantify the amount of a fraction
in the torrefaction condensables. The columns that are used are a Varian VF5 and a
Varian CP-Wax 52. The method used and column parameters are described in the
experimental part of Chapter 5.

6.4 Results

In this paragraph the main results are presented about the mass balances that can be
created for the torrefaction of cylindrical particles. Also examples of temperature
profiles in the biomass particles are shown. The results will be used to develop an
analytical model that describes the torrefaction behaviour for cylindrical particles.
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6.4.1 Mass balances

The normalized mass balances for torrefaction at 240 and 280°C for particles with
different diameter (between 10 — 28 mm) are shown in Figure 6.6 and Figure 6.7.
The mass balances are normalized, because the mass balance could not get closed.
The gas and condensable volatile fractions are normalized to 100% so that a closed
balance is derived. The ratio between the gas and condensable fraction is chosen
the same as that has been quantified before normalizing the mass loss. The loss of
material is around 15%, because of gas leakages and condensation of volatiles in
the reactor or in the lines to the cold trap. An example of this condensation of
products is shown in Figure 6.11. High oxygen content in the condensable
volatiles makes the product sensitive for secondary reactions and so tar formation.
This will be studied further in this chapter.

It is shown that with increasing particle size the formation of char yield is also
increasing at both 240 and 280°C, respectively. Together with this increasing char
yield the formation of the condensable fraction is decreasing with increasing
particle size. The increasing char yield with increasing particle radius can be
explained by heat transfer limitations or by secondary pyrolysis reactions. It is well
known that gas — solid reactions are important chemical reactions during pyrolysis
[Gomez et al., 2009] [Hosoya et al., 2009]. As the particle diameter increases, the
residence time of gases and volatiles are longer inside the particle which will result
in char formation [Ahuja et al., 1996].

In Figure 6.8 the comparison of the product yields during torrefaction at 250 °C and
280°C of small particles (<< 2mm) and the cylindrical particles (28 mm diameter)
is shown. When solid, condensable and gas product yields are compared at two
different temperatures it is observed that there is not a significant difference in the
solid yields between small particles and cylindrical particle with 28 mm diameter.
Comparing the powder (<<2mm) with the 10, 15 and 20 mm diameter particles it is
observed that the cylindrical particles have a lower char yield. A possible
explanation is that with small particles (powder) secondary reactions occur in the
gas phase and with larger particles solid-gas reactions leading to charring and gas-
gas reactions to recondensation.
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Figure 6.8: Overall mass balance for small & large particle (diameter size 28 mm)
experiments at 240°C and 280°C with 30 minutes residence time

6.4.2 Condensable products

Figure 6.9 and Figure 6.10 show the product yields of the characterized
condensable volatiles during large particle beech wood torrefaction at 240°C and
280° as function of the particle diameter. It is shown that with increasing
temperature the yields of the condensable products based on wt% feedstock also
increases. It is shown that also larger particles produce mainly acetic acid and
methanol. Increasing the particle diameter means a decrease in the yield of the
different condensable products. It is clearly observed that the amount of acetic acid
is decreased from almost 2.5 wt% to around 1.3 wt% by 10 mm and 28 mm
diameter at torrefaction conditions of 280°C. For the other components it is not
very clear to observe a decrease in yield. The permanent gas composition is not
determined during large particle torrefaction.

This condensable product which is trapped in the coldtrap is heated up to 100°C
and after that again analyzed with GC — MS. Most of the water is evaporated after
this treatment. Next to the products that are shown in Figure 6.9 and Figure 6.10
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larger fragments with maximum Cj, - C;3 are detected with the method described in
the experimental part in Chapter 5. These organic fragments are both linear and/or
aromatic structures. It means that some oligomerization can occur during
torrefaction. Also the stability of the condensable product is analyzed after heating
up again to 100°C with thermo gravimetry as described in the experimental part of
Chapter 4. The results are shown in Figure 6.12 and Figure 6.13. It is shown that at
torrefaction temperature the condensable products are sensitive for degradation and
can lead to coke formation which is shown in Figure 6.11.
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Figure 6.9: Product yields in wt% of the feedstock for torrefaction at 240°C of cylindrical
beech wood particles with diameter between 10 and 28mm
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Figure 6.10: Product yields in wt% of the feedstock for torrefaction at 280 °C of cylindrical
beech wood particles with diameter between 10 and 28 mm
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Figure 6.11: Formation of tars during biomass torrefaction in a lab scale fixed bed reactor

after several experiments. The sticky tars in the reactor are shown by the black areas
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Figure 6.12: Thermogravimetric Analysis Figure 6.13: Thermogravimetric Analysis of
of beech and willow wood condensate beech wood condensate (obtained above
(obtained above 100°C) and thermally 100°C) and thermally treated for a second
treated for a second time at 250°C to study time between 200 - 300°C to study coke
coke formation formation

6.4.3 Temperature profiles and heat of reaction

Figure 6.14 - Figure 6.16 show the temperature profile in a cylindrical beech wood
particle as measured during torrefaction. The experiments are carried out at 230°C
and 280° with or without glass wool insulation. It is shown that after a certain
heating period an exothermal temperature profile is found. At 230°C the
exothermal effect is not that large yet, but the exothermal effect is clearly shown
for torrefaction at 280°C. In paragraph 6.5 a model is developed that describes the
temperature profile mathematically as function of time, temperature, location and
reaction coordinate. The model is developed into two different parts. The first
mathematical description of the temperature focuses on the profile before the
maximum intra particle temperature is reached; this is defined as time t. The
second description of the temperature focuses on the profile after the maximum
intra particle temperature is reached. This means that a temperature profile is
described on time intervals t; < t and t, > t. An example is that in Figure 6.15 this
would mean that 7 is reached around 40 min. At this time t a temperature of
maximum 340°C is reached.
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During heating up of the biomass an internal temperature gradient over the radius
is measured. A decreasing temperature gradient is observed in the direction of the
center of the particle. After a certain time the intra particle exothermic effect occurs
which means that the temperature in the particle becomes higher than the reactor
temperature. At the moment this effect starts, it is observed that the temperature
increase in the center of the particle is higher than at the circumference.
Temperature gradients in the particle probably lead to heterogeneous quality
characteristics of the modified torrefied solid.

