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Abstract

Project Code: MRG5980194

Project Title: A Comparative Study on the Effect of Structural Composition on the Torrefaction of

Biomass Wastes

Investigator: Asst. Prof. Dr. Weerawut Chaiwat
Institute’s Name: Mahidol University

Email Address: weerawut.cha@mahidol.ac.th
Project Period: 2 years (6 months extended)
Abstract:

In order to improve fuel properties of biomasses, seven different agricultural and forestry wastes in
Thailand were thermally pre-treated via torrefaction under nitrogen atmosphere for 60 min by varying
the temperature at 260-320°C. Due to its complex structure, raw biomass significantly showed
differences in chemical composition ratio of cellulose, hemicellulose and lignin, which possibly affect
to fuel properties of each torrefied biomass. The samples of rice husk (RH), cassava root (CR), and
palm kernel shell (KS) were considered as representatives of the biomass containing relatively higher
content in cellulose, hemicellulose, and lignin, respectively. With an increase in torrefaction
temperature, char yield and %C in torrefied biomass increased, leading to an increase in their higher
heating values (HHV). The graphical correlation between the chemical composition ratio (%
cellulose, % hemicellulose, and % lignin) and fuel properties including mass and energy yields of the
torrefied biomass at 260 and 320 °C indicated that the biomass containing more amount of
hemicellulose tended to improve the HHVs because hemicellulose was mostly decomposed at

relatively lower temperature.

Keyword: Biomass; Torrefaction; Cellulose; Hemicellulose; Lignin; Fuel properties



Executive Summary
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(%char yield, d.a.f.) 2a9Fu7anadiWdnamngil (1) 260 °C uaz (2) 320 °C
U7 3.7 anusuAUsUIsuBuTERIdasI keIl szNaURAN (a) %cellulose, 33

. N a @ & A a X '
(b) %hemicellulose, LAz (c) %lignin luTrnadumemaneas nuesiguniAnduyasi

A48 (%enhancement of HHV, d.a.f.) maa%waawaﬂﬂﬁﬁqmﬂgﬁ (1) 260 °C uaz (2) 320 °C

31 3.8 anuFNWURIpUiDUTzRIEafIKeIRUIZNaURAN (a) %cellulose, 34
(b) %hemicellulose, a2 (c) %lignin MTINIRALNINITABAT NUNSINTUNE L6

(%energy vyield, d.a.f.) maa%amawa'%"l%lﬁﬁqm%gﬁ (1) 260 °C uaz (2) 320 °C

U1 3.9 anuFuWURIpUisUTzRIEafIneIRUIZNaURAN (a) %cellulose, 36
(b) %hemicellulose, uaz (c) %lignin TuinIaguaMziIgniuazvainay NUUTIMHA LA

(%mass vyield, d.a.f.) maa%amawa’%"lw@?ﬁqmmﬁ (1) 260 °C uaz (2) 320 °C

U1 3.10 anusNWUTLIBUIBUTzRIIEARIKeIALUIZNaUNAN (a) %cellulose, 37
(b) %hemicellulose, uaz (c) %lignin luwIaguaMziuIgnduazvanay nuSinmualdasni

(%char yield, d.a.f.) maa%amam%"l%lﬁﬁqmﬁnﬁ (1) 260 °C uaz (2) 320 °C

U 3.1 enusuAUTIIBUisUTzRIEaRIueIRUIZNaURAN (a) %cellulose, 38
. .. = o & A a% o ¢ A a X
(b) %hemicellulose, Uaz (c) %lignin luTwIaFuATIRALTANTUATVRINTN NUIaTIFuNLTY

PAIANNNUTAW (Y%enhancement of HHV, d.a.f.) maa%awuawa?"LWeTﬁ (1) 260 °C iax (2) 320 °C

U1 3.12 anusuAUSIIBUisUTzRIEaRIueIRUIZNaURAN (a) %cellulose, 39
Qs a n{ L Qs v
(b) %hemicellulose, uaz (c) %lignin TuFwIaduaMzALIgNIuAzvaINEN AUNSINUNA LT (%

energy yield, d.af.) maa%amam?l%lﬁﬁqm%gﬁ (1) 260 °C uaz (2) 320 °C

31 3.13 anuduNUsISsuuTEnivFadIuesdlznounan (a) %cellulose, 42
(b) %hemicellulose, L&z (c) %lignin THEIIaNIRNA AULUSINUKA LG (%mass yield, d.a.f.)

mm%amamﬂﬂﬁﬁaﬁmﬂgﬁ (1) 260 °C uax (2) 320 °C

2



15Ul (Aa)
v q
v
B
37 3.14 anuduNUsIS s BuTERieFadIwesdLzNoURAN (a) %cellulose, 43

(b) %hemicellulose, Uaz (c) %lignin luT1W1aNIRNA AUUSITUNA LAVBITS (%char yield, d.a.f.)

yosFmnanasindnammnd (1) 260 °C waz (2) 320 °C

9 U

31 3.15 anusuRUSIIBUIIBUIzrIFaRIueIAUIZNaUWAN (a) %cellulose, 44
. .. & @ s A a & . o
(b) %hemicellulose, az (c) %lignin luTrnansnue nuilesiSunnuuuaIdInNTan

&l

(%enhancement of HHV, d.a.f.) 2893078 na3 NN (1) 260 °C uaz (2) 320 °C

31 3.16 ANUFNAUTLIBUIBUTzWIIFARIUBIAUIZNAUWAN (a) %cellulose, 45
(b) %hemicellulose, Uaz (c) %lignin THIINIANIRUANLNEINUNE L (%energy yield, d.a.f.)

maa%amamﬂﬂﬁ“‘qm%nﬂﬁ (1) 260 °C waz (2) 320 °C

311 3.17 N7 TGA LWIBuNBUTzRINAIBENTINIANTNMIN AT URZTININFILATIER 46

°11aami"lwii"las'ﬁa%amaﬁuLL&S:%QNQ@:V}E}%"lW@Tﬁqm%Qﬁ 260 °C Waz 320 °C

311 3.18 N3 TGA 284 (a) $2186198NIUNBUTINIBFIATIER Uaz (b) TINWNINMTNBAT 47

a

rwInaIuNATRAgIrAL (1) 260 °C Uaz (2) 320 °C WIsULABURUKANIAWIBNWUD

u

anuaasIntadasalsznavlurrsniyinlsladgs



13U YA1319

19199 1.1 Fasuasndsznaudilasiainivasaiainetinnariadie g

t:l a [ 6 a o [ Aa A A a o dq'
@13197 3.1 MylaTeiesdldaznauBilanaivvasiagauiunanlslunuido
A15191 3.2 MRl sznaumMaaiiaausan (proximate analysis) 18457378

@19191 3.3 FULANITALNEIVDITININAVUATINANHIBNNTNBTUNATUNY WD T6N4

P e & a a ea 6 a [
M19191N 3.4 ﬁ?J‘lJ@W]’NL“]jE]L‘W'é]d‘llax‘iﬁ??‘l_]izﬂE]‘l_lE‘T\‘iLﬂi’]t‘ﬁ‘ﬂLﬂuaﬂﬂﬂizﬂE]U%aﬂiuiﬂidﬁi’]\‘]

= n{ [l a a ci a
°ﬁ’3&l’)a“ﬂNW%ﬂWSﬂ@iLLWﬂ“ﬁ%ﬂQM%Q&I@HG
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12

15

24



UNN 1

VNI u,a:i'mqﬂi:aaﬂ‘ (Introduction and Objectives)

1.1 UNH u,saga‘la BRZNITNUNIBHAINWBIDLNINIWBN

(Rational and literature review)

A . [ xﬁ 1 [ dl o [ 5 d' A |1a I
F7a (biomass) LlunttiluunsandsinunaunundrdgludaainiasnniivTnmuinuaziu
fiavdafauiadon lasianz3udauiy (dry biomass) winiawizgunialdannisnsasnaaunm
Usudfenidwdoiwdiiinna1895n19alia21usean (thermochemical conversion method) L3
m3wlslada (pyrolysis) wazuAadRLATH (gasification) LaliasanTInIavasudanatunSUIN
anuTugiLazdnuTauditiasndiinaeandiaunin mlduiniamwlunsudsanindy
WAIIUABUTIIAT uanIINUuLINe Bulk density autnadn dsnadanslidununisiaiiuuas
oA ) R o & o Aaa & ) o Aa A % wa
pudIfidant1ags dndudesditnmituaesulunisdivanwiagduinediud g mant@dauas
) £ [ s 1 A A ad dl o s =} a a
i ldinszuawnmandssnwidunasonudalyd Sanialuitmandan fa nszuawnimaIunage
. A | v L% ] v a { a (Iz J a . .
(torrefaction) Taidunslainwsenuuvliltaandiaungawnddniimslnlslada (mid pyrolysis)
[1-4] I@ﬂﬂﬁ]é"ﬂﬁﬁﬂ”ﬁyﬁﬁwa@iaqmauﬂ”ﬁmaai’mqﬁu%amamaaLLm‘:aﬁmumsﬂa%LLWﬂﬁu Ao QN
(temperature) NUIZEZLIA1 (residence time) INNNTANBIVBINAINBIVVNANIUUT WUIT &AN2EN

wianzanlunaneIunatuaglutisamngll 200-300°C uazlfiann 5-60 w1l [5-11]

HNG28819LT% Wannapeera Lasathe [11] ﬁﬂmﬁﬂ%wamaaqmﬁﬂﬁLLa:i:mnmﬂﬁﬂﬁLLWﬂ"ﬁ'u
lug29 200-275°C uaz 30 Wfi 019 15 Talud AWEIAL dawgdAnssunsinlsladauesdianadinan
17 Aa'lainszduegnid w3a leucaena lagldinaiia TG-MS WU1 32821287 30 WITLTI9N1INaSUNA
s 1 A ] nl a (% 6 = a 6 ai dll AI a
T LU NINDGaNITANNUT U DA LAV I T3V ITINIaNaTING lasfilatmyszaziianlwniinas

L &/ o vV A aaAaa =) vV A v J =) v
uwaTwuin Inarildifad jAsenaseadtliinamslaunnndu mnnanisainzdeis TG-MS
WU3T S mmpa9nislugian1sIwlsladaua 828N NG a1aaad991n 41.9 wt% MTI87861
LRAALNEY 7.6 Wt% LwBa82anHIwn1InaSuWaTwi 250C tiuwiaan 15 52139 @TﬁLLﬁ@NI%Eﬂﬁ 1.1

A o & a & o A \ [ \ ~ en A o @0 [
nRadmridaanadindmeldansiuandriny denfaui@nuanzaulumaidsandlddniy

ATTUIUMSUARSALATY [12-13] BIanszuIwm T inlsladaiiandalulosasd [14-17]



100

Mass fraction [wt%]
S (-] (=]
o o o
1 1 1

N
o

—

Pyrolysis 600 °c

N,, 10 °C/min

EOSE N0
o)
O
L)

Leucaena I
250 °C

Eé,éé.g
VAAAA
VAVAVAVA
AN

Y,
30 min 2h 15h
Holding time

37 1.1 nanszne@veinianmeilugiansnlsladan 600 °C vasBanIanasingn 250°C

. = a = \ A A & a v A ' = ) .
aﬂ']\']vlﬁﬂ@lqw TQNQQTQGLL“I]GLL@]ﬂz“ﬁu@uaﬂﬂﬂsz‘ﬂaﬂLmﬂIﬂiﬂai"lﬂ“ﬂLL@]T\I@H\Tﬂu Glidmusl,%tyfﬂ:

meldszozafiuandsnis (30min-15h) [8].

o

tsznavldene 3 asddsznaunanind

o

%

RARIBlasiNnin Aa L‘e’IﬁLsﬁagiaﬁ 15-30 % L‘ITQQIM\’( 40-45 %

a_ A = va ' o AV o= . 6 =
wazanuk 15-30 % I@wﬂm: m’]ﬁ]Elﬂauﬁ%’]uvl,(ﬂﬂﬂiﬂ’]ﬁ@]ﬁ’]%ﬂdﬂﬂixﬂaﬂﬂE]G“]Y)SJ'J&‘Y]’]GT‘I']?LT]H@IS

1ha 9819 eFmuandany asuaadlua1en 1.1

A19197 1.1 Fadnasntsznauidilasiaiisvasaacnetranasiadd g

#28819T178 waglag | adioaglas | Andiu 819894
[Wi%] [Wi%] [Wi%]

1. ludasuedinea 38.5 23.0 156 | Jutakanoke et al., 2012 [18]
2. v o led 62.3 14.4 13.0 | Chen etal., 2015 [19]
3. G917 LlWa 36.3 33.3 13.5 | Zheng et al., 2013 [14]
4. nzanday 33.2 18.2 48.6 Uemura et al., 2015 [20]
5. neangau 24.0 42.9 11.7 | Rahman et al., 2006 [21]
6. W9t 32.0 35.7 22.3 | Xiao et al., 2001 [22]
7. WNAL 28.6 28.6 224 | Blasi et al., 1999 [23]
8. linsefiugny 33.1 31.8 271 Wannapeera et al., 2011 [8]




Gi 1 a 1 6 a v d‘yd 1 a s
I@l UNAMULANAIIVIRAFINVDIDIAL TN QTIJL“HGIﬂix‘i FINBUNAGANIZUINNINDIUNATY [1-4]

s

A A . oa A= =2 o & ) A : A o
i windnguidundnmfsdatvvesasddsznavlulasiaiiavesiinadenszuiuniiasunatu
addia Ui Prin uazame [24] WU3N Fawaasnan laindesdUsznauvas xylan 410 azladans
el Jisennisenafeulunszuiuniinaiuadulusrsgunnil 220-300 °C iuszoziian 10-60
A @ | A o A 2 A A
wifl lduinndfiesainniaaisdivasiadioaglag Chen uaz Kuo [5, 9] AnmidTouifioy
nizuInnIInaIudatusesfintanannatusiiaiamnnd 240 uaz 275 °C laniTunin light
torrefaction Was severe torrefaction ANENGL G2835N15IATZA thermogravimetric analysis (TGA)
wudn lunsdluey light torrefaction Anadan1saasarvadiadisaglamdundn wdrldifianis
gauarvagaglaguazinfuiioainton vilwla mass yield infaifos 60% 1liaWarsmiis
ﬁ’mﬁﬂﬁgfyﬁﬂv[ﬂ (weight loss) @mJqm%nﬂﬁm%uﬂwﬁ’uﬁu@ﬂ@haﬁu WU 8N IaLLIY AT
saniflu 3 799 Ae UHATouunliyunse (weakly active reaction) §1% 31 weight loss < 10 wt%,
UAATIUUUNAY (moderately active reaction) #1131 10 wt% < weight loss < 35 wt% uwazlfjn3en
LULHULIY (strongly active reaction) §1%3L weight loss > 35 wt% aauaadluguf 1.2 ugaslfiAui
A [ s a | s ] a ni A aaa ] )
loau ududrunuvesafiaglas udradraduinlifad jiseuuulisuuss ullunsdivas

light torrefaction lupmeNanfin udlunydivay severe torrefaction £3tl31ng3nAadfaso oyl

TUUTIR
60
- | Hemicellulose L
T A Cellulose
B 4 Lignin =
S0 @ Xylan Strongly active
NG Dextran reaction
R | Xylose &
- - D Glucose
=J 40 -
§ N m
‘3" =
o 30
e - @ | Moderately active
2 B reaction
= 20fF
B ®
B @ O
10
B Weakly active
B e reaction E

PETETE ATErary. SR | PP AT ETATErArS ITAArES IS e
%10 220 230 240 250 260 270 280 290 300

Temperature (°C)

U 1.2 dminfigafe (weight loss) 2a3FnranadiWdnamngiiuandranu

u

(230, 260, uaz 290 °C) tluaan 1 Talws [9].



