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ABSTRACT

Considered a mild form of pyrolysis, torrefaction appears as an alternative thermal treatment
where the biomass is heated at temperatures betwee30R0C in partial or total absenoé
oxygen to produce a more hydrophobic, homogeneous and highericaotifl fuel when
compared to the raw material. Several torrefaction technologies have already been developed
and implemented in the industry. The present work has as main objextdeepen the
knowledge in the biomass therrdegradation process during torrefaction. For this, an
innovative experimental apparatus was developed aiming to improwettheat treatment
by coupling an acoustic field to the temperapaeameterThe assmption is that an acoustic
field within a reactor modifies the pressure field and consequently the velocity of the particles
around the sample by altering the interaction between the gaseous environment and the
released volatile around the wood surfaasgeterating its degradation process. With this
objective, an acoustic system was implemented in a reactor. A characterization and mapping
of the acoustic behavior contemplating the measurement of acoustic flux rate and its intensity
was performed. The phigsl and chemical torrefaction experiments were performed for two
treatment temperatures with and without influence of the acoustic, providing the mass vyield
evolution the temperature curves and the chemical properties of thefiedrmaterial.
Concomitatly, a numerical model of kinetics and elemental composition was established for
themass yield and the compositiprediction interms of carbon hydrogen and oxygen during
the degradation. The torrefemt experimental results, as well as the chemicalyais and
pyrolysis of the final product, provided evidence such as: reduction of residence time, increase
of the samples internal temperature during treatment and a greater calorific power for the
samples treated under acoustic influence. A final corsparbetween experimental and
simulation results allowed the evaluation of the torrefastiomerical modehnd the influence

of the acoustics on the degradation kinetics.

Keywords: biomass, torrefaction, acoustic, kinetics, energy properties.



RESUMO

Considerada uma forma suave de pirélise, a torrefacdo aparece como alternativa de
tratamento térmico da biomassa, onde essa é aquecida a temperaturas 8@020C em
auséncia parcial ou total de oxigénio visando produzir um combustivel sélido mais
hidrofébico, homogéneo e com maior teor de carbono quando comparado a-pratexia
Vérias tecnologias de torrefacdo ja foram desenvolvidas e implementadas na indastria. O
presente trabalho tem como objetivo principal aprofundar o conhecimento no proeesso
termodegradagdo da biomassa durante a torrefagdo. Para isso um inovador aparato
experimental foi desenvolvido visando aprimorar o tratamento térmico da madeira acoplando
um campo acustico ao fator temperatura. O pressuposto € que um campo acustiaedent
um reator modifica o campo de presséo e, consequentemente, a velocidade das particulas ao
redor da amostra alterando a interacdo entre o ambiente gasoso e os volateis na superficie da
madeira, acelerando o seu processo de degradacao. Com este,abjesistema acustico foi
implementado em um reator. Uma caracterizacdo e mapeamento do comportamento acustico
contemplando a afericdo da taxa de fluxo acustica e da sua intensidade foi executada. Os
experimentos fisicos e quimicos da torrefacao foranizaelms para duas temperaturas de
tratamento com e sem influéncia da acustica, fornecendo o rendimento massico, as curvas de
temperaturas e as propriedadpgmicasdo material torrificado. Concomitantemente, foi
estabelecido um modelo numérico da cinéficka composicdo elementar para a predicdo do
rendimento massico e da composicdo em termos de carbono hidrogénio e oxigénio durante a
degradacédo. Os resultados experimentais da torrefacdo, bem como a analise quidliza e pir
do produto final, forneceramvidéncias como: reducdo do tempo de residéncia, aumento da
temperatura interna da amostra e um maior poderifiedopara as amostras tratadas sobre
influéncia da acusticaUma comparacédo final entre resultados experimentais e numeéricos
permitiram a avahc¢ao @ precisdo do modelo para o tratamento de torrefacdo e a influéncia

da acustica na cinética de degradacao.

Palavras-chave:biomassa, torrefacéo, acusticmeética,propriedades energéticas.



RESUME

Considérée comme une forme douce de lalpyeo la torréfaction apparait comme une
alternative au traitement thermique de la biomasse ou elle est chauffée a des températures de
200-300 ° C en absence partielle ou totale d'oxygene pour produire un combustible solide plus
hydrophobe, homogéne et deilleure qualité par rapport a la matiere premiére. Plusieurs
technol ogies de torr®faction ont d® " ®t®
présent travail a pour objectif principal d'approfondir les connaissances dans le processus de
thernmo-dégradation de la biomasse pendant la torréfaction. Pour cela, un appareil expérimental
innovant a été développé visant a améliorer le traitement thermique du bois en couplant un
champ acoustique au facteur température. L'hypothése est qu'un chamg@ealssis un
réacteur modifie le champ de pression et par conséquent la vitesse des particules autour de
I'échantillon en modifiant l'interaction entre lI'environnement gazeux et les volatiles a la surface
du bois, accélérant son processus de dégradati@t @et objectif, un systeme acoustique a
été mis en place dans un réacteur. Une caractérisation et une cartographie du comportement
acoustique envisageant la mesure du débit acoustique et de son intensité ont été réalisées. Les
expériences physiques etimigues de la torréfaction ont été effectuées pour deux
températures de traitement avec et sans influence de l'acoustique, fournissant le rendement
massique, les courbes de température et les propriétés chimiques du matériau torrifié.
Concomitamment, un nd@le numérique de la cinétique et de la composition élémentaire a été
établi pour la prédiction du rendement en masse et de la composition en termes de carbone,
d'hydrogéne et d'oxygéne au cours de la dégradation. Les résultats expérimentaux de la
torréfadion, ainsi que I'analyse chimique et la pyrolyse du produit final ont fourni des preuves
telles que: réduction du temps de séjour, augmentation de la température interne de
I'échantillon et pouvoir calorifique supérieur pour les échantillons traités|'sdluence de
l'acoustique. Une derniere comparaison entre les résultats expérimentaux et numériques a
permis d'évaluer la précision du modéle pour le traitement de torréfaction et l'influence de

l'acoustique sur la cinétique de dégradation

Mots-clés biomasse, torréfaction, acoustique, cinétique, propriétés energéetiques.
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1. RESEARCH OBJECTIVE S AND MOTIVATION

Present work ise&lvoted to deep the knowledge in biomass thedegradation torrefaction
process The advanced experimental and numerical methodologies developed at this work
allowed the conceptionof an innovativeconcepttechnology to improve the wood heat
treatmenby coupling acoustic field and temperature.

The hypothesigs that the introduction of an acoustics field within a torrefaction reactor
could change the pressure distribution and flow field around the wood sample mottig/ing
interaction between reactor gassoenvironment andolatiles atwood samplesurface
consequentlyimproving thedegradation processes

With this aima sound system was implemented within an existing torrefaction reactor
(ROUSSET et al., 20)2and acousticallycharacterized thereafter. Torrefaction experiments
wereperformed to analyzthe temperature profiles and wood sample wedghamicsduring
the heat treatment vintand without acoustid.he torrefied product assessment via its pyrolysis
and chemical analyses provided information about the effect of the temperature and acoustic
frequencies coupling. Aumerical model tesimulatethe influence of the acoustic fieldho
biomass thermodegradatibas been developed and validated whtthperformed experiments
results.

The study involves the cooperation between the Forest Products LaboratorySEBF
Laboratory of Energy and Environment (LEAUniversity of Brasilia)and GDS (Dynamic
System Group)in Brazil, and Laboratory of Studies and Research in Wood (LERMAB

University of Lorraine), in Franc&he research work split into five steps:

Experimental
a) Conception and implementation of an acoustic systéhin atorrefaction reactor;
b) Reactoracousticcharacterization with different methodologies in time and frequency
domain
c) Torrefaction experimenia micro-particle scale to characterize the torrefaction prgcess
d) Torrefaction experiments macroparticle scalevith and without acoustic influence;
Numerical
d) Two differentnumerical models for torrefaction process simulation
- Woodthermodegradation kinetics model;

- Woodelemental composition prediction model;
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1.1 Research Outhe

The document is br@h into bur mainchaptersin Chapter 2a detailed state of the ast
provided. In a first step, aummarized worldwide and Brazil energy contexs preserdd.
The introduction to biomass characterization and properties are reviewedd Biomass
propertiesevoluion during torrefaction is also described. The chapter continues hibimass
torrefaction process/technologierature review. In addition to describing how torrefaction
affects biomass physicalropertiesand wood compounds degradatioit is detaied the
existing kinetisandcomposition evolutiomodels for torrefaction and its limitations. Finally
the emphasis is placed on the acousd#scribinghe acoustic techniqueppliedin this work

Chapter3 describes the cas# study It starts withthe experimental acoustic apparatus
proposition, development and implementation withinoeefactionreactor. It details the
physical modifications that have been made to adapt the acoustic system in to the existing
reactor and the experimental characi@ion to determine the optimum operation acoustics
parametersThe chapter continues with the biomadesrefactionexperimental study. It is
presented the biomass selectitremethodologyand the applied parametdos themicro and
macroscale experimatal analysis Finally, a new numerical modelling methodology
determine the kinetiandelemental composition evolutias presented

Chapter4 presents the obtained results. In a first stage, the results for the acoustic
characterization are presentbligxt, theEucalyptus grandisorrefaction in micrescaleresults,
providing a basis of comparison for the themaooustic discussion via the physical
assessment. Thereafter, tioerefaction results are presentedh and without the influence
for the maco-scale particleTwo newbiomassmodels kinetics andcompaositionprediction,
are presemd validated andappliedto the cas of study The two new methodologies allowed
thepredictingof the solid yield evolution and its compaosition in tifoe coupledacoustic and
temperature treatments

Chapter5 presentshe conclusions and theerspectivesf the research.
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2. STATE OF ART

2.1 Energy context

The demand for alternative energy sources drives technological development in such a way
that many fuels rad energy conversion processes, once judged to be inadequate or even
unviable, are now competitors of fuels andcstled traditional processes. The increase in
energy consumption in recent years is justified by the ssmdmomic progress of developing
countries. Also, factors such as population growth, economic structure, patterns of social
development, among others, make the projection of world energy expenditure ever increasing.

Figurelillustrate de global emgy demand for 2015.

Fossil fuels

78.3%

gigt'rrl‘aw . Hydropower
Modern renewables enma

solar heat 3.9%
10.3%

14% 0.8%

Wind/solar/ Biofuels
biomass/
geothermal
power

2.5%

MNuclear power

Figure 1. Global energy demand 20{BEN21- GSR, 201%

About 80% of the energy supply comes from coal, oil and natural gas on a global average.
This energy system based on the udessil fuels results in the economic dependence of non
producing countries on raw materials, implying even military and geopolitical conflicts.
Another problem is the damage to the environment and to society, such as the destruction of
ecosystems, damage forests and aquifers, diseases, reduction of agricultural productivity,
deterioration of the ozone layer or acid rain, greenhouse effect, as well as the collateral effects
as accidents in oil drilling and coal mines or contamination by chemical ospikd. In
addition, the depletion of reserves and the consequent rise in prices of fossil fuel derivatives
are observed.

Biomass global production continued to increase in 2015, helping to meet rising energy
demand in some countries and contributing tarenmental objectives. However, the sector
also faced several challenges, in particular from low oil prices and policy uncertainty in some

markets. Bieheat production for buildings and industrial uses grew slowly in 2015, with
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modern uses of bibeat risng by approximately 3% from 2014 levels. There has been marked
growth in the use of biomass for district heating in the Baltic and Eastern European regions.
The use of bigpower has increased more quicklgveraging some 8% annuaHyvith rapid
growth n generation notable in China, Japan, Germany and the United Kingdom. Ethanol
production increased by 4% globally, with record production levels in the United States and
Brazil. Global production of biodiesel fell slightly due to constrained productisonre Asian
markets, although growth continued in the major producing countries (the United States and
Brazil). Blend mandates sheltered demand for biofuels from falling fossil fuels prices, but
uncertainty about future markets constrained investment ipreguction capacity during the
year REN21- GSR, 2014

Bioenergy contributes more to primary global energy supply than any other renewable
energy source. Total energy demand supplied from biomass in 2015 was approximately 60
exajoules (EJ). The use abmass for energy has been growing at around 2% per year since
2010. The bioenergy share in total global primary energy consumption has remained relatively
steady since 2005, at around 10%, despite a 24% increase in overall global energy demand
between 200 and 2015. Bioenergy plays a role in all thne@in energyuse sectors: heat (and
cooling), electricity and transport. The contribution of bioenergy to final energy demand for

heat (traditional and modern) far outweighs its use in either electriditgraport Figure?2).

W Traditional biomass Modern biomass M Non-biomass
2.8% 2.0%

100

Non-biomass

86%

7.2%

0.4% 0.8%

Heat industry
2.2%

Electricity JTransporl

Heat buildings:
traditional

8.9%

Biomass

14%

Heat buildings: modem{ . E .
1.5% 8 @

Heating Heating Transport Power
buildings  industry

Figure 2. Shares of Biomass in Total Final Energy Consumption and in Final Energy Consumption-bgeEnd
Sector, 2014REN21:-GSR2018.

Solid biomass represents thargest share of biomass used for heat and electricity
generation, whereas liquid biofuel represents the largest source in the transporfggater (
3) (REN21:GSR2019.
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In the case of Brazil, energy matricestudimition has a huge difference when compared to
the world average due to the large share of renewable sources, mainly biomass and

hydropower. Brazilian energy scenario (year 2015 as a base) is shBigarie4.

Biomass Sources in Heat Generation Biomass Sources in Electricity Generation @

Biogas
MSwW 20%
18%

—
) 4% . Biofuels g.s,}" I Biofuels
Biogas (e} 1% (] 1%

Municipal solid waste (MSW) includes the renewable portion only.

Figure 3. Shares of biomass sources in global heat and electrieitgrgtion, 2015REN21-GSR2016.

From the 2016 Synthesis Report of the Ministry of Mines and Energy, the Internal Energy
Supply in 2015 in Brazil was 299.2 nidh toe, which meant a decrease of 2.1% in relation to
the year previous. In 2015, the share of renewable sources in the Brazilian Energy Matrix
remained among the highest in the world with the percentage of 41%. This year there was an
increase of 2.3% due the higher supply of sugarcane derivates and wind compared to 2014.
The bioenergy parcel, which corresponds to 25.1% of the total, is composed mainly of

sugarcane biomass, firewood and charcoal.

16.9%
8.2%

Wind/solar/other

Biofuels
(sugar cane)

37.4%

Hidropower

Natural Gas

Nuclear power

Petroleum and Others 1.3%

0.6%

oil products

Figure 4. Brazil domestic errgy supply EPE, 2016 Modified).

At the beginning of the studies the Brazilian energy matrix was dominated by renewable
sources, with 58.4% of the total offered versus 41.6% ofrapavable sources. However, this
relationship was reversed over the years, and three decades latemeaable energy
accounted for the largestegie of the energy supply with ) This inversion demonstrates the
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adoption of a development pathy based mail on oil, and this scenario continues to this
day, with 58.86 of nonrenewable and 42% of renewables.

The crisis of prices of this fossil fuel in the 188Gstimulated in part the search for
alternative sources. Many countries have invested in new diedhes for energy use of
renewable natural resources, including public policies were created, as in the case of
PROALCOOL in 1979RODRIGUES et al., 2009To minimize the use of natural resources
and at the same time supply energy in a sustainablet@eynportance of reaech aiming to
improvementand developin@f renewable energy technologies must be considered. Brazil is
prominen in the world due mainly to biomagnergy use in two areas: the production of
sugarcane ethanol for motor vehicles and the production afadldrom planted forests.

The Brazilian forestry sector is one of the most developed and competitive in the world.
According to the Brazilian Association of Planted Plantain Producers (ABRAF), in 2012 the
Brazilian planting area of Eucalyptus and Pinuached 6.66 million hectares. Eucalyptus
plantations represent 76.6% of the total area and Pinus ZBBRAF, 2013.

Biomass torrefaction has been subject of numerous studies in recent years. A detailed state
of the art seems therefore indispensable to understand bigioass position,constituton,
thermochemical degradationathway and identify the main advances intinermal
modificationstreatments. The objective of this bibliographic study is therefore to establish a
knowledge base necessary to understand the phenomena involved in torrpfatteatment
and to highlight the technological aspects that require further aiittythis aim a review of
wood biomass constitution andomposition will be presentedlorrefaction treatment
mechanisms will tan be described and related to thermaldified biomassproperties.
Emphasis will also be placed evwod numerical model to simulakenetic and elemental
composition during thermal modification Finally, the acoustic phenomena whose

characterization is indispensable for tomception of the lascalereactor will be detailed.

2.2 Torrefaction

2.2.1 Biomass

Biomass can be considered as one of the solar energy resources. Plants grow by absorbing
carbon dioxide from the atmosphere as well as water and nutrients from soils followed by
converting them intdnydrocarbons through photosynthesis. All carbon contained in biomass
is gained from carbon dioxide; in other words, carbon is cycled in the atmosphere when

biomass is consumed as a f(@HEN et al., 201p
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All plant derived biomass contains an inedible lignocellulose portion which provides
structure in the form of trunks, stems, leaves, and branches. Certain plants may additionally
produce edible fruits and seeds which contain carbohydrates (starch and sugand fat,
protein. Woody plants like trees, shrubs, and vines are characterized by stems covered in
thickened bark and are nderbaceous. This means that they maintain a perennial stem above
the ground. Trees can be further divided into hardwoods (angiosp&rimai), are deciduous
and lose their leaves annually, and softwoods (gymnosperms), which are coniferous, and do
not lose their needles. Herbaceous plants, which include most types of grasses, have stems and
leaves which die annually at the end of the groveeasofBATES, 2013.

2.2.1.1 Composition and structure

The constituents in biomass include cellulose (a polymer glucosan), hemicelluloses (which
are also called polyose), lignin (a complex phenolic polymer), organic exémcand
inorganic minerals (also called ag®)HEN et al., 201p

The first three constituents are the main components in biomass and their weight percent
depend on biomass species. For example, the softwoodaltypronsists of 42% cellulose,

27% hemicelluloses, 28% lignin and 3% organic extractives; the hardwood comprises 45%

cellulose, 30% hemicelluloses, 20% lignin and 5% organic extra¢fENG et al., 2013

Figure 5. Cellulose, hemicelldse and lignin in plant cellA(ANG et al., 201Y.