Figure 6.16 shows the temperature profile if the biomass is insulated with glass
wool. An extra heat resistance is constructed before the biomass is heated up. At
first sight insulation affects the evolution of the isothermal profile, but not the total
exothermal effect.

The observed exothermal effect in the particle is calculated by the following
simplified equations as described below.

T 19T 30
A ——— |=P(t) ==
(arz " r arJ ®) ot (6.1)

where /1 is the conductivity, T is the intra particle temperature, r is the radius, P(t)
is the heat production.

It is assumed that the exothermal temperature profile in the biomass is parabolic.
T=ar*+c (6.2)

where a and ¢ are undefined parameters and just describe the profile.
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If these equations are solved the result of the exothermal effect over time is:

42
0 (r_Z(T - T, )jAt (6.3)

In which Q is the exothermal effect, T the exothermal temperature, T, the reactor
temperature at steady state condition and At the time over which the exothermal
effect occurs. The thermal conductivity A is determined experimentally. The radius
r is chosen for the cylindrical particle size. It can be expected that with smaller
radius the maximum AT above the reactor temperature is smaller which is related
by r* vs T. The exothermal effect due to chemical reactions is not a function of
particle size.

The results about the exothermal effects for torrefaction between 200 - 280°C are
shown in Figure 6.17 for beech wood and in Figure 6.18 for willow wood. In the
figures the heat production in the particle and the maximum temperature rise above
the torrefaction temperature is shown. It is shown that heat production in the beech
wood particle starts around 210°C. With increasing temperature the heat
production in the particle increases. The maximum temperature increase in the
wood cylinder is shown on the right y-axis. It is observed that with increasing
torrefaction temperature also the maximum temperature in the center of the wood
cylinder rises.

Also some experiments have been carried out with beech wood at 320°C, 340° and
350°C, but these are not shown in the figure. At 320 and 340°C the maximum AT
is stabilized at around 40°C. If the temperature is raised to higher temperatures it is
observed that the biomass particle cracks and the temperature increases with
100°C. It is difficult to observe whether this temperature rise is due to the
destruction of the particle or that the temperature increase is the reason for the
cracking of the particle. Since the experimental system changes due to the cracking
it is difficult to compare these results with the observations between 200 and
300°C.
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The results confirm the work of [Rousset, 2004] who studied the validation of an
experimental model for the pyrolysis of wood at low temperatures up to 300°C.
Temperature profiles in the cylindrical biomass particle during the pyrolysis are
measured with several thermocouples resulting in an exothermal temperature
profile due to the wood pyrolysis. Also the particle size is varied between 5 and 45
mm diameter. Low temperature experiments show a systematic increase in heat of
reaction with increasing distance from the centre of the surface [Roberts and
Clough, 1963]. The increasing residence time and secondary exothermic reactions
are probably the main reason for this effect. But [Blackshear and Kanury, 1965]
show that for most of the reactions in the interior of the cellulose cylinder the heat
of pyrolysis is endothermic.

It is shown that with increasing particle size the temperature in the particle
increases more due to exothermic reactions. [Mok et al., 1983] researched the
exothermic behaviour of pyrolysis dependent on pressure. With increasing pressure
the heat of reaction due to pyrolysis becomes more exothermic or less endothermic.
[Tinney, 1965] observed a pressure increase in the single wood particle. The
pressure increase is higher with increasing pyrolysis temperature. After the particle
cracks the pressure drops to normal pressure. Recondensation of condensable
volatiles is mentioned as a possible explanation for an exothermic effect due to the
increase of pressure in the particle by volatile formation. Pressure increase in the
biomass particles is presented as a reason for the destruction of the cylinder.
[Rousset, 2004] states that if the permeability of the biomass increases the
exothermal effect will be smaller.
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Figure 6.14: Temperature profile inside a cylindrical beech wood particle with diameter of

28 mm during torrefaction at 230°C. Ty, T, T3, T4, Ts and Tg describe the temperatures at
different location as shown in paragraph 6.3.3.
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Figure 6.15: Temperature profile inside a cylindrical beech wood particle with diameter of
28 mm during torrefaction at 280°C. Ty, T,, T3, T4, Ts and T describe the temperatures at
different location as shown in paragraph 6.3.3.
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Figure 6.16: Temperature profile inside an insulated cylindrical beech wood particle with
diameter of 28 mm during torrefaction at 280°C. The insulation is carried out by packing
the beech wood particle with 2 mm thick glass wool. Ty, Ty, T3, T4, T5 and Tg describe the
temperatures at different location as shown in paragraph 6.3.3
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Figure 6.17: Heat production in a cylindrical biomass particle with radius 28 mm during
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Figure 6.18: Heat production in a cylindrical biomass particle with radius 28 mm during
willow wood torrefaction
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6.5 Development of an analytical model for the torrefaction of a
beech wood particle

6.5.1 Approach

In this paragraph the exothermal effect in the cylindrical particle is described by an
development of an analytical model. This model describes the temperature profile
in the particle as function of time, temperature, location and reaction coordinate. In
general the development of a reaction model for the pyrolysis (or torrefaction) of
large wood particles consists of the following parts, namely i) the set of
torrefaction reactions used for the chemical reactions occurring in the wood, ii)
extended formulation of heat and mass transfer in porous media, which accounts
for the heat and production of volatiles due to the chemical reactions and iii) a
strategy for the numerical validation to solve the set of transport equations [Turner
et al., 2010].

