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Abstract

Spent coffee ground (SCG) contains high fixed carbon content and high heating
value which is considered as a good source of an alternative energy. However, SCG has
high moisture content (66%wet basis) and needs to be dehumidified before being used
for biomass production. Torrefaction process therefore seems to be a suitable biomass
preparation process to reduce moisture content and improve energy properties of the
biomass. Torrefaction process is a thermochemical process that converts biomass into
solid fuels. The principle of torrefaction consists in using heat combustion in an oxygen-
free or oxygen-limited atmosphere at atmospheric pressure to break down the internal
constitutes of the biomass. The objectives of this research were to investigate the
effect of torrefaction temperature on energy properties of SCG and to study the
kinetics of energy properties of SCG during the torrefaction process. Four torrefaction
temperatures including 200, 250, 300 and 350°C were used with a torrefaction duration
of 30 min at a heating rate of 5°C/min to obtain the torrefied SCG. Energy properties
consisting of proximate analysis, ultimate analysis, high heating value, solid yield,
enhancement factor and energy yield were analyzed. The torrefaction temperature
had a significant effect on the energy properties of SCG with a confidence level of 95%.

High heating value and enhancement factor were the highest when SCG was torrefied



at the highest temperature of 350°C. However, at this temperature, solid and energy
yields were the lowest. From the correlation analysis, the correlation coefficient
between the torrefaction temperature and all energy properties was greater than 0.9.
A prediction model was created between torrefaction temperature and high heating
value and energy vyield, siving a coefficient of determination greater than 0.9. In
objective 2, the changes in energy properties were investigated under the effects of
four torrefaction temperatures (200, 250, 300 and 350°C) and six process durations (10,
20, 30, 40, 50 and 60 min). In addition to analyzing the energy properties of SCG, weight
loss dynamic of torrefaction and severity index (TSI) of torrefaction were also analyzed.
At a low temperature of 200°C, the energy properties hardly changed at any time of
the process. But at higher temperatures, the change in energy properties was greater
and differed statistically from the untreated SCG. The H/C and O/C ratios of the
torrefied SCG decreased and showed the properties closer to coal. The severity index
of the SCG torrefaction process decreased significantly with the torrefaction
temperature and processing time. This indicates that a short-term high-temperature
torrefaction process is more suitable than a long-term low-temperature process. The
SCG torrefaction process can be described by the kinetic model of the isothermal
torrefaction process. The reaction order of four was obtained with the activation energy
of 0.94 kJ/mol and pre-exponential factor of 33,289.59 min™. The optimum condition

from this research for SCG torrefaction process is 350°C 40 min.
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nidnanaiy wagvlinszuunsdananiduduneuddnlunisufulsaunmuestana
fifuveundefiamenisinuas vievsgnavnssuluguzuvamdsnuomas (Eseyin et

al., 2016)

nszuunsneTwladudunszuiunsmaafiaaiuden (Thermochemical process)
Aoidunsuussudanalidundssnlasnslimiudeuauinmsasuamaaiilaons
wilnsiwuuldldeendiounioogluannziioondiauiidida lnenllgamnfiulvs aver
Tugia9 200 - 300°C (Basu, 2018) %307 350°C fiAusuusiuna wazasliiiussoziani
WFRESH ami%’aLﬁaiaimuﬂﬁuuzﬁwwawaqnizuauﬂﬁiQQ3zwiwa 0.5 - 2 hrs UABIAAY
fovasniduninnszurunsnesurladunssiiiigamaiae (280 - 350°C) (Nunes et al,
2017) 5EMIAUANNTTUILNTOIAUTLNBUNTINNYBIT AL Fuaa s YanUdosans
sumevianngg dawfignuludsesntiauagnansliidufnemedurladudaisfineaivuy
wagfnalairmuuiiy (Carrasco et al, 2013) UBNATNLUGUMYTINALTHEZLIAIVBINTLUIUNTT
Fudutlafeddyronmaudivesdaumeg dethdamaduiuty anuannsalumswnlvl
wazAnuSouIsistuionUinudadiueendlaunaslslasouanas luvsiimsuou
udy i iauandayInIadlnaniuiu (Nunes et al,, 2017) fauaniluy Van Krevelen

diagram (E‘U‘ﬁ' 2.1)



Biomass

Wood

Atomic H/C ratio

Incresed Heating value

Atomic O/C ratio

gﬂﬁ 2.1 Van Krevelen diagram (Nunes et al., 2017)

nsrUaumanesurladudunisidneondiausenaindnalaefignussasdlunis
ﬁ%ﬂx‘i%@ﬂ%ﬁi‘ugﬂLLUU“ZJENLL%\‘iﬁﬁ@ﬂJQWW Toefingguums 5 Jusmeu @il (Van der Selt et al,, 2011)

1. nsltanufeususiu (nitial heating) : Fanaazgnlvimnuioutasiiiugungd
dsamaiinnsssme

2. MIATLUOUWA (Pre-drying) : WRzgnYnlvisvinegugliaaif 100°C

a

3. mM3lvianuSounaIauwim (Post-drying and intermediate heating) : 9aungll

Y

WinTuauds 200°C awiliiusznisluresdnaunnuaziume iiiansanase g

4. nesunadu (Torrefaction) : N5¥UIUNIINOILNATUALITUTULDIUNIVBUA K
g7l 200°C uarazvgailegumaliningy 200°C
< %} < . . [} a ) a ~
5. NTLGUMVOIVDIUTL (Solids cooling) : HAIIUNTEUIUNTITNDIUNATU HIUIANGN

Usuunnaunmazgnuaesiviiusiaiigamgiivies

Y

a Y a 3 o v < ~
NFLUIUNTNDIUNAYU i‘vﬂﬂa% LLaSﬂ'ﬁU@‘lULGUGUu MUY UNTZUIUNITNIUATNAU

