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Abstract

The world's depleting fossil fuels and increasingemmhouse gas emissions have given rise to much
research into renewable and cleaner energy. Biommasgque in providing the only renewable sourte o
fixed carbon. Agricultural residues such as Sugerddagasse (SB) are feedstocks for ‘second geoerati
fuels’ which means they do not compete with proiducof food crops. In South Africa approximately 6
million tons of raw SB is produced annually, mokthich is combusted onsite for steam generation. |
light of the current interest in bio-fuels and theor utilization of SB as energy product in the aug
industry, alternative energy recovery processeduldhbe investigated. This study looks into the
thermochemical upgrading of SB by means of pyrslysi

Biomass pyrolysis is defined as the thermo-chendeabmposition of organic materials in the abserfice
oxygen or other reactants. Slow Pyrolysis (SP),Mat Pyrolysis (VP), and Fast Pyrolysis (FP) are
studied in this thesis. Varying amounts of char biodoil are produced by the different processdsciv
both provide advantages to the sugar industry. Cayabe combusted or gasified as an energy-deake fu
used as bio-char fertilizer, or upgraded to actidatarbon. High quality bio-oil can be combusted or
gasified as a liquid energy-dense fuel, can be ased chemical feedstock, and shows potential for
upgrading to transport fuel quality. FP is the mostlern of the pyrolysis technologies and is foduse

oil production. In order to investigate this praces 1 kg/h FP unit was designed, constructed and
commissioned. The new unit was tested and compacedtwo different FP processes at
Forschungszentrum Karlsruhe (FZK) in Germany. Asn@ans of investigating the devolatilization
behaviour of SB a Thermogravimetric Analysis (TGA)dy was conducted. To investigate the quality of
products that can be obtained an experimental stiadydone on SP, VP, and FP.

Three distinct mass loss stages were identifiech fliGA. The first stage, 25 to 110°C, is due to
evaporation of moisture. Pyrolitic devolatilizatisras shown to start at 230°C. The final stage acatr
temperatures above 370°C and is associated withruking of heavier bonds and char formation. The
optimal decomposition temperatures for hemicellellasd cellulose were identified as 290°C and 345°C,
respectively. Lignin was found to decompose overdhtire temperature range without a distinct peak.

These results were confirmed by a previous study®A of bagasse.

SP and VP of bagasse were studied in the sameordacallow for accurate comparison. Both these
processes were conducted at low heating rates (@0 and were therefore focused on char production



Slow pyrolysis produced the highest char yield, ehdr calorific value. Vacuum pyrolysis produced th
highest BET surface area chars (>300gnand bio-oil that contained significantly lesater compared

to SP bio-oil. The short vapour residence timeh@ YP process improved the quality of liquids. The
mechanism for pore formation is improved at lowsgrge, thereby producing higher surface area chars.
A trade-off exists between the yield of char arelqality thereof.

FP at Stellenbosch University produced liquid yseldb to 65 + 3 wt% at the established optimal
temperature of 500°C. The properties of the bidroiin the newly designed unit compared well to bilo-
from the units at FZK. The char properties showates variation for the different FP processes. At th
optimal FP conditions 20 wt% extra bio-oil is pregd compared to SP and VP. The FP bio-oil contained
20 wt% water and the calorific value was estimateti8 + 1 MJ/kg. The energy per volume of FP bio-oi
was estimated to be at least 11 times more thaSEryFP was found to be the most effective profmss
producing a single product with over 60% of thegimal biomass energy. The optimal productions of

either high quality bio-oil or high surface areackvere found to be application dependent.
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Opsomming

As gevolg van die uitputting van fossielbrandsteémves, en die toenemende vrystelling van
kweekhuisgasse word daar tans wéreldwyd baie nagoip hernubare en skoner energie gedoen.
Biomassa is uniek as die enigste bron van hernubaste koolstof. Landbouafval soos Suikerriet

Bagasse (SB) is grondstowwe vir ‘tweede generastebtandstowwe’ wat nie die mark van

voedselgewasse direk affekteer nie. In Suid Afrikad jaarliks ongeveer 6 miljoen ton SB geproduseer
waarvan die meeste by die suikermeulens verbrand won stoom te genereer. Weens die huidige
belangstelling in bio-brandstowwe en ondoeltrefierigenutting van SB as energieproduk in die
suikerindustrie moet alternatiewe energie-onginsimgsesse ondersoek word. Hierdie studie is op die

termo-chemiese verwerking van SB deur middel vaolipe gefokus.

Biomassa pirolise word gedefinieer as die termavibse afbreking van organiese bio-materiaal in die
afwesigheid van suurstof en ander reagense. St&digkse (SP), Vakuum Pirolise (VP), en Vinnige
Pirolise word in hierdie tesis ondersoek. Die g¢niesesse produseer veskillende hoeveelhede houtskoo
en bio-olie wat albei voordele bied vir die suiketistrie. Houtskool kan as ‘n vaste energie-digte
brandstof verbrand of vergas word, as bio-houtdéaopos gebruik word, of kan verder tot geaktiveerde
koolstof geprosesseer word. Hoé kwaliteit bio-dlien verbrand of vergas word, kan as bron vir
chemikalié gebruik word, en toon potensiaal om ie tbekoms opgegradeer te kan word tot
vervoerbrandstof kwaliteit. Vinnige pirolise is dmeees moderne pirolise tegnologie en is op bio-olie
produksie gefokus. Om die laasgenoemde proseste ito‘'n 1 kg/h vinnige pirolise eenheid ontwerp,
opgerig en in werking gestel. Die nuwe pirolise hegdd is getoets en vegelyk met twee verskillende
vinnige pirolise eenhede by Forschungszentrum Kadrks (FZK) in Duitsland. Termo-Gravimetriese
Analise (TGA) is gedoen om die ontvilugtigingskenkeevan SB te bestudeer. Eksperimentele werk is

verrig om die kwaliteit van produkte van SP, VRnige pirolise te vergelyk.

Drie duidelike massaverlies fases van TGA is gdifieger. Die eerste fase (25 — 110°C) is as gevaly
die verdamping van vog. Pirolitiese ontvlugtigingt lvegin by 230°C. Die finale fase (> 370°C) is met
die kraking van swaar verbindings en die vormingn vaoutskool geassosieer. Die optimale
afbrekingstemperatuur vir hemisellulose en selkiigsas 290°C en 345°C, respektiewelik, geidentfis
Daar is gevind dat lignien stadig oor die twededende fases afgebreek word sonder ‘n duidelike

optimale afbrekingstemperatuur. Die resultate ig derige navorsing op TGA van SB bevestig.
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SP en VP van bagasse is in dieselfde reaktor bestudm ‘n akkurate vergelyking moontlik te maak.
Beide prosesse was by lae verhittingstempo’s (20/g}/ondersoek, wat gevolglik op houtskoolformasie
gefokus is. SP het die hoogste houtskoolopbrengsdia hoogste verbrandingsenergie, geproduseer. VP
het hootskool met die hoogste BET opperviakareaagkeiseer, en die bio-olie was weens ‘n dramatiese
afname in waterinhoud van beter gehalte. Die megamivir die vorming van ‘n poreuse struktuur word
deur lae atmosferiese druk verbeter. Daar bestadamverse verband tussen die kwantiteit en kwalitei

van die houtskool.

Vinnige pirolise by die Universiteit van Stellenlbbshet ‘n bio-olie opbrengs van 65 + 3 massa% by ‘n
vooraf vasgestelde optimale temperatuur van 50@@agluseer. Die eienskappe van bio-olie wat deur
die nuwe vinnige pirolise eenheid geproduseer igghed ooreengestem met die bio-olie afkomstig van
FZK se pirolise eenhede. Die houtskool eienskappe die drie pirolise eenhede het enkele verskille
getoon. By optimale toestande vir vinnige pirolserd daar 20 massa% meer bio-olie as by SP en VP
geproduseer. Vinnige pirolise bio-olie het ‘n watboud van 20 massa% en ‘n verbrandingswarmte van
18 £+ 1 MJ/kg. Daar is gevind dat ten opsigte vamedeB die energie per enheidsvolume van bio-olie
ongeveer 11 keer meer is. Vinnige pirolise is deesndoeltreffende proses vir die vervaardiging ‘man
produk wat meer as 60% van die oorspronklike bi@aanergie bevat. Daar is gevind dat die optimale

hoeveelhede van hoé kwaliteit bio-olie en hoé ogpkarea houtskool doelafhanklik is.

viii



Acknowledgements

Firstly | would like to thank my supervisors, Preder Knoetze and Professor Gorgens, for their goigla
and support over the past years.

| would like to say special thanks to Dr. Marionrfier for her guidance and support. | am deeply

indebted to her for all she has taught me ovelasteyear.

I would like to thank my project sponsor Steve Bavom SMRI, as well as CRSES for funding for this
project.

| would like to thank Dr. Stahl at Forchungszentrifarlsruhe (FZK), who made the visit to Germany

possible, as well as my friend and colleague Wdleyade who worked alongside me at FZK.

| would like to thank the Oppenheimer Memorial Trige providing me with the necessary funding for
the visit to FZK.

| would like to thank the workshop, especially Odmton, Oom Jannie, and UlrichiBner for their help

in the construction of the fast pyrolysis unit.
| would like to thank Hanlie Botha, and the othexrttnicians who did analyses.
I would like to thank my parents, brother, frieradgl loved ones for their support over the lastyears.

| would like to thank my God.



Abbreviations and Nomenclature

Abbreviation

Abbreviated Word

AC Activated Carbon

ar Arrive (as is, original)

dwt% Dry Weight Percentage

ESP Electrostatic Precipitator

FBR Fluidized Bed Reactor

FPU Fast Pyrolysis Unit

FzK Forschungszentrum Karlsruhe
Liquid phase or All liquid products for pyrolysis. This includes vea and
(Bio — oil) oil fractions.

maf Moisture and Ash Free

mf Moisture Free

n.a. Not Applicable

n.d. Not Determined

Oil phase or

(organic liquid phase)

All organics from the liquid product. (No water)

PDU

Process Demonstration Unit

Pyrolytic water

Portion of liquid phase collected in ice traps dgrslow
and vacuum pyrolysis.

SA

Surface Area

SMRI

Sugar Milling Research Institute

Solid phase or
(Char or Bio-char)

Pyrolysis char (includes ash)

SU or (US)

Stellenbosch University (University déBenbosch)

Sugarcane Bagasse or
(Bagasse) or (SB)

The remnants from sugarcane after extraction cdisug

Tar phase

High viscosity liquid phase. Typically contains pri3%
moisture. (Only referred to in vacuum and slow pysis.)

Water phase

All water from liquid product. This includes watieom the
biomass (moisture) and pyrolysis reaction water.

WC or (MC)

Water Content (Moisture Content)

wt% or (m%)

Weight Percentage or Mass Percentage

Yield % or (Y)

Weight option of respective product expressed as a
percentage of original weight (of biomass) befoyelysis.




Abbreviation Name Units
AT, Mean temperature difference °C [or K]

A Surface Area m

Ar Archimedes number -

Cp Specific heat kJ/kg.K

E Energy J

f Fluid -

g Gravitational acceleration s

h Heat transfer coefficient W/

H Bed depth m
Heva Heat of evaporation kJ/kg
HHV Higher heating value, (or calorific value) MJ/kg

HHYV (dry) HHV of sample containing no water MJ/kg

H, Heat of reaction kJ/kg

ID Inner Diameter m

k Thermal conductivity W/m.K

L Length m

M Mass flow rate kg/h

n Reaction order -

p Particle -

P Pressure kPa [or Bar]

Q Heat transferred per unit time W (or kJ/h)

r Radius m

R Universal gas constant J/kg.K

Re Reynolds number -
RPM Revolutions per minute -

T Temperature °C [or K]

t Time s [or min]

u Velocity m/s
Ui Minimum fluidization m/s

U, Terminal velocity m/s

Y Yield %

Conversion -

€ Voidage -

n Viscosity Pa.s

p Density kg/ni

T Residence time s [or min]

[0) Sphericity -

Xi
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1 Introduction

The world’s depleting fossil fuels and increasingge@&@ House Gas (GHG) emissions have given rise to
much research into renewable and cleaner energyndis is unique in providing the only renewable
source of fixed carbon. It is termed ‘carbon ndutracause all C@released form biomass combustion
was previously absorbed from the air. It is recegdithat biomass surpasses many other renewable
energy sources, because of its abundance, higlgyematue and versatility. In South Africa (SA)
approximately 6 million tons raw bagasse is produaenually ywww.smri.org 2009). Most large and
medium sized mills can use up to 75 % of this begassite to generate heat and electricity (Zaodesrs

et al, 1999).

The projected renewable energy demand for 201®psoaimately 4% of South Africa’s total energy
demand. Currently almost all national electricikyprovided by coal and nuclear power, 92.8 and/6.7
respectively. Only a very small fraction is sup@ley biomass, solar, wind and hydropower. Becanse |
cost electricity plays a key role in the economiovgh of this country, coal is likely to remain ary
attractive energy source. However, the Departméminerals and Energy (DME) has set a target of
10 000 GWh to be produced from renewable energycesu(mainly from biomass, wind, solar and
small-scale hydro) by 2013. The bio-fuels task tem to achieve 75% of South Africa’s renewable

energy needs. This strategy focuses on bio-etteambbiodiesel.

By implementing thermo-chemical upgrading of bagasse energy efficiency can be increased
significantly, resulting in energy savings and $usgenergy products (Pippa al, 2007; Garcia-Perezt

al., 2002). Thermo-chemical processes include comtmuspiyrolysis and gasification of which the latter
two are upgrading techniques. These upgrading pseseare used to convert biomass into energy-dense
bio-fuels namely char, bio-oil and non-condensabksses. Different types of thermo-chemical
decomposition produce different product qualitiesl aatios by controlling the oxygen content and
process conditions. Table 1 illustrates typicalgheidistributions among products for different ther
chemical processes. Fast pyrolysis is optimizechfgh liquid yield production; gasification maxireiz

gas production; vacuum pyrolysis gives a more esgrad of products; slow pyrolysis and torrefaction

give char as main product; and finally combustioodpices heat.



Table 1: Typical product distribution from variobi®mass conversion techniques (Bridgwateal,
2003; Moharet al, 2006)

Char Liquids
Process Typical process conditions wit% wt% Gas wt%

500°C, high heating rate, short vapour

residence time (< 2s) 10-20 | 60-75 | 10-20

Fast pyrolysis

450°C, low heating rate, long - medium

: . . 20-30 35-45 25-35
vapour residence time (few minutes)

Vacuum pyrolysis

500°C, low heating rate, long - long

vapour residence time (5 min -30 min) 25-35 30-45 25-35

Slow pyrolysis

300°C, low heating rate, long vapour

; . 70 0 30
residence time

Torrefaction

>800°C, high heating rate, long vapour

X ; 10 5 85
residence time

Gasification

Great economical advantages lie in the potentigraging of the pyrolysis products. Liquid fuel has
some advantages in transport, storage, combusétrafitting and flexibility in production and magting
(Bridgwateret al, 1999). The alternative is char production by nseainslow or vacuum pyrolysis. The
char can be upgraded to activated carbon whichhiglxvalue product, and is also used by the sugar
industry to clarify raw sugar for white sugar protion. This study looks into the use of pyrolysis f
increasing the efficiency of bagasse utilizationtlie sugar industry as well as contributing to the
projected renewable energy demand for South Afric013.

1.1 Objectives and scope

In this project the main objective is to comparevwsPyrolysis (SP), Vacuum Pyrolysis (VP) and Fast
Pyrolysis (FP) of bagasse aimed at implementatiothé sugar industry. Based on product yields and
qualities from optimized experimental conditions,qaalitative comparison is possible. In order to

accomplish this objective the following tasks arquired:

1. The design, construction and commissioning of at Pgolysis Unit (FPU) for use in the

experimental program.



2. An experimental evaluation of SP of bagasse toysthe effect of heating rate and temperature
on product yields and properties.

3. A comparison to a similar experimental study on (CRrrieret al, 2010) on the same pyrolysis
unit.
Thermogravimetric Analysis (TGA) to study thermaktdmposition behaviour of bagasse.
An experimental study on FP of bagasse to studefteet of temperature on product yields and
properties on the newly constructed FPU.

6. The comparison of the newly constructed FPU witb tlifferent FPUs at Forschungszentrum
Karlsruhe (FZK).

7. The final task is to produce a comparative reporg®, VP and FP to highlight the preferred
pyrolysis process for production of bio-oil and-ciwar.

1.2 Mind map

The mind map in Figure 1 illustrates how the défartasks fit together.

Gain E ; 1
Backeroun X Xperimenta .
ackground experience planning Execution Outcomes
Thermo- .
ermo- Slow pyrolysis
gravimetric experiments
study bagasse
A
. . Vacuum .
Literature Design of rolvsis Comparison of
review experiments efgerin);en s products
4
Fast pyrolysis .
PYroty Fast pyrolysis
experiments at experiments
FZK P
4
Design and

"| testing of FPU

Figure 1: Mind map







2 Background and literature study

2.1 Sugarcane bagasse

Sugarcane Bagasse (SB or bagasse) is the bionzdss #tudied in this project. Bagasse is the @dsh
remnants of sugarcane after syrup extraction (D=imat al, 2002). Sugarcane is a type of grass with
peripheral fibres enclosing a soft central pith d&et al, 1996). Sugarcane utilises solar energy by
means of photosynthesis, to grow and thereforeym®diomass. During photosynthesis @extracted
from the air and this CQOs released back into the atmosphere during cotidousendering the whole
process C@neutral. This energy is then released either bans@f natural decay, or it can be harvested
by means of controlled combustion or chemical ieast Sugarcane is the crop that produces the $tighe
yield of biomass over an average year. Up to 8/émns of carbohydrate (sugar and bagasse) can be
produced annually (Calvin, 1974). Sugarcane iv@tis plant which causes the crushed remnants to be
thin long particles that are interwoven with eatheo (Figure 2). Therefore bagasse has very poor fl
characteristics and it tends to bunch together Ras al, 1999). Additional size reduction before
pyrolysis will enhance the flow ability of bagasse.

Figure 2: Sugarcane bagasse

The particle density of the bagasse is particylalifficult to determine accurately because of ploeosity

of the particles, the voidage between the partides the different types of particles. Bagassesists
mainly of fibre particles, with a large length tadéh ratio, and small spongy dust-like particlesagRlet
al., 1999). The dust-like particles have a much lodensity of 220 kg/th compared to the fibrous
particles density of 550 kghiGarcia-Pereet al, 2002). A large variation is reported in literawan the
density of bagasse. A test was done in the predady to determine the bulk density of South Afnica
bagasse (without compression); it varied betweeh 1200 kg/mi due to large void spaces between
particles.



These differences in size, shape and density ctussalifferent particles to segregate easily into an
inhomogeneous mixture of the different particlebafasse. Normal sampling at various depths will no
produce a representative sample if the samplegisegated. To avoid sampling only certain partices
representative sample should be evenly spreadtabl@ Numerous samples should be taken randomly
across the table each time taking precaution tlectodll the biomass in a certain area. This metisod
repeated until a small enough representative sampdbtained (standard method applied for biomass
sampling at The Department of Forestry at SU). &gafion occurs primarily as a result of size défere
(Rhodes, 2005). Size reduction reduces the bulkitjeof bagasse, because void spaces become smaller
(Rhodes, 2005).

The properties of bagasse vary with the type ofastane, its maturity, harvesting methods, milling
methods, handling methods and sugar extraction adsthin South Africa the diffusion process is
commonly used to extract sugars from cane, which reader the chemical and physical properties of
bagasse different from bagasse produced in othertiges (Devnarairet al, 2002; Rasukt al, 1999).
The alternative to sugar extraction by diffusiondsqueeze and wash the cawenv.smri.org. Bagasse

is a lignocellulosic compound which implies thatdntains varying amounts of cellulose, hemiceialo
and lignin. The study of lignocellulosic compourisiselevant to pyrolysis because decompositionethes
components occurs at different temperatures. Hdlulioge typically decomposes in the range of 160-
360°C, while cellulose degrades at the higher teaipee range of 240-390°C. The loss of lignin
typically occurs at a slower rate over a much wataperature range of 180-900°C (see detail disoussi
in Chapter 5). Cellulose and hemicellulose are bptilymeric carbohydrate structures, termed
polysaccharides. Cellulose is a polymer, consistifiginear chains of 1, 4-D-glucopyranose units.
Hemicellulose a complex polysaccharide found mostlycell walls, which is a branched structure
composed almost entirely of sugars such as gluecnaanose, xylose, arabinose, methlyglucoronic and
galaturonic acids. Cellulose is crystalline andrslr whereas hemicellulose has an amorphous steuctur
with little strength. The main difference betweetlidose and hemicellulose is that cellulose igie
derived and hemicellulose is derived from a varigtysugars (Moharmt al, 2006). Lignins are highly
branched, substituted, mononuclear aromatic polynrerthe cell walls of certain biomass, especially
woody species. Lignin is an amorphous cross linfe=in with no distinct structure, which binds the
fibrous cellulosic particles. The building blockklignin are believed to be a three-carbon chaiachied

to rings of six carbon atoms, called phenyl-progafMohanet al, 2006). Bagasse contains 35-50 wt%
cellulose, 20 — 30 wt% hemicellulose, 20 — 27 wighih, and 8 — 12 wt% extractives and ash (Garica-
Perezet al, 2001).



The ash content of SB is critical. Ash is the nagiven to all components that are not consideredriogy

or water. It consists mostly of metal oxides. Thestal oxides contaminate the products, be it cfoars
activated carbon or bio-oil, and therefore the aeshtent of the sample should ideally be as low as
possible (Luoet al, 2004). Ash also acts as a catalyst for unwantsttions during pyrolysis
(Bridgwater et al, 1996; Raveendranal, 1995). Bagasse has a high ash content, whicbuilly in the
region of 3 wt% or higher (Sugar conference, 200i)a previous study the ash composition of South
African SB ranged between 1.8 - 5.4 wt% therebysthating how inhomogeneous samples can be
(Devnarainet al, 2002). Soil contamination has been reported ¢cese the ash content from 2.5 wt%
to as high as 12 wt% (Turn, 2002). A small fractafnsoil has a significant effect on the overal as
content, because it contains mostly inorganic corepts.

Several methods exist to remove the unwanted soilash from bagasse. Depending on the process,
sugarcane milling may remove much of the soil ftmmgasse. If the soil content remains high a washing
step may be included. Alternatively bagasse caprbdreated to remove ash by means of water legchin
under mildly acidic conditions (Da al, 2004). The resulting leachate was found to hatergial to be
used in ethanol fermentation, which could incrg¢hseeconomic feasibility of including this processp
(Daset al, 2004). The final method for reducing ash contertty discarding the smallest particle size
fraction. Garcia-Peregt al. (2002) determined the ash content of the diffester# fractions of bagasse.
They concluded that the ash content of the smaketicles was significantly higher. Therefore it is
desirable to remove the small particles after malliln Table 2 the ash content of the differentipiar

size ranges is shown. By removing the finest gagjche ash content may be reduced by aboutda thir

Table 2: Ash content of different particle sizegas, (Garcia-Perez al, 2002)

Particle size, d (mm) Dr)(/vx?ta(l)%?sse ( vﬁi;l))
d>4.75 34 13
0.85<d < 4.75 44 16
0.45 < d < 0.85 15 »3
0.25<d<0.45 4 13
d<0.25 3 27.7

2.1.1 Use of sugar cane agricultural residue (SCAR)

SCAR is the remainder of the sugarcane plant thatwot harvested and is composed of sugarcanesleave
and cane tops and trash (roots, stems and ledmaspany countries SCAR it is burnt to facilitatesiest
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harvesting, or left in the field to decompose aedenerate the soil nutrients. The main drawbacks fo
using SCAR as energy feedstock are: collection ffaid, a high ash content of 6 to 10 wt%, and
potential soil degradation due to high recovenbiaimass (Pippet al, 2007; Beeharret al, 2000).
SCAR and bagasse have similar heating values ofozippately 17MJ/kg (Pippcet al, 2007). A
comparison of the energy value of SCAR and bagasative to their respective proportions is shown i
Table 3.

Table 3: Bagasse equivalence of sugarcane regjBeebarryet al, 2000)

Biomass Availability Moisture Bagasse
(% cane) content (%) equivalence
Bagasse 30 50 1
Cane tops and leaves 31.2 68 0.62
Trash 10.2 19.3 1.61

From these results it was concluded that moreSBa&t of the fibrous energy produced by the canetpla
is biomass that is stored as cellulosic fibores @ABR. Assuming effective collection of SCAR, biomass
production can be boosted up to 22 dry tonnes eetahe (Beeharrgt al, 2000). In reality the recovery
of these residues adds additional cost and contiplitaand is therefore more expensive to use than
bagasse. With ever changing economic condition&,FsfMay still become a usable energy product in the

future.

2.2 Sugar industry

The South African sugarcane industry is one ofwbeld’'s leading cost-competitive producers of sugar
and is ranked worldwide within the top 15 sugarastqrs. Cane is predominantly produced in KwaZulu-
Natal, Mpumalanga and the Eastern Cape, which@sidered the most productive cultivation areas in
South Africa. Approximately 320 000 ha of sugare#@harvested each season, with an energy pdtentia
of up to 1000 GJ/halyear (Banksal, 2006). There are currently approximately 38 28@ecgrowers are
registered within the South African cane growerdaeivww.sasa.org.za2010). Of these cane growers

96% are small-scale growers that produce 9 % oftdted crop. In 2008 there were 14 mills located
throughout the eastern part of South Afrigav(v.sasa.org.za2009). Five of these mills are owned by
lllovo Sugar Ltd, four by Tongaat Hullet Sugar Ltdio by TSB Sugar RSA Ltd, one by UCL Company
Ltd and one by Ushukela Milling (Pty) Ltd. In Tablea summary of the total crop of sugarcane asgive




by the South African Sugar Industry Directory o& tB007/2008 season is shown for the past 7 years

(www.sasa.org.z&2009). On average 22 million tons of cane isloedsannually.

It is important to draw the line between crushegbscane and obtainable energy. For every 1 (watpto
sugarcane approximately 100 kg of sugar is produg®dkg molasses, and 270 kg wet bagasse (Garcia-
Perezet al, 2002). Wet bagasse typically contains approxima® wt% moisture. In the 2001 season
SA crushed over 21 million tons of sugarcane, teguiin approximately 6 million tons bagasse (50%
moisture). According to a recent article on sugaecanergy production in SA this amount of bagasse
could produce approximately 2600 GWh by direct costion. Currently this by-product of the sugar
industry is used as a fuel resource for industrgr(id et al, 2007). Low efficacy boilers are typically
used in the sugar industry to generate power lectistombustion of bagasse with a maximum efficiency
of 26%. Pyrolysis and gasification can achieve &igtnergy conversion than combustion (Garcia-Perez
et al, 2002).

Table 4: Sugarcane production in South Africa

Season Million tons cane crushed Dry bagasse prodent *
2001/2002 21.16 5.71
2002/2003 23.01 6.21
2003/2004 20.42 5.51
2004/2005 19.09 5.16
2005/2006 21.05 5.68
2006/2007 20.28 5.48
2007/2008 19.72 5.33

*27 wt% wet bagasse (Garcia-Pegtzl, 2002; Drummonet al, 1996)

2.2.1 Uses of bagasse

Bagasse is mainly used for onsite combustion (Atastdet al, 2007). The remainder is typically used to
produce paper pulp, chemical reactants, or anieed fidditives (Devnaragt al, 2002). Implementing
thermo-chemical processing of bagasse will extexdses to high-density energy products (char &md b
oil) as well as activated carbon and high quakstiizer (from char). Bagasse is a by-product fribra
sugar industry and is therefore a second-generatmfnel, which implies that it does not competéhwi
food crop production. Sacrificing agricultural lafat fuel production may in the future become véalfl

fuel prices increase significantly.



Mlj;;?;giggl'cal 5 Other uses:
Ethanol pulp
Bagasse
Combustion: Cheml?al
o » production:

. Furfural
Pyrolysis/
Gasification
A
Bio-oil, Char,
Syngas

Figure 3: Applications for bagasse

When considering the implementation of further pssing of bagasse it is vital to review the siZdb®
respective mills in SA. As is evident from Tabledh, average approximately 1.4 million tonnes SB is
crushed per season per mill. Bagasse is burntoupe heat or electricity in most sugar mills abtire
world (Garcia-Pereet al., 2002). When excess electricity is generated #oisl to the electricity grid.
This process is called ‘co-generation’. A numbersafjar mills have proposed to keep generating
electricity in the off season, to add value toitidustry. Large quantities of bagasse will needdstored
for use in the off season. Stockpiling of bagasa&en it susceptible to degradation if stored forltmg

in warm humid conditions (Pippet al, 2007). Pelletisation provides a more compact otethr storage

of bagasse (Erlictet al, 2006). Energy densification before storage catuge storage per volume
significantly. Storage, transport volume, and tlegrddation of energy resource will be greatly reduc
by the implementation of pyrolysis as energy décadiion method (Pippet al, 2007).
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Table 5: Cane throughput for sugarcane mills in(&#®w.sasa.org.z&2009)

Million tons cane
Location Sugar Mill (2007-2008)
Malelane 1.67
Northern )
Irrigated Komati 2.28
Pongola 1.31
Umfolozi 1.03
Zululand Felixton 1.84
Amatikulu 1.42
Darnall 1.08
North Coast | Gledhow (KwaDukuza) 1.18
Maidstone 1.17
Eston 1.41
Midlands Noodsberg 1.45
Union 0.67
South Coast Sezgla 2.07
Umzimkulu 1.14
Total 19.72
Average per Mill 1.41

2.3 Biomass pyrolysis reactions

Pyrolysis is defined as the thermo-chemical conwgarsf biomass to char, bio-oil and gas, in thecabs

of oxygen and other reactants (Badatl, 2009; Goyakt al, 2008). It always occurs before combustion
and gasification where complete or partial oxidati® allowed to proceed. Pyrolysis is a complex-non
equilibrium process where the biomass undergoetistage decomposition resulting in large changes in
specific volume. The reaction rate, order and pcbgields depend on parameters such as temperature,
heating rate, pre-treatment, catalytic effects €Bridgwater et al, 1996 and 2002). The reaction
mechanism can be approximated by combining thedyiélom the three lignocellulosic compounds,
despite synergetic effects. Therefore the studydiiidual components forms the basis of the exgubct
reaction pathways (Van de Veldenal, 2010). Cellulose is the focus of much researaabse it is the
dominant lignocellulosic compound, and therefordufmse decomposition is best understood. The
primary cellulose reaction is described by the Watemechanism, illustrated in Figure 4 (Van de
Veldenet al, 2010).

11



Reactive

temperature Reaction Product
Active Carbonyl
Cellulose Cellulose » Fragmentation ——»  compounds,
~600°C acid alcohols
- De.— ; AThydrIo—sugars,
olymerisation evoglucosan
300-450°C Py s
Dehydration —»  Char, gas, water
<350°C

Figure 4: Primary cellulose decomposition accordm@vaterloo-mechanism

At low temperatures (< 350°C) dehydration is dominahich favours char, water and gas production.
Depolymerisation dominates at temperatures betv@®®nand 450°C which produce anhydrous sugars
like levoglucosan. Fragmentation of cellulose thoayl compounds, acids and alcohols is optimized a
around 600°C. Further increases in temperature50¢®), or very long vapour residence times, will
cause secondary reactions to occur between vapdwsdaid phase to form gas (Bridgwaéedral,, 1999).
The relevant secondary reaction for pyrolysis &cking and the water-gas shift reactionOH+ CQ, <

H, + CQ; (Vande Velderet al, 2010).

It has been suggested that the primary heat otiogaof wood pyrolysis is low, and that secondary
reactions are the main cause of heat generationj4st al, 1999). Because of the variety of reactions
that take place during pyrolysis the reaction malither endothermic or exothermic. For small pbasi
with immediate removal of vapours the pyrolysisctam is considered endothermic, whereas pyrolysis
reactions in larger particles and longer vapouidezge times are likely to be exothermic (Ahejaal,
1999). Pyrolysis heat requirements between 200480d)/g were reported for various biomasses by Van
de Veldenet al. (2010). The current generally accepted global raeism for lignocellulosic biomass
pyrolysis is shown in Figure 5 (Van de Veldstnal, 2010). This is only a rough approximation because

it has not been possible to establish a more detaibrrelation for the biomass as a whole (Rab@5R0
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Figure 5: Global pyrolysis concept (Radleinal, 1991)

Some variations on this global mechanism have laésm published. In 2001 De Jongfhal. proposed a
slightly different mechanism where a distinctionswaade between vapours (long-chain compounds) and
gasses (short-chain compounds). A high degreerofersion was attained during the first stage (dreck

of macro molecules) during which most volatile caments are released. The second stage occurs at a
higher temperature, and is caused by crackingeofakidual low molecular weight components to gasse
and chars (Rabe, 2005). Generally all the modetseathat primary reactions are ideal for bio-oil

production and that secondary reactions favour ahdrgas production.

2.4 Influence of process conditions

This section discusses the most relevant theothemyrolysis process and the process conditiotts wi
special attention to design implications. Therefibre focus is on fast pyrolysis (FP) but the prites
can be applied to any of the pyrolysis technolagigss theory will clarify why different pyrolysis

conditions lead to different product yields and mjitees.

2.4.1 Temperature

Temperature can be said to be the most dominanegsovariable with regard to pyrolysis productdgel
For most types of woody biomass, the liquid yielld=P are optimized in the temperature range 500-
520°C (Bridgwateket al, 1999). If the reaction temperature is too lowardiormation increases. At lower

temperatures only certain lignocellulosic compogseaetct. Figure 6 shows a typical temperature-yield
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curve for pyrolysis of wood (Bridgwatet al, 1999). Similar results have been published (Geetlal,
1999; and Asdullalet al, 2007). Clearly the liquid yield is optimized ara 500°C, which favours the
depolymerisation reaction described in Figure 4hé temperature is increased further, the liquéddy
will decrease as a result of secondary reactions.
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Figure 6: Typical products from FP of wood (Briddeseet al, 1999)

2.4.2 Heating rate

A higher heating rate produces a higher liquid pobdjield (Bridgewateet al, 1999). This is can be
seen from flash processes which are optimizeddaid production and uses high heating rates, ugdto
C/s (Horneet al, 1996). Bahnget al. (2010) differentiated between fast and flash pygisl at their
respective heating rates of 200°C/s and >1000%@i&h is dependent on their respective particle,siz
<2mm and <200m (Van de Velderet al, 2010). Producing powdered biomass g#@dor pyrolysis is

expensive and therefore unrealistic to run at lagde.

It is difficult to control or accurately measureetheating rate of FP. Instead the heating rat@riplg

maximized for FP. For slow pyrolysis heating rades much lower and are mostly operated between 10-
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50 °C/min. When higher heating rates are usedethghasis will typically shift to that of oil or vapr
yield, and not char production. A slower heatintg raill cause an increase in char yield, and higher
temperature will reduce the yield but increaseHiigher Heating Value (HHV). Heating rate had a less
significant effect on the BET surface area of thars, than hold time or temperature (latal, 2006).

Studies on heating rates inside FP reactors hawvbaem reported. This is because the heating rate a
flux are dependent on local condition inside a icwtusly fluidized-bed reactor. Heating rate effect
have only been studied on batch and fixed bed sediere the heating rate is controllable.
Thermogravimetric Analysis (TGA) equipment is tygllg used for these studies. From these test it was
concluded that a higher heating rate produces eneased oil yield (Garcia-Peret al, 2002). Typical
TGA experiments will study low heating rates of tg 50°C/min. However, it is not clear how
experiments under controlled heating conditionshveinall samples can be translated to larger scale
continuous reactors with high heating rates (Kergteal, 2005). Modelling devolatilization kinetics

might be the most accurate method for understarttimgelation.

2.4.3 Feed-particle size

The feed particle size is determined by the deshedt transfer rate to the particle. The thermal
conductivity of biomass is very low: 0.1 W/mK alonige grain and 0.05 W/mK across the grain
(Bridgwateret al, 1999). Therefore if the particles are too laigjear formation will increase because of
slow heating of the core, and secondary reacti@t®ie increasingly significant (Scett al, 1984).
Particle size therefore has a direct affect on tramisfer. Scotet al. (1982) found that particle sizes
smaller that 2 mm do not significantly affect FRduct yields. Van de Veldeet al. (2010) modelled
heat transfer in small particles and found thatrita gradients only become insignificant for paetsc
smaller than 20@m. The generally accepted particle size for fasblggis is 2 mm or smaller according
to Bridgwateret al. (1999). The gas velocity in fluidized-bed react@dimited to the sand blow-out

velocity and maximum particle size capable of bdawthrough the feeder.

2.4.4 Vapour residence time and secondary reactions

The vapour residence time is defined as the averagea molecule spends inside the reactor, ard is

function of reactor volume and sweep gas flow (Btgiation 1).
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Equation 1
Scott el al. (1999) measured the effect of vapesidence time on liquid yield. An increased resigen
time caused a rapid decrease in oil yield. It wasctuded that the decrease is due to secondarkicgac
reactions, which reduce specific chemicals andalvéquid yield. At lower temperatures (lower than
400°C), secondary condensation occurs, which loweesmolecular weight of the liquid product. In
essence the vapour residence time should be #gstthan 2 seconds secondary reactions (Yamnah
2004; Bridgwateret al, 1999). It was also reported that the amount lafrdn the reactor had a
significant effect on the rate of the secondaryctiea. The composition of oil is also affected et
residence time. A mechanism was proposed by Aaital. (1995) that suggests that primary tar can be
rapidly converted into gasses and refractory tess(Ireactive), after which the two tars form alsing
solution upon condensation. Ash, and char compsreartied over from the reactor acts as a catfdyst
these secondary reactions, which is also unfavéairdhaset al, 2004). A summary of the process

conditions is given in Table 6.

Table 6: Summary of process conditions, effectsrandelling

Parameter Condition Optimal condition for fast pyrolysis
Reaction temperatt 500-520°C Constar

Vapour residence tin | < 2¢ Shorter is bettt

Secondary crackir Avoid Bad for product quality and yie

Heat transfer ra 200°C/s High as possible to increase liquyield.

) ) ) Large particles limit heat transfer, feeding i
Particle size Typically <2mm o
fluidization.

o ) Batch wise fol Difficult to relate to fast pyrolysis with high hiéag rate
Kinetic modelling _ _
low hearing rates| and large sample sizes.

2.5 Bio-oil

2.5.1 Composition and physicochemical properties

Bio-oil is a dark brown, free-flowing organic liguihat is a mixture of highly oxygenated compounds
and water, and is immiscible with other hydro-cardzeous fuels. The immiscibility is attributed gth

water content, which serves to suspend differeriéoutes in a micro emulsion. It has a distinctiveogy
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odour. Bio-oil is also known as pyrolysis oil, plysis liquids, bio-crude oil, wood liquid, wood pibr
liquid smoke (Qiet al, 2007; Moharet al, 2006). Because of the high oxygen and water obrite
heating value is significantly less than that ofiwentional fossil fuels. During combustion the wadte
evaporated which absorbs a significant portionrergy. Bio-oil is a complex mixture of differentpiys
and sizes of molecules derived from depolymeriggtbtellulosic compounds. Table 7 shows the typical
properties of bio-oil, compared to that of heavglfail. A separate column for bio-oil from bagasaed
normal bagasse is included for comparison. It igaggnt that bio-oil quality is significantly lowgénan
that of petroleum based fuel oil. The formationfadsil fuels by anaerobic biomass degradation over
geologic time is thought to produce mainly peahilie and coal. This is consistent with pyrolysisdels

for ‘long residence times’ and low heating ratesclvhmaximizes solid product, and minimizes liquid
product (Bridgwateet al, 1999).

Table 7: Comparison of physical properties of hiloadith heavy fuel oil (Czernilet al, 2004, Moharet
al., 2006, Garcia-Perezt al, 2002, Bridgwateet al, 1999)

Dry Bagasse | Wood hio- Heavy
Physical property Bagasse bio-oil oil fuel oil
Water content (wt % 0 13.¢ 10.2- 35 0.1
pH n.a 2.7 2-3.t
SG (20°C) (kg/L 0.1-0.1¢ 1.21 1.21-1.2¢ 0.94
Elemental composition (wt ¢
C 475 54.€ 44-63.5 85
H 5.¢ 6.4¢ 5.2-7.2 11
@) 40.7 38.01 32-46 1
N 0.2¢ 0.7: 0.07-0.3¢ 0.2
Ash 5.€ 0.0t 0.0z-0.2 0.1
Calorific Value (MJ/Kg 18.¢ 224 15-24.% 40
Viscosity (@ 50°C; cf n.a 16.4 9-137 18C
Solids wt % (methanol insoluble material) n.d 0.38 0.17-1.14 1

The properties that have a negative impact on thiocetative to fuel oil will now be discussed, and
suitable upgrading methods will be suggested.
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2.5.1.1 Water content

Less water is considered beneficial for the enelgpsity, transportation cost, stability and acidity
(Oasmaeet al, 1999). Typically 20-30 wt% water is containedhii-oil which decreases the heating
value of bio-oil by up to 25% to 17 MJ/kg, whichless than half that of fuel oil (Bridgwatet al,
2002). Decreasing the water content of bio-oil @ificult process, which leads to a viscosity iease.
Below 15 wt% water the viscosity increases expdabyit for example at 4 wt% water the viscosity of
the oil is 80000 cP (20°C) at which point pumpinil Wwecome problematic (Westerhef al, 2007).
High fluidity is essential for internal combustiam engines. Sipilaet al. (1998) found that viscosities
were reduced by higher water content and lessubkokcomponents. Research at the NREL showed that
the increase of viscosity during storage coulddukiced by adding 10-20% of an alcohol to the méxtur
(Dieblodet al, 1999). For combustion in normal boilers, visopgtnot a big a concern.