Inorganic minerals are usually less than 1% of the content in wood. A clear understanding
of the nature and behavior of these constituents is conducive to elucidating biomass
torrefaction and densification characteris{iC$EN et al., 201p The properties of cellulose,

hemicellulog and lignin are summarizedtable 1
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Figure 6. Molecular structures for cellulose, hemicelluloses (xylan), and ligiwG, 2010.

2.2.1.1.1Cellulose

Cellulose is a Ilinear h eDaglugopytaryoseauanits hnked i d e
together by (#4)-glycosidic bonds(BALAT et al., 2008 Crystalline and amorphous
structures are contained in cellulose and can be expressedthy@§} m where subscript m
is the degree of polymerizatiq@HEN et al., 201p Cellulose is the primary coponent of
most kinds of biomass and is earth's most common organic compound. It is a long linear chain
polymer formed by 10,00@5,000 glucose units linked by glycosidic bond&G, 2010. The
hydroxyl groups which project frorthe sides of the cellulose chain contribute to intrachain
hydrogen bond6RAVEN & EICHHORN, 2005.This orcerly arrangement and tight winding
together of fibrils contributes to the mechanical strength of the plant cells.

Table 1. Summary of the properties of cellulose, hemicellulose, and lignin in biof@&ssN et al., 201p

Cellulose Hemicelluloses Lignin
Structure Linear Branched Threedimensional
Formula (C6H1005)2 (C5H804), [CoH1003(OCHs)o.91.7m
Atomic O/C 0.83 0.80 0.4710.36
Atomic H/C  1.67 1.60 1.191.53
TDT® (°C) 315400 2201315 1601900

Xylose, glucose, mannose, galactose

arabinose and glucuronic acid Phenylpropane

Component  Glucose

Endothermic
(exothermic if char Exothermic Exothermic
formation is significant)

am: degree of polymerization.
> TDT: thermal decomposition temperature.

Thermal
behavior
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2.2.1.1.2Hemicelluloses

Hemicelluloss is a branched mixture of various polymerized monosaccharides, such as
xylose, glucose, mannose, galact@apinose and glucuronic agldOHAN et al., 2009. Its
basic structure can be represented ¥Os)m. While herbaceous biomass contains primarily
arabinoxylan deciduous woods contain primarily xylan {80% weight), and coniferous
woods contain 600% glucomannan and 13% arabinogalactafGAUR & REED, 1993

2.2.1.1.3Lignin

Lignin is a threedimensional, highly branched and polyphenolic substance that consists of
an irregular array of variously bondédh y d0 o ayn d  fdndsstitutedplgenylpropane
units CHEN et al,.2011). Its chemical formula is represented byHiOs .(OCHs)o.o-1.7Jm
(CHEN et al., 201 The strength of thearboncarbon linkages is what provides lignin with
high resistance to thermal and chemical degradation. Deciduous woods tend to contain
guaiacylpropane uts while coniferous woods contain the guaiacylpropane and
syringylpropane unit€GAUR & REED, 1998. Lignin is found primarily in the middle lamella
and binds together adjacent cells. By encasing the hemicellulose and cellulose components, it

protects the plant from enzymatic and microhidhck.

2.2.1.1.4Extractives

Extractives are nonstructural compounds including proteins, oils, starches, and sugars. They
provide plants with odor, color, and durability and can be extramyelot water or other
solventg(NAG, 2010.

2.2.1.1.5Ash

Ash is inorganic solid residue remaining after a fuel undergoes complete combustion. It
often contains carbonates, phosphates, and sulfates of silica, calcium, magnesium, sodium, and
potassium. Ash components vary between biomass types and sources. ngSoenal
components may not be inherently contained in the biomass, and they may actually be from

dirt and other impurities pickeduduring the collection proce$BATES, 2013.

2.2.1.1.6Moisture

Due to water's role in trapsation, photosynthesis and fluid transport, raw biomass
contains characteristically high amounts of moisture. Moisture can be divided into free (also
called external or imbibition) and inherent (also called bound or saturation) moisture. The

former is déined as moisture above the fiber saturation point (FSP) and generally resides
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outside the cell walls in the cavities of conductive ves§&®\NCESCATO et al., 20)5The
inherent moisture content resides within the cell walls and is a function of relative humidity
and air temperatu@ASU, 2010.

Moisture content can be measured on a wet or dry basis. The difference is whether the
moisture mass is divided by the original wet mass or the final dry mass, respectively. For very

wet biomass like manure, moisture content on a dry basteedxd(BATES, 2013.

2.2.2 Thermochemical conversion pathway

The use of forest residues is carried out by thechramical conversion processes such as
liquefaction, torrefaction, pyrolysis, combustion and gasification. ddit@n to these,
biological processes are also used to produce ethanol. The thermochemical pathway uses heat
input for direct energy generation or to produce secondary fuels with higher energy density.
When it is desired to obtain an intermediate prodativeen dry wood and charcoal the
process is called torrefaction and its main product is a solid material which retiB%o/&
the original energy contenPRINS et al. 2009. The thermechemical valorization channels

illustratein Figure7 presentshe main themo-chemical valorization pathways for biomass.
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Figure 7. Main thermochemical biomass valorization pathway.

At present, the most industrially represented sectors are those of combustion and co
combustion (simultaneous combustiof biomass and coal) because these processes have been
controlled andexploited for several years already allowing heat and electricity production
(CAILLAT et al., 2010 ROGAUME, 2005)

The other value chains are mainly pyrolysis and gasificdfldfGLISE and DONNOT,

2004). Pyrolysis is a thermal process carried out conveatig at temperatures between 500
and 1000°C under an inert atmosphere. During the rise in temperature, the biomass undergoes
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first a drying phase and then a phase of thermochemical reaction which leads to the release of
volatile materials. These volatilese composed of condensable (oils) and-cmmdensable

gases and the solid residue is the coal. These three fractions are then recoverable energetically
or chemically. The proportions of these different phases are mainly controlled by the heating
rate andthe treatment temperatu(®EGLISE and DONNOT, 2004 A so-called "rapid"
pyrolysis at 500°C mainly leads to the production of oil, whereas at 1000°@pndensable

gases are favored andgacalled "slow" pyrolysis favors the production of coal whatever the
temperature.

Finally, gasification is also a heat treatment process at temperatures above 900°C under a
slightly oxidizing atmosphere (GOH20, O or sub stoichiometric air). In a gasifier, the
biomass is therefore successively subjected to a drying stepemtb a pyrolysis step. The
charcoal obtained (as well as the pyrolysis gases) are then reacted by gasification reactions to
produce combustible gases (mainly CGQ,, KEHs) and incombustible (C£ gases. The
combustible gases produced can then be reedv®y combustion, in a boiler or in a motor, to
produce heat and/or electricity. Another way of valorization for these gases is the production
of bio-fuels (biodiesel, DME, methanol) via a chemical synthesis @&OUST et al., 2003

In the case of direct combustion, &fpeatment step is hecessary when the biomass is to be
transported over long distances. Indeed, because of the low apparent energy densitly of woo
chips (2.2 to 4 Gat®) (BATIDZIRAI et al., 2013, the densification of this biomass can
considerably reduce transport and handling cE88ART and BOERRIGTER2006)The
conventional pretreatment is pelletization, which makes it possible to obtaier@y eensity
of 7.8 to 10.5 Giin* (BATIDZIRAI et al., 2013. However, pelletization requires gring the
biomass to a pade size of a few millimeters maximu(BTELTE et al., 20L.IMEDIAVILLA
et al., 2012yhichrepresents high energy cost (20 td&WyMW 1 depending on the biomass
and granulometry of the ground material, accordind@3®RGMAN et al., 200k

Other sectors (coombustion and gasification in particular) generally require the injection
of biomass in pulverulent form. A fine grinding step therefore also indispensable
(SVOBODA et al., 200Q The costs incurred by these grinding stages therefore justify the
search for a pretreatment capable of weakening the material. This is the case ofitorrefact
which is one of the most promising ways to integedfieiently into energy production chains
from biomasgUSLU etal., 2008PEREZFORTES et al., 2004

2.2.3 Torrefaction process

Torrefaction pertains to a thermal pretreatment of biomass where raw biomass is heated in

an inert atmosphere at temperatures of200°C forupgrading solid biomass fuefTRAN et
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al., 2013. Nitrogen is the commonly usedcarrier gas to provide a nanxidizing atmosphere
in most laboratory tests. Since torrefaction is conducted at conditienthose of pyrolysis
which usually takes place between 350 and 650MEMIRBAS, 2009, torrefaction has also
been called mild pyrolysis. As described earlier, raw biomass is characterized by its high
moisture content, low calorific value, hygroscopic nature, and larger volume or low bulk
density. The evidences from recent research suggesafteatundergoing torrefaction the
properties of biomass are improved to a great eXt¢éhal DER STELT et al., 2011CHEW
et al., 2011)Figure 8 showsa summary of changes in biomass properties before and after
torrefaction.The benefits accomplished by torrefaction include:

1 Higher heating value or energy density;

1 Lower atomich 70 and"Of0 ratios and moisture content;

1 Higher hydrophobicity or watenesistivty;

1 Improved gindability and reactivity;

1 More uniform properties of biomass.

When biomass is torrefied, the pretreatment can be further classified into light, child an
severe torrefaction processes, corresponding to the temperatures of approximéat2dp 200
235275 and 27800°C, respectivel(CHEN et al., 201l With light torrefaction, the
moisture and low molecular weight vilas contained in biomass will be released.
Hemicellulose in biomass is the most active constituent among hemicellulose, cellulose and
lignin; it is thermally degraded to a certain extent from light torrefaction, whereas cellulose
and lignin are only sligtly or hardly affecteqROUSSET et al., 20)1

Therefore, the weight loss of biomass is slight its energy density or calorific value
increases only slightly. When biomass undergoes mild torrefaction, hemicellulose
decomposition and volatile liberation are intensified. Hemicellulose is substadgaligted,
and cellulose is also consumed teedain extent. Regarding severe torrefaction, hemicellulose
is almost depletedompletely,and cellulose is oxidized to a great extent. Lignin is the most
difficult constitute to be thermally degraded; its consumption within the temperature range of
torrefaction is thus very low. Hemicellulose and cellulose are the main constituents of biomass.
By substantial removal of hemicellulose and cellulose from biomass by severe torrefaction, the
weight and energy vyield of biomass are usually lowered significaftitipuagh the energy
density of the fuel is intensified to a great extent. A comparison among light, mild and severe
torrefaction is given ifable?2.

In addition to temperature, torrefaction time or duration istr@roimportant factor in
determining the performance of torrefaction. Torrefaction can be carried out between several
minutes(PRINS et al.,, 2006PENG et al., 2012to several hourWANNAPEERA et al.,
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201]). Biomass particle sizes anoher parameter that can affect tmass loss of torrefied
product This effect may not be important for very small particles but may be relevant for large
sizes The energy density of produced solid fuel is enhanced from torrefaction, and an increase
in duration raises the carbon content and energy intensity.

Raw Biomass Torrefied Biomass
Higher moisture Lower moisture
Lower heating value Torrefaction Higher heating value
and energy density and energy density

Higher O/C and 200~300 °C Lower O/C and
HIC ratios Inert H/C ratios
Hygroscopic atmosphere Hydrophobic
Poorer grindability Better grindability
Non-uniform More uniform
properties properties

Figure 8. A schematic of property variation of biomass undergoing torrefa@@eteEN et al., 201p

For example, in the study of Felét al.,(FELFRI et al., 200bwhen wood briquettes were
torrefied at 250°C for 0.5, 1 and 1.5 h, the higher heating values of the biomass increased from
20.0to 21.2, 22.1 and 22.7 kI kgespectively.

However, more energy for thbermal pretreatment is required if torrefaction dorais
extended. From the TGA of bioma$3HEN et al., 201pthe thermal degradation of biomass
is rapid at torrefaction time less than 1 h, and becomes verybdgand 1 h. Therefore,
torrefaction is normally conttied within 1 h PENG et al., 20L2CHEW et al., 201, 1CHEN
et al., 2019 Overall, within the typical operating ranges of temperature and resiterege
theinfluence of reation temperature on the progpies of biomass prevails ovdre regdence
time. Different combin@ons of temperature and residence time can be used to achieve a given
degree of torrefaction, agpresented by the weight l093ENG et al., 2012 On the other
hand, the key properties of the torrefied product, sschigher heating value and saturated
moisture uptake, are primarily determined hg tveight lossHRENG et al., 2013LI et al.,

2012.

Due to the dehydration process, moisture and volatiles are released. Torrefaction products

presents a decrease of the volatile matter and increase of thetashtixed carbon CHEN,

et al., 201% Biomass loses more oxygen and hydrogen compared to carbon. In addition,
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organic products reactions (acetic acid, furans, methanol) and gases (mairdndCOO)

containing a considerable amount of oxygen can beiomsd.

Table 2. Torrefaction classification and torrefaction prodU&#lEN et al., 201p

Classification Light Mild Severe
Temperature (°C) 2001 235 235275 275300
Consumption
Hemicellulose Mild Mild to severe Severe
Cellulose Slight Slight to mild Mild to severe
Lignin Slight Slight Slight
Liquid color Brown Brown dark Black
Product
Gas Hz, CO,CO,, CHa, toluene, benzenend CHy
Liquid H-0, acetic acids, alcokg aldehydes and ketones
Solid Char and ash

Hydroxyl groups and lignidecomposition are considered the measonsof torrefied
biomasdydrophobicity increasinddigher torrefactionemperaturehas a favorale influence
on hydrophobicity. Therdore, torrefactionprocess is a promising method faiomasspre-
treatmentconferring a highestorage time without great lossgiuel quality.

Product density and volume are reduced due to the devolatilization. The shrinkage of the
solid is due tavate loss,chemical bonds rearrangemantdgraphite cores coalescengithin
the solid structureBiomasspasses through physical changes, increasing its fragile nature and
reducing thepolymeric fiberstenacity present ilmerbaceous and woody speciBsmases
significantly reducing the energy required fevod grinding (BRIDGEMAN et al., 201D

Biomass produgborosity increases, therefore, the torrefiedductbecomes more reactive
during the combustion arghsification PRINS et al., 200§. Accordingto Bergman (2005)
a typical mass balance and energy balance ofthteenal processs shown inFigure 9.
Generally, 70% of the mass is maintained as a solid product containing 90% of the initial
energy content &h30% ofthe biomass is converted into volatitentaining only 10% of the
energy content of the biomass.

According toPrins et al.(2006), the torrefied wood retains between 70% and 90% of the
initial mass and decreases from 80% te/76Q0 its volatilematter content and from 10% to
3% its moisture contentiolkoszand Wallace(2011)reports that torrefaction process has an
energy efficiency up to 80%. The efficiency of the thermal process can be increased by
increasing the use of volatile and liquids energy source, or by selecting processing

conditions that maximize the biochar energy yield. Mass and energy balances shows the role

31



of the process final temperature: higher temperatures generate greater volatiles formation,
therefore, larger mass los§€IOLKOSZ and WALLACE, 201L

M: Mass content 0.3M/0.1E
E: Energy content ; ¥y 3
'.:}
)
Volatiles
t 0.7M/0.9E

o
=

Biomass Torrefied Biomass

Figure 9. Mass/Energyalance of the roasting procdB£RGMAN et al., 2005 Modified).

2.2.4 Torrefaction technologies

As a pranising bioenergy préreatment technology, torrefaction has the potential to make
a major contribution to the énmal modification of biomassBATIDZIRAI et al., 2013
showed detailed insights into state of the art prospects of the commercial utiliahtion
torrefaction technology over time identifying process performance characteristics such as
thermal efficiency and mass yield and discussing their determining factors through analysis of
mass and energy balances. The majority of the torrefaction teciewlmgjng developed are
based on already existing reactor concepts designed for other gairpash as drying or
pyrolysis(KIEL, 2011) and thus only require technical upgrading for torrefaction applications.
The reactors being developed are in most cases established technologies that companies are
familiar with and have been optimizing for torrefaction applications. Currently, no single
technique is fundamentally superior to the others as all of them have their advantages and
disadvantageéBATIDZIRAI et al., 2013. Proper selection of reactor is important as each
reactor has unique characteristics and is well suited to handle specific types of biomass.
Therefore, for givenibmass properties and application, the proper technology can be selected.
In recent years, many companies have invested in tredagement of roasting processése
main technologieknown to dateand advantagesnd disadvantages of each technologres
presented irmable 3.

From the point of view of the product, the most important parameters are the efficiency of
heat transfer and the quality of the mixture as they are essential for obtaining a homogeneous
torrefied product. Thesnergy source (electrical or thermal) and the ability to switch to
industrial scale are also essential criteria for the selection of a technology. Among these

32



technologies, the most represented are mobile beds;pouttose furnaces and rotating kilns.
Multiple solvent reactors have many advantages, including good control of temperature and

residence time, as well as effective mixing, whereas moving beds and rotary kilns are already

used on an industrial scgl€OLIN, 2014.

Table 3. Torrefaction concepts reactperformanceomparison under developmgBATIDZIRAI et al., 2013.

