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Executive Summary

Biomass is a renewable and carbon neutral energy resource which has a high
potential for replacing fossil fuels. However, the use of biomass for energy
applications is not straightforward. It is because native solid biomass fuels are
highly bulky and inhomogeneous. They normally have higher moisture content,
inferior heating value, and poorer grindability, compared to coal. These drawbacks
limit the use of biomass as fuel. Pretreatment of biomass via chipping and/or
pelletizing for example is therefore a common practice in order to overcome the
drawbacks. This operation adds more costs to biomass fuels, but improvements in

the fuel properties are limited.

Wet torrefaction (WT) is a promising method for pretreatment of biomass for use
as fuel. The method involves the use of hot compressed water, within 180-260 °C
approximately, as reaction medium. Like dry torrefaction (DT), which may be
defined as mild thermal treatment of biomass within 200-300 °C, WT improves
significantly the fuel properties of biomass. In addition, due to the use of water as
reaction medium, WT is highly suitable for low cost biomass sources such as forest
residues, agricultural wastes, and aquatic energy crops, which normally have very

high moisture content.

This PhD was carried out to technically assess the WT process as a pretreatment
method for production of advanced solid biofuel, hydrochar, from forest residues, a

low cost biomass resource in Norway.

As the first step, stem woods from Norway spruce (softwood) and birch
(hardwood) were tested as feedstocks. This choice made it possible to compare with
the results from previous studies on DT of biomass using identical feedstocks. WT
experiments were carried out using a bench-top autoclave reactor of 250 ml in

volume from Parr Instrument, with nitrogen as purge gas. Effects of various WT



process parameters on the yield and the fuel properties of hydrochar (solid fuel
obtained from biomass WT) were examined. The pyrolysis and combustion
reactivity of hydrochar, produced under various WT conditions, was studied
thermogravimetrically by means of a Mettler Toledo TGA/SDTA 815e. Multi-
pseudo-component models with different reaction orders were adopted for kinetic
modelling and extraction of the kinetic parameters from these thermochemical
conversion processes of hydrochars. Effects of WT on the kinetics were also

discussed.

In the second step, forest residues were used as feedstock, employing similar
approaches as in the first step. In addition, carbon dioxide was tested as purge gas
and compared with nitrogen for evaluating the possibility to use and recover heat

of the flue gas from combustion plants.

Finally, the pelletability of hydrochar from forest residues was investigated and
compared with that of untreated feedstock. The pelletization was performed using
a single pellet press. Different compressing pressures (20, 40, 80, 160, 240 MPa) and
temperatures (120, 180 °C) were applied to produce pellets. The pellet strength was
then tested via diametric compression test, employing a 60 mm diameter probe
connected to a Lloyd LR 5K texture analyzer. Effects of WT on the mass density,

energy density and mechanical strength of the pellet were investigated.
The major findings from the studies reported in this PhD are:

¢ Both reaction temperature and holding time have significant effects on the
mass yield, energy yield, and fuel properties of the hydrochar.

e Pressure also enhances the torrefaction rate; however, the effect becomes
marginal above a certain pressure.

e Feedstock particle size slightly affects the yield and fuel properties of the
hydrochar.

¢ Ash content of biomass fuel is significantly reduced by WT.

ii



Given the same solid yields, WT requires significantly lower torrefaction
temperatures and shorter holding times than DT.

Given the same solid yields, solid biomass fuels upgraded via WT have
greater heating values than via DT.

Hardwood is more reactive and produces less hydrochar than softwood
in identical WT conditions.

Forest residues are more reactive than stem woods in identical WT
conditions.

WT in CO: enhances the torrefaction process, but reduces the heating
value of hydrochar, compare to WT in Na.

The pellets made from wet-torrefied forest residues are more
compressible and mechanically stronger than the pellets made from raw
forest residues.

Overall, WT has positive effects on the fuel properties of biomass.

iii



This page is intentionally left blank

iv



Preface

This doctoral work was carried out at the Department of Energy and Process

Engineering, NTNU, under the supervision of Associate Professor Khanh-Quang

Tran (NTNU) and Dr. Oyvind Skreiberg (SINTEF Energy Research). The work is

part of the STOP (STable OPerating conditions for biomass combustion plants) project,

financed by the Research Council of Norway and industry partners through the

FME CenBio (Biocenergy Innovation Centre).

This thesis consists of the following papers, which are referred to in the text by

their Roman numerals:

L

IL

III.

Iv.

VL

Quang-Vu Bach, Khanh-Quang Tran, Roger A. Khalil, Jyvind Skreiberg,
Gulaim Seisenbaeva. Comparative assessment of wet torrefaction. Energy &
Fuels 2013, 27, 6743-6753.

Quang-Vu Bach, Khanh-Quang Tran, Jyvind Skreiberg, Roger A. Khalil,
Anh N. Phan. Effects of wet torrefaction on reactivity and kinetics of wood in air
combustion. Fuel 2014, 137, 375-383.

Quang-Vu Bach, Khanh-Quang Tran, Jyvind Skreiberg, Thuat T. Trinh.
Effects of wet torrefaction on pyrolysis of woody biomass fuels. Submitted to
Energy.

Quang-Vu Bach, Khanh-Quang Tran, Jyvind Skreiberg. Torrefaction of forest

residues in subcritical water. Submitted to Applied Energy.

Quang-Vu Bach, Khanh-Quang Tran, Roger A. Khalil, Jyvind Skreiberg.
Effects of CO: on wet torrefaction of biomass. Energy Procedia, accepted.

Quang-Vu Bach, Nevena Misljenovi¢, Khanh-Quang Tran, Carlos Salas-
Bringas, Qyvind Skreiberg. Influences of wet torrefaction on pelletability and
pellet properties of Norwegian forest residues. Annual Transactions - The Nordic
Rheology Society 2014, 22, 61-68.



Other publications related to the topic, but not included in this thesis:

. Quang-Vu Bach, Miguel Valcuende Sillero, Khanh-Quang Tran, Jorunn
Skjermo. Fast hydrothermal liquefaction of a Norwegian macro-alga: Screening Tests.
Algal Research 2014, 6, Part B(0), 271-276.

. Quang-Vu Bach, Khanh-Quang Tran, Roger A. Khalil, Oyvind Skreiberg. Wet

torrefaction of forest residues. Energy Procedia, accepted.

. Quang-Vu Bach, Roger A. Khalil, Khanh-Quang Tran, Jyvind Skreiberg.
Torrefaction kinetics of Norwegian biomass fuels. Chemical Engineering
Transactions 2014, 37, 49-54.

. Khanh-Quang Tran, Quang-Vu Bach, Thuat T. Trinh; Gulaim Seisenbaeva. Non-
isothermal pyrolysis of torrefied stump — A comparative kinetics evaluation. Applied
Energy 2014, 136(0), 759-766.

. Nevena Misljenovi¢, Quang-Vu Bach, Khanh-Quang Tran, Carlos Salas-Bringas,
Qyvind Skreiberg. Torrefaction influence on pelletability and pellet quality of
Norwegian forest residues. Energy & Fuels 2014, 28, 2554-2561.

. Roger A. Khalil, Quang-Vu Bach, Qyvind Skreiberg, Khanh-Quang Tran (2013).
The performance of a residential pellets combustor operating on raw and torrefied spruce
and spruce derived residues. Energy & Fuels 2013, 27, 4760-4769.

vi



Acknowledgements

I would like express my gratitude to my supervisors, Professor Khanh-Quang
Tran and Dr. @yvind Skreiberg, for introducing me to the field of bioenergy and for

their valuable guidance, supports and advices during my PhD period.

I would also like to thank Dr. Roger A. Khalil, for his contributions to my
publications. I really appreciate practical supports from the Thermal lab, especially

Dr. Morten Gronli, the lab manager, and Erik Langergen.

Special thanks should be given to my colleagues and friends, who shared the
friendly environment and coffee times with me during the last three years of high

working pressure.

Trondheim, October 2014.

Quang-Vu Bach

vii



This page is intentionally left blank

viii



Table of Contents

Executive SUMMATY ......ociivinieniniiininsiinsnisiinssiinssescsssssesessesess
PIELACE ..eeeeecreeeeceeeeneeeeeeeseesseesaessesssesseesassseesassseessesssessessassssessesssessenns
AcKknowledgements ...
Table Of CONLENLS .....cccueereereereireeereieeeereeseeseeseeseesssessesssessesssessesssessenns
List Of FIGUIES......ciiiriiieetctctctiiecctctctineeesssssssssesesesssssssne
LiSt Of TaDIES ..ccceeveeeeereeeeereecerreecersaeesensaesseesaeeseesassseessessssssesassasesnsnns
INOMENCIALUTE.....ccueeereeeeeeereeereesreeseesaeeseesseeeesaseseessesseesasessessessessnesssssnes

I. INTRODUCTION ....cuiiririnrinnsisnisesnisissesnssissssssssssssessssesseseans

I.1 Problems identification

I.2 Research objectives

1.3 Thesis structure

I.4 List of publications included in this thesis

II. BACKGROUND .....ucvriiiriririnriinsiinsisnisissisnssisnssessssessesessesssseans

II.1 Biomass as solid fuel for heat and power generation

II.1.1  Plant biomass cOmposition...........ceeveeeeueveueucucecccnrerereene
ILT. 1T CelULOSE ..ot
I11.7.2  HemiCellULOSE. .....cceeveeueeieieieiesiest sttt
IL1.1.3  LiQNITl oot
I1.1.1.4  Extractives and ash .........cccccccveverierienienoesienieieienienenenne

I.1.2  Fuel properties of solid biomass fuel...........c.c.cccccoevrurnnnnn.
I1.1.2.1  Heating UaAlUe .......cucvovvveivrreieieiiiicieieieieiieceiee e,
I1.1.2.2 Moisture CONtent ........ovmevievivieririrerirereieiciienceeeseseresnas
I1.1.2.3  Proximate cOMpOSTEON ........c.coovvivvrriiiiiiiiiiciiiniceiiiiiciinas
11.1.2.4  Elemental composition - Ultimate analysis..........................
I1.1.2.5 Grindability ........ccccovvvviiiiniiiiiiiiiiiccccccis
I1.1.2.6  HydrophobiCity .........ccccvvviininininniiiiiiicccccccinini,

ix




11.1.2.7  Bulk density and energy density...........cccoeeeeececioininininininieeennes 14

I1.1.2.8  Pelletability ........cccovuvmvmiiiiiiciiiiiiiiiiciiiiicieeeecectsttt e 14

IL.2 Thermochemical conversions of biomass . . 15
IT.2.1  PYTOLYSIS..uuiiiiiiiiicicicictccccc e 15
I12.2 Gasification .......ccciiiiiiiiiiiiii s 17
I12.3  CombUSHON ...crvrviiiiictcic e 18
I1.3 Biomass combustion technologies ....... . 19
I1.3.1 Fixed-bed combUSHON. .......ccccevviirirrmiieiiic e 20
I1.3.2  Fluidized-bed combustion ..o 21
I1.3.3 Pulverized fuel combustion .........ccccovvviiirniiininii, 21
I1.3.4  Co-COMDBUSHON ....cooviiiiiiiiiiiic s 21
I1.4 Challenges and pretreatment needs..... 22
I.5 Biomass pretreatment via torrefaction. . 24
I1.5.1 Dry torrefaction and its challenges...........c.ccccceoeuruiiiiiiiiinnnnnninnens 24
1152 Wet torrefaction .........cccvuviieiiiviniiinicciinicc s 25
I.5.3 Chemical and physical properties of water in subcritical condition 28
11.5.3.1  Dielecttic CONSIANE .......cvvvvviieiviiiinircisiciiiccs e 29
I1.5.3.2 101 PYOAUCES ..ottt 29
I1.5.3.3  Transport Property........veiiniiiciciiiiiiiicsiiseessseseens 30
I1.54 Degradation of biomass in subcritical water conditions .................... 30
III. METHODOLOGY ..uuiiieiieineicinnnnnnesinseieesenssssssessssessesssssssssssssesses 33
III.1 Hydrochar production 33
IL1.T Materials....cccoooiiuiiiiiiiiiiiiiic s 33
[I.1.2  Experimental SEtUP.........ccceueueuemimiiinierinrireeeeieeeeee e seseeeeenes 34
III.1.3 Wet torrefaction procedure.............ccoeeueveieineieniiniicceeccee e, 35
[II.1.4 Products SEParation..........c.ccccceueuirrneneririrerereeeeeeieeeneeeeeeeseseseseseeaenes 36
II1.2 Hydrochar characterization . . 37
[II.2.1 Proximate and ultimate analyses .........c.cccocevrueueueiiiiicniccnnnrrneees 37
III.2.2 Higher heating value calculation .............cccoeeiiiiiiiie, 37
[II.2.3 Specific grinding eNergy ........ccccceiierrrrererenereceeeceeee s 37



II1.2.4 Moisture up-take test........cccocveiiirinnnnriicccccce e 38

[II.2.5 Morphology and structure study .........cccocoeeeeueieieieiiiiciee, 38
II1.2.6 Pelletability ..o 39
II1.2.6.1 Pelletization.........covvviviiririueisiiiiiiiieisicisiiiiciss e 39
I11.2.6.2 Pellet density ........ccoeueueuiuiiiiiniiiisisisieieeeceeecctstsesesssse e 40
I11.2.6.3 COmMpressing test ........cocvvivivviniiiniiiiiiiiiisicc s 40

[I.2.7 Thermogravimetric analysis.........cocooeeueieiiinicieieieiiccceee, 40
ITL.3 Kinetic study for thermal conversions of solid biomass fuels............... 41
II.3.1 Kinetic MOdels.......ccccovuriiiiiimiiiiiiiiiiices 42
HL3.1.1 PYTOLYSIS ..ottt 42
II1.3.1.2 COMBUSLION ...ttt 44

III1.3.2 Mathematical MOdeIling ........ccccccveivirireriririiiiiiicccccie e 45
I11.3.2.1 Model-free Method..............ccccovvivivinivinsiiiciiciciiicinsisecee e 46
111.3.2.2 Global kinetic model .............ccccvvviimviviviniiiiisiciiiiecee 47
111.3.2.3 Distributed activation energy model..............cccccccvvvvinnnnnvnecccnenes 48

II.3.3 Thermogravimetric data collection ............cccooeeeiiiiiiiin, 49
II1.3.4 Data PrOCESSING .....ccceiriiiiniiiiiiiiieiec s 50
I11.3.4.1 Model SCleCHON .....o.vvvvvriiiiiiiiciiiciccs e 50
I11.3.4.2 Kinetic e0alUALION. ......c.covvivrveiviciiiiccicisicc e 51

IV. CONCLUDING SUMMARY .....coviimrrnrinnisinninsnssesenssssesessssssssnssssesssnans 53
IV.1 Concluding summary .. 53
IV.1.1 Paper I- Wet torrefaction of stem woods.........cccccoeervirrrnerererecucnenenes 53
IV.1.2 Paper II - Combustion reactivity of hydrochar...........cccococoveirnnnin. 54
IV.1.3 Paper III - Pyrolysis reactivity of hydrochar.........cccoevnnnnneccenes 55
IV.1.4 Paper IV - Wet torrefaction of forest residues ..........ccccoceevvvirrnennnne. 56
IV.1.5 Paper V - Effects of carbon dioxide on wet torrefaction ..................... 57
IV.1.6 Paper VI - Pelletability and pellet properties of hydrochar................ 58
IV.2 Recommendation for further works 59
REfEIENCES ...ttt sssssesssss s sssssssesssessssssssssesenes 61
Collection Of Papers.......ieeeriniiniinncsssssssnssesessssssssssssesssssssssssssssens 73

X1



This page is intentionally left blank

xii



List of Figures

Figure II-1. Biomass constituents in plant cell wall (adopted from [5]).......ccccccu.... 6

Figure II-2. Thermochemcial conversion routes for biomass fuels (adopted from

Figure II-3. Common systems for biomass combustion (adopted from [8]). ........ 20

Figure II-4. Wet torrefaction and hydrothermal carbonization regions in a

temperature-pressure phase diagram of water. ..........ccecevvrrueueuennnes 27

Figure II-5. Changes in physico-chemical properties of water at 30 MPa as a
function of temperature (adopted from [97]).....c.cccccviinnnnnnnnnnnes 29

Figure II-6. Hydrothermal degradation of cotton cellulose as a function of

reaction time and temperature (adopted from [105]). ......ccoeeurururinnes 31
Figure III-1. The Parr 4651 reactor (adopted from parrinst.com). .....c.ccceceueveueueeees 35
Figure III-2. Schematic diagram of the WT reactor and the experimental setup. 36

Figure III-3. Single pellet press unit: a) picture of the equipment. Drawing of the

single pellet unit: (b) top view, (c) section view A-A..........ccccevurueunns 39

xiii



This page is intentionally left blank

xiv



List of Tables

Table II-1. Main operating parameters for different pyrolysis processes (adopted
FTOMN [26]). ceveveneenirteieiirieiee ettt ettt ettt ettt ettt s bbb se s ens 16

Table II-2. Main reactions during biomass gasification. ...........ccccceceevvviriccncnnes 18

Table II-3. Disadvantages of raw biomass materials utilized for thermochemical

(00 LTI 43 (0) o - TSRS 23

Table II-4. Main differences between WT and HTC. .......c.coooovvvviviiiiieeiiecieeeiee, 28

XV



This page is intentionally left blank

xvi



Nomenclature

Abbreviations
ASTM American Society for Testing and Materials
DAEM Distributed activation energy model
daf Dry and ash free basis
db Dry basis
DT Dry torrefaction
DTG Differential thermogravimetric
EMC Equilibrium moisture content
GHV Gross heating value
GKM Global kinetic model
HHV Higher heating value
HTC Hydrothermal carbonization
LHV Lower heating value
MC Moisture content
NHV Net heating value
NLSM Non-linear least squares method
SEM Scanning electron microscope
TG Thermogravimetric

TGA Thermogravimetric analysis

vol Volume

wt Weight

WT Wet torrefaction

Symbols

A Pre-exponential factor

Char

xvii



Subscript

Mean activation energy
Activation energy
Conversion function
Distribution function of activation energy
Rate constant

Sample mass at any time

Initial sample mass

Final residual mass

Reaction order

Objective funtion

Universal gas constant, 8.314 ].mol*.K!
Solid

Intermediate solid

Absolute temperature

Time of conversion

Volatiles

Volatile released at any time

Volatile released in total

Degree of conversion

Standard deviation of activation energy

Heating rate

i*" component

xviii



Chapter I

INTRODUCTION

1.1 Problems identification

Biomass is currently the major renewable energy source in use and has a high
potential for replacing fossil fuels. While other renewable energy sources can
produce only heat and power, biomass can also be converted to chemicals and
materials. The use of biomass as an energy source contributes to reduce CO:
emission, increase energy security, and support sustainable development.
However, using biomass for energy applications is not straightforward due to some
inherent disadvantages of this fuel including its heterogeneity, low bulk density,
high moisture content, low heating value, and poor grindability. These drawbacks
make the conversion of biomass to produce heat and power challenging. In

addition, they increase the cost for handling, transport, and storage of the fuel.

One way to overcome the aforementioned disadvantages of using biomass as
fuel is to pretreat the fuel via torrefaction. There are two torrefaction techniques,
dry and wet torrefaction. Dry torrefaction (DT) is thermal treatment of biomass in
an inert environment at atmospheric pressure and at temperatures of 200-300 °C.
Wet torrefaction (WT) may be defined as treatment of biomass in a hydrothermal

media, or hot compressed water, at temperatures of 180-260 °C. Both torrefaction



technologies produce hydrophobic solid fuels with much better grindability, more

homogeneity and superior heating value, compared with original biomass.

During the last decade, research and development activities on DT for energy
applications have been very active. However, similar studies for WT are still
limited. Consequently, the understanding of the WT process (effects of
temperature, holding time, pressure, feedstock particle size, feedstock type, and
feedstock moisture content) as well as the characterizations of wet-torrefied fuels

(fuel properties, reactivity, and pelletability) are very limited.

1.2 Research objectives

This study is part of the STOP project (STable OPerating conditions for biomass and
biomass residues combustion plants) funded by the Research Council of Norway,
research partners and industry partners through FME CenBio. The STOP project
aims at developing new strategies for improved operating conditions control in
biomass and biomass residues combustion plants through the utilisation of more
homogenous fuel with minimised season variation and optimised fuel in terms of

pollutant emissions.

The first objective of this study is to investigate the effects of wet torrefaction
conditions (temperature, holding time, pressure, feedstock particle size, feedstock
type, and drying method) on the yield, fuel properties, and pelletability of the solid
product. The outcome from this investigation would be helpful to establish mass
and energy balances for wet torrefaction and fundamental knowledge for further

process optimization.

Examining the reactivity and kinetics of hydrochar in subsequent thermal
conversion processes (pyrolysis and combustion) is the second objective of this

work. Results from this examination help understanding the thermal behaviour



and kinetics of the hydrochar for the design, modification and optimization of

thermal conversion units.

The third objective of the study is to identify opportunities for WT process

integration, considering that hot flue gas from thermal power plants can be utilized

for WT continuous processes at industrial scales to reduce the cost.

1.3

Thesis structure

The thesis is organized in four chapters:

14

Chapter I gives a brief introduction to the thesis, which includes problem
identification and core objectives of the thesis.

Chapter II introduces a background for the study, which includes the
main thermochemical conversion processes of biomass fuel for heat and
power generation. Challenges and pretreatment needs in utilization of
biomass fuels for energy applications are then discussed.

Chapter III presents the methods of study, which include methods for
studying hydrochar production, characterization and conversion kinetics.
Chapter IV summarizes the papers included in this thesis and

recommends further works.
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. Quang-Vu Bach, Khanh-Quang Tran, Jyvind Skreiberg, Roger A. Khalil,

Anh N. Phan. Effects of wet torrefaction on reactivity and kinetics of wood in air
combustion. Fuel 2014, 137, 375-383.
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. Quang-Vu Bach, Khanh-Quang Tran, Jyvind Skreiberg. Torrefaction of

forest residues in subcritical water. Submitted to Applied Energy.
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Effects of CO:z on wet torrefaction of biomass. Energy Procedia, accepted.

. Quang-Vu Bach, Nevena Misljenovi¢, Khanh-Quang Tran, Carlos Salas-
Bringas, Oyvind Skreiberg. Influences of wet torrefaction on pelletability and
pellet properties of Norwegian forest residues. Annual Transactions - The
Nordic Rheology Society 2014, 22, 61-68.



Chapter II

BACKGROUND

II.1  Biomass as solid fuel for heat and power generation

Biomass is organic matter derived from plants or animals available on a
renewable basis [1]. It is available in many forms and from various sources: forestry
products, agricultural crops, herbaceous and woody energy crops, municipal
organic wastes as well as manure [1, 2]. In 2013, biomass supplied approximately 56
EJ ! globally, accounting for roughly 10% of global annual energy consumption [3].
Biomass can either be converted directly via combustion to produce heat, or
indirectly to different forms of biofuel (e.g. bioethanol, biodiesel) for further

conversion processes.

Biomass stores energy from the sun via photosynthesis during its growth. In
other words, energy from biomass is indirect solar energy. In addition, biomass is
considered as a carbon neutral energy source. This is because carbon dioxide is
captured during biomass growth and released the same amount when biomass or

biofuel is burned. Unlike fossil fuels and other alternative energy sources such as

11 EJ =108 Joules (J) = 10% kilojoules (kJ) = 24 million tonnes of oil equivalent (Mtoe).



wind, geothermal and tidal power, biomass is a distributed source of energy [4], i.e.
it is available all over the world and near the point of use. Hence, it reduces the
dependence on other energy sources in many countries. Therefore, the use of
biomass as an energy source is believed to contribute to reduce CO: emission,

increase energy security, and support sustainable development.

II.1.1 Plant biomass composition

Plant biomass mainly consists of cellulose, hemicellulose and lignin, which
together construct the plant cell wall, shown in Figure II-1. Apart from those,

extractives and ash are also present in biomass in small fractions. The structure and

the role of these components are introduced in this section.

Plant cell wall w AA?, E\7\

Figure II-1. Biomass constituents in plant cell wall (adopted from [5]).



11.1.1.1 Cellulose

Cellulose is a homopolysaccharide composed of D-glucopyranose units which
are linked together by f—(1—4)—glycosidic bonds with the degree of polymerization
(DP) from 10,000 to 150,000. Cellulose molecules are virtually linear and have a
strong tendency to form intra- and inter-molecular hydrogen bonds. These
properties result in an easy aggregation between cellulose molecules to form a
crystalline fibrous structure. Therefore, cellulose has high mechanical strength, high
thermal resistance and is insoluble in most solvents. Usually, hardwood contains

more cellulose than softwood (38.3-51.3 wt% versus 33.0-41.7 wt%).

11.1.1.2 Hemicellulose

Unlike cellulose, hemicellulose is a heteropolysaccharide with lower DP, only
150-200, and has different side groups on the chain molecule. It is essentially
amorphous polymer made of various monomers including glucose, galactose,
mannose, xylose, arabinose and glucoronic acid. Hemicellulose contributes to
strengthening the cell wall by interaction with cellulose and/or lignin. The structure
and composition of hemicellulose varies for different wood species and cell types.
The main hemicelluloses of softwood are galactoglucomannans and
arabinoglucuronoxylan, while in hardwood, glucuronoxylan is the major
hemicellulose. The differences in the composition lead to different thermal
behaviors of hardwood and softwood hemicelluloses, which are caused by the

different reactivity of xylan-based and mannan-based compounds to temperature.

II.1.1.3 Lignin

Lignin is an amorphous, highly complex, mainly aromatic polymer made of
phenylpropane units. There is a wide variation of lignin structures within different
wood species. The lignin content of hardwood is usually in the range of 20.8-31.3%,
whereas the lignin content of softwood varies between 26.8 and 32.1%. Softwood

lignin contains mainly guaiacyl and a smaller fraction of p-hydroxyphenyl

7



residues. The lignin content of hardwood is composed primarily of syringyl and

guaiacyl residues, with fewer amounts of phydroxyphenyl residuals.

II.1.1.4 Extractives and ash

Besides three main components above making up 95-98% of plant biomass, a
small portion of low-molecular-weight organic compounds (known as extractives)

and inorganic mineral contents (known as ash) can also be found in biomass.

Extractives are highly heterogeneous and can be divided into three subgroups:
aliphatic compounds (mainly fats and waxes), terpenes and terpenoids, and
phenolic compounds [6]. These components can be extracted from the wood by
either organic solvent or water. Particularly, some biomass species may contain up

to 30 wt% tannins.

Ash is the inorganic part left after combustion of biomass fuel. The inorganic
materials in the plant are absorbed from the water or the soil during its growth.
Normally, ash content in wood is less than 1%. The composition of ash will be

presented later in section 11.1.2.3.

IL1.2  Fuel properties of solid biomass fuel

I1.1.2.1 Heating value

Heating value is the most important indicator for the fuel properties of biomass.
It is defined as the amount of heat produced by complete combustion of a unit
quantity of biomass fuel, normally expressed in MJ/kg. Heating value presents the

energy contained in the fuel. There are two common types of heating value:

e Gross or higher heating values (GHV or HHYV) is determined when
assuming that the combustion products are cooled down to the initial
temperature, which takes into account the latent heat of water

vaporization in the combustion products.



e Net or lower heating values (NHV or LHV) is calculated by subtracting
the latent heat of vaporization of the water vapor formed in the

combustion.

Biomass heating value is greatly affected by its chemical composition, moisture
and ash content. The heating value can be measured directly employing a bomb
calorimeter or estimated from elemental analysis data via empirical formulas. For
comparison, the heating vale of biomass fuels is generally reported on a “dry basis”

(db) or “dry and ash free basis” (daf).

I1.1.2.2 Moisture content

Moisture content (MC) is defined as the mass percentage of the water in wet
biomass. Water in woody biomass exists in two main forms: free water found in the
lumens or voids of the wood and bound water held between micro-fibrils in the cell

wall [7]. Most raw woods contain approximately 40-70% of water.

MC has a significant effect on the engineering of the thermochemical conversion
process. The heating value of woody fuel decreases with increasing MC. High
moisture fuel burns less readily and produces less useful heat because energy is
wasted to vaporize the water. For correct and efficient operations of boilers or
stoves, a strict range of feedstock MC may be required. Moreover, the presence of
moisture increases the risk of fungal development and biodegradation of biomass
during storage. Also, transportation and handling costs rise with increasing MC in

fuel.

II1.1.2.3 Proximate composition
A typical method to categorize the composition of biomass fuel is the proximate
analysis, in which the percentages of volatile matter, fixed carbon and ash in dry

solid biomass fuel are determined. This analysis is normally carried out in a



laboratory furnace, where the temperature is precisely controlled and the analysis

is following the relevant international standards, e.g. ASTM.

Proximate analysis shows the ratio of volatile matter and fixed carbon in biomass
fuel, an important ratio for the combustion behavior of a fuel. The ash content
influences the energy content and determines the cleanness of a fuel. Raw biomass

fuel contains more volatile matter but less fixed carbon than coal.

I1.1.2.4 Elemental composition - Ultimate analysis

Another method to present the composition of biomass is to determine the mass
fraction of elements present in the fuel. For major elements (C, H, N, S, O), an
ultimate or elemental analysis is commonly used and referred to as CHNS
analysis, for which a CHNS analyzer normally employed. Based on this analysis,
the heating value of biomass fuel can be calculated from the elemental composition
via empirical correlations. However, it should be noted that the presences of other
minor elements and ash forming elements are also important. The ash forming
elements have negative effects on the heating value of biomass fuel. They also
influent the reactivity of the fuel during the combustion; and cause problems in the
combustion systems, as well as environmental and health impacts. Ash forming
elements include major (Si, Ca, Mg, Na, K, P), minor (Fe, Al, Mn, Cu, Zn, Co, Mo,
As, Ni, Cr, Pb, Cd, V, Hg) and inorganically bound (Cl, S) [8]. Due to very small
fractions in the fuel, both qualitatively and quantitatively measurements of the
minor and trace metal elements require high sensitive analysis equipment such as
ICP (Inductively Coupled Plasma), AAS (Atomic Absorption Spectroscopy),
EDX/EDS (Energy Dispersive X-Ray Spectroscopy), etc. On the other hand, the

presences of Cl and S can be detected by ion chromatography (IC).

Carbon (C) is the most important element not only for biomass but also for any
organic material. It has a major contribution to the overall heating value of biomass

fuel. Carbon comes from the atmospheric CO: and becomes part of the plants
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during photosynthesis. It is mainly released back to the atmosphere in form of CO:
during the combustion of biofuels. Typical carbon content in woody biomass is
between 48-57 wt% (daf), while the value for herbaceous biomass is slightly lower
[]-

Hydrogen (H) is another important element of biomass, and can be found in the
carbohydrates and phenolic polymers. It contributes significantly to the heating
value of biomass. During combustion, hydrogen is converted to H2O. The content

of hydrogen in woody biomass is around 6-8% (daf) [9].

Oxygen (O) is a major element in biomass fuels, present in all biomass chemical
compositions. However, oxygen has a negative effect to reduce the heating value of
biomass. The content of oxygen in woody biomass is about 3245 wt% (daf). Its
content is usually not measured directly, but calculated by subtracting the fractions

of all other elements in the fuel from 100%.

Nitrogen (N) is the most important nutrient for plants but its contribution to the
heating value of biomass is almost zero. It is absorbed via the soil or the fertilizers
by the plant during its growth. The total nitrogen content in woody biomass is
normally 0.1-0.7 wt% (daf). During combustion, nitrogen is partly emitted in oxide
forms (NO, NO2, N20), which have negative effects on the global climate and

human health.

Sulfur (S) has only a small fraction (less than 0.1%) in woody biomass and
presents in some organic structures like amino-acids, proteins and enzymes. Like
nitrogen, it is an important nutrient for plant growth but has very small
contribution to the heating value of biomass. During combustion, sulfur is mainly
transformed to SOz, which contributes to aerosol and smog formation, acid rain and

corrosion problems.
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Potassium (K) and Sodium (Na): these alkaline metals have very low melting
points, which can reduce ash melting temperature and cause problems in
combustion systems such as agglomeration, deposition, corrosion, slagging and
fouling. The combination of these elements with chlorine makes the problems more
critical. Moreover, the vaporization and subsequent condensation of volatile metals
in general lead to the formation of sub-micron fly ash particles, which are more

difficult to precipitate in dust filters, and hence cause health problems [8].

Calcium (Ca) and Magnesium (Mg) have relatively high melting point, which
helps increase the melting temperature of ashes and reduces ash sintering on the

grate or in the furnace.

Silicon (5i) is one of the main ash forming elements. Its combination with K and
Na can lead to the formation of alkali silicates in fly ash particles, which melts at

low temperatures and results in deposition problem.

Chlorine (Cl) is almost completely vaporized, forming HCl, Cl2 and alkali
chlorides during biomass combustion. This element is associated with many
problematic issues including emissions (dioxins, acid rain, and aerosol formation)
and operation problems (fouling and corrosion). However, chlorine is not solely
responsible for these issues. Together with the presence of alkali metals, it forms
alkali chlorides which reduce the overall ash melting temperature to 700-800 °C or
even lower for high alkali content biomass such as straw. This causes deposition
and corrosion problems for the combustion system. Generally, chlorine content

higher than 0.1 wt% (db) is problematic.

Heavy metals (Hg, Sb, As, Cd, Cr, Co, Pb, Ni, and Se) are present in trace levels
in biomass, but they are toxic and cause risks to human health [10]. Ash treatment

or dust precipitation can be applied to reduce the emissions of these metals.
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I1.1.2.5 Grindability

Prior to conversion processes, biomass needs to be pulverized to obtain a more
homogeneous feedstock as well as to improve the heat and mass transfer during
the processes and the combustion stability. Grindability presents qualitatively how
easy a biomass sample can be pulverized. Generally, fuel with good grindability
consumes less energy to comminute, and vice versa. However, raw biomass
possesses very poor grindability due to its fibrous structure compared to coal, and

therefore consumes much more energy than coal in the pulverization step.

In the literature, there are two methods that can be adopted for evaluation the
grindability of biomass fuel. The first method estimates the grindability by
measuring the portion of ground materials passing through a 75 pm sieve and
comparing it with that of standard coals [11, 12]. This assessment is somehow
similar to the determination of HGI (Hardgrove Grindability Index) for coal.
Although this method can show how fine the fuel particles are, it does not explicitly
show the grinding energy. In the second method, the power consumption of a mill
to pulverize an amount of biomass sample is recorded and regarded as the specific
grinding energy (SGE) [13, 14]. This method gives information on the energy
requirement, but not the particle size distribution of the samples. Therefore, the

particle size distribution should be analyzed in a separate step.

I1.1.2.6 Hydrophobicity

Hydrophobicity is the water repellant property of biomass fuel. Biomass
constituents (hemicellulose, cellulose and lignin) contain hydroxyl (-OH) groups,
which are likely to form hydrogen bonds with free water. This gives biomass a
hygroscopic nature, i.e. it has poor hydrophobicity. During storage, biomass fuel
tends to absorb water even if it is already dried, until equilibrium is reached with

the humidity in the surrounding atmosphere. The presence of water in biomass is
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undesired, as mentioned in section 1I.1.2.2. Therefore, poor hydrophobicity is a

drawback of biomass fuel compared to coal.

There exists no standard method for assessment of the hydrophobicity of
biomass fuel so far. Researchers have had to develop or adopt methods on their
own for such investigations. However, it can be found in the literature two groups
of methods for evaluation the hydrophobicity of biomass fuel. In the first group,
biomass bulk samples or pellets were immersed in water for some hours and then
the amount of absorbed water was recorded and compared [15-17]. In the other
assessments, the moisture uptake rates of biomass powder were measured using a
controlled humidity cabinet [18-21]. Methods in the second group are preferable
because it can minimize the interferences of water trapped in pores, and more
importantly, it gives the information of the equilibrium moisture content (EMC) of

the fuel as well as how long time needed to reach this level.

I1.1.2.7 Bulk density and energy density

Bulk density (kg/m®) and energy density (GJ/m?®) are defined respectively as the
mass and energy per unit volume of biomass. Compared to coal, these two
densities of biomass is much lower. For example in [22], bulk density of raw
biomass is 350-680 kg/m? versus 1100-1350 kg/m? for coal, whereas energy density
values are about 5.8 for raw biomass and 30-40 GJ/m? for coal, respectively. The
low bulk and energy densities limit the use of biomass for heat and power

production, as well as increase the cost of biomass logistics and storage.