L3

v a ! o Ao a Y a o e =
TOUNUANA NN UNINQUTE AR ﬂﬁg‘UrJUﬂ']{LWI{LaG?jﬂ"U%IWNaWﬂN%IUEﬂLL‘U‘U‘U@QL‘W@? Lagd

9

Y
[y

Y1 UNYAVBINTEUIUNTNNTIUALIEELLIAMHAY NTzUIUNITAIS VBT UL NIV

gauMQilas (1A 400°0) UagTrerlianvaInIEuIUNITeIuINkAE lindadue lugUuuy

=

28981 (Lee et al,, 2019 way Basu, 2018) Tuvaiemdnungvasnszuiunisnasunaty Ao

' 12 '
va aa A

nmssnymananiiluvewdliasiiuanauUAnfvesdainds 1wy anuauisalunisuaia

wazAIANNTEUNaRulawWIsuWBUiUTIIanLAY (Carrasco et al., 2013)



2.4 AnENURYRITINIALANTIATIZYIRENTR

Auautfvesdiadudmisdwesnidesurefadneninvestuiagiatug

waranunsaldatfenaunasundentinszuiunsusuussnanmnionisia luly

Ao o IS

lunsgurunisudanasnulimangauls lnonuaudniid1Ayvesdiuialaun ANy

ANMINNSAU 99AUSENBUNYIY VUALTBLNAILATANLAUNLULY (Daniel, 2010)

2.4.1 ANUTY

Audnwuragviafiduendnuaivesdunaifeauiu iosandauna
a':m‘l,my'Lﬂumammammimwmﬁaﬁﬂ%mmmm%uqa Feputuiinasionszuruniswwn g
WHusgraunn mﬂ%amaﬁmm%quzﬁﬂﬁmmm%auLLazUﬁzﬁw%mwiumiLm'ﬂmﬂamaq
(Daniel, 2010) 814BRINNNIFIURGATUINDHEANNTTH WeiwasTnadauds (wen. 2772-2560)
55U 3519 1e ASTM E871 (Standard Test Method for Moisture Analysis of Particulate Wood

q

Fuels) 1WA 2imILT U8 9778
2.4.2 A1AUSaU

| % ~ N a o N a &
ATAINUTDUVBITINIAADUIUIUNAIUYBIF NN Ua B8 NUILUDFINIA

(%
o

dugnunindieganysalluaniiviidesndiauiieans (Basu, 2018) lngriannuiouaiuise
81984l 2 gUuuuleiin frauTougs (Higher heating value, HHV) waz AAILToUAT

(Lower heating value, LHV) Tnga1 HHV 2z ua1A105 0 U9 $1uafi L 910015081 bug

v '
IS a = ! 4

I - ' & ' [
Worndsdeswainnusouursvesnisnatsilulevsstn wagA1 LHY agduAIndss1uees
=) A o J [ = - v v a a o ¢
Funaninamasunltlunissemednlulossnudn D NDINNUINIFINAANUNAFINNTTY
Wandsiauadauds (Men. 2772-2560) seuEIWlY ASTM E711 (Standard Test Method
for Gross Calorific Value of Refuse-Derived Fuel by the Bomb Calorimeter) \Jui53ias1esien

AMUSDUVDITINIA
2.4.3 aaaUsznaunialu

Taanludruraazusenaulinie 4 a9fUsznaunan Ae A1suau (C)

Talasiau (H) eandau (0) wazlulpsiau (N) warenausenaulusisaassy (C1) vsadawas (S)

unwdnties (Basu, 2018) NslEauTialugUuuund W geInGnson158enkuUTE UL
v o & v o a & & ) ° a I

W lsiiunzausndudeainisiasiegressusenauniglu Taealdazyinnisiasieily 2

dnwaly A 1.n19ATIUTIIANNGUATS (Proximate analysis) Aa8353LAT 18NS LY



[

UminEANLNSaU (Thermogravimetric analysis, TGA) YlAns1UUTUNMAMLTU ANSUDY
ASAT ANTTEANEY WAZLIN 2.N1153LATITMLUULENTIR (Ultimate Analysis) A283531AaT18%
ASTM D4239, ASTM D5373 wag ASTM D7582 wan1satasigivinlinsivusnnalalasiau

ANSUBY MULASLIUN BNTLIU TALNBS WAL

2.4.4 YUALFDLNAILAZAIMUNUILUY

o

vurnvesdanaiiiutadeddnlundvesAinisvudagnisiiusne was

Aruvuuiutesdinaiunuanifituegiulassain vaiiu warsnsuluiodunatu 3
FrnasadavzfianunuiudueinnszuaumsHanuazn sz uIunMssadiai danuSeuvily
Autusas vliduseans anlunisunlnififiud u Tneaaunsaiinsienlalnensm
Snsndusewitanavedaiomasiousinasreudndemas fimbeduilansunegnuied

WnT (LAUTIN QALY uaTAME, 2560)

LY

2.5 91UNLNLNYITD9

2.5.1 dNBNAVAINTTUIUNIINBIUNATUFADANFNURAVDIYINLA

Tsai and Liu (2013) lid@nwidnsnavesgumgidndinadenmuaudfiganai
A11U59U (Thermochemical property) LagAINNUILLUN@INaRDAINNILNAMA D990

IsanugaanIsusnssuILnIseaslatud 230 - 350°C 1Wuszezial 10 min laglden

a

Ll wudrneamgivesudatu 290°C Hn15NNTLVRIAIANINS DUEIER Lashianmniines

Y

= a

WAty 290 - 320°C HN1SNATUTDIUTUIUAITUBUEY ATHNUILLLYDININNUNTINY
n3zUIunaIkNAtuLiuIUluY MR 290 - 320°C udanasiaamiinind1 290°C faud
= o ] Y a al o o g v a
nszvIunImesuatuasdwaliiiansiudsunlasvedlasiasianglurilininniund
Y = ! =y i [
wlsanmuaananusanfuuinszurunisindunungaunazldlunsusulsenunm