Technology Advantages Disadvantages Companies
Moving bed Simple and low cost High pressure drops Buhler
reactor High heat transfer Limited biomass size and type ECN
High capacity Temp distribution is not uniform  Thermya
No moving parts Unequal torrefaction
Wide range of biomass Difficult temperature control
Unprovenscaleup
Torbed Low residence time High utility fuel demand Topell Energy
Fast heat transfer Vol. capacitylimited
Scalable technology Greater loss of volatiles
No moving parts Risk of tar formation
Preciselycontrol product
Belt dryer Better temperature control Unequal torrefaction AgriTech producers
Wide range of biomass size Limited upscaling potential 4EnergylnvesteAm
Low investment costs Limited temperature control New Earth EcoTect
Residence time goocbntrol High maintenance costs StramproyGreenlinv
Proven technology elBiocoal
Rotary Goodprocessontrol Lower heat transfer Torr-Coal, BIO3D
drum Direct ard indirect heating  Poor temperature control Andritz, Stramproy
Uniform heat transfer Increase of dust Atmosclear,
Wide range of biomass Limited upscaling ability Earth,Care Prod.,
Proven technology High cost ETPGUmea
Large footprint Torkappaater
Screw Low cost Unequal torrefaction BioLake
conveyer Wide range of biomass Poor heat exchange BTG
Proven technology Limited scaling potential Foxcoal
Better biomass flow
Multiple Good heat transfer Large footprint CMI-NESSA
hearth Good tempcontrol Process less sustainable Integro
furnace

Wide range of biomass

Scalable technology

33



Fluidized Good heat transfer Selective particle size River Basin Energy
bed Scalable technology Slow temperature response Alterna
Loss of fines Ecotech/Sea2Sky

Bed solids and biomassparation  Torrproc,Energex

Microwave  Radiation heat transfer Unproven technology CanBiocoal
High heat transfer Electric energy needed Rotawave
Large size biomass Heating is not uniform
Good tempcontrol Requires integration with other
Modular conventional heaters

2.2.5 Chemistry and kinetics

Biomass pyrolysis chemistry is complex due to the wide variety of chemical species
generated, variabilities in feedstock characteristics, &edwide range of temperature,
pressure, and heating rate conditions which must be considered. Moreover, it is technically
difficult to separate the effects of secondary reactions and the catalyzing effects of mineral
components. Chemistry research recewsttong push after the oil embargo of the late 1970's
and many seminal papers were published in the early 1980's. Similar economic motivations
combined with recent technical advancements in instrumentation have caused a resurgence of
this field.

Experimeantal methods$or pyrolysis and torrefaction chemistry and kinetics are studied with
a variety of experimental devices and some commonly uskditpies include are TGA, 05,
Fourier transform infrared spectroscopy (FTIR), high performance liquid chroraptogr
(HPLC), gas chromatography (GC), and bomb calorimetry. For a more comprehensive review
on experimental analysis S@AHNG et al., 2009)TGA analysisallows precise measurement
of mass loss under controlled temperature profiles and is therefore used to validate and measure
kinetic models and parameters. ®¥hows the rate at which products are formed, and can be
used to compare the pyysis and combustion profiles of raw and torrefied feedstocks
(BRIDGEMAN et al., 201). FTIR allows the reatime analysis of volatiles released during
pyrolysisand torrefactiofCHEN et al, 2012g(LV et al,, 201%. HPLC and GC can be used
in tandem with TGA during batch experiments to perform mass balance and volatile
composition analysis

Based on the chemical formulas of the three constituents, the atomiat@&Gn cellulose,
hemicellulose and lignin are found to be 0.83, 0.80 @4 70.36, respectively, and their
atomic HC ratios are 1.67, 1.6 and 1:1%3, respectively. In view of their distinct
compositions and structures, cellulose, hemicellulose anth ligossess different thermal
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decomposition characteristics. Generally speaking, the thermal dectiorpasmperature
(TDT) of hemcellulose is the lowest among the three constituah the range of 220 and
315%C. Cellulose decomposes atgeratures betaen 315 and 40Q". Lignin is featured by
gradual decomposition for the tenngeire ranging from 160 to 900{LU et al., 2012 Figure
10a and b show the typical thermogravimet{TGA) and derivative thermgravimetric
(DTG) curves of the standard sangplef cellulose (Alfa Aesar, A17730), hemicellulose
(SIGMA, X-4252), lignin (Tokyo Chemical Industrial Co., L0045), xylose (SIGMA1500)
and glucose (Panreac Quimica SA, 131341). In some biomass samples, the decomposition
peaks of cellulose and hemicetisk from DTG can be identified cleaflyHEN et al., 201
Whereas the two peaks overlap in some biomass samples soshaird to be distinguished.
(CHEN et al., 201p
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Figure 10. (a) Thermogravimetric analyses (TGA) and (b) derivative thermogravimetric (DTG) analyses of the

standards of cellulose, hemicellulose, and ligt@HEN et al., 201p

2.2.5.1Hemicelldoses degradation

Hemicelluloses are branched polysaccharides composedarbbn sugars such as xylan
(the majority in hardwoods), andd@rbohydrates, such as glucose and mannose (the majority
in conifers)(TRIBOULOT et al., 2001Lthat plays a primordial role in the cell wall cohesion.
Indeed, it allows the bonding between the cellulose fibers and lignin. Hemicellulose chains are
amorphous and contain many hydroxyl gwe which make it the most hydrophilic biomass
compound. It is therefore considered to be the main responsititeefaffinity of wood with
water(COLIN, 2019.

Hemicelluloses are the most highly degraded polymers at torrefaction temperatures
(NOCQUET et al., 2014CHEN et al.2011h. The main reactions involved in hemicelluloses
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torrefaction are dihydroxylation deaetylation and depolymerizatidiVEILAND and
GUYONNET, 2003 . Under the most seveteeatmentonditions, almost all hemicellulose is
degraded(CHEN et al., 201p Finally, xylan is more sensitive to temperature than
glucomannans, so deciduous trees have a grem®mof mass than conifers under identical
treatment condition@PRINS et al., 2006

2.2.5.2Cellulose degradation

Cellulose is the majobiomasscomponentCellulose chain is formed from 5,000 to 10,000
units of glucosdROUSSET, 200 These chains are assembled in the form of microfibrils
which themselves form fibrils. It should be noted that some portions of the microfibrils are
disordered (amorphous cellulose) while otleesordered (crystalline cellulose). It is possible
to define a crystallinity index (crystalline cellulose / total cellulose ratio) which is generally
between 0.6 and 0.7 for raw wofERIBOULOT et al., 2001

Cellulosethermal degradation has been the subject of several STAIBOULOT et al.,

200% NOCQUET et al., 20L4CHEN et al.,20110H. It appears that dlelose has significant

mass losss for temperatures above 2680(NOCQUET et al., 2014CHEN et al.,20118H.

After product solid and the volatiles releasadalysis it has been shown that at tkes
temperatures the main degradation mechanism is dehydroxy(St#hRVARAMINI et al.,

2013. The loss ofOH groups would thus lead to the formation of a less hydrophilic cellulose
containing unsaturated pyranoses. The molecules produced by these reactions are mainly water
molecules, but also levoglucosan, CQ@ &0 at thehighest temperatures (2800C).

Another trend often observed is the increase inddltulose crystallinity indexat low
temperatures (12080°C) (AKGUL et al., 200§. This increase is mainly due to the
preferential degradation of amorphous cellulose, which increases thetnojd crystalline
cellulose(WIKBERG, 2004. However, other authors explain this evolution by a change in
molecular organization that would transform amorphous cellulose into crystalline cellulose
(MELKIOR et al., 2012 SINGH et al., 2013)lt is thereforenot impossible that these two
phenomenaccursimultaneously to lead to an increase in the crystallinity index. This increase
has a direct impact on the propertiestofrefied wood because theellulose crystalline
configuration limits thewater penetration into the fibers, which makés material less
hygroscopic TRIBOULOT et al., 20@; SINGH et al., 2018 However, it has been observed
that for the treatmentst the highest temperatures, the crystalline cellulose is degraded in turn,
which can promote the return of wafetLL et al., 2013.
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2.2.5.3Lignin degradation

Lignin are amorphous compounds that rigidify the cell wall and allow cohesion lmetwee
the different cells. These alcohols form polymers (mainly hydroxyphenyl, gaiacyl and syringyl
units) which themselves forrdignin whose composition differs according to the biomass
considered. Lignin torrefaction studies have shown that degradation steaat lower
temperatees than cellulose (about 150)°(SARVARAMINI et al., 2013. However,masdoss
is limited (less than Mgt%) for temperatures below 28D{NOCQUET et al., 2014

Indeed, if certain volatile materials are released (mainly water, Cea@Jormaldehyde),
in particular as a result of demethoxidat reactions, thenain reactions occurring in the
treatmentstemperature ranges are reactions of condensaddNEISEN et al, 2007
ROUSSET et al., 2009These lead to the formation of crosslinked compouledised from
lignin. Depolymerization reactions are then carriedatdémperatures above 250°C, whereas
degradation of the monomers produced would only occur from 3QUELKIOR et al.,
2012.

2.2.5.4Volatile Materials

Produced volatile matteconsists of condensable gases and permanent gases (non
condensable). The relative proportions of these two types of compounds depend on the
biomass, the duration and treatment tempera(BRINS etal., 2006). However, the
condensable gasesass yield (ratio of the produced condensable mass to dry biomass initial
mass) is always higher than noondensable gases.

Condensable gases are mainly composed of water, acetic acid, formic acid, methanol, lactic
acid and furfural. Water and acetic agigarkers of hemicelluloses degradation) are largely in
the majority regardless of the treatment conditigRRINS etal., 2006k BATES and
GHONIEM, 2012) The production of carbon monoxide seems to be favored by the high
temperatures. Heavy condensable spgoesnly aromatic compounds which can be subjected
to material recovery)present in small quantities, have also been ident{f#dEN et al.,
2011bH. Finally, recentlyNocquet et aJ (2014)highlighted the importance of formaldehyde
production as the second condensed species produced after water, as $figune iri.

The incondensable gases commooibgserved are COand CO, being C®Othe majority
Perhaps, CO/Cgxatio increases with the roasting tempera{i?INS etal., 2006h. Small
amounts of Chlare also observed at higher processing temperatures, particularly when

roasting agriculttal residue¢DENG et al., 200
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Figure 11. Volatile species yield after torrefaction of beech for 3 hours at different tetapesNOCQUET,
2012.

2.2.5.5Interaction between different biomass constituents
As previously discussed, the individual behaviobioinassmain components subjected to
torrefactionhas been widely studied. However, their common evolution within the material
remains little known. Ineled, there is still considerable uncertainty about the synergetic effect
of cellulose, hemicelluloses and lignin degradation, but also on the role ofrashbiomass.
Despite the lack of data on these phenomena, certain hypotheses have been put forward:
A Acetic acid released during the degradation of hemicelluloses acts as a catalyst for
depolynerization ofcellulose WIKBERG et al., 2004WINDEISEN et al., 2007pr even
lignin (MELKIOR et al., 2012,
A Radical compounds formed blgemicellulosesdegradation could react with the
phenolic compounds dignin (ROUSSET et al., 2009
A Alkali metals (mainly potassium) in the ash wibakt as catalysts for roastirgLEH
et al.,, 2013SALEH et al., 2013pSADDAWI et al., 2012
These hypotheses lead us to believe that the behavior of biomass can not bateddimnil
the sum of théehaviors of its constituentstQCQUET et al.2014. They have compared the
change in the mass yield of beech dutorgefactionwith the predicted evolution by additivity
of the behavior of its various constitugnfor temperatws above 25@@, the additivity law
does not work. Moreover, the observation of the loss of mass of mixtures of the various pure
components made it possible to demonstrate that the main interactions concern the-cellulose

lignin and @llulosehemicellulose nxtures(COLIN, 2019.
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It therefore seems diffult to predict the thermal behavior of a biomass based solely on its
cellulosehemicellulosdignin composition. Therefore,many studes have endeavored to
describe biomass decompositiopkinetic modelfCOLIN, 2014.

2.3 Biomassthermal decompositionumerical models

2.3.1 Kinetic Model

Pyrolysis kinetichasbeen wellstudied and documented. Several reviapagrs have been
published orbiomass pyrolysiseaction mechanisms akohetic modelsubject§ROUSSET,

2006; CHEW et al.,, 2011VAN DER STELT et al., 201}l Since torrefactionis often
considered s pyrolysis at low temperature, the pyrolysis models have recently been adapted
to torrefaction case with the purpdserepresent the mass loss curves.

Often, researchers tackle the complexity of biomass by first understanding the pyrolysis of
pure lignoellulose components. They then use this knowledge to inform and provide a
theoretical and/or empirical basis for the proposal of a kinetic model. The complexity,
flexibility, and input/outputn o d erégdirements are dependent on variety of factors.

Severé authors have attempted to develop biomass pyrolysis models based on a linear
superposition opure componentdecompositionBIAGINI et al., 2006 COUHERT et al.

2009. Such a model has the advantages of flexibility and ease of application. Unfortunately,
reasonable agreement between model and experiments results is possible only when mineral
contentis ignored. Moreover, these models are designed to reflect the experimental results of
pyrolysis over a wide range of temperatures-1000°C and therefore their applicability to
torrefaction treatment between 2800°C for an extended period (69 minues) would be
inaccurate.

The difficulties encountered mumericaim o d eebtd@blshment are due to the need to find
a scheme and kinetic parameters to accurately represenasisdosgvolution (or yield) over
time whatever th&reatmentemperature.

In the literature, l& of studies proposed kinetic models to represemdd degadation
during heat treatmenthese models, usually applied to TGA (thermogravimetric analysis)
measurements to simulate the intrinsic decomposition of biomass, can berstimteemajor
sections: the detailed models, psegdmponents models and original models.

The most usedetailed mdel was initially proposed bYRANZI et al.,2008 and further
developed byBLONDEAU et al, 2012 GAUTHIER et al.,, 2013ANCA-COUCE et al.,
2014). This model considers separateig decomposition of the three wood components and
predicts theproducedvolatile matterslits use requires determining tilomassin terms of
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cellulose, hemicellulose andynin. It is the only model based on the chemical reactions
descriptionoccurringduringtreatment ané one of the only models that allow simultanegusl
solid mass losand produced volatile compositipnedictionduring pyrolysis. In the original
model(RANZI et al.,2008 as well as in the model adapted®guthier et al. (2013several

hundreds of gas phase side reactions are taken into account.

In the modeladapted byBlondeau and Jeanmart (20,1@nly intraparticular secondary
reactions areonsideredAncaCouce et al. (2014)ave applied this model to torrefaction by
neglecting the gas phase reactions which are very limited at low temperature. Thegwth s
that some modifications of this model were necessargorrectly predict the volatiles
produced. Their final schema consists of 13 reactions whose velocity constants follow the
Arrhenius law. The numericasults are compared with beech wood facgonexperimental
results at 250 and 285°C. The mass yield is overestimated by 3 and 6% for these two
temperatures Compared to the original modea real improvement i®bserved on the
prediction ofmain volatile materialproduction.However, this moel is complex and hard to

extend to various wood species or heat treatment conditions.

(WANG et al., 201bdeveloped modetitting methodcombiningisoconversionamnethod
andDistributed Activation Energy ModéDAEM) mettod to determinghe comprehensive
kinetic modelsfor pyrolysis of biomass compents The correlation between activation
energy and conversion rate indicateattipyrolysis of hemicellulose and lignere very
complex and contained parallel reactions and successive reagt@nmodelproposed that
the whole pyrtysis process of cellulose folved the AvramiErofeevnucleation reaction
model, while the reactiororder model was more sui@ for pyrolysis of hemicellose and
lignin. The model demands a series of experimental parameters and is complex to extend to
another study.

Pseudecomponentsnodels are the most usedliteraturedue totheir simplicity and he
guality of obtained resultdhe described modelare shown inTable 4. For all models,0
represents the raw biomaésp andO represent roasted solids abdepresents the volatiles.
The kinetic constants is governedhe Arrhenius lawGlobal mass lossan beaepresenbased
on a onestep reactiomodel (1) on severakeactions inparallel schemes (2) and (3) or on
two-step in series scheme (4) and (5)

REPELLIN et al., (201Papplied model (1) tadequately represent beech and spmiass
lossduringtorrefaction However because of its construction, this model always predicts the
same distribution between biochar and volatile matter. It is therefore not possible to predict the

solid yield evolution when the torrefaction temperature varies, which makes its use limited.
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On severalreactions in parallel schem@SAVAGNOL et al., 2013 compared Model (2)
with models (4) and (5) in a separatedod compounds de@dation study for softwood and
hardwood species. The oatage model (2) does not correctly predict the solid mass loss. This
is probably because considering only one step, the reactions slowing devtim@{observed

exper i me rieaepresgnted c an 6

Table 4. The most used pseudo components kinetic models for torrefaction numerical analysis.

Model Reactions Studies

Kg REPELLIN et al., 2010
A —» B+V

One Step Model

Two parallel Ky v CAVAGNOL et al., 2013

reaction one step A <:
K B

2

Vconden RATTE et a.l, 2009

Three parallel
RATTE et al., 2011

Vinconden

reaction one step A

B

DI BLASI et al., 1997
Ky A K, v, BATES et al., 2012
Two parallel JOSHI et al., 2014
) A » B » C
reaction two steps Ks K. PEDUZZI et al., 2014;
COLIN, 2014
BACH et al., 2016

Kva Vi Kya V5 Kys V3
Two parallel CAVAGNOL et al.,
A > B » C » D
I(B KC KC

reaction three steps 2013

Model (3), also called the Shafizadeh and Chin model, has the advantage of predicting
product evolution in the three phases (soliguilil and gas)This model was used wood
particles torrefactionumerical analysi@RATTE et al., 200Pandwas subsequently integrated
into a continuougorrefadion pilot device RATTE et al., 2011 On a two-step in series
schemdgDI BLASI and LANZETTA, 1997 PRINS et al., 20068ATES et al., 2012JOSHI
et al., 2014; PEDUZZI et al., 201€0LIN, 2014, PARK et al.,2015 BACH et al., 201pthe
two-stage model (4) correctly describes the mass loss curves thmeigction Whereaspn
severakteps in series schemeasodel (5) provides only a small improvement compared to the

complexity involved in taking intaccount one more reaction sté¢AVAGNOL et al., 2013
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These observations are consistent with other publisinetics torrefactiorstudies Indeed,
model (4), also called the meldof Di Blasi and Lanzetfas the most commonly used model
(PRINS et al., 20068ATES et al., 2012BACH et al., 2016COLIN, 2014. It was initially
developed to describe the degradation of xylan during isothermal pyrolysignagh explain
its good adaptation torrefactioncase It also has the advantage of being simple to implement.
However, it should be noted that this model remaiffgcdit to interpret physically being a
numerical approachn particular, it was noted that the representatiotookfied wood and
the volatile matteproduction by separate reactions is errondBEPELLIN et al., 201p

Finally, someoriginal pyrolysis model are proposedin literatureby (ROUSSET, 2006;
REPELLIN et al., 2010BASU et al., 2013 Rousset, 2008eveloped a pyrolysis model taking
in to accounthe degradation for each wood component as illustiatBadyure12.