I1.1.2.8 Pelletability

Pelletization is a mechanical process that converts bulky solid biomass fuels into
pellets with both increased bulk and energy densities. In addition, biomass pellets
have more homogeneous shape and structure than bulky biomass, which is

advantageous for automated feeding into boiler systems [23]. Pelletability is a
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qualitative indicator, which can be evaluated via some factors such as pelleting
pressure and temperature, durability or mechanical strength of the pellets.
Generally, biomass with good pelletability requires low pelleting pressure and

temperature to produce high durable pellets.

II.2 Thermochemical conversions of biomass

Thermochemical conversion is the main pathway to produce heat and power
from biomass fuels. They include pyrolysis, gasification and combustion, of which
the main products and applications are summarized in Figure II-2. More details for

each process will be introduced in the next sub-sections.

Primary

Conversion
product

Conversion Market

Biofuels &
chemicals

Bio-oil

Fuel gas > Turbine

Electricity

—
o & CHP

Boiler

Figure II-2. Thermochemcial conversion routes for biomass fuels (adopted from [24]).

I1.2.1 Pyrolysis

Pyrolysis is the thermal degradation of biomass at elevated temperatures and in
the absence of oxygen. The process involves simultaneous and successive reactions

when biomass is heated in an inert atmosphere. The main operating parameters in
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pyrolysis are temperature, residence time, heating rate, pressure, reactor
configuration, feedstock, etc. In addition, biomass properties including chemical
composition, ash content and composition, particle size, moisture content, etc. also
play an important role in a pyrolysis process [25]. The products from biomass
pyrolysis include a solid (biochar), a viscous liquid mixture (bio-oils) and some
non-condensable gases. The products distribution strongly depends on the
operating parameters [24]. Low temperatures and long residence times favor the
production of biochar. High temperatures and long residence times increase the gas
yield. Moderate temperatures and short vapor residence times promote the bio-oil

production.

Generally, pyrolysis is divided into three categories based on the heating rate of
the process: slow (or conventional), fast, and flash pyrolysis. Slow pyrolysis tends
to produce more biochar than fast and flash pyrolysis, while the two latters aim at
bio-o0il production. Some important operating parameters for different types of
pyrolysis are presented in Table II-1. On the other hand, pyrolysis is also first in

two consecutive steps in both gasification and combustion processes.

Table II-1. Main operating parameters for different pyrolysis processes (adopted from [26]).

Slow pyrolysis Fast pyrolysis Flash pyrolysis

Heating rate (°C/s) 0.1-1 10-200 > 1000
Pyrolysis temperature (°C) 300 - 700 600 — 1000 800 — 1000
Solid residence time (s) 300 - 500 0.5-10 <0.5
Feedstock particle size (mm) 5-50 <1 <0.2

Slow pyrolysis is a conventional process, known for thousands of years, in
which biomass is heated with a low heating rate to a final temperature. It takes up

to hours to complete and results in biochar as the main product.
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Fast pyrolysis employs much faster heating rates (about 10-200 °C/s) and yields
more than 60% of bio-oil. Typically, fast pyrolysis can produce 60-75 wt% of bio-
oil, 15-25 wt% of biochar, and 10-20 wt% of gases.

Flash pyrolysis is an upgraded version of fast pyrolysis, where the biomass is
heated up extremely fast (> 1000 °C/s), and the residence time is only part of
second. Up to 80% bio-oil can be obtained via this technology. Due to very high
heating rates and short reaction times, fine particles are required to minimize the

heat and mass transfer limitation in flash pyrolysis.

While the charcoal production technologies are mature, the bio-oil production
technologies are still being developed. Moreover, for fuel application, bio-oil has
some drawbacks, compared to petroleum oil, which include: high viscosity, high
oxygen content, high corrosiveness, high water content, etc. An extensive
upgrading and/or refining step is required before pyrolysis bio-oil can be used

directly or blended with other petroleum-based fuels.

I1.2.2 Gasification

Gasification is the partial oxidation of biomass fuel, resulting in production of
product gas (consisting of hydrogen, carbon monoxide, carbon dioxide, methane,
water and other trace components). Product gas is easier and more versatile to use
than the original biomass, e.g. it can be used to power gas engines and gas turbines,
or as a chemical feedstock to produce liquid fuels via a Fischer-Tropsch process
[27]. To accomplish gasification, it is always necessary to pass through a pyrolysis
stage first [28]. In other words, pyrolysis is the first step in biomass gasification.
However, a gasification process is normally carried out at higher temperatures than

a pyrolysis process [28].

Due to incomplete oxidation, the chemistry of a gasification process is complex

and involves a number of reactions. The main reactions during biomass gasification
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heterogeneous reactions [29].

is summarized in Table II-2, classified into homogenous gas-phase-reactions and

Table 1I-2. Main reactions during biomass gasification.

Homogenous gas-phase-reactions

Hz+% 02 —» H0 Hydrogen combustion/oxidation
CO+% 02— CO: Carbon monoxide combustion/oxidation
CHs+% 02— CO+2 Hz Methane combustion/oxidation
CHs+CO2—-2CO+2Ho Dry reforming reaction

CH:+ H2O — CO +3 He Steam reforming methanisation

CO + H20 — CO:z+ H2 Water-gas-shift reaction

Heterogeneous reactions

C+02— CO: Carbon combustion/oxidation
C+%0.—CO Carbon partial combustion/oxidation
C+CO2—-2CO Boudouard reaction

C+H0O — CO+Hz Water gas reaction (steam reforming)
C+2H.— CHs Methanisation reaction

I11.2.3 Combustion

Combustion may be defined as fast oxidation of biomass, producing heat at high
temperatures. It is a proven technology for heat and power production [30], and is
currently the most important energy application of solid biomass fuel. Biomass
combustion is contributing to more than 90% of the global bioenergy deployment
[8]. Biomass combustion systems are available in a very broad size range from very
small stoves (for domestic heating) up to large-scale industrial plants. Co-
combustion of biomass in coal-fired power plants is also interesting because of the
high conversion efficiency of these plants for power or combined heat and power

(CHP) production [31]. Biomass combustion includes a number of homogeneous
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and heterogeneous reactions, but overall they can be represented by the following
global equation, in which minor elements with small and trace elements are

neglected:
CH;,0, + 41(0.210, + 0.79N;) — CO, + aH,0 + b0, + cN, (II-1)

where m and n are the H/C and O/C molar ratios in biomass, 4 and i are the excess
air ratio and the stoichiometric coefficient, respectively. The values a, b, and ¢ can

be calculated from elemental balances, as follows:

m
a=?,

m n
b=(A-D(1+5-35).c=079

An important combustion parameter is the excess air ratio (1) which describes
the ratio between the available and the theoretically needed (stoichiometric)
amount of combustion air [30]. Together with biomass composition, combustion
temperature and residence time, the excess air ratio strongly affects the
composition and quality of the combustion products such as NOx emissions and

other unburnt pollutants.

II.3  Biomass combustion technologies

A combustion system should supply fuel and combustion air with an optimal
mixing and distribution in order to burn the fuel with maximum heat release and
low pollutant emission. In principle, combustion technologies for biomass are
mostly the same as for coal, which include fixed-bed, fluidized-bed and pulverized
fuel combustion. They are demonstrated in Figure II-3 and briefly introduced in

this section.
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Figure II-3. Common systems for biomass combustion (adopted from [8]).

I1.3.1 Fixed-bed combustion

Grate-firing, in which biomass is placed on a grate with air supplied through
holes in the grate, is the main technology in this category. It includes fixed grate,
moving grate, travelling grate, rotating grate and vibrating grate. The grate
furnaces have some advantages such as low investment cost (for plants with
capacity less than 20 MWw) as well as low operating cost. They are also capable of
working with heterogeneous fuels, large particles sizes and high moisture
feedstock. In addition, grate-firing furnaces have good burn-out of carbon in fly ash
particles and low dust load in the flue gas. Another advantage of grate-firing
systems is that they are less sensitivity to slagging than fluidized-bed furnaces.
However, the combustion condition in grate furnace is not as homogenous as in
fluidized-bed furnace. In addition, it is difficult to mix woody and herbaceous fuels
in grate-firing. Also, the energy efficiency of grate-firing systems is lower than for

fluidized-beds due to a higher amount of excess air.
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I1.3.2 Fluidized-bed combustion

Fluidized-bed is a newer combustion method. In this technology, biomass is
mixed with a medium (typically sand) and kept suspended in this mix by incoming
high velocity air. The technology is classified into two subgroups: bubbling
fluidized-bed (BFB) and circulating fluidized-bed (CFB). Fluidized bed

combustion is currently considered the best technology to burn biomass [32].

I1.3.3 Pulverized fuel combustion

The pulverized fuel (PF) technology is used for large-scale combustion systems
which were previously largely coal fired. It requires that biomass is finely ground
to reach a particle size less than 1 mm [32] prior to feeding to the combustion
chamber. Also, the moisture content of the fuel should not exceed 20 wt%. The
technology offers high combustion temperature, however, corrosion and slagging
then become problems, especially for biomass fuel with high ash content. Apart
from the above difficulties, PF combustion requires low excess air and thus
increases the thermal efficiency. Good combustion control and versatile load can be
easily achieved by this technology. Moreover, it is capable of reducing NOx

emission with an installation of cyclone or vortex burner, i.e. low-NOx burners.

I11.3.4 Co-combustion

Co-combustion or co-firing biomass with coal in existing coal fired power plants
is an attractive retrofit application to reach near-term targets for significantly
increasing the share of renewable energy sources and to reduce CO: emissions [33].

Co-combustion concepts can be distinguished as [8]:

e Direct co-combustion: direct feeding of biomass to the coal firing systems.
e Indirect co-combustion: gasification of biomass and then combustion of

fuel gas with coal in the same plant.

21



e Parallel co-combustion: involves the combustion of biomass in a separate
combustor and boiler producing steam, which is used within the coal-

fired power plant.

Currently, about 48% of worldwide co-firing plants are equipped with PF
boilers, the rest includes 24% with BFB boilers, 19% with CFB boilers, and 9% with
grate-fired boilers [33]. These figures indicate among others the importance of

improving the grindability of biomass fuels for co-combustion.

II.4  Challenges and pretreatment needs

Combustion and co-combustion are the main technologies as they account for
more than 90% of the global bioenergy deployment [8]. However, utilization of
biomass for energy applications is still problematic due to inherent properties of
this feedstock. For example, drying and grinding prior to feeding into combustion
systems are energy intensive steps. Moreover, storage and transportation of
biomass material are also costly. The main challenges coupled with the drawbacks

of biomass are listed in Table II-3.

In order to overcome these challenges, biomass normally requires a pretreatment
step prior to the conversion process. Torrefaction, wet or dry, is a promising
method to convert a diverse range of biomass to energy-dense fuels, readily
suitable for subsequent thermochemical conversion processes. By means of
torrefaction, the following main improvements in the fuel properties of torrefied
biomass can be achieved: (1) increased heating value due to a reduction in the O/C
ratio; (2) intrinsic transformation from hygroscopic into hydrophobic nature; (3)
better grindability coupled with less energy requirement for size reduction of the

fuel. In the next section, an overview of torrefaction technologies is presented.
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Table II-3. Disadvantages of raw biomass materials utilized for thermochemical conversions.

Biomass drawbacks Main challenges

High moisture content Reduce the heating value
Require energy intensive drying step
Reduce the efficiency of the conversion processes
Increase storage and transportation costs
Increase risks of biological degradation

Increase corrosion because of condensation of water
in flue gas

Low bulk and energy density Increase storage and transportation costs

Require high feeding capacity

Poor grindability Increase grinding energy

Hygroscopic nature Up-take moisture during storage

Increase risks of biological degradation
High oxygen content Reduce the number of C-H bonds

Reduce the heating value and energy density

Reduce the thermal stability

High alkali metal content Cause ash-related problems

Heterogeneity Wide variation in properties
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II.5 Biomass pretreatment via torrefaction

IL5.1 Dry torrefaction and its challenges

Dry or conventional torrefaction is defined as thermal treatment of biomass in
an inert environment at atmospheric pressure and temperatures within the range of
200-300 °C [34-36]. Recently, the definition has been extended to include researches
on dry torrefaction (DT) in the presence of oxygen and carbon dioxide [37-40], and

under elevated pressures [41, 42].

During the last decade, research and development activities on DT for energy
applications including combustion, gasification, and pyrolysis have been very
active [11, 16, 34, 35, 43-51]. It has been reported that, during combustion, dry-
torrefied biomass behaves more coal-like with more stable burning characteristics,
compared with untreated biomass [11, 47]. The gasification efficiency and the
syngas quality are improved by DT [46, 48, 49]. Moreover, for fast-pyrolysis, DT
appears to decrease the yield of by-products and to improve the quality of bio-oil
[50, 51].

The DT technology has been developed rapidly and is ready for market
introduction and commercial operation [52]. However, it has been claimed that no
clear winner in this area can be identified so far [52]. This situation is due to both
technical and economical issues. DT requires an input feedstock with a moisture
content not higher than 5-10 wt% [53], i.e. an energy intensive pre-drying step is
needed to dry biomass prior to a DT process. Another problem associated with DT
is that the relative ash content in dry-torrefied biomass is higher than native
biomass, because of the volatiles mass loss during the torrefaction process. This can
potentially make ash-related problems become even worse for dry-torrefied
biomass compared with raw biomass. In addition, dry-torrefied biomass is very dry

and brittle, which makes this kind of material more difficult to pelletize than
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untreated biomass [54-56]. It has been reported that no pellet could be made from
spruce dry-torrefied at 300 °C [56]. Therefore, increased pelleting pressure and
temperature or binder addition are required for pelletization of dry-torrefied

biomass.

From an economic point of view, current DT technologies are using wood chips
from stem wood, a feedstock of relatively high quality and thus cost. Utilization of
inexpensive biomass resources such as agricultural residues, forest residues and
other biomass waste sources may help reducing the total cost of biomass
torrefaction at industrial scale. However, the DT process then will be more
complicated due to high moisture content of these feedstocks. Moreover, DT also
has other technical issues related to emissions from the process, product quality

control and flexibility, heat integration and feedstock properties variations [52, 57].

To overcome the above mentioned challenges, wet torrefaction can be a
promising alternative to DT. The WT process and its advantages over DT will be

discussed in next section.

I1.5.2 Wet torrefaction

Wet torrefaction (WT) may be defined as treatment of biomass in hydrothermal
media or hot compressed water at temperatures within 180-260 °C [18, 19, 58-60].

Compared to DT, WT offers several advantages:

e WT employs water in sub-critical conditions as reaction media, and the energy
intensive pre-drying for the feedstock is hence eliminated. Moreover, it is
capable to utilize wet biomass resources such as agricultural residues, forest
residues and other biomass wastes, which are available at a low cost. It should
be reminded that these high moisture feedstocks are problematic for DT.

e In order to produce an equal solid yield, WT needs significantly lower

temperature and shorter holding time than DT [18]. In addition, the fuel
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properties of the solid produced by WT are better than DT, e.g. increased
HHYV, better grindability, and improved hydrophobicity.

e WT is capable of dissolving and thus washing out part of the inorganic
components from solid biomass fuels, resulting in lower ash content in
hydrochar than that in raw biomass. This suggests an efficient route to
produce “cleaner” solid biomass fuels via WT, with regard to the inorganic
impurities.

e The compressibility of hydrochar and the mechanical strength of pellets
produced from hydrochar (from WT) are better than those produced from the
untreated biomass and from dry-torrefied biomass [61-63]. Moreover, wet-
torrefied biomass does not require water addition in order to improve the
pelletability and binding capacity as is the case for DT [64, 65].

o After WT, the wet hydrochar can be effectively made dry by mechanical
and/or natural dewatering, which is an attractive option capable of

dramatically reducing the energy requirement for the post-drying step.

In addition to the solid product, many valuable organic chemicals including
sugars, organic acids, furans, and furfurals [59, 66, 67] can be recovered from the

aqueous phase products of WT in order to improve the economy of the WT process.

There are a number of concepts in the literature, which may be found similar to
the WT concept. They include “hydrothermal carbonization” (HTC) [66-76],
“hydrothermal conversion” [76-80] or “hydrothermal treatment” [81-86]. Among
those, HTC has sometimes been used to refer to WT. However, it should be noted

that there are significant differences between WT and HTC.

WT aims at decomposing primarily the hemicellulose component of biomass,
even though small fractions of cellulose and lignin are also degraded, at
temperatures within 180-260 °C. This temperature range is employed for WT

because hemicellulose is degraded in sub-critical water conditions at temperatures
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below 250 °C [73]. The main product of WT is hydrochar, an upgraded solid biofuel

with higher carbon content than that of the untreated biomass.

On the other hand, HTC requires further degradations of the two other biomass
components (cellulose and lignin) to produce charcoal, which consists of mainly
carbon and remaining ash. Due to this requirement, HTC is carried out at higher
temperatures above 300 °C [87]. This is because the main hydrothermal
decomposition of cellulose and lignin occurs at significantly higher temperatures,
above 300 °C [73, 88-90]. However, HTC can also be carried out at temperatures
below 300 °C, but with catalyst addition [91]. The temperature ranges of the two

processes in a temperature-pressure phase diagram are demonstrated in Figure II-4.
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Figure 11-4. Wet torrefaction and hydrothermal carbonization regions in a temperature-

pressure phase diagram of water.

More importantly, while hydrochar produced via WT is used only for energy
applications (combustion, gasification, and pyrolysis), hydrothermal charcoal

produced via HTC can be used not only as fuel but also as soil enhancer, fertilizer,
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activated carbon, and even carbon material for synthesizing carbon nanotubes [87,
92, 93]. Due to these differences, it is obvious that the energy efficiency of the
process and the fuel properties of solid products are more critical for WT than for
HTC, whereas physical and chemical properties of hydrothermal charcoal may be
of greater importance when other utilizations than as fuel are considered. The main

differences between WT and HTC are summarized in Table I1-4.

Table II-4. Main differences between WT and HTC.

Wet torrefaction Hydrot.herl.nal
carbonization
Working temperature 180 - 260 °C >300 °C
Solid yield > 60% 35 -60%
Main product  Upgraded solid fuel Charcoal, activated
carbon
Applications Heat and power Heat and power,
generation absorbent, soil enhancer,

fertilizer, etc

IL5.3 Chemical and physical properties of water in subcritical

condition

Hot compressed water (HCW) is defined as sub- and super-critical water above
200 °C and at sufficient high pressure [94]. At high temperature and pressure
conditions, the properties of liquid water dramatically change [95-97], especially
when approaching the critical point (T = 374 °C, p = 220.6 bar, p = 320 kg/m?). Some
physio-chemical properties of water at 30 MPa as a function of temperature are
demonstrated in Figure II-5. In this section, an overview of the properties of sub-
critical water, which is the media for most hydrothermal conversions of biomass, is

presented.
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Figure II-5. Changes in physico-chemical properties of water at 30 MPa as a function of

temperature (adopted from [97]).

I1.5.3.1 Dielectric constant

The dielectric constant (¢) of a solvent is a measure of its polarity, i.e. higher
means more polarity. Water is one of the most polar solvents, of which its dielectric
constant is about 80 at 20 °C. However, as shown in Figure II-5, the ¢ value
decreases to lower values when temperature increases. In the WT region, the
dielectric constant of water is only 25-35, which is similar to common organic
solvents at standard condition such as acetonitrile (e=37.5), dimethylformamide
(e=36.7), or acetone (e=20.7); thus, HCW behaves like an organic solvent which is
suitable for many chemical reactions. In addition, as a protonic solvent, HCW can

donate protons and becomes a natural acid catalyst.

11.5.3.2 Ion products

A unique property of HCW is that it may behave like a non-polar solvent, but
the single molecules are still polar, hence it possesses very unusual properties for

new reactions [98]. As can be seen in Figure II-4, the ion products of water (Kw)
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increase from 10 at 25 °C to about 10! in the range between 200-275 °C. These
ions may act as acid or base catalysts and thus HCW can play the role of a proton
donator or acceptor. Therefore, no addition of catalyst is required in WT since it is

carried out in HCW.

I1.5.3.3 Transport property

Both density and viscosity of HCW are decreased to lower values, which
increase its diffusion rate, compared with “normal” water [95]. A high diffusion
rate helps avoid mass transfer limitations. The transport properties of HCW (high
diffusion rate, low viscosity) can enhance the rate of chemical reactions, making

HCW an excellent reaction media [98].

IL.5.4 Degradation of biomass in subcritical water conditions

In hydrothermal media, hydrolysis is the key mechanism for the decomposition
of the three main components of plant biomass. For WT, which normally employs
pure water, hydrothermal hydrolysis (hydrothermolysis) is the main route.
However, as HCW can donate protons and become an acid catalyst, acid hydrolysis

may also take part in the decomposition of biomass constituents.

Similar to DT, WT aims at decomposing hemicellulose from biomass in order to
destroy its fibrous structure. In fact, hemicellulose is poorly resistant to hydrolysis
and is easily dissolved in water from approximately 180 °C. Many researchers [19,
99] have successfully extracted hemicellulose into an eluted solution under
hydrothermal condition. However, hemicellulose is a heterogeneous branched
polysaccharide. Therefore, the hydrolysis reactions of hemicellulose to form
monosaccharides and other substances are complex, and what kinds of organic
compounds that are present in the hydrolysis product are not clearly enumerated.
According to Huber et al. [100], the main content of degraded hemicellulose

products in hydrolysis is subject to xylose, a depolymerization product of its xylan
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backbone. The others are glucose, arabinose, fucose, galactose, glucuronic acid and
galacturonic acid [98]. A simple pathway for hydrothermolysis of hemicellulose can

be shown as follows [100]:
Hemicellulose — Xylose — Degradation products (II-2)

In hydrothermal condition, cellulose is more stable than hemicellulose and start
decomposing at temperatures higher than 200 °C. The main degraded product from
cellulose hydrolysis is glucose, which results from the breakage of glycosidic bonds
in the cellulose macromolecule. Most cellulose hydrolysis mechanisms are based on

that developed by Saeman [101]:
Cellulose = Glucose — Degradation products (II-3)

As can be seen from Figure II-6, showing the hydrothermal degradation of
cotton cellulose at different temperatures and times, cellulose degrades rapidly at
temperatures higher than 250 °C, which is undesired for WT purpose. Therefore,
the maximum WT temperature in this study was chosen as 225 °C. In addition,
some studies have found that the crystallinity of cellulose increased after
hydrothermal treatment [102-104], which may be subject to the repolymerization of

degraded products.

%0 CELLULOSE

100
-9 215°
230°

Figure II-6. Hydrothermal degradation of cotton cellulose as a function of reaction time and

temperature (adopted from [105]).
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The main part of lignin is thermally stable and requires relatively high
temperature as well as enough time for complete degradation. Dinjus et al. [106]
reported that the temperature range of 180 to 250 °C is too low for a strong
chemical modification of lignin, and only a small fraction of lignin is degraded at
such temperatures. Li et al. [107] also agreed that only a limited amount of lignin is
removed as a result of simultaneous depolymerization and repolymerization
reaction during the treatment at 185-220 °C. However, the repolymerized lignin

can precititate and bind the cellulose irreversibly.
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Chapter III

METHODOLOGY

III.1 Hydrochar production

I11.1.1 Materials

Stem woods from Norway spruce (softwood) and birch (hardwood) were used
as feedstock in the three first papers in this thesis. The wood samples were obtained
from a local supplier in Trondheim, Norway in form of 1 cm and 3 cm cubes. The
wood cubes were used for WT as received, with only an additional drying step (at

103 + 2 °C for 48 h).

In the other papers, Norway spruce and birch branches were selected to
represent forest residues. Fresh branches of 2-2.5 cm in diameter were collected
from a local forest in Trondheim, Norway. The bark was then removed from the
core wood of the branches in order to avoid possible interferences caused by
impurities, contaminants and composition differences. The bark-free branches were
then cut into 34 mm thick slices and washed with water. The cleaned slices were
then stored in a climate cabinet (series VC? 0100 of Votsch Industrietechnik) to
maintain the moisture content of the branches. The samples prepared this way are

referred to as “wet” sample or feedstock hereafter in this paper. Parts of the
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samples were dried at 103 + 2 °C in an oven for 48 h to obtain “dry” or “oven-

dried” feedstock.

II1.1.2 Experimental setup

WT experiments were carried out in a 250 ml Parr reactor model 4651 (Figure
I1I-1), which is made of stainless steel (T316SS) and equipped with a bench-top
ceramic heater (4923EE), a temperature controller (4838EE), a pressure gauge, and
two valves as shown in Figure III-2. A thermocouple for monitoring the reaction
temperature (temperature of water in the reactor) is connected to the controller by
which the electrical duty of the heater is controlled. The thermocouple is
introduced into the reactor via a thermo-well, which is cast in the reactor head. In
addition, a self-made detachable perforated glass plate is mounted to the thermo-
well in order to keep the wood cubes and dried branches entirely submerged in the
water as shown in the Figure III-2. However, the glass plate is not needed in WT of
wet branches. The reactor is connected to a gas (nitrogen or carbon dioxide)

cylinder via Valve 1.

Distilled water was used as the reaction media. The ratio of dry feedstock over
water was 1:5 by weight. In addition, for studying the effect of pressure, a ratio of
1:10 was employed with the feedstock prepared in powder form of 0.5-1 mm to
minimize heat and mass transfer limitations during the torrefaction process. All the
experiments were duplicated, from which data were collected and processed to

generate average values for relevant assessments.
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Figure I1I-1. The Parr 4651 reactor (adopted from parrinst.com).

II1.1.3 Wet torrefaction procedure

Before every torrefaction run, the furnace (the heater) without the reactor was
heated for 30 min to a preset temperature. At the same time, the reactor was loaded,
closed, sealed, and purged with compressed nitrogen gas for 10 min. Then the
reactor was pressurized and placed in the preheated furnace which was set to the
maximum power, giving a heating rate of approximately 12 °C/min. The holding
time was counted from the time at which the reactor temperature reached the
preset temperature to the end point when the reactor was taken out from the
furnace and submerged in an ice bath for cooling. When the reactor cooled to room
temperature, the pressure was gradually released and the reactor was opened for

products collection.
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Figure III-2. Schematic diagram of the WT reactor and the experimental setup.

III.1.4 Products separation

Due to practical difficulty in handling the gases, only products in the solid and
liquid phases were collected in this study. They were separated from each other by
filtration using a filter paper with a pore size of 5-12 um. After separation, the
collected solid (hydrochar) was dried at 103 + 2 °C for 48 h and then balanced.
Readings from the balance were tabulated as the mass of solid product from the
WT. The dried solid was then stored in a desiccator filled with silica gel for further

studies.
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III.2 Hydrochar characterization

II1.2.1 Proximate and ultimate analyses

Proximate analyses of all the feedstock were performed according to the ASTM
standards: E781, E872 and D1102 for moisture content, volatile matter and ash
content, respectively. Ultimate analyses of the fuels on dry basis were determined

by an “EA 1108 CHNS-O” elemental analyzer (Carlo Erba Instruments).

II1.2.2 Higher heating value calculation

The higher heating value of raw biomass and hydrochar were calculated
according to a correlation proposed by Channiwala and Parikh [108], shown in Eq.

(III-1)
HHV (M]/kg) = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.0151N (II-1)

where C, H, O, N, and S represent the mass fractions (wt%) of carbon, hydrogen,
oxygen, nitrogen, and sulfur in the biomass fuel, respectively. The elemental

composition was obtained from an ultimate analysis.

II1.2.3 Specific grinding energy

For this assessment, an IKA MF 10 cutting mill (IKA®-Werke GmbH & Co. KG)
equipped with a 1 mm bottom sieve was used. An analog current input module NI
9203 (from National Instruments Corporation) was employed to record the
electrical current during grinding. A LabView program was used for the data
acquisition and the calculation of the energy consumption which was logged to a
file every 2 seconds. The power of the mill under no-load conditions was measured
and subtracted from the power of grinding the biomass samples. The grinding

energy was determined by integrating the power curve during the grinding period.
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Finally, the data was normalized to the initial sample weight, expressed in

kWh/ton.

III.2.4 Moisture up-take test

The ground biomass sample obtained from the SGE assessment was used in this
test. It is screened through a sieve (Fritsch Analysette 3 Pro) to obtain the sample
particles smaller than 250 pm. The powder is then dried at 103 + 2 °C for 24 h to
remove any water up-taken during grinding. Next, an amount of approximately 2
grams of dried powder is spread on a glass Petri dish, which is then placed in a
climate chamber (series VC? 0100 of Vo6tsch Industrietechnik) operated under the
controlled conditions of 20 °C and 90% relative humidity. The mass changes by
time due the moisture up-take of the tested material are recorded every 24 h for the
total test period of one week. The moisture content of the tested material is then

calculated according to Eq. (III-2):

m; —m,
MC; (%) = ‘m—" x100%, i=1,..,7 (I11-2)
0

where MC; is the moisture content of the tested material on the i* day; my and m; is

the mass of the sample before the test and measured on the i* day, respectively.

II1.2.5 Morphology and structure study

The morphology and structure of raw and wet-torrefied biomass were studied
by means of a table top SEM Hitachi TM 3000. The tested sample was attached on a
holder and loaded into a vacuum chamber for the morphology observation, in

which an accelerating voltage of 15 kV was applied.
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I11.2.6 Pelletability

I11.2.6.1 Pelletization

The pelletization was carried out using a single pellet press [54], presented in
Figure III-3, which allows precise control and adjustment of compressing pressure
and pelleting temperature. The unit consists of a steel cylinder (8 mm inner
diameter) and a tungsten carbide pressing rod. The press is heated by a jacket
heater (450 W) of which the temperature was controlled by a PID. The compressing

force is applied to the rod using an Instron 100 kN texture analyzer.
b) c)
Section A-A

Compressing
channel

Figure III-3. Single pellet press unit: a) picture of the equipment. Drawing of the single

pellet unit: (b) top view, (c) section view A-A.

The steel cylinder was first heated to a preset temperature. After a steady
temperature was reached, the channel was filled with biomass material and the
pressing rod was placed into the die. In order to obtain pellets with nearly equal
length at different pressures, the amount of material was varied. The length of the
pellets was set to be no longer than 16 mm to avoid differences in the density
between the bottom and top part of the pellet (density gradient). After tempering
for 3 minutes, the biomass material was compressed at a rate of 2 mm/min until the
preset pressure was reached. Afterwards, the pressure was released, the bottom rod

removed and the pellet was pressed out from the channel. The discharging speed of
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the rod was set to 15 mm/min. The total retention time of the material in the
channel was 8-10 min. The obtained pellets were stored in sealed plastic bags at

room temperature and humidity (= 25 °C; = 30%) until further testing.

I11.2.6.2 Pellet density

The pellet density was calculated by dividing the weight by the volume of the
pellets. The length and diameter of the pellets were measured by means of a digital

caliper.

I11.2.6.3 Compressing test

The compressing tests were carried out at 48 h after the pellets were produced. A
60 mm diameter probe connected to a Lloyd LR 5K texture analyzer (Lloyd
Instruments, England) was employed for this test. The compression speed was set
to 1 mm/min, and the maximum normal force at breakage was recorded
automatically. The pellet strength was expressed as the maximum force per length

of the pellet (N/mm).

I11.2.7 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique in which the mass of a
substance is monitored as a function of temperature or time when the sample
specimen is subjected to a controlled temperature program and in a controlled
atmosphere [109]. TGA is commonly used to determine the mass loss characteristics
of biomass for studying its thermal behavior in many processes (pyrolysis,
gasification, combustion) and in a wide range of temperature, heating rates, and
even at pressurized conditions. The most important application of TGA is to study
the degradation mechanisms and reaction kinetics of biomass materials in these
thermochemical conversion processes. In addition, TGA is also useful for
estimation of the proximate and chemical (through kinetic modelling) compositions

in biomass fuel.
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The output data from TGA are normally used to construct a thermogravimetric
(TG) curve, from which the mass losses versus temperature or time can be
observed. In order to know the conversion rate of biomass during the thermal
process, TG data are differentiated to obtain the differential thermogravimetric

(DTG) data.

III.3 Kinetic study for thermal conversions of solid

biomass fuels

It is important to understand the thermal behavior and kinetics of biomass
during thermal conversion processes for technical design, modification or
optimization of thermal conversion units (pyrolyzers, gasifiers, boilers and
combustors). Because of this, the pyrolysis and combustion kinetic studies for solid
biomass fuels have been extensively studied for many decades [25, 110-113]. A
difficulty in kinetic analysis for combustion at full industrial scales is that it is not
easy to separate the effects of chemistry and transport phenomena. However, by
using a sufficiently small sample mass in fine powder form and employing a low
heating rate, a regime controlled by chemical kinetics is established and thus heat
and mass transport limitations can be neglected [25]. In order to meet these
requirements, thermogravimetric analysis (TGA) is normally employed and it has
been recognized as a proven technique for studying the thermochemical
conversions of biomass in the kinetic regime [25, 110-117]. In the next sections,
different reaction mechanisms for kinetic study on pyrolysis and combustion by

means of TGA technique will be presented.
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I11.3.1 Kinetic models

I11.3.1.1 Pyrolysis

Besides being a method for production of biochar and bio-oil, pyrolysis or
devolatilization is also known as the first step in a gasification or combustion
process. Understanding pyrolysis kinetics is therefore important. The process
consists of a large number of reactions and produces a huge number of chemical
compounds. However, for engineering applications, the pyrolysis products are
often simplified into only char and volatiles [25]. The volatiles include permanent
gases and condensable vapors, which results in a black viscous liquid (bio-oil/tar)
after cooling. A single reaction or one-step model is based on the simple idea of the
formation of char and volatiles from initial solid biomass fuel. In a more detailed
kinetic model, the decomposition of biomass fuel includes both primary and
secondary reactions. The latter model is known as two-step or consecutive-reaction

model.

As mentioned above in section II.1.1, biomass fuel is composed of hemicellulose,
cellulose and lignin. The thermal behaviors of these components are different [22].
During pyrolysis, hemicellulose degrades first in the temperature range of 200-300
°C and its degradation is associated with a so-called shoulder found on the left side
of the pyrolysis peak in a DTG curve. The decomposition of cellulose occurs at 325-
375 °C and couples with the main pyrolysis peak while lignin degradation occurs in
a very broad temperature range from 250-500 °C [22, 118]. A model with three
parallel reactions is thus proposed to look at the pyrolysis behavior of each biomass
component independently. Nevertheless, it is not easy to separate the reaction of
each component because the degradation of one may overshadow the others [118].
Therefore, the term “pseudo-component” is normally used to refer to the lumped
biomass components and to describe possible overlapped reactions. Detailed

reaction mechanisms for common models are presented hereafter.
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111.3.1.1.1 Single reaction model
Single reaction model, also known as one-step model, is the simplest model in
pyrolysis modelling. In this model, solid fuel (S) is decomposed with a reaction rate

k to produce char (C) and volatiles (V):

k
S——>C+V (II1-3)

The advantage of this model is of course its simplicity. However, because of
using only one reaction to describe biomass pyrolysis, the fit quality of the model is
poor. Especially, for solid fuel having high hemicellulose content (e.g. hardwood),
the fit quality can be dramatically reduced due to the appearance of the mentioned
shoulder in the DTG curve. In order to improve the fit quality of the single reaction

model, either a two-step or a three-pseudo-component model can be used instead.

111.3.1.1.2 Two-step model

A two-step model or consecutive-reaction model assumes that solid fuel § is first
converted to an intermediate solid S* and volatiles V; in a primary reaction. The
intermediate solid reacts afterwards to form the final char ¢ and the additional
volatiles V, in secondary step. The rate constants of the primary and secondary

reactions are k; and k,, respectively.

s sy, (IT1-4)
k
s 2, oy, (II1-5)

This model was first applied for studying the pyrolysis of cellulose [119] and
then extended to biomass materials [112, 120]. Recently, the model has also been

employed for kinetic modelling of dry torrefaction [121-124].

111.3.1.1.3 Three-pseudo-component model
Solid biomass fuel consists of three main components with different thermal

behaviors, as mentioned above. Therefore, it is difficult to use one reaction to
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represent all the components during the pyrolysis process. A three-pseudo-
component model can overcome this limitation. The model has three parallel

reactions, as shown below:

S — s ¢+, (I1I-6)
k

52 —2) Cz + V2 (111_7)

53 L C3 + V3 (111_8)

where S; (i =1, 2, 3) is a single pseudo-component, C; and V; is the char and volatiles
produced from the respective pseudo-component during pyrolysis, and k; is the

reaction rate of each pseudo-component.

This three-pseudo-component model can represent the parallel reactions of the
three main components of biomass, thus the fit quality increases significantly [125].
In addition, this model can describe well the possible overlapped reactions of the
lumped components in biomass [114, 126, 127]. Moreover, some researchers have
modified this model by including additional steps in order to further improve the
fit quality. Then, the modified model may contain up to five or six parallel reactions
[128, 129]. However, the model with three pseudo-components is the most

commonly used.