Saleh wazamz [25] LWIBUNaUNgAnTINNITNOTUNATUWYITINIG 6 Tha WUI1 Tanani
Uanmdniiugs RINALALA solid yield qavl,ﬂﬁm 189N AN AW TR INUTENAUNRINITORANDE?
o o A = o & & P’ = = v o o
msmmsaumﬂ‘ﬂq@mmmuaamhzﬂaummmu@iumma Fssursondsgninlagintu
AszuIwNINLdn severe torrefaction [26] wana N Melkior wazame [27] laansnnaidasnulag

6 dy v o a L 1 a o d'
maaaamhzﬂamlaaLua"l,umum:mummmumeﬂumaqmem 200-300 °C muamwalugﬂﬂ
1.3 wudn anftuduasdisznauusninisgaisaaniinnuiauniIuljisen demethoxylation w83
syringyl Nigasnniiilszanas 200 °C uA lasIgsvasRninaaudnaiaiiosanily 245 °C NUUIIAaL 9
FALAINIANNTIULINIT ilagnndgandn 300 °C ﬁwm%’uLaﬁLmaQIaa ALNANITRAUAING
mw%”auazhanm%ﬂwﬁwqm%gﬁm”&LL@i 200 °C 1Tuenld ’mezﬁma@amﬁmmmmmﬁma
anwiaungunnidszanm 270 °C nIagenin asha"hﬁﬁluﬁm;ﬁuﬂ’aﬁmu?ﬁ'ﬂ"lajmﬂﬁfﬂﬁlﬁmm
AR IINIILAT TR HANIENUV0 9120 VaIFA I WaIAUTZNa LTI LATIRII9UBITINIRNURNIA

& '~ ' ' o ~ a e = & ° Y @
NIILTOLWEY LTW f1adINTawaITI0anaS e watratduwszuy Fazvinlwainisnraila

vaa &

Usnngmaoivasnszuaunimasuna i laasidn

Temperature (°C) 200 230 245 270 300
1 . . 1 A . 1 . . 1 >—
1 . . U —— r U r r I
Mass loss (%w) 0.2 7 13 24 44
A wa .. n
w iiethanoi
* H,0 *CO, % CO % Polymerization of degradation products
* Radicals A
o * Demethoxylation * Demethoxylation
Lignin (syringyls) (guaiacyl) * Monomer
* Depolymerisation degradation

* Deacetylation
* Degradation

Cellulose * Cristallinity # * Degradation

{ aaa { 1 a g 1 a a a
31N 1.3 migmuLﬁ'ﬂmaLLazﬂgmmﬁmmwzmmﬂumaqmwnﬁummmuﬂwu [27]

Y
A e AR 1 v

Twwddeiisaiunamenudunusiznidasiuasdiznaudilesiaivesiiannaudaz
TAANULANAIAUAUUENTARANVBITINIANHIUNTZUIRNTNDTUNATY (torrefied biomass)
] [} a v ~ . . & & 6 A J 1 %
aei19Lg% USunaunalavadsvasuds (solid yield) tdasiFudn1siAnduaasfininusas (percent
enhancement in heating values) 73818467 energy yield 6’1?\1ﬁmmé’m"’tuﬂumsﬁﬁvlﬂﬂizﬂqﬂ@ﬂﬂu

NMIMWI LRI ABARAISALANZFUTBINTZUIBNINOIUNAT U R IL TN UGz THe Lﬁﬂl%ﬂlﬁ



ﬂszﬁw%nwwmaamzmunwgnq@LLaz"L@TS'@nﬁuﬁchumiﬂ{uamwiﬁﬁqmauu”ﬁﬁﬁﬁa@ﬁﬂuudmad

9 9
wa =

' Y = £ a A = A A o °
AnANuTaungIdn Janaudue LLazmqmamwmamumsjmwmcmmua:mmﬂaumvlﬂLLﬂiamw
o & A A <& a A aad ' A o A a2
Dwdawdsiinmwlutuaeninlsladanieitongdeld lasidanlsdraraniduvasnianinig
p.i ﬁ’ ‘dl [ % A o uq: a d'd 6 a £ c.i
mimmmwwumniuwumam@mtyauqimmumwm 7 ahandadfdiznaurdelasiasien
LANGIIN Lazed laig1TUTznauTialarILaTzR L T wada e nauran lulatIa9uadItInIg fa

adiaglas (1loawdudiuny) waglas uazlinfiu andnsSouiivudndan

1.2 i“mqﬂi:awfmmfmamﬁﬁ'ﬂ
(Research objectives)

(1) Walianziguandiniimonnusziafizasvesfodimanannaisiandsznavlddan
RARIWUDIDIAUTZNOULTI LATIFTNNUANGIING LUBNIBATZUIRNNIINDSUN AT
di =1 % 6 Aaaa ni Aa g a > =1 aid
) wWadnwudrladsingnisoluazd fAseoriifiedulunszuaunimesunatuuesiinaand
fasntadaInlsznaudslaseaisuandreni waznistin lldlunszuaunivinlsladgs
di =1 % > 6 [ ' 6 Aa % =1 % n A d'
(3) Lwaﬁﬂmmmawwuﬁmaaa@muaaﬂﬂs:ﬂauLmIﬂNaﬁﬂummaﬂuqmawmaafmma‘n
NIWATZUIRNINAILNATY Lﬁ'aﬁmu@ama:ﬁmmzauﬁq@lumsﬁma'%uWafumaa%ama

RIS



NN 2

e

25nN13NAaag (Experimental)

[

1A0AUBINIA (Raw materials)

N
-

>

@qﬁuﬁLﬁan‘lﬁLﬂumauﬁn%amm‘hmmﬂui’aqmﬁa‘l“ﬁmnmsmwm WioUaIADNIIN
TUTUIWIL 7 Tla @T@uamlmﬂﬁ 2.1 laun

1) 11.!968&%’1@1’161 (sugarcane leaves, SL) %38 Saccharum Spp.

2) WNay (rice husk, RH) %30 Oryza sativa L.

3) W99 (rice straw, RS) 38 Oryza sativa L.

5) verae a1 (bamboo trash, BB) %38 Bambusa blumeana J.H.Schultes

6) wdaEznad (cassava root, CR) %3a Manihot esculenta Crantz

(
(
(
(4) ne aihau (palm kernel shells, KS) W38 Elaeis guineensis Jacq.
(5)
(
(

7) nzanotauLlan (empty fruit bunch, EFB) %38 Elaeis guineensis Jacq.

Sugarcane Rice Husk Rice Straw Palm Kernel Shells
Leaves (SL) (RH) (RS) (KS)

BambooTrash  Cassava Root Empty Fruit
(BB) (CR) Bunch (EFB)

o

317 2.1 2BUFBTINIDNIMANBATNIANG 7 mﬁ@ﬁﬁ’]mni%LﬂufmqauiuIﬂsaﬂﬁsﬁ 2



‘magﬁa‘uyvlﬁﬁﬁamaﬁuLL‘vToaJ’mwmmT’sUm'%iaasiaﬂﬂﬂﬁma@ (NIMUT 2e, 2EMH1, Thailand)
ﬁ]’mﬁfuﬁ’m’] UARZLD AR ULﬂ%iadiJ@ (GLEN CRESTON LTD, Mill Cross Beater Mill, London)
wal9kINAaLENG e Lﬂ’%iawnshﬂ”ml,yﬂazm’mﬁaymumiaiau (sieve shaker) (ENDECOTTS,
OCTAGON D200 DIGITAL, England) 1#ldiagdudiniasuwialutiidrsga <63 um, 63-125
um, 125212 um waz 212-500 pm w821 ldavurs lutarauanusan (BINDER, FD 115,
Germany) ﬁqm%nﬂﬁ 105 °C w1 24 T2 la4 lagsiriagausuia 212-500 pm ld3iazsinn
aaﬁﬂizﬂauL%ﬂmmﬁ”ﬂwaﬁ@qﬁu (extractives, cellulose, hemicellulose, and lignin) DIV
YWIALRNNTT 63 gm 113244 Proximate Analysis (volatile, fixed carbon, and ash content) 6128
Lﬂ%iad Thermogravimetric analysis (TGA, Perkin-Elmer, TGA8000) LaziITINIaIUIN 63—125
um 1131a3129 Ultimate analysis (n1371031z%a9d13znaus1g C, H, N, O) f28LA309 CHN/O

analyzer (J-SCIENCE LAB Co., Ltd, JM10 Micro Corder, Japan)

(2
vAa @ e

A wa Y A& o & & = a A
wanNINNH N'l"i]UE]\‘]%@ﬂ"ﬁﬁ']TlJiZﬂ@UﬂL‘]_Iu@]']LLﬂuaﬁﬂﬂizﬂE]UW%E']%TQG’H')N?a 3TUA A

u

Loaglad (cellulose, Sigma) Lafiiaglaanialoain (xylan, Sigma) uaz@niiu (lignin, alkal,

[
a 2

Aldrich) #¥anlfiduiagduasdulunisiaindnslioufivuanuiu Jauwusnu (interaction)

MelulaTIaIIuaITINIA L UNTZLIUNIINATUN AT

n. LﬁﬁL‘ﬁﬁQIﬂﬁU%iﬁ{Vl%{ﬁﬂ 100% by weight (H)

2. Lsﬁag*[aau%qwﬁgﬁa 100% by weight (C)

f. §ﬂﬁuu'§qﬂ§€ﬁa 100% by weight (L)

3. IUsznauNRNARARIBEIAUIENBUWYINAK Aa H:C:L = 1:1:1 by weight (HCL111)
Q. amﬂszﬂauwawﬁﬁﬁﬂmumﬁmaghagd fa H:C:L = 3:1:1 by weight (HCL311)
2. sIUsnaunauldasInoaglasgs fa H:CiL = 1:3:1 by weight (HCL131)

7, aynaunsulsadIuaniiugs As H:C:L = 1:1:3 by weight (HCL113)



2.2 MINATIERAAFINITIIATITAT19209TI0IaAY (Determination of structural composition
ratio of raw biomass)

288195107 81U1A 212-500 um ALaToN 151 7 BhaN1innNTIleTsHENaAFI B8 9
23nUsenauEIlasia3s19a2835 TAPPI (Technical Association of the Pulp and Paper Industry)
Tagrwnszuawnnsanaluianiuaaiiniai 5-6 521uslu Soxhlet aw35n152109 TAPPI,
T2640m-97 [28] awUSu a9 sunsn (extractives) MniwsImunsawUSunmasaniin
(Klason lignin) la&annisanauasvesuisfinae (residue) ﬁ"l&ia:mﬂunmsﬁavﬁﬂ 72%
ﬁqnmnﬁ 120 °C 1w 4 Falas sananaNisnTIas TAPPI T-222 [29]  éwsulSanmsas
\aglad (cellulose) uaziadimagla (hemicellulose) aaNInW116aIN3EN13189 Wise's chiorite
method [30] az TAPPI T-203 [31] laen139i0 Chlorination §28M13L6N NaClO, iaz CH;COOH
7 70 °C \arsaaniuaananwaaue hollocellulose 3N 39870 alpha-cellulose @18NILAY
NaOH 17.5% uas CH,COOH 10% augau lagiainseWisana hemicellulose 3NNSHNAL

aana NIV a9 hollocellulose @"11LLam*’lTu@aumﬁmﬁ:ﬂugﬂﬁ 2.2

TAPPI: Technical Association of

the Pulp and Paper Industry I()g ZBSi(())r(;"ans”s C;nﬁg%lészign Ash
-500u
Soxthem with

Ethanol 95%
(290 °C, 2-3 h)
(Soxtherm S306 AK Soxtherm 6 Fat Extraction)

Extractives

Extractives-free sample

Chlorination
NaClO,+CH;COOH
HZS(24 72% (70 °c,21 h p?:er ycle)
p g (120°C, 4 h) Acetone for washing
HHI‘|l|||llH'\HH\\\\\\\ Klason Lignin Holocellulose
1 2 3

Hemicellulose
(by difference) , ‘ NaOH 17.5%

. 7 NaOH 8.3%
CH3;COOH 10%

TAPPI standard T 264 om-97. (1997) Preparation of wood for chemical analysis.
TAPPI standard T 222 om-98. (1998). Acid insoluble lignin inwood and pulp.

Wise L., Murphy M., and D’'Addiecs A.A. (1946). Chlorite holocellulose, its
fractionation and bearing on summative wood analysis and on studies on the
hemicelluloses. Paper Trade Journal, 122,11-19.

TAPPI standard T 203 om-93. (1998). Alpha-, beta- and gamma-cellulose in
pulp and wood.