In this chapter only the first two parts of the reaction model for torrefaction are
developed regarding heat transfer phenomena. The extended amount of required
numerical parameters limits the numerical validation of the torrefaction model,
though the exothermal effect can be quantified. There are only a limited number of
models used to investigate this process at low pyrolysis temperature [Felfli et al.,
1998] [Rahjohnson et al., 1994]. [Rousset, 2004] developed a model for low
temperature biomass pyrolysis that contained a i) pyrolysis reaction model based
on the biomass constituents between 200 and 260°C, ii) conservation equations of
heat and mass transfer comprising solid, liquid and gas conservation, volatile
matters produced by the chemical reactions and energy conservation, iii) several
relations such as gas and liquid velocities described by the generalised Darcy’s
Law, and enthalpy — temperature description. Sometimes also porosity of the
biomass is taken into account [Bellais, 2007].

In the development of an analytical model for the torrefaction of a beech wood
particle the following assumptions have been made in this chapter:
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® One dimensional

¢  Only heat conduction, no convection and radiation
® No shrinkage of the particle

e Secondary recondensation taken into account

e (Constant thermo-physical properties

e No mass transfer relations used

e Reaction kinetics derived in chapter 4 are modified

In the remainder of this chapter the modified reaction kinetics, its reaction
coordinates and heat transfer model are worked out. Combining this information
leads to the proper analytical description of beech wood torrefaction.

6.5.2 Reaction Kinetics

In Chapter 4 the reaction kinetics for biowaste are derived and so far in this
Chapter it is found that torrefaction includes an exothermal effect. In this paragraph
the reaction mechanism is modified to take into account exothermal effects. The
two independent reaction steps are enlarged with an exothermal reaction. The
exothermal effect that has been considered in the modified reaction scheme is the
recondensation of the condensable volatiles.

The reaction mechanism of coupled reactions as is shown in Figure 6.19 is a
standard phenomenon in catalysis. It is assumed that all participants are well mixed
and concentration gradients do not occur. Further it is assumed that the coupled
reactions proceed only in the forward direction such that the sequence of
elementary steps is reduced.

k1 k2

Figure 6.19: Reaction scheme of coupled reactions in well mixed batch reactors
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Coupling the reaction scheme of above coupled reactions with the reaction
mechanism during torrefaction gives a description of the exothermal effect. The
derived mechanism of Chapter 4 and the coupled reactions together give the
reaction mechanism as is shown in Figure 6.20.

Figure 6.21 shows the combination of the modified two independent steps
minimized to a single step including the exothermal effect. It is assumed that one
single step from the reaction mechanism derived in Chapter 4 contributes to the
heat production in the large particle. A fraction & in the biomass phase “A” reacts
via recondensation to B and shows emission. Phase “B” shows the formation of
volatiles via emission and reacts further to a final char “C”. It is also shown in the
figure that fraction 1-& reacts via the formation of volatiles and a final char “C” in a
direct mechanism.

In the next paragraph the related reaction coordinates with the different energy
states are proposed as a theory behind the exothermal effect. To make the link
between the energy production due to the reactions that occur and the reaction
coordinates first the reaction kinetics of the modified reaction mechanism are
necessary. The reaction model is explained in Figure 6.20. The different reactivity
rates are described as follow:

0A
E—_KIA (6'4)
oB
EZkbA_KlBB (6'5)
aC
g = kClA + kcl*B (6'6)
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Solving these equations lead to the following solution:

A= Aoe‘Kl’ (6.7)
_ kb -Kyt —K, gt
B=A, —K13 K (e e ) 6.8)

- k .k,

¢ kclKls(KlB _K1) +kcrka13 _kd*kal
Kl(KlB _Kl) KlB(KlB _Kl)

KK (K, ~K) J 6.9)

Kt +

C= ( kd*kb"'kcl(KlB_Kl) ~Kit

A general concentration profile as function of time of the different reactive and
produced phases A, B and C is constructed. Figure 6.23 is an example how the
profile can look like which is based on the reaction mechanism of Figure 6.19. R, 1
and P can be replaced in the figure by A, B and C. Depending on the reaction rate
constants decomposition and/or formation of A, B and C will show a different
slope.
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K1A = kc1 + kb + kv1
Kig = Ke1* + kv

K2 = ke2 + Kv2

Figure 6.20: Modified reaction mechanism including the recondensation of the primary
volatiles. The reaction mechanism is extensively described in Chapter 4.

B
/ddensation
C

.
1-¢& “Torrefaction”

V, Emy \'2T
Emission
1

Figure 6.21: Reaction scheme for biomass conversion during torrefaction including
recondensation and emission reactions during the “a,b” reaction as explained in Chapter 4.
The mechanism is modified with a fracion & which is responsible for the exothermal effect
during torrefaction
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Figure 6.22: Reaction states of beech wood torrefaction during the “ab” reaction (as
described in Chapter 4) with emission of volatiles and secondary recondensation



Torrefaction of large wood particles 213

1,0
os [\[RI

0,6

[P]

04 T
02 T

concentration

0,0 t T i 0 T T f

1,0
08 H\[R] [P]
06 T
04
02 /11

0,0 ; ‘ ‘r
0 1 2 3 4 5 6 7 8 9 10

k,t

Figure 6.23: General concentration profile of the different phases [R], [I] and [P] as
function of time which represent the reaction mechanism of Figure 6.19. [R], [I] and [P]
can be replaced by [A], [B] and [C]

6.4.3 Reaction coordinates

In this paragraph the reaction coordinates, reaction mechanism and reaction rates
are coupled to describe the exothermal effect depending on its coordinates. Figure
6.21 shows that a fraction  of phase “A” (or [R]) is responsible for the exothermal
effect in the cylindrical biomass particle by for example recondensation. Figure
6.22 explains the reaction states of beech wood torrefaction during the “ab”
reaction as explained in Chapter 4 and modified above. E is the state of energy of
the fraction that is responsible for the exothermal effect, Ey.. is the state of energy
of molecules in the volatile state. These molecules can recondensate (E.,,q) and
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again go to the volatile state. By coupling the reaction states and the reaction
mechanism a mathematical relation is derived.