Yasthainliduondssulunisudnnsswaiwia

Matali et al. (2016) laAN¥1BNENAVOINIILLADIA19VDINTEUIUNITNOT

wlatundsnasenuanUinmeuantazAuaudinuaiivemeasldulaznseiuienagay

q

(%

Anon1nlun1sidult amawe1iiuiand 2 ¥ia 1nevinn1smeas UM LN LU D UL UT
Qaunall 5 5¥AU (200, 225, 250, 275 wag 300°C) 1ulaan 60 min fednsnisyiauseu
10°C/min wan1snaaesuandliiiuis@ninavesgumngiinesunatusonuauURvesdaug

[y

g INeTUNATUN LT 1IAU8ITINIAILTRAAT UATNFIULTANLTY UTTe]



o

wuzihgaumiiivangateg 250 - 300 °C dmiuszeriian 1 hr uaglauauuyituenani
NUITERDlUAITUUT NTUSUNISIHRe s AN ZauAuTlav0IT 1898 AIUAUILLY
APUEINITALUNITUA WORNTTUIAUAIERNT WOANTTUNITNIINL WAZIAUAIARNTUDI TN

Tue

Martin-Lara et al. (2017) l¢@nwdninavesnszurumsnesuraduiidmane
Qmauﬁ’amaqﬁ'qmﬂaﬂ TnevinsAnenszurunveIuiatufl 200 waz 300°C szezlian 10
ey 60 min WaEIATIERATUSINAUNGNAT ATIILUULENTIH) AMUVLILLETI ANANToU
Ansgisemadaissinsudresusursusaanlnsalal Tiaseilassaiavesianie
nAeIganIIAUBLanaseuuTaLNuTa (SEM) Lasdiasznnisuenaaisnisnnusou WU
UENONTIHILUNSFUIUNISNES INATUT 300°C 1187 60 min SI8Rs1AIUYBIANS UBUAIF IR BT

2

a < g o wa & e =1 i | | a
3L‘ViEJLW@HJUL‘LJUN@IW]O@MUmiug’mzlﬂiaLWﬁQL‘W@J“Uu ﬂ’]ﬂ’J’]QJWU’]LLUUTJlIVL@JlIﬂqﬁLUaUULLUaQ

ol

ol AYUdIUATEUAUNITES LNATY N1TALATIZY SEM Wudnlaseas 1w Ui uens

a

ZNONINSWINLAEYNNaNEAIENTEUUNTESIATY Neamgivesunaduasunisaangdi

U

UBNGHIEGRIBERN

Buratti et al. (2017) la@nw18nsnavesiudsdu laun gamqil sseziian
9MIIN1591AUS DU HBNINNLNLALLUA BNATLAANIUNTEUIUNTITNBI kN AT Y Tae Ty

Response surface methodology (RSM) agaankuun1snaassbuy three-level, three-factor

(% o
Y LY

Box-Behken design WU318MBWAU0INITIEMDING 3 fatudsnanofininaliiaziuden

| o 1

nurduddv Insgaumgfifinasiefi9g19g94n 599891A 032821787 KaZenIINITVINAMY
Y aa a 6 o & a ¢ i i

Soulansnamgn LgNan1IMAReWIINANILATI¥RALLUSTUTIU (Analysis of variance,
ANOVA) Laga319uuud1889 second-order polynomial lnediandudszd@nsnisandula (R?)

111N 0.95 UBNANNUUTITIBINUFNILVBINTZUIUNINDI W ATUNAL N FUVDITINIAN

& A

2 ¥iin dvsuninnunAeiaumll 256.0°C arsINTTIANUTEU 25°C/min Sreziia 20 min

Y

a

wagdwsuilionnuAeigamgil 271.7°C §nsnsvianuseu 5°C/min szalian 20 min
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Zhang et al. (2018) la@nw1ANENNUSVOIUTEANT NINATEUIUNITNOT
WAty SEAUAINLSY waznslanaanuYeInTEUIuNIsUSUUTIRMM Wl uIMA WD 1weIT)
WIakazvaundena 97w 3 via laun ninntun @dumvdefisvesayulnsiu (Chinese

a

medicine residue) wagduimdaiisesameruInLin (microalga residue) figangiived
WNAFUT 200 - 300°C SzazLan 15 - 60 min 1ae3iAT12% A1 Energy vield, Enhancement
factor AnANuTougs UFATomaediiiisdestunisidnlelnsiau (Dehydrogenation)
wardndiueandiaunanisvaunardndiulalsiauneaisueu nuIRYTAUTULTIVEN
nszUILNTNEIuNATY (Torrefaction severity index, TSI) Aikanslusuresnisgnydentatiu
fanuduiusiuanautRidomasdina eefumiuguisaoinssuiunmeIunadugs

1789 dlauTRAN 1S UT WAL NN TULAUTE AN MWL UAAAS

2.5.2 QUNAAIEATYINTEUIUNISNANTINIA

Carrasco et al. (2013) ¥in1sdnwnuuinaosasaunasansiuanaafuield
oSuBAudnvuzvedlEaLa (Quercus rubra) TiiunsyuruMsNeswatulagldimimuuy
WadnladluauagilAs eI SANAIURINIR ANANUSEN USHInnguads (Proximate analysis)
AATIAUUULENEIA (Ultimate Analysis) Insfinwinszuiunismesunaduiigamgl 4 sedu