Alpha-cellulose

3 2.2 YUABUNNTAATITARAFIUBIAUITNa LTI laT9ain9va9T101ame3T TAPPI [28-31]



a %] > a = ¥ a ' wa =
2.3 ﬂ’li‘nailtﬂﬂ%%ﬂﬂﬂ?ﬂtgﬂﬂ’ﬁ?&l')ﬂﬂ')ﬂL@]’ILN’]VL'N'W’I LAZNIIILAINCHANUAVDIDINIA
ay | ¢ . . . . . .
nas e (Torrefaction of biomass and analysis of torrefied biomass’ properties)

va o

"fl’lx‘la’sﬁmvl,@qﬁﬂﬂ’]“gﬂﬁaﬂﬁﬂifﬁLLaszLvaWWﬁ (Suanluang Engineering, Thailand) PRPGR
& ° [ Aa YY) f = (% A A&
qﬂﬂsmauqlus:uummumsﬂaquﬂmumasmmma muamiugﬂw 2.3 laudawaannis
naaad Aa a20619302aTRAA 9NRIBNTELIRNNTUARAEAALEN TV 63— 125 pm
Uszunmh 300 mg frinun1seuuisluianauanian (BINDER, FD 115, Germany) Nigmnadl
105 °C W% 24 T 13 LLa:Lﬁu"LﬂuIng@ﬂawu%u laaalwn1TusIaITuaIINi NI ang
. ° A& \ Y
(ceramics boat) 817 100 mm a3ddunkININATaIviaAIaNFUMIALFUR UgUENa1Inaly
A = { ' \ o
40 mm Twta N IR L ULV a S T B U URDIUARIANAANNEIITII8E 200 mm 1auTLyiiaIala
gannil (temperature probe, Shimaden, Japan) f;%’m%'m”@qm%nuﬁﬁom sluviatfnyoiass
ARSI UB A TUSTDITURNT @”ﬂLLam’Lugﬂﬁ 2.3 nuuinIaning ulaauneuaaInns
1%a 250 mL/min @TaslLﬂ%amqué'm’]msvlmmaaﬁ”ﬂﬁn (mass flow controller, Kofloc, Japan)
w1l luvia I@]mzv‘hﬁauﬁ’]msmaamﬂﬂ{uﬂunm 60 w1 tWalwaulainlidanniansanis
sanfiauluszuy udrBaiugunndluandindannslianuiaun 5 °C/min auldgmngi
ffnualunizuauniInaIunatunnaseudioinias TGA lutriamngil 260-320 °C Liu
= (% nq' v & =3 a v = o > 1 A A ™ 0/'
2821287 60 W LmeVL'S'memumqm%n“waa F91Na0819N R A LA THETAITURAT LU

FRUNLNEW %mass yield 28351307aNna3 MG (torrefied biomass)

FmsunTaaTsHaNtanagamnaiastaunanesndniu laun n1331a315W %fixed
carbon (dry basis, d.b.) %38 %char yield (dry-ash-free basis, d.a.f.) ﬁamﬂ%iaa TGA (Perkin-
Elmer, TGA8000, USA) Lazn1531AT1:Wadd1sznauni1siadiarsiaias CHN/O analyzer (J-
SCIENCE LAB Co., Ltd, JM10 Micro Corder, Japan) %d%:ﬁﬁm %C, %H, %N, %O(diff) ‘ﬁlvlﬁ%’m
mMyaaedeaiasit 1T s senanutan (higher heating value, HHV) uaz %energy

yield V8351378105 e bsudazan1zdaly



3111 2.4 G18819T8GY (raw biomass) waLTINIANaIING (torrefied biomass)

ARATULIAITURITUUULTTIANFE 100 mm

10



unin 3

a 6 - =
NALLAZNIIINIUWNANTIINAADI (Results and Discussions)

s/ a A

3.1 MynaziandIwBlaseainivesinaAuiianaa (Analysis of composition ratio of raw
biomass)
a 6 o ' 6 a £ A A %
PARAMTIATNEAFaRInaInUTznauBIlaTsas9vaddiaaNU@anLen (dry-ash-free =
d.af.) de35N5v89 TAPPI [28-31] lagmAlafuannnsrinnInaagiatniies 3 ATId1RTL
a 1 6 [ A A v 1 .
MIANATIEALUULARZRIALUITNOY AILRAIIHANT1N 3.1 INalAFAsIUVD extractive, cellulose,
. . . A ) qzqq/, 1A o R KR A a v o_ A a '
hemicellulose, lignin Naziin blawu ladn1sdrfietednswavadrlunisindrniaduldsinu
AszuIwMINaSuNaTudall minlain Trnaudarsfiadasftszneuidslasiainenuandnany
\ o A A v A 1a A A v o
atnstalan lasfwaaniaula laud unau (RH) GU501m cellulose anfigafl 53.91% 1wdaiis
o o A a o . A A & Ao
#iznad (CR) JUSunmdadIuas hemicellulose §39Ngai 37.02% uaznzanihau (KS) aasiu
. . ci n{ v v a a nql' < (= ] 5 a = aid
184 lignin §9N1gaf 56.47% laonigiavazltingdvamusiaidudiotnaresingdudnaid
o & ~ . P & o a e '
a@mumaaaoﬂﬂizﬂaumammaaLma:mu@gaq@LﬂumLLﬂﬂumﬁmﬁzmue]@avlﬂ

v
o A

A a 6 6 a v %) a = A a
@13799 3.1 mﬂLm’]:'ﬁaomh:ﬂauLﬁaiﬂiafsmwaamq@ummaﬂlﬁummaml,

wt% (dry-ash-free, d.a.f.)

Samples

Extractives Cellulose Hemicellulose Lignin
SL 1.78 47.38 24.42 26.42
RH 2.06 53.91 6.85 37.18
RS 6.55 47.43 26.45 19.57
KS 3.60 21.29 18.64 56.47
BB 6.79 41.20 26.86 25.15
CR 10.98 29.94 32.82 26.25
EFB 23.03 37.02 22.07 17.89
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a o

3.2 n15ArEdaNLnaAlsznaun1Alin1gAINBaITAnALEINIA (Physico-chemical
properties of raw biomass)
hiagdudwisnyiimmaassuninmaiianzdiiednmgusadaniameaninidasduain

3 nlsladadlaiaIas Thermogravimetric analysis (TGA) meldznizfinalulasiaw las

=

a' a a v = 3 p.i Ady =) d' :/
naRngurninnamnpiivedluauis 110 °C udesigunndihduig 20 wiltiaszinoiin
=1 (23 1 = v < [ A v . ¥ X AI nc.i
fludratsBinrneanlinunaunszinaioidudiniauks (dry biomass) LFITL RN NN
8031NILAAINNTE (heating rate) i 10 °C/min Audi9 900 °C NnNUINLUFswTuRsaanGian
= a A, & A A o . oA A a
uaan 10 wifl tarinmsinansueundludiagnsdiuiaaunnue iNamUSutmuaIanITeing

. > " ¥ 1 a A o
(volatile), A15UaUAIA7 (fixed carbon) WAZLEN (ash) VaIBINIALARLTRA TINRINNNITHIANT

a ] a o . . P [
wlslagav0431098 (TGA curve) LaazafiauaaininsW %Weight loss (dry basis, d.b.) T33zle
ANVaIUSINUVRIRNTILAY (volatile), ATUAUAIAI (fixed carbon) LAzLEN (ash) V8ITINIALARS

P A a : . . e A A o @ oA AA |a
THA AIDLILNIN proximate analysis AINUFAI AT 3.2 ANAIGL WU TnaNdUSum
{ 1 A =) { v

volatile gafige Aa tawlaili (BB) TeduTunmis 81.37 (wt%, d.b) uazTunafiidesga de unay
(RH) 4 58.42 (Wt%, d.b) uazilanansmiUIuno fixed carbon aeWUINHINUBFEI1ULHAI (CR)
A |1a . A o A A o A A

#1301 fixed carbon ¥ NNFA wazludas (SL) NS muasnge Aa 15.90 waz 10.67 (wt%,
d.b) anudey dwiudSunoud wudluunay (RH) Sdgegan 28.82 wtt (d.b.) uazdwaand
USunmdndeudraaslusng 5-7 wt% (d.b.) Ao wewldla (BB) mwinduddznas (CR) uaz

nzautauilan (EFB)

A15191 3.2 MALATNzReIRLIzNaUMILANAINNIEY (proximate analysis) V84TIN7E

Proximate analysis wt%, dry-basis, d.b)

Samples
Volatile Matter (VM) Fixed carbon (FC) Ash
SL 77.19 1067 1214
RH 5842 1277 28381
RS 7407 14.16 11.78
KS 7154 1375 1470
BB 81.37 1355 5.08
CR 7881 1590 529
EFB 80.30 13.36 6.35
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§11IUN17ILATIERUTNIMeIAUTzNa U1 hydrogen (H), carbon (C), nitrogen (N) LAz

oxygen (0) inuluing@uinaa (raw biomass) :INMITATIAGIBLATES CHN/O analyzer %38

o o

a \ . . [ A A A & a
L38NI1 ultimate analysis LL@@GN@@GI%@’]?WGW 3.3 I@UQZW%’]imqﬂiuqmmﬂﬂ C \UJuRIRIATY

72

WasndTunm C nadanisdwimdinuian (high heating value, HHV) 384309adud078

' o @

v A o v A a = a ol YV v v 1 o
LLazﬂ'riLm"lmazmwummmg I@]Uﬂﬂ‘ﬁ')&l')ﬂ%%@l@]&lﬂi&ﬂm Ca a:l%mmwmauuag RINATIN

12
v A

v & @ a A Aa = . Aa N | o A ~
IﬁLﬂuQ@]q@]‘ULTaLWﬂGTaGLLTG (solid fuel) NUATUNINEA LL@I%VHG@?GT’]NE’IW??N'Jﬂ?j%(ﬂl@l&l

q

¥
IS a

U3unm C g9 a:sl,ﬁ@hmm%auﬁgqﬂ'j'} ﬁ’ﬂﬁl,ﬂm”@qﬁumaLwawaaLLﬂaﬁﬁqmmwga INN3

= 1 o

naaadnuInlu nzansthauilan (EFB) fd3unm C FINEA LMY 54.19% 7098937 A NEAY

q

a

1N&u (KS) AU 50.79% wazdinianiuSuna ¢ lnfidssny laun ludas (SL), wnay (RH),
37l (BB), tnidiuddznas (CR) uaz W19da (RS) $9815unm C iRy 47.98%, 47.65%,

46.61%, 46.33% WAz 45.44% QNI 1OU
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a 3 e & a ) a ) a 3 .
3.3 NFNATIEUFANUANNS wjaLwawaammaﬂuu,azmma‘nasvlwm (Fuel properties of raw

and torrefied biomass)

A

) & [~ a A a 6 ¥ A 1 o A Y Aa 1 v p?{'qq:
°]5'33J']a°ﬂ\1L"ﬂ@?j%@]ﬂ&ladﬂl]itﬂa‘i_lLﬁdiﬂidﬁi’m‘ﬂLL@]ﬂ@I’Nﬂ%@I']SJY]vL@E’]ﬂﬂT]Elvlﬂﬂauﬁuﬁuu%

a

gﬂmmmum:mumswa‘%uvxlaﬁ'umm%nﬁ 260, 280, 300 waz 320 °C (a1 60 wIn luvia

9 U
¥

Unsnlarandiiadnmsu@niadaindsuesiintanading laasnen 3.3 lausasusvas

L) dq’ a a =) 1 g 1 g
sudAaInaslwdiUsinmane g asdalus

(i) USunauwa lawaanns (char yield) luniiae wt% (d.a.f) m amnnd 900 °C 61 BNTILATIZA
= IS 0/ ' a it A . . [
TGA Taiduarunuvasadsunmn1suanaInl w3a % Fixed-carbon (%FC, dry basis) AJLEA

MIFWImINNENNTA (1)
Char yield (Wt%, d.a.f.) = [%FC (d.b.)*100]/(100-ash) (1)

(i) WavBIFARILBIALTENOUTNG (%CHN/O)
' [ . . < a X ' [%
(iii) A1A210Ta% (higher heating values (HHV) waztdasiduan iR NI wuadd1nnusan

(enhancement of HHV, % (d.a.f.) @T&meluawmi‘ﬁ (2)-(5) [32]

HHV(OLS) = 1.87C2-144C-2802H+63.8CH+129N+20147 )
HHV(PLS) = 5.22C2-319C-1647H+38.6CH+133N+21028 3)
HHV (d.a.f.) = [HHV(OLS)+HHV(PLS)]/2 4)

Enhancement of HHV (%, d.a.f.)

= [HHVtorrefied sample(d.a.f)-HHVraw sample(d.a.f)]x100/HHVraw sample(d.a.f) (5)
(iv) WosiuduUsinana ldiaznasounald (mass and energy yield) ssugasluaunisf (6)
Energy vyield (wt%, d.a.f.)

= Mass yield (wt%, d.a.f.)x[HHVtorrefied sample(d.a.f))HHVraw sample(d.a.f)] (6)

a A

WA LA 8@ aNITALATIER NANITNARALUBINTADAUTINIANNIBLA LU H ATz UIUNITNES

q

(2 2
S v )

waTuALaasluans9n 3.3 ludrfefsnadSunadiduazanuduluaiatng wie dry-ash-free

v (%

(d.a.f) vusuufiginvesnylddusvesaspaesdidn (@as9U§A3en) uazdsngnisainad

=

Ujsunusnuszniveasddznaudslanaiesiunafganaddlunszuiuninaunadi
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@19191 3.3 FULANITALNEIVDITININAVUATINANHIBNNTNBTUNATUN Y AN T6N4

Char yield

Ultimate Analysis wtw%, d.af)

HHV

Enhancement

sompeswidar 1 L
H C N O (diff)

Raw SL 1217 737 +£012 4798 + 0.58 058 £ 0.09 4407 1943 -
260 °C Tor-SL 77.75 1352 599 +0.23 4848 £ 201 044 +£0.23 4510 1930 -0}37 77.23
280 °C Tor-SL 67.42 1529 6.59 £ 0.63 5250 + 0.82 074+010 40.18 2137 10.00 74.16
300 °C Tor-SL 4762 1777 586 +£0.02 6122 + 0.83 087 +0.08 3204 2515 2947 61.66
320 °C Tor-SL 39.94 16.88 542 +0.23 64.89 + 146 090+014 28.79 26.56 36.72 5461

Raw RH 17.96 776+ 025 4765 + 090 134+ 005 4325 1945 -

260 °C Tor-RH 88.69 1995 583 +£0.26 4820 +1.00 119+ 0.06 4551 1924 -1.09 87.73
280 °C Tor-RH 80.29 2179 594 +001 5262+ 115 0.68 £ 0.08 40.77 2110 847 87.09
300 °C Tor-RH 60.74 2525 529+018 5015+ 171 075+011 34.82 2364 2156 7384
320 °C Tor-RH 55.06 26.49 519+021 64.40 + 1.89 0.80 £ 0.06 2961 26.05 33.95 73.75

Raw RS - 16.07 7.28 + 0.08 4544 +0.20 083+010 46.45 1824 - -
260 °C Tor-RS 78.20 1770 6.17£0.12 4917 £ 0.37 0.75 £ 0.07 4391 1968 791 84.38
280 °C Tor-RS 6541 20.84 548 + 0.08 5250+ 0.77 0.84 +£0.03 4117 20.86 1436 7481
300 °C Tor-RS 46.93 2149 532+ 005 62.03 £ 0.61 117 +0.08 3149 25.08 3749 64.52
320 °C Tor-RS 4473 20.95 475 +0.09 6143 +0.32 119+ 0.06 32.63 2427 33.08 59.53
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@19191 3.3 (A2) FUTANITANEIVBITINIRAVUATINANHBININBTUNATUN WD A6 9

Mass yield Char yield Proximate Analysis wtv, d.af) HHV Enhancement Energy vield
Samples iy, daf) (W, MIkg, of HHV wte, daf)
daf) daf) ©, daf)
H C N O diff)

Raw KS 16.14 653 + 0.09 5079+ 036  066+008 4202 2052 ;
260 °C Tor-KS 80.35 1999 523+011 5241 + 021 0.79 £ 0.06 4158 20.70 0.88 81.05
280 °C Tor-KS 7045 2120 376 +£013 5454 + 141 121+015 4051 20.80 136 7141
300 °C TorKS 5813 2229 504 £ 006 6503+ 131 107 £0.04 2887 26.23 27.86 7432
320 °C Tor-KS 52.02 2485 445+ 012 65.16 + 098 101+013 29.38 2563 2495 64.99