2.5.1.2 Oxygen content

Bio-oil oxygen content is approximately 45-50 wttéspectively distributed over most of the more than
300 components that have been identified (Moétaal, 2006). The high percentage oxygen present in
the bio-oil makes it less energy dense, and is thisanain cause for the immiscibility of hydrocanbo
and bio-oil. Bio-oil shows a wide range of boilipgints because of the many different species ptesen
therefore complicating the distillation process. nyleof the unwanted characteristics of bio-oil are
associated with the high oxygen content. Therefoeeremoval of oxygen from bio-oil could render it
usable as transport fuel. Oxygen can be rejectedhter (during reaction with ior as CQ. Three main
routes to transport fuel are possible. The firetpss is hydro-treating or hydro-cracking. In firigcess a
hydrogen producing solvent is used together withlgsts, under pressurized conditions of hydrogen o
CO to remove oxygen from the oil. The removed @y then collected as,® or CQ. A naphtha-like
product is obtained that is upgraded to dieselsTgriocess is very expensive because of the high
hydrogen requirements (Bridgwatet al, 2000). The second route is catalytic cracking-@&ls can be
catalytically decomposed to hydrocarbons with reahaf oxygen. There are still some concerns with
catalyst stability and life (Bridgwateat al, 2000). This route is regarded as the cheapeomptiowever

it also results in a high degree of coking (8-25&tid a reasonably low fuel quality. The final uplng
option is emulsification of bio-oil with hydrocarbe by the use of a surfactant. The optimal range of
surfactant concentration was 0.5-2 wt% to achieoeptable viscosity. Ikurat al, (2003) found that by

mixing 10-20 % bio-oil with diesel the viscositychnorrosiveness was greatly reduceddtal, 2007).
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2.5.1.3 Acidity

Carboxylic acids are present in bio-oil which cautiee pH to drop to the region of 2-3. This acidity
makes bio-oil corrosive, and at elevated tempeeateen more so (@t al, 2007). Corrosive resistant
materials of construction should be used.

2.5.1.4 Density

Bio-oil density is higher than that of conventioriabls and therefore the energy per volume is also
higher. On a volume basis bio-oil has ~60% as nargrgy as fuel-oil, whereas on mass basis it & les
than half. In terms of energy density bio-oil shagignificant improvement on dry bagasse as itiist

in Table 8.

Table 8: Volumetric energy density of dry bagasse,char, bio-oil and fuel oil

Volumetric Energy
Bio-fuel HHV (MJ/kg) |Density (kg/L) | energy density | equivalence
(MJ/L) relative to dry SB
Dry bagasse 18.7 0.1 1.9 1
Bio-char* 30 0.3 9 5
Bio-oil (20 wt% water) 18 1.2 21.6 12
Fossil oil 40 0.9 37.6 20

*Van de Velderet al, 2010

2.5.1.5 Storage instability

Diebold et al. (2001) reviewed mechanisms of storage stabilitfF@ffuels. The addition of methanol or
ethanol, leads to esterification and acetalizatibich upgrades the fuel. The viscosity, acidity agihg

rate are decreased and the heating value, volaslitd miscibility with diesel fuels are increas@this
reflects on the instability of bio-oil which is ecexbated when the temperature is increased.
Consequently, even when storing bio-oil at roomperature, aging causes the viscosity to increase,
volatility to decrease and phase separation torodgdus is a result of processes such as polymesisa
condensation, etherification, esterification andlageration of oligomeric molecules (Bridgwatral,
2002).
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2.5.1.6 Ash content

Some ash remains in the bio-oil which can causesiom and increase instability due to catalytfeas.

Therefore the ash content should preferably bethess 0.1 wt% for use in engines (Qial, 2007). Hot
gas filtration can be used to reduce the ash cotdeless than 0.01 wit% and the alkali contentets |
than 10 ppm. The filtered oil performed well inttesione on a diesel engine (Shihadtlal, 2000;

Bridgwateret al, 2002).

2.5.1.7 Chemical composition

A broad range of chemicals is produced from thectiea of the diverse lignocellulosic structure of
biomass described in chapter 2.3. Bridgwageral. (2002) reported the representative chemical
composition of FP liquids as shown in Table Femicellulose typically produces acetic acid and
furfurals; cellulose produces levoglucosan, acetdblehyde and 5-hydroxymethylfurfural; lignin
produces small amounts of monomer phenols but ynoBfomeric product with high molecular weight
(900-2500 u). The production of specific chemidatsn pyrolysis is discussed in paragraph 2.5.2.6 in

more detail.

Table 9: The representative chemical compositiofastf pyrolysis liquids (Bridgwatest al, 2002)

Major bio-oil components Wt %
Water 20-30
Lignin fragments 15-30
Aldehydes 10-20
Carboxylic acids 5-10
Carbohydrates 2-5
Phenols 1-4
Furfurals 2-5
Alcohols 2-5
Ketones 1-5

2.5.2 Bio-oil applications

Bio-oils can be produced from a range of biomassigtocks and are cleaner than fossil fuels (refease
50% less nitrogen oxides). It produces a net zé&Dp €nissions and no sulfoxide emissions (Mokan
al., 2006). The energy dense products are much chéapremsport than the original biomass. Although
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the lower quality of bio-oil poses some limitatioos its application, there are still various preess

available which can use bio-oil. Figure 7 showfedent uses of pyrolysis liquids.
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Figure 7: Applications of bio-oil (Bridgwatet al, 2007)

2.5.2.1 Boaoiler fuel

The heating value of bio-oil is about half thafadsil fuel, and it contains a significant portiohwater.
Bio-oil has been successfully used as fuel at uarimstitutions (Canmet in Canada, MIT, Neste in
Finland). Among problems reported were high vigyoshich was corrected by the addition of methanol
and inline preheating. The boiler or furnace séljuired preheating with conventional fuels befoi®

oil could be used (Bridgwatet al, 2000). Because of the more sophisticated staprapedure co-firing
of bio-oil in coal utility boilers has also beeneds(Bridgwateret al, 2000). Bio-oil burns cleaner than

fossil fuel because it has a low sulphur and nérogontent (Balatt al, 2009).

2.5.2.2 Electricity production
Electricity production is favoured over heat prailut because of its easy distribution and marketing
Over recent years numerous diesel engines have tested with bio-oil (Bridgwateet al, 2002).
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Positive results were reported for engine perforreain terms of smooth running. The main problems
that still need to be addressed are the acidia@atubio-oil, and its tendency for soot formatiamd re-
polymerization, which causes the viscosity to iase The use of a bio-oil requires modifications of
various parts of the engine, amongst which the rfingsortant ones are the fuel pump, the linings thed
injection system. With these madifications the diesngine can render bio-oil a quite acceptable
substitute for diesel fuel in stationary enginaescc@ssful tests have been conducted up to a 2 VWe g
turbine. There is still some uncertainty as togtability, ash and char properties of bio-oil (Bpichteret

al., 2000). Dynamotive runs a 2.5 MW gas turbine im&a, which uses 70% of the bio-oil produced
from their 130 ton/day plantiMyw.dynamotive.com2010). Electricity production in the sugar inawyst

seems to be a suitable option but not all eletyrigill be used onsite. With a continuously opedate
turbine an infrastructure will need to be set iagal to sell the remaining electricity to the grid.

2.5.2.3 Synthesis gas production

Synthesis gas is a mixture of hydrogen)(Bnd carbon monoxide (CO) that is typically proshliczia
gasification. The syngas can then be coupled withiries or engines to produce electricity. Alterrely

the Fisher-Tropsch (FT) reaction converts syngastwivas derived from coal, methane or biomass, to
liquid fuels (Qiet al, 2007). Syngas can be produced from bio-massthjirec from pyrolysis products.
Using pyrolysis fuel instead of biomass saves @mdport costs to large gasifiers. Gasification is
discussed in paragraph 2.10.2.

2.5.2.4 Steam reforming

In this process hydrogen is produced via catalgactions of bio-oil vapours. If approximately 8&4v
liquid is obtained from pyrolysis, 6kg of hydrogean be produced from 100kg of pyrolyzed wood. A
range of catalysts have been used by differennssie in the field (Qet al, 2007). This process requires
a high capital investment.

2.5.2.5 Transport fuels

The methods for upgrading bio-oil were discussepairagraph 2.5.1.2. These methods are all expensive
and some are still underdeveloped (Bridgwateal, 2002). Currently it seems that bio-oil is bestesl

for stationary combustion rather than as transfi@t Most certainly these technologies will deyelo
over the coming years, and may become economifeallible as the technology improves and fuel prices

rise.
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2.5.2.6 Chemical extraction

The high value of certain bio-oil components maiesmical extraction a viable alternative. The highe
added value of chemicals seems to be the mosestieg short term opportunity (Bridgwatet al,
1999). Extraction may either be done before orrafitermo-chemical processes. Typical valuable
substances which can be extracted are phenolstileolarganic acids, levoglucosan, furfural,
hydroxyacetaldehyde. Table 10 shows the expecteltisyiof certain chemicals from biomass fast
pyrolysis. Furfural is a high value chemical thsatyipically produced from hemicellulose, and isclas a
reactant and selective solvent in the chemicalstrgiBridgwateret al, 1996). The current market price
is approximately $1200-12504v{vw.prosugar.com.auApril 2010). The new furfural production plant at

Proserpine sugar mill in Europe is scheduled td sg@erating in 2010. This technology is designed t
extract up to 1.7 wt% furfural from bagasse. Leuogkan is the single chemical that can be prodirced
the highest yield. Approximately 50% can be produé®m cellulose at 370-410°C and 10 seconds
residence time (Bridgwatet al, 2002, p234.) The yields of specific components @omass specific
and the process conditions should be optimized. goment specific optimization is therefore a studly i
itself. This will require a thorough analysis ofetlignocellulosic subcomponents, the reactions that
produce the valuable chemicals, the theoreticdtlyithat are obtainable and the appropriate manhet
market values of these chemicals. With this infdromathe pyrolysis process conditions can be opmi

for production of selective chemicals (Bridgwat&@96). However the commercialization of these
specialist chemicals from bio-oil will require reseh in low cost separation techniques and refiimg

is highly dependent on the market. The liquids comgmts from pyrolysis cannot be completely
vaporized, as they start to react and form a gelilue as the temperature is increased. Durinm@oi
operations some of these species start evaporatitayy temperatures (100°C) and may stop boiling at
about 280°C, leaving 35 -50 wt% residues. Therefbesfuel cannot be completely evaporated before
combustion, (Qe&t al, 2007).
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Table 10: Chemicals from biomass fast pyrolysidiéBat al, 2009)

Minimum Maximum
Chemical (Wt%) (wt%)
Levoglucosa 2.¢ 30.t
Hydroxyacetaldehyc 2.t 17.t
Acetic acic 6.5 17
Formic Acic 1 9
Acetaldehyd 0.t 8.t
Furfuryl alcoha 0.7 5.t
1-hydrox-2-pentanon 1.t 5.2
Catechc 0.t 5
Methano 1.z 4.t
Methyl glyoxa 0.€
Ethano 0.t 3.t
Cellobiosal 0.4 3.2
1,€-anhydroglucofurano: 0.7 3.2
Furfura 1kt 3
Frutost 0.7 2.¢
Glyoxal 0.€ 2.8
Formaldehyd 0.4 2.4

2.5.2.7 Conclusions

Savings associated with the energy density, sto@ug transport is currently the most viable adsgat

of producing bio-oil. The use of bio-oil is decoeglfrom its production, which allows it be used for
energy storage. The transport of bio-oil is sigumifitly cheaper than biomass transport. The
commercialization of bio-oil has only just startedd will continue to develop. It is believed thhet
future of bio-oil does not only lie with higher difya fuel production but also with chemical prodioct.
(Bridgwateret al, 2002).
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2.6 Bio-char

2.6.1 Composition and physicochemical properties

The properties of bio-char are diverse, and deperdgreat extent on the process and the biomask us
In Table 11 the properties of bagasse and a vegh Quality bio-char is shown. Low ash content
significantly influences the calorific value of tbhar and may be a high as 33 wt % for some bicesass
High ash content will reduce the HHV of the chagm#icantly. The levels of nitrogen and sulphur are
also important characteristics for predicting N&hd SQ emissions from combustion (Mullest al,
2010). The surface area of bio-char is an importhatacteristic which dictates whether or not it be
used for activate carbon production.

Table 11: Bagasse and bagasse bio-char from vapurotysis (Garcia-Pereat al, 2002).

Physical property Dry Bagasse Bagasse bio-char
C 50 86

H 6 3

@] 44 10

N 0 1

Ash 1.€ 7

Calorific Value (MJ/Kg 18.¢ 36

BET surface area (7/g) n.d 53C

2.6.2 Bio-char applications

Bio-char has various industrial applications. Ihdze directly used as energy product or upgraded to
produce activated carbon or bio-char fertilizer (et al, 2010). The upgraded products have direct

applications in the sugar industry and the excaase sold as by-products.

2.6.2.1 Combustion and gasification

Both combustion and gasification are establishathrtelogies for char (Bridgwateet al, 2002).
Pyrolysis char is also suitable for briquettingeTgroduct can then be sold as a commaodity for diimes
use. Normally the calorific value of bio-char igpagximately 25MJ/kg which is similar to char bridies
(De Jongh., 2001).
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Figure 8: Bio-char applications

2.6.2.2 Activated carbon

Activated Carbon (AC) is a valuable adsorbent usedthdustries such as food processing, chemical,
nuclear, and mining to purify, decolourize, detaxé; filter, and catalyze reactions (Devnareiral,
2002). AC has a micro-porous structure, which tesil high capacity surface adsorption of gasses or
liquids. The adsorption capacity of AC depends tyaim its surface area, pore volume and pore size
distribution characteristics. The pore sizes afendd as micro-pores (less than 2 nm), meso-p@-&(
nm) and macro-pores (greater than 50 nm). The rmpiores contribute largely to the surface area,
whereas the macro-pores act as channels to the-puce surfaces. Commercial AC has a surface area
ranging between 800 and 150G/gn Two types of AC are commercially recognizedwgered and
granulated AC. Powdered AC has an average pasizke of 15-25u. These small sized particles are
usually used in liquids to ensure that diffusiorotlgh pores are not rate limiting. Granular AC ellgis

are use for gasses and liquids, depending on thiecation. Granular AC is usually regenerated afftee,
whereas powders are discarded. Granular and pod@eis produced commercially from precursor
materials such as anthracite and bituminous cagtjté, peat, wood, coconut shells, and nutshells
(Pollardet al, 1992). Therefore it can be said that carbonacagtisultural by-products like bagasse are
ideal for AC production. The transformation to A@ncbe done chemically or physically or by a
combination of these two methods. The chemical atkth done in one step, by adding activating agents
such as ZnG] HsPO,, and HSO, which are mixed into the inactivated char, aftéich it is washed to
remove the excess chemicals. The physical methadhvig step process involving pyrolysis of the raw
mineral in inert atmosphere (typically slow pyrasjsfollowed by activation at elevated temperatures

with an oxidizing gas such as water or £LO
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Garcia-Perezt al, (2002) produced bio-char from bagasse with aaserfarea of 530 7y, whereas
Mullen et al, (2010) produced bio-char from fast pyrolysis witisurface area of 0 and 3/mfor corn
cobs and corn stover respectively. Bagasse hagiaytarly suitable particle structure comparecdtber
large scale agricultural by-products (Devnaratnal, 2002; Mullenet al, 2010). Figure 9 shows the
surface of bagasse. It can be seen that even beddoenization the structure is already porouss Téi
very beneficial to high quality AC production, réislg in much research on bagasse activation dwer t

past two decades.

Figure 9: Scanning electron microscope revealstinces of SB, showing the abundance of pores
(Devnarairet al, 2002) (Permission granted by SASTA to use tigsrg).

In the article from Devnaraiet al, (2002) AC from South African bagasse was inveséid. The highest
guality AC was produced by pyrolysis at 680°C wathold time of 1h followed by activation with steam
at 900°C. Different types of activated carbon weested. Powdered activated carbon with high ash
content (56 wt%) resulted in a significantly lowaurface area. The BET surface area was 68§ m
compared with 995 ffg obtained from a sample with only 28 wit% ash. Abkbrefore also has a

detrimental effect on the surface area of activasetion.

2.6.2.3 Bio-char fertilizer
An alternative to upgrading of the char is to usasi carbon fertilizer. Soil can be enriched byiagld
charcoal, which acts a reef for micro organisms famgji, creating a rich micro ecosystem. Bio-char i

highly absorbent and therefore increases the sabidity to retain water, nutrients and agricullura
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chemicals, and also prevents water contaminatidinsail erosion (Mulleret al, 2010). It also contains
the most of the original crop nutrients as ash, &ilidrelease them slowly. The bio-char remaingha
soil for a very long time. By adding additionaltfizers to the charcoal the soil fertility will iacreased
dramatically. If ammonia (N§J, carbon dioxide (C¢), and water (kD) are all combined in the presence
of charcoal they will form a solid, ammonium bicanlate (NHHCQO), fertilizer inside the pores of the
carbon. 30% of the generated Will be required to combine with all the carbonngeated by the
biomass. This process cleans the air by utilizing @roduced from a coal plant (www.eprida.com,
2010). In many agricultural industries around thald; agricultural residues are burnt. In some gatse
facilitates easier harvesting, and in other casisdone to replenish the soil's nutrients. Thea@ing
ash increases the soil pH and shows elevatediontend yields. The nutrient availability decreasely
after a few seasons (Sanchezal, 1983). Lehmanret al, (2003) found that charcoal applications
directly increase the nutrient availability such Rsand K and an increased nutrient retention for

ammonium. In conclusion it can be said that biordram pyrolysis shows potential for use as fezéli

2.7 Slow pyrolysis

Slow pyrolysis, also known as conventional pyra@ysi carbonization, has been around for thousahds o
years where it was mostly used for charcoal pradnctTo optimize the yield and quality of char, the
following parameters are required:

* areaction temperature in the region of 400-50@iCrfost biomasses;

» aslow heating rate (1-50°C/min) with large paetisizes typically < 5cm; and

» along vapour residence time: 5 - 30 minutes chatact time to promote secondary reactions.

The vapour residence time is controlled by slovdgding inert N gas through the reactor. The longer
residence time causes the vapours to continueattt end allows secondary cracking of vapours. This
reduces the organic liquid yield and increase<ttex and gas production (Bridgwatdral, 1999). The
slow heating rate, and large biomass particle cizeses a temperature gradient which effectivelyetsw
the pyrolysis temperature inside the particle. Riehiton and secondary reactions therefore become th
dominant reactions thereby increasing the chardyiéls the char zone becomes thicker during
carbonisation, the thermal conductivity decreased the resistance to heat transfer increases. The
temperature gradient appears and gradually incseasd the inner zone is more difficult to heat. A
typical slow pyrolysis product distribution yiel88 wt% char, 30 wt% liquid, 35 wt% gas (Table 1).
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There are two industrial char production techna@egihamely: kiln technologies which produce chdrcoa
as sole product, and slow pyrolysis retorts whiobdpce charcoal along with by-products (bio-oil and
bio-gas). Carbonization in a retort allows for grated utilization of the energy contained in thavr
mineral. The by-products are usually re-used fatihg. The charcoal quality is of higher gradedtort
processes than kiln processes. Industrial chamygtamh by means of slow pyrolysis has a relativaigrt
history, dating back only about 150 years (Honskegl.,2007).

Zandersongt al. (1999) produced 23-28 wt% charcoal from bagasse pyrolysis. A two-stage process
was recommended: the first stage was for drying tesating to 350°C followed by a glowing stage at
475-500°C. Form the energy balance they foundtt®apyrolysis volatiles would be sufficient to hé&zg
process. The effect of differeheating rates (10 and 30 °C/min) were investigate&araosmanoglet

al. (1999). It was found that higher heating rates owpd liquid production. At lower heating rates more
char was formed. Numerous publications of thernegrdding behaviours of bagasse have been done.
The studies included inert and oxidizing conditianglifferent temperatures and heating rates (Katya
al., 2002). The results indicate a wide range in kingdta due to variations in feedstock compositidm.

et al. (2001) investigated the effects of coal partiéie on pyrolysis in a fixed bed reactor. The result
indicated that increasing particle size decredsedeat transfer between particles. Similar resudse
reported by other researchers (Mesa-Petedd, 2005). Since bagasse particles are fine, and adow
bulk density, upgrading may be required.

Pellet production has been used to improve on liae gield in slow pyrolysis by increasing the sixfe
the biomass particles (Erliat al, 2006). Wood pellets can also be sold as a contgnpdbduct, and are
used for indoor heating. The annual production weden alone is about 1 million tonnes. Cost of
biomass pellet production in 2006 was about 30 peroton. Pellet production holds benefits in gjeta
transport, moisture content and decreases hetegitgeRrlich et al. (2006) reported that higher density
pellets produce higher char yields, and smalleinkage during pyrolysis. Pellet production is tHere

an expensive pretreatment but can improve pyroblsis yields.

Much research has been published on thermogravinatalysis of bagasse at slow pyrolysis conditions
(Ouensanga and Picard, 1988; Roque-[&tal, 1985; Varhegyiet al, 1989; Caballeret al, 1995:
cited: Drummondet al, 1996). In these studies high temperatures arestigated at low heating rates
(0.5-2°C/s), and therefore it is not easily compbrao the high heating rates associated with fast
pyrolysis (200 °C/s). TGA samples also typicallynga from 10-50 pg. In 1994 two studies were
published on pyrolysis of bagasse at high temperaiumoderate heating rates and stagnant nitrogen
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atmosphere. Lanca al. (1994) obtained low liquid yields which suggestieat secondary reactions had
a significant effect. Stubington and Aiman, (19930 reported reduced liquid yields because of
secondary reactions. It was therefore clear thabwes needed to be purged to remove the volatites f
the reaction zone thereby reducing secondary mrectiTsaiet al. (2006) studied the pyrolysis of SB in
an induction heating reactor. The volatile residetime was in the region of 38 seconds and thdrtgat

rate was 200°C/min. Liquid yields up to 50 wt% vedgained, but the quality was low due to the high
water content.

70
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Figure 10: Pyrolysis of sugarcane bagasse byétsai (2006)

Bagasse was pyrolyzed in a fixed-bed reactor byddi&zh et al. (2007). The heating rate was around
0.9°C/s. This slow heating rate will result in @lstly increased char yield. Two condensers weezlus

the first at 60°C and the second at -5°C. The agitilquid yield was 66 wt% bio-oil at 490°C. The

separate yields of the two condensers are plotieigure 11 to illustrate the difference in quantit

obtained at different temperatures.
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Figure 11: The results from fix bed pyrolysis; (gt)ows the yields of char, liquid and gas; (B) shows
yields of oil condensation at the different condgagAsadullaket al. 2007).

Lab-scale slow-pyrolysis equipment normally corssisf a batch reactor connected in series with
condensers at various temperatures from 25°C tovass -40°C (Figure 12). The char is collectedrfro

the reactor after the experiment.

N, supply
First condenser Third condenser
Pyrolysis reactor 25°C Second condenser -40°C
0°C Gas filter
/ @ Non-condensable
/ Gas
7
Tar: high Low viscosity

viscosity bio-oil bio-oil (water phase)

Figure 12: A simplified slow pyrolysis setup

2.8 Vacuum pyrolysis

Vacuum Pyrolysis (VP) is a more recent technoldmntslow pyrolysis. VP differs from slow pyrolysis
mainly in that it is done under vacuum instead sifig an inert gas to purge pyrolytic gas. This témi
secondary reactions more effectively, which resinthigher oil yields and lower gas, char and water
yields. VP is usually conducted at 10-20 kPa, wioamreventional pyrolysis is carried out at atmosjther
conditions. The temperature range is similar toveotional pyrolysis, and typically lies somewhere
between 350 and 520°C (Rabe, 2005). Because tlez pressure biomass fragments tend to evaporate
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more easily. This removes them from the reactiamezand results in a significantly reduced residenc

time. Therefore the bio-oil obtained is of superdaality compared to slow pyrolysis.

The earliest work on VP dates back to 1914 (De Bp2g01). Most of the pioneering experimental work
was conducted by Professor Roy, with his earliagblipations dating back to 1983. In 1990 a
performance study on a 30kg/h vacuum pyrolysis wais published (Rogt al, 1990). This plant was
operated at 9.3 kPa (abs). Economic analysis shpwedidability only when by-products could be saisl
high value chemicals. Some of the findings of R@xperimental work are listed below:

» heat transfer calculations showed that radiatios th@ primary mode of heat transfer between
the reactor and the particle bed;

» heat transfer could be increased by agitating ¢aetor bed, and thereby reducing the surface
area required; and

» the optimum reactor pressure was determined tbkRal

In 1997 Royet al. developed a horizontal moving and stirred bedtoga¢én 1998, the first industrial
scale vacuum pyrolysis reactor (3.5 t/h) was costid (Rabeet al, 2005). Zandersonat al. (1999)
used a fixed bed reactor to pyrolyse bagasse ltagueUp to 28 wt% charcoal was obtained. More
recently Garcia-Perez, (2002) did a study on SBuwat pyrolysis to provide background data in the
field. The smallest particles (<4%0n) were removed because they exhibit a very highcastent. 34.4
wt% bio-oil and 19.4 wt% char was obtained frons tmit. Compared to the pilot-plant setup it praztlic

5 wt% less char but 4 wt% more bio-oil. Both sadidd liquid fuel can be obtained from vacuum
pyrolysis in more even proportions whereas slow &t pyrolysis focuses on char and bio-oil
production respectively. Both solid and liquid fuetan be utilized at industrial sugarcane mills for
combustion, and both products can be upgradedh #liglity bio-oil is obtained from VP making it mle
as feedstock for commodity chemical production. ®geom the increase in quality of bio-oil, char
surface area is also significantly enhanced bylone pressure atmosphere (Lea al, 2005). These

effects are discussed in more detail in chapter 4.
The equipment typically used to study vacuum pygislys mostly similar to that of slow pyrolysis.&h

only major difference is the addition of the vacupmmp and removal of the nitrogen cylinder as

illustrated in Figure 13.
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Figure 13: A simplified vacuum pyrolysis setup

2.9 Fast Pyrolysis (FP)

As the name suggests, the ‘fast-pyrolysis’ reactiocurs rapidly, in a few seconds or less. Theeethis
process is dependent not only on the chemicalicgardte, but also on heat and mass transfer dsawel
phase transition. This is achieved by avoiding matgetemperatures (<400°C) and long residence times
(> 2 s). As discussed in chapter 2.3 char prodadsofavoured at lower temperatures and secondary
reactions are minimized by removing the vapourmftbe reaction zone. To avoid fractionation of diie
product rapid cooling of vapours is essential. €feme the biomass heating is done ‘fast’, the reaho¥
vapours is done ‘fast’, and cooling is done ‘fastobtain the maximum amount of bio-oil. The esisént

features of a FP process are summarized in Tab(Bridgwateret al, 1999).

Table 12: The essential features of a fast pyrslgsbcess

Fast pyrolysis parameter Comment

Very high heating and heat transfer r Small particles are usually required (< 2r
Controlled pyrolysis reaction temperat 500- 520°C for most biomasses is optil

Short hot vapour residence tir Less than two seconds is prefera

Rapid coolin Avoids fractionation of oil and secondary react

2.9.1 Review of literature on fast pyrolysis

Pioneering work on fluidized bed reactors was don&cottet al. (1982) with their earliest publication in
1982. Their experimental design involved variatiomdeedstock, temperature, vapour residence time,
and particle size. Additional publications on ttopic were published by Agblevet al, (1994), Horne
and Williams (1996), Bridgwateet al, 1999; Louet al, (2003), Kersteret al, (2005), etc. These
publications formed the foundation for theory omgbysis process conditions discussed in chapterl2.4
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the 1990s the first pilot plants were constructedSpain, ltaly, the UK, Canada, Finland, and the
Netherlands (Kersteet al, 2005; Bridgwater, 1999b). The main technologyvjaters are listed Table 13
(Langeet al, 2007).

Table 13: Main fast pyrolysis technology providers

Technology provider/ | Country Scale (kg/h Reactor type

trademark

Dynamotive Biother" | Canada 400 and 400(¢ Fluidized bec
reactor
Circulating

Ensyn RTPY Canada 1000 fluidized bed
reactor

BTG Netherlands 250 Rotating cone
reactor

Pyrovac/ pyrolcycling” | Canada 50 and 3500 Vacuum reactor

Many different types of woody biomass have beerd dee experimental studies on FP. Most literature
focuses on wood from the forestry industry. Therditure on fast pyrolysis of bagasse is reasonably
limited. The most extensive work on sugarcane lsegpgrolysis was done by Garcia-Pegeal. (2002)
who published various articles on vacuum pyrolydidagasse. The bio-oil obtained from this research
proved to be high quality oils. Low moisture cartiteviscosity and acidity as well as high calorific
values we obtained, compared to other bio-oils. @heunt of liquid product obtained is not only

dependent on how effective the reaction was, mat ah how effective cooling and condensation isedon

Pyrolysis of bagasse was done in a wire mesh nebgtBrummondet al. (1996) at over the temperature
range 400-700°C, and heating rates up to 1000R@jare 14 shows the results from pyrolysis of 7ahg
dried bagasse. The samples were heated at 1°Q/B06FC/s and then held for 30 seconds at the set
temperature and then cooled at 200°C/s. The maxitiquid yield was found to be 55 wt% at 500°C and
1000°C/s. The results showed very low char yietdhe region of 5 wt% even though the ash and fixed
carbon content was estimated at 1.6 and 11.9 d¥ respectively. The low char value suggests that
some char entrainment into the oil phase might t@airred or that the experimental error might be

significant due to the small sample size.
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Figure 14: Fast pyrolysis of sugarcane bagasserbm®ond and Drummond, (1996)

These previous publications on pyrolysis of SB ¢atik variability within results, due differences in
reactors, procedures, condensation systems, eablg(Tl4). Most of these previous studies only did
pyrolysis on small samples in order to achieve m@trotlable heating rate. These studies show thstt fa

pyrolysis of bagasse can produce a liquid yieldtdéast 55 wt% and that values as high as 66 vet¢é h

been reported.

Table 14: Typical results for bagasse and woodlpsi®

Bagasse pyrolysis WOOd.
pyrolysis
Dummond
Reference and Tsaiet al, As'eid;?lah Bridgwater
Drummond (2006) (2007’) et al, (1999)
(1996)
Optimal temperature (°C) 500 500 490 500
Heating rate (°C/s) 1000 3.33 0.85 >200
Sample size () 0.007 10 200 n.d.
Vapour residence time (s) 0.005 38 0.5-60 <2
Liquid yield (wt%) 54.6 50 66 65-70
Char yield (wt%) 8 20 25 15
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2.9.2 Technology and process characteristics

Biomass FP has been extensively reviewed by a nuoftecientists (Bridgwateet al, 1999; Goyalet

al., 2008; Moharet al, 2005; S. Kerstert al, 2005). These reviews typically discuss the patarae
important for reactor design, the challenges inedJvsome comparisons of different feedstocks, and
evaluation of product quality. A number of litenauarticles also deal more directly with the design
aspects of FP units, of which the most extensiv@gdereview was done by Gerdesal. (2002). The

sub-processes of fast pyrolysis are illustrateigure 15.

Biomass Char Bio-oil
Drying | Size reduction | Fast pyrolysis | . Liquid
<10% water <2mm reactor Char separation = collection

A

Combusted for heat

Gas :

Figure 15: Sub processes of fast pyrolysis (Bridgwa002)

2.9.2.1 Feed water content

Drying to about 10 wt% is usually required befoyegbysis. The pyrolysis reaction generates addition
water resulting in a bio-oil that contains 15-3%avater (Westerhoét al, 2007). Generally less water
in bio-oil is beneficial for energy density, statyiland acidity (Oasmaet al, 1999). The effect of water
on bio-oil is discussed in paragraph 2.5.1.1. Begasntains about 50 wt% moisture as received and ¢
typically be air dried to 10 wt% moisture beforerglysis. The effect of water content was studied by
Westerhofet al. (2007) who found that by increasing the moistuwetent of the feedstock the char and
gas yields increased, the produced water decreasbthe organic yield remained constant. It wasdou
the increase of water content limited the heatsfienthrough the particle as a result of evaponatio
Stubingtonet al. (1993) reported that a moist atmosphere (damuséd as fluidizing gas) caused an
increase in secondary reactions and gas yield. &Sxeeter has a negative effect on fast pyrolysis

conditions.

2.9.2.2 Particle size reduction
For most reactor types the patrticle size is stipligked to the heat-transfer rate inside the pktiThese
effects are discussed in detail in paragraph 2¥h8.generally accepted fast-pyrolysis particle gdess
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than 2mm to ensure effective heat transfer to #réighes in fluidized-bed type reactors (Bridgwager
al., 1999). Size reduction adds additional processoxs. From an economic perspective additional size
reduction should be justified by an adequate ire@da bio-oil yield. Reactors that employ an ablati
heating mechanism can utilize larger particlesggeaph 2.9.3).

2.9.2.3 Char removal

Rapid and effective separation of char particleseiguired, because char acts as a vapour cracking
catalyst, therefore increasing secondary reactidn®. cyclones are usually used, the first for thdkb
removal of solids and the second for removal oidtesd fines. Unavoidably some char fines will emtra
downstream from the cyclones into the oil therekgcerbating the instability of the oil (Bridgwater

al., 2002). Different filtration methods have produdegh quality char-free oils at the expense of 00-2
wt% of the oil yield due to further cracking of \aps (Bridgwateet al, 2002). A different approach is

to accept the char in the oil because it incretlse$iHV. FP products can be used to produce char-oi

slurries which are then used in entrained flowfigsi (Henrich, 2007; Lange, 2007).

2.9.2.4 Liquid collection

The product that exits the hot reaction zone cosegrivapours, aerosols, gasses from the biomassllas w
as the carrier gas or fluidizing gas. These vapmgaire rapid cooling to stop secondary reacti&hsw
cooling fractionates the oil by preferential cotlen of highly viscous lignin derived componentsjigh
may block the equipment (Bridgwatet al, 1999). Rapid quenching is achieved by direct acinbeat
exchange, instead of indirect heat exchange (litedl @nd tube heat exchangers), resulting in alesing
phase bio-oil. The use of an immiscible hydrocarbolvent as cooling liquid is widely practiced abl

scale setups. Dynamotive uses bio-oil from previous for cooling lww.dynamotive.com2009). The

temperature at which the gas exits the condensaiistem affects the properties and yield of the oll
Lower temperatures will condense more moisture \addtile organic vapour which acts as solvents in
bio-oil thereby decreasing the viscosity and tewgldn phase separate (Bridgwaggral, 2002). Higher
temperatures (~90°C) will condense very little wagad will produce a high viscosity, high calorific
value and less stable bio-oil. Extreme coolingub gero temperatures is common practice in most lab
scale pyrolysis units. However, since most of tthésacollected at higher temperatures, sub zeiog

is not done for large scale units. The remainingsd, that exits the condenser, requires coalescen
which is commonly achieved by electrostatic preain which is discussed in more detail in chafteér
(Bedmutheet al, 2009).
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2.9.3 Fast-pyrolysis reactors

Various reactor types have been used in order timze the parameters shown in Table 12. Pyrolysis
has received considerable creativity and innovatiionptimize these parameters. A thorough review of
pyrolysis reactor configurations was published bid&wvater and Peacocke, (1999) and Henstlal.
(2007). The fundamental difference between thesyfeFP reactors is the mechanism for heat transfer
(Table 15). Gas-solid heating is mostly convectheat transfer and solid-solid heating is mostly

conductive heat transfer (Bridgwatgral, 1999).

Table 15: Heating mechanisms for FP reactors

Heating mechanism Reactor type

Gas heating (Y Gas fluidized bed reactors

Mechanically fluidizec
Sand heating rotating cone and twin
screw reactors

Direct contact Ablative reactors (no
heating fluidizing)

2.9.3.1 Gas Fluidized Bed Reactors

Biomass particles are fed to a cylindrical reacidrere incoming Blgas fluidizes and heats the particles.
A high gas flow rate ensures rapid heating andtsregour residence times. The linear flow ratedasi
the reactor is dependent on particle size andoeheight, and is typically in the region of 0.3snfi¥anik

et al, 2007). Fluidized bed reactors are simple, aedi¢ichnology is well understood. The reactors are
easy to construct and operate, they are relialiehame consistent performance, and produce higidlig
yields of 65 to 75 wt% (Bridgwatest al, 1999). Small biomass particles (<2 mm) are meguio
achieve high heating rates. A secondary matersalally inert sand, is used to improve fluidizatemmd
heat transfer (Bridgwater, 2002). The main disath@® of the reactors is the energy that is wasied t
heat and cool the large amount of dds. Circulating Fluidized Bed Reactors (CFBR)wag similar to
fluidized bed reactors, except that the char residd¢ime is almost the same as with as for vapands
gas (Bridgwater, 2002).
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Figure 16: (Left): Fluidized bed reactor; (Righfjrculating fluidized bed reactor (Henrieh al, 2007).

2.9.3.2 Mechanically fluidized reactors

Instead of using gas, biomass can be fluidized eghanical agitation or mixing. The twin screw react

operates by transporting biomass with large amoahtsot sand. This method wastes less energy on

heating and cooling of a fluidizing gas. The hatdsaarticles can be recycled and do not requirdirapo

after a cycle in the reactor. The challenge posgdhis method is the recycling of the sand. At

Foschungszentrum Karlsruhe (FZK) extensive woteimg conducted with on twin-screw reactors, also

referred to as Lurgi-Ruhrgas mixer reactors (Hénetal, 2007). The rotating-cone reactor transports

sand and biomass by centrifugal forces (insteashefhanical screws), where after the hot sand & als

recycled to the reactor. The mixer reactor andtimmfecone reactor is shown in Figure 17. Mechahjcal

fluidized bed reactors also require small partitdesfficient heat transfer.
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Figure 17: Left: Auger reactor (LR mixer reactd®jght: Rotating cone reactor (Henriehal, 2007).
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2.9.3.3 Direct contact reactors

Ablative pyrolysis is different from the previousentioned concepts. Instead of transferring heaidiy
gas or sand, the biomass is pressed against thredatbr wall, which causes it to “melt” as illugid in
Figure 18 (Bridgwater, 2002; Henrich, 2007). As tliomass is mechanically moved away, the residual
oil film lubricates successive biomass particlesl aapidly evaporates. The vapours are collected
similarly to the other processes. One of the magiwantages of ablative pyrolysis reactors is thathm
larger particles may be used than with fluidized beactors. Char is continuously abraded off the
particles exposing fresh biomass for conversioreré&tore the reaction rate is not limited by heansfer

through particles, so large particles may be usbi will save money with feed preparation.
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Figure 18: Ablative reactor (Henrigt al, 2007).

2.9.3.4 An overview of fast-pyrolysis reactor charactedstfor bio-oil production

Table 16 shows a summary of some of the key festafehe different FP reactors. The undesirable
characteristics are shown in black and desirabéeacteristics shown in white cells, and gray intisa
moderate characteristics. The level of compleisty good estimation of relative capital cost (Hmis

et al, 2007). Similarly the gas and feed requirementega relative estimate of operating costs.