I11.3.1.2 Combustion

Combustion of solid biomass fuel generally consists of two main steps:
devolatilization (or pyrolysis) and char combustion (or char burn-off). The reaction
mechanisms for combustion are based on those for pyrolysis because the thermal
decompositions of biomass in oxidative and inert environments are qualitatively
similar [126, 130, 131]. In the first step, all pyrolysis kinetic models introduced in
the previous section can be adopted. Then, it normally needs to include an

additional reaction for char (C) combustion, releasing combustion product (V,):
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c Xy, (I11-9)

II1.3.2 Mathematical modelling

Besides choosing a reaction mechanism or a physical model, the mathematical
processing of the experimental data to formulate the selected reaction mechanisms

and to estimate the kinetic parameters is also an important part in the kinetic study.

In most kinetic formulations of biomass decomposition, the conversion rate (Z—f)
of a reaction virtually obeys the fundamental Arrhenius expression:

da -E,

— = ) = —2). 1I-10
It k(T).f(a) =Aexp ( 7T ) f(a) ( )
where a is the degree of conversion, t is the conversion time, A is the pre-
exponential factor, E, is the activation energy of the reaction, R is the universal gas

constant, T is the absolute temperature. The conversion degree () is defined as the

mass fraction of decomposed solid or released volatiles:

g=om_v (I1-11)
my — mf Uf

where m, and my are the initial and final masses of solid, m is the mass of solid at
any time; vy is the total mass of released volatiles and v is the mass of released
volatiles at any time. The function f(a) in Eq. (III-10) depends on the reaction

mechanism.

Many mathematical treatments for Eq. (III-10) can be applied including
differentiation, integration, and linear transformation which are presented in this
section. Moreover, it is worth noting that a complex mathematical model may offer
excellent fit between calculated and experimental data, but also requires more
powerful computer recourses. In actual engineering contexts and for kinetic study,
a simpler model with a reasonably good fit is more favorable than a complex one

which gives only a slightly better fit [132, 133].
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111.3.2.1 Model-free method

Model-free method is employed to determine approximately the activation
energy and pre-exponential factor from TG data at any conversion rate without
knowledge about the reaction mechanism, via a linear transformation of Eq. (III-10).
Several approximate methods with different mathematical approaches can be
found in the literature [111] including Ozawa, Flynn—-Wall-Ozawa, Kissinger,
Kissinger—Akahira-Sunose, Coats—Redfern, Vyazovkin, etc. Among those, the
Flynn-Wall-Ozawa (FWO) method is commonly used. A demonstration of this

method is shown below.

For non-isothermal experiments with a linear heating rate § = % Eq. (III-10) can

be re-written to:

Z—; _ (g) exp (%“) F@ (IT1-12)

Integrating both sides of the Eq. (I1I-12) leads to the following equation:

T
gla) = (g) f exp (_Rl;a) dT = (;ia>p(u) (1I1-13)

To

where p(u) = f:: - (eu;zu) duand u = 5—;

The FWO method assumes that 4, f(a) and E, are independent of T; and 4, E,
are independent of a. With these assumptions, Eq. (III-13) can be integrated to give

a logarithmic form:

g(a) = log (%) —logpB + log [p (E—;)] (111-14)

The temperature integral p(u) is simplified using Doyle’s approximation [134].

Then, Eq. (I1I-14) is re-written as:

E,
) —2.3125 — 04567 (—) (II1-15)

AE
logp = log( RT

Rg(a)
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At a constant conversion rate (), the plot of logB versus T~* should be a straight
line, whose slope can be used for calculation of the activation energy (Ej).

Furthermore, the pre-exponential factor (A) can be determined via the ordinate.

The advantages of the model-free methods include: (1) kinetic data can be
estimated without any selection of a reaction mechanism; (2) very simple
mathematical treatments are applied to process the experimental data. However,
the applicability of these models is limited to only a single process [135]. More
seriously, some problems with data manipulation may occur during the use of
logarithmic transformation [135]. Lastly, the model itself cannot reproduce a
simulated curve, and if coupled with a single reaction mechanism, the obtained fit

quality is poor.

111.3.2.2 Global kinetic model

A global kinetic model (GKM) can easily overcome the limitation of the model-
free method by producing a calculated curve that can be used to compare with the
experimental curve to evaluate the fit quality. In this model, Eq. (III-10) is re-written

as Eq. (I1I-16), in which n represents the reaction order.

= new (7)o (I11-16)

It generally assumes that the reactions in the pyrolysis stage are first order,
although n't reaction order can also be used [129, 136]. On the other hand, a power
law (n'h order) expression is applied for the char combustion, for which the rate law
is generally related to the partial pressure of oxygen through an empirical exponent
and the char porosity. Due to a relatively small amount of sample tested in an air
flow in a TGA, it is reasonable to assume that the oxygen mass fraction remains

constant during the reaction process.

Generally, the GKM consists of three 1¢ order reactions when it is applied for

pyrolysis modelling. On the order hand, for combustion kinetic study, GKM
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requires three 1% order reactions for the devolatilization of the three biomass
components and one n order reaction for the char combustion. In addition, many
variations of GKM can be found in the literature. For a simpler calculation, the
number of reactions can be reduced. In order to improve the fit quality, either the
number of pseudo-components can be increased or pyrolysis reactions are forced to

be n order.

The disadvantages of this model include [135]: (1) more kinetic constants
(compared to model-free method) are generated and must be optimized to obtain
the best fit; and (2) more than one differential equation must be integrated at the
same time. Nevertheless, with the fast development of processor technology

nowadays, a standard commercial computer can solve those algorithms smoothly.

I11.3.2.3 Distributed activation energy model

The above models assume that the activation energy is constant during the
reaction to simplify the simulation process. However, a pseudo-component may
involve a large number of different reacting species and the reactivity differences
are described by different activation energy values [137]. These differences can be
taken into account by employing the distributed activation energy model (DAEM)
for modelling the thermal decomposition of each pseudo-component. The DAEM
was first proposed by Pitt [138] to study the kinetics of volatiles released during
coal devolatilization. In the DAEM, a complex reaction can be described by a series
of first-order reaction. The parallel first order reactions have different activation
energy values but the same pre-exponential factor. The n" order DAEM was later
developed by Braun et al. [139]. The DAEM was first applied for biomass lignin by
Avni et al. [140]. Recently, this model was employed for kinetic study of various
biomass materials [116, 137, 141, 142]. A general equation for the DAEM is shown

below:
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1-—= f exp| —4 f eRT'dt | f(E)dE (I1-17)
0
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where v and vy are the volatile released at any time and in total, f(E) is the
distribution function of the activation energy. Several types of mathematical
distribution functions can be used for f(E), which include Gaussian, Weibull, and
Gamma distribution [143]. Among these, Gaussian distribution is favorable for
modelling the pyrolysis and combustion of various biomass materials [116, 137,
142]. Eq. (III-18) shows a common Gaussian function with a mean activation value

(Ep) and a standard deviation (o):

fE) = exp (— M) (TI1-18)

1
a\2m 202

The DEAM offers an excellent fit between calculated and experimental data.
However, it requires testing the fuels with TGA at different heating programs,
which include linear, stepwise, modulated and constant reaction rate profiles. In
addition, a difficulty in applying the DAEM to study the thermal degradation of
biomass is that the model has a double-layer integral and a variable (E) that goes
from zero to infinite, and cannot be calculated directly. Therefore, the data
processing requires a strong programming capacity and powerful computer
recourses. It is reported that data processing for DAEM may take up to 10 h on a
desktop computer equipped with a 3.4 GHz Intel Core i7 processor under Windows
environment [137]. Such long processing time may limit the use of DAEM in

practical situations.

I11.3.3 Thermogravimetric data collection

The solid biomass fuels were first ground using an IKA MF 10 cutting mill. Then
the particles passing through a 125 pum sieve (Fritsch Analysette 3 Pro) were

collected for the kinetic study to ensure the experiments to be in the chemical
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reaction kinetic regime [144, 145]. A Mettler Toledo TGA/SDTA851e was employed
for the thermogravimetric study. For each TGA run, a sample amount of about 0.5
mg (for combustion study in synthetic air consisting of 21 vol% oxygen and 79 vol%
nitrogen) or 2 mg (for pyrolysis study in nitrogen) was spread in a 150 ul alumina
pan located inside the TGA. It is worth noting that the buoyancy effect plays a
significant role for such a small sample weight. Therefore, it is mandatory to run a
blank TG curve first. The weight change of the blank experiment was subtracted
from the experimental curves automatically. The experiment started from room
temperature, the fuel sample was heated to 105 °C and held at this temperature for
1 h for drying. Thereafter, the sample was heated to 700 °C at a constant heating
rate of 10 °C/min. A gas flow rate of 80 ml/min was applied for all experiments.
Moreover, three repetitions were run for each fuel sample, and the average kinetic

values are reported.

II1.3.4 Data processing

II1.3.4.1 Model selection

As mentioned above, biomass is a complex material and the biomass conversion
processes (pyrolysis, combustion) consist of a huge number of reactions and
products. Kinetic modelling of those processes requires several assumptions and
simplifications at different levels. Some reviews on biomass pyrolysis and
combustion kinetics have indicated that, while some researchers tried extreme
simplifications, others used elaborate mechanisms to explain very detailed [25, 110,
111]. However, in kinetic modelling and simulation, it is essential to select a kinetic
model which reasonably represents the physical phenomenon under the
investigated condition without too many mathematical complexities if possible
[133]. It is of little use to develop a model which very closely mirrors reality but is
so complicated that we cannot use it in practical applications. This argument is

supported by a recent study [125], which has evaluated various pyrolysis kinetic
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models for stump biomass fuel including the model-free method, one-step model,
GKM and DAEM. It has been concluded that, among three-pseudo-component
models, DAEM offers the best fit quality but GKM is the optimal choice when
considering both fit quality and complexity. Based on the results and
recommendations from previous works, GKM with three and four pseudo-
components were selected for pyrolysis and combustion modelling, respectively, in
the kinetic study. It is because, among others, GKM offers reasonable fit quality,

and requires less computer resources than DAEM.

I11.3.4.2 Kinetic evaluation

Data collected from the TG experiments show the relationship between mass loss
and temperature. They were first differentiated to obtain the DTG data, and
presented in the form of conversion rate (‘Z—‘:) versus temperature T. A mathematical

model corresponding to the selected physical model was then employed for
simulation and comparison with the experimental DTG data. The optimization of
the predicted DTG curves was based on the non-linear least squares method
(NLSM), which minimize the sum of the square differences between the
experimental and calculated data. A protocol by Kemmer and Keller [146] and

MATLAB codes were used for the curve fitting process.

The most important equation in NLSM is the objective function (OF), which
shows the difference between the actual value and the value predicted by the

model.

N 2
da]- d(X]
or=> a) (& (-19)
j=1 exp cal

da; . :
nd (ﬁ) 1 represent the experimental and calculated conversion
ca

da;
where (—])
dt dt

exp

rates, respectively; and N is the number of experimental points.
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The function needs to be minimized in order to obtain the best fit. To validate the
optimization or the curve fitting process, the fit quality between actual and

modelled data is calculated according to Eq. (I1I-20) [130, 131]:

OF

Fit %) =|1-—IN | 100% (I11-20)

(@)

The actual simulation was run until the maximum fit value was found, at which

max

the convergence criteria of the optimization process are achieved. The extracted
kinetic parameters are: the activation energies (E;), the pre-exponential factors (4;),
the mass fractions (c;), and the reaction orders (n;) for each pseudo-component. In a
combustion study, there are 12 kinetic parameters for the 1% order model and 16
parameters for the n™ order model. In a pyrolysis study, there are only 9 kinetic

parameters for the 1% order model and 12 parameters for the n'" order model.
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Chapter IV

CONCLUDING SUMMARY

IV.1 Concluding summary

IV.1.1 PaperI - Wet torrefaction of stem woods

In this work, WT of Norway spruce and birch wood was studied and compared
with DT. Effects of process parameters (temperature 175-225 °C, holding time: 10-
90 min; pressure: 15-250 bar; and feedstock particle size: 1-3 cm) on the yield and

fuel properties of solid products were investigated.

Effect trends similar to that of DT have been observed. The yield of solid product
is reduced with decreasing feedstock particle size. Both reaction temperature and
holding time have significant effects on solid product yield, energy yield, and fuel
properties of wet torrefied biomass. When torrefaction temperature or holding time
is increased, the product and energy yields of the torrefied solid fuels decrease but
the improvements in fuel properties of the solid products increase, which include
increased fixed carbon contents, greater heating values, better hydrophobicity and
improved grindability. In addition, the consistent lower ash contents of the fuels
after WT suggest that WT can be employed to reduce the ash content of biomass

fuels.
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On the other hand, it appears that birch wood is more reactive and produces less
solid product than spruce wood, in the same WT conditions. Heating values of
birch wood increase faster than spruce wood when the severity of WT is increased.
The investigation of pressure effects suggests that WT should be carried out at
pressures higher than the saturated vapor pressure of water at a given temperature.
It is because the rate of WT is enhanced by pressure. In addition, this pressure
control can avoid the energy penalty due to water vaporization. However,

pressures that are too high are not recommended.

A comparison between WT and DT supported by regression analyses and
numerical predictions has shown that WT can produce solid fuels with a greater
HHYV, higher energy yield, and better hydrophobicity at much lower temperature
and holding reaction time. The morphology study of the fuels produced by both
torrefaction methods were investigated and the wet-torrefied fuel exhibits less

pronounced changes in their structure compared with the dry-torrefied fuel.

IV.1.2 PaperII - Combustion reactivity of hydrochar

The objective of this work was to evaluate the combustion reactivity of
hydrochar produced from wood via WT, by looking at the effects of WT on the
combustion kinetics of woods. The woods, Norway spruce and birch, and
hydrochar products from Paper I were studied by means of a TGA operated in the
non-isothermal mode. Four-pseudo-component models with first or n™ reaction
order were adopted for the kinetic analysis. The models include three pseudo-
components for the three main biomass components (hemicellulose, cellulose and
lignin) and one pseudo-component for char produced during the devolatilization

stage. The following conclusions were drawn from this study:

e WT pressure has insignificant effects on the combustion reactivity of the

woods.
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e WT temperature and holding time have similar effects on the combustion
reactivity of the woods. Increasing either temperature or holding time
makes the woods more reactive in the devolatilization stage, but less
reactive in the char combustion stage. However, too severe WT conditions
(from 225°C and 30 min) make the trends reversed due to the
decomposition of cellulose in the devolatilization stage and the
competition between catalyzing and inhibiting effects of char ash on the

char combustion stage.

In addition, the kinetic analysis using the four-pseudo-component model with
n # 1 shows that the activation energy of hemicellulose and char is reduced, but that
of cellulose is increased by WT. The activation energy of hemicellulose was reduced
from 103.8 to 44.8 kJ/mol for the spruce wood, and from 144.7 to 41.3 kJ/mol for the
birch wood. That of char was reduced from 183.1 to 109.4 k]J/mol for the spruce and
from 222.0 to 132.3 kJ/mol for the birch. The activation energy of the cellulose was
increased from 221.5 to 239.0 k]/mol for the spruce, and from 204.7 to 236.7 kJ/mol
for the birch. The mass fraction of hemicellulose was reduced by WT (from 0.15 to
0.05 for the spruce and from 0.23 to 0.06 for the birch), while that for char was

increased gradually (from 0.20 to 0.40 for spruce and from 0.14 to 0.34 for birch).

IV.1.3 Paper III - Pyrolysis reactivity of hydrochar

Similar to the work presented in Paper II, this work was carried out in order to
evaluate the pyrolysis reactivity of hydrochar produced from wood via WT, by
looking at the effects of WT on the pyrolysis kinetics of woods. The woods, Norway
spruce and birch, and hydrochar products from Paper I were studied by means of a
TGA operated in the non-isothermal mode. The three-pseudo-component model
with n'" order was adopted for the kinetic analysis. In addition, a kinetic evaluation

for different model variants by assuming common parameters was also performed
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to identify possibilities for describing the thermal decomposition of different

biomass materials by a common model.

The study shows that wet torrefaction resulted in higher pyrolysis peaks for the
woods, but less mass of volatiles was released during pyrolysis. The effects of wet
torrefaction on pyrolysis of the lignocellulosic components are different. The
activation energy of hemicellulose was significantly reduced, from 95.67 kJ/mol to
26.63 kJ/mol and 106.80 kJ/mol to 34.18 kJ/mol for the spruce and birch,
respectively, after torrefaction in the conditions of 225 °C and 30 min. However,
that for cellulose was slightly increased from 188.27 kJ/mol to 193.17 kJ/mol and
189.47 kJ/mol to 194.54 kJ/mol for the spruce and birch, respectively. The average
activation energy of lignin was also affected by wet torrefaction, being increased
from 40.22 kJ/mol to 48.09 kJ/mol for the spruce and from 38.95 to 40.69 kJ/mol for
the birch.

In addition, a kinetic evaluation with assumption of common parameters was
performed. The results confirm that some kinetic parameters can be assumed to be
common for pyrolysis kinetic modelling of different biomasses without substantial
reductions in the fit quality. Wet torrefaction has positive effects on the possibilities

for biomass pyrolysis kinetic modeling with assumption of common parameters.

IV.1.4 PaperIV - Wet torrefaction of forest residues

In this work, WT of Norwegian forest residues, Norway spruce and birch
branches, were experimentally studied and compared with the results on WT of
stem woods from the Paper I. The effects of torrefaction temperature (175, 200, 225
°C) and holding time (10, 30, 60 min) on the yield and fuel properties of the
hydrochar products were investigated. Increasing either torrefaction temperature
or holding time decreases the solid yield but enhances the fuel properties of the

hydrochar. Increases in heating value up to 13.5% and reductions of specific
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grinding energy up to 16.0 times for the branches by WT are observed. The ash
contents in the hydrochars are lower than those in the untreated forest residues.

Birch branches are more reactive than spruce branches in identical WT conditions.

The comparison on WT of the branch and the stem woods show that the effect
trends of WT on the yield and fuel properties of the hydrochars from branches and
stems were similar. However, branch woods are more reactive than stem woods in
identical WT conditions. The trend of reduction in SGE of branches is similar to
stem woods for spruce, but that for birch is somehow inconsistent. Improvements
in hydrophobicity of the branches are more pronounced than that of the stems. This
may be attributed to the higher hemicellulose and extractives contents of the

branches compared to stem woods.

IV.1.5 PaperV - Effects of carbon dioxide on wet torrefaction

This study aimed to identify opportunities and gain knowledge for WT process
integration, considering that hot flue gas from thermal power plants can be utilized
for WT continuous processes at industrial scales to reduce the cost. The problem
however is that, apart from N2, flue gas contains other gases, of which CO: is the
main species and may have important effects on the WT process and the fuel
properties of the solid product. For this purpose, WT of forest residues in different
conditions (temperature: 175, 200, 225 °C; holding time: 10, 30, 60 min) and two

atmospheres (N2 and CO2) were experimentally investigated.

The results show that WT in CO: produced 4.6-6.0% less solid product with
decreased heating value but improved hydrophobicity and better grindability than
that in N2. An increase of up to 1.4% in EMC and a reduction of 6.5 kWh/t in SGE
were observed for the solid product obtained from WT in COs, compared with that
in N2, in an identical condition of 200 °C and for 30 min. The proximate analyses

show higher fixed carbon and lower volatile matter contents for the hydrochars
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obtained from WT in CO.. Additionally, the ash content of these products is
significantly reduced, compared with WT in Na. It suggests that WT in CO: is
capable of removing even more ash elements in the solid biomass fuel, compared

with WT in Na.

IV.1.6 Paper VI - Pelletability and pellet properties of hydrochar

Finally, pelletability and pellet properties of the hydrochar from forest residues
were studied and presented in this paper. The pelletization was performed using a
single pellet press for both raw and wet-torrefied forest residues. The pellet
strength was then investigated via diametric compression tests, employing a 60 mm

diameter probe connected to a Lloyd LR 5K texture analyzer.

The results show that the pellets made from wet-torrefied forest residues are
more compressible and mechanically stronger than the pellets made from raw
forest residues. The effect of pelleting temperature on pellet density is
unpronounced but the effect on pellet strength is significant due to different
behaviors of lignin below and above its glass transition temperature. In identical
condition, birch pellets are denser than spruce pellets and the effect of torrefaction
temperature is more pronounced for birch than spruce. Increases in density for the
hydrochar pellets compared with the pellets made from raw materials is up to 159
kg/m?3 for spruce and 213 kg/m? for birch. Improvements in the strength of torrefied
pellet compared with raw pellet are up to 3.4 and 2.7 times for spruce and birch,
respectively. Increasing compacting pressure increases the mass density and
strength of the pellets. Moreover, compression strength and density of the pellets
are correlated following a power law trend. Below the density of 1000 kg/m?, large
increases in density results in only small increases in the strength. However, this

relationship was reversed when the density was higher than 1000 kg/m?®.
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IV.2 Recommendation for further works

e WT of agricultural wastes and aquatic energy crops such as algal biomass.

e Detailed studies on aqueous and gaseous products from WT.

e Detailed studies on removal of ash elements of biomass during WT.

¢ Gasification reactivity and kinetics of hydrochar obtained from WT.

e Experimental studies on thermochemical conversions of hydrochar and its
pellets in drop-tube furnaces.

e Continuous processes for WT, process optimization and integration.

e A comparative study on the techno-economics of WT and DT processes.
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ABSTRACT: Wet torrefaction of typical Norwegian biomass fuels was studied within the temperature window of 175—225 °C,
using a benchtop autoclave reactor of 250 mL in volume from Parr Instrument. Two types of local biomass fuels were employed
as feedstock, Norway spruce (softwood) and birch (hardwood). Effects of process parameters including pressure, reaction
temperature, holding time, and feedstock particle size on the yield and properties of the solid products were investigated. It
appears that birch wood is more reactive and produces less solid products than spruce wood in the same wet torrefaction
conditions. Increasing pressure above the saturated vapor pressure of water enhances the torrefaction rate. Both reaction
temperature and holding time have significant effects on solid product yield and fuel properties of wet torrefied biomass. The
yield of solid products is slightly reduced with decreasing feedstock particle size. The ash content of biomass fuel is significantly
reduced by wet torrefaction. In addition, a comparison between wet and dry torrefaction supported by regression analyses and
numerical predictions shows that wet torrefaction can produce solid fuels with greater heating values at much lower temperatures

and shorter holding times.

1. INTRODUCTION

Biomass is a renewable and carbon neutral energy resource
which has a high potential for replacing fossil fuels. However,
the use of biomass for energy applications is not straightfor-
ward. Typical disadvantages of using biomass as fuel, compared
to coal, include the lower bulk density, higher moisture content,
inferior heating value, and poorer grindability. Although
biomass resources are distributed over the world more evenly
than the world proven coal reserves, an additional substantial
disadvantage of biomass is its relatively less concentrated
occurrence compared to coal which normally occurs highly
concentrated in coal mines. These drawbacks increase the cost
for handling, transport, and storage of biomass fuels, limiting
the use of biomass for bioenergy applications. In addition, ash
forming elements especially alkali metals may cause technical
and performance problems for the downstream equipment in
thermal energy conversion processes such as gasification and
combustion.'

One way to overcome the aforementioned disadvantages of
using biomass as fuel is to preprocess the fuel via torrefaction,
which may be defined as mild pyrolysis of biomass. This is due
to the fact that the main product of the torrefaction process is a
hydrophobic solid fuel,*® which may be referred to as
“biochar”,”® with much better grindability”'® and superior
heating value.'' "3 The handling, transport, storage, and use of
the biochar as fuel become easier and less expensive compared
to the native biomass fuel. In addition to the solid product and
depending on the treatment conditions, torrefaction produces
byproducts in liquid and gas phases. However, their fractions
are normally considered to be small, being less than 30% by
weight on dry basis and containing less than 10% of the energy
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of the raw biomass to make the process energetically
viable."*7'¢

There are two torrefaction techniques, dry and wet
torrefaction. Dry torrefaction (DT) is thermal treatment of
biomass in an inert environment at atmospheric pressure and
temperatures within the range of 200-300 °C."”'® Wet
torrefaction (WT) may be defined as treatment of biomass in
a hydrothermal media (HM), or hot compressed water
(HCW), at temperatures within 180—260 °C.'*~>'

During the past decade, research and development activities
on DT for energy applications including combustion, gas-
ification, and pyrolysis have been very active.'®?>7* It has been
reported that, during combustion, torrefied biomass behaves
more coal-like with more stable burning characteristics,
compared to its untreated biomass.”®*® The efficiency of
gasification and the quality of syngas are improved by
torrefaction.'®***! Moreover, for fast-pyrolysis, torrefaction
appears to decrease the yield of byproducts and to improve the
quality of bio-0il**** The technology of DT has been rapidly
developed to the stage of market introduction and commercial
operation. Several torrefaction installations have recently been
built in Europe and North America, with a total capacity of
several hundred thousand tons per year.>* However, it has been
claimed that no clear winner in this area can be identified so far.
This is partly due to the fact that optimal process conditions
have not been well established for the various concepts and
feedstocks. The majority of research and development in this
area have been carried out for clean wood feedstocks, and it is
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Table 1. Proximate and Ultimate Analyses for the Feedstock (Dry Basis)

proximate analysis

ultimate analysis

type of biomass ash” VM“? fixed C* c
Norway spruce 0.23 86.50 13.27 50.31
Norway birch 0.28 89.46 10.26 48.94

“wt %. bM]/kg, ash free.

H* o N 54 HHV®
6.24 43.38 0.07 <0.02 19.94
635 44.60 0.11 <0.02 20.42

therefore likely that the first commercial torrefaction plant will
be designed for relatively high quality biomass sources.
Torrefaction of agricultural residues and biomass wastes,
especially wet biomass, will be more complicated due to the
technical challenges related to the air emissions from the
process, product quality and flexibility, product quality control,
heat integration, and feedstock properties variations.>*>*

WT of biomass has also been studied for the energy
applications (combustion, gasification, and pyrolysis) with a
focus on usin§ biomass wastes as feedstock, which include
sewage sludge™® and wet agricultural wastes such as cow and
swine manure.””** Due to the fact that WT processes employ
water in subcritical conditions as reaction media, the energy
intensive predrying for the feedstock is eliminated. After WT,
similar to DT, a hydrophobic solid fuel is also obtained and can
be effectively made dry by mechanical and/or natural
dewatering, an attractive option capable of dramatically
reducing the energy requirement for the postdrying step.”
Other potential advantages of WT include the ease of
pelletization, where wet torrefied biomass does not require
water addition in order to improve the pelletability and binding
capacity as in the case for DT.***" The yield and the fuel
quality of solid products obtained from WT are reported to be
even better than that from DT.'® At 200 °C, for example, WT
of loblolly pine can give a mass yield as high as 88.7%, and 95%
for the energy yield, compared to 83.8% and 89.7% respectively
for DT at 250 °C with the same feedstock type and holding
time.' Furthermore, apart from the solid fuel product, some
water, CO,, small amounts of CO, H,, some hydrocarbons, and
dissolved organic and inorganic compounds are released from
biomass during WT.* The fact that WT is capable of dissolving
and thus washing out the inorganic components from solid
biomass fuels is an additional advantage of WT over DT since it
produces “cleaner” solid fuels, with respect to inorganic
content, which are more suitable for combustion and
gasification processes. On the other hand, many valuable
organic compounds, including acetic acid, formic acid, lactic
acid, glycolic acid, levulinic acid, phenol, furfural, HMF, and
sugars are found in the aqueous phase products of WT, making
up approximately 10% by mass of the feedstock.'”*® The
potential use of these water-soluble organic fractions for
production of valuable products may contribute to further
improving the economy of the WT process.

Despite the various advantages of WT over DT, only a few
studies on WT have been reported.'®* This may be due to the
inherent disadvantages of WT, as a method for biofuel
processing in hydrothermal media,*™** which include the
engineering challenges of reactor material corrosion, precip-
itation and deposition of inorganic salts released during WT
process of biomass, and handling of aqueous residues produced
from WT. As WT is operated at elevated pressures, continuous
production could be an additional challenge, e.g, a high
pressure feeding system is required. Corrosion resistant
material capable of standing at elevated pressures and
temperatures must be used for building the WT reactor
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which may increase the investment cost. However, several
studies for a process similar to WT can be found in the
literature under the terminology of “hydrothermal carbon-
ization” (HTC).*™* These studies can be beneficial and
complementary to further research and development in WT of
biomass for energy applications. Nevertheless, it should be
mentioned that, although the terminologies of WT and HTC
have been sometimes used interchangeably, there is a significant
difference between them. While WT processes aim at
producing upgraded solid fuels for energy applications only,
HTC processes are employed mainly for producing charcoal,
with a high carbon content, which can be used not only as fuel
but also as activated carbon, soil enhancer, fertilizer, etc.
Clearly, energy efficiency is more critical for the WT process
than for the HTC, and thus the former tends to be performed
at relatively lower temperatures than the latter.

In this present work, WT of Norwegian biomass fuels was
experimentally studied. Effects of process parameters such as
pressure, temperature, holding time, and particle size of the
feedstock on the products yield and fuel properties of the solid
product were investigated. Two types of woody biomass,
Norway spruce (softwood) and birch (hardwood), were
selected as feedstock. In addition, numerical analyses using a
regression approach were employed to support a comparison
between wet and dry torrefaction.

2. MATERIALS AND METHODS

2.1. Materials. Stem wood from Norway spruce (softwood) and
birch (hardwood) were selected as feedstock for the present study
since they are the main wood species in Norwegian forests. The
selection aims among others to utilize the results from a previous study
of DT, recently published by our research group, for a comparison
between wet and dry torrefaction. The wood samples were obtained
from a local supplier in Trondheim, Norway. Proximate analyses of the
feedstock were performed according to ASTM standards: ASTM
E871, ASTM E872, and ASTM D1102 for moisture content, volatile
matter, and ash content, respectively. Ultimate analyses of the fuels on
dry basis were determined by an “EA 1108 CHNS-O” elemental
analyzer (Carlo Erba Instruments). In addition, the higher heating
value (HHV) was calculated according to a unified correlation
proposed by Channiwala et al."' Results from the ultimate, proximate
analyses and the HHVs of the feedstocks are given in Table 1.

2.2. Experimental Setup and Procedure. In this study, WT
experiments were carried out in a 250 mL Parr reactor model 4651,
which is made of stainless steel (T316SS) and equipped with a
benchtop ceramic heater (4923EE), a temperature controller
(4838EE), a pressure gauge, and two valves. A thermocouple for
monitoring the reaction temperature (temperature of water in the
reactor) is connected to the controller by which the electrical duty of
the heater is controlled. The thermocouple is introduced into the
reactor via a thermo-well, which is cast in the reactor head. In addition,
a self-made detachable perforated glass plate is mounted to the
thermo-well in order to keep the feedstock entirely submerged in the
water. The reactor is connected to a nitrogen (99.99% purity) cylinder
via a valve.

Distilled water was used as the reaction media. The ratio of dry
feedstock over water was 1:5 by weight. However, for studying the
effect of pressure, a ratio of 1:10 was employed with the feedstock
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prepared in powder form of 0.5—1 mm to minimize the effects of heat
and mass transfer limitations during torrefaction process. For studying
the effects of feedstock particle size on the process and products, the
feedstock was cut into cubes with 1 and 3 cm sides (hereafter called 1
and 3 cm cube, respectively). All of the experiments were duplicated,
from which data were collected and processed to generate average
values for relevant assessments.

Before every torrefaction run, the furnace (the heater) without the
reactor was heated for 30 min to a preset temperature. At the same
time, the reactor was loaded, closed, sealed, and purged with
compressed nitrogen gas for 10 min. Then the reactor was pressurized
and placed in the preheated furnace which was set to the maximum
power, giving a heating rate of approximately 12 °C/min. The holding
time was counted from the time at which the reactor temperature
reached the preset temperature to the end point when the reactor was
replaced from the furnace and submerged in a water bath filled with
tap water for cooling. When the reactor cooled to room temperature,
the pressure was gradually released and the reactor was opened for
products collection.

In this study, only products in the solid and liquid phases were
collected. They were separated from each other by filtration using a
filter paper with a pore size of S—12 pm. After separation the collected
solids were dried at 105 °C for 48 h and then balanced. Readings from
the balance were tabulated as the mass of solid product from the WT.
The dried solids were then stored in a desiccator filled with silica gel
for further studies.

2.3. Assessment Methods. 2.3.7. Method for Assessment of
Hydrophobicity. To our present knowledge, there exists no standard
method for assessment the hydrophobicity of torrefied biomass fuels.
Researchers have had to develop or adopt methods on their own for
such investigations. Pimchuai et al.* and Tapasvi et al.>® immersed the
fuel samples in water for 2 h, while Bergman et al.® soaked torrefied
pellets in water for up to 15 h and then compared the differences in
water uptake level. Yan et al.'’ measured the equilibrium moisture
content (EMC) of the fuels in various conditions differing in relative
humidity. Li et al.® and Lam et al.** measured the moisture absorption
rates of the fuels using a controlled humidity chamber.

It is important to highlight that solid biomass fuels, especially
biochar obtained from woody biomass torrefaction, are porous
materials. The porosity of tested materials may significantly interfere
with the hydrophobicity test results, considering the fact the water may
be up-taken by the pores as well. Therefore, size reduction for the
materials to be tested is necessary in order to minimize the
interference. For this reason the method of exposing tested materials
in the powder form to water vapor in a climatic chamber, similar to the
method employed by Li et al,® has been adopted for this present
study. For each test, an amount of approximately 2 g of the material to
be tested is first ground manually in an agate mortar and screened
through a sieve (Fritsch Analysette 3 Pro) to obtain the sample
powder with particles smaller than 250 gm. The powder is then dried
at 105 °C for 24 h. Next, the dried powder is spread on a glass Petri
dish, which is then placed in a climatic chamber (series VC* 0100 of
Vétsch Industrietechnik) operated under the controlled conditions of
20 °C and 90% relative humidity. The mass changes by time due the
moisture up-take of the tested material are recorded every 24 h for the
total test period of 1 week. The moisture content of the tested material
is then calculated according to eq 1

DM o 100%, i=1,2, .7
my

MC,(%) =
(1)

where MC; is the moisture content of the tested material on the ith
day; m, and m; are the mass of the sample before the test and
measured on the ith day, respectively.

2.3.2. Quantitative Assessment of Grinding Energy Saving Due
to Grindability Improvement by Torrefaction. 1t is widely recognized
that torrefaction improves the grindability of biomass fuels, which
consequently helps reduce energy requirement for the fuel
communition. However, a practical question of how much grinding
energy that can be saved has not been sufficiently addressed. There are
two methods reported in the literature, which can be considered to
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adopt and answer this question for WT. In one method, the power
consumption of the mill during operation is recorded and regarded as
the energy required for grinding of the biomass fuel. The grinding
energy of native and torrefied biomass fuels are normalized to their
total ground mass, and then compared.”'® This method gives a
comparative measurement of the energy requirement, with no control
over the particle size distribution of the samples. Therefore, the
particle size distribution should be analyzed in a separate step. The
second method estimates the grindability by measuring the portion of
materials passing through a 75 ym sieve and comparing it with that of
standard coals.”* This method can show how fine the fuel particles
are, but it does not explicitly show the grinding energy. More recently,
a multistage assessment similar to the second method has been
reported by Tran et al.>* In this study, the quantity of comparison is
the total grinding time summed up from the grinding times recorded
from multiple stages of grindings and sieving of the same mass for
different materials until the whole mass goes through a 1.4 mm sieve.

It appears that the aforementioned methods have their pros and
cons. However, there is no better method for this purpose so far. For
this present study, the first method has been adopted for a quantitative
estimation of the specific grinding energy for raw and wet torrefied
biomass. An IKA MF 10 cutting mill (from IKA-Werke GmbH & Co.
KG) equipped with a 1 mm bottom sieve was used. An analog current
input module NI 9203 (from National Instruments Corporation) was
employed to record the electrical current during grinding. Samples of 1
cm cubes were used for the assessment. A LabView program was used
for the data acquisition and the calculation of the energy consumption
which was logged to a file every 2 s. The power of the mill under no-
load conditions was measured and subtracted from the power of
grinding the biomass samples. The grinding energy was determined by
integrating the power curve during the grinding period. Finally, the
data was normalized to the initial sample weight.