Raw BB - 1434 706 +019 4661 £ 093 113 +008 4522 1879 - -
260 °C Tor-BB 62.35 2276 580016 5299 + 046 0.75 £ 007 4045 2121 1286 7037
280 °C Tor-BB 4752 2483 542 + 017 6321 + 0.06 108 £ 0.09 30.29 2574 3701 65.10
300 °C Tor-BB 4242 2438 506 +£0.10 6546 £ 121 118+ 005 28.30 26.48 4094 59.78
320 °C Tor-BB 39.36 2305 499+ 016 66.37 £+ 091 106 £ 007 2759 26.83 4281 56.21

Raw CR 1681 702 + 007 4633+031  149+007 4516 1870 ]
260 °C Tor-CR 70.86 1732 6.01 £ 0.38 5120+ 108 189+048 4090 20.66 1047 78.28
280 °C TorCR 5802 18.39 572+024 56.96 £ 064 214 + 006 3519 2314 2371 7178
300 °C Tor-CR 4557 2097 547 £ 0.08 6380 + 107 255+010 2818 26.28 4052 64.03
320 °C Tor-CR 40.39 2110 489 + 006 6411 + 099 242 + 009 2858 2581 37.98 5574
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@19191 3.3 (A1) FUTANILTANAIVBITINIRAVUATINANH BN INBTUNATUN WD TN 9

- har yiel i is Wt HHV ,
Mass yield Char yield Proximate Analysis wt%, d.af) Enhancement Energy yield
Sampl wite, daf (W, MIkg, of HHV Wte, daf)
ampies e daf) , daf) o, daf) waat
H C N O iff,
Raw EFB - 1428 858 + 027 5419 + 056 128 £ 0.06 3595 2334 -
260 °C Tor-EFB 55.68 1659 6.72 £ 0.04 5912 + 041 169009 3247 2491 6.71 5942
280 °C Tor-EFB 4899 1771 6.09 £ 016 6062 £ 0.79 156 +001 3173 2514 771 5277
300 °C Tor-EFB 4275 18.03 566 £ 018 60.64 £ 0.34 167 £ 006 3204 2478 6.18 4539
320 °C Tor-EFB 38.80 17.36 552+016 59.66 + 1.86 170008 3313 2420 368 40.23
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3.3.1 MINATIEHUTVI A lZﬂg’(solid mass yield) ua:am’z/nnaumq (ultimate analysis)

UYSunmnalaluning wi% (d.af.) 2835m1ana3 e leanmszsshninidSauisuna wias
wadUNIzLIUMIMaIUNATY asuaaslua1en 3.3 wudn aingunndlunimaiunatu
AdSununalafidaaasadnlidoddnylufiunaynoiia dswmitdiediaunay (RH) waznzan

‘é a a a L5 a v { U v { 4
Uhdu (kS) TadidSunmsaglasuazinfiugs dsnsddiununalanaaudnigan 80-89 wtt Lila
HunInaTunaduil 260 °C iiluiaan 60 w11l uazaaadniia 50-55 wt% Lilaiwugmunniily

2 ' o o o | ' e o [ A A a A
audly 320 °C uddmiudmatnaaw i (BB) uaznmnaud1znas (CR) Daluanaadioaglas
1N JUSNNUNE laaadIadI8E1ININT 60-70 Wi% Was 40 wt% Liar1unITLIBAIINaTUNATUN
260 uaz 320 °C MNAAU dMILMTIianziesdlsznaume wuil %C vasTruaasnlng e

AI &’ di AI a a L ] o o 1 ~ U s 1 =3 s ]
WNdn WaiiugunniniineIunatu udnaufl %0 anssatainldta adrlfany dratg
nzapiay (EFB) fidn %C Aaud1iaInNf 59-60 wt% Lilariunisnaunatulunnamnnd

4 % . a o o o o A ! \ o A
Wasanluaadng EFB SUSINaa3anasnnan st uinann S9unassInadan1Iaansain
asuadsnulugrmaiunatungmngiien [33]

aq( 04 1 [ = a = al ea aa '
»hananH i;mmuaaﬂﬂs:ﬂaum@l"uaamma@uLLazmmaﬂasVLW@wam’J:qmﬁﬂummﬂma

U

nuIgninaNaiInNUENNUETLTENI van Krevelen diagram %38 nufuRBE1zRIN980 98I

! 0/ o 6 & v a

H/C @a O/C @”al,mmlugﬂﬁ 3.1 WU ANNFNN BT wLUULFRaTILaz a1 naa7 ka3 na
& 1 H =) L { a 1 w ¥ a
st (Tafidn H/IC~1 waz 0/C~0.4) ﬁﬂﬁﬂaiLLWﬂ"ﬁuﬁQMﬂnga LEAIIN FNUANILTaLNR I
= A A o akf v A o A A a A a ) &
mmawmumswmuﬂaﬁuwulﬂammnumuﬁumaquqmﬁguﬂaSLLWM‘u nana N
v o ¢ = Aa [ a A A A a w o
ﬂ’J’]&laNW%m}E]d“H’J3J’JEW]3JL‘HﬂQIﬂ&ﬂULS&JL‘]}NQIamﬂﬂ weidUSuwANRnay leun SL, RH, RS,
BB w8 CR Lfluu,uuLﬁ%"umm”aayjumﬁumwadﬂﬁﬁ%mﬁ"lmmfu (dehydration reaction, -H,0)
aaAaa :/ A 1 L 1 v Q A Q 1 g/
wiaUnsunnidsiean delliaanutulugy 1.8-2.2 Inalfissny 2 Ssfasasiuaadin (H,0)
Tauianie BB uaz CR ﬁﬁé’@daumauaﬁmagiaaqdq@ (26.9-32.8 Wt%) %t LEAIAIAINY
ANNFUNUTLAIUINFS (R® > 0.95) uazdidnnnudulyiniy 2.01-2.05 waaslianin Ufnsen
=) L% d'l =3 g’ ) v a L a 6 a o v 1Aa v
mvl,al,@ﬂul,wamu’]aaﬂﬂﬂmﬂ@wuﬁzmaaaaﬂmaawﬁagiammuam%gha RN CESTOIVRT AT e
&/ 4 QI a a s 1 o 04 s 1 { a
mad"mfgwu Lﬁmwuqm%gwmwammmu [34-35] WARIRIUAI8819 EFB NAUSu ™
extractive §9 ﬂé'uﬁmmm‘*ﬁ'ugamﬂﬁa 7.2 luanseNanagng KS ﬁﬁﬂ%mmﬁﬂﬁuqa HGITEGR
AMUTUAEUNLI 1.5 LRAILAHAWIT NIFANLAIGIIAINNTAUYD extractive NHLUSIN D LalaTLa%
a a dld a a 0 1 6 aaa dl a &/ 1 a %
GR LLazaﬂuuﬂwﬂsmmaanmwgoadNamaﬂ‘mﬂgmimﬂgﬂsmﬂm@mu‘lu%mmmmuﬂ%u

[33]
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Atomic H/C ratio

2.0

1.5

1.0

0.5

0.0

% |
oSL v =17907x +0.4347 "
R2 = 0.8302
EmRH Y =2.1018x+0.2015
i R2=0.7158
RS y=22714x +0.0539
R2=0.9172
L AKS v =1.4799x + 0.3401
R2=0.4616
xBB Y = 2.0503x + 0.2567
R2 = 0.9662
- @CR Y=20182x+0.2826
R2 = 09636
OEFB VY =7.1903x - 1.7012
R2=0.8785
1 | .

Eﬂﬁ 3.1 ANURUNUTIZAIN9 HIC AL O/C (van Kraveen diagram)

Atomic O/C ratio

a a a a 6
°llQG%QNQGQ‘ULLGZTQNQQYISTVLWQ

0.8
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3.3.2 manaTERwganTsunanusanvastinianaT iwdmelanisiwlslads

U7 3.2 LRAINTINANNFUN BTN RnulasivninersanuTannalamsinlsladauad
FrurafdIunIneTuNaTuNgmn) Jd 19 L unuTuIaauns 7 sha ninvaItIuIa
71a%"l,wﬁgﬂﬂ%’ﬂ@hlmﬁﬂuﬁuﬂ%mmmaa‘fmmaﬁuL%wﬁuﬁmmiﬂmﬁamﬂ%mmma"l,éfuﬁ'amu
N2UIUNTNAIUNATY (solid mass yield) NNIINALARIT W AnsIunsilaawudasiinin
v v dl s Q v v v a dl v
arsauTanazilasundadly Tagazddranissarsardrganausannialanisinlslaganniie
,§’ o o A al 6 a aaa o @ U n' &/ I3 %
AUFIMITUTINIANaS W e trgmnndvasdjisensaansdidiganuiamiudnianiasain

v

250-350 °C Uil 300-400 °C lagianizdiuaafitinwnisn a%uvxlwﬁuﬁaqm%gﬁ@ﬁu@i 300 °C

a

; o o o 1 [ < A o a ot 1A
T%VL‘L] fnTuMatenzalay (KS) ‘Y]\‘iLLUUY]N’]%LLE‘]ZVLNN’]%‘HWTY]aiLL‘V\IﬂT% W‘]J"J'WN“]TNEJM%J’]N

U

s v v 1 { { a Qs { A
NMIFAAITIIBANNTaUTINFINg RN IgItszanas 700-750 °C muam‘lugﬂﬁ 3.2(d) o9

sunsnatuwladn Wunmssansainisainuseusasanssznaudinan anhydrous carbonate

Anululassai1ives dolomite udrddasfiieg CO uaz CO, aananlugisamnanil 600-800 °C

ni va a v 1 v nq( 091' L5 1 a v b’ni a

aufladdanglunonwiduieunihit [36] wenaniudinud Usnnumaldvasmningungd
oA X 4 A PN a Y a = A o

900 °C fidnAndu ilaiRugunadniimeIuatuludiniannoiia Sssmuninesueldannis

Wadiseasasdailulassssvvasiinanadiwanmelanisinlylada [8, 34-35]
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100 100

(a) Sugarcane Leaves (SL) (b) Rice Husk (RH)

—Raw SL —Raw RH
80 | ---260 °C Tor-SL 80 o ---260 °C Tor-RH
............. . -- 280 °C Tor-SL _____,__; -- 280 °C Tor-RH
. — 300 °C Tor-SL . — 300 °C Tor-RH

60

60 |~ == - — 320 °C Tor-SL — 320 °C Tor-RH

wt% (d.a.f.) based on raw sample
wt% (d.a.f.) based on raw sample

40 "7 =~ 40 |
20 | et T 20 |
0 1 1 1 1 0 L 1 1 L 1
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)
100 100
% (c) Rice Straw (RS) % (d) Palm Kernel Shells (KS)
€ — —
g 8o | RawoRS g 80 L RawﬂKS
@ ---260 °C Tor-RS L ---260 °C Tor-KS
g T -+ 280 °C Tor-RS z - - 280 °C Tor-KS
S 60 beemoo.o — 300 °C Tor-RS c 60 |~ T T 7 — 300 °C Tor-KS
o T=.
3 .. — 320 °C Tor-RS _g ______ — 320 °C Tor-KS
@ A Q —_— i — e —
8 40 [Er=mema, 8 0 |
T 20 t+ o 20
B X
E E
0 1 L 1 L 1 L 0 L 1 1 L 1
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)
100 100
) (e) Bamboo Trash (BB) % (f) Cassava Root (CR)
Q.
= —Raw BB E i —Raw CR
g 80 ---260 °C Tor-BB g 80 ---260 °C Tor-CR
2 - 280 °C Tor-BB A C— - -+ 280 °C Tor-CR
PR - o N I—— — 300 °C Tor-BB c 60 | — 300 °C Tor-CR
_g . — 320 °C Tor-BB _g mreemea — 320 °C Tor-CR
Q a .
(7 B Al R R —_
g 40 =T ::*‘?*-s § 40 [—. =TT v
T 20 _ = 20 ¢ —meneg
g E
E
0 1 L I 1 0 1 L 1 1
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)
100
o (g) Empty Fruit Bunch (EFB)
g —Raw EFB
g 80 & ---260 °C Tor-EFB
z -- 280 °C Tor-EFB
c 60 I — 300 °C Tor-EFB
© | — 320 °C Tor-EFB
B U
(2] T~
840 [mr o=
5
o 20
2
E
0 1 1 1 L 1 1

100 200 300 400 500 600 700 800 900
Temperature (°C)

a o

311 3.2 N1 TGA wsdunanaIlndngannle giisuiufinisduniinisinueasni 7 oiie
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a ~ Q' é/ 1 v o v
3.3.3 ﬂ’?i?tﬂi’?a‘:ﬁilf@i‘ﬂ%ﬂ’7ﬂ‘W#J?I%ilé]x?ﬂ’7ﬂ’3’ll!56% (enhancement of HHV) LLN:W&JJ’?HN&Y@

(energy yield)

' @ . . A g a {0 o =
A1AI1UTaY" %8 high heating value (HHV) tiugui@n19tratwisasvasudingnan a4
o v { g 1 Q 1 { 1 1
sanIndwImldanauniim (2)~(5) Iuatnudasiuaddsznausg CHON aufinalunan
o A A ' o . A A a a a
Wil nEanuaasluan T 3.3 wudn @reena BB waz CR SafidFanmiafivoaglasgen 26-32

J
< 6 a o o

1 aQ ; { g 1 [ =
wtt% udfilTunonaaglagdni 29-41 wt%e dulafidudniaiiniusesdr HHYV adadibdndny
U4 10.5-12.9% LilariunInaTunatunamnnidnn 260 °C anldninu d1 HHY Saden
A & \ ) { a o A a d a
iNTUaEINN 1T 38.0-42.6% LlarunIneTunatuNgmnyiign 320 °C lasaanIniiy

A1 HHV 310 18.7-18.8 MJ/kg 1uTnaady 1Ju 25.8-26.8 MJ/kg luTintanaIing uwadnsu

o oA {

=) a 1 > 1 QI &/ -5
dmatwdinaniiiaglasuazinfiugiatng RH uaz kS navlawunadinduuas HHV annin
A ' a o A A o A a a a o X =
Luamumswamwﬂmqummum 260-280 °C Lm:maquqmwguwaiLLWQmmmﬂu

I P ' v A , C A A, e LA ~ o A o
300 — 320 °C ARIANIDLANAT HHV TaiNe9 25-34% 1¥inthw Gedanikasnindatigununan e
awnm"’aashaﬁ'ﬁmﬁwmg‘[aago LRI IAARIY TuT9n1InaSunaTUL NIRAIUAIA8ANNTAY