The model was developed basedTiansPoredrying model PERRE etal., 1990. The
studied coupled a "Reactions module” which allows to integrate the chemical reactions and
their enthalpies duringzood thermal treatment and a "Boundary conditions module " which

allows the actual reactor cotidns to be injected directly into the calculation engine.
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Figure 12. Pyrolysis modeteactionmechanisms.Rousset, 2006

Repellin et al. (2010)based orRousset (206) study, developed aeparately modetood
components twefactionaccording to the scheme presentedrigure 13. It is clear that this
model is based on a superimposition of the simple mquetented iTable4. Although itis
based on strong assumptions such as the absence of interactions between theveadious
compounds, the studyoocludes that it is a good fit betweemumerical results and

experimental values.
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Based on Di Blasi and Lanzetta, 1997 mod&DCQUET, 2012 propose to model the
evdution of volatile matter composition over time considering that these two types of volatile
matter have the same composition and degradation of the diffemad compounds in
biomass is modeled separately. The originality of the model lies in the catsid®f a fourth
compound, representing biomass acetyl groups,hwiiakes it possible to modatetic acid
production. The model is therefore difficult to extrapolate to other biomasses and other

operating conditions.

Lignin ——— Char

Cellulose —— Goudrons

Cellulose —— Char + Standing Gases

. ) K
Hemicellulose —— Intermediate —— Char

Hemicellulose ——— Permanent Gases

Figure 13. Kinetic model proposed bfREPELLIN et al., 201

In (BASU et al., 201% model biomass is first degraded by two parallelatgans, one
leading to primary chaproduction and the other tmlatile materials productiomA part of
these volatile mateals, rich in heavy hydrocarbons, are then redepositedriomary char
surface. This releposition ixonsidered y means of a coef ficient
the size of the particles: the larger the particle size, the more limiting the transfer of matter and
the more the volatiles recover. Thesedeposited materials then react by cracking (to form
new light volatiles) and by rgolymerization (to form a secondary coal). This model therefore
considerother phenomena such ascandensation and mass transfer, which is not the case in

previous models which are models of intrinsic kinetics.

2.3.2 Composition Model

Very few models proposed in the literature for the process modelling of torrefaction
considetthe solid and gaseous yields, and their composition. Models used in-admamic
evaluations are generally relative to a single operating point (in termsneags composition,
AWL (anhydric weight loss), and temperature) and therefore are represented by a single
equation. The models based on empirical correlations, obtained under specific experimental
conditions, do not describe the composition of the tomesielid and evolution of the
torrefaction gases during torrefactiofro address this need, several regression anaysis
reviewstudies ALMEIDA et al.,201Q MEDIC et al., 2012TUMULURU et al, 2010 have
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been performed to predict the yield, heating value, energy yield, and compositiootafrbio
However,theseempiricalregressionsnodels were based on only a few experimental points,
thus their relilility and accuracy in further industrial applications might be limited. In
addition, the studies provided no information about the torrefaktigatics (e.g. actiation
energy) and the distriltion of the products during the torrefamti process (e.g. how
intermediate product is formed and degraded).

Based or{DI BLASI and LANZETTA, 1997 mechanism, Bates and GhonieBATES et
al., 2012 developed a methdd estimatéiocharelemental compositioe.g. C, H, N, and O
contents) indirectly through released volatiles, which consist of 9 different species, detected
by a gas chromatograplsC) and ahigh-performancdiquid chromatograptfHPLC). The
model was calibratedith the volatiles produced by torrefaction of willow and experimentally
measure@mploying thermogravimetric analysis technitpy¢PRINSet al.,2006a PRINSet
al., 2006). This indirect method isnteresting,but it requires well capturing and precisely
analyzing all the volatiles, from which any leakage can lead toagpropriate prediction of
biochar compositionThese models are generally independent from the torrefaction process
design, as they do nobnsidetthe reactor technology, and heat and mass transfer mechanisms
at the reactor scale.

(PEDUZZI et al., 201Yused &perimental dta from the literature and from previous studies
carried out aCEA Grenoble to understarmhange in composition of the torrefied solid as a
function of the anhydric weight los§he developed numerical model is based on the
torrefaction experimas carred out by (NOCQUET, 2012 NOCQUET et al., 2014a;
NOCQUET et al., 2014b The model simplifying assumption is that torrefied biomass
composition depends only on the AWL, and therefore only indirectly on temperature and
reaction time.

Norway spruceand birch branches at different torrefaction conditions have been studied
using a thermogravimetric analyzer(@ACH et al., 201% The studyshoweda direct method
to predict thebiocharelemental composon presenting good agreements with the literature
with regards to increased carbon cont@mi reduced hydrogen and oxygen contents during
torrefaction. The moddbrmulationis thereforancomplete andthe numerical solution is not
presentedn detail being difficulty to understand some factors during calculafioraddress
theissues, it i;iecessary to develop a direct modgbtovide asimpleandaccurateaumerical

prediction, which i®ne of the objectives of this research.
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2.4 Acoustics

Thermeacoustic is responsible for some phenomenaaoasbustion instabilitiesvithin
experimentaRijke tubedevice(SANTOS et al.2016 CINTRA, et al.,2016 MATVEEV et
al., 2003 and thermeacoustic heat enginéGUEDRA et al., 2015 Someauthorshaveshown
relationships between thermal transfers and acoustic wéd€VIAROV et al., 2003
discussed thpossibility for enhancement of heaanisfer between solids and ambient gas by
application of powerfubcoustic field Results showed thahe¢ heat transferate between a
preheatedvire and ambient gas can be enhanced under the application of sound waves. The
heat transfer coefficient increas with the sound strengthboth standing and travellirspund
waves.In (BENNETT et al., 2009theinteraction between standing wave acoustic field a
ductand a heated section s&xperimentallyexaminedo enhance theonvective heat transfer.

New technologies coupled to thermal modification torrefaction reactors as vacuum
atmaspherCARRIER et al., 2012; GARCIA®EREZ et al., 2007 microwaveyHUANG et
al.,, 2016, 201y and wettorrefaction (BACH; SKREIBERG, 2016; BACH; TRAN;
SKREIBERG, 201Y has been explored to improve the thermaltpratmentSome studies
with ultrasound for biomass pteeatment explore sonochemical and mechanoacoustic effects.
The mechanoacoustic effect alters the surface structuteedsiomass while sonochemical
production of oxidizing radicaleads to chemical attack of the componentBgoiocellulose
(BHUTTO et al., 201Y.However, no work was foundheretorrefactionwas combined with
an acoustic fieldinderpyrolysis or oxidative condins. The assumption is thah acoustt
field in a torrefaction reactor modi the pressure and flux velocity field around the wood
sample. Thecombinedeffect of heat and acoussiccould modify theinteraction between
reactor gaseous environment and odo sample, modifying degradation processes
development.

In this study, wo experimental techniques to identify which acoustic frequency produces
the ideal condition to a maximum acoustic flux around the sample were api®aling the
density of the fluidoptimum conditiorcan bedetermined with identification arahalysisof
the shift phasdetween the two microphond3ue tothe relationship betweefiuid particle
velocity and acoustic pressutiee pressure gradient is higher when #oeustic pressure

signalsare in opposition of phas€FAHY, 1995.

24.1 Frequency domain

Determination of phase shift between two microphones was subject of some $8Al&es.

2000 applied anapproab called transfer function method which sasts basically on
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exposingtwo microphones to the same acoustic fimddmeasuredirectly the phase shift
between them. However, this method relies on a perfectly behavior of the microphones and do
not compensat®r different environmental conditions and rlamearities. INCHUNG, 197§

it is shown a technique which principle eliminates the phase mismatch when calculating the
active intensity based on the finite difference method by taking the geometric average of the
Cross Spectral Density between the microphdf®SSETO, 2001applied(CHUNG, 197§
technique to corre¢BAS, 200) approach allowing an experimental identification of the phase
shift between microphones 1 and 2.

2.4.2 Time domain

2.4.2.1Lissajous Figures

Lissajous figues were discovered by the French physicist Jules Antoine Lissajous.
Lissajous figures also called Bowditch curpattern produced by the intersection of two
sinusoidal curves the axes of which are at right angles to each other. First studied by the
American mathematician Nathaniel Bowditch in 1815, the curves were investigated
independently by the French mathematician JAle®ine Lissajous in 18558. Lissajous
used a narrow stream of sand pouring from the base of a compound pendulum to produce the
curves (CUNDY and ROLLETT, 1989GRAY, 1997.

When using an oscilloscopet is possible toplot onesinusoidal signal along the axis
against another sinusoidal signal along thaxis, the result is a Lissajous figuré€he
oscilloscope displays @vo-dimensionakepresentation of one or more potentiafefiénces.
The plot is normally of voltage on theaxis against time on the-»xis, making the
oscilloscope useful for displaying periodic sign@8WRENCE, 1972.

For sine waves, this produces a Lissajous Figure from which isghge to tell the phase
difference between the two signdBL-KHAZALI et al., 2012. In this study, the two
analyzed signals arevo microphone acoustic signafs @M andn @f assumed as

harmonic functions (with excitation frequen€y 1 7¢“ in Hz).

2.4.2.2Hilbert transform

A quantitative measure of shift phase between microphones can be obtained applying a
Hilbert Transform to théwo analyzed sigals aretwo microphone acoustic signaisé
andr] @ (FELDMAN, 19943 FELDMAN, 1994h. These methodologiesereapplied to

alLabview virtual instrumentdevelopment to obtain quantitative results for acoustic analyses.
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3. CASE OF STUDY

Section3.1 presents théhermoeacoustic torrefaction labcale reactor conceptidaor the
present stdy. In section 3.2 the mathematical formulation andcoustic characterization
techniques utilized for the acoustics experimental proceal@exposedSection3.3 starts
presentinghe propertiesf theutilized biomassTheappliedmethodology for the toefaction
undertemperatur@end coupled frequenttgmperature effect are presented néRe section is
closed presenting how the finals product was asse$bednathematic formulation for the

numerical model contemplating the kinetics and compositiemp@sented igection3.4.

3.1  Thermoacoustic torrefaction labcale reactor conception

The motivation for thisectionarises from th@atential couplingof an acoustic system to
a torrefaction reactor timmprovethe wood heatreatment

In torrefaction analysis references no work was found coupling torrefaction with an acoustic
field over pyrolysis or oxidative condition§he assumption is that an acoustic fiefithin a
torrefaction reactor modifies the pressure and particles velocities aroundatisavople. The
combined effect of heat and acoustics could modify the interaction between reactor gaseous
environment and wood sample, modifying degradation processes devel¢pm&itIRA et
al., 2017%.

To that end, an acoustic system was applied inside an existing torrefaction reactor
(ROUSSET et al., 20)&and subsequently characterizétiree different methodologies were
used in terms of timand frequency domains. This characterization allowed the measurement
of the flow rate and acoustic intensity at the exact spot where the sample was in the reactor.
These acoustic results were analyzed and used to predict which acoustic frequency and
intersity produced the ideal conditions for obtaining higher particles velocities around the
wood sampleThe acoustic system coupled to the existing torrefaction reR@USSET et
al., 2017 is illustratedFigure14.

The acoustic experiment was performed with a humidity of 50%, an average temperature of
24°C, speed of sound) 345m.s! and an air density of =1.23kg.nd 3 Within the
experimental acoustic system, the desired frequencies were producetiBy3dt20Avave
generator with a broadband frequency of 20129 kHz. The acoustic wave was delivered by
a SeleniunD220T| 8 speaker connected by a flexible d@@OSSETO, 200)to the reactor
cavity measuring 41x32x40 cm. Different acoustic frequencies produce differetattiorsi
of the reactorés cavity, hence a different
range of 63000Hz.
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The acoustic signals were measured and processed byBtivd & Kjeer 194537
microphones connected tdailel & Kjeer NEXUSamplifier. Data acquisition was performed

by a National Instruments CompactDAQ NI91ND234 interfaced by a Labview device.

Figure 14. General scheme of experimental torrefaction acoustic system. 1) HP 33120A Signal Generator, 2)
SeleniumD220TI 8 Speaker, 3) Briel & Kjaer Microphones\Wdod sample5) Nexus Briel & Kjaer
conditioner 6) CompactDAQ NI9174 e N1923%) Computer (Labview Software8) Reactor

3.2 Acoustic characterization techniques

For the acoustics experimental procedursyo different microphonesset ups were
necessary. For the first analyze, in frequency domain, one microphone to measure the source
signal was fixed in the end of the tube that connects the speaker and the reactor. The other
microphone was placed inside ttevity, at the exact place of the biomass sanijfie.source
signal was a logarithmic sweep sine with a broadband of-3@MHz and 2.¥pp of
magnification. Two signal filters were used: (a) pass filter set to 100Hz, and (b) highss
filter set to DOOHz to assure that the acoustic experimental broadband tdoeeurce band.

With that setup was possible to explore the calibrated source technique and performed a modal
analysis of the reactor cavigfELO, 2013 ROSSETO, 2001 It was observed that this
technique has a limitatiomhen higler frequencies are explordetcause ofhe modal density
exponential comportmefGERGES, 2005KINSLER et al., 198pas illustrated irFigure15.

Due tothis limitation, two other techniqug, in time domain (Lissajous curveldbert
transform) and the frequency dom&@ross spectrum density) weappliedto improve the
characterization and measurement of the phase shiftigher frequencies range.

For the second analyze, twocroplones were placed sid®-side andaceto-faceon both
side of the wood sampl@&his configuration is illustrateith Figure16 andallowed to identify

which frequency produce the desired shift phase betwleenwo measured signals. The
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microphones were disposed that configuration set up for the three spatial axes (x, y and z)

due to the vectoral characteristics of acoustic flow
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Figure 15. Modal density for explored frequensie

Distance between microphondspends of the applied acoustic frequency (wave length)
and air velocity. That configuration allowed to perform the Lissajous/Hilbert technique analyze

in time domain and a cross spectrum analyses in frequency domain

(a) Side-by-side (b) Face-to-face

:;! "

N

Figure 16. Experimental configuration for time (Lissajous/Hilbert) and frequency (Cross Spectrum) domain

acoustic characterization.

3.2.1 Acoustic velocity/pressure formulation
The acoustic velocity vectd® @ was experimentally detmined processing the acoustic
pressure signal measured by the microphones. Usulgr equation adapted to acoustic

processes of small amplitudéhe linear inviscid force equatiosdescribed as:
= -0 (1)
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where, b is the acousticvelocity vector field ) the acoustic pressure, ahdhe air density.

Supposinghe acoustic pressurgand acoustic velocit@described as a time harmonic wave:
nNad 0 @iQep™Q o (2)

Dad ABoiQwiy o 3
where0 @ and® @ arethe pressurand velocity magnitude of a frequency and phase

angle . Then, as function of frequenty, the unidimensional linear inviscid force (Eb

took the following form:

~

Bd —00é— — (4)

where, @ @& @ 1¢ is the distance between the two microphones in space. The

approximative determination of acoustic velocity fielll@ was madepossible by this finite
differential approachThe particle velocities for each frequency was obtained from the
deviation of the acoustic pressure dig] @ (FAHY, 1995. A similar technique is used to
determine the acoustic intensity for each analyzed freqUEERGES, 2005FAHY, 1995.

In the following section, the techniques used to determine the particle velocity around the
wood sample are presented. Firstly, the frequelmyain technique (CrosSpectral Power
Density Function), followed by the tirgomain techniques (Lissajous curves/Hilbert

Transform).

3.2.2 Frequencydomain

The aossspectral density functiofi ,was applied to determine the phase shift between

the two measured acoustic sigmia the frequency domain by the argumEnqt 5:
Y Q Y tA AQ Y A@D % (5)

where thecrosscorrelation functiorlY 1 andphase shif%o between signale 0 andw 0

is given by Eq. 6 and Eq. 7 respectively.

Y ot 1B padadad tQo (6)
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% AOYC, @)
Phase shift estimation by cresgectral density function A O¢, is dominatedby

ouncontroll abled inflfue@(HEIN aniHAMMON®Yr2008c e s p
JENKINS andWATTS, 1968) The variance of thehaseshift is:

OOAOLC Q —i— (8)

where,0 and”Yare respectively bandwidth resolution and data length. The coherence function
[ "Qis given by Eq. 9 and measures the degree of linear associatiotheitwo signals

respective the intervat [ "Q p.

r"Q Y Q7Y QY Q 9

A virtual instrumentwas developedn Labview to the crosspectrum technique and is

illustrated inFigurel17.
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Figure 17. Crossspectrunvirtual instrumentat Labview software.
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3.2.3 Timedomain

TheLissajous curvea qualitative techniqum time domain, was applied determine the
phase shift betweemvo microphonegAL-KHAZALI et al., 2012). A virtual instrumentvas
developedin Labview for the identification of the Lissajous figureBidure 18). The two

microphone acoustic signals@ o andr) @ h wereassumed as harmonic functions (with
excitation frequencyQ 1 ¢ in Hz):

nehn e OEJ Qo (20
neon 0e® OEJ ® %o (11)

where,0 @ Q plt is the acoustic module in a determine positibin space, anéothe
phase shifbbetween both acoustic signalthe resulting phased harmonic signals acoustic
normalizatiom) @ 70 @ 'Q plg has the similar amplitud&or a ratio of 1, the Lissajous
curveis an ellipse, with special cases including cirdiesi 0 & , and| “7¢) and
lines @ ). The identification of a circle representsda AX¢ between the two

microphones and a maximum pressure gradient, characterizing a maximum acceleration (flux)
in the point of interest.