The reaction state of the beech wood during torrefaction could give an explanation
about the exothermal effect that occurs. Three effects determine whether the
overall reaction is exothermic. These three different terms are described with
equations (6.10) — (6.12):

P =—¢E, ~E,)ae"" (6.10)
P2 = (1 - f)(Efree - Econd )AOe_t/T (61 1)
P3 = _(1 - f)(Efree - Econd )C((t)) (612)

The overall reaction is exothermal if the result of (6.12) — (6.11) — (6.10) is
positive. This means that & is high or the behaviour of C(z) in equation (6.12) is
small. The factor § is a certain value that determines the amount of recondensation
of volatiles.

P=Y P =L(E )" +(1-&)E, )" +(1-&NE, )e '™ (6.13)

The exothermal effect is the biggest in the beginning of the process, so it is
assumed that the exothermal effect is only dependent on a single exponential term
which means that t<<t,. At low concentrations of C (t) there is only heat transfer
with the oven. The time dependency is then a function like P(t)=Poexp(-t/1).

6.5.4 Heat transfer model

If the heat production profile depending on time is known (via a decreasing
exponential power) the question arises how the temperature profile develops in
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time in the cylindrical experiments. Earlier it was assumed that the temperature
distribution is parabolic in time that follows the heat production proportional. If
the heat production is now via a decreasing exponential power this is not
completely correct and a correction is necessary. This is also shown by the
experiments.

By using cylindrical coordinates in the case that the differential dT/dt is not zero,
complicated Besselfunctions are derived. To simplify the problem with cylindrical
coordinates perpendicular coordinates are applied to describe the temperature
profile depending on time. The accuracy when shifting to square surfaces instead
of cylindrical is not significantly affected and simple analytical solutions are
possible and proposed. The error that is made by this assumption is small if the
radius R is chosen that belongs to the same surface as for a square surface.

The heat production follows an exponential power ¢”* which is derived from the
kinetics in the previous step. It is important that also the heat production is
postulated with the same time dependency. A cosine function fits at first sight best
with the temperature profile in the cylindrical beech wood particle. At the centre of
the particle the highest temperature is observed at exothermal conditions and at the
boundaries of the wood particle a lower temperature is found.

To come to a proper analytical description of the exothermal effect as a function of
the temperature profile in time some assumptions have been made. The following
assumptions are made:

1. It is applied to the time scale where the function of f; that describes the
concentration of C(1) is still very small.

2. There is no feedback effect of the exothermal effect on the kinetics. It is
assumed that the description of the kinetics stays the same by the
exothermal reactions that occur during the torrefaction with the large
cylindrical particle.

The uniformity throughout the biomass particle can be determined by the heat
conduction law of Fourier applied in a non-stationary system and for a simple
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geometry. Thermal gradients often happen during wood pyrolysis since wood is a
poor heat conductor and it is indeed difficult to be in kinetically controlled
pyrolysis [Bellais, 2007]. The simplest 2D mathematical model which describes
both heat transfer and thermo chemical decomposition is given by the set of
equations for spherical coordinates:

of ,(0°T 0°T
Pi)=cC, E_/{ ¥ +ay—2j (6.14)

It is assumed that the heat production in time has the same relation as the
decomposition of chemical component “A” as written above and follows a
decreasing exponential term. A general concentration profile for “A” is shown in
Figure 6.23. The heat production profile follows the general concentration profile
of phase “A”, described by the following equation:

P(t)=Pe"" (6.15)

As described already in paragraph 6.4.3 the model is developed into two different
parts. The first mathematical description of the temperature focuses on the profile
before the maximum intra particle temperature is reached, this is defined as time .
The second description of the temperature focuses on the profile after the
maximum intra particle temperature is reached. The temperature profiles in Figure
6.14 - Figure 6.16 show a maximum temperature at t = . For this reason the model
is divided into two parts with:

* (1K1
e (L>>T

Firstly, the temperature profile in the second part is analyzed. The temperature
profile in this part if t >> t is stated by :
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T, = a,e”"'*(coskx - cosky — f3,) (6.16)
Introducing this in (6.14) means that:

1
Pe™'" =-C a, %e"”(eoskx -cosky — 3,)+ 2Aa,e™""k* (cos kx - cos ky) ©.17

The cosine dependency is removed from the equation by stating the factors in the
equation equal to zero:

C, —224> =0 (6.18)

This gives the result for k:

k=%, (6.19)

Introducing this result in equation (6.17) gives the following formula:

B, _ e,
C T (6.20)

p
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If it is assumed that the cylindrical coordinates are related to spherical coordinates
by stating that the contours for both spheres are equal; this means that:

27r =41 (6.21)

The boundary conditions are:

1
= =+
T=0atx,y==% 21 (6.22)
oT
g center - 0 (6.23)
oT
e (6:24

To get the total exothermal effect over the total volume of the cylinder integration
is necessary. It is assumed that at the boundaries the temperature is equal to the
environmental temperature. Since it is worked with delta functions the boundary
coundition of T=0 is valid. A contour integral over the contour S is solved which is
shown in Figure 6.24 this can be integrated by:
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Contour S

A

Figure 6.24: description of contour integral S over a square with length 1

§1ds =0
' (6.25)
Which becomes:
X, y=—
4 [Tax =0 (6.26)
x,y:—%
Resulting into:
x%l +11
4 J.aze”” (coskxcosky — 3, )dx = 40{2e’”%(sin kxcosky — B,x e (6.27)
1
1

x——I _El
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With y = %21 this leads to:
1, .
40{2e_t”;(sm kxcosky — ,Bzx)( =0 (6.28)