°llE]\‘1LSﬁL‘ﬁ@QIﬂﬁﬁNﬂﬁ@%ﬁ’N%ﬂﬂ WaNeUNUNIRA8aY aamagiaauazﬁﬂﬁu

o % Aa [ ' a [ . A A ' a

FNTUNFIATIZRNINRIINY AIWNRIITUNA b 138 energy yield TIRINTNNNAILUTU
NA'Le (solid mass yield) NUANBATEINVEI HHV 289U8IUDITINIANDUILATARINITNOTUN AT
PINNANULRAIIUAITINN 3.3 WU AIWRIITWNA LAADE JaaadliaiiugmnniinninaIuna s
& o v A v o a o ~ A A o A o '
ST UL ALINWNUAIUS N DR E 6 NNNANTNARBINY NI NBTUNATUNA 320 °C WU
#20819TINaNaT aUad RH ﬁ@hwé'amuwavlﬁgaq@ﬁ 72.8% UGEIMILAIBEIITINIANDS MG

v

289 BB Uaz CR 1HaI91NaNUS U MNA AR aININIBAAIGINTT 41 Wi% RINALAATWAIITHE L6
™ =}

' I o ] AL A ' ' a ' ! a 6 < & A4
NARNIDLNININLTUNY LL@]UGﬂdﬂJﬂﬂﬂ'fgdﬂ’l’] 54% Lwa'mwmamammamﬂﬂamaammu

é’@mumauaﬁmag{aﬁgauu e HHV §In91 26 MJ/kg

Lﬂﬂlﬁa’]ﬂqﬁﬂliqlﬁ]wﬂmﬂdé‘@ﬁquaﬂﬁﬂizﬂﬂﬂL%dIﬂﬁda%"']\‘ﬂla\‘i%')lna@iaﬂizu’)uﬂ’]i‘ﬂa%uﬂﬂ

L% vA A ,3’ & va @ K ° a a uz 6 A a° 6 a

mulﬁ(ﬂﬂxﬁmu%u V]']OE’J%U"ﬂ@ﬂ’]ﬂ’]iﬂQsLLWﬂTuﬁqiﬂizﬂaUa\']Lﬂ'ﬁ’]z%u‘iqvlﬁ"ﬂaﬂaﬂﬂﬂSZﬂaULTG

lavsaiananuasdinas wufe iwaglas loau (@unuesafisaglas) wazdniu vinfiavas
& & a Ao ' ' o A a &R A av o o

NRNUDIDIAUIENOUNIRINTHRAN DA TIRIWBLANG 1IN Lwa’JLﬂi’]:%ﬂdﬂ’]iuﬂgawwuﬁﬂw‘na\‘l

a\‘]ﬂ{‘]_litﬂ auw”amsﬂ‘iﬂmoai:”n%'amasminm:mumi‘ﬂ a3uNATH
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3.4 mﬁmsqzﬁauﬁamoL?jmwaamaemagfaa Laﬁmag‘[aa anku waza1sUsznaunaan
HIWN1INasuNazH (Fuel properties of torrefied model compounds of biomass (cellulose,

hemiceelulose, lignin, and their mixture))

A a @ an & a o & a
AN 3.4 LLamNaﬂimmwa‘l(ﬂLLﬂzﬁ&JUﬂWNL“ﬁEJLW@dWN S]Ta\‘iaflilljzﬂaﬂa\‘]l’ﬂiﬁlzﬁmﬂ\‘]ﬁ?“?a

Ao Lena;ﬂaa lara1w wazdniin 131089815 NaUNRNTE90IA LT NAURANNIRNNTRAT A ULAZ WA
mum:mumi‘na‘iwxlwﬁ'uﬁqmwgﬁ 260-320 °C 1il%i287 60 W17 LNaLUSIULNSUNUNATITINIA
N3y 7 sfieasaiungldnauniad theRasandsdfsunusnslulassasvvesiiviaszning

NITUIBNIINAILNATY
3.4.1 mMInaNeAUSNIUNS lZ@W(solid mass yield) uazam(iliznaum@ (ultimate analysis)

LaNTIUSU KA LavadIa 881N aS IWauada9aUsznauRan T N8 lwaI19n 3.4

WU el NI INaSUN AT US U LNA LA RARI IR L LaTAAWRAD 43.9 Wt% daudamnnd

<3 v =

260 °C LAZAARIANLNUILANIALIULARD 40.0 wt% ﬁqm'ﬁgﬁ 320 °C L&AII LaﬁLsﬁaQIaaawmwsn

va

RAUAINNANUTAN LA qm%gﬁ@‘h@”@u@i 260 °C E%m%'mﬁnagiaaﬁfu ﬁqmvsfq]ﬁ 260 °C g9LNaN1y

e Sp

FRNUAILNEILANTD LI ﬂ?mmwavlsﬁmdLSﬁaQIaaﬂa'%va@T@iamTNgdﬁ 81.3 Wt% LAzLINLNANTT

RANUAIE19TIAL5IAIUE 280 °C AUTNIMNA IARARILARD 42.6 W% WAZISNAINT 24—-25 wi%

v

Qq// 1 a &/ IA =) & 1 { R U Qs
asusgmnndl 300 °C auld lwynenandudaduasdsznevluansvmalngndutau saedald
¥ v A A o A a v & o o A
%QUNWﬂLLNﬂqmﬁQNfﬁGﬂ 320 °C UGL%QQ']J?N'WMNNVL@%GHG 74.3 Wt% ®1WITURIIUILNOUNTUN
o ' ' & a 1a o A ' Aa o A v o 1 6
AAINRIUATI 6 b Nﬂi&nmNﬁvL@LNi’]N']uﬂ']i‘ﬂaiLLWﬂ“ﬁu'ﬂNWﬂLLa$uﬂU@quﬁ@ﬁ?umaﬂadﬂﬂizﬂaﬂ

& 4 a a o é’ <3 a ¥ [ et v & ' )
w19 lasdagmnpiinanasunatugiiu nzddanmaldaaasaudiay uaadldinuii lugas

=) L 1 =3 { { /a o 1 J 1 4
ﬂitU’Juﬂ’]i‘ﬂaiLL‘Nﬂ“Eui]zﬁNa@]aLaNLGﬁQQIﬂaNWﬂﬁq(ﬂﬁam%ﬂu&lﬁﬂ LLa:mNamﬂmu@avmgiamﬁa

q
]

AI a &/ a a [ 1 v [} a et ¥ Rt
LW&IQM%QN@EG“E% Iummzﬁanummmﬂmﬂaum’mua ﬂlu"ﬁ’lx‘]'ﬂﬂiLLWﬂ"U% ﬁa@]ﬂﬂadﬂﬂﬁdﬂﬂﬁiﬁﬂﬂﬂ"]

(7 v

NARDIVDINBENITINIANG 7 Thanauntin

'
=3 a a

' ' o a X 4 o a

WaRsannsieeieasdlsznausg wuin %C saulngdas Andu adiugmungdl
o e - o ¥ . s ¥

nasunatw lag %C vagloarwnas IWatmutwan 37.7% 1w 53-57% lagluuanad1anwuinawls

' P | a v & ' Ao 1o L al 6 S § '
LLmazqm%Qu L%Bd"iﬂﬂﬁﬂ’]EJGI’JVL@@]G]GLL@IQ‘EI,L%I]&I@’] LL@]R’]%T}JL‘UagiﬂﬁﬂﬂivLW@ﬁlva&lLW&I"ll%&l’]ﬂl%“ﬁ’m

U

a OI Q‘ &/ { a U a a 1 QI J
aqnmgum uaztvNwdn 60-67% ﬁqmugma 300-320 °C LL@I%ﬂifﬁﬂladaﬂ%u %C A8 gLNNUL

U

8619719 90 59% luandiudu 1w 68% ludnfiunadlwan 320 °C SwsuaIlsznaunaunasing

o

dl 1 ' < A ca' c&l v o 1 1 a
NIARIUANN NA %C (ﬂ’mLW?J“].I%G]’]&ILL%’JI%&J&@&’J%“DE]GW]S?J?ZT']ﬂULL@]&z“H%@
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dl wa ,&' a 0/ &l 6 o v = A a o A a o
M1319N 3.4 ﬁ&lﬂ(ﬂ‘(ﬂdL°118LWGG"IIE]Gﬂ’ﬁﬂi::ﬂa‘]_lﬁdLﬂi’]Z‘VW]Lﬂ%@dﬂﬂitﬂaﬂ%aﬂluiﬂ‘idﬁi’]ﬁj’lEJ’JE‘W]N’W%ﬂﬁiﬂﬂiLLWﬂ“ﬁ%ﬂ%Mﬁﬂu&l@nd 9

'\ﬁgf; Char yield Proximate Analysis wtv, d.af) HHIY Enhancement Energy vield
Samples (Wi, E;N;;) ('\gi‘f‘?, (SI ';2}/) Wi, daf)
daf H C N O ddiff,
Raw Xylan H) 218 6.81+0.22 37.70 £ 095 0.04 + 007 5546 14.90
260 °C Tor-H 4387 16.37 570 + 041 5321 + 233 0114011 40.99 2117 4207 62.32
280 °C Tor-H 4221 1841 574+011 5478 + 0.26 0.21 + 0.09 3927 21.90 47.00 62.05
300 °C Tor-H 41.80 1808 569 + 0.02 5245 + 013 0.17 +0.02 4169 20.84 39.89 5847
320 °C Tor-H 39.99 16.94 6.04 + 0.09 5718 + 051 0.20 + 0.08 3658 2321 55.79 6229
Raw Cellulose (C) 6.42 6.97 + 0.08 4424 + 045 051 + 003 4827 17.64
260 °C Tor-C 81.28 6.87 6.79 + 0.09 4655 + 0.68 0.05 + 0.08 4661 1858 5.35 85.63
280 °C Tor-C 4260 11.25 585 + 0.08 5163 + 0.17 015+ 001 4236 2056 1657 4965
300 °C Tor-C 25.10 11.78 471+008 5955 + 1.04 0.24 +0.04 3550 2329 3204 3314
320°CTorC 2429 11.65 517 + 007 66.66 + 1.10 027 + 008 27.90 27.09 5358 37.30
Raw Lignin L ) 3485 6.10 + 0.04 59.03 + 051 0.89 + 0.03 3398 2426
260 °C Tor-L 87.03 36.09 523+ 003 63.85 + 0.25 059 + 0.06 3033 25.80 6.35 9256
280 °C Tor-L 83.26 3524 5.25 + 0.02 65.27 + 0.20 0.46 + 0.06 29.02 2651 9.27 90.98
300 °C Tor-L 84.41 3415 522 + 0.02 67.60 + 0.27 040 + 0.03 2678 2765 1396 96.20
320 °C TorL 7433 3517 527 + 0.04 6829 + 0.09 0.36 + 0.04 26.08 28.06 1568 85.98
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dl 1 wn ,&' a dl 6 o ¥ ) A a o A a o
M191897N 3.4 (A1) ﬁ&IU@W]’NL°Ui’]LWGG"IIE]Gﬂ’?iﬂi?&ﬂaﬂﬂLﬂ%adﬂﬂitﬂa‘]_l‘ﬁaﬂl‘lﬂﬂidiﬁi”ldﬂj’l&I’Jﬂ‘ﬂN’]%ﬂ?iﬂ@iLLWﬂ‘ﬁuVlQMﬁﬂuN(ﬂﬁd 9

Mass

— Ecvetl/d Chz\:\: toy/ol,EId Proximate Analysis wt«, d.af) <h|/|_|5|I<\21 , Enhoa;nﬁﬁcent E(r;vizg)a ﬁ?l)d
dah ab H c N o diff daf) @, daf)

Raw HCL311 2111 669+ 012 4169 + 087 023+ 002 51.38 1653
260°CTorHCL311 334 2197 633+009  5666+113  019+017 3682 2316 4011 88.75
280 °C TorHCL311 5792 19.66 595+ 013 56.83 + 098 024 +0.09 36.99 2298 3907 8055
300°CTorHCL311 4911 2295 532+016 5759+054  042+006 3666 2292 3870 68.11
320 °CTorHCL311 4620 2128 546+012  6207+136  028+007 3219 2511 51.96 7020

Raw HCL131 - 16.40 675+ 016 4370+090  026+004 4928 17.36
260 °C TorHCL131 7789 1451 653+015 5254 + 1.02 013+012 40.79 2127 2250 9542
280 °C TorHCL131 6756 1873 6.04 + 002 5172 + 037 018 + 003 4206 20.68 19.08 80.46
300°CTor-HCL131 4327 1867 537+009  5837+005  027+007 3599 2329 3413 5803
320 °CTor-HCL131 3832 1667 537+ 010 6648 + 1.19 043 + 004 2772 27.25 56.93 60.14

Raw HCL113 26.43 6.20 + 0.06 4992 + 041 037 + 003 4352 19.97
260 °C Tor-HCL113 7851 2509 556 +0.17 59.04 + 1.77 028+ 003 35.12 2375 18.96 9340
280 °C Tor- HCL113 6942 3334 547+005  6138+105  044+004 3271 2481 2428 86.27
300°CTor-HCL113 322 3066 515+006  6400+062 038004 3047 2576 29.02 8157
320°C Tor-HCL113 5877 3007 507 +0.22 66.00 + 0.22 048 + 003 2845 26,67 3356 7849
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dl 1 wn ,&' a dl 6 o ¥ ) A a o A a o
M191897N 3.4 (A1) ﬁ&IU@W]’NL°Ui’]LWGG"IIE]Gﬂ’?iﬂi?&ﬂaﬂﬂLﬂ%adﬂﬂitﬂa‘]_l‘ﬁaﬂl‘lﬂﬂidiﬁi”ldﬂj’l&I’Jﬂ‘ﬂN’]%ﬂ?iﬂ@iLLWﬂ‘ﬁuVlQMﬁﬂuN(ﬂﬁd 9

Mass

Char

yield yield Proximate Analysis wtz, d.af) HHV Enhancement Energy yield
MJIkg, of HHV
Samples (Wi, (W%, daf) o daf) Wte, daf)
daf daf) H C N O diff) o
Raw HCL111 i 21.05 665+ 011 46.14 + 065 026 + 008 4695 1841
260 °C Tor- HCL111 7245 2323 6.29 + 0.12 57.88 + 101 032+ 001 3552 2375 2904 9349
280°CTor-HCL111 @124 2545 538+ 012 5751 + 066 020 + 005 36.90 2290 2443 7620
300 °C Tor-HCL111  5p49 2289 512 + 002 6105 + 0.34 0.29 + 0.09 3354 2432 3214 69.36
320 °C Tor- HCL111 4846 24,05 533+ 005 68.02 + 0.74 039+010 26.26 28.00 5212 7371
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- SV & a o ¢ a e A
wanani daduaddliznaunquasasdneuiinasuanzined iWdnanizgunnd
AuAnANAUGIgNINANEIIANUENHUENLTENTT van Krevelen diagram W3aANaNNUTTERINg

aAI&IN H/IC ¢ia O/C @TﬂLLﬁ@ﬂlugﬂﬁ 3.3 WU ANNFNABTLTWLUULFWATILazH AT I naaNN Le

a [} A o @ '

a & 1 { a = H
NANIUA (F9d61 HIC~1 uaz 0/C~0.4) inIneTunatuNgmnnlgs IBuLADINLAI8819EI8