Lissajour

Fase Hilbert

-----

Tangente Signal

Figure 18. Lissajousvirtual instrument at Labview software.
The Hilbert transform of the time signalo is also a time functiom 0 :
a0 @O Woo (12)
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whered 0 is a analytic signalThe Hilbert transfornias interesting properties, which enable
a few useful application®ENDAT; PIERSOL, 1986 OPPENHEIM, A.V. SCHAFER, 1989
FELDMAN, 1994a and 1999bThe definition of Hibert transformn time domain is done by:

0o = 0o - —Qt (13)

Whenthe damped cosine signad 0 is analyzedtheHilbert transform= w0 actas a
quadrature filter, according tBq. 13 From the complex ahdic function & 0 it can be
definal theinstantaneous amplitude, instantaneous frequency and instantaneous phase of the

signald o :
a0 ®Oo o ° a6 000Q (14)
The instantaneous amplituded represents thegmal envelog o :
50 ®Oo O (15)
And, instantaneous frequen®yo and signal phas®.0 was calculated by:

VO —— %00 (16)

%o OAT — 17

Eq.16 anEq.17 wereappliedto the presengéxperimental setufp obtain the phase shift
%0 between two microphonesgnals

n nNem 0e& OBT0 % (18)
n nem 0o OBT06 % (19)
% %o %o (20)

53



This result gives the knowledge of which frequencies produces the highest acoustic flux
around the wood sampl&he virtual instrumentsdeveloped for the measurement of the
gualitative signal is illustrated irigure19. With the frequencies defined, a decibel meter was

utilized to measure de intensity of the acoustic source inside de reverberant cavity for each
identified frequency.
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Figure 19. Hilbert Transformvirtual instrumeniat Labview software.

3.3 Biomass thermodegradation

3.3.1 Feedstock

The biomass sample used in this studgEucalyptus grandidue to itdarge planting in
Brazil, focused mainlyfor paperand celluloses industry anehergy useA 15yearold
Eucalyptus Grandisree was extractedrom Fazendaagua limpa UnB property for wood
species controlled growing. Extraction procesfustrated inFigure20.

The treewasdivided into 6large blocksFrom the blocks, several rafsewere made and
stored in the LPFengineering roomWood samplepreparation was carried out LPF

laboratory.The proximate and ultimate analyses as well as energy content values for the raw
material areshown inTableb.
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Eucalyptus Wood block Wood rafter Cubic sample

Globus

Figure 20. Wood sample confection of a 4/garold species oEucalyptus GrandisPreparation of rafters in

the LPF's carpentry.

Table 5. Proximate, elemental and calorific analyse&wfalypus grandis

Raw material Eucalyptus Grandis
Proximate analysi%
Fixed carbor{F.C) 18.51
Volatile matter (VM) 81.4
Ash 0.09
Elemental analysi$
C 46.03
H 6.19
N 0.13
oP 47.65
HHV (MJ kg 20.09

aDry basis?O (wt%) = 100 Ci Hi N-ASH

3.3.2 Biomasdorrefaction

Aiming to clarify the thermal comportment and degradation mechanisnthéoraw
material of this studyHucalyptusgrandi§ some physiechemical techniques were applied,
specifically, thermal (TGA, TGATIR) and chemical analysis (elementalroximateand
energetic analysisAmong all the techniques here selected, TIGAR confirms to be a very
useful tool since it was already successfully employed to unveil the amount and the nature of
chemical evolved fromitferent complex composite materigl€HEN; LU; TSAIl, 2012a;
CORAZZARI et al., 201k
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3.3.2.1Thermogravimetric analysis TGA

Thermogravimetric analysi®f a micreparticle sample ofEucalyptus grandiswas
performed to get information on solid mass evolution versus time and tempefdiige.
analysis allowed the characterization of thermodegradation in mgxale, providing
information on thenass loss and volatile rekadynamicsidentification offunctional groups
throughout the treatment by a IRTequipment connected in line withe TGA). These data
wereused forthediscussions of thermoacoustarefactionand degradation kinetic model.

The thermal behaviors dhe samples (about 15 mg of milled wood per run in ceramic
crucibles with a 60 mesh were investigated using 8DT Q600 TAwhich provides
instantaneous measurement of mass variation (TGAg¢ samples were heated at a linear
heating rate of 20°C.minfuntil 105°C and kept for 30 minutes to assure dry condition. After
drying, a heating rate of 5°C.mifwas imposed until the desired temperature of 210, 230, 250,
270 and 290 °C. Thereafter, they were torrefied for 60 minutes. Nitrogen was used s purgi

gas at a flow rate of 50 min?. The torrefaction treatment parameters are listdhbie6.

Table 6. Micro-particletorrefaction parameters.

Torrefaction conditions
Duration Heating rate Final temperature
210°C
230°C
E. grandis 60 min  5°C.min? 250°C
270°C
290°C

Raw material

3.3.2.2FTIR spectroscopy

FTIR analysis of the gases released during thermogravimetry was performed using a
THERMO SCIENTIFIC TGA / FTIR in¢rface device. Evolved gases were then passed
through a transfer line. The transfer line and gas cell were heated to an internal temperature of
190°C, and the gas cell temperature was limited to 200°C to avoid the condensation or
adsorption of seravolatile products. FIR spectra was recorded witifhermo Nicolet IS 10
FT-IR. IR spectra were recorded between-4000 cm' a, with 68 scans collecteat an
interval of 4 cm !
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Figure 21. General scheme of the experimental system>Xylinder, 2) Gas control rotameter, SDT Q600
TA, 4) THERMO SCIENTIFIC TGA/ FTIR, 5) Computer (OMNIC and Qseries Software).

The results of the IR analygisovidedthecharacterizatioof the functional groups released
during thermodegradatidior five different treatment temperatures. This alloweddlidate
the choice of the two temperatures used dutfregthermeacoustic torrefactiotreatmentas
well as theidentification of the two staged volatilereleasing BATES, 2012. Themass loss
occurring during the faster first stage of torrefaction is primarily attributable to the
hemicellulosedecomposition with an ineasing contribution from cellulose decomposition at
higher temperatures. The mass loss during the slower second stage is primarily due to cellulose
decomposition, with minor lignin decomposition and charring of the remaining hemicellulose
(BATES; GHONIEM, 2012; PRINS; PTASING; JANSSEN, 2006a, 2006b

3.3.3 Biomassliermaacoustic torrefaction

The reactorsystemlocated in the ForedProduct Laboratory(Brasilia, Brazil)and its
schematidiagramareshowedin Figure22 andFigure23respectively

The reactor included a square chamber with tnternal electrical heatersOxygen
concentration wamaintainedoy N: injection. The reaction temperature was controlled by a
proportional integral derivave (PID) temperature controllérased ora PT100placed in the
centre of the reactor to record atmosphere temper@ata acquisition was performed toyo

type K special thermocoupledkEC 584 3) with a bead size of 1 mm and a tolerance value of

57



1.1°Cto measuravood surface and wood core temperatued amass balanc€Sartorius

LP2200% with an accuracy of I¥grams The system provide continuasquisition data with
a 100Hz samplingate €.bloxx A41TC Multichannél recording thermocouples temptenae

profiles and mass weight during the wood heat treatment.

The desireand identifiedfrequencis (SILVEIRA et al., 201Y were produced bgnHP
33120Awave generatoand oneSeleniumD220TI 8 speaker connected by a flexible duct
(ROSSETO, 200j1to the reactor cavity to deliver the acoustic easidethe reactorData
were sent to a computey control thereaction temperature and the nitrogen percentage
record wood surface and cammperature profileand mass losduring heat treatment with

and without acoustic influence.

Figure 22. Physical thermeacoustic reactor at the Forest Product Laborgldy).
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(b) Zoom in 9 1
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Figure 23. (a) Schematic of the laboratesgale reactor with four subsystems: acoustic (A), heat treatment (B),
power and reaaling (C) and gas feeding (D). Equipment list: 1) Wave generator; 2) Sound speaker 3) N
cylinder; 4) Gas pump; 5) £zontrol; 6) Reactor chamber; 7) Wood sample support; 8) Electric resistances for
convection heating; 9) Thermocouples; 10) System coritiglComputer; 12) Electric weight balance. (b)
Detailed zoom in 9 for thermocouple positions.

3.3.3.1Experimental procedure

For each experiment, two samples were analyzed in each trial run. One sample was placed
to a precision balance to monitor mass lossaaradher with two thermocouples to monitor the
internal and surface temperatuFégure23b). The samples were heated dinearheating rate
of 5°C.mir luntil the desired temperatuo€&250 or 270°C. Thereafter, they were torrefied for
60 minutesThe carrier gas was continuouslgliveredinto the reaction chamber todqe the
system in an inerenvironment(10% @) (ROUSSET et al., 2012)and remove volatiles
produced in the reactorhe prrefaction treatment parameter® listed infable?.

The controlsexperiments were performed without acoustic for both selected temperatures.
The other sets of experiments were performed for both temperetunged to the 1411, 1810,
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2478 and 2698z acoustidrequenciesThose frequencies were identifié8ILVEIRA et al.,

2017 and within the system have the capacity to produce the ideal conditions for maximum
particle velocity around the wood spla affecting the interaction between gaseous
environment and wood sampkeach frequencywasmaintained during all the experimenarF

a statistical purpose, threxperiments were performed for each conditibhe effect of
temperature and coupled acacsand temperature were assessed by the analysis of the

torrefied solid product.

Table 7. Thermaacousticorrefaction parameters.

Raw Torrefaction conditions
material  Duration Heating rate Atmosphere Final temperature / frequeyn
250°C?/ -

250°C / 1411Hz
250°C / 1810Hz
250°C / 2478Hz
250°C / 2696Hz
270°C?/ -

270°C/ 1411Hz
270°C / 1810Hz
270°C [ 2478Hz
270°C /2696Hz

E. grandis 60 min  5°C.min? 10% @

aControl experiments without acoustic.

3.3.4 Torrefied solid product analysis

3.3.4.1 Thermal decomposition dgmics
The thermal decomposition was evaluatby the calculatedsolid yield ¢ ) and its
derivative (DTG) in time energy vyield € ), and conversion rat¢ for the continuously

weighed wood samplavertime accordingo Eq.(21), Eqg. (22andEq. (23)respectively.

-0 — pTT (21)
-0 -0 — (22)
— (23
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whered (g)is thedried mass before torrefactiain; (g) is the solid masduringtorrefaction;
"0'0w(MJ. kg?) is the higher heating valué entreated sampledry and asHree basis’O'Ow
(MJ. kg?) is thehigher heating value of torrefied samples dry andfeshbasis

This analysis allowdthe characterization of thermodegradation ecmscale, providing
information on themass dssdynamicsprofiles and the influence of the heat transfer (due to
the macro particle size)These datawere used forthe discussions of thermacoustic

torrefactionresultsand degradation kinetic model.

3.3.4.2 Chemical analysis

The elemental analysis wasrductedaccording to the American Society for Testing and
Materials (ASTM E777 e E7§8vith a Perkin EImer EA 240€eries Il elemental analyzer, to
detect the weight percentages of C, HioNraw and torrefied biomass. The oxygen content
was calculatedby difference. Proximate analyses (fixed carbon, volatile matter and ash
contents) were performeuth the standard procedure of the ASTM D3173. The calorific
values of raw and torrefied biomass samples were measured accordingtemttegd ASTM
D5865with a bomb calorimeter (PARR 6400).

The chemical analysis allowed to validate the standard torrefaction experiments with
literature, establishing a basis of comparison (control) for the experiment and provided
information concerning the effect of the céag thermeacoustic treatment on the torrefied
product. These datavereused for the discussion about the effect of the acoustic field during

the thermal treatment.

3.3.4.3 Statistical analyses

Statistical analyses were conductied thirty experimentaltestsusing the Assistat 7.7
software (FRANCISCO et al, 2016. Results for untreated anwrrefied material were
subjected to variance analysis (ANOVA) and the Tukey Test at aigddicancelevel. Six
variables in response to the experiments were analyzed and discussed: thielddli%),
fixed carbon content (E%), volatile matter coent (V.M%), ash content (Ash%gand the
higher heating valugHHV). The general model for variance analysisescribed by thé&qg.
24:

@ * 0Y OY - (24)
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where® is the value observed for the depentivariable for observatiof @is theacoustic

frequency withirthe reactor;Ythe temperatute is the error of the modahd* is a constant

3.3.4.4 Final product pyrolysis

Pyrolysis experiment of the torrefied product were performed toacteaize how the
torrefaction treatment affect the toti@gradatiorof the treated wood usingSDT Q600 TA
which provides instantaneous measurement of mass variation. The experiment was performed
from 25 to 800°C with a heating rate of 20°C rhamda Nz flow rate of 50 mLmin™. When
the temperature reached 105°C, it was held for 10 min to ensure moisture renmnaval.
pyrolysisexperiment caprovideinformation about the severity of the torrefaction treatments
allowing to characterize the degradatioh different wood constituents (hemicelluloses,

cellulose and lignin) for each temperature in time via the analysis of the solid yield derivative.

3.4 Biomass torrefaction modte

The biomass torrefaction model was develojpeal particle scale (ODFirstly, thekinetic,
model was developegroviding the solid and volatileyield evolution in time(section3.4.1).
In the sequencehe elemental compositianodelwasestablisheallowing to determine the

C, H andO compositiondynamics for the solid and volatile time insection3.4.2

3.4.1 Woodkinetics modelformulation

In the literature, |at of studies proposed kinetic models to represent wood degradation
during the heat treatment. These models, usually applied to simulate the intrinsic biomass
decomposition dfained from thermogravimetric analysis (TGA), can be classified in two
major sections: detailed models and global psewmoponents models. The most used
detailed model, initially proposed WREPELLIN; GUYONNET, 200%and further developed
by (ANCA-COUCE et al., 2014; BLONDEAU; JEANMART, 2012; GAUTHIER et al.,
20130 considers separately the decomposition of the three main wbgdgrs and predicts
the produced volatile components. This model, based on the description of all chemical
reactions occurring during the treatment is however quite complex and hard to extend to

various wood species or heat treatment conditions.

The pseuda@omponents models are commonly encountered in the litelzoaeise of their
simplicity and the quality of obtained resulf$ey aim to represent the global mass loss and
can be based on a eatep reaction schem{@EPELLIN et al., 201)) on scheme of several
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parallel reaction§CAVAGNOL et al., 2013; RATTE et al., 2009, 201bna twostep series
reaction schem@I| BLASI; LANZETTA, 1997; PRINS; PTASINSKI; JANSSEN, 2006Gar

on scheme of several steps in se(le8AVAGNOL et al., 2013; JOSHI et al., 28]l These
models present the advantage of being simple and easily adaptaoliéd mass loss kinetic
scheme originally proposed (il BLASI; LANZETTA, 1997) to describe pure hemicellulose
decomposition in isothermal conditions has beeopted in this studyT'he macrescale
samplesare considered as homogeneous patrticles in terms of composition and temperature
distribution. The two steps pseuemmponents degradation mechanism is summarized on
Figure24.

kvy'Vl kvy' vz
A X > B A >

Figure 24. Di Blasi model schema.

The wood isnitially assumed as solid chemical reactantts decomposition leads to the
formation of an intermediate solid fractionand liberates a group of volatiles. Under the
effect of the temperature, intermediatés transformed into a solid fractianand volatileso .
Eachreactionfol ows a specific decomposition | aw al
parametersThe approach to determine the associated kinetic constants is proposed hereafter.
Pseudecomponents mass evolution is governed by a system ofofulst differential
equationsq. 25):

I’P'm 0 0 0
v 'Qb o °
e Q & o Q Q a o
l’J} Qo
@ o
0 o4 25
¥ Qo @ a o (25)
PO N a4 o
v Qo
o o ,
Y 0o a0

whered o are the instantaneous masses of the pseadponentsQ 6w w). The

rate constantQ (s, 'Q phchw ) obeying the Arrhenius law is calculated accordingdo
(26):
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0 00— (26)

whereO (J.moltY) and 'Q; s! are respectively the activation energies and the pre

exponential factors of the reactioféjs the universal gas constant (J.rhilt) and"Yis the
absolute temperature (K).

The system of equatior{gq. 25) was solved using the Matlab® software. The resolution
needs a number of input data: the dynamic temperature profiles, the initial conditions
concerning the masses of each psecmtmponent, and eight kinetic parameté®s;, Qj, Q
phchi o ). Computation path is described hereaffére temperature profiles come from the
experimental data. Concerning mass initialization, the initial anhydrous maassentirely
allocated to the pseudmmponend (Eq.27).

.’..d b
o S0
© u(E( 9 (27)
O
0

il
wa

4394434
494 37°

The kinetic parameters are firstly estimated from the literature then adjusted. This aspect
will be more detailed in theext sectionsThe ODE (Ordinary Differential Equation) resolution
provides the mass evolution of each pseudo component as a function dhstaetaneous

calculated solid yield> 0 for a considered temperatuFeés obtained according t6q. (28):

®w o P T (28)

The deviationo Q'Qtbetween experimentab O and calculatedo 0 yield profiles

can be evaluated usirigy. (29):

QQQeQ B — (29)
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3.4.2 Biomass solichind volatilecompositiormodel

3.4.2.1Solidcomposition

The composition modeldevelopmentwas based in(BACH et al., 2016; BATES;
GHONIEM, 2012) Bates and Ghoniem (2012) calculated the elemental composition of each
pseudecomponent indirectly ttough the known composition data of initial biomass and
experimental data of the released volatiles obtainedPBRINS; PTASINSKI; JANSSEN,
20068. During modelling, Bates et Ghoeni(@012)assumed that the chemical compositions
of the pseudo componenitsandw were constant ahnotdependent of theemperatureBach
et al (2016) simplified the methodo utilized by Bates, eliminating treel ©& a complex
volatile analysys and basing the model onfthal solid product elemental compositidata.
However, thez was not a volaté compostion analysis duritige modelling.