Y

(230, 270, 300 az 330°C) i5¥ezi7a7 10 20 wag 30 min Wudwﬁmﬁwammqmwgﬁﬁﬁwaﬁia

N o [ o v =

maﬁamaqLLazmmm%uﬁuqqndwﬁw‘é‘wamﬂigEJzumasJ'NmusJﬁw o @nTun1Ane
JAUNAFAIAASNUIN one-step kinetic model Wazduauufizsn windu 1 awnsaldesuie

a o a a o v a 2 Y
nswasuudasweaialdauasaiinnszuIunsesuaAtumEm I wUUNgdnladiuala
NUAIAINBNTINISAAUG AT (reaction rate constant) ASEAUNAIIUNTEAU (Activation
energy) WazA1 frequency factor vesldAunsigamginesunadu 300°C wiriu 0.212 min',

11.9 kJ/mol kag 2.57 min* auaisu

Chen et al. (2014) An¥13auUNarIANSLATENWULNTEUIUNITNOT WAt UL UY

a A ay 1Al ] < . .
9 iAW Laviuug amg 1 1 Al vasa s 1euuaL n Scenedesmus obliquus (S. obliguus)
CNW-N TaglgigTiasesvinsgeayideumvitdni@aninuseu (Thermogravimetric analysis) wu
v Y] 1 @ . o 1 v 1
ANUUENTARLRIVBIAMIILVNALEN (S. obliquus) F1UIU 4 433 Usenaulurmedieusn
2 g ' ? v < 2 Y ~
Junisseimevesiluamiieuazarssemveianies nduazilunisaatediveslysiu
A1slulawnse wagludu oS uuiisuaULANAN9YRINTEUIUNM INETUNATULUURUNYH

dl U Al 1 dl 1 a QIJ al 1 dld ! U
ﬁﬂWﬂULLUUQﬂJVIQiﬂ‘l@JﬂQVI ‘W‘U’ﬂﬂiS‘U’J‘Uﬂ’ﬁ‘VI’eJiLLWF’WULLUUQNMQNI&J?’NV]MNaﬁl’e]ﬂ'ﬁ‘ﬂi‘U‘Uiqﬂ
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a

AMAINLINNTT KAENISINYEISATINTIALToUluRTEUIUNT eI UNAT UL UL M

Y

mandanasionisusuUpaunm dndulalasiausensusuvesamseruiniananadluvae
RdIU0990NTLAUADANTUBUTNT UL BLNUAMUTURSIVBINTEUIUNTNBTUHATY Uy
FgNUAITEAUNTIIUNSEA U LUgidmTunsruIun eI uatuLuUg MV A Ag

5752 ki/mol wag 40.14 fla 88.41 ki/mol dmiunszurumsvesuadunuugamgiilingg



uni 3

N1SANUUIIUNISIAY

3.1 AMNNTLWHAZNISENTYUAIDENY

1%
a v

sAdeillsunnnuaneiuglstani (Robusta coffee) (3UT 3.1) 9nlsaausin
NUNF593U U 1ungedenamngsy 1979 91 Feflamutuinfiy 66+29%wb (LAs1zs
arwdudeiate 3.0) e idsininnulindeinliigumgivieadunaiogisies 1 hr
& WoaUfuiinig arndusinisanaitud udaeniseuanseu (ULM 500, Memmert
GmbH+Co.KG, Schwabach, Germany) ﬁqm%gﬁ 105°C Lﬁaimﬁm’m%uqmﬁ’lamﬁﬁ'u
5+2%wb ?fﬂﬂuLf]U?J'NM’];J%Uﬁﬂ’]ﬂMLLﬂ/\Iﬁmmamqaﬁuﬁawﬁﬁ'ﬁmmazLﬂummﬁuﬁ
gousulamelaumsgrunanduaignaInnssy (Wen. 2772-2560) kaNISARYLIANIN
mLLWﬁQﬂammm%ué'wmmmiﬁ'au L85 40 (FUInnELASI 425 um) Lﬁlmwﬂagmﬂmﬂ

NuHAZYAENNI1 425 um (JUN 3.2) inuinwiluge@dderuiinnediefidunaamnives

Aot lusiiunisneasssiall

UM 3.1 NN iinewnIeNfIeg 1 lvunegsendng 2.36 mm 89 75 pm
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U 3.2 nmanusiRsadmiunsmaaesdifiuuinoymaninit 425 pm
3.2 NSLUIUNITNDIWATUNINNN

FasegnaninmunseLaTastsnmLiesnsigs (Precision Balance ME303T/00, Mettler
Toledo , Switzerland) U116y 5+1 gﬁluﬁww’i’]ﬁﬂﬂg%lﬁa (Crucible porcelain 50ml L& UMY
Audnans 45 g1 56 mm) 1thieguynnssuILnmesuAtunsIBves Tsal and Liu (2013)
fagaL i (JSMF-45T, JSR, Korea)Imﬂﬁwmsamﬂ’mu%wuaqﬁ’aasjNﬁqmmﬁ 105°C \Ju
S¥EsIan 1 hr mﬂﬁ?u%mﬁaaﬂg%LﬁaLﬁaa%’wamazﬁﬁﬁ”waaﬂ%Lﬁ]uﬁi’ﬁmmmﬁuqmmﬁ
wenaufsgamg iveSuaduifmuafesnnnsuasuaumaliagg (5°C/min) udns
SEeLIaITeINIEUILMS (Process time) 1391 10, 20, 30, 40, 50 uay 60 min MNusaey

megniliifunigamaiiviosluloganutu waedssud 3.3 uag 3.4
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881NN UITININNMN 521 g AAALAIUN 105°C
A uTURDUN 3.1 lufeaztida Wuan 1 hr