U

1 %

neslndluzif 3.1 ausuiuslugud 3.3 sulnaduuuuiduasiasegunduassvasd figo
@ 'laLa357% (dehydration reaction, -H,0) ﬂ%aﬂﬁﬁ%mmiﬁaﬁ’maﬂ Gefiarnatulutag 1.5-2.2
Indifinsny 2 Gsfedasuvassin (H,0) LLazLLamﬂ"]m']ummé’uw”ufﬁmiuﬂwg\mgmm (R? > 0.90)
Tagiamz Cellulose % uazdanutwying 2.06 ugasliifini ﬂﬁﬁ‘%mﬁvlal,mﬁ'mﬁaﬁaﬁwaaﬂ
ﬁﬂﬁl,ﬁmw”uﬁzmaaﬁaﬁmaaLﬁﬁagiaa [34-35] luneRanfindenanutuannnit 2.0 1inves 7 2.16

a o o ' a A = a 6 a ' [}
LLﬂz‘lﬁﬁﬂﬁuﬂJﬂﬂﬂ’nﬂﬂiu@nﬂ’]’l 2.0 7 1.56 1ummzﬂaﬁiﬂszﬂaummammiﬂzmamwmaQlu%aa

1.60-1.73
20
0 Xylan  y=1.5604x +0.4278
w 15 F R?=0.9782
—
O mCellulose y =2.0607x + 0.1621
3 R? = 0.9475
o Lignin  y=2.1627x +0.2707
£ 10 | R?=0.9017
o ) ¥HCL311 ¥ = 1.6032x +0.4504
Z R? = 0.9499
HCL131 Yy =1.7231x +0.3945
R? = 0.9592
05 OHCL113  y=1.7313x +0.3874
R?=0.9101
AHCL111  y=1.7276x +0.3622
R?=0.9977
0 0 ] | ] | |
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Atomic O/C ratio

;51]171 3.3 AMNNFUNUTIZHIN9 HIC AL O/C (van Kraveen diagram)

= a = al 6
°ummmawmm:mmamﬂﬂm
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a 6 Aa o = % 6 a 6 3
3.4.2 MINATILAWYANTINNWAINTOUVBIRITYIEnauTIvIasaaTzwnes IWamelanisinlsla

a

T

3UN 3.4 usaanmwanudunumadaswulasimindisanuiaunoldnisinlsladavas
sIUsznaudiniasaaNziidiunmeTudatuigmnndd1s giisunudladnadu dninves
a o & a & o v a o a a A a 9 o 'Y a
FrunadaanzinedndgnuivalvifsuivdSunmesiinisduiiududisnisgudiodium
NA MERAIEIWNTZUINNITNESUNATY (solid mass yield) NANTINLAWIN loauwnaTInaiyIunm

& o . & a ' = v o & ' ' o
A1TUaUAIAT (fixed carbon) gadinanloaudvadnuiuldda itasanloausrulngaaods
lugenszuauntanesuratu lusaeniaaglaanadiWdngunnd 280-320 °C fiUSunmaniuauad
> J s ni v A o = a a [ nn{ v g 1
drgsluluszaunlndifoanu uazlingdnysunisinlylagalutrsgmnniinninedu udioaglas
na3indngmngil 260 °C ddrlduandsnniaaglasdy duivandsznaufrinaduanzikau

Qs 1 1 Qs g § 1 =) L a =) U Qs a Q€
ganduuandniuiu WakunmmeIunatu Iwgdnssunsinlsladalndifusnuasuigniaa

FARIBNNIDUUANFE1IN b

~ ~ A' J U v =3 v
3.4.3 M nzMla T T unI TN uYaIA1AII1NTaYU (enhancement of HHV) URWRIITHEHE L6

energy yield) Yaya1313znauFInIagIaTIZHNaT ING
gy y

FRTUANANNTOUVBITINIRRILATIERALVIIR U NOURANNIRINTHAK fa 14.9, 17.6, LA

24.3 MJ/kg (daf) #1930 lrau Leﬁagiaa LASRNTAWAINRIAUAILFAIIWANI19N 3.4 LTaNINTIN
% ' ci 1 a o ' Al 6 1 ::' &’ 1 & U s 1

NATDIADENANIUNIINDSUNATY WUAN taraiwnaSWaaan HHY tANAwa 1A% laTaa1nnan

09: 1 H ~ QI g H H a H 1 Q
40 % AILEAN 260 °C LLa:ﬁLﬂaisﬁumiLwmugaq@ﬁ 55.8 % ﬁqmvmﬂu 320 °C lagNaIWa 9%
Navl,ﬁa@aaagluiz@”ﬂn&ﬁmﬁ'ﬂuﬂﬂaqm%n“ﬁvlﬁﬁauﬁwagaﬁ 62 % ﬁﬁ%%’m%agiaa A1AINNTAU

1 Ql g 4 QI a 1 4 a
HHV fag guAuIwIN 5 % Wi 53.6 % \WalAug AN 260 °C i 320 °C udLiananson

'
a ]

ATNAIIBRA LG NAUNAIANRIDLNILAULATAIN 85.6% LWRADLNLY 37.3% LitadanUSumNa lan

IQ a a 1 ~ { AI g = v 1 { {
AARINN InameNanfiunasiwanalasidw HHY NIANDwLNgILANTTaL I@Uﬁmgaq@ﬁ 15.7 % N
amnnd 320 °C LL@i{Tammsnm@hwé'wfmwa"lﬁﬁgamﬂﬁ 86 % Liha99NUSHI KA laaaadluNIn
b o ot 1 6 & a J ' U % = LY I
WN F1RIUALU S IEUNI TN NI WU DIAIAINNTEW LASWAIITUNE L6 b RITUTENaUTINIRFILATIZH
NRNNHIWNNITNSUN AT I D lduaugasIwtadadnlsznavudazsialugaaiunuiniiasg

LANE1IN 1)
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100 100

;: — Raw Xylan o —Raw HCL311
g --- 260 °C Tor-Xylan g ---260 °C Tor-HCL311
o 80 -+ 280 °C Tor-Xylan @ 80 | -+ 280 °C Tor-HCL311
> — 300 °C Tor-Xylan ; — 300 °C Tor-HCL311
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Enhancement

of HHV (a) % Cellulose (b) % Hemicellulose (c) % Lignin
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% Mass yield
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Enhancement

of HHV (a) % Cellulose (b) % Hemicellulose (¢) % Lignin
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unan 4
uﬂaEULLazﬁaLﬁ%attuz (Conclusions and Suggestions)
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Abstract: Agricultural waste is recognized as
one of potential dry biomasses which could be
converted to renewable energy via thermo-
chemical conversion technology. Seven types
of agricultural wastes in Thailand were selected
and used in this study such as bamboo trash,
rice straw, rice husk, sugarcane leaves,
cassava root, palm empty fruit bunch and kernel
shell, which showed potential amount of carbon
content at 45-55 wt% for energy conversion.
Major problems of raw biomass are high
moisture content, low calorific value and low
bulk density, so it is necessary to pretreat raw
materials before being fed into the conversion
process to improve the quality of biomass fuels.
Torrefaction or mild pyrolysis under inert
condition at low temperature was selected in
this study as a pretreatment method by varying
torrefaction temperature at 260-320 °C for 60
min. However, chemical composition analysis
of raw biomass showed significantly different
amount ratio of cellulose, hemicellulose and
lignin, which possibly affect to fuel properties of
each torrefied biomass. The results showed
that, with an increase in torrefaction
temperature, %fixed carbon (%FC) and %C in
torrefied biomass significantly increased,
leading to an increase in their heating values
(HHV). The relationships between the chemical
composition ratio and fuel properties of the
torrefied biomass at elevated temperatures
were finally postulated. They indicated that the
biomass containing less cellulose content with
more amount of hemicellulose tended to obtain
higher %FC and HHV because hemicellulose
was mostly decomposed at relatively lower
temperature.

Keywords: agricultural biomass wastes,
chemical  composition, fuel  properties,
torrefaction.
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1 Introduction

Biomass can be thermo-chemically transformed
via various methods such as pyrolysis or
gasification into a form of liquid biofuels or
synthesis gases as renewable energy. It can
also be utilized as solid fuel and directly burned
to generate heat and power. However, most
solid biomass has the disadvantages of high
moisture content and low calorific value due to
its high oxygen content when compared to fossil
fuels, leading to a low conversion efficiency.
Moreover, its low bulk density results in
difficulties and high costs in its collection,
grinding, storage and transportation.
Torrefaction, considered as a mild thermal
treatment at low temperature, has been paid
attention to improve the properties of solid
biomass and its potential for use with
conversion technologies to biofuels and
electricity [1-2].

However, biomass structure is very complex
comprising cellulose, hemicellulose, and lignin
as its major constituents. The composition ratio
of these components could be varied
dependently on the biomass species. In
general, it typically consists of 40-45%
cellulose, 25-30% hemicellulose, 15-30% lignin
including 2-5% organic extractives and ash.
This variation would possibly affect to the
torrefaction behaviours and products [1-2].

In this study, the torrefaction products of several
agricultural biomasses containing various
composition ratios in the structure were
comparatively investigated. The graphical
relationships between the composition ratios of
biomass and fuel properties of the torrefied
biomass was then postulated to predict the
most suitable conditions for the torrefaction of
specific biomass.



2 Materials and methods
2.1 Raw materials

Seven biomass types from agricultural wastes
such as bamboo trash (BB), rice husk (RH), rice
straw (RS), palm kernel shells (KS), sugarcane
leaves (SL), empty fruit bunch (EFB) and
cassava root (CR) were used as raw materials
in this study. Samples were ground and sieved
into a range of 63-125 um, then dried in a hot
oven at 105 °C overnight prior use.

2.2 Chemical composition analysis of
raw biomass

Chemical analysis of raw biomass was carried
out by following TAPPI (Technical Association
of the Pulp and Paper Industry) method [3-6].
The TAPPI method started with the soxthem by
adding ethanol to wash extractives out. After
that, holocellulose was determined using
chlorination method, and the alpha-cellulose
content was later obtained by washing with
NaOH and acetic acid. Klason lignin was
determined using concentrated sulfuric acid to
remove other components. For hemicellulose
content, it was finally calculated by the
difference. Ash content was separately
analyzed by combustion of the samples at 900
°C using TGA under oxygen atmosphere.

2.3 Torrefaction of raw biomass

The torrefaction of the biomass was conducted
in a quartz tube reactor under Nz gas flow rate
of 250 cc/min by increasing the temperature up
to 260, 280, 300 and 320°C at a heating rate of
10°C/min and holding for 60 min. After that, the
torrefied samples were weighed after natural
cooling for mass vyield calculation and then
analyzed using thermogravimetric analysis,
TGA, (TGA8000, Perkin-Elmer, USA) for
proximate analysis to obtain % fixed carbon
(%FC) and using CHN/O analyser (MT-6,
Yanaco, Japan) to determine elemental
composition (%C, H, N, O) in torrefied biomass.
Finally, the higher heating values (HHV) of each
raw and torrefied biomass were calculated by
the equations used in a literature [7].

3 Results and discussions

3.1 Chemical composition of raw
biomass

Chemical composition analysis of raw biomass
was determined by TAPPI method with a
calculation of dry-ash-free (d.a.f.) basis. The
results as shown in Table 1 indicated that RH
contained much more cellulose content (53.9
wt%) than that of others, while KS consisted of
the highest lignin content (56.5 wt%) among all
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samples. CR seemed to contain more amount
of hemicellulose (32.8 wt%).

Table 1: Chemical composition analysis of raw
biomasses used in this study

wt% (dry-ash-free, d.a.f.)

Samples Extractives  Cellulose  Hemicellulose  Lignin
SL 1.78 47.38 24.42 26.42
RH 2.06 53.91 6.85 37.18
RS 6.55 47.43 26.45 19.57
KS 3.60 21.29 18.64 56.47
BB 6.79 41.20 26.86 25.15
CR 10.98 29.94 32.82 26.25
EFB 23.03 37.02 22.07 17.89

3.2 Proximate and ultimate analysis of
raw biomass

Proximate analysis was performed by TGA
under nitrogen gas with a heating rate at 10
°C/min up to 900 °C after moisture removal at
110 °C, to firstly obtain volatile content. After
that, the amount of fixed carbon could be
determined by the combustion with oxygen. The
residue was recognized as an ash content. The
results in Table 2 showed that %FC and carbon
content of raw biomass were relatively low in a
range of 10-16 wt% (d.b.) and 45-55 wt% (d.a.f),
respectively.

Table 2: Proximate and ultimate analysis of raw
biomasses used in this study

Proximate analysis Ultimate analysis

Samples (Wt%, dry-basis, d.b.) (Wt%, d.a.f.)
Volatiles FC Ash %Carbon
SL 77.19 10.67 12.14 47.98 £ 0.58
RH 58.42 12.77 28.81 47.65 £ 0.90
RS 74.07 14.16 11.78 45.44 + 0.20
KS 71.54 13.75 14.70 50.79 £ 0.36
BB 81.37 13.55 5.08 46.61 + 0.93
CR 78.81 15.90 5.29 46.33 £ 0.31
EFB 80.30 13.36 6.35 54.19 + 0.56

3.3 Torrefaction properties of biomass

Fig.1 shows TGA curves of representative
biomasses containing highest content of
cellulose, hemicellulose, and lignin, which are
(&) RH, (b) CR, and (KS), respectively, after
being torrefied at 260-320 °C for 60 min. The
weight loss (wt%, d.a.f.) against temperature
curves were gradually broader with increasing
the torrefaction temperature, particularly at
higher than 300 °C due to major
decompositions of hemicellulose and some
parts of cellulose and lignin structures in
biomass at low tempearture. Their quantitative
fuel properties such as % mass yield (d.b.),



%FC (d.b.), %C (d.a.f), HHV including % energy
yield (d.b.) were expressed in Table 3. With
increasing the torrefaction temperature, fuel
properties of the torrefied biomass were
significantly improved such as an increase in
%FC, %C, and also HHV, while % mass yield
and energy yield decreased. Therefore, the
torrefied biomass at 320 °C were selected for
the comparative analysis between fuel
properties of torrefied biomass and the
composition ratio of raw biomass.
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Fig.1 TGA curves of raw and torrefied biomass
samples (a) RH, (b) CR, and (c) KS at 260-320
°C for 60 min under inert condition up to 900 °C

Moreover, CR sample, which contained highest
hemicellulose content, showed the most
enhancement of HHV (d.b.) at 36.3% (from 17.1
MJ/kg in raw biomass to 24.14 MJ/Kkg in the 320
°C torrefied sample), while this value decreased
to 27% and 20.5% in the case of RH and KS,
respectively. This could be briefly concluded
that the torrefaction would mainly affect to the
decomposition of hemicellulose, and relatively
less influence to the degradation of cellulose
and lignin, respectively.
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Table 3: Fuel properties of RH, CR, and KS
samples torrefied at 260-320 °C for 60 min.