2.3.3. Numerical Approach for Comparison between Wet and
Dry Torrefaction. Due to the differences in working pressure, it is not
straightforward to directly compare wet and dry torrefaction of
biomass. Multiple regression analysis method was therefore employed
to numerically assess and establish relevant mathematical models
based on the data collected from the WT experiments. The models
were then used to predict the operation points for WT comparable
with DT, on the basis of a common solid product yield, for a
comparison of the heating value, grindability, and hydrophobicity. The
solid product yield (Y,y4) is defined and determined according to eq 2

Morrefied solid product

Yoia(%) = X 100%

@

where the term of Myrefied solid product Means the mass of solid product
and the mass of initial dry biomass is for the term of Myl dry biomass:

Multiple regression analysis is a useful tool for simulating
experimental data. It was successfully applied and reported for both
DT> and hydrothermal treatment”" of biomass. The general form of
the multiple regression model adopted for the present work is given in
eq3

Y=+ X+ AKX, + o+ fX, ¢

Minitial dry biomass

(©)

where Y is the dependent variable; X;, X, .., X, are the process or
independent variables; Sy, By, By, .., B, are constants to be determined
from experimental data; and ¢ is the noise or error observed in the
variable Y.

3. RESULTS AND DISCUSSION

3.1. Effects of Process Parameters on Solid Product
Yield. 3.1.1. Effects of Pressure. For this investigation only the
spruce sample was used as feedstock, with a biomass/water
ratio of 1:10 by weight. In order to minimize possible effects of
heat and mass transfer limitations in this investigation,
feedstock in powder form with particle size of 0.5—1 mm was
used. The experiments were performed in the common
conditions of 200 °C as torrefaction temperature and 10 min
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as holding time. Four different pressures were investigated,
including 15.54 (the saturated vapor pressure of water at 200
°C), 70, 160, and 250 bar. Results from this investigation are
shown in Figure 1.
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Figure 1. Effects of pressure on solid product yield for WT of spruce
at 200 °C for 10 min.

As can be seen from Figure 1, pressure has a weak effect on
the solid yield of WT. When pressure increases from 15.54 to
250 bar the yield decreases from 76.4% to 73.1%. This indicates
that the reaction rate increases with increasing pressure. In the
first instance, this effect can be due to the increase in thermal
conductivity of water with increasing pressure.”> Another
possible reason for this reduction in solid yield may be related
to the acidity change of subcritical water with increasing
pressure due to the acid hydrolysis of hemicellulose and
cellulose.*"** In addition, this can also be attributed to the fact
that in subcritical conditions water exists in both liquid and gas
phases. However, more water would remain in the liquid phase
at pressures higher than the saturated vapor pressure,
considering Le Chatelier’s principle. Since the feedstock is
solid biomass immerged in the liquid, water in the gas phase is
not in direct contact with the feedstock and thus more liquid
water would improve the reaction rate as well. This is also in
agreement with observations reported in the literature showing
that the reaction rate increases with decreasing ratios of
feedstock over water.>*>¢ Furthermore, the thermal con-
ductivity of water in the liquid phase is obviously higher than in
the gas phase, which in turn would result in better heat transfer
in the reactor and thus higher reaction rates. The improved
heat transfer in the system can also be observed from the
heating time defined as time needed for heating the reactants
(water and biomass) from 25 to 200 °C, which is also
presented in Figure 1. It appears that the heating time decreases
dramatically from 18.5 to 10.9 min when pressure increases
from the saturated vapor pressure of water at 200 °C (15.54
bar) to 18 and then 70 bar. However, no significant change in
heating time is observed when pressure is increased further. At
250 bar the heating time even turns up to 11.4 min, being
slightly longer than that at 70 and 160 bar. From these
observations, it is reasonable to believe that in the conditions of
200 °C and 70 bar most of the water in the reactor is in the
liquid phase. From this point, further increases in pressure is
not useful with respect to preventing water from vaporization,
which aims to improve the heat transfer in the system and the
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reaction rate, as well as to reduce the energy loss in the form of
latent vaporization heat. The slightly longer heating time
(reduced heat transfer) at 250 bar compared to that at 70—160
bar might be due to experimental and measurement
uncertainty.

More interestingly, it is also observed from Figure 1 that the
reduction in solid yield or the increase in reaction rate in other
words becomes less pronounced at pressures higher than 160
bar. This indicates that the observed reaction rate enhance-
ments in subcritical water conditions upon increasing pressure
have probably been caused mainly by the increase of the water
portion present in the liquid phase, rather than by the improved
thermal conductivity of the system. Nevertheless, the improved
thermal conductivity does help shorten the heating time and
thus reduce the energy requirement of the process.

By considering the energy requirement for vaporization of
water at a temperature within the WT temperature window
(180—260 °C approximately), in combination with the
observations from this investigation, it is suggested that WT
of biomass for energy application should be carried out at
pressures higher than the saturated vapor pressures. In such
conditions, the potential energy penalty by phase trans-
formation of water in the form of latent heat can be minimized
and the reaction rate can be enhanced. However, it is not
advisable to perform WT at pressures much higher than the
saturated vapor pressures of water, since further increases in
reaction rate are less significant. In addition, the higher the
pressure, the more energy and more investment for the reactor
are required. For these reasons, the pressure of 70 bar has been
selected for other investigations in this present work.

3.1.2. Effects of Torrefaction Temperature and Holding
Time. For the experiments reported in this section feedstock of
1 cm® cubes as particle size were used. The effects of
torrefaction temperature on solid yield was investigated for
the constant holding time of 30 min, whereas a reaction
temperature of 200 °C was kept unchanged for the
investigation of holding time. Figure 2 presents the effects of
torrefaction temperature (Figure 2A) and holding time (Figure
2B) on the yield of solid products from WT of the spruce and
birch wood samples.

As can be seen from Figure 2, similar trends are observed for
the effects of torrefaction temperature and holding time on the
solid product yield. When reaction temperature or holding time
increases, the yield decreases. However, the effect of temper-
ature is more pronounced than that of holding time within the
tested conditions. When temperature is increased from 175 to
225 °C the solid product yield decreases from 88.3 to 69.7%
and from 79.5 to 58.0% for spruce and birch, respectively.
Similarly, when holding time is increased from 10 to 60 min the
solid product yield decreases from 82.5 to 73.3% for spruce and
from 66.4 to 63.1% for birch.

The difference in effect of temperature and holding time on
the solid product yield can be explained by the theory of
chemical reaction kinetics. In general, for a thermal
decomposition reaction of reactant C, the rate law can be
written as —dC/dt = k[C], where [C] is concentration of the
reactant and k is the reaction rate constant. The rate constant k
virtually obeys Arrhenius’ law k = Ae™ (RT) \where A is a pre-
exponential factor, E is the activation energy, R is the gas
constant, and T is the absolute temperature. This Arrhenius’
equation indicates that the rate constant, and thus the reaction
rate, is exponentially proportional to the reaction temperature.
On the other hand, the reaction rate is just directly proportional
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Figure 2. Effects of temperature (A) and holding time (B) on the solid
product yield.

to the reaction (holding) time. That is the reason why
temperature has more significant effects on solid yield than
holding time.

Figure 2 also indicates that birch wood is more reactive than
spruce wood, which can be attributed to the fact that birch is a
hardwood generally containing more hemicellulose than
softwood.”” Tt is known that, during hydrothermal treatment,
hemicellulose starts to degrade first among the three main
components of lignocellulosic materials.>"*® Moreover, hemi-
celluloses of hardwood contains even more xylan than that of
softwood,’> which is the most reactive hemicellulosic
compound within the torrefaction temperature window.

3.1.3. Effects of Feedstock Particle Size. The effect of
feedstock particle size on the yield of solid products from WT
for the spruce sample was studied in the conditions of 225 °C
as torrefaction temperature, and 10 or 30 min as holding time,
using feedstock of 1 and 3 cm cubes. Results from these
experiments are presented in Figure 3, showing that the yield of
solid products slightly decreases with decreasing feedstock
particle size. In addition, the solid yield reduction caused by
decreasing feedstock particle size becomes less pronounced
when the holding time is increased from 10 to 30 min. This
indicates that the effects of feedstock particle size can basically
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Figure 3. Effects of feedstock particle size on the solid product yield
for spruce.

be attributed to the heat and mass transfer limitations within
the feed particles. This effect may disappear if WT is carried out
in the conditions of relatively lower temperatures and longer
holding times. However, the effects may be critical for WT at
relatively higher temperatures and shorter holding times.

3.2. Effect of Process Parameters on Fuel Properties
of Torrefied Biomass. 3.2.1. Proximate Analyses for
Torrefied Biomass Fuels. Results from proximate analyses of
biochar obtained from WT of the spruce and birch wood
samples at different temperatures and holding times are
presented in Table 2, in which the data for the raw fuels is
also included for comparison. Compared with the raw
materials, the fixed carbon content increased from 13.3% to
27.1% for the torrefied spruce and from 10.3% to 27.5% for the
torrefied birch. It can also be observed that both increased
reaction temperatures and holding times enhance the fixed
carbon content of biochar obtained from WT. These

Table 2. Proximate Analysis of Torrefied Spruce and Birch
Wood

spruce wood birch wood
torrefaction
condition ash?  VM” fixed C* ash® VM? fixed C*

raw 023 86.50 13.27 0.28 89.46 10.26

1 em, 175 °C, 0.11 85.72 14.17 0.09 88.57 11.34
30 min

1 em, 175 °C, 0.09 85.42 14.49 0.08 87.75 12.17
60 min

1 em, 175 °C, 0.10 84.82 15.08 0.07 87.22 12.71
90 min

1 cm, 200 °C, 0.14 84.64 15.22 0.08 87.97 11.94
10 min

1 cm, 200 °C, 0.12 83.92 15.95 0.09 85.15 14.76
30 min

1 cm, 200 °C, 0.09 81.87 18.03 0.10 82.64 17.27
60 min

1 cm, 225 °C, 0.14 78.58 21.28 0.09 80.32 19.59
10 min

1 cm, 225 °C, 0.14 74.74 25.12 0.13 73.78 26.09
30 min

3 cm, 225 °C, 0.20 77.56 22.25 0.13 77.71 22.16
10 min

3 cm, 225 °C, 0.20 72.66 27.14 0.1 72.34 27.50
30 min

“wt %, dry basis.
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Table 3. Ultimate Analysis of Selected Torrefied Spruce and Birch Wood

spruce wood birch wood
torrefaction condition @© H* (O N“ c~ H* (O N
raw 50.31 6.24 0.07 43.38 48.94 6.35 0.11 44.60
175 °C, 30 min S1.34 6.18 0.07 4242 49.42 6.38 0.12 44.07
200 °C, 10 min S1.21 6.39 0.06 42.35 49.61 6.16 0.13 44.10
200 °C, 30 min 52.55 6.15 0.06 4123 51.28 6.18 0.11 42.46
200 °C, 60 min 53.69 5.89 0.06 40.36 S1.34 5.94 0.13 42.59
225 °C, 30 min 56.99 5.87 0.07 37.07 56.92 5.86 0.09 37.13
“wt %, dry basis.
observations are in the trends similar to DT and in agreement 1.6-(A) - Holding time for 30 min
with the literature."® ’ ® Raw spruce
It is interesting to see from Table 2 that the ash contents of O Torrefied spruce, 175°C o®
biochar obtained from WT are lower than that of the < Torrefied spruce, 2002C
corresponding raw materials. This is definitely not the case 1.54 f Ezaegfsh‘gpmce’ 25°C o .~
for DT, where the ash content of torrefied biomass always O Torrefied birch, 175°C o
increases with increasing mass loss**”** (known as concen- Q | © Torrefied birch, 200°C ®
tration effect’). The observed lower ash content of wet T 4] & Torrefied birch, 225°C o .7
torrefied biomass relative to its raw material can be regarded as E o
a result of the so-called leaching effect in wet chemistry. e /,’/
However, no consistent trend was observed for the changes in < el
the ash content of the solid fuels obtained from WT, with 134 e
respect to changes in either torrefaction temperature or holding | o
time. This is probably due to the competition between the two A s
effects: concentration effect and leaching effect, which are 12 : : : :
present at the same time during WT of biomass. If the 045 0.50 0.55 0.60 0.65 0.70
concentration effect is dominant, the ash content of biochar Atomic O/C
products may increase, and vice versa. In addition, heat and
mass transfer limitations can also have interference on the ash (B) - Torrefaction temperature of 200°C
content of the wet torrefied biomass. For example, the ash 1.6
content of biochar obtained from the 3 cm cubes torrefied at - e
225 °C is significantly higher than that from the 1 cm cubes el
torrefied in identical conditions. Nevertheless, the fact that the 154 o e
ash content of wet torrefied biomass is always lower than that o ® .
of the raw material suggests a possibility to produce cleaner o o7
solid fuels from biomass via WT, with regard to inorganic = L4l o o
impurities. 2 -7 Al @ Rawspruce
3.2.2. Ultimate Analyses for Torrefied Biomass Fuels. Table E O Torrefied spruce, 10 min
3 presents results from ultimate analyses of selected torrefied < A o 2 ?"E‘f_‘ej spruce, 28 min
fuels. Ultimate analysis data of the raw fuels is imported from 1.3 # ° R(;‘r;eblilhspruce, mn
Table 1 into this table for comparison. Similar to DT, general O Torrefied birch, 10 min
trends of effects of torrefaction temperature and holding time & Torrefied birch, 30 min
on the carbon content, O/C and H/C ratios can be observed 12 A Torrefied birch, 60 min
for WT. Here WT also increases the carbon content, decreases “0.55 0.60 0.65 0.70
hydrogen and oxygen contents when torrefaction temperature Atomic O/C

or holding time increases. The changes in carbon, hydrogen
and oxygen contents after WT consequently result in reduction
of both H/C and O/C ratios in torrefied biomass compared
with their origins. On the other hand, the changes in nitrogen
content are virtually insignificant and the sulfur content is lower
than the detection limit.

In order to have a more comprehensive overview of the
effects of WT condition on H/C and O/C ratios, the data from
Table 3 are further processed and presented in forms of a Van
Krevelen diagram as shown in Figure 4. In this figure, the filled
markers denote the raw materials while the empty ones refer to
the torrefied fuels. An arrow is also included in each subfigure
to show the decreasing trend of these ratios with increases in
torrefaction temperature and/or holding time, which is similar
to DT and has been well documented in the literature.™>” In
Figure 4A, the holding time of 30 min was kept constant for
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Figure 4. Van Krevelen diagram for the raw and torrefied biomass
fuels.

investigating the effects of torrefaction temperature on
reduction of H/C and O/C ratios. For both types of feedstock,
the decreasing trend is virtually linear. Moreover, the ratios for
the spruce and birch fuels torrefied at 225 °C for 30 min are
almost identical, despite that fact that the ratios for raw spruce
and birch are different. However, the effect of residence time at
200 °C presented in Figure 4B do not show a clear trend as the
effect of reaction temperature, although the ratios exhibit a
decreasing trend and the ratio points move toward the corner
on the left and at the bottom of the graph when the residence
time increases.
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3.2.3. Effects of Process Parameters on the Heating Value.
HHYVs of wet torrefied biomass were calculated on the basis of
the ultimate analysis data presented in Table 3. Figure S shows
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Figure S. Effect of (A) temperature and (B) holding time on the
heating value of torrefied biomass.

the calculation results for selected experiments at different
temperatures with a constant holding time of 30 min (Figure
SA) or various holding times at a constant temperature of 200
°C (Figure SB). It is observed that the heating values increase
when either torrefaction temperature or holding time increases.
However, the effect of temperature is more pronounced than
the effect of holding time. Moreover, the effect of torrefaction
temperature for birch wood is also more pronounced than for
spruce. The increases in HHV vary from 1.9 to 12.5% for the
torrefied spruce and 1.3—15.0% for the torrefied birch in the
temperature range of 175 to 225 °C. Consequently, the HHV
of birch wood torrefied at 225 °C is close to spruce wood
treated in the same condition, although the HHV of raw birch
wood is lower than that of raw spruce wood.

3.2.4. Effects of Process Parameters on the Energy Yield.
An important aspect of torrefaction is the overall energy
balance. For this reason and for an eventual comparison with
DT, the energy yield of the ash-free solid product obtained
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from WT, Yo, (%), defined in the same way as for DT was
determined according to egs 4 and 5:
Yenergy(%) = Ysolidl)cncrgy (4)
HH\’torreﬁed solid product
1)energy =
HH\Iinitial dry biomass (5)

where the term of HHV . cfed solid produce denotes the HHV of
the solid product, the HHV of initial dry biomass is the term of
HHV,ital dry biamass a1d Y54 has been defined earlier in section

Figure 6 demonstrates the effects of torrefaction temperature
and holding time on the energy yield of the solids obtained
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Figure 6. Effects of temperature (A) and holding time (B) on the
energy yield.

from WT of the spruce and birch woods. Data presented in
Figure 6A was collected from the experiments with a constant
holding time of 30 min and varied temperatures, whereas that
in Figure 6B was from the experiments in the conditions of 200
°C and varied holding times. It can be seen from the figures
that the energy yield decreases with either increasing
torrefaction temperature or increasing holding time. This
trend is valid for both types of the feedstock. However, the
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effect of holding time on the energy yield is not as pronounced
as the effect of temperature. The energy yield decreases
observed when temperature is increased from 175 to 225 °C
are significant, being from 89.1 to 80.0% and from 81.1 to
59.1% for spruce and birch, respectively. When holding time is
increased from 10 to 60 min the energy yield decreases from
85.1 to 78.7% for spruce, and from 67.7 to 64.3% for birch. In
addition, it can be observed from Figure 6A that when
temperature is increased from 175 to 225 °C the differences in
energy yield between spruce and birch are enlarging from 8.0%
to 20.8%. This is similar to the observation of the temperature-
sensitive differences in solid product yield discussed in section
3.1.2.

3.2.5. Effects of Process Parameters on the Hydro-
phobicity. Figure 7 represents results from the tests of
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Figure 7. Effect of (A) torrefaction temperature and (B) holding time
on the moisture uptake behavior of spruce biomass torrefied in HCW.

moisture uptake for raw and wet torrefied spruce samples.
The effects of torrefaction temperature and holding time are
demonstrated in Figure 7, panels A (samples torrefied for 30
min) and B (samples torrefied at 200 °C), respectively. The
figure clearly shows that all of the tested samples approach their
equilibrium or saturation levels of moisture content on the
second day, and the saturation level decreases with either
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increasing torrefaction temperature or holding time. The
reduction in moisture uptake or the increase in hydrophobicity
of torrefied biomass is the result from the breakdown and
removal of hydroxyl groups in the wood cell wall components
during the pretreatment.”® The devastation strongly depends
on the severity of the torrefaction condition, therefore, the
hydrophobicity of the torrefied fuel increases or the moisture
uptake decreases with increasing of treatment temperature and
holding time. The results are in good agreement with other
studies.*>'® However, the effect of feedstock particles size on
the hydrophobicity of torrefied fuels is not pronounced. Similar
trends were also observed in the case of birch wood.

3.2.6. Effects of Process Parameters on the Grindability. As
presented earlier in section 2.3.2, a quantitative assessment of
grinding energy savings due to improvement in grindability of
biomass fuel via torrefaction was performed for this present
study through a measurement campaign of the specific grinding
energy (SGE) required for fuel communition. Results from this
campaign are presented in Figure 8, which show the influences
of reaction temperature (Figure 8A) and holding time (Figure
8B) on the SGE of wet torrefied spruce and birch in different
conditions.
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Figure 8. Effect of (A) reaction temperature and (B) holding time on
specific grinding energy of wet torrefied biomass.
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By examining qualitatively the data in Figure 8, panels A and
B, one can observe that the grindability of both spruce and
birch is improved when either torrefaction temperature or
holding time increases. Also, torrefaction temperature has
stronger effects on the grindability than holding time. In
addition, temperature appears to have stronger effects on the
grindability of birch than spruce.

The most significant reduction in SGE is observed for the
samples torrefied at 225 °C for 30 min, being the most severe
torrefaction among the tested conditions. The reduction is by a
factor of 18.3 for spruce and 25.6 for birch, compared with the
raw materials. However, the biomass torrefied at 175 and 200
°C shows only a small decrease in specific grinding energy
consumption.

4. COMPARISON WITH DRY TORREFACTION

As discussed in section 2.3.3, a regression model has been
adopted to support a comparison between wet and dry
torrefaction. By implementing a regression analysis in MS
Excel, using the general model (eq 3) and the experimental data
obtained from the WT experiments of the present work, three
second-order polynomial models were generated for two
dependent variables (temperature and holding time): the
solid yield Y4 (eq 6), the higher heating value HHV (eq 7),
and the specific grinding energy SGE (eq 8).

Y, ;q(%) = 205.83 — 0.70T — 0.99¢ + 0.01T>

(6)

HHV(MJ/kg) = 38.54 — 0.24T — 0.04t + 0.73 x 107°T*
— 624 x 107°Tt — 1.69 x 107*%*  (7)

+ 336 X 10Tt + 2.44 x 107>

SGE(KWh/t) = —1038.19 + 14.55T + 2.43t — 0.04T"

— 0.02Tt + 0.01¢* (®)

where, T and t represent torrefaction temperature and holding
time, respectively. The quality of the regression analysis (with a
confidence interval of 95%) and the standard deviations (&) of
these models are summarized in Table 4.

Table 4. Quality of the Regression Analysis (Confidence
Interval = 0.95)

summary model of eq 6 model of eq 7 model of eq 8
statistics Yoona HHV SGE
R 0.994 0.998 0.962
R? adjusted 0.986 0.996 0.866
standard 1.541 0.208 22249
deviation

For the comparison, selected data from a previous study®® on
DT of Norway spruce wood (from the same source as for this
present study) was utilized, being a solid yield of 74% and an
increase in HHV of 7.8% (compared with the untreated
sample). These data were obtained from the DT conditions of
275 °C and for 60 min. The use of the HHV data in increasing
percent for the comparison aims to eliminate possible
interferences which may be caused by the slight differences in
fuel characterization of the two studies, though the samples
were from the same source. Using the solid yield model (eq 6)
to search for torrefaction temperatures, at which WT of the
spruce sample can produce the same solid yield of 74% with a
holding time of S, 10, 20, and 30 min give the results of 222,
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220, 216, and 210 °C, respectively. From these two sets of
torrefaction temperature and corresponding holding time, the
HHYV of the solid products can be predicted using the HHV
model (eq 7). Results from these predictions are summarized in
Table 5, which indicate that in all cases the HHV of solid fuels

Table S. Predicted Results for WT of Norway Spruce with a
Solid Yield of 74%

temp®” holding time” increase in HHV® energy yield”
222 N 94 80.96
220 10 9.3 80.88
216 20 8.9 80.59
210 30 8.5 80.29

“Units in °C. “Units in min. “Units in %.

obtained from WT is always higher than that from DT. The
differences are significant, varying from 9 to 21% of the increase
in HHV compared with the case of DT (7.8%). Having greater
increases in HHV for the same product yield, the predicted
cases of WT obviously have higher energy yields than the DT.
In addition, the torrefaction temperature is much lower, and the
holding time is much shorter for WT than DT.

Two extra WT experiments, 222 °C for S min and 210 °C for
30 min, were carried out to validate the predictions and thus
the comparison. Results from these experiments are presented
in Table 6, which includes the data of the DT experiment used
for the comparison. From Table 6 it can be seen that the actual
solid yields, increases in HHV, and energy yields are in good
agreement with the predictions.

To compare the effects of two different torrefaction methods
on the structure of the fuels, the morphology of raw spruce,
both wet and dry torrefied spruce samples having the same
solid yield, was examined by means of a Hitachi TM-1000
scanning electron microscopy (SEM) equipped with an energy
dispersive X-ray spectroscopy (EDX). The EDX was employed
for the elemental analysis of the surface layer with 1 ym depth.
The SEM images (not shown) indicate that the openings and
long fractures occur on the surface of the torrefied particles,
which is not the case for the raw material. These changes in
structure are believably caused by the release of gaseous
products during the torrefaction. However, the changes for the
dry torrefied sample appear more pronounced than for the wet
torrefied sample. This observation is reasonable, considering
that, for the same solid yield, the DT was carried out at a higher
temperature (275 °C) than the WT experiments (at 225 °C).
In addition, results from the EDX analysis presented in Figure 9
confirm that the content of potassium and calcium in wet
torrefied fuel are significantly lower than that in raw and dry
torrefied fuels. It should be noted that the normalized data are
showing relative amounts of the elements in the quite low
content of inorganic constituents in the wood. Changes in
content of other elements are not pronounced. These results
confirm the possibility to reduce the ash content of fuel by WT.
However, further studies focusing on this direction are needed.

In addition, the SGE for the spruce samples torrefied by
either method, WT or DT, is compared to each other on the
basis of the same solid product yield. For this comparison, the
SGE of the dry torrefied fuel is extracted from the previous
work,*® and those for the wet torrefied fuels are calculated using
eq 8. The obtained SGE data are summarized in Table 6.
Interestingly, despite having the same solid yield and greater
heating values, wet torrefied fuels exhibit slightly higher SGE

dx.doi.org/10.1021/ef401295w | Energy Fuels 2013, 27, 6743—6753
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Table 6. Validation Results

solid yield* increase in HHV* energy yield”
torrefaction condition predicted actual predicted actual predicted actual SGE?
DT, 275 °C, 60 min 74.0 7.82 79.79 52,0
WT, 222 °C, 5 min 74 73.8 9.31 80.96 80.67 57.2
WT, 210 °C, 30 min 74 74.1 830 80.29 80.25 64.1
“Units in %. "Units in KWh/t.
20 wet torrefied fuels uptake less water than the dry torrefied fuel,
C_1Raw despite the fact that the dry torrefied sample was treated at a
Q Wl at 222°C much higher temperature and for a longer residence time.
S DT at 275°C 8 P 8
E 7 5. CONCLUSIONS
§ Wet torrefaction of Norway spruce and birch wood has been
= studied and compared with dry torrefaction. Effects of process
5 107 parameters on the yield and fuel properties of solid products
'g have been investigated. Effect trends similar to that of DT have
= been observed. The yield of solid product is reduced with
s 5. decreasing feedstock particle size. Both reaction temperature
= and holding time have significant effects on solid product yield,
E energy yield, and fuel properties of wet torrefied biomass.
2 When torrefaction temperature or holding time is increased, the
0 T T f product and energy yields of the torrefied solid fuels decrease
K Ca but the improvements in fuel properties of the solid products
Element increase, which include increased fixed carbon contents, greater

Figure 9. X-ray elemental analysis for main elements in spruce
torrefied by DT and WT.

values compared with the dry torrefied fuel. Table 6 indicates
that temperature is a major parameter in reduction of SGE for
torrefied fuel, i.e., higher torrefaction temperature reduces
grinding energy. However, it should be kept in mind that the
DT conditions (275 °C and 30 min) may require more energy
than the WT conditions (210 °C and 30 min or 222 °C and §
min).

Furthermore, the moisture uptake of the wet torrefied
biomass was also tested using the same method adopted in this
present study for a comparison with WT. Data collected from
the test are presented in Figure 10, which clearly show that the

12

10 2,

Moisture uptake level (%)
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2 / m DT, 275°C, 60 min
® WT,210°C, 30 min
WT, 222°C, 5 min
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Figure 10. Moisture uptake behavior of spruce biomass torrefied by
different methods.

heating values, better hydrophobicity and improved grind-
ability. In addition, the consistent lower ash contents of the
fuels after WT suggest that WT can be employed to reduce ash
content of biomass fuels.

On the other hand, it appears that birch wood is more
reactive and produces less solid products than spruce wood, in
the same WT conditions. Heating values of birch wood increase
faster than spruce wood when the severity of WT is increased.
The investigation of pressure effects suggests that WT should
be carried out at pressures higher than the saturated vapor
pressure of water at a given temperature. It is because the rate
of WT is enhanced by pressure. In addition, this pressure
control can help avoid the energy penalty due to water
vaporization. However, pressures that are too high are not
recommended.

The comparison between WT and DT supported by
regression analyses and numerical predictions has shown that
WT can produce solid fuels with a greater HHV, higher energy
yield, and better hydrophobicity at much lower temperature
and holding reaction time. The morphology analyses of the
fuels produced by both torrefaction methods were investigated
and the wet torrefied fuel exhibits less pronounced changes in
their structure compared with the dry torrefied fuel.
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HIGHLIGHTS

« Torrefaction temperature and holding time significantly influence the combustion reactivity and kinetics of woody biomass.
« The effect of torrefaction pressure is insignificant.

« Mass fraction and activation energy of hemicellulose are reduced by wet torrefaction.

« Activation energy of cellulose is increased by wet torrefaction.

ARTICLE INFO ABSTRACT

Article history:

Received 24 March 2014

Received in revised form 18 June 2014
Accepted 5 August 2014

Available online 19 August 2014

This work continues our assessment of wet torrefaction for energy applications, looking at effects of the
process parameters (temperature, holding time and pressure) on the reactivity and intrinsic kinetics of
wood under air combustion conditions. Woody materials, Norway spruce and birch, were wet torrefied
in various conditions (temperature: 175, 200, 225 °C; holding time: 10, 30, 60 min; and pressure:
15.54, 70, 160 bar). The reactivity of the treated and untreated woods was thermogravimetrically exam-
ined under a synthetic air environment (21% O, and 79% N, in volume). A four-pseudo-component model
with different reaction orders was adopted for kinetic modelling and extracting the kinetic parameters.
The results showed that when increasing either torrefaction temperature or holding time, the torrefied
woods behaved more char-like than the raw fuels. However, pressure did not show significant effect
on the reactivity. Relatively longer char combustion stages and higher conversion rates (up to
0.5 x 1073s71) were observed for the woods after torrefaction. The activation energy was decreased
for hemicellulose and char, but increased for cellulose after torrefaction, whereas the trend for lignin
is not clear. In addition, the hemicellulose mass fraction decreased after torrefaction (from 0.15 to 0.05
for spruce and from 0.23 to 0.06 for birch). The amount of char in the torrefied woods increased gradually
with increasing torrefaction temperature or holding time (from 0.24 to 0.40 for spruce, and from 0.18 to
0.34 for birch).

Keywords:

Wet torrefaction
Wood reactivity
Combustion kinetics
Kinetic modelling
Biofuel pretreatment

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Wet torrefaction (WT), which may be defined as treatment of
biomass in hydrothermal media (HM) or hot compressed water
(HCW) at temperatures within 180-260 °C [1-5], is a promising
method for production of high quality solid fuels from low cost
wet biomass resources such as forest residues, agricultural waste,
aquatic energy crops, and sewage sludge. The concept of WT is very
similar to “hydrothermal carbonization” (HTC) [6-15] and
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E-mail addresses: quang.vu.bach@ntnu.no, qvbach@gmail.com (Q.-V. Bach).
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sometimes is discussed under the general term “hydrothermal
conversion” [15-19] or “hydrothermal treatment” [20-25].
Although the terminologies of WT and HTC have sometimes been
used interchangeably, there is a significant difference between
them. While WT aims at producing upgraded solid fuels for energy
applications only, HTC is employed mainly for producing charcoal,
with much higher carbon content, which can be used not only as
fuel but also as activated carbon, soil enhancer, fertilizer, etc.
Clearly, energy efficiency of the process, fuel properties and
combustion properties of the product are more critical for WT than
for HTC, and thus the former tends to be performed at lower
temperatures (180-260 °C) than the latter (from 300 °C).
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Like dry torrefaction (DT), which may be defined as thermal
treatment of biomass in an inert environment at atmospheric pres-
sure and temperatures within the range of 200-300 °C [26-28],
WT results in the following main improvements in the fuel proper-
ties of biomass: (1) increased heating value due to a reduction in
the O/C ratio; (2) intrinsic transformation from hygroscopic into
hydrophobic nature of biomass; (3) better grindability coupling
with less energy requirement for size reduction of the fuel. After
WT, the wet hydrophobic solid product can be effectively made
dry by mechanical and/or natural dewatering, which is an
attractive option capable of dramatically reducing the energy
requirement for the post-drying step. In addition to the solid fuel
product, many valuable organic compounds including acetic acid,
formic acid, lactic acid, glycolic acid, levulinic acid, phenol, furfural,
HMEF, and sugars are found in the aqueous phase products of WT,
making up approximately 10 wt% of the feedstock [4,6]. The poten-
tial use of these water-soluble organic fractions for production of
valuable products may contribute to further improving the econ-
omy of the WT process.

Recently, an assessment of WT for energy applications (com-
bustion, gasification, and pyrolysis) in comparison with DT has
been reported by our research group [1]. The assessment includes
a literature review of past studies relevant to WT, which will not be
repeated in this present work. A core theme of the assessment was
to investigate the effects of process parameters including pressure,
reaction temperature, holding time, and feedstock particle size on
the yield and fuel properties of the solid product. For reaction tem-
perature and holding time, positive trends of their effects on the
yield and fuel properties of the solid products were observed,
which are similar to those for DT. However, pressure and feedstock
particle size only have minor effects. More interestingly, the ash
content of biomass fuel is significantly reduced by WT. This sug-
gests that WT can be employed to produce “cleaner” biomass solid
fuels as well, with respect to inorganic elements. In addition, a
comparison between WT and DT supported by regression analyses
and numerical prediction showed that WT can produce solid fuel
with greater heating value, higher energy yield, and better hydro-
phobicity at much lower temperatures and holding times than DT
[1].

Despite various advantages of WT over DT, only a few studies on
WT have been reported [1-5] compared to a sharply increasing
number of studies on DT during the last few years [26-34]. In addi-
tion, most WT studies focused on the effects of process parameters
on the yield and fuel properties of the solid product. To our knowl-
edge, no study of using solid fuel obtained from WT for energy
applications has been reported so far. Combustion is currently
the most important energy application of biomass solid fuel, con-
sidering its contribution to more than 90% of the global bioenergy
deployment [35-39]. It is therefore important and necessary to
investigate into the effects of WT on combustion reactivity and
kinetics of biomass solid fuels.

Several studies on combustion of dry torrefied biomass have
been reported [30,40-43], which would be beneficial for studying
combustion behavior of wet torrefied biomass fuel. Pimchuai
et al. [40] and Bridgeman et al. [30], for example, studied the com-
bustion of biochars obtained from DT of different biomass materi-
als. They found that the combustion of dry torrefied husks and
herbaceous biomass released more heat than that of the raw mate-
rials due to the higher fixed carbon content of the biochars. How-
ever, no kinetic data was reported from these studies. Arias et al.
[41] applied a simple first-order kinetic model to estimate the acti-
vation energy and pre-exponential factor of raw and dry-torrefied
eucalyptus samples in a two-stage combustion process (devolatil-
ization followed by combustion). The results showed that both
kinetics parameters (the activation energy and pre-exponential
factor) increased in stage 1 and decreased in stage 2 after DT.

Nevertheless, the model was based on an empirical method which
was not validated because the model itself could not either repro-
duce simulated curves or give any information about the fit quality
between the predicted and experimental data. Recently, studies on
the combustion kinetics of dry torrefied woody biomass materials
using multi pseudo-component models have been reported by
Brostrom et al. [42] and Tapasvi et al. [43]. The former employed
a global kinetic model and the latter employed a distributed activa-
tion energy model (DAEM). The results from the two approaches
showed that DT had little effect on the kinetic parameters of the
torrefied biomass regardless of the treatment conditions. Brostrém
et al. [42] reported that the activation energy values of hemicellu-
lose, cellulose and lignin were constant at 100.6, 213.1, and
121.3 kJ/mol, respectively for both raw and dry-torrefied spruce.
Tapasvi et al. [43] found that the activation energy values for cellu-
lose, non-cellulosic part and char remained at 135, 160 and 153 kJ/
mol, respectively for different types of feedstock and DT conditions.

This present study is a follow-up of our first assessment of WT
for energy applications [1], which has been published as men-
tioned earlier. The objective of the present work was to assess
the effects of WT conditions (temperature, holding time and pres-
sure) on the combustion reactivity and kinetics of biomass solid
fuels. Thermogravimetric analysis (TGA) was employed for this
work as it is a proven method for studying devolatilization and
combustion of biomass in the kinetic regime [44,45].

2. Materials and methods
2.1. Materials

As mentioned in the introduction, the present work is a follow-
up of our first report on comparative assessment of WT for energy
applications. The biomass materials used for this work were
obtained from the previous work, in which the full details about
materials and experimental methods were presented and can be
found elsewhere [1]. For a convenience, a brief extraction is
imported in this present work.

Stem wood from Norway spruce (softwood) and birch (hard-
wood) were selected as feedstock for the study since they are the
main wood species in Norwegian forests. The samples were cut
into 1 cm cubes for WT in hot compressed water, using a 250 ml
Parr reactor series 4650 (Parr Instrument, USA) at different tem-
peratures (175, 200, 225 °C), pressures (15.54, 70, 160 bar) and
holding times (10, 30, 60 min). The corresponding vapour pres-
sures of water at 175, 200, and 225°C are 8.93, 15.54, and
25.50 bar, respectively. However, in order to keep more water in
the liquid phase, the pressure of 70 bar was used for all of the
WT experiments, except for the investigation of the pressure effect
at 200 °C [1]. For this investigation, the pressures of 15.54, 70 and
160 bar were employed. Distilled water was used as the reaction
media. The ratio of dry feedstock over water was 1:5 by weight.