ANNIWNANIUNTZUIUNNT Uaeesegalmdun UnshaneAgalua
NoILNATY unniivieslulagaauy LNHGUNQIANRIIUNN
ganginaTunAy

wadAgL AR ANl

JU# 3.3 nszuauntsnesunady
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250
200 200

p 200 4
= 150 4
<
@7 105 105

100 4

50 -+ 30 30

O T T T T T T T T

0 20 40 60 80 100 120 140 160 180
1781 (min)

5UN 3.4 N9 miuaneganinil - a0 veanseuunIsvesivatui 200°C seeglIan 30 min

3.3 NINARDY
3.3.1 MIANNBNENAYBR UV UNATUA DFNURLTINASUYBINNMNUW

13 nw1dnSnavesgamginesunadusoant@idmdsaueaninnium
GﬁLﬁumﬂmaﬁmumqmmﬁm%mﬂ% a syeu 1aun 200, 250, 300 waz 350°C fisveziaan
¥99nT2UAUN 30 min Tuyngaumgdl Gedmualvisegninmundiliiiunszuiunme’
uwlatudusiegemuan Tnofinaglduaunismnassuvuguetsanysal (CRD) vinns
AT AN TATING1TUTBIR108719U5ENBUAIEN15ILATIBAUTUIUNGNETT (Proximate
analysis), mi"imiwﬁwmwﬂﬁm (Ultimate analysis), ﬂ'ﬂmm%uqa, Solid yield,
Enhancement factor Wag Energy vield s18azidgan153tAsginansiuiide 3.5 lunns
nAReYH Tnsvhaneghatos 2 g1 WiEnsnedevansRigiuse T ieTziauul s
(ANOVA) waz Duncan’s New Multiple Range Test (DMRT) 71 s¢aua2114d a3f u 95%
Audunusvourazladevrgnaduieniuai Pearson’s correlation coefficients hag
u:umi’waaqmiﬁwmmwdwqmmﬁm%‘LLﬁ/\Iﬂ%’uﬁ’Uﬁhﬂ'gm%’auqq way Energy vield vinlag
Bsiareinisonnesdudulagiinseiaussourvesaunsierduussavinisiaaula

(R%)
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3.3.2 N1SANEIAUNAAIEASVDIAUURLBINAIIUVDINTZUIUNITND T W AT

AL

N3FNEIIAUNAAIANTTeIANTRLTINE 1 UBINTTUIUNINGS wilaTuNN
nudunsAnwantRidmduveinnnunfidsuvadulusewinanssuiunimes
uady Geiudunslaefvungamgimesunadu 4 sesfu léuA 200, 250, 300 wag 350°C
fiszoziIaveanszuInnTs 6 seeiu IfuA 10, 20, 30, 40, 50 uaz 60 min Tunnoamad lu
nsfnwil InsiaszandRidmdsnusesiiegsnmnniun T nsiasgiliinungs
@19 (Proximate analysis), ﬂ']i’QJLﬂ'i’lzﬁLLUULLEJﬂﬁW! (Ultimate analysis), ﬂ'ﬁmw%’auqa,
Solid yield uag Energy yield s18ag188an15iaszsiansluiige 3.5 Msiasigwdviinig
JUUTIVBINTTUIUNMINDTUNATU (Torrefaction severity index, TSI) fawade 3.6 uaynns

AATITIARUNAANEASUDINTLUIUNTNDI WINATY Langliiive 3.7
3.4 A1SIATIZNAINNIY

Y1N15U559A0819371u 51 ¢ aelu moisture can dioinauvinistdamiuiy
I@B%%ﬂﬁauﬁ’wﬁauau%u (ULM 500, Memmert GmbH+Co.KG, Schwabach, Germany)
flgnunad 105°C fuiaan 24 hrs (AOAC, 1995) nidsarniuiwanewlulilulagaauiu
Wiolduiigaumniivios AoutindinavesiasauiedeUiinauewiurasiaagnin

AMuEIUISIATITALARSELNISAD UL

T Mdry

MWE
Moisture content (%wb) = (3.1)

wet

= = ) P da &
WD Myet AD 1IAVBIFIBDYNNUAIUTU ()

Mary AB 1IAVBIRIDE WA (9)
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3.5 AN5ILASIEAANUALTINAI9IUVBININALN
3.5.1 NM5ATIRRUSINUNGNENS (Proximate analysis)

¥1N15U559A9819n1 AN WNTIUIY 2041 mg asludreasdidadiviienn
azqﬁﬁamaﬂiﬁuﬁ (ALO3) LLﬁ?ﬁ’ﬂUIdLﬂéaﬂhermogravimetric Analyzer (TG209F3 Tarsus,
Netzsch, Germany) (3U7 3.5) TudumeuSususosnsazegluaniiziifinisfiugamgfiaud
33°C udandlifigumaddanarnduna 5 min ntugaumgdasfinduauis 700 °C de
Fasnsiasuuasgumgiiaedii 10°C/min ndsnadliidunan 30 min Aweendiauas
gnudesgimumnidunan 15 min isliAnmsmalysiodsanysal (3595 253al9R uazane,
2561) Imnﬂﬁf;aéwﬁmﬁﬁwsgﬂ 2 adq %’ayjaﬁléfLLaﬂﬂugﬂmamstmmﬂ?{auLLUmﬁ’mﬁﬂ
fhogavasAnninenivg (TG curve) (5UTl 3.6) Fshanldiameiesdusznauiiugiuliun
A1ANUTL (Moisture content, MQ), @155¢sg (Volatile matter, VM) wazian (Ash) @Sy

ANSUBUANEN (Fixed carbon, FC) @1un5amuaadlaaingunisi 3.2

Fixed carbon (%) = 100 - MC - VM - Ash (3.2)
dle mC Ao Wosgudninuau
VM Ao Wosdudansseime
Ash Ao [Wosigudian

g‘dﬁ 3.5 Lﬁ%‘laﬁ Thermogravimetric Analyzer (TG209F3 Tarsus, Netzsch, Germany)
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TG %