0, * 0
%Mass o -~ %C HHV %Energy
Sample yield (d.b.) (d.af) (MJ/kg, yield
p (d.b.) - al d.b.) (d.b.)
Raw
RH - 1277 4765  13.85
260 °C
TorRH 7636  21.35 4820  15.73 86.77
280 °C
To-RH  68.12 2486 5262  16.40 80.70
300 °C
TorRH 5150 3453 5915  16.66 61.95
320 °C
TorRH 4671  38.28  64.40  17.59 59.35
Raw
cR - 1590 4633  17.71
260 °C
Tor-CR 6845 2401 5120  19.63 75.88
280 °C
To-CR 5591 3070  56.96  21.63 68.28
300 °C
To-CR 4383 4363  63.80  24.00 59.38
320 °C
To-CR  39.37 5011 6411  24.14 53.66
Raw
KS - 1375  50.79  17.50
260 °C
TorKS 7283 2391 5241  18.04 75.06
280 °C
TorKS 6463 2858 5454  18.13 64.97
300 °C
TorKS 5271 3477 6503  21.59 62.77
320 °C
TorKS  47.64 4293 6516  21.10 46.55

*Calculation of HHV [7]

HHV(OLS) = 1.87C?— 144C — 2802H + 63.8CH + 120N + 20147 (1)
HHV(PLS) = 5.22C2 — 319C — 1647H + 38.6CH + 133N + 21028  (2)
HHV(d.a.f.) = [HHV(OLS) + HHV(PLS)]/2 ®3)
HHV(dry basis, d.b.) = [HHV(d.a.f.) * (100-ash)}/100 (@)

3.4 Comparative relationship between
chemical composition ratio of raw
biomass and fuel properties of torrefied
biomass

Fig. 2 showed the graphical relationship
between HHV (d.b.) as one of fuel properties of
the biomass torrefied at 320 °C for 60 min and
percentages of biomass composition (a)
cellulose, (b), hemicellulose, and (c) lignin,
respectively. The HHV tended to decrease with
increasing cellulose content in biomass
structure as shown in Fig. 2 (a), while it seemed
to increase when the biomass contained higher
amount of hemicellulose content as shown in
Fig. 2 (b). It could not see much variation of the
calculated HHV when changing the lignin ratio
as shown in Fig. 2 (c). This also agreed with
above results that the biomass containing more
hemicellulose content such as CR used in this
study would properly be pretreated via the
torrefaction prior use in subsequent themo-
chemical conversion to renewable energy.
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at 320 °C

4 Conclusions and
recommendations

Seven agricultural biomass samples consisting
of various composition ratios by weight of
cellulose, hemicellulose and lignin  were
torrefied at 260-320 °C for 60 min and their
quantitative fuel properties were comparatively
investigated. The graphical relationships
between the chemical composition ratios and
fuel properties of the torrefied biomass at
elevated temperatures indicated that the
biomass containing less cellulose content with
more amount of hemicellulose tended to obtain
higher %FC and HHV because hemicellulose
was mostly decomposed at relatively lower
temperature.

For future studies, other by-products such as
volatile and gases released during the
torrefaction and subsequent pyrolysis should be
further analysed to better understand their
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reaction behaviors. In addition, the torrefaction
of synthetic biomass using pure model
compounds of cellulose, hemicellulose, and
lignin including their mixture would be carried
out to investigate the interactions among them
in the structure of biomass.
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Abstract

Seven different agricultural wastes in Thailand were thermally pre-treated via non-
oxidative torrefaction at temperatures during 260-320 °C for 60 min. Raw biomasses
significantly showed differences in chemical composition ratios of cellulose, hemicellulose
and lignin, which affect to fuel properties of each torrefied biomass. With an increase in
torrefaction temperature, char yield and %C in most torrefied biomasses increased, leading to
an improvement in their higher heating values (HHV). The correlations between composition
ratios of cellulose, hemicellulose, and lignin, were postulated against fuel properties of the
torrefied biomass. It could be summarized that the torrefaction at 320 °C of biomasses
containing more amount of hemicellulose such as bamboo trash (BB) and cassava roots (CR)
tended to enhance the HHVs for 38.0-42.6%. However, solid mass and energy yields of the
biomass torrefied at severe conditions were drastically decreased because hemicellulose was

mostly decomposed at torrefaction temperature.

Keywords: Biomass; Torrefaction; Chemical composition; Fuel properties
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1. Introduction

Dry biomass can be thermo-chemically transformed via various conversion processes
such as pyrolysis or gasification into a form of liquid biofuels or synthetic gases as potential
renewable energy. It can also be utilized as solid fuel and directly burned to generate heat
and power via combustion. However, most solid biomasses have some disadvantages of high
moisture content and low calorific value due to its high oxygen content when compared to
those of fossil fuels, leading to low efficiency in conversion systems. Moreover, the property
of low bulk density results in difficulties and high operating costs in its collection, storage
and transportation. Torrefaction, considered as a mild pyrolysis at low temperature under
inert atmosphere, has been paid attention to improve the properties of dry biomass prior use
in selective conversion technologies to produce biofuels and electricity [1-4]. Conventional
torrefaction is normally operated at 200-300°C under non-oxidative gases for a minute to an
hour [5-7]. The torrefied biomass tends to lower moisture content and atomic ratios of O/C
and H/C, leading to an improvement in heating value or energy density, hydrophobicity,
grindability and reactivity, and uniformity, when compared to raw biomass without any
treatments. Major factors playing important roles in torrefaction behaviour and fuel
properties of torrefied biomass are temperature and residence time during torrefaction as
previously investigated by several research groups [8-11]. The torrefied biomass products
obtained at each condition would be suitably applied to subsequent conversion processes such
as gasification [12-13] and bio-oil production via fast pyrolysis [14-17].

However, biomass structure is very complex and comprised of cellulose, hemicellulose,
and lignin as its major constituents. The composition ratio of these components could be
varied dependently on the biomass species. In general, it typically consists of 40-45% of
cellulose, 25-30% of hemicellulose, 15-30% of lignin including 2-5% organic extractives

and ash. The variation in structural composition ratio in biomass would possibly affect to the
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torrefaction behaviours and torrefied products [1-4]. Various research groups, therefore,
have studied on the effect of the composition in biomass structure on the torrefaction. Prins
et al. [18] discussed on the product distribution obtained during torrefaction at 220-300 °C
for 10-60 min might be explained from the difference in hemicellulose composition in
biomass. The results could be concluded that the xylan-containing wood was more reactive
in the torrefaction process due to the extent of hemicellulose decomposition. Chen and Kuo
[5, 9] studied light and severe torrefaction of various biomass types by using
thermogravimetric analysis (TGA) at 240 and 275 °C, respectively. The light torrefaction
had a significant effect on the degradation of hemicellulose, but only a slight impact on
cellulose and lignin decomposition, leading to the mass yield over 60%. Saleh et al. [19]
compared the torrefaction behaviors of six raw biomass samples. The relatively higher lignin
content resulted in a higher solid yield. Since lignin is the most difficult in thermal
decomposition among the three constituents in biomass structure, it could be transformed
during severe torrefaction. It is believed that better understanding of the chemical
transformations of lignin during transformation would contribute to the integrated mechanism
of torrefaction [20]. However, the systematic correlation between fuel properties of torrefied
solid biomass, such as heating values, against the composition ratio of these three major
components in biomass structure was still not well-explained in literatures.

In this study, several kinds of agricultural biomass wastes containing different chemical
composition ratios in the structure were torrefied by varying torrefaction temperatures to
comparatively investigate their improvement in fuel properties. The graphical correlations
between the composition ratios of raw biomass and fuel properties of the torrefied biomass
such as solid mass yields, enhancement of HHVs, and energy yields, were then postulated
and discussed to preliminarily predict suitable torrefaction conditions using proper biomass

types for further use as solid biofuels.
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2. Materials and Methods
2.1 Raw biomass

Seven different biomass types from agricultural and forestry biomass wastes such as
bamboo trash (BB), rice husk (RH), rice straw (RS), palm kernel shells (KS), sugarcane
leaves (SL), empty fruit bunch (EFB) and cassava root (CR) collected from local
communities and industries in Kanchanaburi province, Thailand, were used as raw materials
in this study. Samples were ground and sieved into a particle size range of 212-500 pm for
chemical composition analysis and 63-125 um for torrefaction, then dried in a hot oven at

105 °C overnight prior use.

2.2 Chemical composition analysis of raw biomass

Chemical composition analysis of raw biomass was carried out by following TAPPI
(Technical Association of the Pulp and Paper Industry) method [21-24]. The TAPPI method
started with the extraction of biomass sample in ethanol for 5-6 h using a soxhlet apparatus.
After that, holocellulose was determined via chlorination method by washing with sodium
chlorite and acetic acid, and the alpha-cellulose content was later obtained by washing with
sodium hydroxide and acetic acid. Klason lignin was determined using concentrated sulfuric
acid to remove other components. For hemicellulose content, it was finally calculated by the
difference. Each analysis step was conducted in triplicates and the average values were
reported. Ash content was separately analyzed by combustion of the samples under oxygen
atmosphere up to 900 °C using thermogravimetric analysis, TGA (TGA8000, Perkin-Elmer,

USA).

2.3 Torrefaction of raw biomass

About 300 mg of biomass in a ceramic boat was placed at the middle of quartz tube
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reactor. Nitrogen (99.999% purity) was then purged through the reactor at the flow rate of
250 ml/min. Then the reactor was heated to 260, 280, 300 and 320 °C at the heating rate of 5
°C/min and held at the desired temperature for 60 min. After cooling down to room
temperature, the solid product or torrefied sample was weighed to measure the mass yield of
torrefied sample. Percentage of fixed carbon (%FC) at 900 °C, which was reported as a
percentage of char yield with the basis of dry-ash-free raw biomass as shown in Eq (1), was
determined by using TGA (TGAB8000, Perkin-Elmer, USA). The elemental compositions
(%C, H, N, O) of the torrefied biomass were determined using the CHN analyzer (Ltd, JM10
Micro Corder, J-SCIENCE LAB Co., Japan). The higher heating values (HHV) of each raw
and torrefied biomass including their enhancement percentage were calculated by Eqs (2)—(4)
[25]. Finally, an enhancement of HHV and energy yield of torrefied biomasses was

determined using Eqgs (5) and (6), respectively.

Char yield (Wt%, d.a.f.) = [%FC (d.b.)*100]/(100-ash) 1)
HHV(OLS) = 1.87C?-144C-2802H+63.8CH+129N+20147 @)
HHV/(PLS) = 5.22C%319C-1647H+38.6CH+133N+21028 (3)
HHV (d.a.f.) = [HHV(OLS)+HHV(PLS)]/2 &)

Enhancement of HHV (%, d.a.f.)
= [H HVtorrefied sample(d-a-f)'H HVraW sample(d-a-f)] x100/H HVraW sample(d-a-f) (5)
Energy yield (wt%, d.a.f.)

3. Results and Discussion
3.1 Characteristics of raw biomasses

3.1.1 Chemical composition analysis of raw biomasses
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Chemical composition ratios of raw biomass were determined by TAPPI method using a
calculation with dry-ash-free (d.a.f.) basis. The results as shown in Table 1 indicated that
most samples contained extractives such as fat content around 2—-10 wt%, but EFB showed
the highest percentage of extractives at 23 wt% because some non-extracted oils might still
remain in the EFB samples. SL, RS, and RH samples showed relatively high amount of
cellulose contents at 47.4-53.9 wt%. Among these samples, RH showed the highest content
than others. For lignin analyses via acid hydrolysis to remove all holocellulose contents, it
was found that the highest lignin content at 56.5 wt% was revealed in KS, while other
samples contained its composition in a range of 17.9-37.2 wt%. Finally, the hemicellulose
content was calculated by difference. The results showed that CR seemed to contain slightly

more amount of hemicellulose (32.8 wt%) than other samples.

3.1.2 Proximate and ultimate analyses of raw biomasses

Proximate analysis was performed using TGA under nitrogen gas with a heating rate at 10
°C/min to increase the temperature up to 900 °C. The volatile matter content could be
determined via the mass loss during heating up from 110 °C to 900 °C. After that, the amount
of fixed carbon (FC) could be determined by the combustion with air at 900 °C. The
remaining residue after the combustion was recognized as ash content. As shown in Table 2,
most biomass samples showed amount of the volatile matter content in a range of 71-82 wt%
(d.b.) with the ash content approximately 5-15 wt% (d.b.). Only RH had the lowest volatile
matter content less than 60 wt% (d.b.) due to its very high amount of ash at more than 28
wit% (d.b.). However, the effect of the ash content on torrefaction behaviors was negligible in
this study. The results in Table 2 also showed that %FC in raw biomasses were relatively low
in a range of 10.7-15.9 wt% (d.b.). Moreover, the carbon contents (%C) obtained from the

ultimate analyses of each raw biomass as shown in Table 3 were also rather low at 45.4-54.2
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wt% (d.a.f). Consequently, pretreatment process such as torrefaction at low temperature is
necessary to improve fuel properties of raw biomasses prior use in subsequent thermo-

chemical conversion processes.

3.2 Fuel properties of raw and torrefied biomasses

Raw biomass samples with different composition ratios as analyzed and discussed in a
previous section were pretreated via torrefaction at 260, 280, 300, and 320 °C for 60 min in a
quartz tube reactor to investigate fuel properties of torrefied biomasses. Their quantitative
fuel properties such as char yield (wt%, d.a.f) at 900 °C, %C, %H, %N, and %O from
ultimate analyses, higher heating value and its enhancement including percentages of solid
mass Yyields and energy yields after torrefaction were summarized in Table 3. All reported
data was determined using dry-ash-free (d.a.f.) basis with an assumption of insignificant
catalytic effects of ash content and synergic phenomena among basic constituents in biomass

structure during low-temperature torrefaction.

3.2.1 Solid mass yields and Ultimate analyses

Solid mass yields of torrefied biomasses were directly obtained from the torrefaction
experiments as shown in Table 3. With increasing torrefaction temperature, the solid mass
yields significantly decreased for all biomasses. For RH and KS samples, which had high
cellulose and lignin, the solid mass yields were still high at 80-89 wt% for torrefaction at
260 °C and 50-55 wt% after severe torrefaction at 320 °C. However, for BB and CR, which
contained much more hemicellulose content, the solid mass yields were much lower to 60-70
wt% and about 40 wt%, after being torrefied at 260 and 320 °C, respectively. For the
ultimate analyses, it was found that %C of most of biomass samples was significantly

increased, while the %O was significantly decreased with the increase in torrefaction
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temperature. However, torrefied EFB samples exhibited nearly constant %C of about 59-60%
at any torrefaction temperatures. This might be because very high amount of extractives in
raw EFB sample might play an important role during the torrefaction since they could be
partially decomposed at lower temperature during the torrefaction period [26].