Table 16: Comparison of some of the key featurdagsifpyrolysis systems (Demo plants have a large
throughput (200-2000 kg/h); Pilot plants (20-200hgLab (1-20kg/h); (Honsbeiet al, 2007)) (LR-
reactor is similar to rotating cone reactor)

Feed siz:

Specific
size

Reactor type Status Bio-oil Level of Inert gas
wt % complexity | requirement

Fluidized bed demo 75 mediu high small medium
Circulating fluidized bed| pilot 75 high large
Rotating cone pilot low small

Ablative lab

Vacuum demo
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2.9.4 Description of a fluidized-bed pyrolysis plant

Fluidized-bed technology is well known and condinmcis relatively simple. Therefore a fluidizedebe
reactor is the most suitable reactor type for fh& +P lab-scale unit at Stellenbosch Universgy).
Figure 19 shows an example of a fluidized-bed FitpIBiomass feedstock is fed continuously into the
reactor. At the bottom of the reactor preheategaled N, gas enters to fluidize the incoming biomass
particles. The biomass reacts, which causes th&lparto shrink and be transported with the vigati
Larger particles may remain inside the reactor. §ae particle mixture then enters a series of two
cyclones to separate the entrained small charcfestiThe clean gas then enters a direct contatofu
column, to achieve rapid cooling. A light hydrocamb(isopar blend), which is immiscible with the
pyrolysis liquids, is used for cooling. The condmhgroduct then collects at the bottom of the ctithe
vessel, and the isopar is recycled. The uncondegasdes enter an electrostatic precipitator, which
collects entrained aerosols. Finally a dry ice ems@r is used to collect any higher boiling point
components. A gas meter records the amount gbgssing by, after which it is burned to supply psx

heat.

o Cooling liguid
|"|I.I]d|7.€td bed recycle
reactor ]
&
Il Char #
B Cooling liquid
Bio-oil
[ Gas @

N2

Biomass feeding

Cyclone/ Char colllection «

Bio-oil

Gas '-e':}"':]? Quench system ‘
1 and combustion

Figure 19: Simple representation of a fluidized fast pyrolysis setuppMww.dynamotive.com2009)
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2.10 Other thermo-chemical processes

Pyrolysis combustion and gasification are all theiwwhemical processes. The different processes and

their main products are shown in Figure 20.

Combustion +—¥» Heat

Excess O,

Biomass » Gasification [————————» Fischer-Tropsh —®  Transport fuel

Partial O, Syngasg :;d fuel

Pyrolysis ——————» Upgrading —»  Transport fuel
No O, Bio-oil

Figure 20: Thermo-chemical processes

2.10.1 Combustion applications

Solid biomass combustion is an established teclgyotbat has been used widely for many years.
Industrially there are numerous methods for geimgratlectricity from heat produced by combustion.
These applications include: steam turbines, recgiing steam engines, Stirling engines, indiretdfi
gas turbines, and direct fired gas turbines. A meceview showed that the steam turbine is the only
established technology (Bridgwater al. 2007). The other methods have efficiency advastdoye are
not commercially available (Bridgwatet al, 2000). Low efficiency combustion systems are dgfly
used at sugarcane mills. Biomass combustion mayireegrying to <50 wt% water, and size reduction
(Goyalet al, 2008).

2.10.2 Gasification

Biomass is converted into a combustible non-coralglesgas mixture by partial oxidation of biomass at
high temperature (800-1300°C). The gas consiststlyno§ carbon monoxide (CO), Carbon dioxide
(COy), hydrogen (H) and methane (CH This mixture is called the producer gas. Prodgesses can be
used to run internal combustion engines (both cesgion and spark ignition), and can be used as
substitute for furnace oil in direct heat applicag (Goyalet al, 2008). Apart from direct power

production these gasses may also be used to prasheteanol or syngas (also see 2.5.2), in an

42



economically viable way. The formation of these cép® can be explained by the following main

chemical reactions that take place during gas ptiatu

Combustion reactions:

C+% Q% CO AH = - 111 MJ/kmol

CO+%£ Q& CO, AH = - 283 MJ/kmol

H, + %2 Q< HO AH = - 242 MJ/kmol

C+0O & CO, AH = - 394 MJ/kmol
The Boudouard-reaction:

C+CQ <« 2CO AH =+ 172 MJ/kmol
Water gas reactions:

C+HO® CO+H AH =+ 131 MJ/kmol

CO +HO & CO, + H, AH = - 41 MJ/kmol
Methane forming reactions:

C+2H, ¢ CH, AH = - 75 MJ/kmol

CO + 3H < CH, +H,0 AH =-206 MJ/kmol

The reaction enthalpyAH) is shown at 0°C and lbar (abs) as obtained fddimann’s Encyclopaedia
(2002) (Lange, 2007).

2.10.3 Torrefaction

Torrefaction is a slightly less aggressive approtxtbiomass upgrading than pyrolysis. This is an
alternative means of thermo-chemical conversiorbiofnass. It is conducted in an inert atmosphere
similar to conventional pyrolysis. However the teargiure is lower and ranges between 200 and 300°C.
This technology is less sophisticated and can be as something in-between combusting dried biomass
and pyrolysis products. The torrefied biomass $ela, char like substance. The advantages offtede
biomass over dry biomass are listed below (CGPD62hd Paclket al, 2002):

» Lower moisture content. This results in a higheatimg value and increased energy density of the
biomass.

» The particles are brittle and therefore size radnds achieved more easily.

» The particles are hydrophilic. Whereas dried bismagains moisture torrefied biomass does not

gain humidity in storage, and is therefore morelstand resistant to fungal attack.
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e Combustion: Reduced smoke formation during burnirige weight is reduced to approximately

70 wt%. 80-90% of the original energy content isireed in the torrefied biomass.

Torrefied biomass has applications in the followindustries: as raw mineral for pellet productias;
reducer for smelters in the steel industry; for thanufacturing of charcoal or activated carbon; as
feedstock for gasification, and can be used asritmrffeed for boilers. Pioneering work in torretian
was reported in the 1930 in France, although ndigations of this work could be obtained. In the30%

a 14 Kton/year plant was commissioned in Francéfimuette production. Burgois and Doat published
torrefaction work which resulted in the constructiaf a continuous torrefaction plant in 1987 whitre
product was used as a reducing agent for the ptioduof silicon metals (CGPL, 2006). Paeh al.
(2002) published results regarding torrefactiorbioth, pine and sugarcane bagasse on lab scalasit
found that the type of biomass influenced the pebdlistribution significantly. The wood (birch and
pine) favoured solid production and therefore lbgaid and gaseous products than bagasse. Finer
particles tended to produce more liquid. Bergregal. (2005) published literature on electricity savings
with regards to size reduction and pellet produrctla 2006, at the Indian Institute of Sciencerejqrt
was completed on the torrefaction of bamboo. A d/ho pilot plant was constructed. The optimal
torrefaction temperature was found to be around@5Moisture absorption of the product was about 6
wt%, approximately half of raw bamboo (CGPL, 20@&pm the literature it can be said that torretacti

is a suitable alternative to conventional pyrolydispending on the application of pyrolysis char.

2.11 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is the most commechnique for investigating the devolatilization
behaviour of biomass. TGA involves heating a sanmpdess at specific heating rate and measuring the
change in mass as a function of temperature arel #ftmumber of researchers have used this method to
investigate the thermo-chemical characteristicbaifasse (Garcia-Peret al, 2001; Stubingtoret al,
1993; Erlichet al, 2005; Darmstadét al, 2001; Varhegyket al, 1989). Derivative Thermogravimetry
(DTG) is usually also applied to the TGA data, &tedmine the rate of weight loss as a function of
temperature. Small samples are used (10-20 mdjninate temperature gradients within the samples.
Typically only low heating rates (1 - 50°C/min) ateidied in normal TGA equipment and therefore the
conditions are similar to slow pyrolysis. The datstained from TGA and DTG can be used to obtain

kinetic parameters and model the devolatilizatiehdviour of biomass. Because of the complex nature
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biomass single component modelling is not adeq&atemodelling purposes biomass can be subdivided
into lignocellulosic components as shown in Fighite This is discussed in more detail in chapterte
comparison of fast pyrolysis and TGA is challengihg to the significant differences in heating ate

sample sizes.

Biomass

; — !

Hemi-cellulose Cellulose Lignin Extractives

Figure 21: Biomass subcomponents

2.12 Implementation of FP in the sugar industry

Pippoet al, (2007) evaluated the disposal practices of SEhénagro industries in terms of cost and

energy balance. The advantages FP implementatisungar industry is listed below:

» Conversion of bagasse and SCAR to bio-oil could kelution to the problem of energy storage.
This will create a stock which can be used loca#iyhe need arises.

» A sugarcane mill factory has an appropriate enérfygstructure to assimilate technologies like
FP.

» The infrastructure for transportation and distribatof conventional fossil liquid fuels can also
be used for bio-oil.

* Bio-oil can be transported to remote, isolated ®wand used for domestic tasks.

» Bio-oil stores 11 times more energy in the saméwoiume of bagasse.

» Storable bio-oil provides an alternative to theatotonversion of sugarcane biomass into
electricity. Alternative applications now also bammpossible.

« On the basis of the pyrolysis infrastructure itpissible to introduce gasification technology
without a large additional investment.

The disadvantages can be summarized as follows:
* The conversion process is endothermic.

* Bio-oil is not a stable fuel.
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» Bio-oil upgrading is very expensive.

e There are no bio-oil standard properties or a §ipdub-oil market.

Pippoet al. (2007) also conducted an economic assessmentiioflic. In conclusion it was said that
the implementation of any modern system for enampovery from sugarcane biomass residue in
developing countries could only be feasible underdition of government subsidies. The South African

government is subsidizing renewable energy eldistrforww.nersa.org.za2010). The increasing bio-oil

price could provide incentive for private capitaint-venture projects to accelerate developmerthim
industry. In 2006 it was speculated that 50%$/bhil¢d@rovide enough incentive. The current oil prige
83%/bbl and the predicted price one year from reo@6$/bbl ywww.oil-price.net April 2010). Therefore
the implementation of FP at the sugar industrydrasving potential that is economically dependent on

the current increasing oil price.

2.13 Conclusions and problem statement

The utilization of bagasse as energy product irstigar industry is not optimized with respect torent
upgrading technologies. Volumetric energy dendiicaby means of thermo-chemical processing is a
suitable upgrading technology. Biomass pyrolysiedpces storable and upgradable energy-dense
products in the form of char and bio-oil, and isrtffore deemed ‘most suitable’ for the sugar ingust
The different pyrolysis processes produce varyimgants of char and bio-oil. Both products are ukeab
in the sugar industry and present certain advastdgjear can be combusted or gasified as a solidjgne
dense fuel, used as bio-char, or upgraded to aetivearbon. High quality bio-oil can be combusted o
gasified as a liquid energy-dense fuel, can be ased chemical feedstock, and shows potential for
upgrading to transport fuel quality. Experimentalrikvon slow, vacuum and fast pyrolysis is required

order to investigate the quality of products theat be obtained from sugarcane bagasse.
Therefore the main research problem for this thissi8Vhich of the pyrolysis processes, slow, vaouu

and fast pyrolysis are best suited for bio-oil &i@char production from sugarcane bagasse aneiras

suitable alternative to direct combustion in thgasundustry?”
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3 Design of a fast pyrolysis reactor

3.1 Introduction

This chapter discusses the design of a Fast-Pysolysit (FPU) for Stellenbosch University (SU). To

shape a foundation for the design, a comparativeewewas completed on similar reactors used in

previous pyrolysis related research. Standard desigthods as well as, scale-up and practical espezi

contributed to the final design. In some casesdtfggns were modified in order to make use of tgadi

obtainable material, or to save construction timé money. The objective is to design and constauct

fluidized bed FPU capable of operating at a bionflagsrate of 1-2 kg/h.

3.2 Review: Fast Pyrolysis Units (FPUs)

A detailed discussion on the Fast-Pyrolysis (FBdth is given in chapters (2.3 and 2.4). A fluidizzed

reactor was chosen for the new FPU because oflative simple construction and operation. Previous

fluidized bed FPUs are reviewed in this sectionmativation will be given for the most appropriate

choice of components for the new FPU. The mostnsite FP design review was given by C. Germtes
al., (2002). Table 17 shows the important design paters for 6 different fluidized-bed FPUs.

Table 17: Comparison of fluidized-bed FPUs.

Specification Yanik et | Westerhof | Horne et Lou et | Gerdeset F\;toglha
al.,, 2007 | etal., 2007 | al.,1996 | al., 2004 | al., 2002 2002’

Feed rate (kg/h) 0.1 1 0.23 3 5 100
Height (mm) 33 420 500 700-120( 550 5000
Internal diameter (mm) 40 100 75 80 140 412
Waal thickness (mm) 5
Heating (kW) 6 7.7
Gas type N2 N> N> N2 N2
Linear flow rate (m/s) 0.3 0.17
Volumetric flow rate (Nrivh) 0.66 4.5 10
Vapour residence time (s) 2 1 2.5
Sand bed volume (L) 0.05 0.35
Material of construction SS 316 SS 1.484
Maximum temperature (°C) 500 480-500 400-550 700 1200 450-500
Bio-oil yield (wt%) 50 56 65
Experiment duration (h) 1 2 2
Particle size (mm) 2 2
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3.3 Mass and energy balance

The pyrolysis-process mass balance is shown inr&igR. During pyrolysis biomass undergoes a process
that yields gas, liquid and solid products. Thedpiai fractions were estimated from literature tdbg5,
0.2 and 0.15 for oil, char and gas respectivelyrdgen is inert and is not produced by the pyralysi

reaction. Therefore inlet and outlet mass flowsatenitrogen are equal.

Gas OUT (Mg)
—» x=0.15;
+(My)

Biomass IN (Mg)

Fast Pyrolysis | Liquia 0UT ()
5 0 O o C x=0.65

Nitrogen IN (My)

Char OUT (Mc)
XC:0.2

Figure 22: Mass balance: (Mass flow rate shown)

MB+MN:MN+M6+ML+MC
and (N IN = N, OUT)
MB:M(;+ML+MC

Equation 2

3.3.1 Flow rates into the process

The reactor is designed with a biomass flow raté.5fkg/h (0.42 g/s). The nitrogen {Nlow rate inside
the reactor is determined by fluidization chardstess. The N gas velocity required for 2mm particles
inside a FP fluidized-bed reactor is in the regdrD.3m/s (Yaniket al. 2007). Assuming a maximum
linear velocity inside the reactor of 0.6 m/s, thass flow rate Nis 4.35 kg/h. The maximumNnass
flow rate will be taken as 5 kg/h to increase thleustness of the design. For practical operatien\th

flow rate should be in the region of 2 — 3 kg/h.

3.3.2 Process description and design mass balance

In Table 18 the mass balance used for design pespgeshown. The process flow diagram is shown in
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Figure 23. N enters at 5 kg/h and biomass at 1.5 kg/h. The iastream is heated in heater (Q03) and
the remaining 10% of the Nk fed to the feeder (F02) to avoid hot react@egarom entering the feeding

system. In the reactor (R04) biomass is convertamldas and char of which 95 wt% is separated éy th
cyclones (C05 and C06). The remaining 5 wt% ofdhar is carried off into the liquid collection sgst
(TO7, D08 and EPQ9). Bio-oil is collected from saime(S10) and gas exits at stream (S11).

Table 18: Design mass balance for pyrolysis plant

Mass flow rates (kg/h)

Stream (€ S01 S0z SO0: S04 SOt SO€ SO7 S0¢€ SO¢ S1C Sic
N> 5.0C 4.5C 0.5C 0.5C 5.0C 0.0C 5.0C 0.0C 5.0C 0.0C 5.0c¢
Biomas: 0.0C 0.0C 0.0C 1.5C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0cC
Gax 0.0C 0.0C 0.0C 0.0C 1.2C 0.0C 1.2C 0.0C 0.2% 0.0C 0.2z
Chau 0.0C 0.0C 0.0C 0.0C 0.3C 0.21 0.0¢ 0.0¢ 0.0z 0.0z 0.0cC
Bio-oil 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.0C 0.9¢ 0.9¢ 0.0cC
TOTAL 5.0C 4.5C 0.5C 2.0C 6.5C 0.21 6.2¢ 0.0¢ 6.2z 0.9¢ 5.2¢
Process conditions
Temperature (°( 25 25 25 5C 50C 50C 50C 50C 45C 1C 1t
Pressure (be 3.0C 1.2C 1.2C 1.1f 1.1f 1.1f 1.2C 1.2C 1.0t 1.0C 1.0C
Gas density |, (kg/nT) 3.4¢4 1.37 1.37 1.21 0.51 0.51 0.4€ 0.4¢ 0.5C 1.21 1.1¢
Volumetric flow rate I, (m%h) 1t 3% 04 04 9. 0. 10.2 0.C 10.1 0.C 4.2
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INSTUMENTATION and COMPONENT DIAGRAM: FAST PYROLYSIS PLANT

ZONE 1 ZONE 2 ZONE 3
Feeding Heating & Char collection g9 ~ Cooling & Liquid collection
NEY
Qo2
Cooling
S08 water 13
List of components
NT01 [Nitrogen tank
Fo2 @ Q01  |Flow control valve
Q02  |Flow control valve
S04 Q03 |Gas heater
FO2Z  |Feeder
P04  |Reactor
C05  |Cyclone
Cooling C06  [Cyelone
water T07 Tower
D08  |Holdup drum
EP09 |Electrostatic precipitator
Qo3 Fan) T EP10 |Hectrostatic precipitator
e ~ P11 |Pump
IS02 HX121 |Heat exchanger
fio S01
S03 Pot— FaRYd

Qo1

Figure 23: Instrument and component diagram foiRRe,
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3.3.3 Energy balance

The energy balance of the system can be vieweleaseaparate combination of §as and biomass and
pyrolysis products. Ngas does not undergo phase change or reactioi thedefore requires heating and
cooling to the design temperatures. Biomass regjliieating, and then undergoes a reaction restitting
phase change. The pyrolysis product requires ogalivd condensation.

Ms . Mg+M +M¢c
Fast Pyrolysis
500°C
My Mn
I
i ~
Qin Qout

Figure 24: Energy balance

Eout: Ein + Egenerate - Econsumed_EaccumuIate + Elosses

Equation 3

At steady state the accumulation of energy is zA&raell insulated reactor will only have minor heat
losses to the environment. Generally the fast pgisireaction is considered slightly endothermithwi
values between 200 and 400 J/g (Van de Vekteal, 2010) (also see paragraph 2.3). Therefore at a
biomass flow rate of 0.4 g/s approximately 150cdisid be required. During pyrolysis energy is iisepl

in the form of heat, to create the reactive coad&i Equation 4 was used to calculate the heatidg a
cooling requirements shown in Table 19 and TableT2@ references for thermodynamic properties are
given in paragraph 11.2.1 in the appendix.
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Q, =AE =AE

heating

+AE,  +AE

evap xXn

500
= Z Ivli LS ijT + Z MiAHevap+ Z IvliAern
= M Biomasg: paveAT + M NitrogenC paveAT + M WaterAH evap + (M biomass M Water)AH xn

Equation 4
Table 19: Heating requirements
Species M Cp(ave) | AH (ave) | AT Q Q

(kg/h) | (kJ/kg.K) kJd/kg (K) (kJ/h) (kW)

Biomass heating 1.50 1.20 n.a. 475 855 0.24
Dry biomass reaction (90 wt%) 1.35 n.a. 150 n.a. 203 0.06
Water phase change (10 wt%) 0.15 n.a. 2300 n.a. 345 0.10
Nitrogen heating 5.00 1.10 n.a. 475 2613 0.73
Total 1.12

The design heating capacity for the reactor is 3k\Viiccount for losses. Cooling calculations weneedo

similarly, except that no reaction takes place ([@&0). The design cooling capacity is also 3 kW.

Table 20: Cooling requirements

Species M Cp(ave) | AH (ave) | AT Q Q

(kg/h) | (kJ/kg.K) kJ/kg (K) (kJd/h) (kW)

Bio-oil cooling 0.98 2.20 n.a. 490 1051 0.29
Water phase change (25%) 0.24 n.a. 2300 n.a. 561 0.16
Oil phase change (75%) 0.73 n.a. 1150 n.a. 841 0.23
Pyrolytic gas cooling 0.23 1.5 n.a. 490 221 0.05
Nitrogen cooling 5.00 1.10 n.a. 490 2695 0.75
Total 1.48

3.4 Fast pyrolysis Fluidized Bed Reactor (FBR)

Fluidization is defined as an operation by whidted of solids acquires fluid-like properties by giag a
fluid through it. When a fluid is passed upwardotigh a bed of particles the pressure loss in thid fl
will increase due to frictional resistance. At thgint where the upward drag force equals the wedfht
the particles, the bed becomes fluidized (Figure 25urther increase causes instabilities and bogb
will start to occur. A further increase will causlegging (large bubbles) and thereafter transpeartsand
out of the vessel (Rhodes, 2005). Controlled buigifiuidization is ideal for the pyrolysis reactsimce
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the sand should remain inside the reactor. The #arke reactor will improve fluidization and heat
transfer of biomass (Cuit al. 2007). The bubbling bed will promote mixing, exdaihe bed, and the
breaking of bubbles will burst sand into the fregioo

Fixed bed Incipient Eubbling
fluidization fluization

Figure 25: Fluidization of sand

Sand particles will be fluidized inside the reaciypical particle size range is in the region 804- 600
um (Yanik et al. 2007). The sand particles are assumed to havéexisity of 1. The sphericity of a
particle is defined as the ratio of the surfacearea sphere (with the same volume as the giveticigd

to the surface area of the particle. Biomass pastiare not spherical and therefore the spher{glty
needed to be calculated. The particles were sieallais cylindrical rods with a sphericty of 0.55
(calculation in paragraph 11.2.3), is the diameter of a sphere having the same suttagolume ratio

as the particle in question (Equation 5).

XSV = ¢X p

Equation 5
To calculate the pressure drop though a bed oicpestEquation 6 is used (Rhodes, 2005). Wheyas

particle density (kg/f); ‘ps is fluid density (kg/m), ‘H’ is the bed depth (m); M is bed mass (kgJ; ‘

voidage; ‘A’ is the cross-sectional are&(of the vessel; and g is gravitational accelera(®81 n¥/s).
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m{l_g_j =AP=H({1-£)p, - 0, )o

Equation 6

The fluid velocity at which the particles becomgidized is ‘U, and is also referred to as the velocity at
incipient fluidization. U increases with particle size and density. Insidefast pyrolysis FBR both sand
and biomass particles should be fluidized. The fiate should be slightly aboveJJfor sand. As
biomass particles enter they should become fluitiemed small particles will be carried off. The karg
particles will react and thus decrease in sizedmrthity and will eventually also entrain in the .gésme
larger particles may remain in the sand bed. Thetens used to calculatg,\for the sand and biomass
are shown below. The Reynolds number at minimuridiftation is ‘Rey, and ‘W is the kinematic

viscosity of the fluid. The dimensionless Archimsaeimber (Ar) can be calculated as follows:

150an{1;_3£)+ 17 Rfsmf _ a2 PPy /—j:of)g@v
Equation 7
Um Vv
Re,, = % Equation 8

By solving the left and right hand side of Equatibsimultaneously, Rg can be found which will then
be used to calculate }J.The appropriate particle size range for sand @agiwas found to be in the

region of 400 — 60@m, similar values were reported by (Yaeikal, 2007).

A force balance on the particles is required tauate at what velocity the particles will be trpoged
out of the reactor. The Stokes equation (Equat)os the result of this force balance on a singlgiple
falling under gravity. Uis the terminal velocity (m/s) of the particleokts law can be assumed to apply
to the bed of particles, only if the particle irtetion and voidage effects are accounted for. Toerdéhe

altered Stokes equation is shown in Equation kakculate the corrected particle velocity,(U

U - Xlo,-p)g
! 18u

Equation 9
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Equation 10

The values of n are calculated by making use of Klaan and Richardson (1989) equation as
recommended by Rhodes (2005).

027
4870 _ 00a3ar® 1- 24 X
n-24 Dybe

Where, Ar is the Archimedes number, angtike corrected particle size (m), angy,Bthe vessel diameter

Equation 11

(m). A typical voidage of 0.45 was used for thecadtion.

The calculations are listed in paragraph 11.2.thénappendix. Properties and assumptions are listed
Table 60. The minimum fluidization and transportoegties are calculated in Table 61 and Table 62
respectively. When comparing all the results fréma luidized bed calculations (Table 21) the ranfje
linear velocities inside the reactor can be idaiffor the different particles. As shown for 2 mm
biomass particles slightly higher velocities wesediin previous research (Yamikal, 2007). In practice

the velocities may be slightly higher and are dépahon biomass density.

Table 21: Gas velocities in the fluidized bed

Typical velocities in
Minimum Vertical forces on FBRs for 2 mm
Particles fluidization occurs particle is in equilibrium particles
Xp (Mmm) U (M/S) U, (m/s) U (m/s) Reference
Yanik et al,
3.0 0.16 0.40 0.25-0.3 2007
Lou et al,
Biomass 2.0 0.07 0.16 0.3-04 2004
1.0 0.02 0.03
0.6 0.28 0.95
Sand 0.5 0.20 0.59
0.4 0.13 0.33
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3.4.1 Biomass reaction mechanism

The shrinking core model describes the physicahges during the reaction inside the reactor (Fogler
2006). This model predicts that as the biomasstsahe particles become smaller and smaller. During
pyrolysis a combination of size and density reductvill occur simultaneously. As they decrease they

become small or light enough to entrain in thegjesam.

3.4.2 Fluidizing Gas

Nitrogen (N) is generally used as inert fluidizing medium hesgit is the cheapest option available. For
larger pyrolysis units Nshould be recycled into the system to save omeraticosts. Gerdest al,
(2002) recycled B and flared off a bleed stream. The scaled dovenfigav rate from Lowet al. (2004)
suggests a consumption of 2-#/mN, for SU-FPU. With approximately 8fof useable Min a gas
cylinder only about 1hour of continuous operatisrpossible. This will allow enough,No purge the

reactor during heating (before a run) and coolaftef a run) at a low flow rate.

Nitrogen is continuously fed through the reactod andergoes a temperature change as it is hdatid.
temperature change causes a density decrease nghidts in a higher volumetric gas flow rate (Edprat
12). FP is normally done at atmospheric pressudeisoptimized at 500°C for most biomasses (Gerdes
et al, 2002). However, the pressure inside the reacty be slightly above the atmospheric pressure
because of the pressure drop over downstream eguotpifable 22 shows density values at 1 bar and 1.2

bar to illustrate the effect of pressure.

PV =nRT
Equation 12

Where: ‘P’ is pressure (kPa); ‘V’ is Volume Yn‘n’ is mol (Kmol); ‘R’ is kJ/kmol.K and ‘T’ is
temperature (K), (Cengel, 2003).

Table 22: Design values for nitrogen gas density

Density Density

(1.2 bar) (1 bar) Temperature

[kg/m3] [kg/m3] (°C)
1.37 1.15 25
0.53 0.44 500
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3.4.3 Reactor size and material of construction

The sizes of the FPUs reviewed in Table 17 rangad 0.1 to 100 kg/h. The reactor size and feed rate
used in the study by Loat al. (2004), is the closest match to the FPU at SU. itlkal construction
material for a FP reactor is SS 1.4841 becausts dfigh-temperature resistance. However SS 316 has
been previously used, and proven to work. Mat8#I316 is readily obtainable in South Africa, wiasre
SS 1.4841 is not. The materials cost for the reagtuld be 5 times more if the high-temperaturelste
were to be used. Literature suggests a reactoff [IDOF - 0.08 m with a fluidizing gas flow rate »f- 4
m/h. The reactor wall thickness of at least 5 mni bél used similar to Gerdes al. (2002). The size of

the reactor was found not to be critical because fiates and particle sizes can be altered to sxtest

to achieve the desired fluidization. A FBR diameter5 mm is known to cope with a biomass feed rate
of 2kg/h, (Louet al. 2004). A larger L/D ratio for reactor dimensiongl allow higher gas flow rates to

be tested (before sand is bubbled out of the readthis will improve the heat transfer inside thBR
because of more vigorous mixing. The rector voluraeessary to achieve a vapour residence time under
2 seconds, determined the height of the reactoke®p large particles and sand from being blowrnofut
the reactor at high gas flow rates the top sediothe reactor has a diameter of 90mm (Geetesl,
2002). Refer to Figure 49 size enlargement effactsparagraph 11.2.12 for component drawings (Eigur
53).

3.5 Feeding system

The feeding system consists of a hopper, with tatla¢d feeder. The biomass is fed continuously into
the reactor, which is slightly overpressure. Thigdtives for the design of the feeder are to:

1. achieve a constant flow rate of biomass;
2. investigate the control options;
3. overcome challenges involved with overpressureatie reactor; and

4. prevent reactions from occurring inside the feedipstem.

The most common feeder type used is a screw feaddrmost lab scale plants use this type of feeding
system (Gerdest al. 2002; Yanik et al 2007). A screw, connected tceelattrical motor, turns inside a
pipe and forces the biomass to flow. The advantage¢Gerdest al, 2002; Yaniket al, 2007):

1. it can be used for many types of biomass;

S7



2. itfeeds at a constant volumetric flow rate (therefif biomass density is constant then it willbals
give a constant mass flow rate); and

3. the design is simple, and can easily be modified.

A second type of feeder that can be considered @iraoperated piston feeder. This type of feediéir w
cause pulsating flow which is not ideal. The camdion will be more challenging, and this desigmads
favoured by most researchers. Problems may ocdbrdifferent types of biomass. However, by using a
piston operated feeder the problems with react@rpressure are eliminated. Based on practical

experience, simple construction and low systemspires a screw feeder was designed for use at the FP

3.5.1 Reactor overpressure

A slight overpressure (0.1 bar) may be present@gie reactor. Consequently heated gasses wilpesc
at the feed inlet if appropriate precautions aretaken. A system should be implemented to enhae t
this does not occur. During operation of the scfeader the tube will be filled with biomass, which
leaves a significant air gap inside the feedingtulbere hot gasses from the reactor will be abfota
The feeding system will be sealed and a slightpresisure (with Blgas) will be applied.

3.5.2 Volumetric or Gravimetric control

A constant feed rate into the reactor is idealpfgolysis. The feeder might not be able to feedstamtly
because of a variation in feedstock density, hopgesl, or clogging. Implementation of gravimetric
control can account for density variation. If thentroller senses a decrease in mass flow ratesdfesv
speed will be increased to hold the system ateitpsint. The entire feeding system will be placeda
platform scale or load cell. Therefore the feediggtem requires a flexible connection. This systelin
also be subject to unforeseen interactions, likefing against the feeding section which may upgset t
control system. An attempt was made to implemeavigretric control on the PDU (at FZK); but was
found to operate less accurate than volumetricifigedue to interactions (personal communication: Dr
Ralf Stahl). The alternative is volumetric contwahich can be applied accurately if constant biomass
density can be achieved. At FZK a volumetric feedas used at the lab scale fast pyrolysis reactor
discussed by Yanikt al. (2007). Owing to the challenges with gravimetmnizol, a volumetric feeding
was implemented at the FPU at SU. Feeder calilorégioequired for each type of biomass to determine
the exact mass flow rate (Yargk al, 2007).
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3.5.3 Overheating of the feeding section

The reactor temperature will be maintained at agprately 500 °C, because it is the known optimal
temperature for biomass pyrolysis (Bridgwagerl, 1999). This high temperature will cause heatihg o
the feeding pipe. If the feeding section is nottkepol enough fouling and char deposits may form.
Therefore a water-cooled heating jacket was dedigmeeduce the temperature around the feeding pipe
This will keep the feeding section temperature Ewough to ensure that no reactions occur outsigle th

reactor.

A 200 mm long double pipe heat exchanger was aactsil at the tip of the feeding unit. The energy
balance is shown in paragraph 11.2.6 of the apgendi

3.5.4 Sizing

The feeder design included a hopper, attached gorew feeder. The top of the hopper will have a
biomass loading cap for easy loading of the biomase screw pipe system requires some design.
Because of the variability of different biomassibg design must be robust enough to handle differen
biomasses. A hollow core screw, with a pitch edoeathe diameter, will be used because practical
experience has shown that this is best for fibqmarsicles such as bagasse. The sizing for thiglés
listed in Table 63, and illustrated in Figure §8aragraph 11.2.5).

Table 23: Calculation for flow rate at 50% fillird screw

Percentage Pitch Volumetric feed
Dimensions (mm) filling volume (L) RPM rated (L/h)
Pipe IC 37 50% 0.037 10 10.97
Screw OL 34 20 21.9¢
Void 1.t 30 32.9(
40 43.87

A flow rate of 10-20 L/h will be required for diffent biomasses. Therefore this feeder is capable of
achieving the desired flow rate. These calculatmuggest that smaller pipe sizes can be used (Bable
but were mainly selected on availability. The largge size will reduce the bridging effect insithe
hopper. The hopper is sized based on the approxilmalk density of the material. The hopper walls
leading to the screw all have steep inclines tacedhe effect of bridging. If bridging persistsapping

device may be installed. The drawing of the feéslehown in paragraph 11.2.12, Figure 58.
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3.6 Direct contact cooling tower

According to Bridgewateet al. (1999) efficient liquid collection is one of theajor challenges with
pyrolysis. This is because the pyrolysis vapoues rast true vapours but rather, a combination of tru
vapours, micron-sized droplets and polar molectlesded with water molecules. The cooling rate
affects the liquid collection. Slow cooling leadsdollection of more lignin derived compounds, whic
causes the viscosity to increase, and fractiortaegroduct which could cause blocking (Gerdesl,
2002). Slow condensation also allows more timesémondary reactions to continue (Gereleal, 2002).
Rapid cooling is therefore desired for fast pyridyshere a single phase bio-oil is desired.

3.6.1 Type of heat exchanger

Direct contact heat-exchangers provide rapid queocting and are preferred for fast pyrolysis (Gsrd
et al, 2007; Bridgwateet al, 1999). A cooling liquid, that is immiscible witkio-oil, is sprayed onto the
hot pyrolytic gasses. Indirect heat-exchangersh sascconventional shell and tube or double pipé hea
exchangers usually do not give sufficient heat dfean coefficients (Coulson and Richardson, 2005).
Pyrolysis is considered a dirty process and thesefteaning of high surface area plate heat-exarang

will be very difficult. A direct contact heat exalger was designed for the FPU at SU.

3.6.2 Cooling liquid

It is vital that contact of a foreign liquid withdsoil should render the bio-oil unchanged aftendensing
and separation. Furthermore the cooling liquid &hbe inert, immiscible with bio-oil and safe undiee
specified operating condition. Light hydrocarborre aised for this purpose (Gerdes al, 2002;
Bridgwateret al, 1999). Hydrocarbons are combustible and theredaréxture with a high boiling point
and flash temperature is used ensure safe operedinditions. According to Prof. Bridgwater isopar
blends are most suitable for this application (peat communication). Isopar is the brand name gteen
a range of iso-paraffinic hydrocarbon liquids withrrow boiling point ranges. The product informatio

was obtained from ExxonMobil and is shown in Talilein paragraph 11.2.7 in the appendix.

Some fast pyrolysis technology providers use bidroim a previous runs for direct contact coolirfy o
pyrolysis vapourswvww.dynamotive.com2009). This is unfortunately not an option foipexmental

setups because large quantities of coolant areiregjand fresh bio-oil will be contaminated by the
previous bio-oil mix. Water can also be used aslagzdoit but will mix with bio-oil and therefore
jeopardize the mass balance accuracy. The FP gstgin the study from Henrigt al, (2007) (and

Langeet al, 2007) uses water for direct contact cooling m$kcond condenser.
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3.6.3 Energy balance and sizing

The amount of energy that need to be removed fronpirolysis gasses as they enter the condensation

system was determined in paragraph 0 to be 1.48k& design cooling capacity is 3kW.

Hot pyrolysis gasses are contacted with the codiiugd which is sprayed into a fine mist to incseahe
cooling surface area. The heat will be removed fthenincoming gas stream by evaporation of cooling
liquid and direct heat-exchange between moleculegs. flow rate of cooling liquid inside the tower
depends on the amount of evaporative cooling thdbne. Different configurations of isopar cooltog
provide over 3 kW of cooling is shown in Table Z4e variables are % evaporation of coolant, the
change in temperature of coolant, and the mass v of coolant. This gives an estimate of thevflo
rate required to achieve the desired cooling cépaktiis evident that evaporative cooling is doarh
due to the small coolant temperature difference.

The minimum design flow is 1 L/min (45 kg/h). A aperated, diaphragm pump is used to transport the
coolant through the system with maximum coolanwfleate and pressure, 12 L/min and 5 bar

respectively. This system is more than sufficienprovide the necessary cooling.

Table 24: Different configurations of isopar coglito provide over 2 kW of cooling

Variables Isopar properties Calculation
Evaporation AT m Hevay Cp Q =mCmT Heva Qotal
% kg/h kJ/kg kJ/kg°C kJ/h kJ/h kw
10 10 50 1942 2.01 1007 9711 2.98
50 10 11 1942 2.01 221 10682 3.03
100 10 55 1942 2.01 111 10682 3.00
100 20 55 1942 2.01 221 10682 3.03

A nozzle will be used to spray the coolant intotihwer. The sizes of the droplets will determine ltieat
exchange surface area inside the tower. Two ndyples were tested for the tower spray system. The
nozzle characteristics are listed in the apperuixagraph 11.2.8, Table 66. The PJ model givesya ve
fine mist which will result is a high heat transfurface area. However, this type of nozzle cag clo
easily if any solids enter the liquids stream. Tfremodel provides fine atomization, and is operated
higher flow rates, and does not clog easily. Atspecified flow rate the PJ model gives approxityate
twice the heat transfer area of the TF model. Thazzle connectors were installed on the tower;aine
the top and two below the gas inlet.
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When a rapid approach to thermal equilibrium isexadd the sizing of the tower is not critical arahbe
based on experience with similar processes. Daectact heat exchangers give very high heat transfe
coefficients typically in the range of 100 - 2000 C (Coulson and Richardson, 2005). A conservative
estimate was made to calculate the time requiredctoeve the desired heat exchange of 3kW. The
calculation of the surface area produced by egoh ¢f nozzle is shown in paragraph 11.2.8, Tablan66
the appendix. The heat exchange area will decraasthe droplets coalesce. Equation 13 is used to
calculate the required heat transfer. The calandr the mean temperature differensd ) is given in
paragraph 11.2.9. From Table 25 it can be seerirttat cases the predicted gas residence timeels w
under 1 second, to achieve the desired amountadihgo The heat transfer coefficient was taken @301
and 100 W/rffC to compare the effect that this may have ordesign (Test A and B). The efficiency is
due to the large surface area and high mean temperdhe effect of a change in mean temperature
difference is shown in test B and C.

Q= AxAT xU
Equation 13
Where ‘Q’ is the heat transfer rate (W), ‘A’ is theat transfer surface area®Ym'AT,, is the mean

temperature difference (°C) and ‘U’ is the ovetadht transfer coefficient (WAIC).

Table 25: Calculation of time required to achieeatrexchange inside the cooling tower.

Time

Area | AT U Q required (S)

Nozzle to transfer 3

Test type m? °C | W/m*C | kJ/s kW of heat
TF 1 104 1000 104 0.03
A PJ 2 104 1000 208 0.01
TF 1 104 100 10 0.29
B PJ 2 104 100 21 0.14
TF 1 52 100 5 0.58
C PJ 2 52 100 10 0.29

The cooling tower is overdesigned because it do¢sdd too much to the expenses involved with the
design. The volume of the tower is calculated basead residence of 10 seconds at an outlet gas flow
rate of 3.5 N.nTh. The cooling tower volume will be in the regioh10 L. A large L/D ratio will be used
because this is normally the case for cooling tew€oulson and Richardson, 2005). This will alltwe t
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tower to be constructed from standard pipe sizeau of manufacturing a drum. Hot gasses will tdse
the top and cold gasses to the bottom. The towsragastructed from (D =100mm) SS316 tube and the
different sections were connected with clamp andufe assemblies, with chemically resistant teflon
seals. Sections were required to allow accessetmalazles. The bio-gas inlet pipe has a downwangkes|

to ensure that no liquid coolant enters the hotezdrhe gas is forced down the tower into the liquid

collection vessel. See section 11.2.12 for detallasving.

3.6.4 Liquid collection vessel

The liquid collection vessel is sized to providel2&f buffer volume with approximately 5 L of freeérd
space. A square drum was constructed from SS 3ié.bbttom plate is skewed so that all bio-oil can
accumulate on one side of the vessel for easyidmpiBio-oil is immiscible with isopar and collecas
the bottom because of its high density (1.2 g/a)] isopar collects at the top (0.75 g/ml). Twoveal
were installed on the front side; one at the bottordrain the bio-oil and one slightly above the-bil

level to draw off the isopar for recycling to tloever (see section 11.2.12 for detailed drawing).

3.6.5 Cooling unit

Cooling is supplied to the new FPU by means of semeooled water chiller. The chiller was suppliad
Diaken, model number ‘EWWP104KAW1N’, has a nomioabling capacity of 13 kW, and uses 3.6 kW
of power. The basic specifications of the chillaitare listed in Table 70 in paragraph 11.2.11is Tinit

is more than capable of providing the calculatedAB of cooling. This is the smallest chiller that sva
commercially available at the time of constructi®@he chiller cannot be directly connected to thelaot
holdup vessel, because the required minimum coslahgme (62L) of the chiller is significantly highe
than the volume of the liquid collection vessell(RRApart from this, fouling problems are pronedtccur

if a cooling pipe is located inside the liquid eaflion vessel. Therefore a water bath is chilled toe
coolant (isopar) for the condenser tower will brewdated inside the cold water bath by means afpgper

coil system. The operation temperature of the isrdependent on the type of cooled liquid thatsiesdu

3.7 Electrostatic Precipitators (ESPS)

ESPs are typically used in industry to remove pladi from gas streams (Parker, 2003). In the chse o
pyrolysis it is used to recover small micron sibéal-oil droplets from the gas stream (Yaeikal. 2007;
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Bridgwateret al. 2002; Gerdest al. 2001). The simplest form of an ESP is a round pijte a weighed
wire that is suspended in the centre, and is corymmed for pyrolysis. The wire (discharge elec&pid
energized with a High Voltage (HV) which createbigh electrical field (corona) around the discharge
electrode. The corona ionizes gas molecules asehtey the ESP. This causes the formation of pesiti
and negative ions (depending on + or — charge eghpdi discharge electrode) (Parker, 2003). Assuming
positive corona, the positive gas ions are immediataptured by the neutral electrode (inner pipd)w
The negative ions and electrons are forced by ldwrie field to migrate into the inter-electrodease.
As the gas particles pass through the inter-eldetspace they become charged, either by collisitm w
ions/electrons or by induction (only the smallesitigles). The charged particles are then forcethby
electric field towards the collecting electroden@n pipe wall) (Parker, 2003).