Moisture content

100 ._,_T Mass Change: -5.50 %
i

80 1

60 Mass Change: -79.95 %

Volatile matter

40 1

20 1

Ash

Residual Mass: 0.56 %

116.7 min/700.0 °C)

0 20 40 &0 80 100
Time /min

JUN 3.6 TG curve vean NNl unszuIunvasLAty (Aegemunu)
3.5.2 mﬁl,ﬂi’lzﬁtwmwnﬁm (Ultimate Analysis)

U1A18819N1NNIWNTIUAY 40+5 ¢ UIALATIETUUUKENTIRLNBATIADY

aﬂﬁﬂizﬂaus‘ﬁauaaaﬁwasLﬁamm’mmmg’mmaﬂ American Society for Testing and

= aaa Py

Materials (ASTM) F4357LAT e ilaAIRSAT 17 3.1 andlunislagaudidetvguinnssy

WHNUAZDIALAZAIINADL (AUN.)

M19197 3.1 S19NAENTRLaEIENIIATIER Ultimate Analysis 9890100760

AMENUR ABN153AT29
lalauiay, % ASTM D5373
AISUBY, % ASTM D5373
Tulpsian, % ASTM D5373
2ONTLAY, % ASTM DA239, 5373, 7582
Fanos, % ASTM D4239
1, % ASTM D 7582
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3.5.3 M3AATIENAIANNTOUEGS (HHV)

"3Lﬂi’lzﬁmm’m%’auqaéﬁmﬂ%aﬁ Bomb Calorimeter (C200, IKA, Germany)
(3071 3.7) Tulvain Isoperibol figamniivies (25+2°C) Ingtidog91uru 0.5:0.1 g u1dn
P ERICELR G Lﬁ'aiﬁlﬁgﬂmﬁﬁmmmLé’whugiu&]’ﬂa’m 15 mm &3¢ 5 mm ('3;11‘17'{ 3.8)
ntudn vessel (gUﬂ?f 3.9) Lﬁaaﬂé’haﬁha (Cotton thread) fishumisianansresaini
AUFaU (Ignition wire) waza19A3BiTauu Crucible holder udrnufindiognaninniumias
Tuthoastidalagliiuaedudne 2 du wédddndulu vessel uagniliadn a1ndu
Fufe0n31au 99.5% atlu vessel Tnen1sidnnd1vesdaingeandiauiia s Pressure
gauge 17 30 bar TdiarUsennas 30 Imin L&IT9@23 Ignition adapter ATUUUUDY vessel

(U7 3.10) nawiwasluiaTas Bomb calorimeter 9nUwiNIsANUINS UATN1SNALENT

v o
a o A

AQUA-PRO (8n51d7u AQUA-PRO 2 ml : tndu 1 1) Afigaundl 23+2°C Tfogluseduun

AMUUR BSUAUNISIATIEAnelaA I MEnAeg19lgIaIUsEUa 17-20 mMin LASBIISLERNIAN

9/ [ 1 o ' o a (3 on S
ANueulumiie J/g laevnsiteg1evinisinserial 3 Ase

OF-

gﬂﬁ 3.7 10309 Bomb Calorimeter (C200, IKA, Germany)

IHaanb



JUN 3.8 fagraninniundade

Union nut

Oxygen valve
Electric Cover
ignition '

contact o %‘ Crucible

Ignition
wire

Crucible
holder

gﬂﬁ 3.10 L@RPINITEI Ignition adapter a9AIUUUYBY vessel

20
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3.5.4 N1SATUIUAT Enhancement factor

1AIAINUSBUINNNITILATIEHIUTD 3.5.3 71 Lo UIAIUIUAT Enhancement
factor [ OVMAAEIUYDIAIAIUTDUVDININNLNT LA LY UL DNIUNTLUIUNITNDT LN ATU

WIsuiguiuiiegenIuRu Aeaunisi 3.3 (Zhang et al, 2018)

HHV
Enhancement factor= —=ed > (3.3)

HHVs e
= 1 v

We  HHVece B A1ANTOUFIVRININNUN (Fog1amuaw) (MJ/kg)

HHV orefied sco - 1D AP INTBUAMURININNUITAN TN STUIUM VBT UnAtY (MU/kg)
3.5.5 n1sAuluAn Solid yield

= [ Y- v 3 a ~ v & A
nszvaunIVesuAtulunslndesdusznouuTliavestiiuia Atuiile

a 1Y) %) 1 Il 2 & < 1% o 1 . . ~
UNTLUIUNITNBIRNATU UIDVBINIDYNYaNANAY 931 TUABIAIUWIN AT Solid yield D
§ @ 6 Y 1 a = 1 o] W a ) o v
WERLUDILTUAYDIN I NYILRAD DY VAINIUNIZUIUNINDILNATU annsaaunlalagld

aun159 3.4 (Zhang et al,, 2018)

Weight.
Solid yield (96)= ——L2e145E 1 0 (3.4)
WeightSCG

We  Weightscg AD 1IANINNUNABUNIUNTZUIUNITNDIUNATY (9)

Weightronehed scc AD HIBAINATNRAINIUNTEUIUNTNBTUNATY ()

3.5.6 N13AIUINUAT Energy yield

L 9NI1UAT Enhancement factor wag Solid yield 2g@11150A1UI0AN Energy
yield ¥935 108130 & 9A1 Energy yield 7 185 unend 191ui AnLAvey veed 318 oru

AsTUIUMVIES Uty ansnsafuallilaeldaunisii 3.5 (Zhang et al, 2018)