Next, in order to examine the fuel properties of torrefied biomass, the elemental
composition of raw biomass as well as torrefied biomass prepared at various conditions were
plotted on H/C vs. O/C diagram (van Krevelen diagram) as shown in Fig. 1. It was found
that the values of H/C and O/C of torrefied biomasses were plotted lying along the
dehydration reaction line (-H,0) and the values were closed to those of lignite (H/C~1.0 and
O/C~0.4) at severe torrefaction temperature. Most of the samples which mainly contain
cellulose and hemicellulose with less amount of lignin content such as SL, RH, RS, BB, and
CR, showed the dehydration to form water because the slopes of each linear curve were in a
range of 1.8-2.2 closely to 2. Particularly BB and CR, which contained highest amount of
hemicellulose at 26.9-32.8 wt%, showed a very good correlation (R? > 0.95) with a slope of
2.01-2.05. This indicated that cross-linking reaction of cellulose and hemicellulose, leading
to an increase in char yield, tended be occurred when increasing the torrefaction temperature
[27-28]. However, EFB sample, which consisted of high amounts of extractives showed
much higher slope of 7.2, whereas KS sample, which had highest lignin contents, expressed
lower slopes of 1.5. Consequently, the degradation of high hydrogen-containing extractives
and high-oxygen containing lignin might influence the phenomena during the torrefaction

[26].

3.2.3 Weight loss behaviors during the pyrolysis of torrefied biomasses
Fig.2 shows the weight changes during the pyrolysis of raw and torrefied biomasses

preparing at various torrefaction conditions. In order to compare with the raw biomass, the
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weights of the torrefied biomass were normalized by multiplying the weights with the values
corresponding to the torrefaction yields. The weight change behaviors of the torrefied
biomass were significantly different from the raw biomass: the weight change curves became
broader with increasing torrefaction temperature. Major decomposition reactions were
gradually shifted from 250-350 °C to relatively higher temperature at 300—400 °C,
particularly for the samples torrefied at higher than 300 °C. For KS sample, the second-stage
decomposition behaviors at around 700—750 °C could be observed for both raw and torrefied
biomasses as shown in Fig. 2(d). These major decomposed compounds would be determined
as anhydrous carbonate minerals in dolomite structure, which also appeared in Jimsar oil
shale, to release CO and CO, during 600-800 °C as previously reported in a literature [29].
Moreover, it was found that the yields of char at 900 °C were increased with an increase in
torrefaction temperature for all biomasses. This could be explained by the progress of cross-

linking reactions during the pyrolysis of the torrefied biomass [8, 27-28].

3.2.4 Enhancement of HHVs and energy yields

The HHVs as a major fuel property of solid biomass were determined by the equations
(2)-(5) dependent on %C, %H, and %O obtained from elemental analyses. BB and CR
samples, which contained higher hemicellulose content (26-32 wt%), but lower cellulose
composition (2941 wt%), exhibited significant enhancement of HHVs for about 10.5-12.9%
after being mildly torrefied at as low temperature as 260 °C. Furthermore, they could
remarkably enhance the HHVs for about 38.0-42.6% (d.a.f.) in the case of severe
torrefactions at 320 °C by increasing the HHV values from 18.7-18.8 MJ/Kg in raw
biomasses to 25.8-26.8 MJ/kg in the torrefied ones. However, the HHVs seemed not to be
much increased after the torrefaction at 260-280 °C for the biomasses containing high

amount of cellulose and lignin such as RH and KS. Their enhancements after the torrefaction

10
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at 300-320 °C were finally achieved only about 25-34%, which were relatively lower than
those of high-hemicellulose samples. This could confirm from the previous studies [5, 16]
that the torrefaction would mainly affect to the decomposition of hemicellulose, and
relatively less influence to the degradation of cellulose and lignin.

For further energy analysis, the energy yields were calculated from the solid mass yields
and the ratio of HHVs between the ones before and after the torrefaction. Energy yields
gradually decreased with increasing torrefaction temperature following the tendency of the
solid mass yields due to more severe torrefaction condition. According to the data after
torrefaction at 320 °C, torrefied RH samples had the highest energy yield at 73.8%. In the
cases of BB and CR samples torrefied at 320 °C, the solid mass yields drastically decreased
to less than 41 wt%. This resulted in much lower energy vyields, but they could be still
maintained at rather high level at more than 54%. This is because relatively higher HHV
values could be achieved at above 26 MJ/kg for those high-hemicellulose samples. To clearly
understand the effect of complex composition ratios in biomass, the biomass samples
prepared under least and most severe torrefaction conditions at 260 and 320 °C were selected
for the comparative analysis between fuel properties of torrefied biomass and chemical

composition ratio of raw biomass.

3.3 Comparative correlations between chemical composition ratio of raw biomass and fuel
properties of torrefied biomass
In order to investigate the effect of each individual major chemical component in biomass
structure on fuel properties of the biomass after torrefaction, the weight ratios (%) of (a)
cellulose, (b) hemicellulose, and (c) lignin in each raw sample were plotted against solid mass
yields, enhancement of HHVs, and energy yields of the biomass torrefied at (1) 260 °C and

(2) 320 °C for 60 min as shown in Figs. 3-5. The correlations were comparatively discussed
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using a dry-ash-free basis.

3.3.1 Solid mass yields

The correlations between the solid mass yields and their major component ratios were
firstly postulated as shown in Fig. 3. As an increase in cellulose and lignin contents in
biomasses, the solid mass yields seemed to increase as shown in Figs. 3a and 3c. However, it
tended to decrease when a ratio of hemicellulose in biomass structure increased as shown in
Fig. 3b. This could be simply explained that the decomposition of hemicellulose dominantly
occurred during the torrefaction, while the degradation of cellulose and lignin seemed to take

place at comparatively higher and broader temperature range.

3.3.2 Enhancement of HHVs

The HHVs were much improved after increasing the torrefaction temperature from 260 to
320 °C with an increase in enhancement values of most torrefied biomass samples from
below 12% up to above 25% as shown in Fig. 4. The data obtained from KS and EFB might
be excluded and separately discussed, because the very high contents in lignin and extractives
in their structures could retard the decomposition during the torrefaction. The enhancement of
HHVs mostly tended to decrease with an increase in cellulose and lignin content as shown in
Figs. 4a and 4c, respectively. On the other hand, it seemed to increase when the biomass
contained higher amount of hemicellulose content as shown in Fig. 4b. These correlations
strongly confirmed that the biomass containing high hemicellulose content could be relatively

better improved in terms of fuel property such as the HHV after the torrefaction.

3.3.3 Energy yields

Energy yields were finally correlated with each composition ratio as shown in Fig. 5. The
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energy Yyields were still high at mostly above 60% for the biomass torrefied at 260 °C since
the decomposition in biomass structure just started at this temperature, while their values
notably decreased for the ones torrefied at 320 °C. With an increase in %hemicellulose in raw
biomass, energy vyields after the torrefaction seemed to be gradually decreased because
hemicellulose could be mostly decomposed during the torrefaction as shown in Fig. 5(b).
However, an increase in energy yield was obviously observed when the biomass comprising
of higher amount of lignin as shown in Fig. 5(c), following the trends of the solid mass
yields.

From the results of correlations between fuel properties of torrefied biomass against each
composition ratio of major components in biomass structure as shown in Figs. 3-5, it could
be preliminarily summarized that biomass containing more hemicellulose content with less
cellulose and lignin content such as BB and CR would be recognized as appropriate raw
materials to possibly improve their HHVs up to 38-40% after the torrefaction at 320 °C.
However, weight losses during torrefaction due to hemicellulose degradation could reduce
the mass and energy vyield inevitably. Consequently, to be practically used in torrefaction
application and scaling-up, these two factors in terms of mass and energy yields should be
carefully taken into account. For further suggestions, other by-products such as volatile and
gases released during the torrefaction and subsequent pyrolysis should be further analyzed to
better understand torrefaction reaction behaviors. In addition, the torrefaction of synthetic
biomass using pure model compounds of cellulose, hemicellulose, and lignin including their
mixture would be carried out to deeply investigate the interactions in the structure of biomass

and selectively obtain more suitable torrefaction conditions for each individual biomass.

4. Conclusions

Seven agricultural biomass samples consisting of various composition ratios by weight of
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cellulose, hemicellulose and lignin were torrefied at 260-320 °C for 60 min and their
quantitative fuel properties were comparatively investigated. The graphical correlations
between the chemical composition ratios and fuel properties of the torrefied biomass at mild
and severe temperatures at 260 and 320 °C, respectively, indicated that the biomass
containing more amount of hemicellulose with less cellulose and lignin contents such as BB
and CR tended to effectively improve the HHVs with an enhancement up to 38.0-46.2 %
(d.a.f.). This could be explained that hemicellulose was mostly decomposed at relatively
lower temperature as cross-linking reaction to release water during torrefaction. For future
studies, the torrefaction of major constituents, which are cellulose, hemicellulose, and lignin,
in forms of pure and mixture compounds, would be carried out to deeply investigate the
interactions in the structure of biomass and selectively obtain more suitable torrefaction

conditions for each individual biomass.
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Table 1. Chemical composition of raw biomasses

wt% (dry-ash-free, d.a.f.)

Samples

Extractives Cellulose Hemicellulose  Lignin
SL 1.78 47.38 24.42 26.42
RH 2.06 53.91 6.85 37.18
RS 6.55 47.43 26.45 19.57
KS 3.60 21.29 18.64 56.47
BB 6.79 41.20 26.86 25.15
CR 10.98 29.94 32.82 26.25
EFB 23.03 37.02 22.07 17.89
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Table 2. Proximate analysis of raw biomasses

Proximate analyses (wt%, dry-basis, d.b.)

Samples
Volatile Fixed carbon Ash
Matter (FO)
SL 77.19 10.67 12.14
RH 58.42 12.77 28.81
RS 74.07 14.16 11.78
KS 71.54 13.75 14.70
BB 81.37 13.55 5.08
CR 78.81 15.90 5.29
EFB 80.30 13.36 6.35
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Table 3. Fuel properties (dry-ash-free basis) of raw and torrefied biomasses pretreated at

260-320 °C for 60 min.

©CO~NOOOTA~AWNPE

Solid mass Char yield Ultimate Analysis (wt%, d.a.f) HHV Enhancement Energy yield
Samples yield (w%d.af) : (MJ/kg, of HHV (W%, daf)
(W%, d.a.f) ’ H c N O(iff)  gaf) (%, d.a.f.) ’
Raw SL - 122 74 48.0 0.6 44.1 194 - -
260 °C Tor-SL 77.8 135 6.0 48.5 0.4 45.1 19.3 -0.7 77.2
280 °C Tor-SL 67.4 15.3 6.6 525 0.7 40.2 214 10.0 74.2
300 °C Tor-SL 47.6 17.8 5.9 61.2 0.9 32.0 25.2 295 61.7
320 °C Tor-SL 39.9 16.9 54 649 09 28.8 26.6 36.7 54.6
Raw RH - 18.0 7.8 47.7 1.3 43.3 19.5 - -
260 °C Tor-RH 88.7 20.0 5.8 48.2 1.2 45.5 19.2 -1.1 87.7
280 °C Tor-RH 80.3 21.8 5.9 52.6 0.7 40.8 211 8.5 87.1
300 °C Tor-RH 60.7 25.3 53 592 038 34.8 23.6 21.6 73.8
320 °C Tor-RH 55.1 26.5 52 644 08 29.6 26.1 34.0 73.8
Raw RS - 16.1 7.3 454 0.8 46.5 18.2 - -
260 °C Tor-RS 78.2 17.7 6.2 49.2 0.8 43.9 19.7 7.9 84.4
280 °C Tor-RS 65.4 20.8 55 525 0.8 41.2 20.9 144 74.8
300 °C Tor-RS 46.9 215 53 620 1.2 315 251 375 64.5
320 °C Tor-RS 44.7 21.0 4.8 61.4 1.2 32.6 24.3 33.1 59.5
Raw KS - 16.1 6.5 50.8 0.7 42.0 20.5 - -
260 °C Tor-KS 80.4 20.0 52 52.4 0.8 41.6 20.7 0.9 81.1
280 °C Tor-KS 70.5 21.2 3.8 54.5 1.2 40.5 20.8 14 714
300 °C Tor-KS 58.1 22.3 5.0 65.0 11 28.9 26.2 27.9 74.3
320 °C Tor-KS 52.0 24.9 4.5 65.2 1.0 29.4 25.6 25.0 65.0
Raw BB - 14.3 7.1 46.6 11 45.2 18.8 - -
260 °C Tor-BB 62.4 22.8 5.8 53.0 0.8 40.5 21.2 12.9 70.4
280 °C Tor-BB 47.5 24.8 54 63.2 11 30.3 25.7 37.0 65.1
300 °C Tor-BB 42.4 24.4 51 65.5 1.2 28.3 26.5 40.9 59.8
320 °C Tor-BB 39.4 23.1 5.0 66.4 11 27.6 26.8 42.8 56.2
Raw CR - 16.8 7.0 46.3 15 45.2 18.7 - -
260 °C Tor-CR 70.9 17.3 6.0 51.2 19 40.9 20.7 10.5 78.3
280 °C Tor-CR 58.0 184 5.7 57.0 2.1 35.2 23.1 23.7 71.8
300 °C Tor-CR 45.6 21.0 55 63.8 2.6 28.2 26.3 40.5 64.0
320 °C Tor-CR 40.4 211 4.9 64.1 24 28.6 25.8 38.0 55.7
Raw EFB - 14.3 8.6 54.2 1.3 36.0 23.3 - -
260 °C Tor-EFB 55.7 16.6 6.7 59.1 17 325 24.9 6.7 59.4
280 °C Tor-EFB 49.0 17.7 6.1 60.6 1.6 31.7 25.1 1.7 52.8
300 °C Tor-EFB 42.8 18.0 5.7 60.6 17 32.0 24.8 6.2 454
320 °C Tor-EFB 38.8 174 55 59.7 1.7 331 242 3.7 40.2
21



©CO~NOOOTA~AWNPE

Figure captions

Fig. 1 Plots of H/C against O/C (van Krevelen diagram) for raw and torrefied biomass
samples pretreated at 260-320 °C for 60 min.

Fig. 2 Weight change curves during the pyrolysis of (a) SL, (b) RH, (c) RS, (d) KS, (e) BB,
(f) CR, and (g) EFB torrefied at 260—320 °C for 60 min compared with those of raw
samples.

Fig. 3 The comparative correlations between chemical composition ratios (a) %cellulose, (b)
%hemicellulose, and (c) %lignin in raw biomasses and percentages of %mass yield
(d.a.f.) of biomasses torrefied at (1) 260 °C and (2) 320 °C.

Fig. 4 The comparative correlations between chemical composition ratios (a) %cellulose, (b)
%hemicellulose, and (c) %lignin in raw biomasses and enhancement of HHV (%,
d.a.f.) of biomasses torrefied at (1) 260 °C and (2) 320 °C.

Fig. 5 The comparative correlations between chemical composition ratios (a) %cellulose, (b)
%hemicellulose, and (c) %lignin in raw biomasses and percentages of %energy yield
(d.a.f.) of biomasses torrefied at (1) 260 °C and (2) 320 °C.
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Fig.1 Plots of H/C against O/C (van Krevelen diagram) for raw and torrefied biomass

samples pretreated at 260-320 °C for 60 min.
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Fig.2 Weight change curves during the pyrolysis of (a) SL, (b) RH, (c) RS, (d) KS, (e) BB, (f)
CR, and (g) EFB torrefied at 260—-320 °C for 60 min compared with those of raw samples.
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