The corona characteristics are affected by theepmsof electropositive or electronegative gasseshw
easily absorb or reject negative ions. In a pyislgetup liquid droplets will be collected, andlwiien

flow to the bottom of the condenser drum. The elealt resistivity is of importance. Reverse ioniaat
may occur if the resistivity is greater than*4@cm, which will reduce the efficiency considerably
because of the large charge buildup at the calleatiectrode (Parker, 2003). Bedmuttaal. (2009)
found that impurities in the nitrogen carrier gasagly affected the voltage-current characteristicg it

was showed to vary significantly less when a miaswntroduced to the gas. Parker (2003) states that
negatively energized ESPs are normally used fonstrihl gas cleaning operations because the corona
initiation voltage is lower and the breakdown vg#as higher. However, nitrogen and hydrogen do not
form negative ions by electron attachment. Theeefpositive corona is used for FP gas-cleaning
(Bedmutheet al, 2009).

ESPs can be operated at temperatures of up to 8%56@Ctemperature does not significantly affect the
separation efficiency of the device (Parker, 2008 operating temperature mostly affects the rizter

of construction for this unit. ESPs are usuallyrapex at ambient conditions.

3.7.1 Sizing

The linear gas flow rate for industrial dry pretipdrs is typically about 15 m/s and is reducetl.5om/s
through the precipitator, (Parker, 2003). Howeeelinear velocity of 0.3 m/s is suggested by Belhraut
et al. (2009) for use in pyrolysis applications. Spec#iging can be done if the mean droplet size is
known, from which the drift velocity can be caldeld at a given voltage (Bebmutagal. 2009). At FZK

a single stage ESP was used (Yagtilal, 2007), but it was shown by Bedmutktaal. (2009) that a two
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stage ESP performs better. A two stage ESP corwfists ionizing section followed by a collection
section, whereas ionizing and collection occursuftemeously in a single stage ESP. In Figure 26 the
difference is illustrated.

A simple weighed wire design was implemented basethe ESP used by Yanét al. (2007). The ESP
was separated from the bio-oil collection vesselahyelectrical insulator. The sizing was based on a
similar residence time. The present design emplaystightly shorter residence time because the ESP
used by Yaniket al. (2007) was found to be overdesigned during tes#nginear velocity close to the
recommended velocity of 0.3 m/s was used (Bebmeitlah 2009). Figure 26A illustrates the first design.

Table 26: Comparison of size and linear velocitdifferent ESPs

FzK Bedmutha et al., 2009 us
ID (m) 0.04 0.0¢ 0.0¢
L (m) 0.50 0.45 0.50
U (m/s) 0.16 0.30 0.25
Residence time (s) 3.0 1.5 2.0
kv 10 16 15

The conductive nature of the bio-oil posed probldarsthe design of the ESP. The oil was found to
collect on the sides of the tube and would run dowto the electrode weight and create a shortitircu

thereby significantly reducing the efficiency ofettunit. The discharge electrode was eventually
redesigned similar to the design of Bedmughal. (2009) (a two stage ESP). Because of the updaaft g

flow in the first ESP the effective length of thellection electrode is shorter, only 0.3 m. Conssly

not all vapours collect at one ESP, and a secoiitdwas required. The modified design is shown in
Figure 26B.
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Figure 26: (A): Drawing of the original (single g& electrostatic precipitator. (B) Modified desigiwvo
two-stage ESPs; one updraft, and one downdrafflgas Black indicates conductive materials and gray
indicates electrical insulation (Glass or Teflobetailed drawings are shown in Figure 56 in the

appendix.

3.8 Additional equipment

3.8.1 Oven

Large pyrolysis plants often use fuel gas burnerprovide heat to the reactor. This allows for the
combustion of incondensable pyrolytic gasses, tieguin a cleaner and more energy efficient system.
Gas heaters are typically not used for small FPtabse it will increase capital costs and hazards
associated with the unit. Two practical heatingtesys were investigated. Heating elements can be
directly mounted onto the reactor (Letial, 2004; Gerdest al, 2002) or an oven approach (Westerhof
et al, 2007; Yaniket al, 2007) can be employed. Local suppliers couldmegt the specifications for
the first option. The oven approach was thereforpléemented. The advantages with heating inside an
oven included accessibility of all components andyeoperation. Due to the size of this oven anbifti

system was installed.

The pyrolysis oven draws 6.6kW which is more thaullde the design value of 3kW. The increased
electrical power will decrease the time requiredi¢at the oven. A two piece round cylindrical oveas
constructed by a local kiln manufacturing compasiyder normal conditions (small reactor size) ohky t

top and bottom sections of the oven are used. iediss partition was installed in the bottom sectf
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the oven, because this section will need to be waiiman the top section to heat cold nitrogen. The
dimensions of the oven are given in Figure 54 mdppendix, (paragraph 11.2.12). An onboard control
system uses Proportional-Integral-Derivative (RtDiitrol, to maintain process set points.

700
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60 70
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Figure 27: Shows the temperatures inside the ondmeactor during heating of the oven.igin the

middle, and Tis at the top of the reactor.

The oven was calibrated in order to achieve a stmadperature difference in the reactor (Figure Zfg
commissioning of the oven is discussed in paragrehB.18. A temperature difference of 10°C was
allowed inside the reactor. No additional preheptif the gas was required. For each different ceact
temperature set point the oven will require catibra In Figure 27 the oven and reactor temperature
during heating are shown. The top two curves shmwolven temperature that reaches equilibrium. After
about 70 minutes the variation of temperature m#ie reactor (Fand T,) approaches zerogz Fhould be
slightly hotter that T to heat the incoming biomass and provide energythfe endothermic pyrolysis
reaction. The oven calibration for different readtonperatures is shown in Table 27.

Table 27: Reactor temperature (°C) at differenincset points

Reactor temperature (°C) 428 £ 4.5 495 £ 4.5 526 + 2.2
Set point for top of oven 420 470 510
Set point for bottom of oven 570 670 710
Oven temperature difference 150 200 200
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3.8.2 Piping

The generalized equation for optimum stainlessl gtige sizing, from Coulson and Richardson (2005),
was applied for the design (Equation 14). The dbhjeavas to choose a single tube size for all lasisgs.
For the gas flow a 16 mm SS316 tube was chosehtlslitarger than the recommended value to
accommodate fouling. Fouling problems often ocauthie pipe section between the reactor and cooling
tower. For cooling liquid circulation and nitrogeapply a 10 mm tube is used. The availability ipEp

and fittings, and pump specifications also poseghesdimitations on the choice of pipe sizes. The
calculations are shown in Table 71 in Paragraph.16.

D - 26(5 0,52p—037

optimum
Equation 14
Where G = mass flow rate (kg/s) ame density (kg/m).

3.8.3 Cyclones

The single cyclone system did not achieve a higirate of separation at FZK (Yanit al, 2007).
Similar problems were reported by Geréesl. (2002). Therefore two cyclones will be used ineseto
increase the separation efficiently. Problems wighy small particles may still persist. The staddar
procedure for the design of a high efficiency cypelavas followed from Coulson and Richardson (2005).
The typical characteristics include; an efficierdy85%, a typical inlet gas flow velocity of 10 0 2n/s,
and a pressure drop of 0.1 kPa. The standard aydi@ing dimensions are illustrated in Figure 28. (A
Using this design and typical flow rates insideyel@ane, the characteristic diameter was calculéfedble

72, in paragraph 11.2.17). The design was alteligtitly to allow the use of standard Material Of

Construction (MOC). The final dimensions are shamwkigure 28 (B).
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Figure 28: (A) Standard cyclone dimensions (Couksath Richardson, 2005); (B) Final dimensions of
cyclone (mm)

3.8.4 Control and instrumentation

The control system is used by the operator to rootiite process and ensure safe operating conditions
and record data. No PID (Proportional Integral iee) control loops are required for the system.
Components such as the oven and chiller have odb@HD control to maintain these units at their
specified set points. To monitor the process teatpes and pressure various sensors were instdlibe a
FPU (see Figure 23). The process conditions angaosets can be altered from the touch screen. E3@ry
seconds a data point is logged onto a flash dikk. Sensors and control instrumentation for the EKPU
listed in Table 74 (paragraph 11.2.19 & 11.2.15).
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3.9 Safety

To ensure safe operation of the equipment unfamilgerators should be trained by a person that is
familiar with the equipment. An operation manualgisen in paragraph 11.2.21. A risk assessment is

given in paragraph 11.2.22. The two most sevels rthat were identified are associated with the

flammability of the coolant, and hot surfaces om ¢lguipment.

3.10 Summary

In Table 28 a summary is given of components thatewchosen for new FPU. The full component
specifications are given in paragraph 11.2.11. déraponent and instrumentation diagram is shown in

Figure 23. Photographs of the main componentstenersin Figure 59 and Figure 60.

Table 28: Component summery

Unit Type

Reactor Gas fluidized bed reactor ( 75 mm diameter)
Fluidizing gas N with a mass flow controller

Heating Oven

Feeding Pressurized screw feeder

Solid collection 2 Cyclones in series

Cooling Direct contact cooling tower

Aerosol collection 2 Electrostatic precipitatorsieries

Control Data logging for process instrumentation
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4 Comparison of slow and vacuum pyrolysis of sugarcanbagasse

Prelude to chapter 4

This chapter forms part of the experimental workpymolysis of sugarcane bagasse. The joint article
entitled, “Comparison of slow and vacuum pyrolysis of sugane& bagassetvas written by T.J. Hugo
and Dr. M. Carrier and was supervised by Prof Khbetze and Prof J.F. Gérgens from Stellenbosch
University. All experimental and analytical workagng to slow pyrolysis was done by T.J. Hugo and
similarly, the experimental work relating to vacuyrolysis was done by Dr Carrier. In all cases
identical protocols were followed. From the firstgission of the article some minor correctionsewer
required. The article has recently been re-subdyitidth correction to The Journal of Analytical and

Applied Pyrolysis

Marion Carrier, Thomas Hugo, Johann Gdrgens, Hafsuetze*

Department of Process Engineering, University @ll&hbosch, Private Bag X1 Matieland, 7602, South
Africa

*Corresponding author: Prof. Hansie Knoetze, Te2l1l 0808 4488 Fax: 021 808 2059 Email:

jhk@sun.ac.za

4.1 Abstract:

Experimental results for slow and vacuum pyrolyfisugar cane bagasse, in the same reactor allowing
the comparison of these two processes, are repoftesl experimental results showed that vacuum
pyrolysis leads to a higher BET specific surfaceaavhereas slow pyrolysis seemed to favour the HHV
of charcoal. Detailed yields of products are presg@and the influence of temperature and heatitey ra
were studied using a design of experiments and M@OWA analysis. From the results the optimum
experimental conditions to maximise the yieldswdrcand bio-oil products, as well as their heatialyie

and specific surface area characteristics, werabkstied. The optimal yields of bio-oil for vacuum
pyrolysis were obtained at 400-500 °C and a heatatg of 15-24 °C mih and for char the
corresponding values are 340-350 °C and 18-24 YC-.rSllow pyrolysis produced the highest char yield.
The optimal ranges of temperature and heatingdiéfer from that of vacuum pyrolysis mainly duette
short residence time of the vapours in the casecfium pyrolysis. Optimum conditions for bio-oildan
char yields did not correspond with conditions ptimize the BET surface and HHV for chars, and to

minimize the water content of the products.
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4.2 Introduction

Thermo-chemical processes such as pyrolysis arficgéisn have recently become a topic of intefest
conversion of biomass into clean energy and vakuphdducts. The choice of the process dependseon th
desired product. Fast pyrolysis leads to a highdyié bio-oil while vacuum and slow pyrolysis offar
good compromise for the production of char anddiipproviding high yields and with superior quslit

of the char products [1]. Bio-oil potentially repests a valuable liquid fuel for boilers, while égtsemical
composition suggests that it is a challenging mdti isolation of chemicals, as well as nutritibaad
pharmaceutical products. The char represents a fgeai$tock both for boiler fuel and the productidn
activated carbon. Comparative studies have beaiedasut between the different types of pyrolysis:
slow, fast and vacuum [2-9]. They differ in ternfschemistry, overall yields and quality of products
precise comparison is possible if the pyrolytiatreent is carried out in the same reactor. Nevkagke
some authors compared the trend of pyrolysis prsdfrom various reactors and they justified the
deviations in absolute values by differences inrdeetor configurations and conditions [5-9]. Tesign

of the reactor can induce major differences inrgmilts which do not come from the pyrolytic praces
and the comparison could be difficult to evaludtbis study proposes to convert through vacuum and
slow pyrolysis biomass in the same reactor.

It is recognized that biomass surpasses many ognewable energy sources, because of its abundance,
high energy values and versatility. Since bagastbhe most abundant crop waste in the world [X0], i
may be used as an energy product without directhgpromising production of food and thus affecting
food prices.

The influence of process parameters such as tetnpergressure, heating rate and residence time has
been extensively studied [11-15]. When temperaheeeases under normal pyrolysis conditions the cha
yield decreases and the release of volatile miateeases. With regards to the char quality, aresse in
temperature will increase the ash and fixed cadmrent. Consequently, there is a decrease inileolat
matter in the char with an increase in pyrolysimperatures. Therefore, higher temperatures yieddsch
of greater quality, although the char yield dimiirés [11]. The optimal yield for bio-oil is reachadan
intermediate temperature. At higher temperatureeroompounds are degraded, leading to the formation
of non-condensable gases and a decrease in byietds [12]. Concerning the pressure, it is widely
accepted in scientific literature that higher pysid pressures will increase the number of re-

condensation reactions, which leads to more ofviéygours becoming trapped on the char, thereby
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increasing the water content in bio-oils while reidg their quality. The presence of water in bib-oi
lowers the energy density and the flame temperatifithe oils; it may lead to ignition difficultiegnd
may cause pre-evaporation of the oil resultingnjadtion difficulties during preheating [12]. Thedting
rate in pyrolysis substantially influences prodyieids, with higher heating rates leading to higleuid
product yields [13]. The mass transfer restrictithmest apply to the volatile contents of biomass ban
improved by slowing down the pyrolysis reactionsloAger residence time favours secondary reactions
such as thermal cracking, repolymerization, andomdensation, thereby minimizing liquid yield.
However, employing a higher heating rate removesdHimitations on the yield of bio-oil. As a resul
the oil yield increases substantially under fasblygis conditions [14]. Moreover, the heating ratso
has an effect on the BET surface area of the alwatuped in the pyrolysis process. A low heating &t

5 °C min* was not effective to remove volatile matter frohac during the pyrolysis of pistachio-nut
shells. For a low heating rate of 5-10 °C ™ihe subsequent activation of char resulted imanfficient
pore structure for the production of activated carbHowever, for higher pyrolysis heating rate@PC
min® and above, the devolatilization reactions werdigahtly intense, resulting in a highly developed
porous structure. This porous structure will leadhte development of mesomacropore structures glurin
the subsequent activation, as the ,CM@olecules can diffuse into the pores more easil§].[
Consequently, the BET surface area and micropoleme increase for pyrolysis heating rates greater
than 10 °C mih, resulting in char that is more suitable for amtidd carbon production. Finally,
increasing the pyrolysis residence time will in@@ahe fixed carbon content of the char, becausa of
increase in the fraction of volatile matter relehBem the char during pyrolysis [15].

This study presents the different experimental @@ applied in statistically-designed experinsent
conducted in vacuum and slow pyrolysis of sugarechagasse. The objectives of these subsequent
experiments were: firstly, to determine the repubility of the results concerning char and bio-oil
yields, and secondly, to determine the optimal &rpental conditions, in particular temperature and
heating rate, to maximise the yields of char amddili, together with the calorific value of thes®gucts.
The BET surface area of chars produced under t{eetsd experimental conditions was also determined
to estimate their value as feedstock for the priidnof activated carbon.

4.3 Methods and materials

4.3.1 Sugarcane bagasse

The sugar cane bagasse was provided by the SufjangNResearch Institute in Durban. The bagasse was

stored indoors while the experiments were conductbéé bagasse was dried for three days in ambient
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atmosphere. Before pyrolysis, the material wasedilh a Retsch ZM200 mill and sieved through a JEL

(J. Engelsmann) sieve machine for 10 min.

4.3.2 Vacuum and slow pyrolysis

The reactor consists of a 1 m long, 60 mm OD quaidte, heated by six well insulated, computer
controlled heating elements. The heated chambeprimected to a condensation train and a vacuum
pump. The pipes leading from the reactor to thedeasation train are maintained at 160 °C to limit
condensation before the traps (Figure 29). The wmcpump or the nitrogen flow, respectively used in
vacuum and slow pyrolysis, removed the organic uepand gas products from the reactor through the
condensation train according to different residetites (Table 29). The condensable gases were then
condensed in the traps and recovered as liquidchuliere later weighed and analyzed. The condemsatio
train in the final set-up consisted of five condans for vacuum pyrolysis, the first was held atmo
temperature, the second and third af€l@nd the last two at -78 (dry ice temperature) whereas all the
condensers were held at -10 °C in slow pyrolysisoAtrol program was designed to control the hgatin
rate (9.1-21.0 °C mi), pyrolysis time (fixed to 1 h) and final pyrolgstemperature (350-530 °C and
260-570 °C for vacuum and slow pyrolysis respebtjveéOnce the reaction finished, the set-up was
allowed to cool under vacuum or atmospheric pressuatil the sample temperature was below 120
The sample holder was then removed and weighest, afiich the residue (charcoal) was removed and
stored for analysis. A typical run would take bedwe and 3 hours, after which the reactor was aitbw
to cool fort 2 h depending on the pyrolysis temperature emgloyable 29 presents the different

experimental conditions used for the experimentglaoted in the batch runs.

Table 29: Experimental conditions for the vacuurd slow pyrolysis of the sugarcane bagasse.

Process  Temperature Heating Hold Residence Pressure Flow rate Mass of
(°C) rate time time of (kPaabs) of N, bagasse
(*Cmin™) (min)  gases (Lmin™  (g)
Vacuum  350-530 9-23 60 2s 8 - 40
Slow 260-570 5-29 60 2.8 min 101 1 40

The main difference between vacuum and slow pyi®hes with the method of removing vapours from
the reaction zone. In vacuum pyrolysis, vacuumsisduinstead of a purge gas as with slow pyrolysis.
Because of the lower pressure biomass fragmentstéeevaporate more easily. This removes them from
the reaction zone, and results in a significargbuced residence time, 2-3 s for vacuum pyrolygasrest

165-170 s for slow pyrolysis. The last differen@peénds on the temperature of the two last condenser
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This should play a role on the amount of condessas@ped in each condenser and the possible effect

condenser temperatures will be discussed in parhgtat.2.1.

Oven

E Thermocouples

Raw material - Quariz tube

Pressure sensor Glass condensors

Iﬁ Rubber tubes

Room
temperature
condensor

Flow direction J: : Pump

Figure 29: Experimental set-up

4.3.3 Analyses

The moisture content was determined by drying 1-@f ¢pagasse at 105 °C to constant weight. Ash
analysis was done on the samples by heating thplearnm air to 575 + 2& and weighing the residue
after a cooling period at room temperature in asidesor. A Metrohm KF Titrino and a standardized
Karl-Fischer reagent were used to determine thenemntent in the liquid phase. The elemental a@ialy
was carried out on a Eurovector EA Elemental amalyEhe energy values of the charcoal and oil were
determined using a Galenkamp bomb calorimeter. /&MNivire was used with 1 g of sample and benzoic
acid as primary standard. The surface area oftiaecoal was determined using the multipoint Brunaue
Emmett and Teller (BET) analysis on a Micromet#SAP 2010 system. Once degassed on a VacPrep
061 system at 300 °C, the sample was introducéukit, adsorption equipment.

4.3.4 Design of experiments

The design of experiments (DOE) statistical tooswaed in the planning of the experiments
to optimise process parameters. The influence efpfocess parameters on the yield and quality of
pyrolysis products was studied experimentally vathentral composite design. This method is suitable

for studying the influence of the experimental ahtés, and also the influence of their interactionshe
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product distribution. In this study two operationariables were studied and then 10 experiments are
required with the following ranges: Temperaturg(350-500 °C for vacuum pyrolysis and 300-550 °C
for slow pyrolysis) and Heating Rate HR (10-20 °@nfor vacuum pyrolysis and 5-30 °C rirfor
slow pyrolysis). The response variables studiethenexperimental design were: Ychar (wt.%), Ybib-oi
(wt.9%), Ypyrolytic water (wt.%) respectively repesd the ratio between the weight of solids collédte

the reactor, the weight of tarry phase collectadnfithe first condenser at room temperature and the
weight of pyrolytic water phase from the four remag condensers at the end of the experiment aand th
weight of (dry) bagasse introduced into the sysfEne response, Ygas, was not considered in thigy stud
because of the large deviation due to the presafiosses.

Additionally, three response variables that define characteristics of the solid char and the flio-o0
products were measured. These were the carbomtaftihe char, the specific surface area (BETthef
char, and the Higher Heating Value (HHV) for theuchnd liquid products.

Experimental data were used for statistical modglind an analysis of variance (ANOVA) to determine
the optimal values of pyrolysis temperature andihgaate to maximise the yields of char and bio-oi
The influence of the operational variables on #&ponse variables was investigated individuallypgisi
ANOVA analysis. A 90% confidence level was usedtfa response variables, resulting in a signifieanc

level («) of 0.1. A p-value lower than 0.1 for a term o&tANOVA table would therefore indicate

statistical significance.

4.4 Results and Discussion

4.4.1 |Initial characterization

4.4.1.1 Repartition of particle size

The air-dried samples were screened to give frastioresented in Table 30. Fractions with particle
diameters in the range of 425-850 um were seldoteithe different groups of experiments. This raigge
interesting because it limits the influence of jpéetsize on the rate of the process [11]. Theeetbe
number of parameters which have an influence ddgiie limited to the temperature and the heatitg.r

In addition, the removal of small particles limike influence of the ash content [15].

Table 30: Distribution of particle sizes for 1 kiyasiginal sugarcane bagasse.

Particle size (m) <180  180-425 425-850 850-1700 1700-2800 > 2800

Original bagasse (%) 6.0+0.3 17.8+0.32254:0.3330.512.1+0.3 235%0.3
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4.4.1.2 Chemical and physical characterizations

Table 31 shows the main characteristics of the smgased. The bagasse received in the laboratory
contained 15.41 + 0.04 % of moisture. The moistargent was lowered to 13.45 + 0.03 % after milling
Elemental analysis is close to general elementalposition of bagasse. However, the ash content is
quite high, 3.12 wt.% because of the particle siegkection (425-850 um). Indeed, Garcia et al. [15]
worked with a bagasse fraction about 0.85-4.75 mithvcontained 1.6 wt.% of ash and then showed
that the ash content of the smallest particles mash higher. The ash is the name given to all
components that are not considered organic or veatérconsists mostly of metal oxides. These metals
could lead to different results concerning yiellpimducts and contaminate products. The initiatimeg
value is equal to 18.5 MJ Kg

Table 31: Main characteristics of the milled sugarhbagasse (* obtained by subtraction)

Water Ash conten C H N Oo+s* HHV

content (%)  (dry,wt.%) MJI kg™
(dry, wt.%)

1541+0.0 3.12+0.0: 50.2 5.€ 1.1 40.C 18.t

4.4.1.3 Initial experimental results: Repeatability

Table 32 presents the average product yields adataim replicate experiments for the selected rasfge
pyrolysis temperatures. The standard deviations rmadimum variation for each pyrolysis product
provided in Table 32 incorporate both the randomeexnental error and differences in temperature
between experiments, and therefore represent arsiimation of the random variation between samples
The standard deviations in the results in Table®2d also be partly attributed to the random metho
applied to selection of samples for vacuum pyralyssio formal sub-sampling method was applied.
Several trends were observed in these initial éwxparts that were of relevance for obtaining
reproducible vacuum pyrolysis results. A low ifitimass loading of bagasse led to high standard
deviations in char yields, from 7.7 % to 21.2 %,vadl as variations in the water content for these
experimental conditions. Increasing the mass lgattn30g did not reduce the experimental deviations
sufficiently, while repeatable results in char giland water content could be obtained with a feells
loading of 40 g. A relatively small change of O firi* in the heating rate had a substantial effect on
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bio-oil yield, from 8.7 % to 13.3 %, while the chgeld varied between 19.0 % and 19.7 % under these
conditions (data not shown). Accurate control af teating rate was therefore essential for repkeatab
experimental results. Additional experimental esrthat may affect the char yield from the process
include not placing the sample correctly within thet zone, resulting in temperature gradients and
incomplete reactions, leaking of air into the reacand changes in the feedstock character betveen
due to the lack of sub-sampling, aging and moistargent. Experimental errors that may influenae th
bio-oil yields are an air leakage into the reatesulting in water condensation reactions) andrimsct
cleaning. These possible experimental errors weatdreased in subsequent statistically designed
experiments. The accuracy of the oil yield washertimproved by heating the pipes connecting the ho
zone of the reactor to the vacuum traps to over’@@o avoid condensation. The final set of stiatdy
designed experiments was performed under the ¢onglibf an initial mass loading of 40 g and pagticl
sizes of 425-85(um. Based on these improvements in the experimgmtadedures and the results
obtained in Table 32, the repeatability of vacuwmolysis experiments was considered to be sufftdien
allow the use of statistically designed experiment®ptimise operational values for temperature and

heating rate.

Table 32: Vacuum pyrolysis of the SB at 8 kPa atub\ariable temperatures (400, 450 and 500°C).

Heating
Standard Max No. of rate Temperature
Average deviation deviation pairs (°C min™) (°C)
1 Char, ¥ 23.C 3.6 7.€ 3 19.€-21.€ 464-48%
Water, ¥ 22.C 4.2 8.4 3
Qil, % 14.: 3.1 6.1 3
2 Char, ¥ 18.5 2.C 3.6 3 11.:-13.C 43€-46C
Water, ¥ 22.¢ 3.€ 7.€ 3
Oil, % 9.¢ 3.t 5.t 3
3 Char, ¥ 16.2 3.2 6.1 3 7.1-10.7 491-50z
Water, ¥ 19 4.6 9.t 3
Oil, % 8.1 1.€ 3.6 3
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4.4.2 Vacuum and slow pyrolysis

Because vacuum pyrolysis and slow pyrolysis werdezhout in the same reactor, the following result

point out the effects of nitrogen purge and vacuum.

4.4.2.1 Yields of products

Using a slow heating rate, 4.9-28.9 °C timacuum and slow pyrolysis lead to comparabledgidbr
both charcoal and liquid above a temperature of°@0

Above 400 °C, the average production of oil is momgortant during the vacuum pyrolysis reachings23.

+ 4.3 wt.% against 18.7 + 5.0 wt.% in slow pyro$ysind this opposite trend is observed for the water
production 19.1 + 2.3 wt.% and 24.6 = 3.5 wt.% Yacuum and slow pyrolysis respectively. The total
average production of liquid is substantially higfar slow pyrolysis at 43.3 + 8.5 % against 36.6 %

in vacuum pyrolysis. This difference cannot be ttuehe use of a dry ice to trap gases from vacuum
pyrolysis of bagasse because the opposite trenddwwyve been observed. Dry ice traps were found
make a very small contribution to the overall ldjgondensation and were therefore excluded inltdve s
pyrolysis experiments. This observation can bébatied to the residence time, which is longer fomws
pyrolysis (2.8 min) than for vacuum (2-3 s). Thimder residence time increases the contact period
between gases and char leading to a higher produofi water because of the presence of numerous
secondary reactions.

On average above 400 °C, the yield of charcoal fstmw pyrolysis is higher than that from vacuum
pyrolysis, 29.4 + 0.3 wt. % and 18.8 + 0.3 wt.%peively. The low charcoal yield of the vacuum
pyrolysis process can be explained by the low pgislpressure. As already mentioned, during pyi®lys
the gas atmosphere in the reactor consists of mrgapours formed from decomposing feedstock
material. During biomass pyrolysis, the evolvingcnoenolecule vapours contain a high concentration of
oxygen functional groups, which can easily undemmdensation reactions. These condensation
reactions when they occur ultimately lead to sgidducts that increase the charcoal yield. Under
vacuum conditions the vapours are quickly remowethb vacuum pump from the reactor. Thus, during
vacuum pyrolysis condensation reactions are limigd the charcoal yield is reduced relative to
atmospheric pyrolysis. Table 33 summarizes preweorks dealing with slow and vacuum pyrolysis on
sugar cane bagasse. The main difference with theatre lies in the production of oil in vacuum

conditions.
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Table 33: Yields of products from slow and vacuwrojysis studies (* with losses).

Process and conditions Ychar Yoil | Ypyrolytic | Ytotal |Ytar |Ygas | Ref
water liquid

Vacuum: 500 °C/1219.4 | 43.2 | 18.8 62.0 17.6] [16]

kPa/12 °C miit

This study 16 233 | 19.7 43.0

501°C/8 kPa/12 °C mih

Slow: 22 48 5 25 [17]

850 °C/10 °C mif

Slow: 430 °C 23 26 30.7 * 56.7* 20.3| [18]

This study 326 | 19.4 | 236 43.0

420°C/21.3 °C mih

4.4.2.2 Influence of temperature and heating rate on therabal yield and characterization

Figure 30 present the effects of temperature amdirffterate on the char yield from slow and vacuum
pyrolysis, as predicted by the model fitted to élxperimental data. The highest yield of char adogrtb

the model was obtained at a heating rate of 182" and for a temperature above 350 °C in the case
of vacuum pyrolysis and for a heating rate rang2-26 °C miff and for a temperature above 240 °C for
slow pyrolysis. The yield of char decreased from92@o 16 % with an increase in the temperature for
vacuum pyrolysis and from 79 % to 23 % for slowagbysis. As the pyrolysis temperature is increased f
each heating rate, the yield of char decreased avittorresponding increase in the volatiles (gas and
liquid) yield as reported before for vacuum andasfoyrolysis conditions [12, 19-32]. Below 310 °C,
mass loss is low and significant degradation ocbetsveen 300 and 500 °C. The high yield of char at
low temperature indicates that the material hag bekn partially pyrolysed. Indeed, a previous tine
study on the determination of thermochemical charastics of bagasse using thermogravimetry analysi
indicated that at 261 ° C for heating rates betvi®80 °C mift only 8-11 wt.% of bagasse weight were
lost during slow pyrolysis.

At the lower temperature range, 340-400 °C, thé hige of weight loss, 0.12 % ®Q@s primarily due to

the large initial amount of volatiles that can lasily released with increasing temperature as agethe
loss of water moisture to a lesser extent. Fuitiheeasing pyrolysis temperature progressivelynfdd0

to 540 °C, decreases the char yield but at a slater 0.04 % g,
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Figure 30: Evolution of charcoal yields accordinghe temperature and the heating rate: (a) vacuum
pyrolysis and (b) slow pyrolysis.

ANOVA analysis of the experimental data for chalgiindicated that the char yield was only affected
by the pyrolysis temperature, and not by the hgatate in the case of vacuum pyrolysis, whereas
charcoal yield from slow pyrolysis is controlled bgth parameters. This observation indicates thet t
heating rate can increase the number of secondacyions only if the residence time is long enoagt

this can also increase the charcoal yield.

Usually, high temperature and longer residence tiav®ur the production of gas and decrease the
charcoal yield [26, 28, 29]. In both cases, the esdendency can be seen, namely, the decrease of

charcoal yield at high temperature. The BET, asttart and high heating values (HHV) of the chaes ar
presented in Table 34 and Table 35.
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Table 34: Ash, BET and HHV of charcoals from vacymyrolysis of sugarcane bagasse (8 kPa abs)

Sample %Ash HHV (MJ kg?) BET (m*g?)
Initial bagasse 3.1 17.386

1- (407,9.1) 15.7 257 +7
2- (501,12.0) 16.4 418 +11
3- (412,20.7) 16.5 49 +2

4- (517,21) 17.3 22.9 296 + 8
5- (458,15.4) 315+9
6- (394,15.1) 17.2 21.3 8.4+0.2
7- (527,16.4) 291 +8
8- (457,10.2) 21.3 221 + 10
9- (458,19.1) 19.4 307+8
10- (483,19.2) 24.9 396 + 10
11- (364,16.5)  20.2 56 + 2
12- (407,10.4) 175 23.4 -

13- (474,16.5)  16.2 22.8 333+8

The average HHV of the char was 21.1 MJ'lend 23.6 MJ kdfor vacuum and slow pyrolysis
respectively. The highest calorific values for chmre obtained between 420-480 °C for a range of
heating rates between 14-20 °C thin vacuum conditions whereas slow pyrolysis reachedoptimum

at above 500 °C and below 8 °C mirUnder these conditions bagasse treated pyroliyticssults in an

increased HHYV relative to the original biomass (€&# and Table 35).

The calorific values of char from vacuum pyrolysibtained in the present study were lower than
previous reports, ranging from 27 MJk§33] to 36 MJ kg [34]. In the present study, the HHV is
slightly lower due to the high ash content of tharcrelative to that of the bagasse feedstock [Bbg
HHVs for charcoal from slow pyrolysis are highearththe ones from vacuum pyrolysis for temperatures
above 394 °C. Another explanation other than the @sitent, for the HHV difference can be the
following. Biomass pyrolysis is a complex combioati of reactions leading to different products
classified as primary, secondary and tertiary. Expental parameters and particularly the residdimce
control their concentration. The longer the restdetime is, the higher the number of secondary and
tertiary reactions. These secondary and tertiapgyrts are characterized by phenolics and olefigs a
methyl derivatives of aromatics [40]. Among theseduicts, naphthalene (29.5 MJgand toluene
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(42.9 MJ kg [41] are known for their high HHV. The presendesach products still adsorbed on the
char could increase the HHV value. According to jahet al., the presence of secondary reactions lead
to carbon enrichment of the final residue [42]abidition, it can be seen that the highest HHV afrch
from vacuum pyrolysis is obtained in the tempemttange of 390-470 °C, where the degradation of
cellulose and lignin take place [27] yielding corstible gases and condensable liquid tar. The highes
HHV for slow pyrolysis are obtained at a highergarof temperature above 450 °C. This observation
confirms the important role of pressure on the itpiaf products.

A second characteristic, the BET surface area, dedsrmined to evaluate the quality of charcoal for
potential activated carbon production. The BET atgfarea of chars was the highest at high pyrolysis
temperatures (Table 34 and Table 35). The highifipeurface area of chars (300-40G gi) makes
these materials valuable feedstocks for the primtucif activated carbons. The highest specificaaf
areas for vacuum pyrolysis, 396-418 gt, were obtained in a temperature range of 460-8&i@of a
heating rate range of 8-24 °C mifFigure 31a). The trends observed for slow pyislge shown in
Figure 31b where, the highest BET surface area (83§") is obtained for a temperature above 550 °C
and a heating rate above 20 °C Thiffor some samples taken at low pyrolysis tempeFsjithe BET
analysis was impossible due to the high contemblzttile organics.

Table 35: Ash, BET and HHV of charcoals from sloywqbysis of sugarcane bagasse under 1 mL'ofin

nitrogen
Sample %Ash HHV (MJ kg™) BET (m“g")
Initial bagasse 3.1 17.386
1- (261,17.7) 18.92
2-(411,4.9) 21.1 26.00 30.8+0.7
3- (525,28.9) 20.4 23.12 295+8
4- (530,19.3) 25.07 251+6
5- (310,21.5) 19.92 3.0+01
6- (420,21.3) 13.0 25.82 29+1
7-(570,17.8) 15.7 27.67 333+9
8- (304,10.0) 7.4 19.76 40+1
9- (412,17.7) 10.0 24.82 43+1
10- (415,17.7) 9.8 25.20 72+2
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Figure 32: Evolution of HHV of charcoals accordioghe temperature and the heating rate: (a) vacuum

pyrolysis and (b) slow pyrolysis.

Literature suggests that conventional pyrolysis-300°C min', 600 °C) leads to BET surface areas of

320-335 M g [36-37], while the specific surface area of cHaosn vacuum pyrolysis can reach higher
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Figure 31: Evolution of BET surface areas of chalsaccording to the temperature and the heatieg ra
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values, up to 529 frg* [34]. The high surface area found for the charamfrom vacuum pyrolysis

suggests that the pores remain open during thiepso Increasing the pyrolysis temperature, frotht84

540 °C for vacuum pyrolysis and from 200 to 550 fo€ slow pyrolysis, increases the evolution of

volatiles from the bagasse, resulting in incregsae development in the chars and then an incriease

BET surface area. The highest BET surface area Wawuaum pyrolysis can be explained by the presence
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of vacuum. Vacuum intensifies the devolatilizatidure to a higher reaction rate [38] and causes &oth
decrease of partial pressure of products and necidiéme.

According to the ANOVA analysis, temperature hasigmificant effect on BET surface area, while the
heating rate had no effect (data not shown). Nhetess in previous studies a significant influente
heating rate on the BET surface area and micropaene of activated carbon from pistachio-nut shell
during vacuum pyrolysis treatment was demonstrft&fl An optimal heating rate of 10 °C rifiwas
observed, which was sufficiently effective to remoxolatile matter and to conserve a microstructure
leading to high BET surface areas [15]. Accordingat study in vacuum conditions [39], the basic
microstructure is already formed at 500 °C, althosgme of these pores are blocked by the pyrolysis
products, unless high-temperature treatments &k us

4.4.2.3 Influence of temperature and heating rate on thaitl yield and characterization

Bio-oils were considered as a mixture of pyrolytiater and tarry phases. Vacuum pyrolysis produced a
total liquid phase containing 30.7 wt.% and 62.94vn average water and tar respectively. An opposi
trend is observed for the slow pyrolysis, whered7h and 28.6 % were obtained respectively. This
tendency can be explained by the difference ofd@hgperature for the different condensers. The taioy

oil from vacuum pyrolysis contained the lowest amtoof water (4.2 wt.%). The larger amount of water
found in the liquid phase from slow pyrolysis isedio the presence of numerous reactions producing
water. This water makes the measurement of HHV gsijde.

The quality of bio-oils can be improved by reducthg water content. For example, Garcia et al. [15]
mixed the condensed liquids collected in the traps, subsequently evaporated the lightest compounds
and a portion of the water from the bio-oil, byuabation for 30 min at 45°C in a rotary evaporator.

4.4.2.4 Influence of temperature and heating rate on theewgield

Figure 33 show the evolution of water yield verseimperature and heating rate. The water content is
critical for the quality of bio-oils, as it has igsificant effect on the HHV. The highest liquidade water
content was obtained for the temperature rang80f480 °C and for a heating rate of 22-24 °C'mi

decrease in water content at temperatures aboveCi8an be seen (Figure 33).
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Figure 33: Evolution of water yields according twe ttemperature and the heating rate: (a) vacuum
pyrolysis and (b) slow pyrolysis.

The ANOVA analysis identified a significant effeof the heating rate on the water yield (data not
shown). As indicated in previous studies, a slowating rate and a long residence time favour seagnda
reactions such as thermal cracking, re-polymennatind re-condensation, thereby minimising theidiq

yield. As a result, the liquid and water yieldsnfrieiomass increased with higher pyrolysis heatiatgs.

4.4.2.5 Influence of temperature and heating rate on bioyi®ld and characteristics
The yield of tarry bio-oil presented in Figure 3dsnoptimized in the temperature range of 400-500 °C
with a heating rate of 15-24 °C rififor vacuum pyrolysis and between 425-550 °C wilteating rate of

16-24 °C mift for slow pyrolysis (Figure 34). The graph trends ti@-oil yield from vacuum pyrolysis
and slow pyrolysis are similar.
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Figure 34: Evolution of oil yields according to tteemperature and the heating rate: (a) vacuum ysisol
and (b) slow pyrolysis.

The ANOVA analysis indicated that only the temperathad a statistically significant effect on the-b
oil yield in slow pyrolysis (data not shown). It keown that the heating rate has an important oole
product yields and higher rates lead to higheridiqoroduct yields [42]. The range of heating rates
investigated was those applicable to slow and vacpwrolysis while the higher oil yields are usually
obtained with the high heating rates associatel fait pyrolysis. However, fast pyrolysis fell ddesthe
scope of this study.