After WT, the wet solid products were dried at 105 °C for 48 h
and then stored in a desiccator for further analyses. The proximate
and ultimate analyses of the samples used for this work are pre-
sented in Table 1. The proximate analyses were performed accord-
ing to ASTM standards: ASTM E871, ASTM E872 and ASTM D1102
for moisture content, volatile matter and ash content, respectively.
The ultimate analyses were determined (on a dry basis) by means
of an “EA 1108 CHNS-O” elemental analyzer (Carlo Erba Instru-
ments). The higher heating values (HHVs) were calculated on dry
and ash free basis, according to Channiwala and Parikh [46].

2.2. Thermogravimetric analysis method and procedure

A thermogravimetric analyzer (Mettler Toledo TGA/SDTA851e)
was employed for this study. The biomass solid fuels were first
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Table 1

Proximate and ultimate analyses of raw and wet torrefied fuels (dry and ash free).
Sample Solid yield® Proximate analysis Ultimate analysis HHV®

Ash® VM* FC* c H* N* (o s?

Spruce
Raw - 0.23 86.50 13.27 50.31 6.24 0.07 43.38 <0.02 20.42
175 °C, 30 min 88.27 0.11 85.72 14.17 51.34 6.18 0.07 42.42 <0.02 20.81
200 °C, 10 min 82.48 0.14 84.64 15.22 51.21 6.39 0.06 4235 <0.02 21.02
200 °C, 30 min 78.45 0.12 83.92 15.95 52.55 6.15 0.06 41.23 <0.02 2133
200 °C, 60 min 73.28 0.09 81.87 18.03 53.69 5.89 0.06 40.36 <0.02 21.51
225°C, 30 min 69.74 0.14 74.74 25.12 56.99 5.87 0.07 37.07 <0.02 22.97
Birch
Raw - 0.28 89.46 10.26 48.94 6.35 0.11 44.60 <0.02 19.94
175 °C, 30 min 79.53 0.09 88.57 11.34 49.42 6.38 0.12 44.07 <0.02 20.21
200 °C, 10 min 66.42 0.08 87.97 11.94 49.61 6.16 0.13 44.10 <0.02 20.01
200 °C, 30 min 64.64 0.09 85.15 14.76 51.25 6.18 0.11 42.46 <0.02 20.78
200 °C, 60 min 63.06 0.10 82.64 17.27 51.34 5.94 0.13 42.59 <0.02 20.51
225°C, 30 min 58.01 0.13 73.78 26.09 56.92 5.86 0.09 37.13 <0.02 22.93

VM: volatile matter, FC: fixed carbon, HHV: higher heating value.
2 wtk.
b Mj/kg.

ground using an IKA MF 10 cutting mill. Then the particles passing
through a 125 pm sieve (Fritsch Analysette 3 Pro) were collected
for the kinetic study to ensure the experiments to be in the chem-
ical reaction kinetic regime [47,48]. For each TGA run, an amount
of about 0.5 mg sample was spread in a 150 pl alumina pan located
inside the TGA reactor. It is worth noting that the buoyancy effect
plays a significant role for such a small sample weight. Therefore, it
is mandatory to run a blank TG (mass loss versus temperature)
curve first. The weight change of the blank experiment was sub-
tracted from the experimental curves automatically. The experi-
ment started from room temperature, the fuel sample was
heated to 105 °C and held at this temperature for 1h for drying.
Thereafter, the sample was heated to 700 °C at a constant heating
rate of 10°C/min. A synthetic air flow rate of 80 ml/min was
applied for all experiments. Moreover, three repetitions were run
for each fuel sample, and the average kinetic values are reported.

2.3. Kinetic model selection

Branca and Di Blasi [49] proposed and examined two different
models to describe the combustion of biomass fuel. They are ser-
ies- and parallel-reaction models, of which each model consists
of four reactions (3 reactions for the devolatilization of the three
main components of lignocellulosic biomass, and 1 reaction for
the char burn-off). It was concluded that both models gave similar
results for the estimated kinetic parameters. However, the parallel-
reaction mechanism, or the pseudo-component model, is favorable
and widely used [42,50,51] because it can describe the possible
overlapped reactions of the lumped components in biomass.
According to this model, the biomass sample is regarded as a
sum of four pseudo-components, and the activation energies were
assumed to be constant during the reactions to simplify the simu-
lation process.

For the present study, the parallel-reaction model proposed by
Branca and Di Blasi [49] was adopted. The four parallel reactions
applied for the model are as follows:

A2y, (1)
B,—2.v, 2)
C, =2y, 3)
D,—%2.v, (4)

where A,, B,, C, and D, are the pseudo-components; and V; (i=1, 2,
3, 4) is the lumped volatiles and/or gases released from the thermal
degradation of the respective pseudo-component. The three first
reactions (Egs. (1)-(3)) are associated with the devolatilization of
the three main components of biomass including hemicellulose,
cellulose and lignin, respectively. The rates of these reactions can
be presented by the general power law (nth-order) expression,
although n =1 is usually used [42,49,51,52]. The last reaction (Eq.
(4)) represents the char combustion, for which the rate law is gen-
erally related to the partial pressure of oxygen through an empirical
exponent and the char porosity. Due to a relatively small amount of
the sample tested in an air flow, it is reasonable to assume that the
oxygen mass fraction remains constant during the reaction process.
Consequently, the general power law (nth-order) expression can
also be applied to represent the char combustion. Overall, the
conversion rate of these four reactions can be described by the
following Arrhenius expression:

doc,-i ) Ei AN .
EfA,exp<fﬁ>(1fa,), i=1,...,4 (5)

where A is the pre-exponential factor, E is the activation energy of
the reaction, R is the universal gas constant, T is the absolute
temperature, n is the reaction order, and i is for the ith pseudo-
component. The conversion degree (o) is defined as the mass frac-
tion of decomposed solid or released volatiles:
o—Mmy vy

where mg and my are the initial and final masses of solid, m is the
mass of solid at any time; ¢ is the total mass of released volatiles
and v is the mass of released volatiles at any time.

The overall conversion rate is the sum of the partial conver-
sions, where ¢; indicates the mass fraction of each pseudo-compo-
nent in the following equation:

do G do;
=) G (7
i~ 2a

2.4. Numerical method

Data collected from the TGA experiments was differentiated to
obtain the DTG data, and presented in the form of conversion
(mass loss) rate (&) versus temperature T. A mathematical model
corresponding to the selected model was then employed for
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simulation and comparison with the experimental DTG data. The
optimization of the predicted DTG curves was based on the non-
linear least squares method, which minimized the sum of the
square differences between the experimental and calculated data.
The objective function is given in Eq. (8):

s_N~[(du) (% ’ .
i Kdt)exp (dt>cali| (8)

where (di

d)exp aNd (%)cal represent the experimental and calculated
conversion rates, respectively; and N is the number of experimental
points.

In order to validate the optimization or the curve fitting process
in other words, the fit quality between actual and modelled data is

calculated according to Eq. (9) [49,53]:

S

N

().

max

Fit (%)= | 1- -100% (9)

The actual simulation was run until the maximum fit value was
found, at which the convergence criteria of the optimization pro-
cess are achieved. The extracted kinetic parameters are: the activa-
tion energies (E;-E,4), the pre-exponential factors (A;-A,), the mass
fractions (c;-c4), and the reaction orders (n;-ny4) for each pseudo-
component. Totally, there are 12 kinetic parameters for the 1st
order model and 16 parameters for the nth order model.

3. Results and discussions
3.1. Thermogravimetric analysis of spruce and birch wood in air

Fig. 1 shows the TG and DTG curves, representing the thermal
behavior of the raw spruce and birch woods in the temperature
range of 100-600 °C. The standard deviation of the conversion rate
data for the tested samples was 1.38 x 107> s~ . For both types of
feedstock, the decomposition starts at around 180 °C with a low
conversion rate. Then the decomposition rate increases rapidly
from around 250 °C to the devolatilization peaks (~2.3 x 10357 1)
at 321-324 °C, from which the rate decreases quickly, down to
0.30 x 103s™! for the spruce wood and 0.25 x 10~3s~! for the
birch wood at around 350 °C. This marks the end of the devolatil-
ization and the beginning of the char combustion, which has much
lower rates than the devolatilization. In addition, a clear shoulder
in the devolatilization stage is observed for the raw birch wood,
but not for the raw spruce. This is because the hemicelluloses con-
tent of birch (hardwood) is normally higher than that of spruce
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Fig. 1. TGA and DTG curves in air for raw spruce and birch woods.

(softwood) [54]. Also, hemicellulose of hardwood usually contains
more xylan than softwood, which is the most reactive compound
in the temperature range of the devolatilization (200-350 °C) [54].

In the char combustion stage, the birch wood char exhibits
lower reactivity than that of spruce wood char. The char combus-
tion rate peak is only 038 x103s~' for the birch, but
0.53 x 107> s~ ! for the spruce.

3.2. Effects of torrefaction conditions on reactivity of wood in air
combustion

3.2.1. The effect of torrefaction temperature

The woods torrefied at three different temperatures (175, 200,
and 225 °C), in the common conditions of 30 min as holding time
and 70 bar as pressure were used for this test. The test results
are presented in Fig. 2, which includes the data collected for the
raw woods for comparison. Fig. 2A is for the spruce wood and
Fig. 2B for the birch wood. As can be seen, the torrefied woods start
decomposing at temperatures around 150 °C, somehow lower than
those for the raw woods (around 180 °C). However, the conversion
rates in this early stage are very low, approximately being less than
0.2 x 107> s7! in all cases. A slightly higher reactivity of the torr-
efied woods than their origins in the early decomposition stage
may be due to the higher reactivity of a small amount of remaining
organic compounds, with low molecular weights, produced from
the degradation of hemicellulose during the WT processes
[55,56]. Most of these organic compounds were washed out and
collected in the water-soluble product portion, but some of them
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Fig. 2. DTG analyses in air for spruce (A) and birch (B) woods torrefied at 70 bar for
30 min.
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may have been trapped in the pores and/or adsorbed on the surface
of the torrefied biomass. At temperatures from 250 °C up to 310 °C,
the torrefied woods become less reactive than their origins. This is
probably due to the degradation of hemicellulose in the raw woods
as discussed earlier in Section 3.1, considering that torrefied woods
contain less or no hemicellulose compared to their origins. At tem-
peratures above 310 °C, the devolatilization peaks, mainly contrib-
uted by cellulose decomposition [57,58], are established. The peaks
for the woods torrefied at 175 °C and 200 °C are higher than those
for the raw woods, but occur at the same location (around 321-
324 °C). In addition, the peaks for the woods torrefied at 200 °C
are higher than those for the woods torrefied at 175 °C. However,
the peaks for the woods torrefied at 225 °C are the lowest and
the peak locations slightly shifted to the left, at around 317 °C.

At temperatures above 350 °C, where the char formed from the
devolatilization stage starts combusting, the situation is reversed.
The char combustion stage of the torrefied woods starts at temper-
atures somehow lower than the raw woods, with the combustion
peaks clearly shifting to the right. The woods torrefied at 225 °C
(the highest one among the temperatures employed for the WT)
exhibit the highest reactivity with the highest combustion rate
peaks (0.50 x 10~3>s~') and the longest DTG tails (last until
550 °C) compared with the others. This is probably due to the high-
est fixed carbon content of the woods torrefied at 225 °C (Table 1).
However, the combustion peaks of the woods torrefied at 175 °C
and 200 °C are lower than that of the raw woods. Nevertheless,
the combustion stages of the woods torrefied at 175°C and
200 °C last longer than those of the raw woods. This inconsistent
trend, together with the inconsistence observed for the devolatil-
ization peaks, makes it hard to identify a general trend for the
effect of WT temperature on the reactivity of wood in air combus-
tion, and therefore no firm conclusion on this can be drawn at this
stage. Nevertheless, it is suspected that severer WT conditions
would cause higher devolatilization peaks. However, when the
WT severity factor is too high, such as at WT temperatures of
225 °C, cellulose starts to decompose (about 10% at 225 °C for
30 min [2,56]). Consequently, the devolatilization peak heights of
the DTG curves for the woods torrefied in these conditions are
lower than the others, even those of their origins.

3.2.2. The effect of torrefaction time

Fig. 3 presents the effect of holding time (10, 30, and 60 min)
during WT on the combustion behavior for the woods torrefied
at 200 °C and 70 bar as the common conditions. Fig. 3A is for the
spruce wood and Fig. 3B for the birch wood. The figures indicate
that increases in WT holding time make the woods less reactive
at TGA temperatures below 300 °C and more reactive during the
char combustion stage. Again, similar explanations based on the
role of the hemicellulose and fixed carbon content of the tested
samples can be applied for these observed trends. In addition,
inconsistencies in the devolatilization peak heights, which are sim-
ilar to those for the effect of torrefaction temperature, were also
observed.

3.2.3. The effect of torrefaction pressure

Fig. 4 presents DTG curves for the combustion of the spruce
wood torrefied at various pressures: 15.54 (the vapour pressure
of water at 200 °C), 70 and 160 bar, in the common conditions of
200 °C and 10 min. Changes in the conversion rate were observed
to be within 7.11-14.35 x 107> s~ !.These indicate that the effect
of WT pressure on the reactivity of the woods was insignificant.
Increasing pressure made the wood slightly less reactive during
the devolatilization, but somewhat more reactive in the char com-
bustion stage, considering the peaks height. However, the peaks
locations were almost at the same temperatures.
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3.3. Kinetic analysis

A kinetic analysis employing the four-pseudo-component
model with different reaction orders (n=1 and n # 1) was per-
formed for a quantitative evaluation of the effects of WT on the
combustion reactivity of wood. Because the effect of pressure dur-
ing WT on the reactivity of wood in air combustion is not signifi-
cant, only the wood samples torrefied at a constant pressure of
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Table 2
Combustion kinetic data for spruce fuels.

Torrefaction condition First order reactions

nth order reactions

E (kJ/mol) A(s™ c Fit (%) E (kJ/mol) A(s™h c n Fit (%)
Raw H 103.80 3.70E+07 0.14 99.27 103.76 3.89E+07 0.15 1.01 99.28
C 221.58 2.43E+17 0.42 221.53 2.46E+17 0.44 1.06
L 66.17 1.33E+03 0.23 68.40 1.80E+03 0.21 1.01
Char 178.49 5.90E+10 0.21 183.09 1.27E+11 0.20 1.01
175 °C, 30 min H 66.23 1.47E+03 0.12 98.90 66.97 1.47E+03 0.12 1.01 98.90
C 241.17 1.31E+19 0.40 24113 1.32E+19 0.41 1.03
L 40.60 1.39E+01 0.23 40.27 1.40E+01 0.23 1.01
Char 132.50 1.58E+07 0.24 132.58 1.58E+07 0.24 1.01
200 °C, 10 min H 4711 2.32E+02 0.12 98.92 47.41 2.35E+02 0.13 1.01 98.96
C 239.33 9.59E+18 0.44 239.46 1.00E+19 0.45 1.06
L 66.55 1.48E+03 0.21 67.12 1.47E+03 0.18 1.01
Char 135.34 2.49E+07 0.24 135.50 2.53E+07 0.24 1.01
200 °C, 30 min H 43.98 1.54E+02 0.09 98.69 46.75 2.27E+02 0.11 1.01 98.93
C 243.41 2.21E+19 0.43 259.18 5.93E+20 0.47 1.20
L 71.70 3.35E+03 0.21 82.85 2.20E+04 0.17 1.04
Char 131.32 9.46E+06 0.26 142.27 5.78E+07 0.25 1.04
200 °C, 60 min H 43.32 1.63E+02 0.04 98.49 43.93 1.63E+02 0.05 1.01 98.61
C 247.46 6.34E+19 0.43 247.27 6.34E+19 0.46 1.12
L 71.32 3.05E+03 0.22 7245 3.05E+03 0.19 1.01
Char 111.63 2.77E+05 0.31 111.77 2.77E+05 0.30 1.01
225 °C, 30 min H 44.03 2.90E+02 0.04 98.32 44.82 2.89E+02 0.05 1.01 98.41
C 238.92 1.44E+19 0.30 238.97 1.54E+19 033 1.18
L 67.72 1.60E+03 0.25 68.78 1.62E+03 0.21 1.01
Char 109.03 1.94E+05 0.41 109.38 2.01E+05 0.40 1.01

H: hemicellulose, C: cellulose, L: lignin.

70 bar (at different temperatures and with different holding times)
were selected for the kinetic analysis. The selection of this pressure
was based on the recommendation discussed in our previous study
[1]. In total, 12 experimental data sets were analyzed kinetically, of
which 6 were for the spruce wood and 6 for the birch wood. The
kinetic data extracted from this analysis are presented in Tables
2 and 3 for the spruce and birch, respectively. The quality of the
fit between the experimental and predicted data is also included
in the tables. In addition, for a graphical demonstration of the fit
quality, curves fittings for the raw woods and the woods torrefied
at 200 °C for 30 min (at 70 bar) are presented in Figs. 5 and 6,
respectively. In these figures, the actual conversion rates from
the experiments are presented by the black dotted curves. The
red solid curves denote the predicted rates. The other four curves
are presenting the conversion rates of the three main components
of wood (hemicellulose, cellulose, and lignin) and the char formed
from the devolatilization step. The figures show good fits between
the experimental and modelled results. The fit quality numerically
presented in Tables 2 and 3 is within 98-99% in all cases.

Tables 2 and 3 show that the modelling with different reaction
orders generated quite similar kinetic data. The data of the activa-
tion energy and pre-exponential factor are comparable with those
reported in the literature [45,49,53,59,60]. In addition, most of the
calculated n values are close to 1. However, the nth order model
still exhibits somehow better fit and gives more information about
the reaction order. Therefore, the kinetic data obtained from the
nth order model are chosen for further assessments hereafter.

It can be seen that, while there is no clear trend for the effect of
WT on the pre-exponential factor, the activation energy of hemi-
cellulose is reduced dramatically by WT, e.g. decreases from
103.76 to 44.82 kJ/mol and from 144.68 to 41.29 k]/mol for the
spruce and birch, respectively, by WT at 225 °C (and 70 bar) for
30 min. This effect can also be observed from the hemicellulose
curves in Figs. 5 and 6, which show clearly that WT caused a shift
of the hemicellulose curves to a lower temperature range. This is in
agreement with the literature [61] and can be explained by that

during WT the hemicellulose component of the wood was decom-
posed and cracked into smaller molecules such as polysaccharides
[55,56], which remained in the solid products.

However, the effect trend of WT on the activation energy of lig-
nin is not clear. Similar observations were described by Biswas
et al. [61], which reported that the thermal reactivity of woody lig-
nin may either increase or decrease due to hydrothermal pretreat-
ment, depending on the severity of the pretreatment conditions
which may result in condensation and re-polymerization reactions.

In contrast to hemicellulose, the activation energy of cellulose is
increased by WT. This is presumably due to the increased crystal-
linity of cellulose caused by hydrothermal treatment [62-64]. It is
because that during thermal degradation, crystalline cellulose was
reported to have much higher activation energy than non-crystal-
line cellulose due to the increased cross linking [65].

Similar to hemicellulose, the activation energy of char combus-
tion is decreased by WT (from 183.09 kJ/mol for the raw spruce to
109.38 kJ/mol for spruce torrefied at 225°C and 30 min; from
222.00 kJ/mol for raw birch to 132.26 kJ/mol for birch torrefied at
225 °C for 30 min). This is presumably due to the changes in ash con-
tent of the woods after WT since it was reported in the literatures
[66-69] that the ash content and ash composition of char from bio-
mass would both enhance or inhibit the char reactivity. It is because
both mass transfer limitations and catalytic effects of the ash.

The mass fraction of hemicellulose is reduced by WT. In addi-
tion, the mass fraction is decreased gradually with increasing WT
severity, from 0.15 for the raw spruce to 0.05 for the spruce torr-
efied at 225 °C and 30 min; and from 0.23 for the raw birch to
0.06 for the birch torrefied at 225 °C and 30 min. From the condi-
tions of 200 °C and 30 min to more severe conditions (higher tem-
peratures or longer holding times), the hemicellulose mass fraction
of the torrefied fuel is small, less than 10% of the total mass. With
the reduction of hemicellulose fraction, the mass fraction of the
other component fractions in the torrefied biomass fuels (cellulose,
lignin, and char) are relatively increased compared with the raw
materials, as presented in Tables 2 and 3.
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Table 3
Combustion kinetic data for birch fuels.
Torrefaction condition First order reactions nth order reactions
E (kJ/mol) A(s™h) c Fit (%) E (kJ/mol) A(s™h) c n Fit (%)
Raw H 138.17 1.14E+11 0.22 98.79 144.68 4.69E+11 0.23 1.01 98.98
C 194.25 1.13E+15 0.50 204.71 9.71E+15 0.48 1.01
L 83.96 2.71E+04 0.14 83.51 2.77E+04 0.16 1.06
Char 221.99 8.74E+13 0.14 222.00 8.87E+13 0.14 1.04
175 °C, 30 min H 58.34 2.66E+03 0.17 98.59 64.69 1.12E+04 0.18 1.01 98.76
C 246.38 4.84E+19 0.44 263.00 1.54E+21 0.46 1.16
L 65.14 1.20E+03 0.20 65.80 1.20E+03 0.18 1.08
Char 127.47 5.48E+06 0.19 127.71 5.51E+06 0.18 1.01
200 °C, 10 min H 49.02 4.61E+02 0.13 98.49 48.99 4.60E+02 0.13 1.01 98.55
C 254.86 2.43E+20 0.46 254.85 2.43E+20 0.46 1.04
L 61.56 4.42E+02 0.23 68.70 2.13E+03 0.23 1.28
Char 152.51 2.77E+08 0.18 150.04 1.81E+08 0.18 1.01
200 °C, 30 min H 50.30 8.01E+02 0.06 98.31 52.71 1.25E+03 0.07 1.01 99.11
C 267.74 3.85E+21 0.52 263.29 1.62E+21 0.56 1.14
L 80.54 2.24E+04 0.19 82.31 2.08E+04 0.15 1.03
Char 118.13 8.26E+05 0.23 123.53 1.93E+06 0.22 1.01
200 °C, 60 min H 50.31 1.21E+03 0.05 98.24 50.78 1.19E+03 0.05 1.02 98.42
C 235.27 6.95E+18 0.33 237.06 1.04E+19 0.35 1.14
L 79.94 2.03E+04 0.22 81.18 2.30E+04 0.20 1.10
Char 104.16 9.15E+04 0.41 104.91 1.02E+05 0.40 1.01
225°C, 30 min H 40.88 1.33E+02 0.06 98.22 41.29 1.26E+02 0.06 1.01 98.48
C 231.51 2.66E+18 0.32 236.66 8.13E+18 0.34 1.18
L 67.79 1.39E+03 0.27 71.58 2.56E+03 0.25 1.08
Char 129.38 4.98E+06 0.36 132.26 7.80E+06 0.34 1.01
H: hemicellulose, C: cellulose, L: lignin.
(A) Raw spruce, n=1 (C) Torrefied spruce, 200°C, 30 min, n=1
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The mass fraction of cellulose in the torrefied fuels from both
feedstocks increased to a maximum value, 0.47 and 0.56 for
spruce and birch torrefied at 200°C and 30 min, and then

Fig. 5. Curve fitting for raw and torrefied spruce fuels.

decreased with either increasing temperature or holding time.
The contribution of cellulose fractions is in good agreement with
the heights of the devolatilization peaks shown in Figs. 2 and 3.
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Fig. 6. Curve fitting for raw and torrefied birch fuels.

The higher cellulose fraction is, the higher devolatilization peak is
observed. This helps confirm the suspicion and explain the incon-
sistent trend in the effects of WT temperature or holding time on
the devolatilization peaks height as observed and discussed earlier
in this paper.

The mass fraction of lignin varies in a narrow range (0.17-0.23
for torrefied spruce and 0.15-0.25 for torrefied birch) because the
hydrothermal media within the WT conditions has little effects on
the overall degradation of lignin [22]. On the other hand, the mass
fraction of char is increased gradually (from 0.20 and 0.14 for raw
spruce and birch to 0.40 and 0.34 for spruce and birch torrefied at
225°C and 30 min, respectively) with torrefaction temperature
and holding time.

4. Conclusions

The effects of WT on the reactivity and kinetics of woods under
air combustion conditions were investigated using thermogravi-
metric method and kinetic modelling. Two types of woody bio-
mass, Norway spruce and birch woods were used as feedstock.
The following conclusions can be drawn from this study:

- WT pressure had insignificant effects on the combustion reac-
tivity of the woods.

- WT temperature and holding time had similar effects on the
combustion reactivity of the woods. Increasing either tempera-
ture or holding time make the woods more reactive in the dev-
olatilization stage, but less reactive in the char combustion
stage. However, too severe WT conditions (from 225 °C and
30 min) made the trends reversed due to the decomposition

of cellulose in the devolatilization stage and the competition
between catalyzing and inhibiting effects of char ash on the
char combustion stage.

In addition, the kinetic analysis using the four-pseudo-compo-
nent model with n # 1 showed that the activation energy of hemi-
cellulose and char was reduced, but that of cellulose was increased
by WT. The activation energy of hemicellulose was reduced from
103.8 to 44.8 kJ/mol for the spruce wood, and from 144.7 to
41.3 kJ/mol for the birch wood. That of char was from 183.1 to
109.4 kJ/mol for the spruce and from 222.0 to 132.3 kJ/mol for
the birch. The activation energy of the cellulose was increased from
221.5 to 239.0 kJ/mol for the spruce, and from 204.7 to 236.7 kJ/
mol for the birch. The mass fraction of hemicellulose was reduced
by WT (from 0.15 to 0.05 for the spruce and from 0.23 to 0.06 for
the birch), but that for char was increased gradually (0.20-0.40 for
spruce and 0.14-0.34 for birch).

Acknowledgements

This work is financially supported by the Research Council of
Norway and industry partners through the KMB project STOP
(STable OPerating conditions for biomass combustion plants),
which is gratefully acknowledged.

References

[1] Bach Q-V, Tran K-Q, Khalil RA, Skreiberg @, Seisenbaeva G. Comparative
assessment of wet torrefaction. Energy Fuels 2013;27:6743-53.

[2] Yan W, Acharjee TC, Coronella CJ, Vasquez VR. Thermal pretreatment of
lignocellulosic biomass. Environ Progr Sustain Energy 2009;28:435-40.


http://refhub.elsevier.com/S0016-2361(14)00780-7/h0005
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0005
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0010
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0010

Q.-V. Bach et al./Fuel 137 (2014) 375-383 383

[3] Chen W-H, Ye S-C, Sheen H-K. Hydrothermal carbonization of sugarcane
bagasse via wet torrefaction in association with microwave heating. Bioresour
Technol 2012;118:195-203.

[4] Yan W, Hastings JT, Acharjee TC, Coronella CJ, Vasquez VR. Mass and energy
balances of wet torrefaction of lignocellulosic biomass. Energy Fuels
2010;24:4738-42.

[5] Runge T, Wipperfurth P, Zhang C. Improving biomass combustion quality using
a liquid hot water treatment. Biofuels 2013;4:73-83.

[6] Hoekman SK, Broch A, Robbins C. Hydrothermal carbonization (HTC) of
lignocellulosic biomass. Energy Fuels 2011;25:1802-10.

[7] Heilmann SM, Davis HT, Jader LR, Lefebvre PA, Sadowsky M]J, Schendel FJ, et al.
Hydrothermal carbonization of microalgae. Biomass Bioenergy 2010;34:875-82.

[8] Falco C, Perez Caballero F, Babonneau F, Gervais C, Laurent G, Titirici M-M,
et al. Hydrothermal carbon from biomass: structural differences between
hydrothermal and pyrolyzed carbons via 13C solid state NMR. Langmuir
2011;27:14460-71.

[9] Funke A, Ziegler F. Hydrothermal carbonization of biomass: a summary and
discussion of chemical mechanisms for process engineering. Biofuels, Bioprod
Biorefin 2010;4:160-77.

[10] Libra JA, Ro KS, Kammann C, Funke A, Berge ND, Neubauer Y, et al.
Hydrothermal carbonization of biomass residuals: a comparative review of
the chemistry, processes and applications of wet and dry pyrolysis. Biofuels
2010;2:71-106.

[11] Liu Z, Balasubramanian R. Upgrading of waste biomass by hydrothermal
carbonization (HTC) and low temperature pyrolysis (LTP): a comparative
evaluation. Appl Energy 2014;114:857-64.

[12] Liu Z, Quek A, Kent Hoekman S, Balasubramanian R. Production of solid
biochar fuel from waste biomass by hydrothermal carbonization. Fuel
2013;103:943-9.

[13] Parshetti GK, Liu Z, Jain A, Srinivasan MP, Balasubramanian R. Hydrothermal
carbonization of sewage sludge for energy production with coal. Fuel
2013;111:201-10.

[14] Schneider D, Escala M, Supawittayayothin K, Tippayawong N. Characterization
of biochar from hydrothermal carbonization of bamboo. Int ] Energy Environ
2011;2:647-52.

[15] Goto M, Obuchi R, Hirose T, Sakaki T, Shibata M. Hydrothermal conversion of
municipal organic waste into resources. Bioresour Technol 2004;93:279-84.

[16] KneZevic D, van Swaaij W, Kersten S. Hydrothermal conversion of biomass. II.
Conversion of wood, pyrolysis oil, and glucose in hot compressed water. Ind
Eng Chem Res 2009;49:104-12.

[17] KneZevi¢ D, van Swaaij WPM, Kersten SRA. Hydrothermal conversion of
biomass: I. Glucose conversion in hot compressed water. Ind Eng Chem Res
2009;48:4731-43.

[18] Kruse A, Funke A, Titirici M-M. Hydrothermal conversion of biomass to fuels
and energetic materials. Curr Opin Chem Biol 2013;17:515-21.

[19] Wang G, Luo Y, Deng ], Kuang ], Zhang Y. Pretreatment of biomass by
torrefaction. Chin Sci Bull 2011;56:1442-8.

[20] Garcia Alba L, Torri C, Samori C, van der Spek ], Fabbri D, Kersten SRA, et al.
Hydrothermal treatment (HTT) of microalgae: evaluation of the process as
conversion method in an algae biorefinery concept. Energy Fuels
2011;26:642-57.

[21] Karagoz S, Bhaskar T, Muto A, Sakata Y, Uddin MA. Low-temperature
hydrothermal treatment of biomass: effect of reaction parameters on
products and boiling point distributions. Energy Fuels 2003;18:234-41.

[22] Murakami K, Kasai K, Kato T, Sugawara K. Conversion of rice straw into
valuable products by hydrothermal treatment and steam gasification. Fuel
2012;93:37-43.

[23] Muthuraman M, Namioka T, Yoshikawa K. Characteristics of co-combustion and
kinetic study on hydrothermally treated municipal solid waste with different
rank coals: a thermogravimetric analysis. Appl Energy 2010;87:141-8.

[24] Nonaka M, Hirajima T, Sasaki K. Upgrading of low rank coal and woody
biomass mixture by hydrothermal treatment. Fuel 2011;90:2578-84.

[25] Rodriguez A, Moral A, Sanchez R, Requejo A, Jiménez L. Influence of variables in
the hydrothermal treatment of rice straw on the composition of the resulting
fractions. Bioresour Technol 2009;100:4863-6.

[26] van der Stelt MJC, Gerhauser H, Kiel JHA, Ptasinski KJ. Biomass upgrading by
torrefaction for the production of biofuels: a review. Biomass Bioenergy
2011;35:3748-62.

[27] Ciolkosz D, Wallace R. A review of torrefaction for bioenergy feedstock
production. Biofuels, Bioprod Biorefin 2011;5:317-29.

[28] Chew J], Doshi V. Recent advances in biomass pretreatment - torrefaction
fundamentals and technology. Renew Sustain Energy Rev 2011;15:4212-22.

[29] Chen W-H, Hsu H-C, Lu K-M, Lee W-], Lin T-C. Thermal pretreatment of wood
(Lauan) block by torrefaction and its influence on the properties of the
biomass. Energy 2011;36:3012-21.

[30] Bridgeman TG, Jones JM, Shield I, Williams PT. Torrefaction of reed canary
grass, wheat straw and willow to enhance solid fuel qualities and combustion
properties. Fuel 2008;87:844-56.

[31] Medic D, Darr M, Shah A, Potter B, Zimmerman J. Effects of torrefaction process
parameters on biomass feedstock upgrading. Fuel 2012;91:147-54.

[32] Phanphanich M, Mani S. Impact of torrefaction on the grindability and fuel
characteristics of forest biomass. Bioresour Technol 2011;102:1246-53.

[33] Tapasvi D, Khalil R, Skreiberg @, Tran K-Q, Grenli M. Torrefaction of Norwegian
birch and spruce: an experimental study using macro-TGA. Energy Fuels
2012;26:5232-40.

[34] Tran K-Q, Luo X, Seisenbaeva G, Jirjis R. Stump torrefaction for bioenergy
application. Appl Energy 2013;112:539-46.

[35] Bain RL, Overend RP, Craig KR. Biomass-fired power generation. Fuel Process
Technol 1998;54:1-16.

[36] Miguez JL, Moran JC, Granada E, Porteiro J. Review of technology in small-scale
biomass combustion systems in the European market. Renew Sustain Energy
Rev 2012;16:3867-75.

[37] Saidur R, Abdelaziz EA, Demirbas A, Hossain MS, Mekhilef S. A review on
biomass as a fuel for boilers. Renew Sustain Energy Rev 2011;15:2262-89.

[38] Al-Mansour F, Zuwala J. An evaluation of biomass co-firing in Europe. Biomass
Bioenergy 2010;34:620-9.

[39] Loo Sv, Koppejan J. The handbook of biomass combustion and co-
firing. Routledge; 2007.

[40] Pimchuai A, Dutta A, Basu P. Torrefaction of agriculture residue to enhance
combustible properties. Energy Fuels 2010;24:4638-45.

[41] Arias B, Pevida C, Fermoso ], Plaza MG, Rubiera F, Pis ]J. Influence of
torrefaction on the grindability and reactivity of woody biomass. Fuel
Process Technol 2008;89:169-75.

[42] Brostrém M, Nordin A, Pommer L, Branca C, Di Blasi C. Influence of torrefaction
on the devolatilization and oxidation kinetics of wood. ] Anal Appl Pyrol
2012;96:100-9.

[43] Tapasvi D, Khalil R, Varhegyi G, Skreiberg @, Tran K-Q, Grenli M. Kinetic
behavior of torrefied biomass in an oxidative environment. Energy Fuels
2013;27:1050-60.

[44] Di Blasi C. Modeling chemical and physical processes of wood and biomass
pyrolysis. Prog Energy Combust Sci 2008;34:47-90.

[45] Di Blasi C. Combustion and gasification rates of lignocellulosic chars. Prog
Energy Combust Sci 2009;35:121-40.

[46] Channiwala SA, Parikh PP. A unified correlation for estimating HHV of solid,
liquid and gaseous fuels. Fuel 2002;81:1051-63.

[47] Shen DK, Gu S, Luo KH, Bridgwater AV, Fang MX. Kinetic study on thermal
decomposition of woods in oxidative environment. Fuel 2009;88:1024-30.

[48] Rath J, Steiner G, Wolfinger MG, Staudinger G. Tar cracking from fast pyrolysis
of large beech wood particles. ] Anal Appl Pyrol 2002;62:83-92.

[49] Branca C, Di Blasi C. Parallel- and series-reaction mechanisms of wood and
char combustion. Therm Sci 2004;8:51-63.

[50] Conesa JA, Domene A. Biomasses pyrolysis and combustion kinetics through n-
th order parallel reactions. Thermochim Acta 2011;523:176-81.

[51] Branca C, Di Blasi C. Combustion kinetics of secondary biomass chars in the
kinetic regime. Energy Fuels 2010;24:5741-50.

[52] Branca C, Di Blasi C. Global interinsic kinetics of wood oxidation. Fuel
2004;83:81-7.

[53] Branca C, Di Blasi C. Global kinetics of wood char devolatilization and
combustion. Energy Fuels 2003;17:1609-15.

[54] Sjostrom E. Wood chemistry: fundamentals and applications. Academic Press
Inc.; 1981.

[55] Charles EW, Stephen RD, Michael EH, John WB, Catherine ES, Liisa V.
Hydrolysis of cellulose and hemicellulose. Polysaccharides. CRC Press; 2004.

[56] Bobleter O. Hydrothermal degradation of polymers derived from plants. Prog
Polym Sci 1994;19:797-841.

[57] Prabir B. Chapter 3 - pyrolysis and torrefaction. Biomass gasification and
pyrolysis. Boston: Academic Press; 2010. p. 65-96.