Energy yield (%)= Solid yield x Enhancement factor (3.5)
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3.6 AYHAMUTULIVBINTZUIUNTINBIUNATU (Torrefaction severity index,

TSI

[y

ArviANTULTIwRINITEUIUNM eI wlatwduanldeSuresei uau LIV
nsruILMIMeTUNAdY Ingn15iuduetgam)iiuagseelia1veInszuIuNTALANATY 819
deralviiinanusuuswensruunIesunatuluseaudeiu anansadalalagldaunis

‘1'71| 3.6 (Chen et al,, 2014)

AWI

Torrefaction severity index (TSI) = (3.6)

Aeref

'
=

We AW AR AIN1SARANTRNL AN LT UIELNANTEUILNITNES WWATUNENIETT (%)
AW ¢ P9 AINTANAIERNATIILT WA ANTE UIUNSYeSunTUan 181984 (%)

Y] ' a |

TunuddeldvdisvesaumnineTuatunAnwiag s8mi1e 200°C f18 350°C uag

Y

a

a = 3 v O A a Y
FLYLLIANVDINTEUIUNITAD 10 81 60 min muu‘wqmwﬂm‘waiLLWﬂ%uLLaziz%’L’Jawaﬂ

Y

NIEUIUNITNIAT AW g3an Fzgnidondusl AW

a ¢ s = <
3.7 N15AATITHIAUNAANFAIVDINTSUAUNITNDILNAYU

LuuTrasasadinmanignianldesuisiaziianadilad vaduauaud?
Fandsuresninnuii A susvasiuvugifiansruaunismesunadu n1saaieda
ypamMnnuaAnnIEIIN e unadumsaesunellus UL ssaT s AR fisen
(Reaction rate) Inetfiunsidsunasvosnaninnuslsionionan seaunisi 3.7 (Lu et
al,, 2013)

dX
w———— (3.7)

o
©
~
)Y

9 ANAINENIINITANULT3E1 (reaction rate constant)

v v

8 duAUUZN381 (order of reaction)

o}
o))}

[

X A DNIIFIUNITAANYAIVOITINIG B 138 t

AN1150AWIULANNANNTN 3.8
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Y = Winitial - Wi (3.8)
Winitial = Wash
W Wil fe wanINnuNISuRY (g)
W, A9 WIdNINNLITALIEN t ()
Wagh fa wiavaanINALN (g)

Tnelghuuanaad Isothermal torrefaction kinetics (Chen et al,, 2014) (am’l'ﬁﬁ 3.9 uay

2.10) Tun1585 U8 SUA sUkUaIININAINYULARNTE LTSNS AT ulusyazan 60

min
1-Xg
In—— =k (t = tp) - n=1 (3.9)
1-X
(LX) = (1-X) " = k (n-1)(t = to) o n=l (3.10)
do X Ao X fansudu (t = ty)

1naUNSA 3.9 TunsaN n = 1 WUIPINTIIM TS9N INANUELRIUSTZN I (N(1-X)?
AULIBIVBINTSUIUNITN DS LN AT URASES 1AUNITLAUANTI ASAIUITAWIAIAIT DNTINNT

AnURzen (0 19ainaadu (slope) vasaunis segui 3.11

0.30

0.25 ~

0.20 o .7

015 1 y = 0.0044x

0.10 - o Sty k = 0.0044

(n(1-X)*

0.05 +

0.00 , , ,

0 20 a0 60 80
LIRNYUDINTZUIUATT (Min)

JUT 3.11 n9vlanuduiussening In(1-X)" fu Lavenszuiunsmesuladu
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NAUMNSN 3.10 Tunsdi n # 1 WUIIMNTINNTASNTMANUALNUSTEAING (1-X)L"

AU 17871U99NTZUIUNITNDTUNATYU (Process time) WarEs19ENNITIEURTI lagauduy

| -

(Slope) #AWAU (n-Dk fetuazanunsammaiidnsnsiinuisen (k) dagun 3.12

U

50

40 A
= 30 - ° 0 °
X
= 20 - S i

o y = 0.6495x
o et k = 0.6495/(n-1)
O I T T
0 20 40 60 80

LIANYBINTEUIUNIT (Min)

JUN 3.12 nymlanuduiudendng (1-X) (i LIa1YeInIsuIuNTNeSuNATY

a

PNMIMANLETLSAINanluwsiaze unineTunatuag iy YeAIAII SN NS

Y
a

AaUATen () nevluaiunsassuisanuduiusvasmpsmsnsinisinu]iseivaumgl

Y

19@7e Arrhenius Law #9@unish 3.11

k=A expf (3.11)
Tnsudaadulumenvesmenniaiulasai
Ink = LnA—Ei (3.12)
RT
do A A9 pre-exponential factor (min™)
E, AD ATNEIUNTEAY (Activation energy, J/mol)
R fio Armafianavesufa TAuvafU 8.314 J/mol K
T fio gaumgillumbeasenauysal (K)

ntnhyam k luwsiyavesduduuisen (n) lunngamgiiunasransmanuduiug

v

589118 [ k AU T ifoas1eaunsidunss laeianudu (Slope) dAindy -Ea/R Wazanan

q

Wi x AWMU In A vilannsamuInmAIng wunsed U (Activation energy, E,) A1 pre-
exponential factor (A) @un19Ldun T (Regression line) wazArduyszansnisandula (R) 1ie

° v oA v W aaa ) ' A a )
mm"lmaammaumuﬂgmm (n) VBINIDHININATMNNHNIUNTZUIUNITND I WWAYY



unii 4
NAN1SNAADY

4.1 FNUALTINAI9UVDININNLNALUNIUNTZUIUNISND TN AT

aAfedinmnnundlsisiunssuiunmmeturaduduiiesuaugu anmsiiesed
AUUABINEIUYININNWNAINAT TN1TUAAIHANITILATIZT USNaUNg 1ans (Proximate
analysis) MAATWNULUULENTIA (Ultimate analysis) Wagn1TtATIEAIAINTEUEIRIMITN
7l a1