6.29
da,e”’" 1 sin(lkl) cos(1 kl] - sin(—lli cos{lkl) —da,e"B,1=0 (629)
k 2 2 2 2

‘Which means that

2( . (1 1
B, = ﬁ(sm(g liCOS(E kl}j (6.30)

Including this means that:

Pyt Pkl 1

a, (6.31)
C”ﬂz 2C” [sin(; kljcos(; le

Secondly, the temperature profile in the first part if t; << 7 is stated by :

T, :al(l_e_ﬂr)(ﬂl _kz(x2+y2)) (6.32)
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Which means that:

P=Pe"" = C,o %e'” (ﬁl —k? (x2 +y° ))+ 4Aak? (1 - ef’”) 6.33)
Substitution of:
rP=x’+y’ (6.33)
r=Rand T=0 (6.34)
T, =a'](1—e_’”)(,8]—k2r2) (6.35)
Means that:
B =k’R? (6.36)
To derive the value for ¢, the following surface integration is carried out:
R Ca R
[P 2mdr = ”Tle”’[ﬁlzsz —(!kzﬂﬁdrﬁ +ddo k(-7 )R (637)

0
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Which is:

C o 1
Poe—z/rﬂ_Rz __r e—z/r[ﬂlmz _[Zk2m4jj+4ﬂalk2(l_e_”r)ﬂRz

T (6.38)
This means that:
o - Poe—z/r
S (6.39)
pe—r/r(ik2R2j+4/1k2(1_e—t/r)
T

In the end two different terms have been derived that describe the exothermal
temperature profile of beech wood torrefaction. These two terms are:

T, =a (-e"" B, - k*r*) (6:35)
With:
o = Poe*l/f
S (6.39)
Pe—t/r(3 k2R2j+4/1k2(1—e_t/T)
T

B = k*R? (6.36)
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CP
k=% s (6.19)
And:
T, = a,e”"'"(coskx - cosky — f3,) (6.16)
With:
Bt Pyl 1
a, = C B = Ve | 1 (6.31)
pie2 P | sin| —kl |cos| —kl
2 2
2( . (1 1
ﬁz = H(Sln(z kl]COS(E kl}j (630)
Cp
k=4 7 (6.19)
Both temperature functions can be simplified to the following equations:
T,=C(1-¢") (6.40)
T,=C,e'" (6.41)
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And are equal at the moment when the constants describe the level of the
temperature and if:

t=7In2 (6.42)

T, and T, are equal at the moment that the maximum temperature is reached so that
a mathematical description about the exothermal effect is derived in which it is
expected that the maximum temperature increase flattens out at higher torrefaction
temperatures. The main assumption is that the system should be the same which
means that the biomass particle should not crack. This cracking is observed at
higher temperatures. A feedback effect of the increased heat production in the
particle is the main reason that the temperature increase stabilizes. In Figure 6.17
and Figure 6.18 this can already slightly be observed.

Conclusions

It can be concluded that with increasing particle size more char is formed during
torrefaction. Heat transfer limitations and recondensation of volatiles in the particle
are the main contributors to this effect. It can be concluded that secondary reactions
as recondensation and gaseous polymerization reactions influence the heat
production during torrefaction. An increasing exothermal effect with increasing
reaction temperature is shown. The exothermal effect is quantified between 200
and 300°C and is found to be between 0 — 0.25 MJ/kg beech wood raw material. A
maximum temperature increase of 40°C is shown in the beech wood particle with
particle diameter 28 mm. Above 300°C it is observed that the particle cracks,
probably due to pressure build up in the wood, and higher temperature increases
than 40°C are reached into the system.

Finally, an analytical model can be developed that describes the temperature profile
in the particle as function of time, temperature, location and the progress of the
reaction. Temperature profiles in the particle are finally dependent on an
exponential term which describes the heat production and which is dependent on
the reactivity of the biomass as shown in Chapter 4.
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Nomenclature

oy modelling constant

oy modelling constant

A, reacting phase in biomass [-]
A, reacting phase in biomass [-]
By modelling constant

B2 modelling constant

B reacting phase in biomass [-]
(O] formed phase in biomass [-]
C, formed phase in biomass [-]
G heat capacity [J kg™ °C"]
E, reaction coordinate [-]

Efee  reaction coordinate [-]
E.ona  reaction coordinate [-]

ky, reaction constant [kg/s]
ke reaction constant [kg/s]
Kep+ reaction constant [kg/s]
ko reaction constant [kg/s]
ki1 reaction constant [kg/s]

ki reaction constant [kg/s]
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Ky2
1

A
Kia
Kig
K,
Py

Pn:] 2,3

Vi
'
Vs

reaction constant [kg/s]

length [m]

conductivity [W-K'm™
reaction constant [kg/s]
reaction constant [kg/s]
reaction constant [kg/s]
Energy production term [J/s kg™']
Energy production [J/s kg'']
radius [m]

time [s]

temperature [°C] or [K]
volatile fraction formed [-]
volatile fraction formed [-]
volatile fraction formed [-]
exothermal reactive fraction [-]
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Chapter 7

Overview of torrefaction initiatives

Abstract

In this chapter an overview is presented about the torrefaction initiatives in The
Netherlands. This chapter focuses on the commercialization developments that take
place with the several torrefaction technologies. Also some remarks will be given
about the advantages and disadvantages stated by the several torrefaction
developers about their technology. Finally, the different agreements between
electricity producers and torrefaction developers are mentioned.
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7.1 Introduction

Nowadays several initiatives on torrefaction research and commercialisation make
The Netherlands a key centre for the development of torrefaction. A central role is
ascribed to the activities of the Energy Research Centre in The Netherlands (ECN)
located in Petten, Noord-Holland. ECN initiated the world wide torrefaction
research (again) in 2002 and is the main contributor to (scientific) knowledge
development from industrial point of view. Further in this chapter an overview is
presented about the detailed role of ECN.