[58] Branca C, Albano A, Di Blasi C. Critical evaluation of global mechanisms of
wood devolatilization. Thermochim Acta 2005;429:133-41.

[59] Amutio M, Lopez G, Aguado R, Artetxe M, Bilbao J, Olazar M. Kinetic study of
lignocellulosic biomass oxidative pyrolysis. Fuel 2012;95:305-11.

[60] Orfao JJM, Antunes FJA, Figueiredo JL. Pyrolysis kinetics of lignocellulosic
materials—three independent reactions model. Fuel 1999;78:349-58.

[61] Biswas AK, Umeki K, Yang W, Blasiak W. Change of pyrolysis characteristics
and structure of woody biomass due to steam explosion pretreatment. Fuel
Process Technol 2011;92:1849-54.

[62] Inagaki T, Siesler HW, Mitsui K, Tsuchikawa S. Difference of the crystal
structure of cellulose in wood after hydrothermal and aging degradation: a
NIR spectroscopy and XRD study. Biomacromolecules 2010;11:2300-5.

[63] Kong L, Miao P, Qin ]. Characteristics and pyrolysis dynamic behaviors of
hydrothermally treated micro crystalline cellulose. ] Anal Appl Pyrolysis
2013;100:67-74.

[64] Ibbett R, Gaddipati S, Hill S, Tucker G. Structural reorganisation of cellulose
fibrils in hydrothermally deconstructed lignocellulosic biomass and
relationships with enzyme digestibility. Biotechnol Biofuel 2013;6:1-16.

[65] Gaur S, Reed TB. Thermal data for natural and synthetic fuels. CRC Press; 1998.

[66] Spiro CL, McKee DW, Kosky PG, Lamby EJ. Catalytic CO,-gasification of
graphite versus coal char. Fuel 1983;62:180-4.

[67] Kannan MP, Richards GN. Gasification of biomass chars in carbon dioxide:
dependence of gasification rate on the indigenous metal content. Fuel
1990;69:747-53.

[68] Moilanen A, Thermogravimetric characterisations of biomass and waste for
gasification processes. Doctoral Dotoral Thesis, Abo Akademi University,
Turku, Finland; 2006.

[69] Lane DJ, Ashman PJ, Zevenhoven M, Hupa M, van Eyk PJ, de Nys R, et al.
Combustion behavior of algal biomass: carbon release, nitrogen release, and
char reactivity. Energy Fuels 2013;28:41-51.


http://refhub.elsevier.com/S0016-2361(14)00780-7/h0015
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0015
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0015
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0020
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0020
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0020
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0025
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0025
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0030
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0030
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0035
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0035
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0040
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0040
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0040
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0040
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0045
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0045
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0045
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0050
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0050
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0050
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0050
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0055
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0055
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0055
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0060
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0060
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0060
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0065
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0065
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0065
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0070
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0070
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0070
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0075
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0075
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0080
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0080
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0080
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0085
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0085
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0085
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0090
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0090
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0095
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0095
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0100
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0100
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0100
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0100
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0105
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0105
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0105
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0110
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0110
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0110
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0115
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0115
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0115
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0120
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0120
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0125
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0125
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0125
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0130
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0130
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0130
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0135
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0135
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0140
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0140
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0145
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0145
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0145
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0150
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0150
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0150
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0155
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0155
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0160
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0160
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0165
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0165
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0165
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0170
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0170
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0175
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0175
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0180
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0180
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0180
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0185
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0185
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0190
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0190
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0195
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0195
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0200
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0200
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0205
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0205
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0205
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0210
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0210
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0210
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0215
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0215
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0215
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0220
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0220
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0225
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0225
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0230
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0230
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0235
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0235
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0240
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0240
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0245
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0245
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0250
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0250
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0255
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0255
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0260
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0260
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0265
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0265
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0270
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0270
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0275
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0275
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0280
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0280
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0285
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0285
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0290
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0290
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0295
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0295
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0300
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0300
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0305
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0305
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0305
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0310
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0310
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0310
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0315
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0315
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0315
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0320
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0320
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0320
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0325
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0330
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0330
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0330
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0335
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0335
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0335
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0345
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0345
http://refhub.elsevier.com/S0016-2361(14)00780-7/h0345




Paper I1I

Effects of wet torrefaction on pyrolysis of woody biomass fuels

Quang-Vu Bach, Khanh-Quang Tran, and Jyvind Skreiberg.

Submitted to Energy.







Elsevier Editorial System(tm) for Energy
Manuscript Draft

Manuscript Number:

Title: Effects of Wet Torrefaction on Pyrolysis of Woody Biomass Fuels

Article Type: Full Length Article

Keywords: Wet torrefaction; Biomass fuel; Hydrochar; Pyrolysis Kinetics; Kinetic modelling
Corresponding Author: Mr. Quang-Vu Bach,

Corresponding Author's Institution: Norwegian University of Science and Technology

First Author: Quang-Vu Bach

Order of Authors: Quang-Vu Bach; Khanh-Quang Tran; @yvind Skreiberg ; Thuat T Trinh

Abstract: The pyrolysis of Norway spruce and birch woods under nitrogen atmosphere was studied by
means of a thermogravimetric analyzer operated in the non-isothermal mode, followed by a kinetic
analysis employing a three-pseudo-component model with nth-order reactions. Raw woods and the
woods treated via wet torrefaction in the conditions of various temperatures (175, 200, 225 °C) and
holding times (10, 30, 60 min) were included in this work. The study showed that wet torrefaction
resulted in higher pyrolysis peaks for the woods, but less mass of volatiles was released during
pyrolysis. The effects of wet torrefaction on pyrolysis of the lignocellulosic components are different.
The activation energy of hemicellulose was significantly reduced by wet torrefaction. However, those
for cellulose and lignin were slightly increased by wet torrefaction. In addition, a kinetic evaluation
with assumption of common parameters was performed. The results confirmed that some kinetic
parameters can be assumed to be common for pyrolysis kinetic modelling of different biomasses
without substantial reductions in the fit quality. Wet torrefaction has positive effects on the
possibilities for biomass pyrolysis kinetic modeling with assumption of common parameters.



Highlights (for review)

Highlights

e Torrefaction temperature and holding time significantly influence the pyrolysis reactivity
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e Mass fraction and activation energy of hemicellulose are significantly reduced by wet
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o Activation energies for cellulose and lignin are slightly increased by wet torrefaction.

e Some kinetic parameters could be assumed common without substantial reductions in the

fit quality.
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Abstract

The pyrolysis of Norway spruce and birch woods under nitrogen atmosphsrstudied by
means of a thermogravimetric analyzer operated in the non-isotharouk, followed by a
kinetic analysis employing a three-pseudo-component modehifithder reactions. Raw woods
and the woods treated via wet torrefaction in the conditions of vakoogeratures (175, 200,
225 °C) and holding times (10, 30, 60 min) were included in this work. Thg shaved that
wet torrefaction resulted in higher pyrolysis peaks for the wadogisless mass of volatiles was
released during pyrolysis. The effects of wet torrefaction awlysis of the lignocellulosic
components are different. The activation energy of hemicellW@sesignificantly reduced by
wet torrefaction. However, those for cellulose and lignin werehtjigincreased by wet

torrefaction.

In addition, a kinetic evaluation with assumption of common parameteserformed. The
results confirmed that some kinetic parameters can be assunimd dommon for pyrolysis
kinetic modelling of different biomasses without substantial reducfioribe fit quality. Wet
torrefaction has positive effects on the possibilities for biorpgisslysis kinetic modeling with

assumption of common parameters.

Keywords: Wet torrefaction, Biomass fuel, Hydrochar, Pyrolysis kinetics, Kinetic ringel
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1 Introduction

Wet torrefaction (WT) is a promising method for biomass pretreat and production of
advanced solid biofuels. It may be defined as processing of lignloséd materials in
hydrothermal media (HM) or hot compressed water (HCW) at d¢eatyres between 180-260 °C
[1-6]. The main product of the WT idwydrochai’ (hydrothermal biochar), a hydrophobic solid
fuel with much better grindability, lower moisture content and higlaarific value compared
with the untreated biomass [1-6]. In addition to hydrochar, WT also peedu@rious water-
soluble byproducts including acetic acid, formic acid, lactid,aglycolic acid, levulinic acid,
phenol, furfural, hydroxymethylfurfural (HMF), and sugars, whicltcoant altogether for
approximately 10 wt% of the dry feedstock [4-6]. Separation and titizaf these organic

fractions may contribute to an economic improvement of the WT process at indicsthées.

Recently, a study on WT of biomass for energy applicationbéais reported by our research
group [1]. The study also included a comparison with dry torrefaction), (which may be
defined as mild pyrolysis of biomass within the temperaturgeraof 200-300 °C [7-9]. The
results showed that WT can produce solid fuels with greater heatings, higher energy yields,
and better hydrophobicity at significantly lower temperaturesshoder holding times than DT.
In addition, WT is capable of removing parts of the ash components andgreduees cleaner

solid fuels, with respect to inorganic elements.

At present, combustion is the most important energy application af b@mass fuel,
considering its contribution to more than 90% of the global bioenergy yoaeid [10-14].
Pyrolysis (devolatilization) is the first step, after drying,the combustion process of solid
biomass fuel. In addition, pyrolysis can be used as a standalonespfmcisther treatments of

biomass fuels [15]. Therefore, it is important to understand thenéthdrehavior and kinetics of

3
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biomass pyrolysis for the design, modification or optimization oftlieemal conversion units.
For these reasons, past research in the field was very adivex&mple, Brostrom et al. [16]
employed a multi pseudo-component kinetic model to study effect obiDihe pyrolysis of
Norway spruce. The model described closely the actual pyspblssuming first order reactions.
Later, Tapasvi et al. [17] established an even more detailed ared cooplex model, mainly
based on the distributed activation energy model (DAEM), to desceiber the pyrolysis and
combustion kinetics of biomass. On the other hafahya et al. [18] and Conesa and Domene
[19] found that the pseudo-component kinetic model withorder described the biomass
pyrolysis kinetics better than the model with first order ieast More recently, a comparative
kinetic evaluation on pyrolysis of dry-torrefied stump biomass has tEported [20]. The results
showed the differences in fit quality of the three-pseudo-componentl mibdfirst order, the
three-pseudo-component model with order, and DAEM were insignificant. In addition, the
three-pseudo-component model with order was recommended for a pyrolysis kinetic study of

solid biomass fuel.

Despite the advantages of WT over DT and the importance of unuérgtathe thermal
behavior and kinetics of biomass pyrolyis, only few studies on WT [daf] be found in the
literature, of which the focus was on the effects of procesanpeters on the yield and fuel
properties of the solid product. To our knowledge, there is no open literaaiable for
pyrolysis of hydrochar, except for the one reported by Yan EHL. In that study, the pyrolysis
of solid obtained from HTC of loblolly pineas thermogravimetrically analyzed and compared
with that of the untreated pine. Two simple kinetic models, Kissmgerd Ozawa’'s methods,
were employed for a kinetic study of the pyrolysis. Howetler kinetic information obtained by

these methods is limited and does not closely represent thg,reafisidering the complexity in
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the chemical composition of lignocellulosic biomass materialss therefore crucial for WT

technology to carry out more relevant studies on thermal behaviokiaetics of hydrochar
pyrolysis.

In addition, Trnin¢ et al. [22] indicated that, in kinetic modelling for thermal decomjmrsof
biomass, it is possible to have common kinetic parameters for vayipes of lignocellulosic
biomass fuels, considering the similarities and differences batte fuels. Also, Tapasvi et al.
[17] suggested that if some of the kinetic parameters are adstonbe common, the following
benefits can be achieved: (1) the common parameters indicatntfarities in the kinetic
behavior of different samples; (2) a given parameter value &llmas more experimental data, it
is therefore less dependent on the experiment uncertainties. hiorparpose, a first
approximation of similarities for lignocellulosic biomass maiercan be made based on the fact
that their main organic components are hemicellulose, cellulose,igmid [17, 22]. If the
approximation is good enough, then only the contribution factors for the psengmnents

need to be varied from biomass to biomass.

In this present work, the pyrolysis kinetics of hydrochars produaed fvoods via WT in
different conditions was studied by means of thermogravimetriysieglTGA) and compared
with the untreated materials. The three-pseudo-component modei*itider was adopted for
the kinetic analysis, including a kinetic evaluation for different rha@eiants by assuming

common parameters.
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2 Materials and methods

2.1 Materials

The raw and torrefied woods used in this work were obtained from ouopsework [1]. A
brief description of the materials preparation is given here. Nospayce and birch wood cubes
with sides of 1 cm were used as feedstock. The dry feedstock ailddisater (with a ratio of
1:5 by weight) were placed in a 250 ml Parr reactor series 4650 Ihstrument, USA) for WT
at a constant pressure of 70 bar but different temperatures (175, 200,) 221 “llding times
(10, 30, 60 min). After WT, the wet solid products were dried in @am@t 105 °C for 48 h and
then stored in a desiccator for further analyses. The proxamatailtimate analyses of the raw
and wet torrefied samples used for the TGA in this work aedlist Table 1. The higher heating
values (HHVs) were calculated on dry and ash free basisrdiieg to Channiwala and Parikh

[23].

2.2 Thermogravimetric experiments

TGA is a proven method for studying the pyrolysis of biomass [24KThe present work, a
Mettler Toledo TGA/SDTA851e was employed and operated in a non4ishmode. The fuel
samples were first ground by an IKA MF 10 cutting mill, andipleg less than 12bm (sieved
by a Fritsch Analysette 3 Pro vibrator) were collected forpyrelysis/devolatilization study to
ensure that the experiments were in the kinetic control ref@&80]. A sample of 2 mg was put
in a 150 pl alumina pan for the TGA in a Mettler Toledo TGA/SDTA8&Eetor. It should be
noted that the buoyancy effect plays a significant role for sisrhadl sample weight. Therefore,
running a blank curve is mandatory, and the weight change of the blankmexptemwas

subtracted from the experimental curves automatically. ThEerement started from room
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temperature, the fuel sample was heated to 105 °C and held tantpisrature for 1 h for drying.
Thereafter, the sample was heated up to 700 °C at a constangratdiof 10 °C per minute. A

nitrogen flow rate of 100 ml/min was applied for all experiments.

2.3 Kinetic modeling

In this study, a global kinetic model with three parallel rieast adopted from Branca et al.
[28] was employed for modelling pyrolysis kinetics. One advantégieismodel is that it does
not require testing the fuel at different heating rates. It is becaai$e#iting rate within the range
from 3 to 108 °C/min does not affect the activation energy, pre-expdniatior and reaction
order. Moreover, the model can well describe the separate dedbomsosf the three main
components of lignocellulosic biomass including hemicellulose, cellulasieljgnin [16-19, 28,

31, 32]. The three independent parallel reactions used in this work are shown below:

Ay —V; €Y)
Bv E— VZ (2)
G—V0 3)

whereA,, B,, andC, are the pseudo-components; afd = 1, 2, 3) is the total volatiles released

from the pyrolysis of the respective pseudo-component.
The conversion rates of all reactions follow the Arrhenius expression:

da

. E
= dew (- a-a) i=123 @)

_ L

RT
whereA is the pre-exponential factdg, is the activation energy of the reactidhis the universal
gas constanfT is the absolute temperaturejs the reaction order, aridis for thei™ pseudo-

component. The conversion degre® i€ defined as the mass fraction of decomposed solid or

released volatiles:
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my—m v

S e—m v 4

wherem, andny are the initial and final masses of soldjs the mass of solid at any time;is

the total mass of released volatiles anslthe mass of released volatiles at a given time.

The overall conversion rate is the sum of the partial conversios, matesrec; indicates the
contribution factor or the volatile fraction produced from each compoinetite following
equation:

da _ZS: da; ©)
FTAR AT

i=1

Curves fitting were based on the non-linear least squares methediidh the objective

function to be minimized is:

da' da 2
2@, @] o

daj daj . .
where (d—tj) and (d—t’) represent the experimental and calculated conversion rates,
exp cal

respectively, andN is the number of experimental points. The fit between measured and

simulated values is defined as:

ER

Fit (%) =] 1- .100% (8)

(59,

The curve fitting process was run until a best fit betwesm dimulated data and the

max

experimental results was obtained. Then, kinetic parameters camtiaeted, including: the

activation energiesH;, E,, E3), the pre-exponential factoréy( A, As), the contribution factors
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(c1, c3, G3), and the reaction ordens;{ ny, ng). Conventionally, the names of pseudo-component 1,

2, and 3 are assigned to hemicellulose, cellulose and lignin, respectively.
3 Results and discussion

3.1 Thermal decomposition behavior of spruce and birch woods

Figure 1 shows the TG and DTG curves, respectively represdfingnass loss and the
conversion rate of the raw spruce and birch woods in the temperatge of 100-600 °C. The
TG curves indicate that both woods started decomposing at around 20@ ¥@ost of the mass
losses were taking place within 200-380 °C. The mass lossesmaeeesignificant for birch
wood than for spruce. This difference can be attributed to theaddifferin the volatile matter

content of birch and spruce, as presented in Table 1.

The DTG curves give additional information about the pyrolysis ofwtbeds. Indeed, they
show that the decomposition of both feedstocks actually started adat80n°C and became
significant from 200 °C. At temperatures higher than 400 °C the decadiopssivere less
significant. More importantly, the DTG curves reveal locationthefdecomposition rate peaks,
which were at about 362 °C for spruce and 364 °C for birch. It appedrthéhpeak locations of
the woods were very close to each other, but the peak heightslifferent. The height for the
birch (1.75x1C s*) was higher than that for the spruce (1.55%%®). In addition, a clear
shoulder was observed for the DTG curve of the raw birch, but nohdéoratv spruce. This
difference is due to the fact that birch (hardwood) has higheick#uloses contents than spruce

(softwood) [33].
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3.2 Effectsof wet torrefaction on pyrolysis of spruce and birch woods

3.2.1 The effect of torrefaction temperature

Figure 2 presents the DTG curves for spruce and birch wood toratfiéfferent temperatures

(175, 200, and 225 °C) under the common conditions of 30 min and 70 bar. The curbes for t

untreated woods are also included in the figures for comparison. Timesfighow that the
torrefied woods started decomposing at temperatures, around 150 R@yerethan those for the
raw woods (around 180 °C), and with slightly higher conversion rates. Gherhieactivity of
the torrefied woods, compared to the raw woods, in the early stdage decomposition may be
due to the presence of a small amount of remaining organic compouittddow molecular
weights and thus high reactivity, produced from the degradation of ééuose during the WT

process [34, 35].

At temperatures from 250 °C up to 350 °C, the torrefied woods wesedactive than the raw
woods. This is due to the fact that within this temperature windosv degradation of
hemicellulose is the most dominant compared to other components, aoddfied woods have
less or no hemicellulose compared with the original feedstock [2th®mwther hand, the DTG
peak locations were slightly affected by WT. For the birchO& peak locations were slightly
shifted towards higher temperatures, indicating an increabe iactivation energy. However, an
unclear trend was observed for the spruce. Similar observations cenelgefor the DTG peak
heights. Indeed, when increasing the torrefaction temperature 75 °C to 200 °C, the peak
height increased (from 1.90x16™ to 2.04x1Gs™ for spruce and from 2.20x%@™ to 2.43x1CG
s* for birch). However, further increasing the torrefaction tempeeato 225 °C decreased the
peak height. The peak height for spruce torrefied at 225 °C wadaventhan that for the raw

spruce. This observation will be discussed further in combination with a kinetisianaly
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3.2.2 The effect of torrefaction time

The effects of torrefaction time on pyrolysis of the woods aesegmted in Figure 3, which
includes DTG data for the woods torrefied for 10, 30 and 60 min under the common conditions of
200 °C and 70 bar, and the raw woods. It can be seen from the figatake effect of holding
time was more pronounced for the birch wood (Figure 3B) than for theesprood (Figure 3A).

The trends in shifting the DTG peak location and height by totiefatime were similar to
those by torrefaction temperature. When torrefaction time wasased from 10 to 30 min, the
peak height of torrefied spruce and birch increased. Further increaefdction time to 60 min
resulted in almost no further change for the birch, but causedreade for the spruce, with
respect to the peak height. However, the peak height for theesporrefied for 60 min was still
higher than that of the raw spruce (not the case for the efféotrefaction temperature, Figure

2B). This observation will also be discussed later in combination with a kineticsenaly

3.3 Kinetic evaluation by assuming three-pseudo-component model with n"-order

A kinetic analysis employing the three-pseudo-component modehifitinder was performed
for a quantitative evaluation of the effects of WT on the pyrslysactivity of wood. In total, 12
experimental data sets were analyzed kinetically, of whicler@ for the spruce wood and 6 for
the birch wood. The kinetic data extracted from this analysiprasented in Table 2 and Table 3
for the spruce and birch, respectively. The quality of the fit detwthe experimental and
predicted data is also included in the tables. In addition, forghigad demonstration of the fit
quality, curves fittings for the raw woods and the woods torrefied at 200 °C foin3@n70 bar)
are presented in Figure 4 and Figure 5, respectively. In tlpged, the actual conversion rates
from the experiments are represented by the black dotted cuhesed solid curves denote the

predicted rates. The other three curves are presenting the conveatags of the three main
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components of wood (hemicellulose, cellulose, and lignin). The figures gbogfits between
the experimental and modelled results. The fit quality numeripadigented in Table 2 and Table

3 is within 98-99% in all cases. In addition, most of the calculatedues are close to 1.

It can be seen that both the activation energy and pre-exponeotal ¢& hemicellulose are
reduced dramatically by WT. The activation energy of hemilose decreases respectively from
95.67 to 26.63 kJ/mol and from 106.80 to 34.18 kJ/mol for the spruce and birch; and pre-
exponential factor decreases respectively from 1.63g1@0 1.60 & and from 3.34x10s? to
1.98x106 s* for the spruce and birch, by WT at 225 °C (and 70 bar) for 30 min. Teixt efin
also be observed from the hemicellulose curves in Figure 4 gndeFs, which show clearly that
WT caused a shift of the hemicellulose curves to a lower teryverrange. This is in agreement
with the literature [36] and can be explained by the decompositionranking of hemicellulose

into smaller molecules [34, 35], which remained in the solid products.

In contrast to hemicellulose, the activation energy and pre-expdneintiglulose is increased
by WT. It can be seen from the tables that the averageatioti energy values of cellulose for
the torrefied spruce and birch are respectively 194.54 + 0.76 kJ/m@P&nt7 + 0.75 kJ/mol. In
addition, the pre-exponential factors of cellulose vary in a verpwarange of 6.87-6.92x1%s
! for both torrefied spruce and birch, compared to the values of 188.27 kithals6x16*s*
for raw spruce and 189.47 kJ/mol and 3.17%48 for raw birch. This is presumably due to the
increased crystallinity of cellulose caused by hydrothetneatment [37-39]. It is reported that
crystalline cellulose has higher activation energy during takdagradation than non-crystalline

cellulose due to increased cross-linking [40].

The effects of WT temperature and holding time on the activatiomyemed pre-exponential
of lignin are not clear, although these values are incrdas®dT. In detail, the activation energy

12



QO Joy Ul WwN

OO U OO OO DS DS DD DS WDWWWWWWWWWWNRNNRNONNONNNNNER PR PR
OB WNRPOOVOINUEWNRPOWOWJIONUBEWNROWOOJANOTBEWNR,OWO-JANUS®EWNR OW®O-JOU&SWNR O W

is increased respectively from 40.22 kJ/mol and 38.95 kJ/mol for themauge and birch to an
average value of 48.09 + 0.58 kJ/mol and 40.69 * 0.71 kJ/mol for the torrefied apdubéch,
respectively. In addition, the pre-exponential factor of lignin iseiased from 2.05sfor raw
spruce to 1.06-1.11x18™ for torrefied spruce, and from 1.28 for raw birch to 4.23-4.28’s
for torrefied birch. Similar observations were described by Bietas. [36], who reported that
the thermal reactivity of woody lignin may either increasedecrease due to hydrothermal
pretreatment, depending on the severity of the pretreatment conditios may result in

condensation and re-polymerization reactions.

The contribution factor of hemicellulose is reduced by WT. In additthe reduction is
decreased gradually with increasing WT severity, from 0.23h@mraw spruce to 0.05 for the
spruce torrefied at 225 °C and 30 min; and from 0.36 for the raw birch 3ofd@.Qhe birch
torrefied at 225 °C and 30 min. From the conditions of 200 °C and 30 min ® seuere
conditions (higher temperatures or longer holding times), the heotossl mass fraction of the
torrefied fuel is small, less than 15% of the total mass. i¢ghreduction of hemicellulose
fraction, the mass fraction of the other component fractions in direfied biomass fuels
(cellulose, lignin, and char) are increased proportionately compétedhe raw materials, as

presented in Table 2 and Table 3.

The contribution factor of cellulose in the torrefied fuels from bettd$tocks increased to a
maximum value, 0.53 for spruce torrefied at 200 °C, 60 min and 0.62 for birefiied at 200
°C, 30 min, and then decreased with either increasing temperatuhelding time. The
contribution of cellulose fractions is in good agreement with the teeighthe pyrolysis peaks

shown in Figure 2 and Figure 3. The higher the cellulose fractjghe higher pyrolysis peak is
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observed. This explain the inconsistent trend in the effects of Wpeature or holding time on

the pyrolysis peaks height as observed and discussed earlier in this paper.

The contribution factor of spruce lignin is almost unchanged (0.16 to O0Hé%) wrrefaction
temperature is increased from 175 to 200 °C, but then it is incréased.15 to 0.27 when the
torrefaction temperature is increased from 200 to 225 °C. In additiofgdtoe is increased from
0.12 to 0.18 when holding time is prolonged from 10 to 60 min. On the other hand, when
torrefaction temperature is increased (from 175 to 225 °C), contribatbor fof birch lignin is
increased (from 0.11 to 0.32). However, the effect of holding time on thebegian factor of
birch lignin is not clear, e.g. it decreases from 0.29 to 0.19 when holdiags increased from
10 to 30 min but then it increased to 0.35 when holding time was further increased to 60 min. The
variation in the observed contribution factors may be due to variousnsashich include the
condensation or re-polymerization between decomposition products ofdiiatoge and lignin
[36], the increasing fraction of acid soluble lignin [41], or the eoftg, melting and

carbonization of lignin [42].

Moreover, it should be noted that the sum of the contribution factors eqoat to 1 because
these factors indicate the mass fraction of the volatileagetefrom the dry biomass components
(hemicellulose, cellulose and lignin), i.e. the solid residue is adogufdr the difference [26,
43]. It can be seen that the sumcofalues of woods are gradually reduced with increasing the
WT severity. The decreasing trend of the suna wélues is similar to that of the volatile matter
in the proximate analyses. Moreover, the sunt afalues are only 1.2-3.6% lower than the
volatiles fraction presented in Table 1, showing good agreemenaiatile content between the

proximate analysis and the values calculated from the modeling results.
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3.4 Evaluation with assumption of common parameters

As discussed earlier in the introduction, an evaluation with assumpticommon kinetic
parameters was attempted and reported in this section to ideosigibilities for describing the
thermal decomposition of different biomass materials by a conmuatel. For this purpose, data
collected from the TG experiments for the raw woods were eealdfast. A similar evaluation
was then performed for the woods torrefied under the same cond2@dsC, 30 min and 70
bar). The evaluation identifications and results are presentedbte B and Table 5 for the
original and torrefied woods, respectively. In these tables, the kiae#lysis presented in the
preceding section (3.3) was employed to serve as the bas&eakeation 1, Model Variaritl),

for which none of the kinetic parameters was assumed common.

Let us now examine the component curves of the base case, présdfiterade 4A and Figure
5A for the native woods. It is observed that the pink curves of the pisieddo-component
(lignin) are wide and flat compared to those of cellulose anddediibse, the second and first
pseudo-components. A major part of the pink curves overlaps with the témpetamains of
the curves for the second and first pseudo-components. A change mihitheurves in these
domains can be compensated by relatively small changes by pseudaeatspband 2 without
significant worsening of the overall fit quality. Accordinglhetkinetic parameters for lignin
(activation energyes and pre-exponential fact@s) of both native woods can be forced to be

identical in value [17] and were assumed common in Evaluation 2 (Table 4).

It can also be observed from Table 2 and Table 3 that the kinetimgtara of celluloseE,
andAy) for both native woods are similar. Consequently, these parametédsalso be forced to

have common values [17] in Evaluation 3 (Table 4). Finally, all of thetiki parameters for the
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three pseudo-components, including the activation energy valkjesE{ and E3) and pre-

exponential factorsd, A, andAg), were assumed common [17] in Evaluation 4 (Table 4).

For the torrefied woods (Table 5) evaluations similar to thosehtonative woods (Table 4)
were postulated and performed to serve the comparison purpose of thisniaxiklition, as can
see in Figure 4B and Figure 5B, the component (blue) curves for dikriuse appear flat.
Therefore, Evaluation 5 with assumptionEfandA; as common parameters was performed for

the torrefied woods and included in Table 5.

In addition to Model Variantl, the evaluations were also tested for two other model variants
(Variantll and Variant) formulated by partially giving the value of one to the rieacorder of
i" pseudo-componenny. It is because of the fact that while some believe the deasition

= 1) 1272 others

during pyrolysis of biomass can be described by first reactiderop
reported that reaction orders higher than one gave better descrgtithre fpseudo-components
of biomass [17-19]. Partially fixing the value ofto one would bring about model variants,
which may produce better fits and thus more closely describedheabs pyrolysis. Indeed, it is
observed from Table 2 and Table 3 that, in most of the dasissclose to one, bur is far from
1. In addition,n; varies within the range of 1.01 - 1.49. On the basis of these obsenatins
information from the literature [17, 22], three model variants vgetected for the evaluations
and presented in Table 4 and Table 5. Varllints actually from the base casé'-order, for
which none of the component reaction orders was fixed torpeel( andi = 1, 2, 3). Variantl

is different from Variantll by fixing n; to one 1 # 1,n2 = 1,n3 # 1). Finally, Variant has two

common reaction orders of unity;(= 1,n; = 1,n3 # 1).

Results from all of the evaluations with assumptions of common péeesrfor different model
variants are tabulated in Table 4 and Table 5 for the raw andi¢driebods, respectively. The
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higher value the fit quality is, the better the model variantesepits the biomass decomposition.
In addition, the curve fitting of Evaluations 1, 3 and 4 (Variintfor the untreated and torrefied
woods is presented respectively in Figure 6 and Figure 7 forphigah demonstration of the fit

quality.

As can be seen from the tables, the trends of changes in fiydaaboth of the untreated and
torrefied woods are similar, inversely proportional to the number apmparameters assumed.
These trends are mathematically obvious and in agreement wititetagure [17, 22]. Indeed,
the fit quality reduces consistently when moving from Evaluation 1 dowhteaEvaluation 4,
for each of the model variants. Similarly, the reduction traerfit Quality is observed for each of

the evaluations, when moving from Varidhttoward Variant.

For the untreated woods (Table 4) the fit qualities of the base(Easluation 1, Varianil)

are 99.25% and 99.21% for spruce and birch, respectively. Further examafdtierdata in two

columns of Variantll, one for spruce and one for birch, from the top to the bottom give the

information that the fit qualities in Evaluation 2 slightly reduz®9.24% and 99.14% for spruce
and birch, respectively. These insignificant reductions in fitiguebnfirm that the assumptions
of Evaluation 2 are reasonable. Similar observations and confirmatieredsa noted for both
woods in Evaluation 3. However, the fit quality in Evaluation 4 reducgsfisantly to 94.60%
and 96.85% for spruce and birch, respectively. This suggests that the assumtiaigatfon 4

for the untreated woods are not reasonable.

In addition, analyses similar to those applied for different eviahsin one column as above
can also be applied for assessment of different model variarastinoé the evaluation rows, by
examining the data from the right to the left or from Variéinto Variantl. As the results of the
overall assessment, by column and by row throughout the table, alhtke with insignificant
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reductions in fit quality are summarized by highlighting with aed blue colors for the native
spruce and birch, respectively, in Table 4. Furthermore, all of tHgsasgoresented above for
the untreated woods can also be applied for the torrefied woods, S &bden which the results

are also highlighted in the same way by the same colors for comparison.

Table 4 and Table 5 show that, although the effects of WT on thediity in the first three
evaluations are varied being somewhat positive or negative, thetisasi are insignificant.
However, the effects become clear and significant for Evaludtion which all of the kinetic
parameters are forced to be common. These improvements in fityqofalevaluation 4 are
presumably due to the normalization of the fuels with particulape® to component 1,
considering the very high fit quality obtained from Evaluation 5 @&blin whichE; andA; are

forced common.

Overall, the data in Table 4 and Table 5 indicate that WT hasiveosiffects on the
possibilities for biomass pyrolysis kinetic modeling with assuomptif common parameters.
These can be attributed to the effect of WT on normalizing thepaosition of different

biomasses, which is similar to carbonization.