In this study, a methaow provide a simple and accurate numerical prediatiararbon ¢),
hydrogen 1O and oxygen({) evolution based on the kinetic evolutiandthe initial (raw
biomass) and final (torrefied produefemental analysis proposed

The ®lverwasdevelopedising a multidimensional unconstrained nonlinear minimization
solver NelderMead (Matlab® software) The resolution needs a number of input data: the
solid pseudacomponentsd ity o i 6 ) evolution in time (kinetic solverjhe raw biomass
elemental analysi® 6 lP"'OFP ) obtained gperimentally and lochar elemental analysis
(P 6 FpOhP U ). The formulation andomputation pattaredescribed hereafter.

For the simulation some considerations were mtadesmulation time runs fromd 1

untlo 0 andino T the solid yield ixonsidered a$00% and composed only by(raw

biomass)The solid yield depends on treatment temperature being a mifoand6 and it

is considered that—— increases with timand , decreases with tim&rom

the kinetic solver, thesolid yield ®w o at any time is calculated in function of pseudo

components mass yield evolution witl. 30.

O 6 GO gO o (30)

A linear system for the pseuetmmponent evolutions can be established based on final solid

product (Y experimental data and mass conservation equatiofgioando:

WOPO ®WOPO WOPO w 0O
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HOoPO o0 OO & 080 (31

WOPI ®OPO ®OoPI & 080

Knowing that the elemental composition for each pseudo component must correspond to
100% and solid yield ratiasf0 ando¥'Oincrease with treatment time, a system of constraints

is determined:

P6 PO b0 =100
(32)
P66 PO PO =100

p6 P6 PO PO PG bP§
(33)
P6 P8 PO PO PG P

The resolution of the obtained linear systent-@31 and constraints iiq. 32 and33 by

a minimization error function foro o gives the elemental composition

(P6 PO, W& B ) of the pseud@onmponents 'Q 6 & & evolution in time.

3.4.2.2Volatile

Based orthe kineticsmechanism®btainedfrom the solid mass loss kinetiassimplified
volatile composition model was developdthe volatile composition calculation depends on
the solid compositio resultdrom section3.4.2.1 As inputs, the volatile solveeeds amumber
of input data:the treatment temperature profildbe peudecomponentshid o hd 0)
evolution in time (kinetic solvgy the raw biomass elemental analy@isé hb O hb )
obtained experimentally and the resulting composition from the soldpositionmodel
(P6 PORPY ,P6 PORPD ).

The solid mass evolution characterized by the degradation/formation of ps@udonents
based or(DI BLASI; LANZETTA, 1997) illustrated inFigure24 is governed by the system
of first-order differential equations presentedm (25). The rate constar® (s?) is calculazed
with Eq. (26) and it is defined by the Arrhenius law fé®( phcho fo).
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The step one reaction consists of 1 k@ akacting competitively to form kg of 6 andv
kg of . The step two reaction consists 1 kgdtg reacting compéively to form? kg of 0
and, kg of w. The twestep kinetic mechanism can be expressed by thestamreaction

mechanism shown:
6016 V@ (34)
60710 ,@ (35)
Wheref Ol h are dimensionless and represém telative rates of reaction. In order to

determine the relative rates, the rate laws must be written for each reaction. The first reaction
step consists of three rate laws which define the specific reaction rates:

iy — Q 0 a o
iy, — ™ & o (36)
iy —— Q & o

ir — 0 & o (37)

The relative rates are positive, dimensionless and defined by the formation rate of product

divided by the decomposition ratetbe reactant:

) h (38)
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From the reaction mass balance defined previously, it is now possible to define the
composition (i.e ultimate analysis) 6§ and w. The six unknowns include the carbon,

hydrogen, and oxygen content@fandw .

WPp - -
qup P P (39)
WPp : -
WG . :
@p S (40)
wGp - :

Knowing from literature(BATES; GHONIEM, 2012; PRINS; PTASINSKI; JANSSEN,
20060 that for the volatile composition tipseudecomponentsy andw has a proportion, a

system of constraints is determined:
Po Po PO PO
(41)

PO PO PO P0 [>Xo} PO

The solver provides as results thEOand U evolutionfor @ and@ and total volatiles

evolution in time
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4. RESULTS

Sectiord.1 presents the reactor conception and acoustic characterization for the innovative
reactor technologyObtained phase spectrum for the two methodologies in timaequaency
domain are compared andhlidated. Theacoustics analyses allowed to determine four
frequencies and its intensities that produces conditiorent@ncetorrefaction procesdn
section4.2 the torrefactionphysical and chemical analysmssultsare exposedor the micre
scale experimentscharacterizing the raw material that was used for all experiments and
understanding the thermodegradation mechanism (solid degradations and volatile releasing).

Section4.3 starts presenting thresultsof the standard torrefaction (without acoustioy
the macrescale sample, allowing to observe the importance of the conductive heat transfer
within the sample and providing datebe used as reference for the theratoustic treatment
comparison.The physical ad chemicalresultsand its statistical analysi®r the therme
acousticreatmentsarereportedfor the 4 different acoustic frequencid$e identification of
two optimum frequencies and more detailedanalysis was performed to understand the
temperatureandfrequency interactionThe numerical model contemplating the kinetcsl
compositionare presented isection4.4. Experimental data allowed the validation of tive

models and were used to explain the acoustic influence within all the degradatioansm.

4.1 Reactor acoustics characterization

The phase spectrum obtained with the different methodologithe itime and frequency
domains during the reactor acoustic characteration are compared and validated\
comparisonwas madeéetween thebtaina signal withthe crossspectrum technique ithe
frequency domain and Lissajous/Hilbert transform methotiseitime domainldentification
of the desired frequencies that reproddaephase shift of w mdegrees between the two
measurement microphones ndoined with the intensity analysis revealed the acoustic
configuration for higher particle velocities around the sanfgtpure25illustrates the phase
spectrum for the two methodologies versus the frequehbyee different experimental
analyses were performed for each axis due to the vectorial characteristicesults showed,
as expected, different phase spectruméachdirection (SILVEIRA et al., 201Y and an
accurate agreement between the two techniquesd The sideby-side microphone
arrangemengavebetter results and agreement thiamfaceto-face configuration.

Frequencies of 1411, 1812478 and 2698z were identified in botlappliedtechniques
and showed an approximate phase shift 80 degrees between the microphones in all three

spatial axesAn intensity measurement wasuried outas displayed irFigure 26 for the

69



frequencies that showed an approximated phase speotiaviourfor all cases irthe side

by-side configuration.
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Figure 25. Time and frequency domain data comparison. Microphones side by side.
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Figure 26. Selected frequencies for torrefaction experiment regarding the microphones configuratidns side

side.
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The identified frequencies were applied to torrefaction experiments with the same parameter
conditionswith a view toobtaining different results for temperature profiles, solid yield and

conversion rate during heat treatment.

4.2 Biomass torrefaction results

4.2.1 Thermogravimetric (TGAMicro-samplesesults
The solid yield profilesare presented ifigure 27 to evaluate thehermal degradation

dynamics of thenicro-samplesluringtorrefactiontreatment.
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Figure 27. Solid yielddynamicprofiles(a) and final solid product yield (yr micro samples torrefaction
treatment.

The torrefaction experimemtas carried oufor five different temperaturesig, 230, 250,

270 and 20°C. For a better readability of the figuthe normalized solig/ield evolution

71



profiles arepresented after thdrying process105°C). Theyield curves were constructed by
plotting thecalculated- 0 (Eq. 2) against treatment time.
Treatment temperature strongly influences wtwtmodegradatiorzigure 27 (b) shows
the solid yieldat the endof the treatment for different temperatures and highlights the
temperature effects. The solid yield decreases when the temperature increases, and the final
valuesare %.39, 9035, 83.84, 7551 and62.41wt%, for the treatments 210, 230, 250, 270
and D0°C respectivelyagreéng with literature for micresize particles TGLU et al., 2012.
Consideringthat temperature and time atee two man key parameters in torrefaction
treatment 3D wrface(data fromFigure27 (a)) an its 2D contour is preseatl n Figure28.

Solid yield (wt%)

Temperature (°C)

40 50 60 70

Time (min)

Figure 28. (a) Solid yield surface in function of the temperature thme and (b) surface contour.

A better characterization of the solid yield dynamics can be takem Figure 28 and

provide a more detailed interpretation of thermal degradafiben et al.(2015)reported in
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(CHEN; PENG; BI, 201p a comparison classification for the intensity of torrefaction
experimentsvhere he torrefaction can be characterizgdthe temperature treatmeasglight
(200-235°C), mild (235-275°C) and severe (27300°C).

Analyzing the contour illustrated inFigure 28 (b) it can beobservedthat the three
classification groups are well definedreatments until 235°C has a light degradation
(maximum of 1#%t% at 235°C), the mild torrefaction is a transition area where the final
product degradation variates from 12 tov®% and the higher temperatures presdmgher
degradations (30 to %2%).

In order to identify the intensity of thermal degradatite solid yield derivativeDTG)
profile is plotin Figure29. Some studies have pointed out that the thermal degraddtwood
started at temperatures of 1800°C(CANDELIER et al., 2016; ESTEVES; PEREIRA, 2009
agreeing withobtained resulte/here the degradation start®and18 min (180°C) The three
degreef severity reported byCHEN; PENG; BI, 201pare identified, being the 210 and
230°C part of the light torrefaction with a maximum decomposition 0.170 and

0.333wvth 81 "Q¢ respectively, the 250°C the mild with 0.86% & Q¢ and the 270 and
290°C de severe with 1.697 and 1.7@® 81 Q¢ .
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Figure 29. Solid yield derivative in time (DTG) for the five torrefaction treatments.

The 3D arface(data fromFigure27 (a)) an its 2D contour is presentedh Figure 30 for
the DTG data irFigure29. In Figure30 (b) is easier to identify the torrefaction classification
rangegproposed byCHEN; PENG; BI, 201k An important point to notice is that the intensity
peakof the degradation takes place between 20 and 40 min for athtrets.
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Under the effect of temperature wood hemicelluloses are depolymerized into oligomeric
and monomeric units and further dehydrated to aldehydes under acidic conditions, leading to
fewer hydroxyl groups and thus to a less hygroscopic matd@ia.degiadation starts by
deacetylation where the acetyl grougSQCH) of hemicelluloses are broken and acetic acid
is generated. After deacetylation, the produced acetic acid is regarded as a catalyst of
depolymerization which further increases the decompaosttigpolysaccharide@COLLARD;

BLIN, 2014; ESTEVES; PEREIRA, 2009. The acid catalyzed degradation leads to the
formation of formaldehyde, furfural, and aldehydes. At the same time, the dehydration of
hemicelluloses develops, decreasing the number of hydroxyl gfot#sOUCH et al., 2010
CANDELIER et al., 2013
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Figure 30. () DTG surface in function of the temperatureddime and (b)DTG surface contour.
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Cellulose and lignin are characterized by stronger molecular structure, their
depolymerisation during the heat treatment isgatimited. Amorphous cellulose is degraded
leading to a slight increase of the cellulose crystallinity ratio. The lignin is the least reactive
polymer. However, its structure is modified through reactions of polymerization.

Until the 230°C temperaturés observd only a dight peak due to the hemicelluloses
degradation in thbegnning of degradation (between 20 and 30 min of treatméntjing the
mild torrefaction range the degradation peaks start to be more evident after the 245°C
temperature édcomirg more aggressivafter 255°C.The degradation becomes severe after the

270°C havingvalues almost 100% higheraihthe average value of the mild range (250°C).

4.2.2 FTIR results

TG-FTIR canmonitor the devolatilizatiomf the eucalyptus wood sample, recorg the
massand identifying the major volatile species and their corresponding release temperature
allowing the characterization of the released volafilestional groups, from which specific
species are identified. The commonly detected torrefactiorupt®ihclude noitondensable
gases, such as CO, e&nd CH, and condensable volatiles, such a®Hnethanol, acids and
phenols (WANG et al., 2017 LIU et al.,, 2008; SHEN; GU, 2009; SHEN; GU;
BRIDGWATER, 2010; WANG et al., 2015, 2017; YANG et al., 2007)

The obtained FTIR spectruof gas products from torrefaction experimerig(ire27) at
the maximum evolution rate (DTG peakgyure 29) spectrogram were separated and are
presentedh Figure31. The average intensity of volatiles during the mass loss atasrined
and depicted in the Gra®chmidt (GS) curves based on vector analysis.

Based on TGTIR analysis of the woodonstituentghemicellulose, cellulose and lignin)
the behaviors of the evolved gas products during the torrefatgatmentshave ben
determinedlt is possible to notice here the severity of the treatments analyzing the intensity
of the released volatilet the maximum evolution rafer each temperature treatments.

For the light torrefaction (210 and Z8) only the CQ (2240 to 390 cmt) is well
identified. For the mild torrefaction the intensity of the functional graipgsto appear. At
250°C (mild torrefaction) water (3450 to 4000 ch 1300 to 1590 crb), methanol (3600 to
3700 cmt; 2700 to 3100 cnk 900 to 1100 cm), formic acid (3450 to 3650 ciy 1710 to
1850 cm'; 1030 to 1150 cnb), COz (2240 to 2390 ch), and small amounts of CO (2040 to
2240 cm1l) were slight observeagreeing with the studies for the individual analyses of wood
component$LV; ALMEIDA; PERRE, 2015 . The characteristic bands of theS3peaks were
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similar to those at 250°C during torrefaction at 270°C and 290°C exhibiting stronger peak
intensities for the released functional graups

The dscussed classification of torrefaction in light, mild, and severewdencedn the
IR spectraDuring mild torrefaction, hemicellulose decomposition and volatile liberation are
intensified. Hemicellulose is substantially depleted and cellulose is@sumed to a certain
extent(LV; ALMEIDA; PERRE, 2015. When torrefaction undergo tseveretreatments
hemicellulose is almostompletelydepleted and cellulose is oxidized to a great extent.
Analyzing the biomasshermal degraakion, lignin is the most difficult constituent to be
consumegdits consumption within the temperature range of torrefaction is thus very low. By
substantial removal of hemicellulose and cellulose from biomass by sewefadton, the
weight and energy yield of biomass are usually lowered significantly although the energy
density of the fuel is intensified to a great ex{@&H#EN; PENG; BI, 201p
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Figure 31. IR spectra obtainedt the maximum evotion ratefor torrefaction experimentgletailed)
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4.2.3 Torrefied solid producpyrolysisresults

After the samples undergotsrefaction treatments, the torrefied product where pyrolyzed
to obtainmore information about the thermal degradation during prodéssresults of the
thermogravimetric analyses (TGA) and derivative thermogravimetric (DTG) analyses are
illustrated inFigure 32. Those analysis allowed to proceadgtlier into the impact of the
torrefied eucalyfus wood.

A slightly weight drop is observed during the first step of the treatment (removal of moisture
content) being the drop of the raw sample bigger characterizing the hydrophobic behavior of
the torrefied product.

A noticeabledifference during thevood thermal degradation for the raw wood and the
different torrefaction conditions is evidencdegure 32 shows that the degradation starts
earlier for the raw sample followed by the torrefaction treatmentsrgnthe intensity of the
pretreatment. The final solid yield is lower for the treatments performed in higher temperatures

due to the fact that the wood components were already consumed during the pretreatment.
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Figure 32. Solid yield profiles of pyrolysis experiment for torrefied product pyrolysis.

The solid yield3D surface (data frorkigure32) an its2D contour is presented Figure
33. The surface as well as the contour allows to have a better interpretation of the degradation
process during the pyrolysis showing that the classification for the severity of torrefaction
process can be identified for the 3qreatment zones. The torrefied guets treated with the
light classification (20235°C) had a faster degradation showing that the torrefaction had a
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slight effect on wood degradation. The mild treatment repartachilarbehavior between 235
and 250°C temperature. The severe classificafior the pretreatment is noticed with the

lower degradation from 27 min until the eofdthe degradation.
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Figure 33. (a) Solid yield surface in function of the temperature ime. (b) surface contounf torrefied

product pyrolysis.

Figure 34 presents thelerivatives (DTG) othe pyrolysis yield profiles fronfrigure 32
Analyzing the curvewhen in the light torrefaction classification (2885°C), it is possible to
see that for the raw profile as well as for 210°C a mild degradation of the Hetomel
followed by a slight cellulose and lignin degradation. For the 230 and 250°C a mild to severe
degradation of the hemidelose is observediffering those curves in the beginning of

degradation. A slight degradation of cellulose and lignin are observed being the 250°C higher
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than the 230°C. The beginner of the degradation profile of the 270 and 290°C are very similar
differing after the tempature of 340°C. One important observation is that the severe
degradation of cellulose during the pretreatment can be observed on the DTG pic and a higher
degradation for lignin can explain the difference on the final yield when compared to the other

treatments profiles.

A detailed surface and contour of the DTG analysisigure 34 were illustratedn Figure

35. The profiles were reduced (treatment time between 20 and 8O0 temperature

correspondent to the temperatures between 200 t6CpHA0O a better readability of the

treatment intensity dynamicshe DTG profilessurface(data fromFigure34) are presented

in Figure35 (a) and the contours angresentedn Figure35 (b).

The degradation of hemicelluloses for the torrefied product can be identified by the

characteristic shoulders before the celdd degradation peaks ifigure 34 and it is

represented by the 0.2 intensity value in the corfiayure35 (b) between 23 and 26 minutes.