4.4.2.6 Influence of the temperature and the heating rat¢he HHV of bio-oil from vacuum pyrolysis
The highest calorific value for bio-oil was 23.5 MJ* (Table 34) which is lower than the HHV of
petroleum fuels used typically in gas turbines (agimately 40 MJ kg). Nevertheless, the highest bio-
oil observed in the present study compares veryywith values reported in literature, ranging fr&mi2

MJ kg' [33] to 22.4 MJ kg [34]. According to Figure 35, the highest bio-odlorific values were
obtained at 520-540 °C, independently of the hgatete. This observation was confirmed by the
ANOVA analysis, which indicated a significant effexf the temperature on the heating value (data not

shown).
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Figure 35: Evolution of higher heating values adowy to the temperature and the heating rate for
vacuum pyrolysis.

4.4.3 Determination of the value of independent paransetemperature and heating rate.

The equipment shows a significant overshoot whartroting temperature and heating rate. Therefore
the set points for the independent variables cagldbe used directly, and were recalculated for the
heating rate. Reactor temperature could eitheakent as the highest temperature or the averageeof t
recorded values during the pyrolysis time. Tablesé&ws the different ranges of temperature andrtgat

rate for optimal results, Ycharcoal, Ywater, Ybib-BET and HHV charcoal, obtained according to the
temperature considered.
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Table 36: Ranges of temperature (T) in °C and hgatite (HR) in °C mihto obtain the optimal yields,
BET and HHV of charcoals.

Slow pyrolysis Vacuum pyrolysis

Max. Temp Average Temj Max. Temp Average Temj
Ycharcoal T: <26( T: <25(C T: 50(->540 T. 49(-520
HR: <25 HR: <24 HR: 16->2 HR: 17-21
T: 42(¢-56( T: 41¢-54C T: 35C-47¢ T: 34(-48C
Ywater
HR: 12-25 HR: 13-25 HR: >22 HR: >20
Ybio-oil T: 43(-58C T: 42C-56( T: 43(-50C T: 42(-49C
i0-0i
HR: 14-29 HR: 14-29 HR: 15-24 HR: 15-23
BET T: >54( T: >55(C T: >48( T: >47(
HR: >11 HR: >12 HR: 12-21 HR: 12-21
T: >43( T: >44( T: 40C-47¢ T: 39(-46¢
HHYV charcoal
HR: <11 HR: <10 HR: 14-20 HR: 14-20

It can be seen that to obtain the optimal valuegalfls, BET and HHV, the temperature and heatiig r
have shifted following the maximum temperature log tiverage temperature chosen. The ranges of
temperature and heating rate are smaller consglénia temperature for slow and vacuum pyrolysis.
Therefore it is important to know how the temperatis defined, i.e. highest temperature reached or
average temperature. It was decided to use thémmax temperature values to take into account all
byproducts which could be generated at such a tepe.

45 Conclusions

The reproducibility of experimental results washmarily dependent on accurate determination of water
and gas vyields. The standard deviations in char laoil yields, due to experimental error and/or
feedstock variations, + 1.5-5.8 %, were within aneptable range for statistical analysis.

The vacuum pyrolysis of sugarcane bagasse leagsels for pyrolytic water, tar and char, being
produced in similar quantities. Optimal conditidastemperature and heating rate to optimize tieédgi

of bio-oil and char are presented in Table 37. Sbgvolysis produced the highest char yield. Thénoait
ranges of temperature and heating rate differ fitewse for vacuum pyrolysis, mainly caused by thartsh
residence time involved in the case of vacuum ygisl
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Optimum conditions for bio-oil and char yields didt correspond with conditions to optimize the BET
surface and HHYV for chars, and to minimize the watstent of products (Table 36). Bio-oil produatio
was maximized around a heating rate of 15 °C'rfon both processes. The optimum temperature djffers
namely 500 and 450 °C for vacuum and slow pyrojysispectively.

Conditions for maximising the char yield (> 30 w},%equired a temperature of 350 °C which did not
correspond with the conditions for a high BET scefarea (> 300 fg™"), which required a temperature
of 460 °C in the case of vacuum pyrolysis. The samed was observed for slow pyrolysis where the

optimal BET surface area was obtained at highepé&zature.

Table 37: Optimum experimental conditions for ysetthd product properties.

Process Optimum YTar HHV YCharcoal BET HHV YWater
conditions Wwt.%) (MIkg™) (wt.%) (m?gh  (MIkg™h) (wt.%)
Range 0 40C-50C 52(-54C  34(-35C 46C-54C 42(C-48C  38(-46C

Vacuum temperature (°C)

pyrolysis Range of heatin 15-24 8-22 18-24 8-24 14-20 22-24
rate (°C mift)
Range o 45(-60C - 20C-25C > 55( 45C-60C 425-55C

Slow temperature (°C)
pyrolysis Range of heatin 14-28 - 2-24 > 2C 2-12 1C-22

rate (°C mift)

As indicated by the ANOVA analysis, the influendeheating rate on the BET, HHV, Yoil and water
content was not significant in both processes.

The main difference between the two processegtinstef residence time had an influence on the uali
of products characterized by HHV and BET. The sjpmolysis conditions favoured HHV of charcoal
whereas vacuum pyrolysis improved the BET surfaea af charcoal and led to bio-oil with high HHV.
Indeed, the quality of bio-oil from the slow pyrsly of sugarcane bagasse was decreased by thaqeese
of a high quantity of water.

The HHV and BET results show that it is importamttéake the ultimate application of the char into
account when choosing a process and deciding oogtimum conditions as the optimum conditions for
fuel grade char differ from the optimum conditidos high surface area.
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5 Non-isothermal kinetic analysis of the devolatilizon of corn cobs and

sugarcane bagasse in an inert atmosphere

Prelude to chapter 5

This chapter studies the reactivity of bagasseolighiulosic subcomponents. The joint article esditl
“Non-isothermal kinetic analysis of the devolatiiion behaviour of agricultural wastes: corn cobdan
sugarcane bagasseias co-authored by A. Aboyade and T. J. Hugo wad supervised by Dr. M.
Carrier, Prof J.H. Knoetze, Prof J. F. Gorgens frBtellenbosch University and Dr. R. Stalh from
Forschungszentrum Karlsruhe. All experimental analdical work relating to Sugarcane Bagasse was
done by T.J. Hugo and similarly, the experimentatkrelating to Corn Cobs was done by A. Aboyade.
Work relating to the kinetic modelling of both biasses was done by A. Aboyade. The article was
presented by T.J. Hugo at the SACEC conferenceihé&eéptember 2009.

Akinwale O. Aboyad®®’, Thomas J. Hudp Marion Carriet, Edson L. Meyér Ralph Stali] Hansie
Knoetz& Johann F. Gérgehs

aDepartment of Process Engineering, Stellenboschidsity, Stellenbosch, South Africa

b Fort Hare Institute of Technology, University ofrEblare, Alice, South Africa

©Institute of Technical Chemistry-Division of Chemi@nd Physical Processing, Forschungszentrum ikiads Germany

5.1 Abstract

Corn cobs and sugarcane bagasse are two of theimusttant agricultural residues in South Africa in

terms of current availability and potential for uas a bioenergy resource. Optimization of the
thermochemical conversion of these feedstocks resjuiharacterisation of devolatilization behaviours
and kinetics. The thermal decomposition of bothamals in an inert atmosphere was studied by non-
isothermal thermogravimetric analysis (TGA) and gagied three distinct mass loss stages: first a
moisture loss step (25-110 °C), then a devolatibtmastage from 200 °C for corn cobs and 230 °C for
sugarcane bagasse and finally the cracking of beaeimponents at 340 °C for corn cobs and at 370 °C
for sugarcane bagasse. Friedman'’s isoconversioatdan was applied using the AKTS Thermokinetics

software to estimate the dependence of the appactination energy of the samples and their pseudo-

’ Corresponding author. Tel.: +27 21 808 3503; f&¢ 21 808 2059.
E-mail addressjgorgens@sun.ac.4d. Gorgens).
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components on the extent of conversion. Global \gpaactivation energies were not constant in this
respect suggesting that both materials are comghexgetic materials as is their pseudo-components.
The similarity in devolatilization behaviour anchktics of sugar cane bagasse and corn cobs sugigeste
that, aside from possible heat transfer and otlagisport phenomena effects, there should be naikine
limitations to the co-processing of these materialthermochemical processes such as combustion,

pyrolysis and gasification.

Keywords: Biomass, Devolatilization, Pyrolysis, Timegravimetric Analysis (TGA), Non-isothermal,
Kinetic Analysis, Corncobs, Sugarcane bagasse.

5.2 Introduction

In the last few decades there has been globaltiattenn biomass as a renewable energy source. In
addition to its perceived environmental benefit®mass conversion to energy products also has the
potential to reduce dependence on petroleum impodsto improve the security of energy supply Bsle
developed countries. In South Africa, agriculturedidues have been identified as one of the patenti
sources for renewable energy in the medium to teng future [1]. Residues are excellent as fee#istoc
for energy conversion because they are in mostscalseady collected and are available at low cost.
Furthermore, unlike energy crops, energy produdiiom agricultural by-products does not compete for
agricultural land.

Thermochemical processing such as gasificationpgnolysis have emerged as a promising route
for the efficient conversion of crop residues artteo lignocellulosic biomass into modern energy
products [2,3]. Gasification and pyrolysis convedrbonaceous fuel to syngas and pyrolysis oil
respectively, both of which can then be furtherwested to fuels and/or useful chemicals through
processes such as Fischer-Tropsch Synthesis [2].nTddelling of thermochemical conversion allows
optimisation of the yields of gas, oil and/chardarcts, but requires characterisation of devolatiion
parameters such as the reaction kinetics of thepkar feedstock [4].

Devolatilization is a key step in thermochemicahwersion and describes the process where volatile
matter consisting of gas and condensates are eelessthe solid fuel is heated, usually under art in
atmosphere [5]. The release of volatiles is duthéoscission of chemical bonds in the natural pekgm
that comprise lignocellulosic biomass, primarily llgdese, hemicelluloses and lignin [6,7].
Devolatilization is a complex process consistingnafnerous competing and parallel reactions over a
wide temperature range. Non-isothermal thermogratrim analysis (TGA) is frequently employed in
investigating the kinetics of devolatilizationirolves heating a sample mass at specific heagitegand

following its change in mass as a function of terapee and/or time [8]. The sample mass and patrticl
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size must be small enough to reduce the effect afsnmand transport phenomena. Non-isothermal
procedure involves fewer inaccuracies than isothéraxperiments [9-11]. Various procedures for
evaluating kinetic parameters from such data haen lweveloped, and the vast majority of them can be
classified as either ‘model-free’ or ‘model-fittthd he question of which of these approaches isebét

still the subject of some controversy [12-14]. Ulpriow, the model-fitting approach has found wider
application in biomass thermochemical conversiardiss, although it is widely recognised that the
method suffers from two main deficiencies, particlyl in cases where data from only a single heating
rate is applied: i) it can often yield to diffetevalues of the kinetic parameters describing Shme
thermogravimetric curve, leading to an ambiguityeérms of interpretation of the results; ii) it geally
tends to yield one set of kinetic parameters ferutole range of conversion, therefore not takirtg i
account the complexity of mechanisms involved dupgrolysis of plant biomasses. In contrast, aystud
dealing with the thermal behaviour of energeticeriats clearly showed that the decomposition oftmos
solid state processes do not follow a single mdshaand as such determined kinetic parameterssvarie
with the reaction extent [15]. An evaluation of giress in kinetic analysis research by the ICTACe&n
Project [12,16-19] and a mathematically demonstnatiarried out by Budrugeac [20] concluded that the
isoconversional analysis based on non isotherntal Was successful in correctly describing the multi
step kinetics, showing for instance, the dependarfidhe parameters on conversion, using data from
multiple heating rates.

Many researchers have used one or the other of tiqgwoaches in the kinetic study of the pyrolgdis
sugarcane bagasse [21-27]. Studies on the thernmicdlekinetics of corn cobs are much fewer
[9,28,29]. It can be seen from Table 38 that resfitim the same biomass can vary in a large range,
which is a reflection of lack of conformity in theethods of kinetic parameter determination employed
till date. Much of these results was obtained ugilaga from a single thermoanalytical curve, and
according to the ICTAC project [19], this kind afaysis should no longer be accepted for publishing
The table shows only Garcia-Perez et al [21] ukeddoconversional approach showing the dependence
of activation energy on conversion. They did notveeer extent the application of the technique t® th
calculation of the parameters of the lignocellidasdimponents (cellulose, hemicellulose and ligtha}
makes up the biomass. This work aims at obtainifigrination on the devolatilization behaviour and
kinetics of corn cobs and sugarcane bagasse - twleomost important agricultural residue in South
Africa [30,31]. In keeping with the above commentise differential isoconversional (Friedman’s)
method has been employed to obtain the variatiorkioétic parameters over the entire range of

conversion for the samples and their lignocelldgseudo-components.
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Table 38: Kinetic parameters for the pyrolysis udarcane bagasse and corncobs previously repaorted i

literature
] o Pre-
Heating Activation ) )
) Temp exponential Reaction
Biomass Reference Method rate Energy, E
. (O L factor, A order, n
(°C min™) (kJ mol™) N
(s9)
) Friedman’s 150-175 1
Garcia-Perez et 10, 20, 40,
SB method 175-205
al [21] 60
(0.05<1<0.75) 205-170
) nth order single 216-445 58 0.5
SB Munir et al [22] ) 10
reaction model 214-424 71 0.5
. i 225-350 87.90
SB Nassar et al [23]  Single first order 5
380-560 46.68
Coats and <400 30.08 44.68 15
Ahmaruzzaman )
SB Redfern 1-100 400-500  40.07 min™*
et al [24]
>500 225.81
Single first order 0.67-29.6*10
) 5, 10, 20, 70.3-87.5
Aiman and Freeman and 173-422
SB . 50 75.3-133.5
Stubington [25] Carrol
93.2
Cheng and Fong
20-110 35 0.9
. 110-170 21 0.1
Roque-Diaz et
SB 10 170-250 14 1.0
al [26]
250-310 64 0.4
310-380 188 1
Zabaniotou et _ 190-280 75 1.86*1CF
CcC Single first order 20
al. [9] 355-400 64.66 1.08*1¢f
5 213-290 1353 1.05*10° 3
290-358 67.6 6.3*10 2
] ) 10 225-303 135 1.09*10 3
CcC Cao et al. [28] Single first order
303-368 85.3 5.28*1¢ 1
30 233-321 119.6 8.9*10% 3.2
321-385 176 3.5%10" 0.34

5.3 Material and Methods

5.3.1 Samples

Dried corn cobs (CC) were collected from a farmhie Free State province in South Africa, soon after

grain harvesting in 2008. Sugar-cane bagasse (S8) i this work was provided by the South African
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Sugar Milling Research Institute (SMRI). First,alfisamples of both materials were chopped to a<size
1mm; afterwards representative fractions were thillsing a cryogenic grinder and sieved with a foact
of 125 to 350um retained for the experimental rdtge physical and chemical characteristics of the

samples are compared to literature in Table 39.

Table 39: Physical and chemical characteristiaaficobs (CC) and sugarcane bagasse (SB)

CccC SB CcC CcC SB SB
Present Present loannidou Sonobe et al.| Drummond and Munir et al.
study study et al. [29] [32] Drummond [33] [22]
HHV(MJ/kg) 17.2 17.5 17.7
Proximate Analysis (wt% dry basis)
Moisture 6.5 6.8 7.6
Volatiles 80.2 76.9 84.3 82.2 86.5 815
Fixed Carbon  16.7 17.8 7.63 16.9 11.9 13.3
Ash 3.1 5.3 8.06 0.9 1.6 5.2

Ultimate analysis (wt% dry and ash free basis)

49.0 50.3 438 455 46.3 46.2
H 6.0 6.3 6.2 6.2 6.3 6.3
o’ 44.7 43.1 50 37.9 47.2 45.7
N 0.3 0.3 1.3 0.2 1.8
S 0.08 0.07 0.0

Calculated by difference

5.3.2 Experimental Method

The high heating value (HHV) of the samples was suead using a plain jacket calorimeter (Parr
Instruments, USA, Model 1341). Ultimate analysisswdone using a Vario EL elemental analyzer
(Elementar Analysensysteme, Hanau, Germany). A 94ktzSTA 409 balance was used for
thermogravimetric analysis. Low sample masses amticfe sizes (approximately 20-50 mg, and <350
pm) were used in order to reduce the occurrenseadndary vapour-solid interactions, and the effett
mass and intra-particle heat transfer [34]. Forheagperimental run, samples were held at room
temperature for 15 minutes, heated to 105°C and &ghin for 30 minutes. At this stage, the sample
mass would have stabilized at a constant dried weigd was then heated to 700°C at the following
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heating rates; 10 °C miin 20 °C min', 30 °C mirt, 40 °C mint, and 50 °C min. The nitrogen flow
during pyrolysis was set to be 55ml mifprotective gas into the balance) plus 15mldirectly into the
oven chamber. For combustion of the formed chateatmperature was maintained at 700 °C for a further
30 minutes and the nitrogen flow into the balan@es wept constant at 55 ml rifimnd 15 ml mifof
oxygen were fed into the oven (instead of 15 ml iniritrogen). Variation of the sample residual mass
with respect to time and temperature change (T@)dand its derivative with respect to time (DTG
data), were continuously collected using the Néi£Zoteus software. Two runs were conducted fdn eac

heating rate to confirm the reproducibility of tresults.

5.3.3 Kinetic analysis

The kinetic analysis of biomass thermal decompmsits usually based on the rate equation (Equation
15)[8,16]:

da = Aex;{i} f(a)
dt RT

Equation 15

Wherea is the reacted fraction of the sample or conversicandE are the Arrhenius parameters - pre-
exponential factor and activation energy respelstivandf («) is the reaction model. There are two main
approaches for the mathematical determination efdhthree parameters, commonly referred to the
kinetic triplets, from non-isothermal TG data, imodel-fitting and model-free or isoconversional
methods. The model-fitting approach is based onirthial assumption of a function fof(a) from a
selection of available and well known models [3%-&7d the fitting of the chosen model to experiraént
data in order to obtain the Arrhenius parameteng. dlassical application of the model-fitting apurb is

to manipulate the differential or integral form thfe rate equation until a straight line plot can be
obtained. The reaction model that gives the sttagiliine is selected aritiandA are then obtained from
the values of slope and intercept. Examples ofrtféthod are those by Coats and Redfern [38], Freema
and Carrol [39], and Duwvvuri et al [40]. The commuiticism of the model fitting approach is thaeth
values of the Arrhenius parameters obtained aendambiguous. The ambiguity lies in the basis ef th
approach which is the adoption of a reaction medelThe parameters thus calculated are inevitabtly tie

to the specific reaction model assumed. The sandtiequently arises where different reaction medel
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are able to satisfactorily fit the data whereascdtesponding values &f andA are decisively different
[36,41,42].

In contrast to the model-fitting methods, the iso@rsional approach does not require the choodiag o
reaction model and is thus ‘model-free’. It allote estimation o as a function of conversiom,
independent of the reaction modg(x). The key concept behind this approach is thatrehaetion rate

for a constant extent of conversion depends onlthentemperature [36]. The isoconversional approach
employs data from multiple heating rates as thikésonly practical way to obtain data on the vaaof

the reaction rate at a particular extent of corigarsThe most common application of the isoconwsrai
analysis was developed by Friedman [43] and is uséis work. The method involves computing the

logarithms of the Arrhenius rate equation to get:

da = d_a = . —E
In(aj—ln(ﬂ dtj In[A- f(a)] =

Equation 16

A plot of In (Z—‘:)i against 1/Tat the same degree of conversion from data takear@us heating

rates will result in a series of lines, each witbps equal to—E/R corresponding to each value of
conversiona, at different heating ratgs Thus the dependence Bfon «a is obtained. Value foA are
similarly obtained from the intercept.

The decomposition of biomass is too complex to éelistically described using the single
component model in Equation 15, so a multi-compbnadel is also sometimes employed. The material
studied is assumed to be composed of pseudo-comizprehere a pseudo-component refers to a group
of reactive species that exhibit similar reacti\dtg. cellulose, hemicellulose, and lignin [44].ddnthis

scenario Equation 15 becomes;

da _ -E
e D VA exr{ﬁ}f(m)

Equation 17

wherey; is the contribution of pseudocomponémd the total mass loss.
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Normally, multi-component analysis of biomass datitzation kinetics conducted via the model figin
approach [10,27,45]. This is the first time to &nowledge where the isoconversional approach has be
used. All kinetic analysis in this work was donéngshe AKTS-Thermokinetics software. Up to 16 000
data points per curve were used in the analysita Braoothing of the raw TGA data was done according
to Savitzky and Golay [46].

5.4 Results and Discussion:

5.4.1 Analysis of thermo-analytical curves

Characteristics of thermoanalytical data with regato weight loss (TG) and derivative weight loss
(DTG) for CC and SB biomass at different heatirtgsavere compared (Figure 36). Weight loss curves
are presented for the temperature range 100-7@B&0oss of mass at lower than 100°C can be at&ibu

to the demoisturization of the samples (6.5-11.t8onand 5.0-7.1 wt.% respectively for CC and SB
between 100-20Q). In general, three distinct weight loss stagesddbe identified, in agreement with
previous findings [47-49]. Following moisture loss,temperature range with negligible weight loss
(<1.5% for CC, and <1% SB between 100-200°C) waeked for both materials, which was followed
by the start of the second stage of weight lossdevolatilization, at 200°C for CC and at 2306€ $B.

The insignificant weight loss in this section priorthe start of devolatilization has been attrouto the
removal of bound moisture and the start of polysadde hydrolysis [47,50]. Much of the
devolatilization occurred in second stage of welghs, a result of the thermal breaking of weakdson

the polymeric structure of the constituent compdsmen the biomass and the formation of strongememo
stable bonds to take their place [26]. Lignocebidobiomasses such as CC and SB are known to
comprise hemicelluloses, cellulose and lignin asrttajor components [41,51,52] and the devolatitimat
stage has been shown to correspond mainly to tipedation of these components [53]. Hemicelluloses
typically decompose in the range of 160-360 °C levbellulose degrades at the higher temperatuigeran
of 240-390 °C [27]. The loss of lignin typically @as at a slower rate over a much wide temperature
range of 180-900 °C [34,54,55]. On the DTG cunhestemperatures at which maximum rate of weight
loss occurred are described by the position ofpieks in the curve. The DTG curve of SB during the
devolatilization stage shows two distinct peaksi¢Whs represented by a noticeable change in sbbpe
the TG curve). Based on the temperature range mhvdellulose, hemicelluloses and lignin have been
previously observed to decompose [34,51,54], th&[PpEaks of SB can be assigned as follows: The first
DTG peak, with maxima at 295-321 °C, is probablg do the decomposition of hemicelluloses and the
second is due to cellulose, 350-376 °C (Table Uighin decomposes throughout the whole temperature
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range and cannot be assigned a distinct peak [b8,6& DTG peaks are much closer to each other for
CC than for SB with the maximum of hemicellulosesd acellulose peaks occurring at a lower
temperature, 283-323 °C and 318-339 °C respectiveital and Varhegyi [58] ascribed the cause of the
merged DTG peaks to the catalytic behaviour of nain@atter present in biomass. This may explain why
SB with an ash content of 5.3% exhibits a moreirditpeak compared to CC which has 3.1% ash
content.

The third stage sees a much lower rate of weigl#t (2% for CC and 10% for SB) than the secondestag
(58% for CC and 60% for SB). According to RoqueDit al. [26], for SB, this stage of biomass
decomposition corresponds to the end of celluloseochposition, and the degradation of heavier
volatiles, the cracking of C-C bonds and the forarabf char. The decomposition of lignin has alser
reported to continue into this stage [59]. FiguBeaBd Table 40 show that the third stage stard3@tC

for CC and 376°C for SB.

Table 40: Devolatilization parameters for CC andaBifferent heating rates

Sample Heating rate | Tc Ts %R
(°C min™) (°C) (°C) (°C) (at 680 °C)
CC
10 283 318 330 20.3
20 305 330 365 20.8
30 308 337 375 20.0
40 312 339 387 19.5
50 323 323 410 22.3
SB
10 295 350 376 24.1
20 307 362 391 19.5
30 312 370 400 18.7
40 320 374 412 21.6
50 321 376 417 19.5

Ty, the final temperature of cellulose degradation
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Figure 36 TG and DTG curves of CC and SB at variheating rate
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5.4.2 Influence of heating rate on devolatilization paeters

The effect of heating rate on the thermoanalytica/es can also be observed in Figure 36 and #dble
Both the TG and DTG curves tended to shift towdnigber temperatures with increasing heating rates.
The DTG peaks also shifted to higher temperaturageeasing heating rates, from 295 °C to 3211€ a
from 350 °C to 376 °C for the maximum weight lo$sS&'s hemicelluloses and cellulose, respectively
(see also Table 40). For CC, the peaks in the Dlitwecare so close that they tended to overlap,
especially at higher heating rates. According tgkita Acma et al. [60] and Di Blasi [4] the overlging

of DTG peaks was probably due to sufficiently lowating rates allowing enough time for each
individual component in the biomass to decomposigsabwn typical peak temperature, while at high
heating rates decomposition is almost simultaneodsas such adjacent peaks are united to form &road
and higher peaks. Conversely to the trend in DT@kpeobserved here, Biagini et al. [7] reported a
greater distance between peaks at higher heattag i their study of rice husk, cacao shell arideol
cake.

As seen from Table 40, the point at which maximaie of devolatilization occurs varied from 283 1C a
10 °C min'* to 339 °C at 50 °C mihfor CC, and from 295 °C at 10°C rilito 376 °C at 50 °C mihfor

SB. This trend of a systemic shift of maximum deposition rate has been reported previously
[7,55,61]. Figure 37 shows the effect of heatintg ran the temperature at which specific extents of
conversion are reached. For both materials the ¢emtyre at which a certain extent of conversion was
achieved increased with the rise in heating raten ehough the time taken to reach that temperatase
successively less. For instance, while 80% conerrsould be achieved for CC at about 325°C using a
heating rate of 10°C mii the same extent of conversion could only be redcth a temperature of 361°C
at a heating rate of 50 °C rffin
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Figure 37: Influence of heating rate on extent@fwersion temperature for CC and SB

5.4.3 Kinetic analysis

The pyrolysis of organic matter is a complex precasd parameters obtained from the thermo-andlytica
curves have only limited use in describing the tieas involved. A detailed kinetic evaluation is
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therefore often necessary to determine reactiom parameters [29]. Kinetic evaluation in this study

focused on the devolatilization zone i.e. stagé Rigure 36.

5.4.3.1 Single component kinetics

Values for the apparent global activation endegyere calculated for both materials from the slope
the isoconversional lines in the Friedman’s plattfee conversion range of 0.1-0.9 (Figure 3B yaried
with the extent of conversion for both materialkisThas previously been interpreted as evidendheof
existence of a multi-step reaction mechanism [14 E6as determined here, is not the actual activation
energy of any particular single reaction step,ibutither an aggregate value reflecting the cantiinhs

of the individual reaction steps to the overallctesn rate. These contributions, for a complex pescas
biomass devolatilization, will vary with respect temperature and extent of reaction [14], hence the
observed variation dE andIn(A*f(a)) with conversion shown in Figure 39. The verticat$ delimit the
conversion range for which the correlation coeffitiis below 0.8 highlighting the calculation liatibns
arising from experimental data variations towardsend of pyrolytic conversion [5].

The trend ofE dependence on was quite similar for both CC and SB, neverthel8Bsis less
reactive than CC requiring generally higher actoraenergies; 225 kJ/mol for SB against 170 kJ/fool
CC at 0.5 conversion for example. At the startefalatilization (¢<0.20), the apparent activation energy
for both materials increased from 50 kJ ol 170 kJ mot and 210 kJ mdifor CC and SB respectively.

E remained relatively constant in the range 02@<58 for CC and 0.2@<0.50 for SB. Biagini et al
[5] also noticed a similar plateau in their studyrige husks, olive cake and cacao shells. At highe
extents of conversions, apparent activation endegyeased continuously reaching 80 and 50 kJ faol
SB and CC respectively. High&rvalues were apparently due to the decompositictheiess reactive
components in the biomass, the lowé&stindicates that chemical reactions that take pldogng
devolatilization are less energetically costly. daneral, the pyrolysis of SB requires more energy
indicating the presence of different bond natutesntdifferent lignocellulosic structures. This also
explains why higher temperatures were requirecchieae similar conversion levels for SB than for,CC
as earlier observed.

The range of overalt values obtained here for SB agreed well thosedtrated at by Garcia-Perez et
al. [21] using the same isoconversional method,1568-200 kJ mdlin the conversion range, 0.05-0.75.
There is much fewer literature available to comp@re results with, although Cao et al. [28] and
Zabaniotou et al. [9] obtained 68-176 kJ tahd 65-75 kJ mdi respectively, using a single first order
reaction model (Table 38).
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5.4.3.2 Multi-component kinetic parameters determination

The E values computed above using Friedman’s method feerthe overall decomposition assuming a
multi-step process and represents aggregate vedilesting the contributions of the individual réaa
steps to the global reaction rate [36]. For analysi the individual reacting fractions in the bimsa
(multi-component analysis), each DTG curve was decluted using the AKTS-Thermokinetics
software. Figure 40 shows the deconvolution of BEG curves at 20C/min. The peaks shown
correspond to hemicelluloses,cellulose and lignin for both CC and SB. From fleak parameters, the
same isoconversional method has been applied ¢ondieie kinetic parameters relating to the conversio
of each pseudo-component. The figure shows thduloe¢é had a larger overall peak area and
decomposed over a wider range (270-390°C) in SB thaCC (300-360°C). The shape and position of
peaks assigned to hemicellulose for both samplesnaore similar. Overall, the differences in the
behaviour of the pseudo-components for both samgalese said to account for the difference observed
in the overall devolatilization behaviour of sanmglparticularly with regard to more distinct doupkaks
observed in the DTG curve for SB.

The contributions of the pseudo-components hemilosies (H), cellulose (C) and lignin (L) are 58
wt.%, 23 wt.% and 18.1 wt.% for CC and 28 wt.%, w5 and 28 wt.% for SB respectively. These
values correspond to the SB’s lignocellulosic cosifpan reported in literature, 30.4 wt.% (H), 40tP&

(C) and 18.8 wt.% (L) [62], and differ slightly frothe CC’s values, 40.5 wt.% (H), 34.3 wt.% (C) and
18.8 wt.% (L) [63]. This latter observation coul@ kexplained by the presence of extractives whose
devolatilization occurs generally in the same rapigiemperature as hemicellulose.

The trend of activation energy and pre-exponeffsietior against the conversion are presented inr€igu
41. As was previously the case, the vertical lim#idates the values for which the quality of thedelo
fitting to the original data is superior to 0.8.€TBC'’s data led to the lowest correlation coeffitig¢his
result could reportedly be improved with acetoneé water washes which remove extractives and mineral
matter respectively [58]. The simulation of therthal behaviour of hemicelluloses, cellulose anditig
showed that the decomposition of these materialls mdit follow a single mechanism because the
determined activation energies and pre-exponenféadtors varied during the course of the
devolatilization. This observation indicates thanticelluloses, cellulose and lignin are, like thenmass
from which they are derived, complex materials.

In general, the pyrolytic degradation of SB’s pseadmponents required more energy than CC’s (Figure
41). The value of activation energy for each psermoponent in a given biomass differs significantly
from the others which means that hemicellulosd#jlose and lignin are a unique material, as haagenb
observed by other authors [64-66]. Previous studlésh determine the global kinetic parametersaiche
individual pseudo-component are only available &8 (Table 41). Disagreements can be observed
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regarding the activation energy required for hethitmses’ devolatilization which values are in geale
higher for a range of conversion between 0.1-0ig§ufleé 41). Some studies showed the existence of a
linear relationship between the activation energied bond orders in the molecule of each reactant
[67,68]. A quick calculation of the energy requirtnl break the chemical bonds of representative
structures for each pseudo-components has bedigstal inTable 43. The glucose and xylan structures
have been used to represent the cellulose and ékutoses respectively while the coniferyl, sinapyd
coumaryl structures have been selected to reprebkentignin. Lignin required more energy to be
degraded which is in disagreement with the repodetivation energy values presented here. This
highlights the existence of strong cellulose-hethiteses bonds in CC and SB biomasses as
demonstrated in a wood pyrolysis study [69].

Table 41: Values of kinetic parameters from presiawrks dealing with SB Pyrolysis

Component Activation Pre-exponential Reference

energy (kJ/mol) factor

Hemicelluloses 105 9.204 [21]
105-111 [70]

Cellulose 235 19.489 [21]
195-213 [70]

Lignin 26 1 [21]

Table 42: Determination of average bond energp$audo-components of plant biomasses

Nature of bond  Hemicelluloses Cellulose Lignin Standard bond

Type of bond Type of bond Type of bond energy (kJ/mol)

(%) (%) (%)
H-O 7.6 13.0 8.0 111
H-C 33.0 34.8 40.0 99
o-C 30.5 26.1 16.0 85.8
O=C 2.5 179
C-C 22.9 26.1 15.0 83
C=C 3.5 16.0 146
Total energy 95.9 92.3 98.0

(kJ/mol)
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5.5 Conclusions

The thermal decomposition of CC and SB in an iremosphere was studied by non-isothermal
thermogravimetric analysis and suggested threéndisiass loss stages: a first moisture loss (Z5-11
°C), a devolatilization stage from 200 °C for caobs and 230 °C for sugarcane bagasse and fitaly t
cracking of heavier components at 340 °C for camscand at 370 °C for sugarcane bagasse. Friedman’s
isoconversional method was applied using the AKT8rimokinetics software to estimate the dependence
of the apparent activation energy’ of the sampled #eir pseudo-components on the extent of
conversion. Global apparent activation energiesewest constant in this respect suggesting that both
materials are complex energetic materials as idr theeudo-components. The similarity in
devolatilization behaviour and kinetics of suganedagasse and corn cobs suggested that, aside from
possible heat transfer and other transport phenareffacts, there should be no kinetic limitationghe
co-processing of these materials in thermochemprakcesses such as combustion, pyrolysis and
gasification.
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6 Comparison of different types of fast pyrolysis osSugarcane bagasse

6.1 Introduction

This chapter focuses on the comparison of resudts flifferent Fast Pyrolysis (FP) systems develagted
Stellenbosch University (SU) and Forchungszentruaridfuhe (FZK). Three different reactors were used
to convert Sugarcane Bagasse (SB) mainly into ibg0-dhe first objective was to perform experiménta
runs at SU on a Fast Pyrolysis Unit (FPU) to testdquipment, to achieve repeatability of resalts] to
investigate the effect of temperature on the progiglds. The second objective was to compare the
results from SU with the results from different plants located at FZK in terms of products yieldd a
quality. A discussion on previous research dealith FP of bagasse is included in paragraph 2.@s&h
studies reported liquid yields in the range of 586wo as high as 66 wt% from pyrolysis of bagasse
(Drummond and Drummond, 1996; Tsdial, 2006; Asadullalet al. 2007).

6.2 Materials and methods

6.2.1 Description of equipment and procedures

In this study two reactors at Forschungzentrum dtahe (FZK) are compared to the newly designed FP
reactor at Stellenbosch University. For the purpafadis chapter the units are referred to by tHeajfh’
biomass feed rate. Both units FR@nd FPY, are located at FZK in Germany and were described by
Yanik et al. (2007) and Henrictet al. (2007) respectively. FPUis the new fast pyrolysis unit at
Stellenbosch University (SU). Table 43 summaribestain characteristics of each FPU.

Tests at FZK were only done at the known optimedgerature for most lignocellulosic biomasses of
500°C to produce high liquid yields. Previous stsdalso showed that the optimum for bagasse i95500°
(Drummondet al, 1996). Bio-oil yields are not sensitive to smellanges in temperature (near the
optimum) and may change only 4 wt% with a tempeeatdeviation of 50°C from the optimal

temperature (Bridgwatest al, 1999).
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Table 43: Different pyrolysis units that were ugethis study

Unit FPUg FPU, FPUy
Development unit ¢
Lab scale unit at FZK FZK (Henrichet al,
Description (Ref) (Yanik et al, 2007) Lab scale unit at SU 2007)
Size 0.1 kg/h 1 kg/h 10 kg/h
Temperatures 500°C 428-526°C 500°C
Vapour residence time 1-2s 16s ls
Reactor Fluidized bed Fluidized bed Screw reactor
Solid collection Single cyclone Dual cyclone Singlelone
Char entrainment int . . . : char collected witl
bio-oil Some visible particles No visible particles bio-oil
Liquid collection 3 andensers and 1dry Single direct contact
ice condenser condenser 3 Condensers
Analysis None Char and liquid Char, liquid, and ga
Milling (2mm) and
Biomass preparation Milling (2mm) Sieving (>250um) Milling (4mm)

6.2.1.1 Description of FP . FZK lab scale unit

A lab scale continuously fluidized bed reactor (0: mm, L: 300 mm) was used for the experiments. A
screw-feeder continuously feeds at 100 g/h intorélaetor which is partially filled with silica sar§d00-

600 um) to a depth of 37 mm. The feed hopper is stitcedvert bridge formation, and the feed rate is
volumetrically calibrated before each run. Nitroggas is divided into two streams, the main stream f
fluidizing (0.25 - 0.3 m/s at operating temperas)yand the resulting 10% into the pressurizedifeed
hopper. The reactor residence time is in the regiof-2 s. The reactor is allowed to heat and reach
steady state, under continuous nitrogen flow. Bxfibre start of an experiment the gas flow rate is
checked to account for deviations that occur owee.tVolatiles and char exit the reactor and etiter
cyclone where most of the char collects at thednotof the cyclone. Thereafter the volatiles enter a
counter current double pipe heat exchanger whicmamtained at 14°C by a chilling unit. The pipe
section from the reactor to the heat exchangds@steated to prevent pre-condensation. In thés lieat
exchanger liquids along with some chars accumuld¢geafter the vapours pass through two ice baths
(0°C) to collect more condensable liquids. Two Elestatic Precipitators (ESPs) were used to collect
micro droplets of the heavier compounds from theoua. The vapour finally passes through a methanol-
dry ice trap (-40°C) which condenses some hightitelaomponents. The remaining gas exits the system
after passing through a gas meter which measugesumulative volume of gas. All components are

weighed before and after each run to determin¢otia¢ weight of the non-gas species. The conderrsati
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system causes fractionation of liquid product, #metefore this process produces a tar and a pigolyt

water phase.

Cyclone Electrostatic
Feeder Reactor 14°C  0°C 0°C  brecipitator

A A T A A -a00c

Gas

v

| - ] ] =1

@\

w

Char Condensation train

Figure 42: Schematic diagram of FRUWYanik et al, 2007)

6.2.1.2 Description of FPU: Stellenbosch University Fast Pyrolysis Unit

The components of FRWvere discussed in chapter 3. For each run the svbeated over a period of
approximately 90 min at which time a pseudo stestdie is reached. When the temperature difference
inside the reactor is within 10°C biomass is fet ithe process. The monitoring system recordsadl d
from the electronic sensors. After each run a rhbatance is done to determine the liquid and saétiyg,

the gas yield is calculated from the differencee Phocess produces one single phase bio-oil. Mdkieo
bio-oil is directly collected from the bottom ofjliid collection vessel. All small components aréghed
before and after cleaning. The acetone oil formhives of the larger units is collected to determine

oil weight after evaporation.

6.2.1.3 Description of FPU, FZK Process Demonstration Unit

Pyrolysis with twin screw (LR) reactors is a wetiderstood technology at FZK (Henrieh al, 2007).
One of the most important advantages of this methdhat biomass is mechanically fluidized and does
not require heating of cold fluidizing gas. Theatea (1.5 m long) is normally operated at 10 kg/h
(biomass). The central part is a hot sand loop Wwitcket elevator, operated at 500°C, and is used t

mechanically fluidize and heat the biomass. FigiBeshows the simplified flow diagram. Nitrogen is
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used to purge oxygen from the reactor, and neasdd as a tracer compound to determine the ambunt o
gas. Sand is indirectly reheated in the sand heagrthen mixed with the dry biomass particleshia t
twin screw reactor. A fast stream of gaseous, vapdrand solid pyrolysis products leaves the reacto
The char is immediately removed from the hot zofter yrolysis. The char container is outside the
heated zone, unlike the fluidized bed reactors usdHtis study. The first condenser is a shell gk
heat exchanger, with a mechanical wall scraperetnorve oil deposits from the inner walls of the
condenser. This condenser can be operated wittdnge of temperatures (typically 20-40°C). Thei®il
directly mixed with char from the cyclone, to preduan oil wet char which will be used to produce th
slurry. Chemical extraction is therefore requireddietermine the final solid and liquid fractions. A
second condenser uses water as cooling liquid mwlestse more oil from the gas. An electrostatic
precipitator removes the remaining aerosols from dhs, where after the gas is analysed by with an
online Gas Chromatograph (GC). Only the collectiontainers are weighed to close the mass balance,

therefore some products unavoidably remain in yiséesn.