4  Conclusions

The effects of WT on the thermal decomposition behavior and pyrddiystics of spruce and
birch woods were investigated by means of a thermogravimetrigzanafollowed by a kinetic
analysis employing the three-pseudo-component modelnflitrder reactions. The torrefaction
conditions were varied within three different temperatures (175, 200, 92&ntholding times
(10, 30, 60 min). It appears that, in most of the cases, WT enhanced the pyrolysis peakuteight
decreased the total volatiles released from the thermal decdimpo$bo severe WT conditions

(e.g. 225 °C and 30 min) resulted in decreased pyrolysis rate dubetaccelerated
18



QO Joy Ul WwN

OO U OO OO DS DS DD DS WDWWWWWWWWWWNRNNRNONNONNNNNER PR PR
OB WNRPOOVOINUEWNRPOWOWJIONUBEWNROWOOJANOTBEWNR,OWO-JANUS®EWNR OW®O-JOU&SWNR O W

decomposition of cellulose. The kinetic parameters of hemicellulese gradually reduced by
WT. The kinetic parameters of cellulose were all increased tdués crystallization in
hydrothermal media. In addition, WT increases the activation erserg\pre-exponential factor

of lignin, although the effect trends of WT temperature and holding time are aot cle

In addition, a kinetic evaluation with assumption of common parametsperformed. The
results confirmed that some kinetic parameters can be assunied dommon for pyrolysis
kinetic modelling of different raw biomasses without substantidilicitons in the fit quality.
WT has positive effects on the possibilities for biomass pymlysnetic modeling with

assumption of common parameters.
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Table 1. Heating values, proximate and ultimate analyses of raw and tbwefiels

Solid | Proximate analysis Ultimate analysis b

Sample - a HHV
yield™ | ash? FC*| c | H | N| O | S

Raw - | 0.23 013.27| 50.31| 6.24| 0.07| 43.38| < 0.02| 20.42

175°C, 30min | 88.27 0.11 .124.17| 51.34| 6.18| 0.07 | 42.42| < 0.02| 20.81

§ 200°C, 10min | 82.48 0.14 345.22| 51.21| 6.39| 0.06| 42.35| < 0.02| 21.02

;’)- 200°C, 30min | 78.43 0.12 )25.95| 52.55| 6.15| 0.06| 41.23| < 0.02| 21.33

200°C, 60min | 73.28 0.09 78.03| 53.69| 5.89| 0.06| 40.36| < 0.02| 21.51

225°C, 30min | 69.74 0.14 (£5.12| 56.99| 5.87| 0.07| 37.07| <0.02| 22.97

Raw - | 0.28 510.26| 48.94| 6.35| 0.11| 44.60| < 0.02| 19.94

175°C, 30min | 79.53 0.09 N1.34| 49.42| 6.38| 0.12| 44.07| < 0.02| 20.21

5 |200°C, 10min | 66.42 0.08 )711.94| 49.61| 6.16| 0.13| 44.10| < 0.02| 20.01

@ | 200°C, 30min | 64.64 0.09 194,76/ 51.25| 6.18| 0.11| 42.46| < 0.02| 20.78

200°C, 60min | 63.06 0.10 47.27|51.34| 5.94| 0.13| 42.59| < 0.02| 20.51

225°C, 30min | 58.01 0.18 (826.09| 56.92| 5.86| 0.09| 37.13| <0.02| 22.93

Awt%, ®MJ/kg

VM : volatile matterFC: fixed carbonHHV : higher heating value
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Table 2. Pyrolysis kinetic data for spruce woods

Torrefaction Kinetics parameters )
” I Fit (%)
condition E(kd/mol)) A(sYH | ¢ | n
H 95.67| 1.63E+06 0.29/1.01
C 188.27 2.56E+13 0.38| 1.01
Raw spruce 99.25
L 40.22| 2.05E+00 0.19| 3.70
Sum 0.86
H 64.39 1.99E+030.21/1.03
] C 194.866.91E+13 0.47| 1.03
175°C, 30min 98.98
L 47.85| 1.06E+01 0.16/ 3.00
Sum 0.85
H 37.09 4.95E+00 0.23/1.10
) C 194.85 6.90E+13 0.48| 1.01
200°C, 10min 98.82
L 48.20| 1.08E+01 0.12]1.96
Sum 0.83
H 32.99 2.55E+00 0.15/1.21
] C 195.03 6.85E+13 0.51| 1.01
200°C, 30min 99.23
L 48.53|1.11E+01 0.15(1.84
Sum 0.81
H 30.24 1.05E+00 0.09| 1.06
] C 194.76 6.92E+13 0.53| 1.04
200°C, 60min 99.19
L 48.64/1.07E+01 0.18(1.64
Sum 0.80
H 26.63 1.60E+00 0.05/1.01
) C 193.19 6.90E+13 0.40| 1.05
225°C, 30min 99.12
L 47.22|1.06E+01 0.27|1.62
Sum 0.72
H: hemicelluloseC: cellulosel : lignin
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Table 3. Pyrolysis kinetic data for birch woods

Torrefaction Kinetics parameters .
-~ < Fit (%)
condition E(Jdmol)| AGSYH | ¢ | n
H 106.80 3.34E+07 0.36/1.55
] 189.47 3.17E+130.44|1.01
Raw birch 99.21
L 38.95/1.26E+00 0.07|1.33
Sum 0.87
H 56.06 6.06E+020.18(1.15
) 194.006.87E+130.55|1.01
175°C, 30min 99.15
L 41.18/4.25E+0Q00.11|1.18
Sum 0.85
H 54.74 3.05E+03 0.06|1.49
) 193.796.87E+130.50/1.01
200°C, 10min 98.52
L 39.79/4.31E+0Q 0.28| 1.45
Sum 0.84
H 38.61 2.67E+01 0.03[1.01
) 192.676.92E+130.62|1.05
200°C, 30min 99.08
L 40.08|4.23E+0Q0 0.19|2.10
Sum 0.84
H 35.62 1.80E+01 0.03[1.11
) 193.176.91E+130.42|1.03
200°C, 60min 98.34
L 41.40|4.27E+0Q 0.35/1.91
Sum 0.80
H 34.18 1.98E+01 0.03[1.07
) 192.226.92E+130.37|1.01
225°C, 30min 98.89
L 41.01/4.26E+0Q 0.32|1.84
Sum 0.71
H: hemicellulose(C: celluloseL : lignin

26




QO Joy Ul WwN

OO U OO OO DS DS DD DS WDWWWWWWWWWWNRNNRNONNONNNNNER PR PR
OB WNRPOOVOINUEWNRPOWOWJIONUBEWNROWOOJANOTBEWNR,OWO-JANUS®EWNR OW®O-JOU&SWNR O W

Table 4. Fit quality with assumption of common parameters for the native woods

Fit quality, %
Raw spruce Raw birch
. Common Variant | Variant | Variant | Variant | Variant | Variant
Evaluation | 1 1l [ 1 11
parameters
n=1 ni#1 n#l n=1 ni#l n#l
n,=1 np=1 no#l n=1 n,=1 no#l
nz#1 ne£l ne£l ne£l ne£l ne#l
1 None 99.24 99.24 99.25| 98.97 99.20 99.21
2 Es; andAs 99.21 99.21 99.24| 98.97 99.14 99.14
3 Bz Es 98.44 | 98.89| 98.89] 98.50 | 98.89| 98.90
andA;, Az ' ' ' ’ ’ )
Eu B B3
4 andAy, Ay, As 93.17 94.61 94.60 95.61 96.85 96.9
27
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Table 5. Fit quality with assumption of common parameters fowtuals torrefied at 200 °C

for 30 min.
Fit quality, %
Torrefied spruce Torrefied birch
_ Common Variant | Variant | Variant | Variant | Variant | Variant
Evaluation I 1 M1 I 1 M1
parameters
n;=1 ni#l m#l m=1 ni#l m#l
n,=1 no=1 no#£1 =1 n,=1 no#£1
ns#l ne£l ne#l ne#l ne£l ne#l
1 None 99.22 99.22 99.23| 99.30 99.30 99.32
2 E; andAg 98.79 98.86 99.07| 99.20 99.20 99.28
Ex E3
3 7. 7. 7.71 98.06 98.95 98.96
andAy, Aq 97.08 97.08 9
4 E1 B2, Es 96.51 | 96.51| 97.71 | 96.98 | 96.99| 97.04
andAy Ay, Ag . . ) . . .
5 E; andA; 99.07 99.21 99.21| 99.29 99.29 99.31
28
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1

Figure 1. Thermogravimetric analysis for pyrolysis of the untreatests@nd birch woods
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Figure 2. DTG data for (A) the native spruce and (B) the bivobd torrefied at different

temperatures (175, 200, or 225 °C), and common conditions: time = 30 min, pressure = 70 bar
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Figure 3. DTG data for (A) the native spruce and (B) the bouatefied for different time (10,

30, or 60 min), in common conditions: temperature = 200 °C, pressure = 70 bar
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Figure 4. Curve fitting for (A) the untreated spruce and (B)dpruce torrefied at 200 °C and

30 min
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Figure 5. Curve fitting for (A) the untreated birch and (B) ltireh torrefied at 200 °C and 30

min
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Figure 6. Curve fitting for the untreated woods by Evaluation 1, 3, and 4 of Vidriant
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Figure 7. Curve fitting for the woods torrefied at 200 °C and 30 miBvajuation 1, 3, and 4

of Variantlll

Conversion rate, di/dtx10° (s'l)

o
@

Conversion rate, rh/th103 (s'l)

Conversion rate, dzlth1O3 (s‘l)

25

N
°

[
@

[
o

Spruce

‘ Evaluation 1:
| no common parameter

25.

200 300 400 500 600

2.0.

common parameters:

»
o

=
o

I
o

o
o

¢ Evaluation 4:
£ common parameters:

200 300 400 500 600
Temperature (°C)

25
Birch Exp. Data
— Cal. Data
2.04 — Hemicellulose
— Cellulose
— Lignin
1.5
1.04
0.54
0.0.
100
25
2.04
1.5
1.04
0.54
0.0
100
25
2.04
154
1.04
0.54
00 T v T
100 200 300 400 500

35

Temperature (°C)

600






Paper IV

Torrefaction of forest residues in subcritical water

Quang-Vu Bach, Khanh-Quang Tran, and Jyvind Skreiberg.

Submitted to Applied Energy.







Elsevier Editorial System(tm) for Applied Energy
Manuscript Draft

Manuscript Number:

Title: Torrefaction of forest residues in subcritical water

Article Type: SI: ICAE2014

Keywords: Wet torrefaction; Wet feedstock; Forest residue; Biomass pretreatment; Solid biofuel.
Corresponding Author: Mr. Quang-Vu Bach,

Corresponding Author's Institution: Norwegian University of Science and Technology

First Author: Quang-Vu Bach

Order of Authors: Quang-Vu Bach; Khanh-Quang Tran, Dr; @yvind Skreiberg, Dr

Abstract: In this study, effects of temperature (175, 200, 225 °C) and holding time (10, 30, 60 min) on
wet torrefaction of branch woods was simultaneously studied and compared with the results from a
previous study on wet torrefaction of stem woods. Similar effect trends were observed between the
studies. Birch branch wood is more reactive than spruce branch wood. Both torrefaction temperature
and holding time have significant effects on the solid yield and the fuel properties of hydrochars.
Branch woods are slightly more reactive than stem woods under identical torrefaction conditions. The
effects of torrefaction temperature on the grindability and hydrophobicity of hydrochar from branch
woods are more significant than those from stem woods. In all cases, the differences in solid and
energy yield between branch and stem woods are within 2.1-6.3% w/w and 1.0-3.0% for spruce and
birch, respectively. The differences in grindability and hydrophobicity between branch and stem
woods are respectively up to 8.1% and 15.7% for spruce, whereas 10.3% and 10.9% for birch.



Highlights (for review)

e Wet torrefaction of branch woods was simultaneously studied and compared with that
of stem woods.

e Birch branch wood is more reactive than spruce branch wood

e Branch woods are slightly more reactive than stem woods under identical torrefaction
conditions

e The differences in solid and energy yield between branch and stem woods are within
2.1-6.3% (w/w) and 1.0-3.0% (w/w) for spruce and birch, respectively.



Manuscript

Torrefaction of forest residues in subcritical water

Quang-Vu Bach’, Khanh-Quang Trah @yvind Skreibery

! Department of Energy and Process Engineering, Norwegian University of Science and

Technology (NTNU), NO-7491 Trondheim, Norway

2 Department of Thermal Energy, SINTEF Energy Research, NO-7465 Trondheim, Norway
“Corresponding author — E-mail: quang.vu.bach@ntnu.no
Tel.: +47 73591645

Fax: +47 73593580



10

11

12

13

14

15

16

Abstract

In this study, effects of temperature (175, 200, 225 °C) and holding 1idme3Q, 60 min) on
wet torrefaction of branch woods was simultaneously studied and compared with ttsefresul
a previous study on wet torrefaction of stem woods. Similartaffecds were observed between
the studies. Birch branch wood is more reactive than spruce branch Bathdtorrefaction
temperature and holding time have significant effects on the deliiand the fuel properties of
hydrochars. Branch woods are slightly more reactive than stemdsyunder identical
torrefaction conditions. The effects of torrefaction temperaturethan grindability and
hydrophobicity of hydrochar from branch woods are more signifitaam those from stem
woods. In all cases, the differences in solid and energy yiékkba branch and stem woods are
within 2.1-6.3% (w/w) and 1.0-3.0% (w/w) for spruce and birch, respegtiVeke differences in
grindability and hydrophobicity between branch and stem wood®speatively up to 8.1% and

15.7% for spruce, whereas 10.3% and 10.9% for birch.

Keywords: Wet torrefaction; Wet feedstock; Forest residue; Biomasseptatent; Solid

biofuel.
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1 Introduction

The use of solid biomass fuels for heat and power generation hasteo@reasing interest
[1-3]. This is because biomass is a renewable and carbon restratce, which is considered
as an alternative energy source for a sustainable developmentojd¢ver, the use of native
biomass for heat and power generation is not straightforward.[&08hpared to coal, biomass
fuel has some drawbacks, which include lower bulk density, higher neoistuntent, inferior
heating value, and poorer grindability. Due to these disadvantagessptieses for handling,
transport, and storage of biomass fuels are increased. In order toroeethese drawbacks of
biomass as fuel, torrefaction is considered as a promising upgrading method [7-10].

Indeed, torrefaction is capable of converting a wide range of bitgpss to energy-dense
solid fuels with much better grindability and increased heatimgeya@ompared to the native
materials. The technology can be classified into two categatigsand wet torrefaction. Dry
torrefaction (DT) may be defined as thermal treatment of tBsnvathe absence of oxygen at
temperatures within the range of 200-300 °C and at atmosphersuperdd, 11, 12]. Recently,
research on DT has been extended to work in the presence of oxygearizom dioxide [13-
16], and under elevated pressures [17, 18]. Wet torrefaction (WT) nagfibed as processing
of biomass in hydrothermal media, subcritical or hot compresseer at temperatures within
180-260 °C [19-23]. The concept of WT is very similar to “hydrotherwagbonization” (HTC)
[24-33] and sometimes can be found in the literature under different terms sughrasHtrmal
conversion” [33-37] or “hydrothermal treatment” [38-43]. Although the teolbgies have
sometimes been used interchangeably, it is worth noting thatehprbperties and applications
of the solid products from WT and HTC are significantly défarfrom each other. WT aims at

upgrading solid biomass fuels and produce hydrochar for energy ajoplscgtombustion,
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gasification, and pyrolysis) only. HTC is employed mainly fooducing charcoal with much
lower volatile matter but higher carbon content than hydrochar. Thead can be used not
only as fuel but also as activated carbon, soil enhancer,Zertiind even more [44-46]. In
addition, WT is usually performed at relatively low temperaty@&0-260 °C), resulting in
relatively high yields of hydrochar (more than 60%), where&€ ldre commonly conducted at
temperatures higher than 300 °C, from which the solid yield may be as low as 35% [36].

Research and development activities on DT biomass for energy ajmuig including
combustion, gasification, and pyrolysis have been very active dimnkast decade [4, 7-9, 11,
12, 47-59]. The DT technology has been developed rapidly and is readyrkat iné&roduction
and commercial operation [49]. However, it has been claimed thaeaowinner in this area
can be identified so far [49]. This situation might partially be tuehe fact that current
technologies of DT use wood chips from stem wood, a feedstock of/edjatigh quality and
thus cost. Utilization of inexpensive biomass resources such resilagal residues, forest
residues and other biomass waste sources may help reducing dhecast of biomass
torrefaction at industrial scale. A problem associated withi®That this method normally
requires the input feedstock to have a moisture content not higher therititteg value of 5-
10% by weight [60], which is much lower than that of the low cost hgsmresources
aforementioned. In order to meet this requirement, pre-dryingeofnexpensive feedstocks is
needed and thus raising up the cost again. To overcome this challehgeay\be an alternative
for DT, because it involves water as reaction medium and thusméngyeintensive step of pre-
drying the feedstock is eliminated.

Recent studies on WT demonstrated several advantages of WT Dver upgrading solid

biomass fuels [20, 23], which include the possibility to produce solid fwéh better fuel
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properties at lower temperatures and holding times, compared tonAtdltion, parts of the
ash-forming inorganic components are dissolved in the water duringnd¥ thus the hydrochar
products have lower ash contents compared with the origin mat@&l$1]. Moreover, the
compressibility of hydrochar and the mechanical strength of galietduced from hydrochar
(from WT) are reported to be better than those produced from ftilve naterial and the biochar
(from DT) [61-63].

Despite the advantage of WT over DT with respect to the cgpaitpgrading wet biomass
with no need of pre-drying the feedstock, most of the past studies on WT [20, 23, 62, 63] or HTC
[24-33] used dry woods as feedstock. Only a few works [64-66] testedoWivett sewage
sludge. However, no study on WT of fresh forest residues has been reported in the@arelit
so far. Forest residues refer to branches and tops of treesly udisabrded during wood
harvesting in the Nordic forests [67]. In general, chemical cortipasiof forest residues are
significantly different from stem woods. Branches for example adontmuch more
hemicelluloses and extractives than stem woods [68, 69]. The behavitwmarahes during
torrefaction can therefore be expected to be different from steods. Therefore, the study
reported in this present paper was carried out, of which the priolgegtive is to evaluate the
process of WT for fresh branches. For this purpose, effects mafaotion temperature and
holding time on the yield and fuel properties of hydrochar produced framch woods were
experimentally investigated and assessed. In addition, resoisthis study were compared

with those from our previous study [23] on WT of stem woods of the same plant species.

2 Materials and methods
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2.1 Materials

Norway spruce and birch branches were selected to represent foreststdsidsle branches of
2-2.5 cm in diameter were collected from a local forest in TrondhRiorway. The bark was
then removed from the core wood of the branches in order to avoid postebierences caused
by impurities and contaminants. The bark-removed branches wereuhertoc3-4 mm thick
slices. The cleaned slices were then stored in a clim&ieeta(series VC3 0100 of Vétsch
Industrietechnik) to maintain the moisture content of the branches as collected.

Proximate analyses of the feedstocks were performed accomdiA§TM standards: E871,
E872 and D1102 for moisture content, volatile matter and ash content, iredpedtiltimate
analyses of the fuels were determined on dry basis by an 118 CHNS-O" elemental
analyzer (Carlo Erba Instruments). Results from the proxirmaaté ultimate analyses are
presented in Table 1, which includes the higher heating values (léid&{)lated according to

the method proposed by Channiwala and Parikh [70].

2.2 Experimental setup and torrefaction conditions

Figure 1 demonstrates the experimental setup used in the presbntaf which the main
components include a 250 ml Parr reactor model 4651, a bench-top chematéc (4923EE)
connected to a temperature controller (4838EE). The reactor isohatinless steel (T316SS)
and equipped with a pressure gauge, a thermo-well, and two valvesnfotioeiple, introduced
into the reactor via the thermo-well, for monitoring the WT terafpee (temperature of water in
the reactor), is connected to the controller by which the electrical duty bééter is controlled.

The WT procedure reported in our previous study [23] was adopted for #enpmeork and
the torrefaction conditions are summarized in Table 2. Distillegrwaas used as the reaction

media. The ratio of dry feedstock over water was 1:5 by weiglior&every torrefaction run,
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the furnace (the heater) without the reactor was heated foirBt a preset temperature. At the
same time, the reactor was loaded, closed, sealed, and puthedowipressed nitrogen gas
(99.99% purity) for 10 minutes. Then the reactor was pressurized and jphattee preheated

furnace operating at the maximum power, giving a heating aa@pproximately 12 °C per

minute. The holding time was counted from the time at which théoresamperature reached
the preset temperature to the end point when the reactor was refnavethe furnace and

submerged in an ice bath for cooling. When the reactor cooled to ragmeregure, the pressure
was gradually released and the reactor was opened for wulleftthe products in solid and

liquid phases. The solid products (hydrochars) were separated frdiguildeby filtration using

a filter paper with a pore size of 5-1&n. After separation, the collected hydrochars were
washed with acetone prior to being dried at 103 + 2 °C for 24 h and tlecéd Readings
from the balance were recorded as the mass of dry solid prooicthe WT ¢n,,,-). The dried

hydrochars were then stored in a desiccator filled with silica gélifdrer analyses.
2.3 Assessment methods

2.3.1 Assessment of grindability

The specific grinding energy (SGE) of the branches before éed trrefaction was
determined using an IKA MF 10 cutting mill (from 1€ANVerke GmbH & Co. KG) equipped
with a 1 mm bottom sieve. The grinder was connected to a cimpritmodule NI 9203 (from
National Instruments Corporation) to record the electrical cudenng grinding. A LabView
program was used for the data acquisition. The energy consumption was calcudteghed to
a file every 2 seconds. The grinding energy was determined égrating the power curve
during the grinding period. The power of the mill under no-load condition vessumed and

subtracted from the power of grinding the tested samples. Finalgatia was normalized to the
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initial sample weight to obtain the specific grinding energy. Mietails about this assessment

method can be found in our earlier study [23].

2.3.2 Assessment of hydrophobicity

The hydrophobicity assessment method discussed and reported in coupgudy [23] were
adopted for the present work. The tested branches were ground andtkiewveth a Fritsch
Analysette 3 Pro vibrator to select the particles smaller 25 pum for a moisture up-take test.
The remaining fine powder was dried at 103 + 2 °C for 24 h to reraoyamoisture up-taken
during the grinding and sieving periods. Approximately 2 grams of shedasample was spread
on a glass Petri dish. Then the dish loaded with the powder samplplagasl in a climate
cabinet (series VC3 0100 of Votsch Industrietechnik) operated under éeshitohditions of 20
°C and 90% relative humidity. The mass changes due to the moisturkeupftéhe tested
material were recorded every 24 h for the total test periah@fweek. The moisture content of

the tested sample was calculated according to Eq. (1):

m; —m,
MCi(%) = ‘m—o° x100%, i=1,2,..,7 1)

whereMC; is the moisture content of the tested sample ontigy; my andm is the mass of

the initial dry sample and mass recorded ori'triay, respectively

3 Results and discussions

3.1 Effects of temperature and time on wet torrefaction of branch woods

In this section, results from studying the effects of the rmpbrtant process parameters,
torrefaction temperature and holding time, on the yield and fuel piepefthydrochar obtained
from WT of the fresh branches are reported. For studyingffieet of temperature (175, 200,

225 °C), the holding time was kept constant at 30 min, whereasniperzure was maintained
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at 200 °C for studying the effect of holding time (10, 30, 60 min)oAthe experiments in this
investigation were conducted at a constant pressure of 70 bar, aftoptesur previous study
[23]. The experiments were duplicated or triplicated, from whicla degre collected and

processed to generate average values for relevant assessments.

3.1.1 Effects on solid yield

As discussed earlier in the introduction part, solid yield is ticakiindicator for a biomass
torrefaction processes. Therefore, it is important to investifate effects of torrefaction
temperature and holding time on the yield of solid obtained from WHeoivet spruce and birch
branches. Figure 2 presents results from this investigationyHich the solid yieldY,;;4) is

defined and determined according to Eq. (2):

m
Yo11a(%) = p—— 27 % 100% )

raw

wherem,,,, andm,,,, denote the mass of hydrochar and its native biomass, respectinedy
dry basis.

As can be seen from Figure 2 the solid yield decreases with gittteasing temperature or
holding time. When the temperature is increased from 175 to 225 °¢blideyield decreases
from 82.0 to 67.6% and from 78.5 to 56.9% for the spruce and birch bramebpsctively.
Also, when the holding time is varied from 10 to 60 min the solid yekteases from 77.6 to
69.5% and from 64.2 to 60.2% for the spruce and birch branches, respectivebvdrothe
effect of holding time is less pronounced than that of temperatdnieh is similar to earlier
observations in comparable studies [23, 24]. In addition, these effeatsore significant for the
birch than for the spruce, which is due to the fact that birch isdwbad and contains more

hemicellulose, a poor thermal resistant component, than spruce [71].
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3.1.2 Effects on energy yield and chemical composition of hydrochar
Another important indicator of a biomass torrefaction process igengeld, Ye, which
indicates how much energy that remains in the solid after thegsingevg is defined according

to Eq. (3) and (4)

Ye (%) = Y5110 X Dg (3)
_ HHVyor @)
¥ HHV, g

where HHV,,,, and HHV,,, respectively denote the HHV of hydrochar and the native
branches, on a dry basl;;;; is the yield of hydrochar defined in Eq. (2).

Table 2 presents the calculated values of energy yield for Wteobranches in different
conditions. The table includes data from proximate and ultimatessasagind the higher heating
values (HHV) for the untreated branches and hydrochars obtamedtlie WT process. It can
also be observed that the energy yield constantly decreaseegithi¢h increasing torrefaction
temperature or holding time. This trend is valid for both softwood andwoad, being
decreased from 86.1 to 76.7% and from 80.4 to 64.3% for the torrefied spruce @nd bir
respectively. However, the energy yield for spruce is adwagher than that of birch in identical
WT conditions. This difference is presumably caused by the higleativity of birch than
spruce, as discussed earlier in section 3.1.1.

In addition, Table 2 also show that the HHV increases with eitieeasing torrefaction
temperature or holding time. The increases in HHV vary from 5.0-18b%e torrefied spruce
and 2.4-13.0% for the torrefied birch, when temperature is incréasadl 75 to 225 °C. On the
other hand, when holding time was prolonged from 10 to 60 min, increasddMnat¢ 6.2-
10.7% and 4.2-9.5% for the torrefied spruce and birch, respectively. It caebe¢hat the effect

of temperature is more pronounced than the effect of holding timea Aonsequence of
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increasing heating value, the mass energy densificatiat tfrrefied branches increases. More
importantly, increases in the severity level of WT conditionsltés decreases in hydrogen and
oxygen contents, but increases in carbon content of the hydrochar tsrddoicsequently, both
H/C and O/C ratios of the hydrochar are reduced comparedheithdrigins, as can be seen in
the Van Krevelen diagram presented in Figure 3. A decreasing wé these ratios with

increasing levels of WT severity is also observed for both fuel types.

3.1.3 Effects on grindability

The improvement in grindability of the branches by WT was quigkistassessed, employing
the method of the specific grinding energy (SGE) describeceeafihe lower SGE a material
exhibits, the better grindability it has. Figure 4 presdmseffects of torrefaction temperature
(Figure 4A) and holding time (Figure 4B) on the SGE of the tadefpruce and birch branches
in different conditions. The SGE of the torrefied branches is higier that of the native
material, and decreases with increasing torrefaction temperatunolding time. This clearly
indicates that the grindability of the branches is improved byaWfl'the improvement increases
with increasing temperature or reaction time. Among thedesiaditions, the highest reduction
in SGE is 13.3 times for the spruce and 16.0 times for the birchlditican, the grindability of
birch is improved more significantly than for spruce in identicahtditions. Moreover, the
figures show a huge decrease in SGE of torrefied branches whiemiberature increases from
200 to 225 °C, which may be due to a change in the microstructure afethe his will be

discussed in more detail in the next section, which presents a morphology study.

3.1.4 Effects on hydrophobicity
Results from the moisture up-take tests for the raw and tatrgfieice branches are shown in

Figure 5, of which Figure 5A and Figure 5B present the effefctsrrefaction temperature and
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holding time, respectively. Similar to the SGE for grindability, the lower m@sip-take level a
material exhibits, the better hydrophobicity it has. It candsn $rom the figures that all of the
tested samples reached the equilibrium moisture content (EMiChhe second day. More
importantly, the hydrophobicity of the forest residue is improved\dy The EMC decreases
with either increasing torrefaction temperature or holding tiMery similar trends were

observed for the birch branches, which are therefore not shown.

3.1.5 Morphology and structure study

A morphology and structure study for the native spruce branches andhésaocrefied at
different temperatures (for a constant holding time of 30 min) \ae$ed out by means of a
table top scanning electron microscope (SEM) Hitachi TM 3000, withcaelerating voltage of
15 kV. SEM images at a magnification of x500 are presented uwe=igOA (for the cross
section) and Figure 10B (for the longitudinal section). The imafhesv that WT alters the
structure of the branch wood with the occurrence of cracks and opeHimegdegree of structure
alteration by WT is not significant at 17%, but increases thereafter significantly with
increasing temperatures. This suggests a correlation wisighificant reduction in SGE of the

samples torrefied at 200 to 225 °C, as presented earlier in section 3.1.3.

3.2 Comparison with wet torrefaction of stem woods
In this section, the processes of WT for branch woods and stem waodsmpared. The

compared indicators include solid yield, energy vyield, grindabditg hydrophobicity. The

comparison focuses only on the effect of torrefaction temperature (175, 200, 225 °C), i.g. holdin

time was kept constant at 30 min. Relevant data from our previous atullyT of Norway

spruce and birch stem woods [23] are used to serve this comparison.

12
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3.2.1 Comparison on solid yield

The yields of hydrochars obtained from WT of the stem woods andhasmce presented in
Figure 7. Decreasing trends of the hydrochar yield with asingg WT temperature are observed
for all types of feedstocks. More importantly, the yields fanich woods are always lower than
those for the stem woods of the same plant species, torrefied riticédeconditions. The
differences are significant for both soft and hard woods, being 6t3P858C for spruce and
3.0% at 200°C for spruce and birch, respectively. These differences caattbbuted to the
higher hemicelluloses and extractives contents of branch woods @aamjsastem woods as
presented in the introduction. However, while the solid yield differdretween spruce branch
and stem woods decrease with increasing temperature, no etghcan be observed in the case

of birch.

3.2.2 Comparison on energy yield

The energy vyields for WT of the four feedstocks at differentptatures are presented in
Figure 8. Similar to solid yield, decreasing trends of energdyiwith increasing WT
temperature are observed for all of the feedstocks. In addition,ndrgyeyields for branch
woods are always lower than those of the stem woods, torrefiedriticeleconditions. This
similarity can only be attributed to the decreasing trend ofdsgield with increasing
temperature, considering the relationship between solid yield andyeyietd in Eq. (3). It is
because of the fact that HHV, embedded inDaderm of Eq. (3), of hydrochar increases with
increasing torrefaction temperature (discussed in Section 3.1.2).inthéates that the solid
yield decreases faster than the HHV increase with incigasirefaction temperature. In
addition, no clear trend of differences in energy yield between Ibrand stem woods can be

observed.
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3.2.3 Comparison on grindability

Figure 9 presents the results from SGE measurements fotetns and branches, untreated
and torrefied at different temperatures. The data of the first fleaw) were calculated on the
basis of triplicate measurements, but those of the others ward ba single measurements only
due to the small reactor volume and thus limited amounts of hydrpcbdnced in the WT
experiments. The triplicate measurements were performatidarntreated woods confirm that
while the grindability of untreated spruce branch is better thanatettespruce stem wood, the
situation for untreated birch is opposite. In order to understand thigvatier, different
strength measurements are needed which is beyond the scope pfesent work. More
importantly, differences in grindability between branch and stem wfmdspruce are always
more significant and consistent than for birch. At 200 °C, the grindabiliboth spruce and
birch branches are better than their stem woods. The differettue pbint is 8.1% for torrefied
spruce and 10.9% for torrefied birch. Thereafter, virtually no significhfference in SGE
between branch and stem woods can be observed at point 225 °C. OverdilpmedacSGE
with increasing torrefaction temperature are observed foestkd woods. In addition, the SGE
dramatically decreases when temperature is increased from 2@8 £C. The highest reduction

occurs at the treatment condition of 225 °C (for 30 min).

3.2.4 Comparison on hydrophobicity

The EMC data for the stems and branches, untreated and torrefiedounsveonditions are
presented in Figure 10. It appears that untreated branches consistently eyihdsiEMC values
than the corresponding stem woods. This is presumably due to the highielluloses and

extractives contents of branches compared to stem woods. Itagseebemicelluloses possess
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more hydroxyl groups than celluloses and lignin [71]. In addition, ektes may be
hydrophilic in nature.

At 175 °C, WT makes branches more hydrophobic than the correspondimgvetals. This
confirms the hydrophilic nature of the extractives. It is becple® biomass extractives have
smaller molecular and thus less thermally stable than heolasdk. In other words, the
extractives should have been decomposed first and responsible fornifieasiy reductions in
EMC at point 175 °C. In addition, the differences in EMC between bramd¢hst&em woods
become most significant at 200 °C, being 15.7% and 10.3% for spruce and dsmdxtively.
Finally, similar to the grindability comparison, virtually no sigeaft difference in EMC

between branch and stem woods can be observed at point 225 °C.

4 Conclusions

WT enhances significantly the fuel properties of Norway spamcebirch branches. The yield
of hydrochars produced from branch woods via WT processes dexreath increasing
torrefaction temperature and/or holding time. However, the impremtsrin fuel properties of
hydrochar increase with increasing torrefaction temperandéor holding time. Increases in
HHV up to 13.5% and reductions of specific grinding energy up to 16.0 tiarethe wet
branches could be achieved via WT. In addition, birch branches arereaotare than spruce
branches in identical WT conditions.

The comparison on WT of the branches and the stem woods show th#etherends of WT
on the yield and fuel properties of the hydrochars from branchésstems were similar.
However, branch woods are more reactive than stem woods in idéMicalonditions. The
trend of reduction in SGE of branches is similar to stem woodspface, but that for birch is

somehow inconsistent. Improvements in hydrophobicity of the brancheaasespronounced
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than that of the stems. This may be attributed to the higher &kutdse and extractives

contents of the branches compared to stem woods.

5 Acknowledgements

This work is financially supported by the Research Council of Nomavel/industry partners

through the KMB project STOP (STable OPerating conditions for bismasbustion plants),

which is gratefully acknowledged.

6 References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

D. L. Klass,Biomass for Renewable Energy, Fuels, and Chemic¢adlademic Press,
1998.

C. Yin, L. A. Rosendahl, and S. K. Keer, "Grate-firing of biesdor heat and power
production,"Progress in Energy and Combustion Scienoé, 34, pp. 725-754, 2008.

A. Demirbas, "Combustion characteristics of different biomfsds," Progress in
Energy and Combustion Scieneel. 30, pp. 219-230, 2004.

M. J. C. van der Stelt, H. Gerhauser, J. H. A. Kiel, and K. dsifgki, "Biomass
upgrading by torrefaction for the production of biofuels: A revieBjdmass and
Bioenergyyol. 35, pp. 3748-3762, 2011.

A. Demirbas, "Potential applications of renewable energycesytbiomass combustion
problems in boiler power systems and combustion related environmestas]"
Progress in Energy and Combustion Scieroé, 31, pp. 171-192, 2005.

R. Saidur, E. A. Abdelaziz, A. Demirbas, M. S. Hossain, and S. MdkHhA review on
biomass as a fuel for boilerfRRenewable and Sustainable Energy Reviewis,15, pp.
2262-2289, 2011.

M. J. Prins, K. J. Ptasinski, and F. J. J. G. Janssen, "Moreeaffisiomass gasification
via torrefaction,'"Energy,vol. 31, pp. 3458-3470, 2006.

T. G. Bridgeman, J. M. Jones, |. Shield, and P. T. Williams, "Taction of reed canary
grass, wheat straw and willow to enhance solid fuel qualities@nbustion properties,"
Fuel,vol. 87, pp. 844-856, 2008.

T. G. Bridgeman, J. M. Jones, A. Williams, and D. J. Waldron, "Ansitigation of the
grindability of two torrefied energy cropg;uel,vol. 89, pp. 3911-3918, 2010.

16



R OO O~NO (G2l N WN P

R

13
14

15
16

17
18
19

20
21

22
23

24
25

26
27
28

29
30
31

32
33
34

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

W.-H. Chen and P.-C. Kuo, "A study on torrefaction of various biommadsrials and its
impact on lignocellulosic structure simulated by a thermograwinieEnergy,vol. 35,
pp. 2580-2586, 2010.

D. Ciolkosz and R. Wallace, "A review of torrefaction for bicgye feedstock
production,"Biofuels, Bioproducts and Biorefininggpl. 5, pp. 317-329, 2011.

J. J. Chew and V. Doshi, "Recent advances in biomass pretreatmBntrefaction
fundamentals and technologRenewable and Sustainable Energy Revieals, 15, pp.
4212-4222, 2011.

D. Eseltine, S. S. Thanapal, K. Annamalai, and D. Ranjan, "Baotief of woody
biomass (Juniper and Mesquite) using inert and non-inert g&aed,Vol. 113, pp. 379-
388, 2013.

W.-H. Chen, K.-M. Lu, W.-J. Lee, S.-H. Liu, and T.-C. Lin, "Non-oxidatized
oxidative torrefaction characterization and SEM observations odugiand ligneous
biomass,"Applied Energyyol. 114, pp. 104-113, 2014.

J.-J. Lu and W.-H. Chen, "Product Yields and Characteristics afcGorWaste under
Various Torrefaction Atmosphereghergiesyol. 7, pp. 13-27, 2013.

S. S. Thanapal, W. Chen, K. Annamalai, N. Carlin, R. J. Ansley, aR&jan, "Carbon
Dioxide Torrefaction of Woody BiomassEnergy & Fuels,vol. 28, pp. 1147-1157,
2014.

J. Wannapeera and N. Worasuwannarak, "Upgrading of woody biomadsedfaction
under pressureJournal of Analytical and Applied Pyrolysiml. 96, pp. 173-180, 2012.

D. R. Nhuchhen and P. Basu, "Experimental Investigation of Mildlgssrrized
Torrefaction in Air and NitrogenEnergy & Fuels2014.

T. Runge, P. Wipperfurth, and C. Zhang, "Improving biomass combustidityqising a
liquid hot water treatmentBiofuels,vol. 4, pp. 73-83, 2013.

W. Yan, T. C. Acharjee, C. J. Coronella, and V. R. Vasquez, "Theratteatment of
lignocellulosic biomass,Environmental Progress & Sustainable Energg). 28, pp.
435-440, 2009.

W.-H. Chen, S.-C. Ye, and H.-K. Sheen, "Hydrothermal carbonizatiosugércane
bagasse via wet torrefaction in association with microwave lggatBioresource
Technologyyol. 118, pp. 195-203, 2012.

W. Yan, J. T. Hastings, T. C. Acharjee, CCdronella, and V. R. Vasquez, "Mass and

Energy Balances of Wet Torrefaction of Lignocellulosic Biomasagrgy & Fuelsyol.
24, pp. 4738-4742, 2010.

17



W N -

~N O 01

10
11

12
13
14

15
16
17
18

19
20
21

22
23
24

25
26
27

28
29
30

31
32
33

34
35
36

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

Q.-V. Bach, K.-Q. Tran, R. A. Khalil, &. Skreiberg, and G. Seiaeud, "Comparative
Assessment of Wet Torrefactiorghergy & Fuelsyol. 27, pp. 6743-6753, 2013.

S. K. Hoekman, A. Broch, and C. Robbins, "Hydrothermal Carbonization \tTC
Lignocellulosic Biomass,Energy & Fuelsyol. 25, pp. 1802-1810, 2011.

S. M. Heilmann, H. T. Davis, L. R. Jader, P. A. Lefebvre, MSddowsky, F. J.
Schendel et al, "Hydrothermal carbonization of microalgagliomass and Bioenergy,
vol. 34, pp. 875-882, 2010.

C. Falco, F. Perez Caballero, F. Babonneau, C. Gervais, G. Ladrewit, Titirici, et al,
"Hydrothermal Carbon from Biomass: Structural Differencesveeh Hydrothermal and
Pyrolyzed Carbons via 13C Solid State NMRangmuir, vol. 27, pp. 14460-14471,
2011.