It is possible to observe thaifter biomass undergoes torrefaction, the shoulders got smaller

until the 20°C temperature where this component reach almost total degratiatianthe

shoulder of the 270 and 290°C treatments very similar and the contour line after tlee sever

linearstage
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Figure 34. DTG profilesof pyrolysis experiment fathefive (210,230,250,270 and 290f @rrefied product

The DTG peaksin Figure34 arereachedat approximately365 °C and are attributed the
thermal decomposition of cellulo$€HEN; KUO, 2010b)LIN et al., 2018) For the prrefied
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biomass materialgeateduntil 270°C the obtaired DTG peaksare higher than those of the
untreatedraw biomasshynd for the severe torrefaction classificatitmese peak decreases
showing a stronger degradation of celluloses duringteeeatment, also evidenced by the IR
spectra for the higher ngperatures irFigure 31. Figure 35 (b) contours show this behavior
illustrating in the torrefaction mild temperature range higher values for the peaks due to slight
degrad#ion of cellulose. The DTG peak#dth alsodecreases after treatmdfigure 34 due

to theamorphous cellulosdegradation after treatme(d lower cohesive energy density is
resulted because the amorphous celkateactivity is higher than that of crystalline ¢relN

et al.,, 2018ESTEVES; PEREIRA, 2009
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Figure 35. (a) Pyrolysis DTGsurface in function of the temperaturedéime and (bpyrolysis DTGsurface

contour.
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The DTG curves corresponding to lignin degradation increases slightly with increasing
treatment temperature (temperaturenteen 408500°C), as a consequence of relatively more
lignin retained after treatment as can be sedfigare 34 agreeing with(CHEN; LU; TSAI,
20123 CHEN; KUO, 2010bLIN et al., 2018) When the temperature is higher than 600°C,
the curves are nearly characterized by a flatoregind approach zero, implying that lignin is

almost completely depletgtIN et al., 2018)

4.2.4 Thermogravimetric (TGAMacro-samplegesults

Torrefactioncontrolexperiments for treatment without acoustic waggformed for 80°C
and 270C temperatureallowing to validate the reactor performanselid yield evolutioras
well as thetorrefiedwood properties for &ucalyptus grandisnacrosize particle The results
provide the basesof comparisonfor torrefacton experimentsinder acoustic influenci
section4.3.2. Considering thewood samplesolid yield, Figure 36 illustrates the results
comparison for torrefaction treatments under similar conditionsEfgralyptus gandis
(ALMEIDA; BRITO; PERRE, 2010; LU et al., 2012; ROUSSET et al., 2082) expected
(ALMEIDA; BRITO; PERRE, 2010; BERGMAN; KIEL, 2005the combined effect of time
andtemper#ure, greatly affects mass loss bemgery effective indicator of th@rrefaction
processeverity

Thesolid yield decreasasith increasingemperaturshowing dinear relationship fouretl
for all comparedolid yielddata (R = 0.23). A mass loss percentageldf.94vt% for 250C
and 178wt% for 270°C agrees with previous studies Earcalyptus grandiSALMEIDA;
BRITO; PERRE, 2010; RODRIGUES; ROUSSET, 200lues reported birU et al., 2012
has a more significant mass loss due to the higher heating rate apglieatiment.Larger
heating rate leads to higher mass loss speed under the same tempedatumell differences
in final solidyield (ZHAO et al., 201Y.

Literature results for fixed carbon and volatile matter of torrefied eucalyptus wood are
summarized irFigure36 (b) for comparison. As expected, an increase in fixed carbon (hence
a decrease in volatiles) with increasedrefaction temperature was observed for all the
compared datd&Raw biomass data agrees with literat{&RIAS et al., 2008; LU et al., 2012;
ROUSSET et al., 20)2espites of the data frohLMEIDA; BRITO; PERRE, 201) that
obeys the linear tendency but has higher values for V.M and lower F.C. Each temperature
treatment is well represented in a linear relationsRfp=(0.987). Values from (ALMEIDA;
BRITO; PERRE, 2010jor 220, 250 and 280°C has the same linear behavior, however has
similar results values of giner temperature treatments. Maybe due to the size of the utilized
sample or raw biomass properties. The obtained result for 250°C is well placed after 240°C
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treatment performed bROUSSET et al., 20)2nd closer to results obtained (i et al.,
2012; RODRIGUESROUSSET, 2009Result for 270°C agrees withU et al., 2012and is
well placed when comparing to 280°C data.
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Figure 36. (a) Solid yield (%) versus temperature (°C) and (b) fixed carbon versus volatile matter comparison
for Eucalyptus grandisorrefaction underimilar conditions for 220, 250, 270 and 280°C treatments

Theraw samplevolatile content decreased from 77.17 to 7t®2 while the fixed carbon
increased significantly from 22.#1% to 28.7%t% with the elevation of the temperature from
250 to 270°CGasreported by RODRIGUES; ROUSSET, 2009; ROUSSET et al., 2012)

The energy vyield is defined by the energy content tataveen torrefied biomass atie
correspondingaw biomass, which is equivalent to the multiplication of the solid yield and the
enhancement factor of HH{EQ. 2) (CHEN; PENG,; BI, 2015; CHEN; LU; TSAI, 2012a;
PARK et al., 2012)Almeida et al.(ALMEIDA; BRITO; PERRE, 2010 indicated that the

calorific value of a material decreased almost linearly with increasing torrefactssloss.
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The plot of obtained energy yield versus solid yield iRigure 37 in comparison with
(ALMEIDA; BRITO; PERRE, 2010; RODRIGUES; ROUSSET, 2088pwedhat a decrease
in solid yield linearly(R? = 0.918)decreases the energy yield of biomasssuggested by
(CHEN; PENG; BI, 2015
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Figure 37. Solid yield (%) versus energy yieltho) for torrefaction treatment ducalyptus grandisinder
similar conditions for 220, Z5 270 and 280°C treatments.

4.3 Biomasghermacoustic torrefaction results

The results for standard torrefaction (withoubastic) are presented section4.3.1, to
validate themacroscale torrefiedbiomass properties and provide the reference values for
acoustic treatments comparison. The experimental analysis and statistical results for
torrefaction under acoustic are prated insectiond.3.2for all explored frequencieSection
4.3.3discusses and shows the results for the optimum identified frequencies.

4.3.1 Temperature andolid yield dynamics

Theresults for theemperature evolutiofcore and surface thermocouplésiring the 250
and 270°C torrefaction treatmemillustrated inFigure38for the control (no acoustic) and
acoustic treatments (1411, 1810, 2478 and 2696Hz). The illustrated temperature profiles are
an averge of 3 treatments that undergoes at the same condifenthe heat system is

controlled by an on/off PID some oscillations were observed on the temperature curves.
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Figure 38. Average temperatungrofiles of thethermocoupledcated in the center of the sampi@s250°C (a)
and 270°C (c) treatmentdverage émperature obtained by the thermocouple locatéuk surface of the
sampledor 250°C(b) and 270°C (d) treatments

Analyzing the 250°GexperimentgFigure 38 (a) and (b)), the acoustidreatments haa
maximum temperatureigher than the control treatmedn increase of théemperaturavas
observedor the treatments under acoustic effect. It was also observed that the itsatmder
acousticdanfluencereached the level of 250°C with approximately 2 minutes and 30 seconds
before the control, except for the frequency 1810Hz.Wbed surfaceaemperaturegrofiles
for the acoustic treatmesremained close to the contfolo acoustic) except for the frequency
2696Hz. The maximum exothermic peak temperature was registered for the 2696Hz frequency
with a temperature of 268.C, being2.3° C higher than the control.

Figure38 (c) and(d) shows respectivelythe average temperaturfes the coreand surface
for the 270°C experiment. A270°C, the treatments under acoustic influenaere more
evident incomparisorto the control. The temperature profiles atshenple coréndicate that
all treatments reached the 270°C plateau before the control, especially the frequencies 1411,
2478 and 2696H@ and a half minutes fasjer

All treatments reached the exothermic peak (maximum temperature) between 58 and 62
minutes, and the treatments thatlergoes acoustic influence reached their temperature peaks
before the control. The411 and 2478Huzeatments reachedsimilarpeak of 293.5°C and the
control of 290.5°C. After thexothermigpeak(TURNER et al., 201)) the temperatures of all
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the treatmets stabilize betweeP70and280°C during the plateau of 270°C, and there are no
significant differences between the treatments.
Turner et al. (2010) and Rodrigues and Rousset (208&ported that the average
temperatures measured on the surface of the@vduringtorrefactionprocess are higher than
in the @reduringthe heating phase, with an inversion when the treatment reaches the plateau.
This behavior change is due to the exothermic reactions that occur inside the wood, increasing
the temperaturena consequently the production of volatile materiB®USSET et al., 2004
Figure39 shows the solid yield dynamics for the temperature of 250 and 270°C. Analyzing
the 250°C treatmeriigure39 (a) the degradation starts at about 25 minutes for the 1411 and
1810Hz frequencies and for the 2478 and 2696Hz frequencies at 30 minutes. The control
biomass degradation begins only at 35 minutes. Note that the degradation ohtitué c

experiment is lower than the treatments under acoustic.
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Figure 39. Averagesolid yield profilesfor 250°C (a) and 270°C (c) treatmemserage DTG profiles for
250°C(b) and 270°C (d) treatments

For the270°Ctemperaturd-igure 39 (c) different behavior were observed fiegradation
in relation to the temperature of 250°&fter reaching the plateau of 270°C, the acoustic
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treatments differ from the control and present a fasternamie intense degradation until
almost equalingtthe end of the procedsigure39 (c).

In Figure 39 (d), the270°C DTGdifferences were observed during the procesgher
treatments without acoustics and under acoustic effect, such as early biomass degradation and

exothermic phase for acoustic treatments

4.3.2 Chemical analysis

The proximate analyseesultfor all the torrefied samplasnder acoustic frequenciasd
statsticssummary for the experimental factorial design performedsiaoe/n inTable8. An
analysis of variance (ANOVA) were carried out considering possible interactions between the
two explanatory variables: acoustiequencie$F) and temperatur@). When the temperature
condition is assessed, a statistical significance is observed comparing 250 and 270°C
treatments, agreeing wittiPARIKH; CHANNIWALA; GHOSAL, 2005; ROUSSET et al.,
2012. Considering the acoustic treatments for each temperature condigarestlts showed
that there were nsignificant differencedetween acoustic frequencid$e resulting values
for ashcontentwere inexpressive, even after the thermal treatment for both temperatures
agreeingwith (LU et al.,2012 which obtained values close tav¥ for the temperatures of
250 and 275°C.

Table 8. Properties of the torrefied solid with and without acou&iontrol). Classification by
averaged results considering 3 replicates per treatment. For each group, the means with the saiaedtian
were not significantlyifferent at 5% ( 18t ).

Treatments Proximate analysesv(%)’
T(°C) Frequency V.M F.C Ash
Raw. 81.4 46.03 0.09
250 Control 77177 2277  0.054

1411Hz 7669 2324 0.067*
1810Hz 7659 2335 0.059
2478Hz 77407 2252 0.082
2696Hz 7637 2356 0.069

270 Control 71122 2879 0.08]
1411Hz 71.21° 2870° 0.094
1810Hz 71.8% 2802° 0.099
2478Hz 7114° 2877 0.093
2696Hz 7007° 2981° 0.118

V.M.: volatile matter; F.C.: fixed carbohDry basis.

Table9 presents the energetic analysis results for the solid product. Considering only the
temperature assessment, obtained results for 250 af@ 2hdwed a good agreement with
the 9Wt% energy yield obtained by Bergmanatt (BERGMAN; KIEL, 2005 and with
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energy Yyield resultef 93.7 and 88.5 obtained hy et al, (LU et al., 2012 at 250 an®75°C

for eucalyptus.

Parikh et al.(PARIKH; CHANNIWALA; GHOSAL, 2005 reported that HHV is the most
important property for biomass as fuel and is highly related to proximatgsenal higher
gain ofHHV is usually associated withe percentage gain of FC. In this context, according
to Table8 andTable9, treatments that had the highest peragmtgains in FC also had higher
gains inHHV, except for the treatmennder2478Hzfrequencyat a temperature of 250°C, in
which, although the gain df.C was low in relation to the other treatments, Htd¢V was
higher than the control and 2696HeatmentResulting values foréatments under acoustic
influencewere superior to the contrfithout acoustic)except for the fragqencyl181Hz at
270°C.Table9 shows that the best results for HHV occurred at the ¢eatpre of 270°C. At
the temperature of 250°C the treatments with acoustics did not differentiate between them but

were statistically better than the control.

At the temperature of 270°C the treatments 2696 and 1411Hz achieved the best results
differing datistically from the control (no acoustic). The 1810Hz frequency was the one that
presented the worst result for HHV. In absolute values, the energy yields average for the
acoustics treatments were higher than the control, both at the temperature f 250,

except for the frequency 1810Hz at the temperature of 270°C.

Table . Ener gy properties.

Lowercase letters differ in the line and uppercase letters differ in column. (Lowercase letters statistical difference

in line and uppercase letters in column).

Classification
treatment. For each group, the means with the satter were not significantly different at 5% ( 18t ).

by Tukeyds

Treatments HHV Ns Ne

T(°C) 250 270 250 270 250 270
Frequency

Control 21.334P8  22.2893C 8806 8129  93.13% 90.09
1411Hz 21.6207%  22.403MB 8743 8144  94.02 90.64°
1810Hz 21.5844%  22.1638° 8738 8081° 93.79% 89.61°
2478Hz 21.5708% 22.3280%¢ 87.7% 8143® 94.11* 90.65°
2696Hz 21.53068%  22.4326° 8754 8103 93.86* 90.45°
Raw 20.09 100 100

HHV: Higher Heating Value: : Solid yield (wb); — : Energy yield (wt%)

According to the analysis of varianceTable10there was a statistical difference only for
the temperaturewhen evaluatingthe immediate analysis paramet€¥M, F.C and Ash
content) and solid yiel¢ )). For the energy yiel@d ), there verea statisticaldifference for

bothtemperature and fregncy and theirinteraction.Thus the1411 and 2696H&reatments
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alsoshowed to be statistically sidgiicant for HHV for 270°C when compared to treatments
without acoustic and the other two frequencies (1810 and 2478Hz) and were retained for a

more detailed analysis section4.3.3.

Table 10. Analysis of variance of the tempereg(T) and the acoustic frequency (F) parameters, along with their
first and second order interactions for the six response variables. CV = Coefficient of variation; * = statistically
significant; ns = not statistically significant at 1%. The values cpomd to the F test.

RESPONSE \/\1 05y FC (%) Ash (%)  HHV ns Ng
variable

T 373785* 350124 * 46238 * 4133566 * 3205022* 835068 *
F 1.714ns 1663 ns 3.092ns 34968* 1.322 ns 6.981 *
TXF 1.035ns 1.005ns 1748ns 27.762* 1.018ns 2.385ns

CV (%) 142 4.06 195 0.13 0.46 0.46
V.M.: volatile matter; F.C.: fixed carbdAHV: Higher Heating Value; : Solid yield (wt%);— : Energy yield (wt%)

4.3.3 Optimum frequencies

The chemicalanalysis showed that botfrequencies 1411 and 2696Hz presented the best
resultsconsidering the energy properties of torrefied biomAsdeepinvestigationexploring
treatment dynamics and chemical correlations diagramas performed for torrefied final

productfor thesetwo frequencies

4.3.3.1Thermeacoustic dynamics

Thelowerandhighestidentified frequenciem Table9 (1411Hzand 2696Hz) were selected
for a further analysis of thieeat treatment-igure40 (a) and(b) shows the evolution of the
average temperature at the wood sample surface and core @m@®200°C respectively.

As expected TURNER et al., 201)) the temperature at the surface was higher than in the
core during the linear heating phasdth and without acoustic frequencies. An inversion of
the temperature occurred at treatment temperature due to exothermic reactions inside of the
wood sample as identified (THAOUCH, 2011; ROUSSET2004).

Figure40 alsoillustrates a detailed view from temperatures after 230°Gajpand after
250°C for(b). Thereis a modifiation on temperature profiles for treatments under acoustic.
Frequencies mainly affected the core temperatures due to the exothermic reactions.

Indeed a maximum temperature gradient of 2.3°C (2701€11Hz) was observed over the
temperature evolutignvith and without acoustidn agreement with literaturéne higher the
treatmentmore evident is the exothermic pic due to exothemeactions inside of the wood
(CHAOUCH, 2011) The heat releaseffect of this exothermic reactions can be seen as well

at the surface temperature when the treatment is performiefogher temperature of 270°C
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(heat release from the inside of the wood affect the surface temperatee)me taken to
reach thdreatmentemperature level was reduced by 2 min for 250°C and 2.3 min for 270°C

treatments

(a) 250 °C
300

- No Aconstic o |
] B1411 Hz i
250 } m 2696 Hz

200 Surface
J e

Temperature (°C)
o
n
=

(l)) 270°C Time (min)
300 -— i
M No Acoustic ! :
| E 1411 Hz i
250 B 2696 Lz A

Surface

Temperature (°C)
ot
n
=

COI‘e 40 50 60 70 80 20 100 110

0 } } } } }
0 20 40 60 80 100 120

Time (min)

Figure 40. Average of the surface and core temperature prdéileseatments without acoustiblo Acoustic)
and treatments with 1411Hmd 2696Hz frequencies performed at 250°C (a) and 270°O#ésheedoubledot

arrows indicate the zoomed profiles.

The effect of the acoustic field combined with the different treatment temperatures was also
assessed from treolid yieldand conversn rate of the wood sampldsgure41 shows the
evolution of the solid yield as a function of time along with the differential thermal gravimetry
calculated from the derivative of the solid yield curves during tiar 250°C(a) and 270°C
(b) treatments.

For the torrefaction experiments without acoustics (continuous blackwoel starts to
decompose after 180°C as described ®{MEN; PENG; B) 2015. The mass loss ineases

with increasing temperature and mass loss percentate @¥t% for 250°C and 18.7tt%
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for 270°C obtained for torrefaction without acoustics agree with studidsuicalyptus grandis
at the same conditiog8LMEIDA; BRITO; PERRE 2010; RODRIGUES; ROUSSE2009;
ROUSSET et al2012. Considering the solid yield profggor 250and 270°C treatmesgjtan
earlier degradatiois observed for treatments under 14ht 2696Hz frequencies.
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Figure 41. Solid yield (%) and solid yield deviatn (g/min) for treatments without acoustio Acoustic)and
treatments with 1411Hz and 2696Hz frequencies performed at 250°C (a) and 270°C (b).