Biomass
Condenser 2
Condenser 1
[ ) Electrostatic
separator

\ ( Screw reactor
Na Cyclone GC
Ne é

P-18

Sand T Bio-oil
elevator
@ — Char + Bio-oil

Sand heater

— Bio-oil + Water
Filter

Figure 43: Schematic diagram of FB(Henrichet al, 2007)

6.2.2 Bagasse

Two different batches of bagasse were used forxpRraments. All bagasse was supplied by the SMRI
from KwaZulu-Natal in South Africa. Table 44 shothe characteristics of bagasse. At SU the biomass
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was passed through a shredder mill followed byrrondl (Retsch ZM 200) with sieve size 2mm.
Particles smaller than 250 um were discarded, lsecanf entrainment problems that occurred.
Consequently the ash content of ‘US bagasse’ isfgigntly lower than ‘FZK bagasse’. Size reductatn
FZK was done with a Fritch (Pulverisette 25) cuwftimill with sieve sizes 4mm, 2mm and 1mm. The
prepared biomass was stored in closed containers.

Table 44: The proximate analysis, ultimate analgsid HHV of bagasse.

Particle size (mm)
Milled 4 2
Sieved NA >0.25

Proximate analysis (dry wt%)
Volatiles (without moisture)  82.50 81.78
Fixed carbon 11.90 13.17
Ash 5.60 2.87

Ultimate analysis (dry wt%)

C 47.5

H 5.9

0] 40.7

N 0.29

S 0.07
Calorific value (MJ/kg)

HHV 18.79

An analysis on the ash composition of bagasse ghdwat the major inorganic compounds were Si, Al,
and Fe, which contributed 38.2, 2.5, and 2.5 wt%h¢oash, respectively.

6.2.3 Analyses

Water content (WC) and ash content analyses weredaout in triplicate at 102°C for 24h (ASTM
E871) and at 575°C for 4h (ASTM D1102), respectivédl Metrohm KF Titrino with standard Karl-
Fisher reagent was used to determine the WC obith@hase (in duplicate). Elemental analysis foISC,
N was done on the oils at a neighbouring institiitee char was analysed for C, S, N, H at SU by a

Eurovector EA elemental analyser (in duplicate)e Burface Area (SA) of chars was determined (in
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duplicate) using a multipoint Brunauer, Emmett dmdler (BET) analysis on Micrometrics ASAP 2010

system.

The HHV of bio-oils was measured with an IKA C20&larimeter. To calculate the HHV from the
elemental and ash analysis, the correlation froran@iwalaet al. (2002) was used (Equation 18). The
weight fraction is denoted by ‘X’ and subscripte #ne elemental and ash composition of the organic

compound.

HHV[M]/kg] = 0.3491x; + 1.1783xy + 0.1005x5 — 0.1034x, — 0.0151xy —0.0211x4,,
Equation 18

The products from FPY) were analysed by the analytical facility at FZkheTanalyses included: solid
content of the slurry product by means of methantaction; continuous Gas Chromatography (GC)
analysis on pyrolysis gas; Water Content (WC) ds by means of Karl Fisher titration; elemental

analysis of bio-oil, and char.

6.2.4 Data analysis

In order to establish and comment on experimeefatability of the FPLJthe standard deviation was
calculated from 3 runs at similar conditions. Theasurement error was also calculated and combined

with the experimental error to produce a final exalue.

Multiple samples are taken during an experimeRitho. Three to four samples were taken from the oil
and char containers and the gas was analysed Bréd® during each experiment.

A single factor ANOVA test was done on data fronUgf(two data points) and FR\¢three data points)
at 500°C to establish if there is a differencehiaitt product yields and qualities. The results stubwhat
the bio-oil products were mostly similar and the thar products were different (Table 79 in appgnd

6.3 Results from FPU,

6.3.1 Repeatability
The first objective is to establish system repélitaland address any operational problems withuthi.
The results from the first four runs are displayadTable 45. These runs may still be viewed as
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commissioning because some modifications were domieg some of the experiments. The amount of
bagasse fed to the reactor ranged from 90-200 gll Sample sizes were used because of problems with

size reduction. The biomass was dried 2.8-6.3 widisture.

Table 45: Pyrolysis yields for R1-R4 on FRtbbtained by subtraction)

Temperature (°C) 520+ 3 520+2 508 £ 6 497 £ 6
Run number R1 R2 R3 R4
Yehar  (Wt%) 11 11 11 11
Yiqua  (Wt%) 34 53 35 55
Y oi (Wt%) 25 40 25 47
Ygas  (Wt%)* 55 37 54 35

The best runs were runs 2 and 4 which producedt®3amd 55 wt% of bio-oil and 11 wt% char for both,
respectively. The bio-oil yields are lower thanitgb values of 60 wt% reported in literature for
lignocellulosic biomasses (Mohaat al, 2006). Larger sample sizes (300 g) were useexXperiments
R5-R9 to improve repeatability. The product yieldts presented in Table 46. Similar deviations were
reported in literature by Westerhef al. (2007) who reported 1.7 wt% on the liquid yielddaranik et

al. (2007) who reported up 3.1 wt% on the liquid yield

Table 46: Pyrolysis yields for R5 — R9 on FRtby subtraction)

Temperature (°C) 428 £5 495+ 2 526 +3
Run number R7 R5 R6 R9 Average R8

Yenar  (Wit%) 11+1 10+£1 10+1 8+1 9+1 11+1
Yiqua  (Wt%) 590 +3 63+3 65+3 68 +3 65+3 50 +3
Yoi (Wt%) 51+3 55+3 57+3 590 +3 57+ 3 51+3
Ygas  (WE%)* 29+4 26 +4 26 +4 24 + 4 25+4 29+4
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6.3.2 Process conditions

Before the interpretation of results, it seems sgag/ to clarify the possible effect of operating
conditions such as the residence time, the codéimperature, and the nitrogen and isopar flow rates

pyrolysis product yields. These process conditamessummarized in Table 47.

Table 47: Process conditions for runs R5 — R9 dd,FP

R5,6&9 R7 R 8
Reactor temperature (° 495 + ¢ 428 £ ¢ 526 £
Cooling temperature (° 12.2+0. 11.7 £ 0.¢ 10.4 £ O.(
N, flow rate (n%/h) 2.5+ 0.( 2.5+0.: 2.5+0.:
Coolant flow rate (L/mir 3x0.: 3+ 0.€ 2+1
Vapour residence time 1.€ 1.€ 1.€

The average vapour residence time was 1.6 seconl¢ha biomass feed rate 0.9 kg/h. The residence
time is shorter than two seconds which is typic#ly bench mark for FP. From previous literatdre i
seems that a variation of vapour residence timiénreactor is acceptable between 1 and 2 secands a
480-500°C without significantly affecting the pradwyields (Westerhoét al, 2007; Scotet al, 1999;
Yanik et al, 2007). The residence time variation is small carag to the tested ranges and will not
significantly affect the product yields. Some vhiiidy is noted with the isopar flow rate becauke t
pump is air operated with a manual valve and tloeeeit is difficult to duplicate the flow rate exbc
each time. This slight variability should not havsignificant effect on the cooling since the fimte is
much higher than the heat transfer limiting valllee operated flow rates will translate to 90-13¢hkg
where the design flow rate was 20 kg/h. At the aigifiow rates the cooling temperature is also $lygh
lower because the residence time of the coolingjdién the chiller bath is longer. A comparisontioé
thermodynamic energy shows that the cooling caieacitf the different flow rates are very similar
because of the slight temperature differences. ddwing capacity ranges from 0.23-0.25 kW (non

evaporative cooling) at an isopar flow rate of B4in at the respective temperatures (12 and10°C).

6.3.3 Temperature

The variation of product yield with temperaturellisstrated in Figure 44. Based calculated erroFBt)
and the yields that were obtained at higher anetdemperatures it can be said that the optimumidiq

yield for bagasse was 65 + 3 wt% at 495°C. Thesklyicompared well to previous research on wood
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pyrolysis (Bridgwateet al, 1999), and are higher than most values repodetdgasse (Drummond and
Drummond, 1996; Tsait al, 2006) (see Table 14, paragraph 2.9.1).

The char yield did not vary significantly over ttemperature range investigated. The slight decrizase
char yield at 500°C may be as result of the vammaif WC of the feedstock (appendix Table 77).
Westerhofet al. (2007) found that heat transfer limitations du¢hi® evaporation of moisture causes the
pyrolysis temperature to be lower, therefore faimguchar production. A wide range of char yields ar
reported in literature (Drummond and Drummond, 19B&ai et al, 2006; Asadullatet al. 2007). At
lower heating rates (< 3.3°C/s) high char yieldsengbtained (up to 25%), and lower char yields were
obtained for higher heating rates. The gas yield olatained by subtraction and is therefore an astim
Values from 25-30 wt% were reported. Yamik al. (2007) reported a gas yield of 39 wt% for straw

which is elementally similar to bagasse.

Figure 44. Product yields from FRIOf SB at different temperatures. (*Gas yields olad by

subtraction)
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6.4 Results from FPW 1

Three runs were conducted at 500°C with 100 g ghbse (9 wt% water). About 50 wt% of the original
biomass is condensed in the first condenser amtredtatic precipitator. Additional cooling at zeand
sub-zero temperatures increased the liquid recaver®0 wt%. The average liquid yield for the fist

experiments was 71 + 2 wt% (Table 48 ). A small ami@f visible char entrained into the liquid pretu

Table 48: The mass balance from experiments ony FPthlculated by difference).

Temperature (°C) 500

Run number 1 2 3 Average
Yehar  (Wt%0) 14+2 11+2 12+2 12+2
Yiqua  (Wt%) 69 +2 73+2 71+2 71+2
Ygas  (Wt%)* 16.8+0.8 159+0.8 174+0.8| 16.7+0.8

6.5 Results from FPUg

Two experiments were conducted at 500°C with bagass the twin screw reactor (FRY The
temperature of the first condenser was 20°C an€ 46f runs FZK 05 and 06 respectively. This only
effects the distribution of oil collection withifé system. In both experiments 30-40 kg of bagasse
pyrolyzed over 4 hours. The results from the madarize are presented in Table 49. The mass balance
closure could be calculated, because the gas wiaddmeasured and not obtained by subtraction ds wit
the other FPU units. Run 05 showed a large massitaldeficit of 8 wt%, compared to 3 wt% in run 06.
Approximately 9 wt% less liquid was accounted forrin 05 than run 06. Therefore run 06 produced,
and most accurate liquid yield of 68 wt%. The sbldoduct showed good repeatability. The loweridiqu
yield in run 05 is therefore mainly caused by lo$quid product within the process. The gas yickte

similar to previous publications (Bridgwatetral, 1999).
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Table 49: Shows the mass balance from the;FPU

Temperature (°C) 500

Run number 05 06 Average
Yehar  (W%) 17 17 17
Yiquia  (Wt9%0) 59 68 64 +6
Yor  (Wt%) 49 55 52+5
Ygus  (WE%) 16 12 14 +3
Mass balance closure (%) 92 97 95+4

6.6 Comparison the different FPUs and their products

6.6.1 Product yields
The average product yields at 500°C of the diffef€AUs are shown in Table 50. FR@nd FPY,

produced less char than FBUThese two reactoege both fluidized bed reactors, which are susblepti

to char entrainment into the liquid phase. In thessctors the char remains in the hot zone for the
duration of the experiment (1h), and is therefagptior longer periods at reactive conditions. Rney
studies on the thermogravimetric behaviour of bsgashowed that lignin decomposes over a wide
temperature range up to 900°C (Garcia-Peteal, 2000). Luaet al. (2005) showed that an increased
hold time at 400°C increases the fixed carbon ctraéchar. At the pyrolysis conditions (500°C) som
un-reacted lignin compounds are still present, mag slowly continue to react, resulting in a desesh
char yield. The predicted char residue (fixed caraod ash) is 14.6 wt% and 16.3 wt% for the sicaret
original bagasse used in the study, respectiveiywet basis, from Table 44). Since sieved bagasse w
used at FPklightly lower char yields are expected.

Table 50: Comparison of yields from different FR¥sas obtained by subtraction).

Temperature (°C) 500

Run number FPW, 4 FPU, FPU,o
Yehar  (Wt%) 12+2 9+1 17+2
Yiqua (Wt%) 71+2 65+ 3 64+6
Yo (Wt%) n.d. 57+3 52+5
Ygas  (Wt%)* 17+0.8 25+4 19+3
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All three FPUs produced a dark brown liquid of lsiscosity for the main liquid phase, which is
consistent with previous studies (Horat al, 1996). Cryogenic condensers from RRdroduced a
yellow coloured product, with very low viscosityh@ condensers allow the additional collection of
volatile compounds which may have increased theidigyield from FPY,. In light of the low
temperature cooling and the char entrainment, ids/from FP;compares well to the yields obtained

from the other units.

The average bio-oil yield from FRYshowed a large deviation due to some productflass the first
run. The gas vyields from FRWand FPY were obtained by subtracting the char and oildgidrom the
biomass weight. Therefore these values includdas® of product within the process. Somewhat more

gas was produced from FPtan the other two units.

6.6.2 Bio-oil analysis

A summary of the bio-oil analysis is given in TatlB&. The analysis of bagasse is included for
comparison. The bio-oil from FRlANd FPY, contained similar amounts of water. The ash curé
the bio-oil from FPUY shows significantly less (0.12 + 0.03 wt%) ashtaorination compared to the
FPU,, experiments (5.0 = 0.2 wt%). The removal of fifreen bagasse for FR@xperiments reduced the
amount of available ash, and thereby contributetthédower bio-oil ash content. A large fractiontioé
ash remains in the bio-oil from the FRExperiments which may be a secondary effect franctiar-oil
separation. The use of methanol as solvent magebdome ash from the chars which then remairtein t
bio-oil. Previous studies also showed a great tiariaof ash content with bagasse (Devnargiral,
2002). Because the fines were removed from badassiests done on FRUthe ash % was greatly

reduced.

To calculate the bio-oil HHV the hydrogen contersiswestimated for FRUsince it could not be
measured. The result from the analysis of RR&I4 wt% H) was used for these calculations. Because
this introduces uncertainty, the results will obkyused to comment on trends in the data and estiima
HHV. To validate calculation method the HHVs welsoameasured. The calculated and measured HHV
are shown to compare well for runs conducted atGP®ut deviate for runs at lower and higher
temperatures (R7 and R8). This suggests that thargsion for hydrogen content is only valid if the
reaction temperatures are the same. The carboerdof5 wt%) and HHV (18 MJ/kg) from bio-oil
produced at FPland FPY, gave similar results at 500°C (Table 51). The wwlaobtained for carbon

content from runs R7 and R8 are very high whickaff the calculated HHV, but was not noted with the
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measured HHV. This could point to inaccuracy of daegbon measurements for runs R7 and R8. The
HHVs are slightly higher (18 MJ/kg) than typicdkliature values of 17 MJ/kg reported by Bridgwater

al. (1999). Horneet al. (1996) reported a lower average carbon composftiolbagasse of 38.6 wt%
with a uniform trend, whereas a range of values- &% wt%) were reported from this study.

By performing a mass balance on the water, the lytico(reaction) water can be calculated as the
difference. A small amount of water will remainthe exit gas, but this amount is more or less emnst
for all runs. The pyrolytic water (appendix: Figug4) curve follows an opposite trend to that of tibil
liquid yield (Figure 44). The oil yield was maxireid and the water yield was minimized at 500°C.

Table 51: Water content (WC), ash content, elenheotaposition and HHV of bio-oil from FPLand

FPU.
Unit | puns | Yield | H:O [ Ash | ¢ | H* | O | N | S | HHV® | HHV*
(Temp) | (Wt%) | Wt% | wi% | wtob | Wt% | wt% | wt% | wt% | (MJ/kg) | (MJ/kg)
SB na. | na. | 0 | 56 |475| 59 | 40.7 | 03 | 007 | 192 | 188
R7 218 | 008 | 50 43 | 03 | 003 179+
@428°c)| °9%3| 4009 | 2007 | 2 | ™4 | +2 | 201 |001] 1EL | o1
R5,6,9 203 | 008 | 45 48 | 05 | 0.06 181+
FPUL | (495°c)| °%3| 409 | 0.07| 22 | ™% | 22 | 201 | z001| 18*1 | 01
RS 212 | 000 | 54 39 | 05 | 0.12
526°C) | 29%3| 409 | +0.07| 2 | ™% | +2 | s01 | z001| 22%1 | 17201
3X
FPUo1 | (gopscy| 71%2 n.d.
2 X 19 | 5 | 44 | 64 173
FPUo | s00°c)| 7 | 23 | 202 | #2 | 201 | 42| nd | nd} 45 17.9

1: Averaged from FZK results and applied to SU itesu
2: Calculated by difference

3: Calculated

4: Measured

6.6.3 Char analysis

The results from the char analysis show ash cortiposiof 24 and 22 wt% from FRYand FPY
respectively. This comparison should be seen It li how much ash entered the system and how much
exited in the bio-oil. The unsieved bagasse used-RiJ, contained 3 wt% more ash (Table 44) than
sieved bagasse and the bio-oil contained a higle@stent of 5 wt %.
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The chars from FPLtontained on average 10 wt% more carbon, thantthessdrom FP, (Table 52).
The chars from FPLRaIso have lower hydrogen content. This can bébatad to the longer residence
time of char at pyrolytic conditions: 2 hour at RRIdmpared to a few minutes FR{Lua et al,, 2005).
Ash also acts as a catalyst which could favour ard@gation and reduce the hydrogen content. The
average char HHV from FRUs 24.68 MJ/kg at 500°C, which is higher than tharcfrom FPy, This
can be attributed to the higher carbon content. ofnmarison of the different runs at different

temperatures on FRYuggests that carbon wt% is optimized at 500°C.

The BET surface area of the char product from FRinged from 233-282 #y. The char from
experiments on the FBYhad a surface area of 1877/91 The char residence time in these two similar
reactors is the same (2h), but bagasse contaissdakh for FPUexperiments. Devnaraigt al. (2002)
reported that the ash content of chars causedraaterin SA after activation, which could expldie t
differences in surface area. Detsal. (2004) confirmed these findings with values oft8&43 ni/g for
different de-ashing treatments on bagasse. In pphg2.6.2.2 it was shown that bagasse has a
particularly suitable particle structure comparedther large scale agricultural by-products. Toeee
bagasse produces a superior char and the remolabatse fines increases the BET surface area.

Table 52: AC, elemental composition, BET surfaaaand HHYV for the different chars obtained from
FPU, and FP,.

. BET
Unit | Runs | Yield | Ash | C H' | 0+S| N | HHV? | sSA
(Temp) | (Wt%) | wt% | wi% | Wt% | wt% | wt% | (MJ/kg) | (m/g)
SB na. | 119 | 56 | 475 59 | 40.7| 0.3 19.2 n.d.
1X 14.1 1.37 0.55
(428°C)| 11+1| +04 | 6646 | +0.01 | 18.3| +0.06| 22+2 n.d.
EPU 3 X 1.6 1.3
1 l@9s°c)| 9+1| 22+2] 6943 +01 | 66| +0.3 | 25+2 255
1X 1.3 1.2
(526°C)| 11+1| 20+2| 65+3 +02 | 12.9| +0.2 | 22+2 282
2 X
FPUos (500°C) | 12 %2 n.d. 187
EPU 3 X 24.8 3.4 051 | 20.0
10 | (500°c)| 17 | +05 | 53+2| +02 | 18.6| +0.06| 0.6 n.d.
1. Calculated by difference
2: Calculated
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6.6.4 Gas analysis

The dominant species in the exit gas were @@ CO and small amounts of Bind CH were present.

The formation of these species can be explaineth&ychemical reaction discussed in section 2.10.2.
Figure 45 shows the variation of the concentratibthe gas species. The curves present a reasonable
variation on a near linear trend. In Table 53 elatiaecomposition is shown for the gas. The HHVsewer
calculated from known heating values for the gammanents. The heating values are very much
dependent on the effectiveness of liquid collectord biomass type as shown by Raveendtaal.
(1996).

Table 53: The chemical and elemental compositiah@incondensable gas from FRU

Run Units Run 5 Run6
H, o/kg 0.3¢ 0.31
CoO a/kg 60.2( 48.4¢
CH, o/kg 5.18 3.94
CG, o/kg 97.3¢ 72.71
C,H4 o/kg 1.0C 0.84
C,Hs a/kg 0.9¢ 0.7C
CsHs o/kg 1.72 1.3C
Cy's o/kg 2.0¢ 2.5%
Cs+ g/kg 5.67 5.1F
C wit% 37.7£0.! 38.5+0.
H wit% 2+0.z2 2.2+0.(
@) wt%  60.3%0. 59 + 0.«
HHV

wt%  8.9+17 9.56 £ 0.6
(MJ/kg)

Literature on sophisticated GC analysis of varitymes of biomass pyrolysis is scares. Thereforeethe
results are compared to Mullen al. (2010), who studied FP of corn cobs and corn stwva fluidized-

bed reactor at 500°C. Similar proportions of gascEs were obtained as shown in Table 54. The large
difference in HHVs is explained by the fact Mulléidl not measure for hydrocarbons>tGat have very
high energy content. Even at low concentrationseghgydrocarbons significantly contribute to the HHV

of the gas.
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Table 54: Comparison of gas composition to litexa{bbased on at least two runs)

FZK 1 Mullen et al., 2010
Gas compound | Sugarcane

bagasse Corn cobs | Corn stover
CO2 voin 42.1 51.t 40.:
CO vows 43.C 40.¢ 51.€
CHa voi% 6.2 6.2 6
H volos 3.€ 1.2 2
>C2 vol% 4.7
HHV (MJ/kg) 9.2t 4.¢ 6
Gas yield (wt%) 14 20.c 21.¢

400.0
- IM’.—-\
300.0 l S
250.0
I - 500 co
| —=—Co2
< 200.0 I o
150.0 ‘ == H2
] =%
00— . temp
e N
0.0 0
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Figure 45: The variation of gas components voluiméow rate for FPY, run 05 at 500°C
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6.6.5 Product energy distribution

When performing pyrolysis on a certain feedstodk interesting to look into how the original engig
distributed among the products. The energy valudrpfbagasse was 18.96 MJ/kg which is consistent
with results from Asadullalet al. (2007) who reported 19.1 MJ/kg. Table 55 givesummary of the
energy distribution among product from FP at 500¢@mplete version: Table 80). The average energy
content for the bio-oil is similar for both FlP@nd FPY, (64 and 60 respectively). By combining the
products into a single slurry mixture the energgteat of a single product can be increased to hetwe
70 and 80% of the original biomass energy. Lang® T2 obtained 79% of biomass energy for slurry
production from straw pyrolysis on FiRJ

Table 55: A summary of the energy balance from lggie 500°C

FPU1o FPU;
Product Yield | Carbon| Energy | Yield | Carbon| Energy
wt% wt% % wt% wt% %
Bio-oil 68 64 60 65 62 64
Bio-chai 17 26 18 9 13 12
Gas 24 12 7 n.d n.d n.d
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7 Preferred pyrolysis process for bio-oil and bio-cha production from

bagasse

7.1 Introduction

To establish which pyrolysis process is the mogbdigable for the sugar industry, Slow Pyrolysis)(SP
Vacuum Pyrolysis (VP), and Fast Pyrolysis (FP) psses need to be compared in a suitable manner.
Since economic comparison is not included in tlopsf this work, the focus of the comparison Wwél

the products. It is therefore necessary delinelage individual products from each of the pyrolysis
processes, in terms of energy and product propeifigerefore depending on the type and applicatfon
the products, different processes are favoured.

7.2 Review of slow and vacuum pyrolysis data

The results from chapter 4 (Carrierr al, 2010) on VP and SP are briefly reviewed to digple data
similarly to the FP work. Instead of commentingtba separate yields of tar and pyrolytic watersgha
only a total liquid yield is discussed. Data frdime newly constructed fast pyrolysis unit (RPWill be

used for this chapter, and is simply referred tt-&s.

7.2.1 Slow pyrolysis (SP)

Conventional SP has been used for many years, a$hévday modern techniques like VP and FP present
many advantages. The primary objective of the warkSP was to produce a qualitative comparison to
the work done on VP. The experimental conditionsewept identical as far as possible. Both VP aRd S
were done in the same reactor, which has not beparted before. The statistical optimisation of
experimental conditions was focussed on pyrolysisperature and heating rate as the primary factors
that determine the yield and quality of productemiperature (250 - 570°C) and heating rate (2-
29°C/min) was varied, and the results were analysegroduct yields, with specific emphasis on char
properties HHV and BET surface area. The effectdeofiperature and heating rate on yields and
characteristics were studied using an ANOVA analyBemperature was found to be the most significant
process variable. At the optimal temperature df 5025°C and the highest heating rate, the organic
liquid yield was 17.8 = 0.6 wt% and water in liquiase 26.8 + 0.5 wt%. The total liquid product 45

2 wt%) is of substandard quality because it cost&ifi wt% water on average. The char yield was
naturally a maximum at the lowest temperature (20@thd slowest heating rate (2-5°C/min) producing

75 — 80 wt% char. These conditions simulate toctafa, and therefore the product has a low calorifi
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value and surface area. The HHV and surface arehav at moderate heating rate and high temperatur
were optimized at 28 MJ/kg at (570°C; 18°C/min) &88 nf/g at (550°C; 15°C/min) respectively. At
these high temperatures the char yield was 25 #/8.\W conclusion it can be said that a trade-giéts
between the yield of char and the quality ther@bkrefore the most favourable property of the atifir
dictate which route will present the most advantae it energy content and surface area (low gjetnt
simply the aging stability (high yields). From aneegy perspective it does not make sense to produce

liquids via SP.

7.2.2 Vacuum pyrolysis (VP)

VP offers a good compromise over SP, by exploithmgadvantages of low pressures inside the reaction
zone (Carrieret al, 2010). The experimental conditions and objectiwese similar to that of the SP
study. The liquid phase yields were optimized d #®20°C and at a heating rate range of 20 + 4 it/m
which produced 31 + 3 wt% liquid organics and 13 wt% water. The combined liquid product (45 +
3%) therefore contains approximately 32 wt% watdricv is a significant improvement on slow
pyrolysis liquids. The charcoal yield decreaseshwiémperature and was found to stabilize at
temperatures greater than 480°C, yielding 16 wt@r.chhe HHV (23 + 2 MJ/kg) of the chars remained
constant over the temperature range 400-500°C optimal SA of the chars was 396-418/gy at 460-
540°C and a heating rate of 8-24°C/min. It can tectuded that temperature is the dominant process
variable for VP. The quality of the liquid produstis upgraded because the vacuum removes vapours
from the reaction zone, which reduces the secondagtions that produce water. Because more organic
end up in the liquid phase, the calorific valuecbérs is somewhat less than for SP. It can be ededl
that the mechanism for pore formation is improvelba pressure, thereby producing higher surfaea ar

chars.

7.3 Preferred conditions for bio-oil production

The optimization of bio-oil production is relatiyektraight forward from an energy perspective. The
desired product should have a high yield and HHMWe Water content should be as low as possibldasbut
typically constrained by an unwanted exponentigcosity increase below 15 wt%. Owing to these
characteristics, FP produces the highest qualitlyyaeld of bio-oil, which was not rivalled by theher

types of pyrolysis processes investigated. Theeefbe question rather becomes, “Which type of FP

process should be used for bio-oil production fremgarcane bagasse?” Since similar yields can be
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obtained from both the screw reactor and FBR, tivaiatages of a certain reactor type will most pbbpa

lie with the quality of solid product.

Table 56: Optimal conditions for bio-oil yield.

Dry Liquid | Moisture | Relative
Unit | Conditions | HHV yield content | energy
(MJ/kg) | (%) (%) (%)
Dry (0%
SB moisture) 18.8 n.a. 0% 100
500 £ 25 °C
SP | and 25+ n.d. 45+ 2 60 n.d.
4 °C/min
460 = 20 °C
VP and20+4 | 21.7+0.5| 472 32 37
°C/min
FP* | 495+10 °C| 181 65+3 20 67

*Wet HHV showr

High value or high yield chemicals can be extradtedh bio-oil as an alternative to the energy pidu
Chemical extraction as an application for bio-sibliscussed in paragraph 2.5.2.6. Since catalffécte
from natural or added catalysts determines to atgngent which chemicals are produced, pyrolyaris ¢
be optimized to produce certain high yielding cheats (Bridgwater, 1996). The economic feasibility o
adding a distillation step for collecting valualbleemicals is dependent on the market price angli¢thes

of these chemicals. The remainder of the bio-adpct after chemical extraction will probably besdis
for energy production. Therefore the energy qualityhe bio-oil cannot be disregarded, suggestirg t
FP will probably remain the most economical optioriess it can be proven that vacuum pyrolysis can
produce significantly higher yields of valuable qmunds. Future studies should look into chemical
production from different pyrolysis processes. Tifeastructure for commercial use of bio-oil isllsait

the early stages of development. Therefore theldpweent of an energy market for bio-oil first ne¢ds
be established before attempting extra processinghfemical extraction. It is believed that theufe of
bio-oil does not only lie with higher quality fuptoduction but also with the use of bio-oil as cheh

feedstock (Bridgwateet al, 2002).
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7.4 Preferred conditions for bio-char production

Char quality and yield are not optimized simultamgp. At higher process temperatures the vyield
decreases and the quality increases. In this stuagis found that bagasse can be treated at 259°C t
produce up to 80% char product and effectivelyease the energy density from 17.5 to 18.9 MJ/kg. Th
product is brittle, hydrophilic, and contains 80¥®®f the original energy, and is resistant to funga
attack. Because this is a mild energy treatmemtggasing costs will be minimal. The main drawback
from torrefaction of bagasse is that the biomadsime is not significantly decreased, and therefore
storage and transportation still remains expengiveptimal heating values the highest yield ofrchvas

28 wt%. Honsbeiret al. (2007) obtained hardwood yields which ranged frdn— 40 wt%. Larger
particle sizes were used (5cmX5cmX15cm) which fasalow pyrolysis because core heating occurs
slower. The particle thickness results in a lord@r-vapour contact time which increases the piitihab
for secondary reactions (Katyat al, 2003). Since bagasse particles are already lfieg present more
advantages for fast pyrolysis.

The alternative is to produce high quality charkater yields. The specific quality-property of tblear,
(HHV or surface area), is dependent on the apjbicaif the product. Table 57 shows the conditiars f
optimizing the HHV, SA, and the char yield at thesmditions. When a high HHV is favoured, slow
pyrolysis produces the highest quality chars. Dyuratow pyrolysis the HHV and SA are optimized
simultaneously at very similar process conditiomBereas with vacuum pyrolysis the conditions differ

slightly more.

The characteristically high surface area of bagadse renders it useful as a non-energy product
(paragraph 2.6.2). This study has proven that \@@lymres the highest BET SA chars (chapter 4). These
chars are the best option for decolourizing ravasuBecause bagasse produces high SA chars compared

to other agricultural residues, this should befé@weured option for the use of solid pyrolysis prots.
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Table 57: Shows the conditions at which the highjastity chars were obtained

i iti HHV BET SA Char yield Relative
Unit Condition )
(MJ/kg) (m*/g) (%) energy (%)
= Dry (0% moisture) 18.8 100
530 - 570°C and 25 + 3 ”
18°C/mi
>F ful 25+3
530 - 570°C and 203 + 41
15°C/min
420-480°C and 2449 i
17°C/min
vF | 17+ 2
460-540°C and 347 £ 65
17°C/min
FP 430 - 530°C 24 £2 249 + 24 10+ 2 13

7.5 Effect of pyrolysis temperature on product yields

In this section different graphs are used to ithist the data from different pyrolysis processesemo
clearly. Figure 46 and Figure 65 (appendix) shdwesviariation of yield for liquid and char respeetix
The three curves were statistically tested to pithvat they are from different distributions (pai@gn
11.4.1).

The optimal heating rate for liquid production,sé®wn in Table 56, was 22°C/min for vacuum and slow
pyrolysis, whereas FP heating rates may be asaig00°C/s (Bahnet al, 2009). The high heating rate
resulted in a liquid yield increase of approximat2d wt%. Puturet al. (2007) compared to FP at 50°C/s
with SP at 0.12°C/s and reported a 10 wt% incré@atiquid yield. The liquid yield for VP was fourtd

be optimized at 40-50°C less than for SP and FE.tiénd noted from the pyrolysis curve suggestsaha
higher heating rate shifts the curve up (highetdyi@nd lower pressures shifts the curve to a lower
temperature. A stepwise increase in final chardyiskee appendix Figure 65 ), from FP to VP to SP,

corresponds well to the opposite trend observéidind organic yield (decrease from FP to VP t0.SP)
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Figure 46: Liquid product yield from slow, vacuuamd fast pyrolysis.

The product yields of the three pyrolysis systettheir respective optimal liquid producing conelits
are shown in (Figure 47). The gas yield is simitarSP and FP but is slightly higher for VP. Thevéw
system pressure causes species to be slightly vataile. The bottom two sections of each bar graph
show the valuable organic product, from liquid @hdr. The actual useful energy product is the botto

two sections minus the energy for water vaporiratio
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Figure 47: Product yield distributions for FP, @Rd VP (gas yield by difference)
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8 Conclusions

Based on the inefficient utilization of bagassehwiespect to current technologies, pyrolysis was

identified as a potential upgrading technologytfee sugar industry. The objective of this study was

investigate the advantages and drawbacks from 8nelysis (SP), Vacuum Pyrolysis (VP), and Fast

Pyrolysis (FP). A summary of the finding of thisudy is given below. Based on these findings

conclusions were drawn.

The first task was the design and construction df.% kg/h FP unit. During commissioning some

modifications were done.

1.
2.

The unit functioned without operational problemsimly testing and gave reproducible results.
Direct contact heat exchange performed well. A Iginghase bio-oil instead of fractionated
product was obtained.

Electrostatic separators functioned well.

The yields of products obtained compared well witkvious literature (Bridgwatet al, 1999)
The yields of products obtained from bagasse fgsblysis in the newly constructed unit

compared well to other reactors tested at FZK.

The next task was the evaluation, of SP and cosgario VP of bagasse. An article was co-authored

with Dr. M. Carrier entitled: “Comparison of slom@vacuum pyrolysis of sugarcane bagasse”.

1. The maximum amount of bio-oil was produced at dgihgaate of 15 °C mit for both processes.

The optimum temperatures were 500 and 450 °C foraW@ SP, respectively. VP produced a
superior quality bio-oil with lower water contehiat SP.

A trade-off existed with regards to the char yiefdl char properties.

The highest BET surface area for the char (> 36@H was produced by VP at 460 °C. The
same trend was observed for SP where the optimal &Eface area was obtained at a higher
temperature.

SP produced char with the highest HHV (28 MJ/kga aémperature range of 450-600°C. The
energy value is higher than commercially availaflbarca Brikets' (24.8 MJ/kg) (De Jongh,
2001).

An ANOVA analysis proved that temperature was tlnichant variable. The influence of
heating rate on the BET, HHV Y, and water content was not significant in both peses. The
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main difference between the processes is residémeewhich had a significant influence on the

quality of products.
6. With regards to this study the optimal processeigethdent on the application of the product.

TGA was studied as a means of investigating theldélization behaviour of bagasse. An article was
authored with A. Aboyade entitled: ‘Non-isothernkaletic analysis of the devolatilization behaviair

corn cobs and sugarcane bagasse”.

1. The thermal decomposition of bagasse was studiedtlanee distinct mass loss stages were
identified. The first stage (25 - 110°C) is moistievaporation. In the second stage at 230°C
devolalitzation occurs. The final stage occursatferatures above 370°C and is associated with
the cracking of heavier bonds and char formation.

The devolatilization stage is the most importarthwiegard to pyrolysis.

The optimal decomposition temperatures for hemitede and cellulose were identified as
290°C and 345°C, respectively. Lignin was foundiécompose over the entire temperature range
without a distinct peak.

4. An increased heating rate resulted in a narroweoldéglization temperature range and increased
the optimal decomposition temperatures for lignlodesic decomposition. Bagasse is expected
to follow this similar trend during FP at signifittdy higher heating rates.

5. Friedman’s isoconvertional method predicted a @istctivation energy of 200 kJ/mol for
bagasse in the pyrolytic conversion range 20 — 88%wulti-component model was fitted to the

data and compared well to chemical analysis data fiterature.

From fast pyrolysis of bagasse on different reactioe following conclusions were drawn:

Bio-oil production from bagasse was optimized &@°&Dfor FP.
The newly designed RRjave reproducible liquid yields of 65 + 3 wt% la¢ testablished optimal
temperature and compared well to results from therdwo FP units. The FP bio-oil had a water
content of 20 wt% and the HHV was estimated to®e: 1 MJ/kg.

3. Bagasse fines presented problems in terms of amgit into liquids, especially with fluidized
bed reactors. Screw reactors do not have suchdagtflow rates, and are therefore more suited
for bagasse.

4. The removal of fines from bagasse produced highality bio-oils.
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5. The char quality decreases if chars are not reméreed the hot pyrolysis zone and the main

pyrolysis reaction.

FP, VP, and SP were compared to identify the predeprocess for the production of bio-oil and char.

The following conclusions were drawn:

1. The productions of either high quality bio-oil oigh surface area char were found to be

application dependent.

2. The char yield was optimized at 28 wt% by slow pysis with the highest HHV (28 MJ/kg) at a
temperature range of 450-600°C. The energy valb@lser than commercially available ‘Charca
Brikets’ (24.8 MJ/kg)

3. Under FP conditions 20 wt% extra bio-oil was prasthicompared to SP and VP.

4. The energy distribution on average for liquid, chad gas from FP was 60 + 4 wt%, 18.4 £ 0.3
wt%, and 7 + 1 wt% respectively. FP was foundeah® most effective process for producing a
single product with over 60% of the original bioma&nergy. The energy per volume of FP bio-

oil was estimated to be 11 times more than dry $smja

5. Bagasse particles are already reasonably fine, amdpto other slow pyrolysis feeds, and

therefore present more advantages to fast pyrolysis
6. The highest BET surface area of the char produeh fFR was 280 rfig and had an average

HHV of 24 + 2 MJ/kg. The surface area of the chsuggests that the chars are suitable for
further activation. VP of bagasse produces thedsgBET surface area char of up to 480gm

141



142



9 Recommendations and future work

9.1 TGA

It is recommended that TGA is studied at highettihgaates. With this data it may be possible tavdr

conclusions between FP data and the correspondBWy data. Using this data, together with kinetic

analysis and modelling may improve reactor degiginé future.

The coupling of Mass Spectrometry (MS) or Fourieansform Infrared spectroscopy (FTIR) to TGA

equipment will allow continuous product identifiat. It will be interesting to study specific cheral

products can be obtained at different process tiondi Catalyst effects may also be studied whiik t

equipment.

9.2 Fast pyrolysis unit

Some modifications could provide for easier operatf the unit and upgrade the unit's capabilities.

The FPU should be adapted to analyse and measuesrtbunt of incondensable gas that exit the
cooling system. This can be achieved by using autative gas flow meter, or by including a
trace compound (e.g. Ne) and continuously analytirggas.

The rope heaters used to heat the section of @teekn the oven and cooling tower should be
upgraded. This can be done by either redesignimgyfie of heater, or using shorter rope heaters.
If the gas cylinder level is below about 1 thirdciinnot be used for an experiment. The
installation of a dual-gas cylinder system foraigen supply will be ideal, since no nitrogen will
be wasted.

The limiting factor for the amount of biomass thah be pyrolyzed in a single run is the reactor
volume. Previous designs used reactor overflowainats. Alternatively the particle size and gas
flow rate may be altered to ensure minimal accutiarieof char in the reactor.

The implementation of a cryogenic condenser.

An appropriate cutting mill for preparing the biossao the correct particle size.

Since electrostatic separators can function at teégtperatures it may be interesting to design a
electrostatic separator for char separation ingideoven. This technology has not been reported
before.

143



9.3 Bagasse pyrolysis

FP was found to be optimal for liquid productiordarontained the most energy in a single product. VP
produced high surface area chars. Because bothesé tprocesses produce important products for the
sugar industry it would be ideal to combine thdfeas into one process. Therefore a vacuum fast
pyrolysis reactor would be ideal, since it would ddde to produce high liquid yields as well as high

surface area chars depending on the reaction eomslitFluidized-bed rectors cannot be used for this

purpose. A mechanically fluidized bed reactor wélrequired.

9.4 Ash

The effect of ash and other catalysts on spechienicals from bagasse should be investigated. The
effect of the different pyrolysis processes on #meahemicals yields should also be studied.
Economically viable ash removal techniques showddtdésted. Discarding the smallest particle size
fraction from bagasse lowered the ash content ghsse by approximately 50%. By studying the
additional ash removal techniques similar to thelstirom (Daset al. 2004) the quality of bagasse may

be significantly increased. Integrating this worikhAT GA results may also produce interesting rasult

9.5 Sugarcane agricultural residues

This study did not investigate the possibility ging cane tops and leaves as pyrolysis feedstaokn F
previous literature it seems that there are sicgnifi added benefits from using these products. Memwe
they also require additional processing becauseghf ash content, soil contamination, water condet
the need to be collected from the plantation. Tloeeeit is recommended to implement the pyrolydis o

bagasse before considering lower quality feedstock.