With the founding of the Dutch Torrefaction Association (DTA) by three
developers of torrefaction systems in 2010 The Netherlands stay on the frontline of
torrefaction development. DTA is supported by the foundations AgentschapNL and
Energy Valley. The three companies that are part of DTA are; FoxCoal, Topell
Energy BV and TorrCoal Technology. The goal of DTA is to develop the
torrefaction technology as an important factor in the Dutch energy structure and by
this as a stimulator for the Dutch employability. Dutch electricity companies expect
a revolutionary change in the biomass industry by commercial applications of
torrefaction [Essent, 2010]. Another goal of DTA is to give information about
torrefaction and work together as developers on shared interests like product
recognition, acceptation and licensing. The three companies each developed their
own torrefaction system with different characteristics. Other companies that are not
part of the DTA, but also invest in the development of torrefaction as key
technology for the Dutch energy economy are Biolake and Stamproy Green
Investments.

In this chapter an overview is given about initiatives that are taken to
commercialize several torrefaction systems. Although a lot of information is still
confidential it is tried to give a good overview about the available information.
Most of the information is taken from the companies’ websites or by oral
communication with the responsible persons.
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Table 7.1: Overview of reactor technologies and torrefaction initiators in The Netherlands

Reactor technology Company

Rotating drum Torrcoal

Torbed reactor Topell

Auger reactor BTG, Biolake, FoxCoal
Moving bed ECN

Belt dryer Stramproy

7.2 Torrefaction reactor technologies
7.2.1 Rotating drum

The rotating drum continuous reactor system has proven itself already in different
applications. If this technology is applied for torrefaction the biomass can be
heated up directly or indirectly by steam or other gases. Parameters that can control
the torrefaction process are temperature, rotation speed, length and the angle of the
drum. Rotation of the reactor causes mixing of the biomass and good heat transfer,
but resistance with the wall increases the amount of dust that is formed. The
limitation of rotating drum reactors is the difficulty for scaling up; a maximum
product capacity of St/hr can be reached.

7.2.2 Auger reactor

An auger reactor is a continous reactor that comprises one or more screws that
move the biomass through the reactor. The screw is often heated indirectly by a
medium that heats up the reactor wall, but can be heated directly. A disadvantage
of these systems is that coal and coke formation can occur at the reactor wall if the
biomass is not well mixed; this can also lead to weak heat transfer in the system.
The residence time in the reactor is determined by the length of the screw. An
auger type of technology is a relatively cheap option that has limitations to be
scaled up since the ratio surface of the screw versus biomass can become limited.
The principle of economies of scale is not valid for auger reactors.
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7.2.3 Moving bed

A moving bed is continuous reactor that consists of a tube in which the biomass
falls down. This tube is completely filled with biomass resources, feeding from the
top, and the biomass moves slowly to the bottom of the system. Heating is by a
medium that moves in counter current direction from the bottom to the top of the
reactor. At the top of the reactor the gaseous phase products are removed and lead
to a combustor. A disadvantage of this system is that the heating medium is
looking for a way through the biomass bed which has the least amount of
resistance. Channel formation is a possibility leading to a heterogenic biomass
product quality.

The volume of the reactor can be filled almost completely with biomass, but the
presence of very small particles can cause a high pressure drop in the reactor lead.
This pressure drop means that the reactor can shut off itself. Sieving before the
biomass is feed to the reactor is an option. Pressure of the biomass bed itself can
also lead to smaller particles in the reactor.

7.2.4 Belt dryer

The belt dryer torrefaction reactor system is a proven continuous design for the
drying of biomass resources. The biomass is transported on a belt while it is heated
by a heating medium. A proven method is the injection of the medium through
holes in the belt while the biomass drops from one belt on the other; at the same
time mixing occurs. The moving rate of the belt controls at the same time the
transport of the biomass and the residence time. Coal and/or coke formation of the
biomass is not possible, but the formation of tars can block the holes in the belt
leading to a bad heat transfer. Another disadvantage is that the space of the belt
allows only a limited amount of biomass in the system. Finally, the temperature
can only be controlled by the heating medium and the speed of the belt.

7.3 Gas - solid heat transfer
7.3.1 ECN

The Energy Research Centre of The Netherlands has been working on torrefaction
with wood as main feedstock since early 2002. The activities mainly focused on the
scientific research on topics such as mass — and energy balance with respect to the
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influence of different reaction parameters such as temperature and residence time.
Also research has been carried out on physical properties such as grindability,
hydrophobicity and pelletization behaviour. Since 2006 the research also focused
on the application of different (bio) waste feedstocks from mainly agriculture.

At that moment ECN also started with the development of a proto-type pilot plant
scale torrefaction unit with a capacity of 50 — 100 kg/h. The combination of
torrefaction and pelletization delivered a torrefied pellet, called BO,. The reactor
developed by ECN is a moving bed reactor in which the central element is the
heating up of the biomass by using recycled torrefaction gases. The recycle
consists of re-pressurization of the torgas to compensate for the pressure drop in
the recycle-loop and of the heating of the recycle gas to deliver the required heat
demand in the torrefaction reactor [Kiel et al. 2008]. In this reactor gas-solid heat
transfer is the heating principle which means that the thermal buffer is determined
in the fuel itself. An excess of heat must be corrected by the thermal capacity of the
wood which means that probably the temperature of the recycled torrefaction gas
will run away to higher temperatures by the exothermal reactions. Also the
introduction of wood with still a reasonable amount of moisture can cause a
temperature drop in the reactor, because the heat capacity of the gas is too small to
correct for this.

ECN entered into an agreement with two Dutch industrial parties, Econcern and
Chemfo, to bring the technology to the market, but with the bankrupt of Econcern
early 2009 this deal came to an end. It was planned to build a demonstration plant
with a capacity of around 100 ktonne annual product of BO, pellets. At the moment
of writing ECN has been looking for new investors, a party that wants to develop
the project and a party for the engineering. It is expected that the ECN technology
will not be operational before 2014.