Solid yield profiles for treatments under acoustic influence has a comparable comportment
for both temperatuseand shows an interesting shift in time comparablereatments
performedwith different heatingates. Similar shifts were reported (GHAOUCH, 2011) for
poplar wood under 230°C temperature timgnt with a heating rate of@.min* and 2°Cmin
1 In fact the temperature gradient founded ia temperature profilg&igure40) can explain

these resultfor the solid yield.
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Figure 42. Conversion ratéor treatmentsvithout acousticontrol) andtreatments with 1411Hz and 2696Hz
frequencies performed at 250°C (a) and 270°C (b).

In both cases under acoustic influegntde tendency revealed an increase in differential
thermalgravimetry showing two small peaks in the begmy of degradation for 250°C and a
shift in time showing an earlier degradation for both temperatures. For 250°C the peak is less
intense compared to 270°C pesakowing astrongerdegradation for higher terepatures.

The calculated conversion rateand wood core temperature are illustratedrigure 42
Figure 41 (a) for 250°Cand (b) for 270°C As the torrefaction process assumedo start at
about 180C (CHEN; PENG; Bl 2015, the yield at 16°C was normalized as the initial yield
and the time was counted@s T1tfor a better reability of the results.

Resulting values for the conversimatesagree with literature for no acoustic treatmeatts
the same condition)ROUSSET et a).2012). Treatments performed under acoustic shows a
noticeable difference compared to the control experirremtacoustic) Higher conversion
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rates were obtained for 2D experiments due to the higher temperatures registered inside of
the woodleading to a higher releasing of volatil&sgure31).
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Figure 43. Calculated conversion rates enhancementgdatments (al411Hz and (b2696Hz performed at
250°C and 270°C.

For a better comparison beetwen treatments with and without acoustic the conversiton rates
enhancements were calculated and are illustrated iridlnee43rigure 42 for (a) 1411Hz and
(b) 269@Hz treatmentsResults shows similar behavior for both acoustic treatmeats
erhancementactor of 2.4 and 2.8&or 250°C and 270°C respectively. In other worte
convers#on rate can be intensifiedup to 140% for 250C and 18% for 270°C in the

begiming of torrefaction when compared to experiments without acoustic.
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As can be noticed in temperature profiles results as well as for the solid yield and
conversion rates angis, the main stage of treatment affected by the acoustic influence was
the linear heating and the begging of the settled temperature treatment for both temperatures.
Treatment performed under 2696Hz were more effective showing a higher modification for
temperature profiles and for the solid conversion rates.

An important aspect tte pointed out is that the acoustics affected the middle of the
torrefaction treatmentshowing very similar solid yield for the final products and final
temperatures. The ressilare interesting if the objective of the applied thermal modification is
to reduce treatment time. For exampte achieve 1@t% of mass loss treatment time was
reduce up to 4 min for 28C and 28 minutes for 270°C. Similar patterns and treatment
reducng time arereported whenorrefaction treatment is performed with different heating
rates for standard torrefactig HAOUCH, 2011).

4.3.3.2Solid product pyrolysis

The thermogravimetric (TGA) and dering thermogravimetric (DTG) analysessults
are illustrated irFigure44 for the pyrolysis ofthermoeacoustic torrefied product treatment at
250and 270°C.

Those analysis allowed to obtain more information altbateffect of the interaction
between acoustic waves and temperabarthe torrefied eucalyptus wood. The same analysis
was performed for the standard torrefaction procedure and was discusseddatithet.2.3
and illustrated irFigure 34.

Comparing the solid yielthehavior,it is possible to concludéom Figure 34 that the
treatments performed with higher temperature intensities had a lower degrg@aicmh
componets had a higherconsumptionduring the torrefactionyvhen the pyrolysis of the
torrefied product was performeeigure44 (a) and(b)illustrate that the experiments performed
under acoustic influence had a sligbiver degradatiorpresentingthe behavior of a more
intensive treatment whesompared to the control.

Figured4(b) and @) displays the solid yield DTG for the 250 and 270°C treatment without
(control) and with 1411 and 2696Hz) acoustic. Comparing withFigure34it is possible to
observe that the difference during wood components degradation were obtained for the
cellulose (peak). The acoustic treatments showed @hitggree of degradation being difficult
to point out which treatment was better due to the slight difference. The chemical analysis
discussed in the next section provided more information to understand the physical

phenomena.
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Figure 44. (a) Solid yield in function of the temperature {®Btailed DTG (208600°C) of thermeacoustic

torrefied product (250°C) pyrolysis.

4.3.3.3Chemicalanalysisinterpretation

Figure45illustratesfor the identifed optimum frequenciebe listed valuegTable 8) of

VM and FC content@~igure45 (a)) andthe atomic oxygetio-carbon (O/C) and hydrogen-
carbon (H/C)(Figure 45 (b)) correlationsfor optimum frequenciesRaw biomass volatile
matter content is higiftwhen compared tiveated woodwhile its FC content is loeragreeing
with (ALMEIDA; BRITO; PERRE 2010; CHEN; LU; TSA] 2012a; PARIKH;

CHANNIWALA; GHOSAL, 200®). During biomass torrefacdn a dehydration process takes

place releasing moisture and ligiatiatiles from raw materials.
As can be een inFigure45 (a), treatmaets performed with acoustic coupled to temperat

presented a higher degradatiaspect. Thdinear tendencyshows aincreasing torrefaction

agreeing with solid yield curvebigure41l). Resulting values are in agreement when analyzing

the torrefaction dynamscand chemical analysis.
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Figure 45. Results for fixed carbon (F.C) versus volatile matter (V.M) (a) and van Krevelen diagram (b) for

optimum frequencies treatment.

For 250°C the 1411Hz treatment reported better resutls whempaceth to 2696Hz
treatment and the oposite for the 270°This can be explained due to the different
comportments that de acoustic field have for different temperature atmosphdtesto the
different organic compounds that are released for the difféeemperature conditionghe
hypothesis is that the acoustic energy helps the heavier comp@elidkse decomposition
takes placejeleased during 270°C

The van Krevelen diagram is illustrated Rigure 45 (b). After undergoing torrefactign
moisture and light volatilesvhich contain more hydrogen and oxygare removed from
biomasswhereas relatively more carbon is retaif€HEN; PENG; BJ 2015. The obtained

valuesfor the atomicoxygento-carbon (O/C) and hydrogdn-carbon (H/C) ratios for raw
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biomassandtorrefied biomassshoweda linear rgression (R?> = 0.9976) corroborated with
the literature (CHEN; LU; TSAI 2012a; MCKENDRY 2002; PARIKH; CHANNIWALA;

GHOSAL, 2009. Figure 45 (b) shows thathe 1411Hz treatmertitas a higher impaaethen
compared tohehighestfrequerty (2696Hz) at 250°CFor the270°Ctreatmentnot significant

differencewas reported.
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Figure 46. Higher heating value in function of the solid yield (a) and HHV enhancefselid bari 250°C

treatmenthatched bar 270°C tratment)(b) for the identified optimum treatments and control treatments.

Figure46 displays the higher heating value (HH& afunction of the solid yielda) and
de HHV enhancemer(b) for treatments performednder 1411Hz and 2696H&aking a
comparisorbetweertemperature treatmenisontrol) andcoupledreatmentgtemperature and

acoustig, it is possible to noticéhe samédehaviorfor Figure 46 (a) and (b) where forthe
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250°Ctemperature treatment coupled to 1Mz irequency a higher value for the HHV as well
as for the HHV enhancement (solid bar) are reported. For the 270°C temperature treatment
the 2696Hzfrequencyhad betteresultfor both parameters.

From an ndustrial point of viewthe ideal energy aspect is to obtaihigh energy yield at
a low solid volumghigher mass lossed)spending less energy during fireatmenprocess
Luetal (LU et al, 2012 determine an energymass cebenefit index (EMQ thatmeanghe
difference between the energigld and the solid yieldO0 6 'O- - ). This INDEX was
definedto seekthe optimum condition operation between torrefaction treatmehtse a

higher EMCI represent a better treatment to beiegpb the raw material.
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Figure 47. Solid and energy yields and enengyass cebenefit indexes (EMCI) of eucalyptus in for standard ad
acoustic (optimum frequencies) treatment.

Figure47 illustrates thesolid and energy yields aride calculate@nergymass cebenefit
indexes (EMCI) oEucalyptus grandi$or torrefaction treatments under temperature influence
and coupled temperature and frequencies (1411 and 2696Hz).

During torrefactio, the weight loss will lessethe energy yieldwhereas the enhancement
of HHV facilitates energy yielCHEN; PENG; B]2015. Seeing that the impact of the former
on energy vield is over the lati¢he energyield decreases with increasing temperature and
duration.For 250°C treatmenthe bar chart irFigure 47 shows amaximum value 06.62
EMCI (1411Hz treatmentandfor 270°Ctreatment a maximum value 41 EMCI 2696H2)
implying that optimum operations occur at thesaditions. This resuligrees with the entire
torrefied product assessment.
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4.4 Biomasshumericalmodel

4.4.1 Biomass kinetic model validation

For the kinetic model validation experimental datan (CHAOUCH, 2011) were used
Experimentally recorded temperature and solid yields profiles durinigeiiingprocess are
shownin Figure48. Experimental dat comes from a MacfdGA experiments\Wood heat
treatment wasarried outatfive differenttemperatures: 20@10 220 230 and 24%C.
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Figure 48 Temperature profiles arsblid yield during heat treatment of popl&@@ HAOUCH etal. 2010.

4.4.1.1 Definition of model parameters

First of all kinetic parameterswere determined for each treatment temperature
individually. Preexponential factors and activation energies were initialized using data from
the literatur§ COLIN et al, 2015 and upgraded by the minimization@fQ"Q"(Eq. 29) using
a multidimensional unconstrained nonlinear minimization solver Nélted (Matlab®
software) with admitted convergence criterion of*170he numerical method is illustrated in
Figure49.
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Figure 49. Numerical schematic flow for kinetic model.

The results obtained with this individual approach are presentédune50. For a better
readability of the figuremass jelds evolutions are presented after the thermal stabilization
plate of 170°C. Indeedas mentioned aboy@o significant mass loss can be observed for

temperatures lower than 170°C.

100 - Simulated =~ =——
Experimental sssss

Yield (wt%)
=]
[=]

=]
h

@
=]

75 +

Time (min)

Figure 50. Numericalkineticssimulation(solid line) fitted with experimental data (dotted line) fodividual

analysis

For a deeper observation of kinetic parameters varigfimmexponential factors and
activation energies of all considered temperatures havecbegrared irFigure51andFigure
52. Whatever the considered reactiangap is observed between the parameters obtained for
the low temperatures (200 and 210°C) and those obtained at high temp&2iug3Q and
240°C). This first numerical step suggests the existence of two thermal sensitivity. gnoups
which the reactions differ.
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Figure 51. Comparison for btained preexponential factors fandividual kinetics analysis.
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Figure 52. Comparison for obtainealctivation energiefor individual kinetics analysis.
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4.4.12 Optimization of model parameters

Even if the previous results were satisfyitvgo major drawbacks have to be noticed. From
a saentific point, such a simulation assesses that different reaction paths exist depending on
the treatment temperature. Moreqgver industrial applicationghis involves that information
about kinetic parameters are required for each temperature and@adtispecieslhe target
of the following step is thus to determine a common set of kinetic parameters leading to an
accurate mass yield prediction whatever the treatment temperature ranging between 200 and
240°C. In order to achieve this objectifer a given set of kinetic parametenmsass yield
profiles are calculated for all the temperatures. The devig@o©sQ "@re then determined and
a global deviation between experimental and numerical results for all the temperatures is

computed accordg toEq. (41).

QQL QOOWHV'Q QQQQ QNQQQ QNQQQ QQQQ (42

As previously the NeldefMead solverwas used to find the optimal set of kinetic
parameters. To improve the solution findiagchange of variabld=(). (42)) has been applied
(REVERTE 2007.

(42)

WhereQ ; andO j, are respectively modified (subscrip) kinetic constant and activation
energy of the’Q (subscript'@ peudecomponent.This modification aims to reduce the
difference of order of magnitude between the values eéppenential factors and activation

energiesRate constant§ with modified Arrhenius law becors&q. (43):

VY Qo & or—2 (43)

in a direct approagclhe procedure to find a common set of kinetic parameters was initialized

with data available in the literatur8imulatedand experimental soligields (Figure53) show
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an acceptablagreement only for the lowest temperatures. A careful analysis of the solver
convergence allowed to observe that multiple solutions pmgsible according to the
parameters initialization. For this reasarstrategy based on the thermal sensitivity wak b

up. The method leading to the best results is schematically represehigdre54.
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Figure 53. Simulated and experimental solid yields applying direct approach method.
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Figure 54. Methodology for the numerical thermal sensitivity analysis.

Kinetic parameters are firstly determined according to the individual approach temperature
by temperature. The kinetic parameters obtained for the treatment at 240ftl@é&n used as
initialization to find an optimal set of parameters for the group of high temperature28220

and 240°C) identified in the previous step.
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Finally, these kinetic parameters are used as initialization to determine a unique set for all
the studied temperatures. Simulation results of this approach are shown irFigure  55.
Good results accordance is achieved between experimental and numerical results. The largest
divergence between experimental anidwated values appears for a heat treatment at 210°C.
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Figure 55. Simulated and experimental solid yields applying theseakitivityanalysis

Actually, it seems important to notice that the dispersion of experimentatses#10°C
is more pronounced and leads to deduce that calculated values are included into the
experimental uncertainty. The larger uncertainty at this temperature is assumed to be a

consequence of the change in the reaction path previously identified.

It should be emphasized that a good fitting has been achieved both at the beginning and at
the end of the treatment process. This observation confirms that the chosen model is able to
consider from a macroscopic point of vieall thermodegradation reactionscurring in the
treatment temperatures range 200 to 2400@ing to the better simulation quality and
reasonable computation t@nthe set of kinetic parameters obtained using the thermal

sensitivity approach is retained.

4.4.1.3 Characteristics of kietics parameters
To provide a better understanding of obtained kinetic values and establish an equivalent
comparison pre-exponential factors and activation energies issued from the literature are

presentedn Tablell. Studied species and treatment conditions are detailed in the table.
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Comparison between poplar

and pure xylamajpr

constituent of hardwoods

hemicelluloses points out that in both materials activation energy associat@discbigger

than in"Q and activation energy i is bigger than in th& . Some authors observddr

other specigsanother behavior giving activation energy@fsmaller than that of2 (BACH
et al, 2016; BATES; GHONIEM2012; SHANG et a).2013. It is important to keep in mind

that kinetic parameters values result from a numerical minimization function.

Table 11. Literature of knetic parameters

Material  Experimental condition Kinetics parameter Reference
Poplar . 8585 Presat study
Temperature: 20@40°C k, =1.04x10 exp(
Heating rate: 1C min'?
Isothermal period: 10 h
P K, =1.91x10%exp( 14413
606
k, =2.05% 101exp(
-11489
k,, =7.00x10" exp(
Xylan DI BLASI et al, 1997
Temperature: 20840°C k, =1. 74x10"exp(- 6623
Heating rate: 40 to?C s*
Isothermal period: 862000
s k, =3.31x10°exp(- 9154
k, =3.43 10 ex (ﬂ
k, =5.87 10 ex (ﬁ
Willow - 597 BATES et al, 2012
Temperature: 23800°C. k, = 2.48x10" exp(
Heating rag¢: 10C min'*
Isothermal period: 180 7 -114214
min ky, =3.23x10" exp( RT )
-15171
k, =1.1x 101°exp(
15171

ky, =1. 59><101°exp(
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Wheat -7099 SHANG et al, 2013
straw Temperature: 25800°C. k, =3.48x 10* exp(
Heating rate: 10 and 8C
min't 13946
Isothermal period: 90 min Kk, =3.91x 1010€Xp(
656
k, = 4.34x 1o3exp(
- 1862
k,, =3.48x10" exp(
Spruce - BACH et al, 2016
Tempeature: 226300°C. k, =1.04x 101exp( 2079%
Isothermal period: 120 min RT
7 -9026
k\,l =1.26x10" exp( RT
- 7060
k, = 2.76><104exp( %
9 47
k,, =3.48x10° exp(
Birch - BACH et al. 2016
Temperature: 22600°C. k, =2.25% 10’ exp( 8770%
Isothermal period: 120 min
11985
ky, =1. 02x10%exp(-
k,=2. 39><101exp( 9350
10961
k,, =1.03x10°exp(
Beech 600 REPELLIN et al, 2010
Temperature: 22Q60°C. k, =2.48x 10106Xp(
Isothermal period: 80 min -1140
k,, =3.94x10 exp( %
15170
k, =1.10x10°exp(-
40
ky, = 4.12><106exp( %
Pine Tempeature: 256300°C. 4685 SHANG et al, 2014

Heating rate: 160°C min?
Isothermal period: 90 min

k,=7. 714x101exp(
-12211

k,, =2.68x 108exp(
0 006

k, =1x10°exp(

9439
ky, = 5.75><104exp( T (3
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The separate consideration of qgonential factor and activation energy is not suitable
because there is a possibility of compensation between Farma. better interptation of the
competition between the occurring reactiathe kinetic rates are graphically disposed in an

Arrhenius plotfor temperatures between 2Q@0°C (Figure56).

It is thus possible to observe thiatr Paplar heat treatmepsgimilarly to the pure Xylarthe

ranking of reaction rates from largest to smallesQis Q@ Q Q. The kinetic rates

indicate that the first reaction ste® 6 ando © w is faster than the second® 6 ando ©
W as pointed out b§BACH et al, 2016; SHANG et a]2013. From the Arrhenius ploit can

be concluded that when the temperature incredisesecond step becomes more important

especially the reaction that leads to the formatiog of
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Figure 56. Reactionrates competition for (a) Poplar and (b) Xy(@1 BLASI et al, 1997).
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4.4.2 Eucalyptus Kinetics

The thermoeacoustis torrefaction experimentswere performed usinghe Eucalyptis
grandiswood speciesSolid and volatile yieldlynamics as well as chemical analysis showed
that the interaction between temperature (T) and frequencyl(fihg the thermeacoustic

torrefactionhada slight higher and faster degradation.

Figure 57. Simulated and experimental curves for control (a) and acoustic treatmeibdd (band (c) 2696Hz.
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