144



10 References

References for chapter 4 and 5 are given in ofigirtecle format.

10.1 References for chapter 2

1. Ahuja, P.; Humar, S. and Singh, P.C. (1996) “A Mdde primary and Heterogeneous Secondary Reactibns
Wood Pyrolysis”Chem. Eng. Technol9: 272-282

2. Antal, M.J. jnr.; Varhegyi, G. (1995) “Cellulosenmyysis kinetics: the current state of knowledded. Eng.
Chem.34: 703-717

3. Asadullah M.; Rahman, M. A_; Ali, M.; Rahman, M.$ptin, M.A. (2007) “Production of bio-oil from fixd
bed pyrolysis of bagass€uel 86: 2514-2520

4. Bahng, M.; Mukarake, C.; Ribichaud, D.J.; Nimlos,RM(2009) “Current technologies for analysis afrbass
thermochemical processing: A reviewAnalyitca Chimica Act®51: 117-138

5. Balat, M.; Balat, M.; Kirtay, E.; Balat, H. (2009ain routes for the thermo-conversion of biomas® ifuels
and chemicals. Part 1: Pyrolysis systeniérgy conversion Managemes@i: 3147-3157

6. Banks, D.; Schaffler, J. (2006) “The potential ¢dnition of renewable energy in South Africa”.
www.earthlife.org.za, 2008

7. Bedmutha R.J.; Ferrante L.; Briens C.; BerrutigRg Inculet |. (2009) “Single and two stage elestrtic
demisters for biomass pyrolysis applicatioBhe. Eng. And Processidd: 1112-1120

8. Beeharry, R. P. (2002) “Strategies for augmentirgpscane biomass availability for power production
Mauritius”. Biomass and Bioener@0: 421-429

9. Bergman, P. C. A; Kiel, J. H. A (2005) “Torrefactiof biomass upgrading”. Published at 14th European
Biomass Conference & Exhibition

10. Bridgewater, A.V. (1996) “Production of high grafdels and chemicals from catalytic pyrolysis afrbass”;
Catalysis Today9: 285-295

11. Bridgwater, A.V.; Meier, D.; Radlein, D. (1999) iPoverview of fast pyrolysis of biomassOrganic
Geochemistrg0: 1479 — 1493

12. Bridgwater, A.V. (1999, b) “Principles and practimiebiomass fast pyrolysis process for liquid&jurnal of
Analytical and Applied Pyrolysisl: 3-22

13. Brigdwater A.V.; Peacocke, G.V.C. (2000) ‘Fast pysis process for biomassRenewable and Sustainable
Energy Reviewd: 1-73

14. Bridgwater, A.V.; Toft, A.J.; Brammer, J.G. (2002) techno-economic comparison of power productign b
biomass fast pyrolysis with gasification and contimms. Renewable and Sustainable Energy Revigwls31—
248

15. Bridgwater, A.V. (2003) “Renewable fuels and chemfgdoy thermal processing of biomasShemical
Engineering Journafl: 87-102

16. Bridgwater A.V. (2007) “IEA - Biomass pyrolysisIEA — Bioenergy Task 34

17. Calvin, M. (1974) “Solar energy by Photosynthes&Ciencel84: 375-381

18. CGPL (Combustion, Gasification, and Propulsion Lrabary), (2006) “Project completion report on
torrefaction of bamboo’http://cgpl.iisc.ernet.in, 2008

19. Czernik, S.; Bridgwater, A. V. (2004) “Overview Applications of Biomass Fast Pyrolysis OiEnergy &
Fuels18: 590-598

20. Darmstadt, H.; Garcia-Perez., M.; Chaala, A.; ®apRoy C. (2000) “Co-pyrolysis under vacuum of aug
cane bagasse and petroleum residue: Propertiee ohar and activated char produc@4rbon39: 815 — 825

21. Das, P.; Ganesh, A.; Wangikar, P. (2004) “Infices of pre-treatment for deashing of sugarcanedsagan
pyrolysis products”’Biomass and Bio-ener@y7: 445-457

22. De Jongh, W. A. (2001) “Possible applications facwum pyrolysis in the processing of waste matgtial
M.Sc. Thesis, Department of process EngineerirglleBtbosch, South Africa

145



23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Devnarain, P.; Arnold, D.; Davis, S. (2002) “Protioi of activated carbon from South African sugaea
bagasse”Proc S Afr. Sug. Technol. AF&: 477 - 489

Dieblod J.P. (1999) “A review of the chemical afygical mechanisms of the storage stability of fasblysis
bio-oils.” http://www.p2pays.org/ref/19/18946.pd¥1ay 2010

Dummmond, A.F.; Drommond, I.W. (1996) “Pyrolysis®dgar Cane Bagasse in as Wire-Mesh Reatidr”
Eng. Chem. Red4.263-1268

Erlich, C.; Bjornbom, E.; Bolado, D.; Giner, M.;dfrsson, T. H. (2006) “Pyrolysis and gasificatiompellets
from sugar cane bagasse and wodgliel 85: 1535-1540

Garcia-Perez, M.; Chaala, A.; Wang, Y.; Roy, C.0@0'Co-pyrolysis of sugar cane bagasse with petnol
residue. Part one thermogravimetric analydisiel 80: 1245 -1259

Garcia-Perez, M.; Chaala, A.; Wang, Y.; Roy, C.020'Co-pyrolysis of sugar cane bagasse with petnol
residue. Part 2: product yield and propertidsurnal of analytical and applied pyroly$&: 111- 135
Garcia-Perez, M.; Chaala, A.; Roy, C.; (2002); “Mam pyrolysis of sugarcane bagass$aiel 81: 893-907
Gerdes, C.; Simon, C.; Ollesch, T.; Meier, D.; Kaskly, W. (2002) ‘Design, construction and operatiba
fast pyrolysis plant for biomas€ngineering life science: 167-174

Goyal. H.B.; Seal. D.; Saxena, R.C.; (2008); “Bieis from thermo-chemical conversion of renewable
resources: A review'Renewable and Sustainable Energy ReviEv$04-517

Henrich, E. (2007) “The status of the FZK concdpbiomass gasification”. Summer School, University
Warsaw: hppt/www.baumgroup.de/Renew/download/5nridh - paper.pdf

Honsbein, D. (2007) “Feasibility of pyrolysis oitq@uction in Namibia”. Report based on PhD the&&)ton
University

Horne, P.A.; Williams, P.T. (1996) “ Influence @nperature on the products from flash pyrolysisiomass”
Fuel 75, 1051-1059

Hu, G.; Fan, H.; Lui, Y (2001) “Experimental stuslien pyrolysis of Datong coal with solid heat carin a
fixed bed”.Fuel Processing Technolo®® (3): 221-228

Ikura, M.; Stanciulescu, M.; and Hogan, E. (20@nulsification of pyrolysis derived bio-oil in diglsfuel’.
Biomass and Bioener@4: 221 — 232

Karaosmanoglu, F.; Tetik, E.; Gollu, E. (1999) “Bieel production using slow pyrolysis of the strand stalk
of the rapeseed planttuel Processing Technolo®®: 1-12

Katyal. S.; Thambimuthu, K.; Valix, M. (2002) “Carbisation of bagasse in a fixed bed reactor: | miteeof
process variables on char yield and characteristrmsnewable Energd38: 713-725

Kersten, S.; Wang, X.; Prins, W.; Swaaji W. (20@ipmass Pyrolysis in a fluidized bed reactor. Rart
Literature review and model simulatiorisd. Eng. Chem. Red4: 8773-8785

Lange, S. (2007) “Systemanalytische untersuch zhelpirolyse”; Doctorial thesis at Karlsruhe Unisiy,
Germany.

Lehmann, J. (2002) “Slash and char: A feasibleétive for soil fertility management in the ceitra
Amazon?”17'th World congress of soil sciendgangkok, Thailand, Parper no. 449: 1-12

Lua, A.C.; Yang, T. (2005) “Characteristics of sated carbon prepared from pistachio-nut shellibg z
chloride activation under nitrogen and vacuum ctos” Journal of Colloid and Interface Scien260: 505-
513

Luo, Z.; Wang, S.; Liao, Y.; Zhou, J.; Gu, Y.; C&h (2004) “Research on biomass fast pyrolysiditprid
fuel”. Biomass and Bioenerd6: 455 — 462

Mesa-Perez, J.M.; Cortez., A.; Rocha, J.D.; Bras®arez, L.E.; Olivares-Gomez, E. (2005) “Unidinienal
heat transfer analysis of elephant grass and siager bagasse slow pyrolysis in a fixed bed readtoe|
Processing Technolog6: 565— 575

Mohan, D.; Pittman, C.U.; Steele, P.H.(2006) “Pystd of Wood/Biomass for Bio-oil: A Critical reviéw
Energy & Fuels20: 848-889

Nassar, M.M.; Ashour, E.A.; Wahid, S.S. (1996) “ihal characteristics of bagass@durnal of applied
polymer sciencé1: 885-890

146



47,
48.

49,

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Norris, G. (2007) “Biomass waste to electricity: &fulu-Natal”.USB Leaders’ lap8 -11

Oasmaa, A.; Czernik, S. (1999) “ Fuel oil qualifypedomass pyrolysis oils — state of the art for &mel users”
Energy fueldl3, 914-921

Pach M.; Zanzi R.; Bjérnbom, E. (2002) “TorrefiedbBiass a Substitute for Wood and Charco@th. Asia-
Pacific International Symposium on Combustion andrgy Utilization www.techtp.com

Pippo, A. W.; Garzone P.; Conrnacchia G. (2007)rtAgpdustry sugarcane residues disposal: The trehds
their conversion into energy carriers in Cubdéste Manageme27: 869—885

Pollard, S.J.T.; Fowler, G.D.; Sollars, C.G.; PeRy(1992) “Low const adsorbands for waste anawvat
treatment: a review.Science Total Enviromeal6: 31-52

Qi, Z.; Jie, C.; Tiejun, W.; Ying, X. (2007) “Revwieof biomass pyrolysis oil properties and upgrading
research”Energy Conversion and Managemdgt 87—92

Rabe, R. C.; Knoetze J. H. (2005) “A model for vamupyrolysis of bagasse” Msc Thesis, Stellenbosch
Rasul, M. G.; Rudoph, V. Carsky M. (1999) “Phwsiproperties of bagassd”uel 78: 905-910
Raveendran, K.; Ganesh A.; Khilar, K.C. (1995jfflience of mineral matter on biomass pyrolysis
characteristics"Fuel 74: 1812-1822.

Reina, J.; Velo, E.; Puigjaner, L. (1998) “ Kiretitudy of the pyrolysis of waste wooliidustrial and
Engineering Chemitry resear@v: 4290-4295

Rhodes, M. (2005) ‘An Introduction to particle tactogy'Wiley

Roy, C, De Caumia, B., Plante, P. (1990) “The aoflextractives during vacuum pyrolysis of woodlournal
of applied Polymer Scienel: 337 — 348

Scott, D.; Priskorz, J. (1984) “Continuous flashgbysis of biomass"Canadian Journal of Chemical Eng2:
404.

Scott, D.; Priskorz, J. (1982) “ Flash pyrolysisAspen-Polar woodCanadian Journal of Chemical EngP:
666.

Scott, D.S.; Majerski, P.; Piskorz, J.; Radlein(I299) “A second look at fast pyrolysis of biomase RTI
process’J. of anal. and appl. Pyrolysil: 23-37

Shihadeh, A.; Hochgreb, S. (2000) “Diesel enginmlgostion of biomass pyrolysis oils” Energy fuels 280-
274

Sipile, K.; Kuoppala, E.; Fagernas, L.; Oasmaa;1898) “Characterization of biomass-based flaslolygis
oils” Biomass and Bio-enerdgy4 (2): 103 -113

Stubington, J.F.; Aiman, S. (1994) “ Pyrolysis Kiog of bagasse at high heating rateEsergy and Fuel§:
194-203

Stubington, J.F.; Aiman, S. (1993) “ Pyrolysis Kkiog of bagasse at low heating ratB&mass and Bio-energy

5:113-120

Sugar Conference (2001) “Fast pyrolysis of bagasgeoduce bio-oil fuel for power generation”
http://www.biooil.ru/docs/2001SugarConference P aqutr.

Tsai, W.T.; Lee, M.K.; Chang, Y.M. (2006) “Fast piysis of rice straw, sugarcane bagasse and cosbeilt
in an induction-heating reactoJournal of Analytical and Applied Pyrolysi$: 230-237

Turn S. Q. (2002) “Analysis of Hawaii Biomass EneRgsources for Distributed Energy Applications”.
http://hawaii.gov/dbedt/info/energy/publicationgftriass-der.pdf

Van de Velden, M.; Baeyens, J.; Brems, A.; Jansdn®ewil, Raf. (2010) “Fundamentals, Kineticdan
endothermicity of biomass pyrolysis reactid®énewable energ3s: 232-242

Varhegyi G.; Antal, M.J.; Szekely, T.; and Szabo(1®89) “Kinetics of the thermal decomposition of
cellulose, hemicellulose, and sugarcane bagaEsergy & Fuels3: 329-335.

Westerhof, R.; Kuipers, N.; Kersten, S.; Swaaij,(@007) “Controlling the water content of biomdast
pyrolysis oil” Ind. Eng. Chem. Res. 46238-9247

www.dynamotive.com(May 2010)

www.eprida.com(May 2010)

www.oil-price.net (May 2010)

147



75.
76.
77.
78.

79.

80.

www.prosugar.com.gyApril 2010)

www.sasa.org.za(November 2009), South African Sugar Industrgebiory, 2007-2008.

www.smri.org (October 2009)

Yaman, S. (2004) “Pyrolysis of biomass to producgls and chemical feedstock&hergy Conversion and
Managemen#5: 651-671

Yanik, J., Konmayer C., Saglam, M., Yuksel M., (ZDOFast pyrolysis of agricultural wastes: Charagtgion
of pyrolysis productsFuels processing teci®8: 942 — 947

Zandersons, J.; Gravitis, J.; Kokorevics, A.; Zhah, A.; Bikovens, O.; Tardenaka, A.; and Spicé]1 #99)
“Studies of the Brazilian sugarcane bagasse cashtion process and products propertigigimass and
Bioenergyl7: 209 — 219

10.2 References for chapter 3

10.

11.
12.

13.

14.
15.

16.
17.
18.
19.

20.
21.

Asadullah, M.; Rahman, M. A.; Ali, M.; Rahman, M.#otin, M.A.; and Sultan, M. (2007) “Production of
bio-oil from fixed bed pyrolysis of bagass&uel 86: 5214 -2520

Bedmutha R.J.; Ferrante L.; Briens C.; Berrutighg Inculet 1. (2009) “Single and two stage elestttic
demisters for biomass pyrolysis applicatioBhe. Eng. And Processid@: 1112-1120

Bridgwater, A.V.; Meier, D.; and Radlein, D.; (1999An overview of fast pyrolysis of biomass.Ofg.
Geochemistr0: 1479-1493

Coulson and Richardson’s chemical engineerifigedition, (2005)Elsevier

Cui, H.P.; Grace, J.R. (2007) “Fluidization of biass particles: A review of experimental multiflogpacts”
Chem Eng Sd2: 45-55

Gerdes, C.; Simon, C.; Ollesch, T.; Meier, D.; Kaskly, W. (2002) ‘Design, construction and operatiba
fast pyrolysis plant for biomas€ngineering life sciencg: 167-174

Horne, P.A.; Williams, P.T. (1996) “ Influence @nperature on the products from flash pyrolysisiomass
Fuel 75: 1051-1059

Luo, Z.;Wang, S.;Liao, Y.; Zhou, J.; Gu, Y.; ai@en, K. (2004) “Research on biomass fast pyrolgsisiquid
fuel” Biomass and Bioener6: 455-462

Parker, K. (2003) ‘Electrical operation of electad& precipitators’The Institution of Engineering and
Technology

Personal communication (2009): Bridgwater, A.V.t@sUniversity, Chemical Engineering and Applied
Chemistry Department

Personal communication (2008): Stahl. R; FZK deapartt ITC-CPV

Radlein, D.; Piskorz, J.; Scott, D.S. (1991) “Ragblysis of natural polysaccharides as a potemtdstrial
process’J. Anal. App. Pyrolysi$9: 41-63

Rath, J.; Wolfinger, M.G.; Steiner, G.; Kramer,B8grontini, F.; Cazzani, V. (2003) “Heat of wood plysis”
Fuel 82: 81-91

Rhodes, M. (2005) ‘An Introduction to particle tectogy’, Wiley

Rocha, J.; Gomez, E.; Mesa Perez, J.; Corte&dye, O.; and Brossard Gonzalez, L. (2002) “The
demonstration fast pyrolysis plant to biomass cosive in brazil’"WREC

Westerhof, R.; Kuipers, N.; Kersten, S.; Swaaij,(@007) “Controlling the water content of biomaastf
pyrolysis oil” Ind. Eng. Chem. Red6: 9238-9247

www.engineeringtoolbox.confMarch 2010)

www.exxonmobil.com(May 2010)

Yanik, J.; Konmayer C.; Saglam, M.; Yuksel M. (2DOFast pyrolysis of agricultural wastes: Charaiziion
of pyrolysis productsFuels processing teci®8: 942 — 947

Fogler, H.S. (2006) “Elements of chemical reactogineeringPrentice-hall International, Inc.

Cengel, Y.A. (2003) “Heat transfer a practical aygmh” Second editioMicGraw-Hill

”

148



22. Azev, V.S.; Gerasimova, G.N.; Luneva. V.V. (198bpfmulation of stable mixtures of diesel fuels with
methanol”,Chemistry and technology of fuels and ,ail%: 560-563

10.3 References for chapter 4

A.V. Bridgewater; Chem. Eng..J91 (2003) 87.

A.E. Putun, E. Onal, B.B. Uzun, N. Ozbéaydustrial Crops and Product26 (2007) 307.

O. Onay, O. M. KockamBiomass and Bioener@6 (2004) 289.

O. Onay, O. M. KockaRRenewable Energd8 (2003) 2417.

0. loannidou, A. Zabaniotou, E.V. Antonakou, K.Magazisi, A.A. Lappas, C. AthanassjdRenewable and

Sustainable Energy Revied3 (2009) 750.

J.-G. Li, Y.-T. Fang, Y.-Q. Zhang, C.-Y. Li, Y. WgrnRanliao Huaxue Xueba@6 (3) (2008) 273.

M. Dall'Ora, P. A. Jensen, A. D. Jensé&mergy & Fuels22 (2008) 2955.

8. A. Zabaniotoua, O. loannidoua, E. Antonakoub, Appasb,International Journal of hydrogen ener@s
(2008) 2433.

9. H. Koca, O. M. KockarEnergy Sourcedart A, 29 (2007) 1457.

10. J.M. Encinar, F.J. Beltran, A. Bernalte, A. Ramitd-. GonzaleBiomass and Bioenerdhyl (1996) 397.

11. A. DemirbasFuel Processing Technolo@B (2007) 591-597.

12. A.V. Bridgwater, Peacocke G.V.Renewable Sustainable Energy R&¥2000) 1.

13. O.M. Kockar, O. Onay, A.E. Putun, E. Putlimergy Sourceg2 (2000) 913.

14. A. C. Lua, T. YangJournal of Colloid and Interface Scien2&6 (2004) 364.

15. M. Garcia-Perez M., A. Chaala, C. Rdpurnal of Analytical and Applied Pyrolysié (2002) 111.

16. D. Mwasiswebe, Unpublished Thesis on the ‘Productid activated carbon from south African sugarcane
bagasse’University of KwaZulu-Natal, Durbar2005).

17. J. Zandersons, J. Gravitis, A. Kokorevics, A. Zhgh, O. Bikovens, A. Tardenaka, B. SpiBtpmass and
Bioenergyl7 (1999) 209.

18. J.M. Encinar, J. F. Gonzalez, J. Gonzala®l Processing Technolo@®8 (2000) 209.

19. M.F. Laresgoiti, B.M. Caballero, I. de Marg¢, A. Tes, M.A. Cabrero, M.J. Chomodgurnal of Analytical and
Applied Pyrolysisr1 (2004) 917.

20. V. Minkova, M. Razvigorova, E. Bjornbom, R. ZanZi, Budinova, N. Petrowuel Processing Technolog¥
(2001) 53.

21. N. Ozbay, A.E. Putun, B.B. Uzun, E. Putirenewable Energg4 (2001) 615.

22. R.F. Probstein, R.E. Hicks, Synthetic FudeGraw-Hill Book CompanyNew York 1982

23. R. Zanzi, K. Sjostrom, E. BjornborBjomass and Bioener@3 (2002) 357.

24. A.E. Putun, A. Ozcan, H.F. Gercel, E. Pufuel 80 (2001) 1371.

25. 0. Onay, O.M. KockarBiomass Bioenerg6 (2004) 289.

26. A. E. Putun, N. Ozbay, E. A. Varol, B.B. Uzun, Re4,Int. J. Energy Res31 (2007) 506.

27. H.B. Goyal, D. Seal, R.C. SaxerRenewable and Sustainable Energy ReviERvg008) 504.

28. S. Katyal, K. Thambimuthu, M. ValiRenewable Energ38 (2003) 713.

29. A. C. Lua, T. YangJournal of Colloid and Interface Scien2&6 (2004) 364.

30. G.Q. Lu, J.C.F. Low, C.Y. Liu, A.C. Lu&uel 74 (1995) 344.

31. K. Gergova, S. Ese€arbon34 (1996) 879.

32. W.T. Tsai, M.K. Lee, Y.M. Changl. Anal. Appl. Pyrolysig6 (2006) 230.

33. H. Darmstadt, M. Garcia-Perez, A. Chaala, N.-Z.,@adRoy,Carbon39 (2001) 815.

34. N.H. Hassan, S.A. Saad, K.N. Ismail, S.A. Ong, Hrahim, R. Santiago, International Conference on
Environmental Research and Technology (ICERT 2008).

35. S.A. Channiwala, P.P. Parikhyel 81 (2002) 1051-1063.

arwbdpE

N o

149



36
37
38

39
40

41.

P.B. Devnarain, D.R. Arnold, S.B. Davis, ProcA8. Sugar Technol. As2002.

G.Q. Lu, D.D. DoFuel Process Techna?8 (1991) 35.

R.C. Bansal, J.B. Donnet, F. Stoeclitive Carbon, Marcel Dekker In®New York, 1988, pp 1-27 (Chapter
1).

R. J. Evans, C. C. Elam, M. Looker, M. Nimlos, Rr&ymp. Am. Chem. Soc. Div. Fuel Chdm(1999) 256.

E. A. Avallone, T. Baumeister, A. Sadegh, L. S. k&aiMarks’ standard handbook for mechanical engsee
P. Ahuja P., S. Kumar S., P. C. Singihem. Eng. Technol9 (1996) 272.

42. A.V. Bridgwater, G.V.C. PeacockBenewable and Sustainable Energy Revié¢Z000) 1.

10.4 References for chapter 5

1.

10.

11.

12.

13.

14.

15.

16.

Department of Minerals and Energy, White Papethe Renewable Energy Policy of the Republic aftBo
Africa, Department of Minerals and Energy, 2003.

A. Faaij, Modern Biomass Conversion Technolodiesl.).

R. Sims, R. Schock, A. Adebulugbe, I. FenhannKéhstantinaviciute, W. Moomaw, et al., Energy glyp

In Climate Change 2007: Mitigation. Contribution\WWlorking Group 11l to the Fourth Assessment Repdrt
the Intergovernmental Panel on Climate Change [BtzZMO.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer
(eds)],, (2007).

C. Di Blasi, Modeling chemical and physical psses of wood and biomass pyrolysis, Progress éngign
and Combustion Science. 34 (2008) 47-90.

E. Biagini, A. Fantei, L. Tognotti, Effect of éhheating rate on the devolatilization of biomassidues,
Thermochimica Acta. 472 (2008) 55-63.

C. Di Blasi, Modeling chemical and physical psses of wood and biomass pyrolysis, Progress éngign
and Combustion Science. 34 (2008) 47-90.

E. Biagini, A. Fantei, L. Tognotti, Effect ofdhheating rate on the devolatilization of biomassidues,
Thermochimica Acta. 472 (2008) 55-63.

M.E. Brown, Introduction to thermal analysischaiques and applications, Kluwer Academic Publishe
2001.

A. Zabaniotou, O. loannidou, E. Antonakou, Alfappas, Experimental study of pyrolysis for potainti
energy, hydrogen and carbon material productiomfii@gnocellulosic biomass, International Journal of
Hydrogen Energy. 33 (2008) 2433-2444.

G. Varhegyi, Aims and methods in non-isothermegction kinetics, Journal of Analytical and Aggli
Pyrolysis. 79 (2007) 278-288.

J.O. Jaber, S.D. Probert, Non-isothermal thgrenometry and decomposition kinetics of two Joidaroil
shales under different processing conditions, Puetessing Technology. 63 (2000) 57-70.

A.K. Burnham, Computational aspects of kinatialysis Part D: The ICTAC kinetics project—-muttetmal-
history model-fitting methods and their relationigoconversional methods, Thermochimica Acta. ZEH0)
165-170.

S. Vyazovkin, A unified approach to kinetic pessing of nonisothermal data, International Jduofia
Chemical Kinetics. 28 (1996) 95-101.

S. Vyazovkin, Model-free kinetics, Journal ¢fefmal Analysis and Calorimetry. 83 (2006) 45-51.

B. Roduit, L. Xia, P. Folly, B. Berger, J. Mah, A. Sarbach, et al., The simulation of the itiredrbehavior
of energetic materials based on DSC and HFC sigdalsrnal of Thermal Analysis and Calorimetry. 93
(2008) 143-152.

A. Kemmler, M.E. Brown, M. Maciejewski, S. Vyakin, R. Nomen, J. Sempere, et al., Computational
aspects of kinetic analysis Part A: The ICTAC kicetproject-data, methods and results, Thermoclkimic

150



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Acta. 355 (2000) 125-143.

M. Maciejewski, Computational aspects of kioetinalysis Part B: The ICTAC Kinetics Project—the
decomposition kinetics of calcium carbonate regisitor some tips on survival in the kinetic minkefje
Thermochimica Acta. 355 (2000) 145-154.

S. Vyazovkin, Computational aspects of kinatialysis Part C: The ICTAC Kinetics Project-thédnligt the
end of the tunnel?, Thermochimica Acta. 355 (2QE5-163.

B. Roduit, Computational aspects of kinetic Iggia Part E: The ICTAC Kinetics Project—numerical
techniques and kinetics of solid state procesdesrmochimica Acta. 355 (2000) 171-180.

P. Budrugeac, Differential non-linear isocomu@nal procedure for evaluating the activation ggesf non-
isothermal reactions, Journal of Thermal Analysid €alorimetry. 68 (2002) 131-139.

M. Garci'a-Pérez, A. Chaala, J. Yang, C. Rayp@rolysis of sugarcane bagasse with petroleumduesPart

I: thermogravimetric analysis, Fuel. 80 (2001) 1:2458.

S. Munir, S. Daood, W. Nimmo, A. Cunliffe, BibBs, Thermal analysis and devolatilization kinetiuf
cotton stalk, sugar cane bagasse and shea mealnitrdgen and air atmospheres, Bioresource Tecigyol
100 (2009) 1413-1418.

M.M. Nassar, E.A. Ashour, S.S. Wahid, Thermiadracteristics of bagasse, Journal of Applied Pelym
Science. 61 (1996) 890-885.

M. Ahmaruzzaman, D.K. Sharma, Non-isothermalett studies on co-processing of vacuum residue,
plastics, coal and petrocrop, Journal Of Analytisatl Applied Pyrolysis. 73 (2005) 263-275.

S. Aiman, J. Stubington, The pyrolysis kinetidsbagasse at low heating rates, Biomass and Biggn5
(1993) 113-120.

P. Roque-Diaz, C. University, L. Villas, C.VhZShemet, V.A. Lavrenko, V.A. Khristich, Studies thermal
decomposition and combustion mechanism of bagas$er mon-isothermal conditions, Thermochimica Acta.
93 (1985) 349-352.

G. Varhegyi, M.J. Antal, T. Szekely, P. Szalfonetics of the thermal decomposition of cellulose,
hemicellulose, and sugarcane bagasse, Energy & F2i1€1989) 329-335.

Q. Cao, K. Xie, W. Bao, S. Shen, Pyrolytic hebar of waste corn cob, Bioresource Technology(Z304)
83-89.

0. loannidou, A. Zabaniotou, E.V. AntonakoulKPapazisi, A.A. Lappas, C. Athanassiou, Investigathe
potential for energy, fuel, materials and chemigaieduction from corn residues(cobs and stalkshdwy-
catalytic and catalytic pyrolysis in two reactoméigurations, Renewable and Sustainable Energy eReyi
13 (2009) 750-762.

Department of Minerals and Energy, White Pagrethe Renewable Energy Policy of the Republic @iits
Africa, Department of Minerals and Energy, 2003.

L. Lynd, H. Von Blottnitz, B. Tait, J. de Bodr,Pretorius, K. Rumbold, et al., Converting plé#andmass to
fuels and commodity chemicals in South Africa :h&d chapter?, South African Journal of Science. 99
(2003) 499-507.

T. Sonobe, N. Worasuwannarak, S. Pipatmand@yagrgies in co-pyrolysis of Thai lignite and casbcFuel
Processing Technology. 89 (2008) 1371-1378.

A.F. Drummond, I.W. Drummond, Pyrolysis of Su@ane Bagasse in a Wire-Mesh Reactor, Industnidl a
Engineering Chemistry Research. 35 (1996) 1263-1268

M.J. Antal, G. Varhegyi, Cellulose pyrolysisnétics: the current state of knowledge, Industdad
Engineering Chemistry Research. 34 (1995) 703-717.

M.E. Brown, Introduction to thermal analysiscliniques and applications, Kluwer Academic Publish
2001.

S. Vyazovkin, Model-free kinetics, Journal dfeFmal Analysis and Calorimetry. 83 (2006) 45-51.
J.Guo,A.C.Lua, Kinetic study on pyrolysis oftrexted oil palmfiber; isothermal and non-isotherma
conditions, Journal of Thermal Analysis and Calatim. 59 (2000) 763-774.

A.W. Coats, J.P. Redfern, Kinetic parametepsnfthermogravimetric data. Il., Journal of Polynsmience

151



39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

Part B: Polymer Letters. 3 (1965) 917-920.

E.S. Freeman, B. Carroll, The application oErtmoanalytical techniques to reaction kinetics: the
thermogravimetric evaluation of the kinetics of thecomposition of calcium oxalate monohydrate,hysP
Chem. 62 (1958) 394-397.

M.S. Duvvuri, S.P. Muhlenkamp, K.Z. Igbal, JWelker, Pyrolysis of natural fuels, Journal of &-i&
Flammability. 6 (1975) 468-477.

B. Ramajo-Escalera, A. Espina, J.R. Garcia, $3é$a-Arnao, S.A. Nebra, Model-free kinetics agplto
sugarcane bagasse combustion, Thermochimica Ae8a(2006) 111-116.

S. Vyazovkin, A unified approach to kinetic pessing of nonisothermal data, International Jduafa
Chemical Kinetics. 28 (1996) 95-101.

H.L. Friedman, Kinetics of thermal degradatidrchar-forming plastics from thermogravimetry. Aipption

to a phenolic plastic, in: Wiley Subscription Sees, Inc., A Wiley Company New York, 1964.

G. Varhegyi, Aims and methods in non-isothermegction kinetics, Journal of Analytical and Aggli
Pyrolysis. 79 (2007) 278-288.

J.A. Caballero, J.A. Conesa, Mathematical dmations for nonisothermal kinetics in thermal
decomposition, Journal of Analytical and Applied®lysis. 73 (2005) 85-100.

A. Savitzky, M. Golay, Smoothing and simplifiehst squares procedures, Analytical Chemistry(1964)
1627-1639.

P. Roque-Diaz, C. University, L. Villas, C.\WZShemet, V.A. Lavrenko, V.A. Khristich, Studies thermal
decomposition and combustion mechanism of bagas$er mon-isothermal conditions, Thermochimica Acta.
93 (1985) 349-352.

A. Kumar, L. Wang, Y.A. Dzenis, D.D. Jones, M.Aanna, Thermogravimetric characterization of corn
stover as gasification and pyrolysis feedstockniies and Bioenergy. 32 (2008) 460-467.

O. loannidou, A. Zabaniotou, E.V. AntonakouMKPapazisi, A.A. Lappas, C. Athanassiou, Invesiigathe
potential for energy, fuel, materials and chemigaisduction from corn residues(cobs and stalkshbowy-
catalytic and catalytic pyrolysis in two reactoméigurations, Renewable and Sustainable Energy eReyi
13 (2009) 750-762.

K.G. Mansaray, A.E. Ghaly, Determination of dtin parameters of rice husks in oxygen using
thermogravimetric analysis, Biomass and Bioenet@y1999) 19-31.

E. Biagini, F. Barontini, L. Tognotti, Devoliation of Biomass Fuels and Biomass Componenidi&d by
TG/FTIR Technique, Industrial & Engineering ChemjisResearch. 45 (2006) 4486-4493.

T. Sonobe, N. Worasuwannarak, S. Pipatmand@yagrgies in co-pyrolysis of Thai lignite and casbcFuel
Processing Technology. 89 (2008) 1371-1378.

E. Biagini, F. Barontini, L. Tognotti, Devoliation of Biomass Fuels and Biomass Componenidi&d by
TG/FTIR Technique, Industrial & Engineering ChemyjdResearch. 45 (2006) 4486-4493.

G. Varhegyi, M.J. Antal, T. Szekely, P. Szalonetics of the thermal decomposition of cellulose,
hemicellulose, and sugarcane bagasse, Energy & F1€1989) 329-335.

P. Luangkiattikhun, C. Tangsathitkulchai, M.ngaathitkulchai, Non-isothermal thermogravimetnalgsis

of oil-palm solid wastes, Bioresource Technolodgy(2008) 986-997.

J.A. Caballero, J.A. Conesa, R. Font, A. M&ciPyrolysis kinetics of almond shells and oliienges
considering their organic fractions, Journal of Atiaal and Applied Pyrolysis. 42 (1997) 159-175.

M.J. Antal, G. Varhegyi, Cellulose Pyrolysisnigtics: The Current State of Knowledge, IndustdaH
Engineering Chemistry Research. 34 (1995) 703-717.

M.J. Antal, G. Varhegyi, Cellulose pyrolysisné&tics: the current state of knowledge, Industaad
Engineering Chemistry Research. 34 (1995) 703-717.

A. Kumar, L. Wang, Y.A. Dzenis, D.D. Jones, M.Hanna, Thermogravimetric characterization of corn
stover as gasification and pyrolysis feedstocknigies and Bioenergy. 32 (2008) 460-467.

H. Haykiri-Acma, S. Yaman, Slow-Pyrolysis ar@kidation of Different Biomass Fuel Samples, Jouofa
Environmental Science and Health, Part A: Toxic/idpus Substances and Environmental Engineering. 41

152



61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

(2006) 1909.

M. Garci'a-Pérez, A. Chaala, J. Yang, C. Rayp@rolysis of sugarcane bagasse with petroleumduesPart
I: thermogravimetric analysis, Fuel. 80 (2001) 1:2458.

G.L. Guo, D.C. Hsu, W.H. Chen, W.H. Chen, WHBiang, Characterization of enzymatic saccharifarati
for acid-pretreated lignocellulosic materials witlifferent lignin composition, Enzyme and Microbial
Technology. 45 (2009) 80-87.

G. Garrote, E. Falqué, H. Dominguez, J.C. Bamijtohydrolysis of agricultural residues: Studyreaction
byproducts, Bioresource Technology. 98 (2007) 19837.

F. Shafizadeh, Introduction to pyrolysis ofrhass, 1982.

W. de Jong, Nitrogen compounds in pressurikedised bed gasification of biomass and fossil§u@hD,
Technische Universiteit Delft, 2005.

G.R. Ponder, G.N. Richards, Thermal synthasispgyrolysis of a xylan, Carbohydrate Research. (2981)
143-155.

Z. Gao, I. Amasaki, T. Kaneko, M. Nakada, Chdtion of activation energy from fraction of bonldioken
for thermal degradation of polyethylene, Polymegielation and Stability. 81 (2003) 125-130.

F. Jianfen, X. Heming, Theoretical study onobysis and sensitivity of energetic compounds.(2jra\N
derivatives of benzene, Journal of Molecular Strret THEOCHEM. 365 (1996) 225-229.

T. Hosoya, H. Kawamoto, S. Saka, Cellulose-kbelhilose and cellulose-lignin interactions in wood
pyrolysis at gasification temperature, Journal odljtical and Applied Pyrolysis. 80 (2007) 118-125.

G. Varhegyi, M.J. Antal, E. Jakab, P. Szabé&ec modeling of biomass pyrolysis, Journal of Btieal and
Applied Pyrolysis. 42 (1997) 73-87.

10.5 References for chapter 6

10.

11.

12.

Asadullah M.; Rahman, M. A.; Ali, M.; Rahman, M.8Iptin, M.A. (2007) “Production of bio-oil from xied
bed pyrolysis of bagassefuel 86: 2514—-2520

Bridgwater, A.V. (1996) “Production of high grafieels and chemicals fro, catalytic pyrolysis of oiss”,
Catalysis today285-295

Bridgwater, A.V.; Meier, D.; Radlein, D. (1999) “Aoverview of fast pyrolysis of biomass."Organic
Geochemistng0: 1479 — 1493

Carrier, M.; Hugo, T.J.; Knoetze, J.H.; Gorgen§, J2010) “Comparison of slow and vacuum pyrolysis
sugarcane bagasse” Submittédurnal of analytical and applied pyrolysis

Channiwala, S.A.; Parikh, P.P. (2002) ‘A unifiedredation for estimating HHV of solid, liquid andageous
fuels’. Fuel 81: 1051-1063

Das, P.; Ganesh, A.; Wangikar, P. (2004) “Infeerof pre-treatment for deashing of sugarcane lsagas
pyrolysis products”Biomass and Bio-ener@d: 445—-457

Dummmond, A.F.; Drommond, I.W. (1996) “Pyrolysis $figar Cane Bagasse in as Wire-Mesh Reattol”
Eng. Chem. Re4263-1268

Gerdes, C.; Simon, C.; Ollesch, T.; Meier, D.; Kasky, W. (2002) ‘Design, construction and operatibra
fast pyrolysis plant for biomas€ngineering life science: 167-174

Goyal. H.B.; Seal. D.; Saxena, R.C. (2008) “Bioludrom thermo-chemical conversion of renewable
resources: A review'Renewable and Sustainable Energy ReviE2v$04-517

Horne, P.A.; Williams, P.T. (1996) “ Influence @nhperature on the products from flash pyrolysibiofmass”
Fuel 75: 1051-1059

Jia, O.; Lua, A. C. (2008) “Effects of pyrolysisratitions on the physical characteristics of oilrmpaihell
activated carbons used in aqueous phase phenaptidsdJ. Anal. Appl. Pyrolysi83: 175-179

Lange, S. (2007) “Systemanalytische untersuch zhelfpirolyse”; Doctorial thesis at Karlsruhe Unisity

153



13. Lua, A.C.; Yang, T. (2005) “Characteristics of aated carbon prepared from pistachio-nut shell img z
chloride activation under nitrogen and vacuum coows” Journal of Colloid and Interface Scien280: 505-
513

14. Luo, Z.; Wang, S.; Liao, Y.; Zhou, J.; Gu, Y.; Céh (2004) “Research on biomass fast pyrolysislifpuid
fuel”. Biomass and Bioener@6: 455 — 462

15. Mohan, D.; Pittman, C.U.; Steele, P.H. (2006) “Pysts of Wood/Biomass for Bio-oil: A Critical rewvié€'.
Energy & Fuel20: 848-889

16. Mullen, C.A.; Boateng, A.A.; Goldberg, N.M.; LimaM.; Laird, D.A.; Hicks, K.B. (2010) “Bio-oil andio-
char production from corn cobs and stover by fgsblysis” Biomass and Bio-enerd4: 67-74

17. Raveendran, K.; Ganesh A.; Khilar, K.C. (1995) lleihce of mineral matter on biomass pyrolysis
characteristics"Fuel 74: 1812-1822.