A. Funke and F. Ziegler, "Hydrothermal carbonization of biomassummary and
discussion of chemical mechanisms for process engineeBigjfifels, Bioproducts and
Biorefining,vol. 4, pp. 160-177, 2010.

J. A. Libra, K. S. Ro, C. Kammann, A. Funke, N. D. Berge, Y. Neubateal,
"Hydrothermal carbonization of biomass residuals: a comparatveew of the
chemistry, processes and applications of wet and dry pyrolgafiiels,vol. 2, pp. 71-
106, 2010.

Z. Liu and R. Balasubramanian, "Upgrading of waste biomasshymrothermal
carbonization (HTC) and low temperature pyrolysis (LTP): A parative evaluation,"
Applied Energyyol. 114, pp. 857-864, 2014.

Z. Liu, A. Quek, S. Kent Hoekman, and R. Balasubramanian, "Productioolidf s
biochar fuel from waste biomass by hydrothermal carbonizatiargl,vol. 103, pp. 943-
949, 2013.

G. K. Parshetti, Z. Liu, A. Jain, M. P. Srinivasan, and R. Balasaizam,
"Hydrothermal carbonization of sewage sludge for energy productittnosal," Fuel,
vol. 111, pp. 201-210, 2013.

D. Schneider, M. Escala, K. Supawittayayothin, and N. Tippayaw@Hwaracterization
of biochar from hydrothermal carbonization of bambdatérnational Journal of Energy
and Environmentyol. 2, pp. 647-652, 2011.

M. Goto, R. Obuchi, T. Hirose, T. Sakaki, and M. Shibata, "HydrotHeroreversion of
municipal organic waste into resourceBjbresource Technologypol. 93, pp. 279-284,
2004.

D. Knezevi¢, W. van Swaaij, and S. Kersten, "Hydrothermal Conversion Of Biomass. |

Conversion Of Wood, Pyrolysis Oil, And Glucose In Hot Compressed Watdystrial
& Engineering Chemistry Researahgl. 49, pp. 104-112, 2009.

18



WN P

[epJN &) F S

10
11
12
13

14
15
16

17
18
19

20
21
22

23
24

25
26
27

28
29

30
31

32
33
34

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

(44]

[45]

[46]

D. Knezevi¢, W. P. M. van Swaaij, and S. R. A. Kersten, "Hydrothermal Conversion of
Biomass: |, Glucose Conversion in Hot Compressed Waisdistrial & Engineering
Chemistry Researchipl. 48, pp. 4731-4743, 2009.

A. Kruse, A. Funke, and M.-M. Titirici, "Hydrothermal conversionbdémass to fuels
and energetic materialsCurrent Opinion in Chemical Biologwol. 17, pp. 515-521,
2013.

G. e. Luo, W. Shi, X. Chen, W. Ni, P. J. Strong, Y, étaal, "Hydrothermal conversion
of water lettuce biomass at 473 or 523 Bjdmass and Bioenergypl. 35, pp. 4855-
4861, 2011.

L. Garcia Alba, C. Torri, C. Samori, J. van der Spek, D. FabbR,. 3. Kerstenet al,
"Hydrothermal Treatment (HTT) of Microalgae: Evaluation tfe Process As
Conversion Method in an Algae Biorefinery Conceftiergy & Fuelsyol. 26, pp. 642-
657, 2011.

S. Karagdz, T. Bhaskar, A. Muto, Y. Sakata, and M. A. Uddin, "Low-Teatye
Hydrothermal Treatment of Biomas&ffect of Reaction Parameters on Products and
Boiling Point Distributions,'Energy & Fuelsyol. 18, pp. 234-241, 2003.

K. Murakami, K. Kasai, T. Kato, and K. Sugawara, "Conversion @& sttaw into
valuable products by hydrothermal treatment and steam gasfficatuel, vol. 93, pp.
37-43, 2012.

M. Muthuraman, T. Namioka, and K. Yoshikawa, "Characteristicoafombustion and
kinetic study on hydrothermally treated municipal solid wasté different rank coals:
A thermogravimetric analysisApplied Energyyol. 87, pp. 141-148, 2010.

M. Nonaka, T. Hirajima, and K. Sasaki, "Upgrading of low rank eodl woody biomass
mixture by hydrothermal treatmenguel, vol. 90, pp. 2578-2584, 2011.

A. Rodriguez, A. Moral, R. Sanchez, A. Requejo, and L. Jiménez éhdk of variables
in the hydrothermal treatment of rice straw on the compositidineafesulting fractions,"
Bioresource Technologypl. 100, pp. 4863-4866, 2009.

T. Yoshida and M. J. Antal, "Sewage Sludge Carbonization foraTé&mreta
Applications,"Energy & Fuelsyol. 23, pp. 5454-5459, 2009.

M. Sevilla and A. B. Fuertes, "The production of carbon matekgldydrothermal
carbonization of celluloseCarbon,vol. 47, pp. 2281-2289, 2009.

B. Hu, K. Wang, L. Wu, S.-H. Yu, M. Antonietti, and M.-M. Titiic'Engineering

Carbon Materials from the Hydrothermal Carbonization Processonfids,"Advanced
Materials,vol. 22, pp. 813-828, 2010.

19



(o] &) IF S WN P

o © [oc BN

11
12
13

14
15
16

17
18

19
20
21

22
23

24
25
26

27
28
29

30
31

32
33
34

[47]

(48]

[49]

(50]

(51]

[52]

(53]

(54]

[55]

[56]

[57]

(58]

[59]

W.-H. Chen, W.-Y. Cheng, K.-M. Lu, and Y.-P. Huang, "An evaluatiomgorovement
of pulverized biomass property for solid fuel through torrefactigpglied Energyyol.
88, pp. 3636-3644, 2011.

W.-H. Chen, H.-C. Hsu, K.-M. Lu, W.-J. Lee, and T.-C. Lin, "Therpratreatment of
wood (Lauan) block by torrefaction and its influence on the propetiése biomass,"
Energy,vol. 36, pp. 3012-3021, 2011.

J. Koppejan, "Status of torrefaction and use of torrefied mbiarco-firing plants,” in
3rd International Conference on Biomass and Waste Combustoalon, 2012.

D. Medic, M. Darr, A. Shah, B. Potter, and J. Zimmerman, "Edfaxt torrefaction
process parameters on biomass feedstock upgraéinel,\vol. 91, pp. 147-154, 2012.

N. Misljenovi, Q.-V. Bach, K.-Q. Tran, C. Salas-Bringas, and @. Skreiberg,
"Torrefaction Influence on Pelletability and Pellet Quality Nbrwegian Forest
Residues,Energy & Fuelsyol. 28, pp. 2554-2561, 2014.

M. Phanphanich and S. Mani, "Impact of torrefaction on the griritlal@ihd fuel
characteristics of forest biomas®lioresource Technologywol. 102, pp. 1246-1253,
2011.

M. J. Prins, K. J. Ptasinski, and F. J. J. G. Janssen, "Torrefattiaood: Part 1. Weight
loss kinetics,'Journal of Analytical and Applied Pyrolysigl. 77, pp. 28-34, 2006.

M. J. Prins, K. J. Ptasinski, and F. J. J. G. Janssen, "Torosfasti wood: Part 2.
Analysis of products,Journal of Analytical and Applied Pyrolysigol. 77, pp. 35-40,
2006.

V. Repellin, A. Govin, M. Rolland, and R. Guyonnet, "Energy requireni@nfine
grinding of torrefied wood,Biomass and Bioenergyol. 34, pp. 923-930, 2010.

P. Rousset, C. Aguiar, N. Labbé, and J.-M. Commandré, "Enhar@ngombustible
properties of bamboo by torrefactiomloresource Technologypl. 102, pp. 8225-8231,
2011.

D. Tapasvi, R. Khalil, @. Skreiberg, K.-Q. Tran, and M. Grgnliprt&faction of
Norwegian Birch and Spruce: An Experimental Study Using Ma&#éT Energy &
Fuels,vol. 26, pp. 5232-5240, 2012.

K.-Q. Tran, X. Luo, G. Seisenbaeva, and R. Jirjis, "Stump tatiefafor bioenergy
application,"Applied Energyyol. 112, pp. 539-546, 2013.

J. Wannapeera, B. Fungtammasan, and N. Worasuwannarak, "Effemtgefature and

holding time during torrefaction on the pyrolysis behaviors of woody &sstiiJournal
of Analytical and Applied Pyrolysigpl. 92, pp. 99-105, 2011.

20



[epJ &) F S WN P

= O © 00~

R

13
14

15
16
17

18
19

20
21
22

23
24

25
26

27
28

29
30
31

(60]

(61]

(62]

(63]

(64]

(65]

(66]

[67]

[68]

(69]

[70]

(71]

P. C. A. Bergman, A. R. Boersma, R. W. R. Zwart, and J. H. 8|, KTorrefaction for
biomass co-firing in existing coal-fired power stations "BIOCOAIRgport ECN-C--05-
013,20065.

Z. Liu, A. Quek, and R. Balasubramanian, "Preparation and abs&ration of fuel
pellets from woody biomass, agro-residues and their correspondingchyds, "Applied
Energy,vol. 113, pp. 1315-1322, 2014.

W. Yan, S. K. Hoekman, A. Broch, and C. J. Coronella, "Effect of dilzgdrmal
carbonization reaction parameters on the properties of hydroahdr pallets,”
Environmental Progress & Sustainable Enengy, n/a-n/a, 2014.

M. T. Reza, M. H. Uddin, J. G. Lynam, and C. J. Coronella, "Engingeézts from dry
torrefied and HTC biochar blend®fomass and Bioenergyol. 63, pp. 229-238, 2014.

P. Zhao, H. Chen, S. Ge, and K. Yoshikawa, "Effect of the hydrothereteeatment for
the reduction of NO emission from sewage sludge combustigrplied Energyyol.
111, pp. 199-205, 2013.

P. Zhao, Y. Shen, S. Ge, and K. Yoshikawa, "Energy recycling $emage sludge by
producing solid biofuel with hydrothermal carbonizatiohergy Conversion and
Managementyol. 78, pp. 815-821, 2014.

D. Kim, K. Lee, and K. Y. Park, "Hydrothermal carbonization of amisieally digested
sludge for solid fuel production and energy recoverfyél, vol. 130, pp. 120-125, 2014.

E. Bergseng, T. Eid, @. Lgken, and R. Astrup, "Harvest residuatjzbtem Norway — A
bio-economic model appraisalScandinavian Journal of Forest Researghl. 28, pp.
470-480, 2013.

J. Nurmi, "Heating values of mature treeg\¢ta Forestalia Fennicaol. 256, p. 28,
1997.

T. Raisanen and D. Athanassiadis, "Basic Chemical CompositiotheofBiomass
Components of Pine, Spruce and Birdfptest Refinep. 4, 2013.

S. A. Channiwala and P. P. Parikh, "A unified correlation formedtng HHV of solid,
liquid and gaseous fuelstuel,vol. 81, pp. 1051-1063, 2002.

E. Sjostrom,Wood Chemistry: Fundamentals and ApplicatioAsademic Press Inc,
1981.

21



[44

uogJed paxy :D41a1ew a|e|oA : NA
siseq 8aJj yse pue A1p ‘Bx/CIN ;s1seq AIp ‘% IM 10 I,

SisAreue ayewnin

sisAreue ajewixold

H0'0FEY'6T |20°0> £0°0FSIT 0F T 0F60°Gr D0 0F6T' QT 0FSS '8y |60°0F€9'6 L€ 0FVL 6F0 090 | €6 TFIE 9SG yond
/0"0F¥8'02 |20°0> F0'0¥2ZT 090" 0%GE 2 B0°0¥22 9F T 0FTE TS ET 0¥/ T 7T 92 0F8T G&0'0¥89°0 | VE'TFI6'6Y 2onids
S N o H 2 od WA usv JUSIUOD | >{00ISpa’y

AHH 2INISION jo adAL

"S}001SPaa) Ayl JO sonsualoeIeyd [and T a|qel

M < W0

N



8¢'v9

L6°G9

86'99

¥6'99

¥¥'08

G1'9L

86'9.

8608

81'¢8

60'98

‘(siseq AIp) sanpisal 15810} JO UOI1JR}8110] 19/paUmRq0 SIeyd0ipAy Jo Sonslis1oeIeyd [an) pue SUONIPUOD Uondelallo] ‘g ajgel

JIWI| UONOBIBP B UBY] JBMO : 1981} YSE ,u0qIed PaXlj = D4IaNew a|e|joA = NA

€¢

€T'T| 0T¢4Cc 200> ¥.L'8E TELO0 08S €¢SS 896T 496, (S90 |UWOE-O.52¢C
60T | ¢vric 200> ¢e0F 90g0 ¥8S €9€eS 9L.T €918 ([I90 | UWO9-2,00C
80T | 80T¢c <¢00> TeIvr <¢cEL0 86'S 8ycS #O9T OVeE8 [(SS0 | UWOE-0.00C | w
vOT| 6€0C 200> 06¢r 8220 T09 /805 §L2ZT 9998 ([T9°0 | UWOT-0.,002 S
¢0T| €002 200> 88¢Er ¥8FO0 O0I9 +v86F GCTIT 6188 (950 | UIWOE-D.G.LT

- 9G'6T 2¢O0p> 607 G9T0 6IT9 G987 £96 PL68 |¥9°0 mey
€T'T| L9§Cc 200> /[8¥E L9T0 SHES T¥6S 89PvZ ¢8YV. (0S50 | UWOE-D.52C
ITT| 60¢gc 200> 899 8Yf0 LS T%.G 0S€C ¥09. [9¥'0 | UIWO9-D,002
OT'T| S6¢c <¢00> 60LE O09F0 88'S 9895 dL'8T 9,08 [¢cS0 | UIWOE-D.,00C | &
90T | 9T¢Cc 200> O0T'6E L¥VFO 209 €L'%S T8LT T9T8 (850 | UWOT-0.,002 m
SOT| T6TC 200> ¢L6E OFIO0O 909 80VS 90LT OvZ8 [PPSO | UWOE-D.GLT

- 98'0c ¢0p> SERy <¢gro ¢¢9 TETS HTPT BI'G8 (890 mey
%) | 5 | ©VCW) 0 O I el e B LT
|9 e (96) (961m) SUOIPUOD

SisAjeue srewn|n sisAjeue arewixold uonoejelIoL

T



Figure 1. Schematic diagram of the experimental setup and the reactor.
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1 Figure 2. Effects of (A) torrefaction temperature and (B) holdiimg on the hydrochar yield
2  of spruce and birch branches.
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1 Figure 3. Van Krevelen diagram for the raw and torrefied branches inegiffeonditions.
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1 Figure 4. Effects of (A) torrefaction temperature and (B) imgidime on specific grinding
2 energy of raw and torrefied branches.
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1 Figure 5. Moisture uptake behavior of raw spruce branches and spamhéds torrefied at
2 different (A) torrefaction temperatures and (B) holding times.
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Figure 6. SEM images of the raw spruce branches and bramchrefied at different

temperatures.
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1 Figure 7. Hydrochar yield for branch and stem woods torrefied in subcriticad fwa 30 min.
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1 Figure 8. Energy yield for branch and stem woods torrefied in subcritical water for 30 min.
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1 Figure 9. Specific grinding energy (SGE) for branch and stem wimodsied in subcritical
2 water for 30 min.
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1 Figure 10. Equilibrium moisture content (EMC) for branch and stem woadsfied in
2 subcritical water for 30 min.
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Abstract

Effects of CO, on the yield and fuel properties of the solid product obtained from wet torrefaction of biomass were
experimentally investigated. Norwegian forest residues were used as feedstock. CO, and N, were employed as purge
gas, separately. The results show that, compared with wet torrefaction in N,, the process in CO, is taking place faster,
producing 4.6-6.0% less solid product with lower heating value in identical condition. A reduction of 6.5kWh/t in
SGE and an increase of up to 1.4% in EMC were observed for the solid product obtained from WT in CO, compared
with that in N,. In addition, CO, enhances the capacity of wet torrefaction to remove ash elements from solid biomass
fuels.
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Keywords: Wet torrefaction; Biomass fuels; Forest residues; Flue gas utilization.

1. Introduction

Wet torrefaction (WT) of biomass is a method of hydrothermal processing for upgrading and
production of solid fuels with improved fuel properties such as increased heating value and better
grindability [1, 2]. The process may be defined as mild pyrolysis of biomass in hot compressed water, in
the temperature range of 180-260°C [1, 2], and therefore is very much suitable for wet feedstocks, which
include forest residues, wet agricultural wastes, sewage sludge, and aquatic energy crops. In addition to
the main solid product, WT also produces liquid by-products including water soluble and insoluble
organic compounds, which can be further treated for the production of biogas, liquid fuels and/or valuable
chemicals [3, 4].

Recent study in a batch reactor show that WT exhibits several advantages compared with dry
torrefaction (DT), which include the capacity of washing out ash elements from biomass fuels [2].
However, like DT, WT requires an inert atmosphere, for which a large amount of nitrogen for purging
and pressurizing is normally used. The nitrogen requirement will be much larger for industrial
applications and up-scaling of the technology, for which continuous processes may also be employed. In

* Corresponding author. Tel.: +47-73591645; fax: +47-73593580.
E-mail address: quang.vu.bach@ntnu.no
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such a context, the concept of process integration including heat integration should be considered [5, 6].
For this purpose, utilization of hot flue gas from thermal power plants would be a potential option. The
problem however is that, apart from N, flue gas contains other gases, of which CO, is the main species
and may have important effects on the WT process and the fuel properties of the solid product. For this
reason, some studies on influences of CO, addition have been reported [7, 8] for DT of biomass, but not
for WT. In the present work, WT of Norwegian forest residues (FR) was experimentally studied under
different conditions with N, or CO, addition. The effect of CO, addition on the solid product yield and its
fuel properties was investigated.

2. Materials and methods

The feedstock used for this study is Norway spruce branches of 2-2.5 cm in diameter. The branches
were collected from a local forest in Trondheim, Norway. The bark was completely removed from the
collected branches to avoid possible interferences caused by impurities/contaminants and composition
differences between the core and the bark. The moisture content (determined by the standard method
ASTM D4442-07) of the feedstock was 49.96 + 2.34%. Prior to the WT experiments, the bark-free
branches were cut into slices having a thickness of 3-4 mm to improve the heat and mass transfers during
torrefaction. The common WT conditions, procedure and assessment method reported in our previous
study [2] were adopted for this present work. It was at 70 bar and three temperatures (175, 200, 225°C),
and for three holding times (10, 30, 60 min), with addition of N, or CO,.

3. Results
3.1. Effects on the solid yield

(A) - Holding time of 30 min

Solid product yield (%)
Solid product yield (%)

2! 30
Temperature (°C) Holding time (min)

Fig. 1. Solid yield for WT of FR at different temperatures (A) and holding times (B)

Fig. 1 A and B show the yield of solid products obtained from the WT in N, or CO, atmosphere with
varying temperature or holding time, respectively. The figures indicate no difference in the trend of the
effects of these two process parameters on the solid yield for the two different cases with regards to the
gas atmosphere. The solid yield for both cases decreases with either increasing torrefaction temperature or
holding time. However, at the same hydrothermal conditions less solid is produced in the case of CO,
addition than that of N, addition. This indicates that CO, has a positive effect on the reaction rate of
biomass WT, compared to N,. In addition, this effect seems more significant at higher temperatures and
longer holding times. The yield difference is within 4.6-6.0% and 3.8-5.7% for temperatures of 175-
225°C and holding times of 10-60 min, respectively.

3.2. Effects on fuel properties of the solid product

Fig. 2 A and B present the heating value of solid products obtained from the WT in N, or CO,
atmosphere with varying temperature or holding time, respectively. In all cases, the heating value of the
solid product obtained from the WT with CO, addition is slightly lower than that of N, addition.
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Moreover, the difference in HHV of solid from the WT in CO, and N, becomes less significantly when
either increasing WT temperature or holding time.

(B) - Torrefaction temperature of 200°C

Higher heating value (MJ/kg)
Higher heating value (MJ/kg)

Temperature (°C) ’ Holding time (min)
Fig. 2. Heating values of solids from WT of FR at different temperatures (A) and holding times (B)
Proximate analysis data for the solid obtained from the WT in different gas atmospheres are presented
in Table 1, and indicates that increased reaction temperature or holding time results in increased fixed-

carbon (FC) content but decreased volatile matter (VM) content of the solid product. More interestingly,
the ash content of the FR torrefied in CO, is significantly lower than that in N,.

Table 1. Proximate analysis of raw and torrefied FR

WT in N, WT in CO,
Torrefaction condition

Ash (%) VM (%) FC (%) Ash (%) VM (%) FC (%)
175°C-30min 0.54 82.40 17.06 0.35 82.29 17.36
200°C—10min 0.58 81.61 17.81 0.34 81.18 18.49
200°C—30min 0.52 80.76 18.72 0.21 78.79 21.00
200°C—60min 0.46 76.04 23.50 0.26 75.84 23.90
225°C-30min 0.50 74.82 24.68 0.21 72.83 26.96

Data for dry raw feedstock: Ash: 0.68%, VM: 85.18%, FC: 14.14%

(B)

1 2
H :
E 9 T —
z < 204
Z S p
= E
£ 1004 5 =~
g : 3 e . . re re .
H =
£z g D S G S S—
z s S - s S
T 50 o >G-S S S—-—4
& R " Raw
] 2 o 175°C-inco, 175
=] z
g s ¥ 4 200°C-inCO, !
g .
s = 0o * 25C-inCo

Raw 175 260 25 12 3 4 5 6 17

Temperature (°C) Days

Fig. 3. Effect of WT temperature on the specific grinding energy (A) and the moisture uptake level (B)

The specific grinding energy (SGE) and the moisture uptake level of raw and torrefied FR are
presented in Fig. 3A and 3B, respectively. The reductions in SGE and moisture uptake level show similar
trends for the materials torrefied in CO, or N,. However, the samples torrefied in CO, exhibit lower SGE
values than those in N,. The most significant reduction in SGE is 6.5kWh/t recorded for the samples
torrefied in the conditions of 200°C and 30 min. Further increases in temperature led to no more reduction
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in SGE. Nevertheless, the equilibrium moisture content (EMC) of the samples torrefied in CO, is
significantly lower than that in N,. The difference in EMC becomes more significant, being up to 1.4%
when the temperature is increased from 175 to 225°C. The effects of holding time on the grindability and
hydrophobicity show similar trends but less pronounced compared with the effects of temperature.

4. Discussion

The use of CO, for WT of biomass instead of N, results in lower yield and slightly decreased heating
value of the solid product in identical WT conditions. This can be translated to positive effects of CO,
addition on the reaction rate of WT. Similar effects of CO, addition have been found for DT [7], in which
increased weight loss and improved grindability when adding CO, was reported. For WT in the present
work, the effects of CO, may be explained by the fact that dissolved CO, in water has an acidic catalyst
effect and enhances the reaction rate of biomass treatment in hydrothermal conditions [9, 10]. This
catalytic enhancement effect is also valid for the solubility of inorganic ions present in biomass during
hydrothermal pre-treatment. It suggests that WT in CO, is capable of removing even more ash elements
in the solid biomass fuel, compared with WT in N,. If utilizing hot flue gases, the positive CO, effect on
the WT process will depend on its CO, content.

5. Conclusion

Wet torrefaction of Norwegian forest residues in different conditions and atmospheres were
experimentally investigated. WT in CO, produced 4.6-6.0% less solid product with decreased heating
value but improved hydrophobicity and better hydrophobicity than in N,. An increase of up to 1.4% in
EMC and a reduction of 6.5kWh/t in SGE were observed for the solid product obtained from WT in CO,
compared with that in N,. The proximate analyses show higher fixed carbon and lower volatile matter
contents for the solid products obtained from WT in CO,. Additionally, the ash content of these products
is significantly reduced, compared with that in N,.
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ABSTRACT

The compressibility of Norway spruce
and birch tree branches torrefied in
subcritical water conditions and the
mechanical strength of the obtained pellets
were experimentally studied in comparison
with the raw materials. The pelletization was
performed on a single pellet press. The
pellet strength was investigated via
diametric compression tests, employing a 60
mm diameter probe connected to a Lloyd
LR 5K texture analyzer. The results showed
that wet torrefaction improved the
compressibility and strength of the tested
material. In addition, compressing pressure
affected both the pellet density and strength,
while pelletizing temperature influenced the
pellet strength only.

Keywords: Biomass pelletization; Pellet
physical properties; Wet torrefaction; Forest
residues.

INTRODUCTION

Wet torrefaction (WT), which may be
defined as pretreatment of biomass in hot
compressed water at temperatures within
180-260 °C "2, is a promising method for

production of high quality solid fuels
(hydrochars) from low cost wet biomass
resources such as forest residues,
agricultural waste, aquatic energy crops, and
sewage sludge. The concept of WT is very
similar to “hydrothermal carbonization”
(HTC)’ and sometimes is discussed under
the general term “hydrothermal
conversion™ or “hydrothermal treatment” °.
The main improvements in fuel properties of
hydrochars produced from WT of biomass
include the change from hydrophilic to
hydrophobic nature, increased heating
values, and improved grindability. However,
the bulk and volumetric energy densities of
biomass are reduced by WT®®. In addition,
hydrochar becomes more flaky and dusty,
compared to the raw biomass®®. These
drawbacks may cause problems for the
storage, logistics, and further utilizations
(combustion, gasification, and pyrolysis) of
hydrochars®®. Therefore, an additional step
of pelletization is usually required to
overcome the drawbacks.

Pelletization is a mechanical process that
convert bulky solid biomass fuels into
pellets with uniform shapes and reduced
dust formation. More importantly, the bulk



and volumetric energy densities of solid
biomass fuels are both significantly
improved via pelletization®'’. The pellet
form of biomass fuels is suitable for many
industrial and residential applications'"* ',

In the open literature, there are few
reports dealing with pelletization of biomass
pretreated in subcritical water conditions®™®.
It was reported that pellets produced from
hydrochars were denser, more durable and
mechanically stronger than pellets produced
from the corresponding raw biomass **
Nevertheless, pelletizing hydrochars is more
challenging than the raw biomass because
the friability and hydrophobicity of
hydrochars reduce significantly the bonding

capacity between hydrochar particles °®.

However, many factors such as pelletizing
temperature, compacting pressure, type of
feedstock, processor type may affect the
compressibility and the physical properties
of pelletsg’ B The effects of these factors
have not been fully understood and therefore
more research in this area is needed.

This present study aimed to investigate
the effects of WT on the pelletability and
physical properties of Norwegian forest
residues (FRs). Norway spruce and birch
tree branches were used as feedstocks and
torrefied in subcritical water conditions at
different temperatures.

Table 1. WT conditions and fuel properties of the raw forest residues and their hydrochars

Sample Solid yield” \Y (0% Ash’ A\ FC* HHV*
Raw - 10.30 0.23 86.50 13.27 20.42
o Torrefied for 30 min in water at 70 bar and different temperatures
i 175°C 88.27 6.67 0.11 85.72 14.17 20.81
«n 200°C 78.45 4.90 0.12 83.92 15.95 21.33
225°C 69.74 4.26 0.14 74.74 25.12 22.97
Raw - 9.74 0.28 89.46 10.26 19.94
= Torrefied for 30 min in water at 70 bar and different temperatures
; 175°C 79.53 6.10 0.09 88.57 11.34 20.21
& 200°C 64.64 5.05 0.09 85.15 14.76 20.78
225°C 58.01 4.69 0.13 73.78 26.09 22.93

“ wit%, dry basis; " Moisture content, wt%, wet basis; b MJ/kg, dry and ash free basis.

MATERIALS AND METHODS

Materials

Fresh branches with diameter of 2-2.5
cm of Norway spruce and birch trees were
collected from a local forest in Trondheim,
Norway, to simulate Norwegian FRs. The
WT procedure and fuel characterization
methods employed for this present work
are adopted from our earlier study'. The
feedstocks were torrefied in a Parr 4650

autoclave reactor at three different
temperatures (175, 200, 225°C), for a
constant holding time of 30 min and at a
constant pressures of 70 bar. The WT
conditions and some fuel properties of the
tested materials are presented in Table 1.

Pelletization

The pelletization was carried out using
a single pellet press '° presented in Fig 1,
which allows precise control and



adjustment of compressing pressure and
pelletizing temperature. The unit consists
of a steel cylinder (8 mm inner diameter)
and a tungsten carbide pressing rod. The
press is heated by a jacket heater (450W)
of which the temperature was controlled
by a PID. The compressing force is applied
to the rod using an Instron 100 kN texture
analyzer. Two pelletizing temperatures
(120, 180°C) and five compacting
pressures (20, 40, 80, 160, 240 MPa) were
tested. More details of the press and
pelleting procedure can be found in our
previous study'’.
Section A - A

Fig 1. Single pellet press unit: picture of
the equipment (left) and section view A-A
(right).

Characterization of pellets

The density of pellets was calculated
by dividing the weight by the volume of
the pellets. The length and diameter of the
pellets were measured by means of a
digital caliper (from Biltema Sweden).

The compressing tests were carried out
at 48 h after the pellets were produced. A
60 mm diameter probe connected to a
Lloyd LR 5K texture analyzer (Lloyd
Instruments, England) was employed for
this test. The compression speed was set to
1 mm/min, and the maximum normal force
at breakage was recorded automatically.
The pellet strength was expressed as the

maximum force per length of the pellet

(N/mm).
RESULTS

Effects of wet torrefaction on the
grindability and particle size distribution

A pulverization step was required prior
to pelletization. A quantitative evaluation
of the specific grinding energy (SGE) was
carried out for all samples being used for
pelleting. Results from the evaluation are
presented in Fig. 2, which indicates that
WT improved the grindability of the
biomass. When torrefaction temperature
increases, the SGE decreases. The
reduction in SGE was up to 13.3 times for
spruce and 27.5 times for birch torrefied at
225°C for 30 min, compared to the raw
materials.

The particle size distribution (PSD) of
the ground sample was determined by a
Mastersizer 3000 laser diffraction particle
size analyser, and the results for this test
are presented in Fig. 3. The distribution
curves show that WT resulted in lower
fractions of the coarser particles and larger
fractions of finer particles. This effect of
WT for birch was more pronounced than
that for spruce. Moreover, the curve for
spruce torrefied at 225°C exhibits two
peaks, while only one peak is observed for
the other samples.

160

Spruce]
Birch

Specific grinding energy (kWh/t)

Raw 175 200 225
Temperature (°C)

Fig 2. Specific grinding energy of raw and
wet-torrefied forest residues.



Effects of wet torrefaction on the
compressibility

The compressibility of a biomass fuel
can be evaluated via examining the density
of the pellet produced from the fuel
powder at various pelletizing pressures.

10 (A) Spruce

Volume density (%)

T T T
1 10 100 1000
Particle size (um)

(B) Birch
Raw
[——175°C
g 200
25°C

10

Volume density (%)

Particle size (pm)
Fig 3. Particle size distribution of ground
(A) spruce and (B) birch.

The results from such an evaluation for the
raw FRs and hydrochars produced in
different WT conditions are shown in Fig.
4, in which the density values at zero
pelletizing pressure indicate the bulk
density of the ground materials. As
expected, the pellet density in all cases
increased with increasing pelletizing
pressure. The effect of pelletizing
temperature was not pronounced, but the
effect of biomass type was clear. In the
identical condition, birch pellets were
denser than spruce pellets and the effect of
torrefaction  temperature was  more
pronounced for birch than spruce. More
importantly, WT improved the density of

pellets. In other words, WT increases the
compressibility of the tested materials. In
the case of spruce, pellets made from the
material torrefied at 175 and 200°C had
higher density than it raw material.
However, the hydrochar produced at
225°C was the least compressible at low
compacting pressures. From the pressure
of 80 MPa, the compressibility of this
hydrochar sharply increased and became
higher than that of the raw spruce. This
increasing trend continued and got close to
the compressibility of the spruce
hydrochars, produced at the other
temperatures, at the highest compressing
pressure (240 MPa). Similar trends were
observed for birch but the improvements in
the compressibility by WT were more
pronounced than those for spruce.
However, unlike spruce, the birch torrefied
at 225°C was better compressible than the
raw birch at any pelletizing pressure. The
highest density of 159 kg/m® was obtained
from the spruce torrefied at 175°C and
pelletized at 20 MPa, 180°C, whereas it
was 213 kg/m® for the birch torrefied at
175°C, pelletized at 40 MPa, 180°C.

Mechanical strength of pellets

Results from the mechanical strength
tests of the pellets produced from raw FRs
and their hydrochars are presented in Fig
5. The figure shows that the pellet strength
was significantly improved by WT.
Moreover, both torrefaction temperature
and pelletizing temperature affected the
mechanical strength of the pellets. A
general trend observed from the figure is
that the pellet strength increases with the
pelletizing temperature. The smallest
increases in the strength of the hydrochar
pellets compared to the pellets of the raw
materials were 1.3 and 0.7 times for spruce
and birch, respectively. On the other hand,
the largest increases were 3.4 and 2.7 times
for spruce and birch, respectively. In
addition, when WT temperature was
increased from 175 to 200°C, the spruce




pellet strength increased but that for birch
decreased. At low compacting pressures,
the strength of the pellet made from the
FRs torrefied at 225°C was not as good as
that of the pellets made from the FRs
torrefied at 175 and 200°C, but better than
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that of the pellets of the raw materials.
Thereafter, the strength of pellets made
from the materials torrefied at 225°C
increased rapidly and became the strongest
at the highest compressing pressure (240
MPa).
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Fig 4. Density of pellets made at different pelletizing pressures and temperatures.

Since the density and mechanical
strength of the pellets were both increased
with pelletizing pressure, the correlation
between these two properties was
evaluated. Results from this evaluation are
presented in Fig 6, in which fitting curves
also are included. The figure shows an
exponential relationship between the two
properties. The pellets with higher density
also had higher mechanical strength. At the

same density value, hydrochar pellets were
mechanically stronger than the raw
material pellets. The effect of WT
temperature was more pronounced for
spruce than birch. Below the density of
1000 kg/m’, large increases in density
results in only small increases in the
strength. However, this relationship was
reversed when the density was higher than
1000 kg/m”.
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Fig 5. Mechanical strength of pellets made from different compacting pressures and
temperatures.

DISCUSSION

WT not only enhanced the fuel
properties but also reduced the SGE of the
FRs. Compared to the raw FRs, wet-
torrefied FRs had larger fractions of fine
particles, and the particle size distribution
peaks shifted to a smaller particle size
range. Except for the spruce torrefied at
225°C, most of the pellets produced from
the wet-torrefied FRs had higher density
than the raw material pellets. These
indicate the WT  improved the

compressibility of the FRs. However, in
order to obtain hydrochar pellets with
higher density than pellets of the raw
materials, torrefaction temperatures higher
than 225°C and pelletizing pressures above
80 MPa should be applied for spruce.
Moreover, all of the pellets produced from
wet-torrefied FRs  exhibited  higher
mechanical strength than the pellets
produced from the raw FRs, at the same
pelletizing pressure. These results are in
good agreement with the other studies®®.
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Fig 6. Relationship between density and strength of pellets produced at different compacting
temperatures.

Increasing the pelletizing temperature
from 120 to 180°C had a little effect on the
pellet density but improves the pellet
strength. This is addressed to the
behaviours of lignin below and above its
glass transition temperature (7), which is
around 135-165°C". At a temperature
higher than the 7, lignin softens and
enhances the inter-particles binding, which
improves the mechanical strength of
pellets”®. Therefore, the pellets made at
180°C were stronger than pellets produced
at 120°C, at the same compacting pressure.

Pelletization at higher compacting
pressure produced pellets with higher
density and strength. It is also shown that a
small increase in density resulted in a large
increase in strength if the density of pellet
was higher than 1000 kg/m®, which can be
achieved by applying a compacting
pressure above 80 MPa. Although more
energy is required, it is recommended a

pressure higher than 80 MPa for the
production of pellets due to the benefit
form the exponential relationship between
the pellet strength and density.

CONCLUSION

WT improved the fuel properties and
reduced specific grinding energy of the
FRs. The average particle size of ground
hydrochar was smaller than that for raw
FR and gradually decreased with
increasing WT temperature. The pellets of
wet-torrefied FR were better compressible
and stronger than the pellets of raw FR.
Increases in density for the hydrochar
pellets compared to the pellets of raw
materials was up to 159 kg/m’ for spruce
and 213 kg/m® for birch. Improvements in
the strength of torrefied pellet compared to
raw pellet were up to 3.4 and 2.7 times for
spruce and birch, respectively. The effect
of pelleting temperature on pellet density



was unpronounced but the effect on pellet
strength was significant due to different
behaviours of lignin below and above its
glass transition temperature. Increasing
compacting pressure increased the mass
density and strength of the pellets.
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