Finally, [Kiel et al, 2008] mentions that with 10% biomass co-firing of all coal-
fired plants in the EU-27 requires 70 Mtonne/a dry biomass. This requires 700
BO,-plants with a size of 100 ktonne/a biomass input. In the EU-15 43 Mtonne/a
dry biomass is available for energy processes and in the EU-27 10% biofuels had to
be introduced in 2010. To make this chain more efficient from biomass-to-biofuel
many plants of 100 ktonne/a can be build.
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7.3.2 Topell Energy BY

Topell Energy BV is a small Dutch start up company that uses the Torbed ®
reactor system that is developed by Polow energy systems. According the website
of Topell the system can by used in both continuous and batch processes for
drying, combustion, gasification and flue gas cleaning. Also a few advantages are
mentioned for the Torbed reactor system, which are the following [Topell, 2010]:

e Highly efficient heat transfer : The generated turbulence inside the
reactor causes intense contact between the material and the process air,
thus facilitating good heat transfer rates. This, in combination with the
small bed volume, provides excellent control of the process within small
limits inside the reactor.

e Heat recycling and heat recovery : By recycling a large amount of the
process air when drying the material, enormous energy savings can be
achieved. Should recycling not be an option for some reason or other, a
heat exchanger can be used to heat up the fresh process air.

e No moving parts in the reactor : As the functioning of the Torbed®
reactor is completely based on the displacement of air, it does not feature
any moving parts inside the reactor chamber. As a result, the reactor has
very low maintenance costs. It goes without saying that all additional parts,
such as the burner and fans, require the normal amount of maintenance.

Just like the moving bed reactor of ECN in this reactor gas-solid heat transfer is the
heating principle which means that the thermal buffer is determined in the fuel
itself. An excess of heat must be corrected by the thermal capacity of the wood
which means that probably the temperature of the recycled torrefaction gas will run
away to higher temperatures by the exothermal reactions. Also the introduction of
wood with still a reasonable amount of moisture can cause a temperature drop in
the reactor, because the heat capacity of the gas is too small to correct for this.
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In May 2008 Topell Energy BV made a deal with RWE Innogy for cooperation for
converting biomass into biocoal pellets on larger scale. The deal is based on the
following agreements:

e First transaction in the venture capital business — 25% equity in Dutch
start-up company Topell

e Ground-breaking process for producing biocoal pellets as fuel for
conventional power plants

e Effective method of reducing CO, emissions through co-firing of coal and
biocoal pellets

Topell Energy BV and RWE Innogy together aimed at building the first
commercial plant in The Netherlands for producting biocoal pellets to be realized
in 2009. In February 2010 it is decided to build a torrefaction plant of 60,000 ton
biocoal on yearly basis in Duiven. The company aims at the application of wood as
feedstock, but a provincial subsidy of 1M€ for a drying installation should make it
possible to use difficult grass resources as torrefaction material.

7.4. Belt dryer and drum reactors

7.4.1 Stramproy Green Investments

Stramproy Green Investments (SGI) is a company that develops for torrefaction a
belt dryer that can be used for continuous processes. In Februari 2009 SGI together
with 4 Energy Invest made a deal about the construction of a torrefaction unit for
the production of BioCoal pellets in Amel in Belgium. In August 2009 Essent
Energy Trading B.V. and Stramproy already made a deal about the construction of
90,000 tonne capacity torrefaction plant. The Stramproy biocoal production plant
will be located in Steenwijk and will be combined with a small scale combined
heat and power to reduce the impact on the environment and increase the energy
efficiency.
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7.4.2 Torrcoal

Torr-Coal is a relatively small company with 6 — 8 employees which develop their
own torrefaction system based on a rotating drum technology. The company has
been involved in the developed of waste to fuel for electricity power stations for a
long time. It already developed a process in which the biomass is washed so that
chlorine and sulfur are removed. Torr-coal aims at the development of waste
stream torrefaction for the production of pellets with 60% organic material. At the
moment Torr-coal develops a torrefaction installation in Dilsen-Stokkem in
Belgium with a production capacity of 35kton. Torr-coal is involved in
standardization of the final product by the Dutch Torrefaction Association and
develops its own Hard Grove Index for biomass grinding.

7.5 Auger reactors
7.5.1 BioLake

BioLake is a company that focuses on the development and the commercialization
of sustainable fuels from dry organic feedstocks by torrefaction. It is founded by a
consortium of five agrarian companies and ATO-NH (an association for
technology commercialization in the North of Netherlands) in the end of 2006. At
the moment the technology is in its testing phase and if succeeded more
torrefaction installations will be build in the rest of Europe.

The process of BiolLake focuses on the combination of torrefaction with
pelletization. The torrefaction technology that is applied by BioLake is based on
existing technology, but is applied for other production processes. A long tube is
directly heated by installations that are already applied in the ceramic and cement
industry or for drying processes in industry. The biomass feedstock (straw) is
transported by a rotating screw or auger in the tube that is positioned in a small
angle which enforces the transportation. Another possibility is the rotation of the
tube itself [BioLake, 2010]. An important aspect of the BioLake technology is that
the focus is also on the development of a transportable reactor concept that can be
placed close to the biomass harvest location.

An important side product of the torrefaction is the volatile phase that is formed. In
the BioLake technology this gas is used to heat up the tube reactor directly, but the
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biomass indirectly, by combustion of the formed gases. The combustion flames
heat up the reactor tube and keep it at constant temperature. The heat of
combustion is enough to keep the process running.