18. Scott, D.S.; Majerski, P.; Piskorz, J.; Radlein,(D299) “A second look at fast pyrolysis of biomate RTI
process’J. of anal. and appl. Pyrolyskl: 23-37

19. Tsai, W.T.; Lee, M.K.; Chang, Y.M. (2006) “Fast piysis of rice straw, sugarcane bagasse and coctlit
in an induction-heating reactoJournal of Analytical and Applied Pyrolysi$: 230-237

20. Ullmann; (2002), “Gas production: Ullmann’s Encygédia of industrial chemistryViley-VCH-verlag

21. Westerhof, R.; Kuipers, N.; Kersten, S.; Swaaij, {#007) “Controlling the water content of biomdast
pyrolysis oil” Ind. Eng. Chem. Red6: 9238-9247

22. Yanik, J.; Konmayer C.; Saglam, M.; and Yuksel M0@7) “Fast pyrolysis of agricultural wastes:
Characterization of pyrolysis productsliels processing teci®8: 942 — 947

10.6 References for chapter 7

1. Carrier, M.; Hugo, T.J.; Knoetze, J.H.; Gorgens, J2010) “Comparison of slow and vacuum pyrolysfs
sugarcane bagasse” Submittédurnal of analytical and applied pyrolysis

2. Bridgewater, A.V. (1996) “Production of high grafdels and chemicals from catalytic pyrolysis afrbass”;
Catalysis Today9: 285-295

3. Bridgwater, A.V.; Toft, A.J.; Brammer, J.G. (2002) techno-economic comparison of power productign b
biomass fast pyrolysis with gasification and contimms. Renewable and Sustainable Energy Revigwils31—
248

4. Honsbein, D. (2007) “Feasibility of pyrolysis oitquiuction in Namibia”. Report based on PhD the&ghton
University

5. Katyal. S.; Thambimuthu, K.; Valix, M. (2002) “Canhisation of bagasse in a fixed bed reactor: Imibgeof
process variables on char yield and characteristrmsnewable Energd8: 713-725

6. Bahng, M.; Mukarake, C.; Ribichaud, D.J.; Nimlos,RVI(2009) “Current technologies for analysis afrbass
thermochemical processing: A reviewAnalyitca Chimica Act®51: 117-138

7. Putun, A.E.; Onal, E.; Uzun, B.B.; Ozbay, N. (200Wustrial Crops and Product®6: 307.

154



10.7 Bibliography

Fogler, H.S. (2006) “Elements of chemical reactogineeringPrentice-hall International, Inc.
Cengel, Y.A. (2003) “Heat transfer a practical ayggwh” Second editioVicGraw-Hill

Rhodes, M. (2005) ‘An Introduction to particle tacktogy’, Wiley

Parker, K. (2003) ‘Electrical operation of electadg precipitators'The Institution of Engineering and

AP w N PR

Technology

5. Coulson and Richardson’s chemical engineerifiggdition, (2005)Elseviet

155



156



11 Appendix

11.1 Practical experience at FZK

During the last term of 2008 a scientific visitRZK was undertaken. The hosting department, Institu
for Technical Chemistry Division of Chemical-Phyai®rocessing (ITC-CPV), specializes in the field o
FP. The work done forms part of this master's progn the pyrolysis of bagasse. The benefits of the
scientific visit were:

« learning from their experience in the design ofdable pyrolysis plants ;

« conducting experimental work on their fluidized W&l setup;

« conducting experimental work on their twin screwrERctor;

« learning from scientists whom have extensive expee in the field of pyrolysis; and

» establishing ties between SA and Germany which atsy allow for future exchanges between

the SU and FZK.

Experimental work was done on a lab-scale FP a0idg/h), as well as a FP Process Demonstration Unit
(PDU) (10 kg/h). The small scale unit is the ungcdssed in chapter 3.2 from Yargkal. (2007). The
operation of this equipment reveals specific cmglés with FP with regards to biomass and equipment
type. This insight into the design will significnenhance the quality of construction and operatiba

lab scale FPU at SU. Sugarcane bagasse (SB) waactdrized for elemental composition; water
content; ash content; energy value; and partide distribution all of which is vital for experimtzh
comparison. A significant amount of time and effeas saved by doing these experiments at anuitestit
with fully functional equipment and enough resostc€he thermal decomposition of SB was studied
with the thermogravimetric equipment at FZK. Theules of the thermal decomposition of bagasse will
be published in a joint article, with A. Aboyadeh@pter 5). This article addresses the kineticshef t
devolatilization behaviour of SB and corn cobs. lhdertaking this scientific visit to FZK important
international ties were established. A three yéafiubl research exchange program between FZK and SU

has been set up.
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11.2 Appendix for chapter 3

This appendix is used clarify certain calculatioogmmissioning tests, general operational procexdure
and reasoning related to the design and operafitiredast pyrolysis unit. Appendix 11.2 shouldrbad

in conjunction with chapter 3.

11.2.1 Thermodynamic properties for the energy balance

The enthalpy of evaporation and specific heat dapfar water and nitrogen were obtained from Cénge
(2003) and. The specific heat capacity of biomasy ¢.1 - 1.2 kJ/kg.K at 500°C (Van de Veldsral,
2010). Bio-oil was assumed similar to diesel beeans specific thermodynamic properties could be
obtained (Azev et al, 1985). Bio-gas consists gfraximately 90 vol% CO and GQMullen et al,
2010). The bio-gas specific heat capacity was edgéich from CO and CObe close to 1 kJ/kg.K
(www.engineeringtoolbox.coy®?009). To account for variation and increasertiistness of the design

the value was slightly increased to 1.5 kJ/kg.Kefage Cp values were used over the temperature rang
25 - 500°C.

11.2.2 Calculation of gas density

Table 58 lists the constants for the calculatiothefgas density by using the ideal gas law (EqoatP).
Figure 48 shows the effect of temperature on tisedgasity.

Table 58: Constants for gas density calculation

Calculating gas density
Pressure 1.2 bar
Gas constant [R] 8.314 kJ/kmol.K
Molar mass N 28.0134 kg/kmol
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Figure 48: The density of nitrogen as a functioteofiperature.

11.2.3 Calculations of sphericity

Table 59: Calculation of sphericity (for two diféett cases)

D L Area Volume Dsphere Asphere Sphel’ICIty
(mm) (mm) (mn?) (mn?) (mm) (mn7)

0.5 2 4.38 0.39 0.91 2.59 0.59

0.2 2 1.45 0.06 0.49 0.76 0.53
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11.2.4 Calculations for the fluidized bed reactor

Table 60: Variables and properties for fluidizataaiculations

Variable/ property Value Unit Reference
Reactor diameter 0.075 m
6 mih 3 Nnv/h with gas
density 0.5 kg/rhat
Average gas flow 3 500°C and 1.1 bar
rate 0.002 m°/s
0.004 7
Area m Calculated
Average velocity 0.377 m/s
i 0.5 kg/m®
Density gas g Cengel, 2003
Fluid viscosity 3.45E-05 kg/ms

Estimated from sand
bulk density of 1700

3

2650 kg/m (suppliers) with
Sand density voidage of 0.35
Biomass density 200 kg/m’® Cengel, 2003
Biomass shericity 0.55 Calculated
Bed voidage ¢
incipient 0.45 Rhodes, 2005
fluidization

Table 61: Calculation of minimum fluidization veltc the RHS and LHS refer to the Right and Left
Hand Side of Equation 7. Excel function ‘Solver'snased to minimize the difference.

Xp (MmM) Xsv (M) RHS LHS Difference Rems Ut (M/S)
3.0 0.0017 3691 3691 0.001 3.775 0.158
Biomass 2.0 0.0011 1094 1094 0.001 1.179 0.074
1.0 0.0006 137 137 0.001 0.151 0.019
0.6 0.0006 2357 2357 0.001 2.474 0.285
Sand 0.5 0.0005 1364 1364 0.001 1.461 0.202
0.4 0.0004 698 698 0.001 0.759 0.131
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Table 62: Calculation of transport particle velgcthe RHS and LHS refer to the Right and Left Hand

Side of Equation 11. Excel function ‘Solver’ wagdgo minimize the difference.

U Xp Up
Ar (m/s) | (mm) | X, (M) | RHS LHS | Difference n (m/s)

3691 | 8.58 3 0.00165| 0.667 | 0.666 0.001 3.84 | 0.399
1094 | 3.81 2 0.0011 | 0.539 | 0.538 0.001 3.96 | 0.161
Biomass| 137 0.95 1 0.00055| 0.258 | 0.257 0.001 4.31 | 0.031
2357 | 15.06 0.6 0.0006 | 1.252 | 1.251 0.001 3.47 | 0.946
1364 | 10.46 0.5 0.0005| 0.999 | 0.998 0.001 3.6 0.59
Sand 698 6.69 0.4 0.0004 | 0.747 | 0.746 0.001 3.77 | 0.329

0.5

0.4
203 '“-—\_\L
% 02 pa— ——3m3’'h
o ‘\*\‘_\. ——5m3’h
=

0.1 Tm3‘’h

0
0.07 0075 008 0085 0.09 0.095
Reactor diamter (m)

Figure 49: The reduction of velocity due diameteairiges inside the reactor shown for different

volumetric flow rates at 1bar.

11.2.5 Calculations for the screw feeder

Table 63: Variables for the design of the screw

Variable Value
Biomass density SG (kgAn 100 -200
Flow rate (kg/h) lto2
Percentage filled tube 50 - 100%
Motor RPM 0-42
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Farticial filling
of feeding tube
(A) (B]
Diameter I /\/\/\/\/

—
C
Fitch <)

Figure 50: Front view of screw inside tube withfeliént levels of particle filling (A, B) and sidéew (C)

of feeder screw.

11.2.6 Calculations for feeder heat exchanger

A 200 mm long double pipe heat exchanger was asctetl at the tip of the feeding unit. Baffles are
inside to ensure that the water is dispersed throuigthe entire pipe section. Water is fed throthgh
bottom and exits at the top. Standard SS316 tutss siere used for construction. The construction wa
scaled up from the design of the FZK FP feedingd. By controlling the water flow rate the temperatu
of the exit water can be controlled. An energy beda presented in Table 64, was done to estimate ho
much energy will be required from this short doutilee heat exchanger to heat the incoming waten fro
20°C to 40°C.

Table 64: Calculation of heat transfer rate ingighes

Variable Value Units
M(water) 0.05 kg/s
Water Cp 4.18 kJ/kg
Tin 20 °C
Tout 40 °C

Energy per second to rais
the temperature of the 4.18 kw
water from 20 to 40°C

It is complex to model the exact amount of heat taa be transferred from this short section ofti®u

pipe. The model will also be subject to many asgiomp. Only the tip of the pipe will be exposed to
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high temperatures, with a significant temperat@eréase along the length of the double pipe.dafs to
say that this pipe will not generate as much heat dousehold kettle (2kW). Apart from this, thp ta
water flow rate can be increased to about douldedidsign value. Therefore the water will be able to

provide sufficient cooling.

11.2.7 Cooling liquid properties

Table 65: Properties of isopar @vjw.exxonmobil.com2010)

Properties Values
Density 750 kg/m

Flash Point >40°C

Auto ignition temperature 365°C
Boiling Point / Rang 155°C - 179°C
Vapor Pressure 0.195 kPa at 20°C
Solubility in Water Negligible
Viscosity 1.21 ¢St at 40°C
Cp (10°C 2.013 (kJ/kg°C
Heat of vaporization (1.2bar/10°C) 1942.2 (kJ/kg)

11.2.8 Calculation of nozzle surface area

Table 66: Cooling tower nozzle types

Model Spray Droplet size | Flow rate at 3ba Dror.z)let SA
Spray angle - . (m°) per
name characteristics (Lm) (L/min)
second
TF6NN 60° Fine atomization 500 5.5 1.1
PJ40 90° Mist 50 1.11 2.2

The flow rate and mean droplet surface area isngime the supplier websitevivw.bete.com 2010).
Approximating the droplets as spheres, the volun surface area of each droplet can be calculated
(Equation 19). The number of particles per mingtedlculated by dividing the total volumetric floate
(L/min) by the volume of a single droplet. The totarface area is then obtained by multiplying the
number of particles by the surface area of a sipghticle. Finally divide by 60 s to obtain the pliet

surface area per second.
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SA= Surface Area_sphere= 7D°
3
V =Volume_sphere=

Q

N =number_of _ particles= v

Total SA=NxSA
Equation 19

11.2.9 Calculation for the mean temperature differenceanling tower

The temperature correction factelis a function of temperature and the number oé taibd shell passes.

It was assumed to be equal to 1 for a direct coihat exchanger.

AT biogas __ AT coolant

AT biogas
n AT coolant

AT, =FxAT, =
|

where

AT =T v~ Teooantout

AT coolant — Tgas our — T,

coolantIN
F=1

Equation 20: (Coulson and Richardson, 2005).

Table 67: Calculation of mean temperature diffeeenc

IN (°C) OUT (°C) AT (°C) AT, (°C)
Biogas 50C 2C 48C
104
Coolan 5 10 5

11.2.100peration of chiller cycle

A schematic drawing of chiller cycle is shown igie 51. Cooling water (serves as the heat ‘reg8rvo
(1) enters the condenser side of the chiller (2th& (evaporator) cooling side the water is cated by a
pump (3) into a water bath (4). Cooling liquid isnpped through a cupper pipe in the water bath atigw
the liquid to be cooled and then sprayed into taicg tower. With pure water as cooling medium the
minimum water temperature iS( If colder temperatures are desired the water ladhuld be filled with

a 30% glycol solution. Anti rust and anti bactegalutions were added to the water bath to mairitigjh
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quality water. The volume of the water bath is 1150his allows a buffer volume for the chiller duat
the compressor does not switch on and off regularhe tower, liquid vessel, and water bath was

insulated with foam insulation.

3 4

o

4L/J

Figure 51: Chiller cycle: (1) Hot side (2) Chillg®) Pump (4) Water bath (5) Cooling tower
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11.2.11Component specifications

Table 68: Specification sheet for biomass feediogé¢ 1) and control

Component specification sheet Zone 1
Control
Pressure sensors 10 bar
Thermocouples Cold temperature J type
Up to 700°C K type
Gas flow meter 0 - 15 Th Burkett
Feeding system (F02)
Hopper Volume MOC  SS 316
A (base) 12.5L
B (enlargement section) 25L
Motor
Power 0.25kW
rom 0-42
Feeding Screw MOC
L [mm] 550 SS 316, D=6mm round bar
Screw Coil OD [mm] 33
Screw Pitch [mm] 33
Heat Exchanger MOC SS 316
Outer pipe OD (ID)
[mm] 52 (49)
Inner pipe OD (ID)[mm] 37 (34)
Total Size
L [mm] 1000
W [mm] 500
H [mm] 1000
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Table 69 :

Component specification sheet for hgatection (Zone 2)

Component specification sheet Zone 2

Oven
OD (ID) 510 (350) 'ments no (currer
H1(Inner height) 770 (690) 6 @12A top
H 2(Inner height) 230 (230) 2@ 6A  middle (extended verstion)
H 3(Inner height) 360 (230) 3 @12A  bottom
H 1&3 1130 normal
H 1&2&3 1360 extended
Power 6.6 kW
MOC Refectory brick (1000°C), Fibreglass insulation]dvBteel casing
Reactor (R04)
oD 100 MOC SS316
ID (gas inlet) 56
ID (reactor) 75
ID (top) 90
ID (biomass inlet) 61
H1 250 Concal top/ gas exit
H2 230 Middle/ extention section
H3 400 Conical bottom/ biomass&gas inlet
Preheater (Q03)
L 160 MOC  SS316 tube filled with SS316
OD (ID) 52 shavings.
Cycones (C05&C06)
L 130 MOC SS 316
oD 34
\% 2L Volume char container
Gas Piping
oD 19 MOC SS 316
ID 16
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Table 70: Specification sheet for cooling sectioong 3)

Water chiller
Brand Daikin EWWP104KAW1N
Nominal cooling capacity 13 kw
Nominal input 3.6 kw
Unit Dimensions 600 mm
Height 600 mm
Width 600 mm
Depth
Minimum Volume in system 62 L
Evaporator: Cooling side flow 19-75 L/min
Condenser: Heating side flow rate  24-95 L/min
Chiller cycle
Pump 55L/min
Arcal filter 350um
PVC tube 25mm
Water bath volume 150L
Cooling Units
Tower MOC
OD (ID) 100 ( 96) SS 316
L top 25 Cap with nozzle
L g 285 Gas inlet section
L potiom 765 Main tower with nozzle points
L total 1140
Liquid vessel
Viiquid 25L
Vfreeboard SL
\ at isopar take-off level 8L
Pump
Type Air operated diaphragm pump, (explosion rated )
Max pressure 5 bar
Flow rate 18 L/min
Electrostatic precipitator
Voltage 25 kv
Current 0.2 mA
ESP 1
ILD 60 MOC SS 3186, teflon
emitting electrode glass
L collection electrode 675
L total 900
ESP 2
ID 48
L emitting electrode
L collection electrode 620
L total 900
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11.2.12Component drawings

DETAIL A [TOP VIEW

— DETAIL A: TORVIEW
| ) F CYCLONE

CC

Figure 52: Cyclone and container (C05 and C06)
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Figure 53: Reactor (R04)
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Figure 55: Liquid collection vessel (D08)
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Figure 56: Electrostatic separators (EP 09) and QP
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Figure 57: Cooling tower (TQ7)
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Figure 58: Feeder (F02)
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Figure 60: Picture of the coc")_li_nng.]?oer (TQ7), destatic precipitator (T09), cyclones (C05&06) and
reactor (R04) (From left to right)
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11.2.13Size reduction of biomass

The size reduction of biomass greatly affects tperation of the FPU. During commissioning the
following biomass related problems were identified:

1. Feeding posed problems for larger particles antewpatrticles.

2. Dust or bagasse fines entrained into the oil phase also caused vibration inside the feeder.

3. Milling was time consuming.

Before pyrolysis the biomass requires size redoctio about 2 mm. For the first experiments
approximately 300 — 500 g will be used and theeefokg needed to be prepared. Size reduction of
bagasse should ideally be done with a cutting i8ilich a mill was used at FZK to effortlessly pragluc
the amount of product required. At the start o$ thioject no funding was available for the purchafse
milling equipment. The following options were intigated:

1. A shredder mill (Department of Forestry SU) is agéa throughput mill that can handle
approximately 5 kg/h of bagasse. A large percentddiee particles are approximately ~10mm in
length. This mill is ideal for the first step ofomhass size reduction.

2. The second mill at this department is a Retschr moith (ZM- 200) which is not designed to mill
fibrous bagasse particles. The mill does work fmak amounts of bagasse. But original test
showed that it was not optimal for use on bagasse |t takes many hours of operation to prepare
5kg of bagasse.

3. Two hammer mills are in operation at the Departneérinimal Feed Science (SU). The first a
large throughput mill is designed to mill corn/ maize like substances. This mill struggled to
handle bagasse. The second mill at this departimeniab scale hammer mill. This mill produced

a large amount of fines from bagasse because lifjitsrotational speed.

Many problems were experienced with the size rédncdf sugarcane bagasse and therefore it was
deemed essential to purchase a cutting mill capatbédfortlessly proving a feedable sample of bagas
The rule of thumb for sizing (personal communiaatiGrath Davy, Retsch product manager) is that the
mill should be capable of producing 100 g of sanipl80 seconds; otherwise a larger mill is required
The smallest available cutting mill (SM-100, Redselas ordered for SU and is capable of biomass
throughput of 50kg/h.

After testing the different options the final bagagreparation procedure which allows easy operatio

the unit included the following steps:
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Air dry to 10% moisture;
use shredder mill to cut to 10mm particle size;

remove the dust by sieving and discarding < 2% and

N

final size reduction to cut size 2mm

11.2.14Commissioning of the feeder

Fibrous bagasse patrticles are difficult to feedtdues tendency to bunch together. Original testgaled
that the tendency of the feeder to fail increaséti Wigher moisture content and larger the pamicle
Failure occurred when a large clog was formed angite feeder tip. This was found to be due to
mechanical pressure and the inability of the bag&sdslow if compressed. Fibre length makes pagticl
clog together more easily, and moisture makesgbaststick together. When the particle size < 2nams w

used and moisture content was low enough feedirsgin@ar, as shown in Figure 61.

\ el
3 /

2 e

/

e

Feed rate (kg/h)

0% 20% 40% 60% 80% 100%

Power (%)

Figure 61: Feed rate of bagasse at 10% moistur@ amu sieve size.

Although the feeder functioned at the correct festd the some problems were identified. The hammer
mill produced a large percentage of dust form thgalsse which entrained into liquid product from the
FPU. Only small amounts of biomass could be proddoam this mill. Bridging of biomass may occur
sometimes, specifically with fibrous particles. Téfere a manual stirrer device was installed in the
hopper to disrupt the bridging if it occurred. Taggpwith a hammer also helped to avoid bridgings It
recommended that an automatic tapping or vibrategice is installed onto the hopper to disrupt
bridging. Non fibrous biomass will feed mush easikne feeder heat-exchanger was tested. Cooling
inside the reactor creates a cold sport for seaggndgactions to occur. Therefore the heat exchanger
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should only be used for very slow linear feed raldgs will prevent pyrolysis from occurring insidee
feeder pipe.

11.2.15Mass flow controller

The mass flow controller (Type 8626) was calibrat®d Biirkert technicians. Figure 62 shows the

calibration of the nitrogen mass flow controller.

16

-

=
N

[ee]

Flow rate (N.m3h)

0 25 50 75 100
Flow rate (%)

Figure 62: Calibration of flow controller.
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11.2.16Piping & fittings

Table 71: selection of pipe sizes

Stream (S) S01 S02 S03 S04 SPS06| SO7| S08| S09 S10| S11&12| S13
(T%r;' perature | .o 25 25 | 50| 500 500 50p 500 4%0 10 5 15
Pressure (bar)] 3 1.2 1.2 | 115 11% 115 10 14 1p5 1 3 1
Density N 34 | 14| 14| 12| 08 05 05 05 o5 12 750 1.2
(kg/n7)

Q N, (m¥/h) 15 | 33| 04| 04 od o] 108 o 1d1 0 na 42
Mass flow 14 | 13| 01| o6/ 1.8 01 17 o 17 o3 12 1.5
(a/s)

Recommended

econ 5 7 2 5 | 13| 2| 13/ 1| 12 3 2 8
pipe size (mm

Chosen pipe | 4 10 10 | na| 16 | 16| 16| na | 16 | 16 10 16
size (mm)

CMoar;[:trrIS(l:g(f)n Nylon | Nylon | Nylon| n.a SS | SS | SS n.a SS | SS Teflon SS
(MOC) y y y A1 316|316 | 316 | ™| 316 | 316 316

To ensure that there are no leaks in the pipingethiEre system was slightly pressurized and leak
detection spray was used at all fittings. The FBhkrvery close to atmospheric conditions (0.01-0.04
bar) because of a low the downstream pressure dropprotect the fittings against seizing a high
temperature Ni-based spay was applied each time. high temperature carbon gasket used to seal
feeder-reactor flange. The clamp and ferrule systesed to join the tower sections, functioned pthfe
(rated at 4 bar). The glass on steel connectiotiseoESPs required some petroleum gel (Vaselinggab

the fittings.
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11.2.17Calculations for cyclone

Table 72: Sizing of the cyclone

Calculating the characteristic length (D
Inlet gas flow velocity ~75 mh
0.0021 nis
Average inlet velocity 15 m/s
Inlet area 0.00014 fn
D 0.0372678 m

11.2.18Commissioning of oven

Initial testing of the oven revealed that a largmperature gradient was present inside the redotbght

of the poor control that the oven demonstratedingastigation revealed that controller thermocosple
were switched. A fibreglass partition was alsodhlst in the bottom section of the oven, becauge th
section will need to be warmer than the top sedtidmeat the cold nitrogen stream. Three thermdesup
are located inside the reactor, i about 40 mm from the top of the reactor, thmeefreceiving
significant amount of conduction from the reactp,twhereas iis about 400 mm long and is heated
mainly by convection. Jis close to the gas inlet into the oven. In sotheroFPUs only one temperature
sensor was used inside the reactor (Yaatilal, 2007). This is less accurate and does not cantide
temperature gradient effect. The aim of oven catibn is to obtain a small temperature different@ (

°C) between temperature sensosaid T,.

To establish the correct top and bottom temperatuegious temperatures were tested. Each time the
conditions were changed to improve on the previaas In Table 73 the different temperature set {3oin

for the calibration runs are shown.

Table 73: Oven calibration runs

Run numbe T 0p (°C) T bottom(°C) AT (°C)
1 45C 40C 50

2 45(C 55C 10C

3 45C 65C 20C
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The data collected from run 1 revealed thgtanhd T, closely resembled Foiom and Ty, respectively.
The temperature difference betweepnahd T, during heating of the oven is shown Figure 63. gae is
passed through the bottom section of the reactbishould then acquire enough heat to heat theadp p
to the desired temperature. Therefore the temperditference was increased to 100°C for run 2teAf
approximately 65 minutes Nvas introduced into the system at a flow rate af’th. The variation was
decreased because the hot gas heated the coltlensex the oven. The gas required slightly mogath
and therefore the bottom of the oven was 200°Cédrighan the top in run 3. The improved design is

discussed in paragraph 3.8.1.
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Figure 63: Temperature difference between top atibin of the reactor

11.2.19Instrumentation

The control system was functional but was not catdxd after installation. All the pressure senseese
calibrated correctly, and were tested with gaugegnsure that they read the correct pressure. The
temperature sensors were calibrated with ice vaatdrboiling water to confirm that a linear readivas

produced. The data for each run is automaticatigéal into an Excel spreadsheet during a run.
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Table 74: Summary of instrumentation

Summary of Instrumentation
Nitrogen
Temperature T1 °C
i |Pressure P1 Bar(g) Pressure gauge
% Flow rate Q1 m3/h Set point control value
N Feeding
Flow rate Q2 Rothameter
Feeder pressure P3 Bar(g) Electronic sensor
Reactor
« |Reactor inlet pressure P2 Bar(g) Electronic sensor
LIZJ Inlet T2 °C Electronic sensor
O |Middle T3 °C Electronic sensor
N Top T4 °C Electronic sensor
Outlet T5 °C Electronic sensor
Cooling Liquid
Temperature T6 °C Electronic sensor/Barrier
o |Pressure P3 Bar(g) Electronic sensor/Barrier
LIZJ Chiller Bath temperature T9 °C Electronic sensor
O Cooling Tower
N Cooling tower temperature  T7 °C Electronic sensor/Barr
Exit temperature T8 °C Electronic sensor
Exit pressure P4 Bar(g) Electronic sensor

11.2.20Co0ling system

The first test runs on the cooling system weregreréd with water as coolant and 2 mm milled bagasse
(fine and fibres particles). The water acted asleest for bio-oil. Some fines collected on thefaoe of

the water-oil mixture which indicated that the ingresented problems for the system. Very fine mist
producing nozzles were used, and due to the partichtamination they became clogged. The system
required some modifications to ensure that repribdiidata could be generated. To obtain pure Hiasi
product, water could not be used as coolant. Walger presented problems for accurate mass balances
because of the dilution factor (20 L coolant iscusea typical test would yield 0.5 kg of oil). Teéore
water was dismissed as coolant an instead an inbi@dtydrocarbon will be used. To solve the problem
of entrained fines in the system a slightly largezzle, designed to deal with small particles & spray
liquid, was purchased. This nozzle allows largewftates at the expense of a slightly larger mastigle
size. This will increase the robustness of the ingosystem and allow for the comparison of différen
nozzles on the cooling system. The bagasse finisb&i removed before further experiments, to
significantly reduce entrainment in the condendeasp. An elemental analysis was done on isopatwhic
indicated that the liquid composition did not chargjgnificantly. The clear liquid became slightly
coloured after consecutive experiments. Previossaiehers that used a similar type of liquid aldondt
report changes in composition (Bridgwageial. 1999; Gerdest al, 2002).
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11.2.210peration manual

Table 75: Operation manual

Steps

Calibrate feeder for biomass/
particle size/ moisture content

Day before run

Check

Run continuously for 5 min (in
duplicate) : Take average as flow ra

NB!

avoid bridging

Sand 400 - 60@m

400-500g

Pressure should be high enough to

If pressure is too low connect ne

wW

N> .
complete a run gas cylinder.
Weigh condenser units: (ESP1, | Note how many fittings are used pe
ESP2, Tower top, Teflon section) unit
Fittings lubricated (Ni- spray)!
Assemble unit + sensors Reactor lubricated (Ni- spray). ESP Ni-Spray!

sealed with Vaseline

Add sand to the reactor

Connect feeder

Gasket in place

Test for leaks at high Nlow rate

(8 m/h)

Check for leaks in piping and at
fittings

No leaks in system

Assemble oven

Check that oven is sealed with fiber

glass insulation

Take precaution with the outlet
section
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Table 75: Continued:

Steps

Start Oven

During the run

Check

Wait to reach equilibrium at set
temperature (1-2h)

NB!

Add biomass to feeder

Seal feeder top

Take biomass sample

Flush system with N

3 minutes at 0.5 ih

When oven is close to set
temperature:

Open chiller water

Chiller hose should be in the sink

Switch on chiller

Values and leaks

4°C lowest temperature for wate
Glycol solution required for lowe
temperatures

I.

Once oven is at set temperature
start N flow

Set flow rate ( 2.4 - 4¥th)

Start Isopar pump

line pressure (1.8-3 kPa)

Attach pipe heater for oven exit
gas

set point 400°C

Take precaution not to damage
equipment

Monitor T;and T,

Temperature difference (10°C)

Start Electrostatic separators

Voltage 15 and 12 kV respectively
for ESP1, and ESP2

Earth wire is connected

Check for any problem in system
leaks, low/high pressure

Insert flash disc for data capture

Start feeder at calibrated feeding
rate

Continuously check for bridging and
flow obstruction

Ensure that feeder pressure is
higher than reactor pressure

Monitor process during
experiment

Once all biomass has been fed,

continue feeding for two more No gas in ESP
minutes
Reduce N flow 0.5 ni/hr maintain inert atmosphere

Stop chiller

close chiller water tap

Switch off ESP

Redirect gas flow to vent

maintain N flow rate

Remove flash disc

Remove oven top when
temperature is lower than 300°C

maintain N flow rate

Leave unit until cool enough to
handle

maintain N flow rate
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Table 75: Continued:

Steps
Collect oil from condenser

After the run
Check

NB!
Sample

Weigh dirty condenser
components

Remove isopar and clean
collection vessel with acetone

Take precaution to collect all oil
and acetone from washing the
collection vessel

Weigh sand and char

sample

Order items required

N,, Cooling liquid, sand, gaskets, Ni
spray, acetone
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11.2.22Risk assessment

Table 76: Risk assessment: The Risk (R) is quadtliiy the Probability of an incident (P) multiplieg
Severity (S) of an incident.

Hazard EX: fijells Exar_n_p_le of Preventative action
azard activities
Fire
caused by biomass CO, release & | Clean oven before each run,
Inside lab oven spillage in damage to Do not leave cleaning towels 1
oven equipment inside oven
Uncontrolled substance release
Loose .
Inside lab Reactor gas connection Bum, . Check for qukages before 1
release I asphyxiation each run is started
eakage
Cooling Loose_ Flammable Check f_or leakages before
liquid release connection substance each runis ste}rted. Shut downl
lleakage release if leakage is detected.
Outside N, low . . )
lab temperature | pipe leakage cold burns monitor pressure on pipeljnl
exposure
Hazardous chemicals
CO,, CO,
Me, H,,
higher
molecular
organic | o Test lines before operating
Gasses molecules eal_<age /I asphyxation, unit, monitor for leakages, | 1
exit gas odor ’ ges,
(low vent off gas
concentration
inside
nitrogen
atmosphere)
O, into _—
furnace %o'cr:lisr'ge Firel/ Purge system with Noefore 1
causes tower explosion heating// Q@ monitor
combustion
Dust Biomass// leakage inhaling _of Use face mas_k for biomass 1
char small particles handling
Flammable Check for leakages before
Liquids Isopar G leakage substance | each run is started. Shut downlL
release if leakage is detected.
High temperature surfaces
Machinery urﬁilgr:ﬁgiedle Disassembly Burns PPE’. Qven glo_ves,_allow 2
furnace after run sufficient cooling time
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Table 76: continued

Hazard Example of Example of

hazard activities Preventative action
Electricity
Touching
. High . . insulation of electrostatic
Machinery voltage accidental Electrocution separator // PPE 13| 3
equipment
Water spillage
spillage neanl from heat | Electrocution/ | Check equipment before each1 3| 3
electrical | exchangers/ fire run.
equipment tower
Physical hazards
Top section
of oven is accidental Equipment
Obstacles| lifted with release damage/ cause securely fixed at all times 1 3 3B
pulley injury
system
. standing on
Heights ladder fall be careful 1 2 2
falling of injury, .
h(_aavy heavy equipment be careful, large equipment 1121 2
equipment . must be securely fixed
equipment damage
Heat Warmer
expoSUre ambient heat exhaustio Take fluid in stainless flas 1122
P temperature T

188



11.3 Appendix for chapter 6

11.3.1 Mass balance table

Table 77: Specific Mass Balance for FRUel wt%’ refers to the ‘wt%’ above it)

Specific Mass Balance
Temperature °C 500 500 50 50p 495 495 4p5 428 526 50p 500
Name - R1 R 2 R 3 R4 R5 R 6] RY R} R FZK 0 FZK p6
Biomass g 208.8 1625 92.1 1412 2949 283.6 279.6 323.6.2309 31900 36200
Moisture content wit% 3.3 2.8 6.4 4. 6.0 6.2 7.8 8.1 16 9.0 .11d
Ash content wt% 34 3.7 2.5 3.3 2.1 2.1 1.7 1.1 32 4.2 42
Biomass Organics (maf) wt% 932 935 911 925 919 91.7059 90.8 91.2 86.8 85.7
Residual solids wt% 11.2 109 109 107 101 9.6 82 112 .211 168 16.8
Ash rel wt% 349 46.6 26.8 29. 19.1 258 203 141 1p.9 226 252
Chars rel wt% 651 535 732 704 809 742 797 859 {01 477. 715
Liquid condensate (oil) wt% 340 526 353 547 635 646776 59.5 594 59.2 67.8
Organic condensate rel wt% 744 758 717 8b5 792 805.9 78782 78.8 77.2 76.4
Moisture content rel wt% 256 242 283 145 20.7 193 210218 212 17.6 18.8
Ash rel wt% 0.1 0.1 0.1 0.0 0.0 5.2 4.8
Pyrolitic gas (by difference) wt% 548 36.6 539 346 46.258 240 29.3 294 24.0 15.4
Biomass organics IN wt% 100.0 100.0 100.0 100.0 100.0 QL0A.00.0 100.0 100. 100.0 100.9
Char organics wt% 7.8 6.2 8.7 8. 8.9 7.8 73 106 99 15.0 2 1%.
Oil organics wt% 271 426 278 50p 548 56.7 59.1 512 H1.3527 60.5
Gas organics (by difference wt% 65.1 512 635 4.3 36355 337 382 389 32.3 24.3
Biomass water IN wt% 334 284 636 435 6.02 6.17 7.82 77.130.10 9.04 10.10
Liquid water OUT wt% 870 1273 9.98 7.9 13.12 1249 14.22.56 12.7§ 10.42 12.76
Pyrolitic Water wt% 537 989 361 37L 710 6.32 6.40 4.92.66 1.38 2.66
Biomass ash IN wt% 100.0 100.0 100.0 10p.0 100.0 100.0 010a00.0 100.G 100.0 100.4
Char & oil ash OUT wt% 114.0 136.3 115.0 96/9 93.3 119.91.30 142.2 179.7 163.9 167.4

ar: arrive/original
mf: moisture free
maf: moisture and ash free
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11.3.2 Additional figures
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Figure 64: Pyrolytic water plotted as a functiontexhperature for runs on FPU at SU. (All weight %’s
are relative to the original biomass weight). Fos figure ‘pyrolytic water’ refers to water prodecby

pyrolysis reactions.

60

50 A\

40
g
% 30 ——Fast
& , —=—Slow

20 : Vacuum

i\ /{
10 —4
0
300 350 400 450 500 550 600
Temperature (°C)

Figure 65: An illustration of char product yieldfn Slow, Vacuum, and Fast pyrolysis at optimalitiqu

producing heating rates
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11.3.3 ANOVA

Table 78: An example of ANOVA calculation in excel.

SUMMARY
Groups Count Sum Average Variance

SuU 3 65.18 21.73 12.731
FZK 2 45.1 22.55 0.005
ANOVA

Source of Variation SS df MS F P-value Fcr
Between Groups 0.813 1 0.813 0.096 0.778 10.128
Within Groups 25.468 3 8.489
Total 26.282 4

Table 79: Single factor ANOVA for comparison of FAKd SU data

Allowable .
F variation in Different mea
mean values
Fcrit 10.13
Char
Char yield 111.40 X
Char ash % 0.10 X
HHV char 16.22 X
0% 259.47 X
H% 53.65 X
C% 20.41 X
Bio-oil
Bio-ail yield 0.23 X
Moisture content 7.26 X
HHV Liguid 0.00 X
Carbon% 0.41 X
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11.3.4 Energy balance

Table 80: (Complete version) Product energy distiiim for SU and FZK FP experiments

Energy balance of products from US and FZK

HHV X h Energy cont.

MJ/kg kg/kg (mf) MJ/kg biomass [e%]
Bagasse 18.96 1 18.96 100
FP;c run 05
Oil 18.83 0.59 11.15 58.78
Char 20.95 0.17 3.53 18.6
Gas 8.9 0.16 1.41 7.44
FP;c run 06
Oil 17.99 0.68 12.2 64.35
Char 20.59 0.17 3.45 18.21
Gas 9.56 0.12 1.17 6.17
FP; run 05
o]] 18.02 0.63 11.44 60.32
Char 25.9 0.1 2.61 13.77
FP; run 06
Oil 18.07 0.65 11.67 61.54
Char 23.33 0.1 2.24 11.79
FP; run 09
Oil 19.26 0.68 13.04 68.77
Char 24.81 0.08 2.05 10.79
FP; Average(three experiments at 495°C)
Oil 18+1 0.65 + 0.03 12.1£0.9 64 +5
Char 25+2 0.09 +0.01 2.3+0.3 12+2
FP;c Average (two experiments at 500°C)
o]] 18+1 0.64 + 0.06 11.7+0.8 60+4
Char 21+1 0.17 +0.00 3.49 + 0.05 18.4+0.3
Gas 9.3+04 0.14 +0.03 1.3+05 7+1
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11.3.5 Error analysis

Typical experimental data has experimental errar measurement error (e.g. inaccuracy of scale). The
combination of these two error values results i fthal error of the data point (Equation 21). losh
cases either the experimental error or measurearent is significantly larger than the other, armhc

therefore be omitted.

— 2 2
E[otal - \/(Emeasuremen+ Eexperimental)

Equation 21

Experimental error is easy to calculate once tdiaga points have been generated the standard idaviat
can be calculated in excel. When two or more measent errors are combined an arithmetic operation
is required. For example when the weight of a darigpcalculated, the scale is used at least timress:

to zero the scale, to measure sample and contagight; and measure container weight. Each time the

scale portrays some error value.

Adding errors

axAa)+(b+Ab)
a+b)+(+Aa+Ab)
a+b)+(Aa+Ab)

E _Aa+Ab_Aa_Ab

Value a+b a b
(if —Aa=Ab)

A+B=

relative

Similarly multiplication of errors is calculated fodlows:

E :bAa+aAb:A_a+A_b
Value ab a b

Erelative =
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The laboratory scale was assumed to have an dred). bg, which is 10 times larger than a typicalvne
scale. Therefore to calculate the error on the gledd from a typical experiment with 300g of biossa

the following calculations are required:

E wuive = 2€70 0.1(g) + (char+ containe) = 0.1(g) + containers 0.1(g)
E, e = 0% 01(g) + (30+10) + 0.1(g) +10+ 0.1(g)
_3x+01(g) _*03
relative 30+ 1((9) 40
+03

40
Yield,, =30+ 02

EChar = 30
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11.4 Appendix for chapter 7

11.4.1 Statistical test of data

Because of the overlap within the confidence irdkr¢Figure 46), the data can be interpreted wibhem
confidence once it has been proven that the 3 suare not from the same distribution. The null
hypothesis is therefore that the three curvesrara the same distribution. This analysis is basethe
assumption that the data, as well as the modehyseas, follow a normal distribution. For this arsis$
many values are required for each data point. Ttier¢he ‘random number generator’ function in Hxce
was used to generate 100 numbers (normally disedhwvith the known mean and standard deviation. A
second order regression model (Equation 22) waditthd to this data. A 95% confidence interval for
upper and lower model parameters was generattdte hodel parameters all overlap, the null hypaghes
cannot be rejected. Based on the results of thegeigpn analysis (Table 81) it can be seen that am
overlap occurs with parameter ‘a’ from VP and SRe hull hypothesis can therefore be rejected. All
three curves are different. In order to calculae gtandard deviation from data, it was assumedthiea
measurement error from VP and SP (Cargeral. 2010) resembled two standard deviations (95%

confidence interval).

Wt%=aT?+bT+c
Equation 22

Table 81: Upper and lower model coefficients fquid yield from FP, VP, SP.

Slow Vacuum Fast
Model Lower Upper Lower Upper Lower Upper Comments
coefficients| 95% 95% 95% 95% 95% 95%

c -125.8 -121.2 |-165.6 -138.9 |-668.6 -542.2 No overlap

b 0.658 0.682 0.817 0.940 2.555 3.091 No overlap

Slow and vacuur
a -0.001 -0.001 |-0.001 -0.001 |-0.003 -0.003
overlap

195