7.5.2 Foxcoal

Foxcoal developed a torrefaction system based on an auger reactor. At the moment
the activities of Foxcoal are focused on the installation of an up-scaled system and
are there plans to build a second torrefaction system.
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8.1 Main conclusions

The main objective of this study was to identify how the different reaction
parameters influence the reaction mechanism of biowastes during torrefaction for
the production of solid biofuels. Furthermore, the thesis aimed to answer the
question how the chemistry and reaction Kinetics of torrefaction are influenced
by its reaction conditions and what effects occur during the thermo chemical
reactions. This research question can be more specified with the subquestions such
as, how are the kinetics during torrefaction and what does this mean, which
products are formed, what are the mass - and energy balances, what is the endo-
and or exothermal behaviour. The information gained in this study can be applied
to make a proposal for an improved torrefaction reactor within a process design.
The main conclusions are:

e Some biomass properties, particularly high O/C ratio and difficulty to get small
particle size, form problems for technological application of biomass.
Torrefaction has the potential to become an important biomass pretreatment
technology and so improve the biomass to a high quality solid fuel with good
characteristics in energy density, homogeneity, grindability and hydrophobic
behavior. The main advantage of torrefaction is improvement of energy density
and grindability. It is shown that torrefaction offers efficiency advantage when
used as a pretreatment step before entrained flow gasification (Chapter 3).

e Describing four different thermal decomposition models for biomass
torrefaction at isothermal conditions in a mathematical formulation shows they
formally lead to two mathematical descriptions. A global one step reaction
model is mathematically similar to a two competitive reactions model and two
steps in series reaction model is mathematically similar to a two parallel
reaction model. Further it is shown that two different phases in the biomass
react independent of each other. The slow reacting phase has high availability
and the fast reacting phase has an apparent temperature dependence of the
availability (Chapter 4).

e It is confirmed with TG-MS and TG-FTIR that two different steps can be
identified. All the components identified, except the phenol and aromatic
compounds, collected during the fixed bed experiments, TG-MS and TG-FTIR
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are at the same time formed during the fast and slow reacting phase, but the
rate in which the components are formed show a different profile looking at the
TG-FTIR figures (Chapter 5).

It can be concluded that the fast reacting step with low availability produces
small molecular products even as the slow reacting phase with high availability
which also produces aromatic compounds. This slow reacting phase comprises
the reactivity of lignin. It is shown that carboxylic acids and water are the main
condensable torrefaction products while smaller quantities of other oxygenates
with different functionality are formed. CO and CO, formation comprise an
important part of the mass balance based on the assumptions made (Chapter 5).

The energy balance of the torrefaction process shows that with increasing
reaction temperature the process becomes less endothermic and/or more
exothermic. The heat of reaction that has been found is between 0.7 MJ/kg
biomass endothermic and -0.8 MJ/kg biomass exothermic. The formation of
acetic acid (and other organics) has the highest influence on the energy
balance. The lower heating value of the gas phase increases with temperature
and biomass conversion, but at higher temperatures the LHV of the gas phase
flattens out. Probably the organic fraction is cracked to energetic less valuable
products (Chapter 5).

It can be concluded that with increasing particle size more char is formed
during torrefaction. Heat transfer limitations and recondensation of volatiles in
the particle are the main contributors to this effect. It can be concluded that
secondary reactions as recondensation and gaseous polymerization reactions
influence the heat production during torrefaction. An increasing exothermal
effect with increasing reaction temperature is shown. The exothermal effect is
quantified between 200 and 300°C and is found to be between 0 and 0.25
MlJ/kg beech wood raw material, depending on the temperature. A maximum
temperature increase of 40°C is shown in the beech wood particle with particle
diameter 28 mm. Above 300°C it is observed that the particle cracks, probably
due to pressure build up in the wood, and higher temperature increases than
40°C are reached into the system (Chapter 6).
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8.2 Recommendations for future work

The understanding of biomass chemistry and reaction kinetics during torrefaction
has been growing fast last years. Recommendations for further torrefaction
research can be made on different levels. So the following recommendations are
presented:

® [t is recommended to obtain more insight into the torrefaction reactions as
function of time at constant reaction temperature. In the development of the
experimental setup it should be taken into account that the biomass can be feed
at constant torrefaction temperature with analytical equipment connected to the
setup so that in-situ measurements about the product characteristics are
possible including the relative weight loss profile. In this way a better
understanding can be obtained about the energy content in the gaseous phase as
function of the relative biomass weight which has reacted during torrefaction.

® Further research on the product characteristics is recommended. Characteristics
such as pelletization, biological degradation and dust forming of the solid
biomass need more attention in relation to reaction conditions during
torrefaction. An interesting topic is the formation of condensable tar products
and its applicability as binder in pelletization.

® (Challenges in torrefaction research can be found in the up scaling of the
technology to commercial scale. The potential of torrefaction is recognised, but
the lack of available mature technology blocks market implementation of a
torrefied biomass pellet. Each biomass resource has its own technological and
economical optimum for torrefaction.

® Product standardization is an important step in the recognition of torrefied
biomass. The development of product specifications about the sustainable
production of a high quality product is an important step for the market
implementation of torrefied biomass.

e Further it is recommended that the production of chemicals during torrefaction
will be researched more extensively and that wise concepts are thought about.



Conclusion and outlook 245

During torrefaction of biomass the main products that have been found are
carboxylic acids in an aqueous solution. These acids are mixed with small
fractions of other oxygenated functions such as alcohols, aldehydes, ketones,
furans and lignin derivates. [De Wild et al., 2009] studied the staged
degasification of lignocellulosic biomass resources for the production of
chemicals. Staged degasification is carried out to fractionate condensable
volatiles on their functionality. Torrefaction is proposed as first step in the
production of chemicals. Between 200 - 300° the condensable volatiles
produced from thermo chemical conversion are isolated and upgraded to
biobased chemicals. This staged degasification may contribute to the
BIOCOUP project that focuses on the separation and purification of bio-
chemicals for several applications.
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