ﬂ'wﬂ%‘mmﬂfjmmiLLamU%mmaqﬁﬂizﬂauﬁugmmaqmﬂmLw\lLLaza%mawqaﬂsim
nsaaneivesesrlsznaviieyluguveswaglaa tefiiwaglaa uazdnduluninniuw
(Ballesteros et al,, 2014) Ingn1s3nsgsinseystusdrdunils (DTG) aangufl 4.1 wuh
\oilwagladluiiogaBuinnsaaneiigungil 272.25+2.33°C wazdmsaanesgsgadl
315.45+3.18°C $edRIIN1saaingdnde 6.81+0.08 me/min gaumaiifiinisaaod
aeanvesesrUsznevfimninumaglaauazaniiu fio 352.95+3.49°C fednsinsaaesy
2949 5.92+0.05 mg/min wazgnmadnaniudnisaaiuda fie 428.85:0.64°C Fadoya
fanantsusndgamaiifitinadenginssunisaaiefuesesisznoutszananiuieaglaa
(Lignocellulose) Tumnmun Ingnisaaneivesaiiivaglasazedluditgamgisening 270
- 315°C m3aangivesvaglaanaraniuayeglutisommnfisening 350 - 430°C 3
IndAgsiuauiAdeves Tsai and Liu (2013) fis18unginsunisaaesmisaufounes
mnnun Tngrisgamaiinisaaneiiveaeiivagladuazaniuegi 227 - 300°C uag 300 -

397°C $UAIAUY

N193LATIERRVULENTIARAAINGI G188 19AUANTUS U IAIS oY lalaulau
Tulnsiau senfiau daules Tndhiesiuamiduves Todaka et al, 2016 uagAAuTougs 1A
WINAU 25.02+0.07 MJ/kg TeAa18ARIAUIILITBUDY Barbanera and Muguerza (2020) &4

eNURadIANNTougrasnInn Wil unTEUINNToSWHATULIN 25.3+0.5 MJ/kg



A5199 4.1 auTALBINAIUVDININATWNTA LINIUNTEUIWNITND S LN ATU
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3 5 AnnWA sy
AuURLTINGIU L
ASTUIUNISNDTUN AT

Fhmﬁl,ﬂi’]zﬁﬂ%mmn@:umi (Proximate analysis) (%)

AT 5.70+0.27
ANSUBUAIAD 13.88+0.15
#1338 79.85+0.14
Bal 0.58+0.02
AINTIATIZAUUULENET (Ultimate analysis) (%)

ANSUBY 56.42
lalastau 8.06
Tulpsiau 1.66
20NTAUY 33.42
Fanes 0.15
AANMTaUEe (MJ/kg) 25.02+0.07
DTG /(%/min)

Value: 2739 *C -1.19 %/min

Value: 433.8 °C, -0.99 %/min

'6 1 Peak: 313.2 °C, -B8.75 %/min
Peak: 350 5 °C, -5 95 %/min

100 200 300 400 500 800
Temperature /°C

JUN 4.1 nsmlouiusandiunils (DTG) vasmnnuuitliinunssuiunsmesunady
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4.2 enswavesaunnineunaturaaURdeWAIUYaININNILN

NN NN TEUIUNITNRT U AT U g unad 200, 250, 300 way 350°C ¥

)

TLULLIAVBINTEUIUNIT 30 min gni1undinsgvidviznavesamiinesunadusied1ny

[

Jougy, Solid yield, Enhancement factor uag Energy yield lngilnadinsievisail
4.2.1 A1ANUTOUEN

AnrnuSouawasmnnUkanseglugun 4.2 InewSeudisuiurinuieuves
n1NNNAI8E19AIUAN (non-torrefied sample, NT) #UIINIANWHTINIUNTEUIUNTTNGT
wiadudAranuiougannniuazunnssiusgeiitdedidyneads (P<0.05) 1NKAN1S
naaewanaT uantbiliuinsyuunsesuatuamsateiiuAIA NS eugarean NN U
e ilpsannvagiinnseuIuNINeTLIAtY nNnnuNiinsaaedii veuwaglaa iaiivaglad

a a [ Y a a A 1a 3 P )
wazdniiy WunaliuTunuvedlslasiauwaveondiauanasluvusNusuiumsusuinuay 39

deralviAnmnufougewniu (Tsai and Liy, 2013) mn3guiiiguninnuniidiunssuunis

' [
= = ! k4

noIwinduigungiinuanaeiu nuindeungiineTuratugedu ArnuTeuadannIu

9

a o

¢ 19Ty AYN19adA (P<0.05) AIAINUTBUAIVBININNMATIHIUNTLUIUN TN WHATUT

a a0 OO a

gl 300°C dpgendnAnsenuluswideves Buratti et al, 2018 Ngaumiinesuviadu
WRea (31.68 MI/kg) 1199 8131 0unautainvuInveeunIALagae iU TeINUNTIWANANS
v a v v 1 £4 aa I3 ! £ [V

mu Inganddessnanldninaunidvinaeyniadnnit 500 um uagldniunaneniug Robusta
way Arabica kagillawSeuiguiulliau (Patula Pine) MdvuineunAtaenda 425 um K1
nsvuIumMIneTunaduluyngamil (Ramos et al, 2017) WU3IAIAIUTOUGIVDININA LAY

gan31 mnnuisieduunasdunandifneninegs

40
173205 34.08e
—~ = C — =
@ 30 | 25033 2685
- — s
= -
= 20
>
=
N
2 10 -
g
[cw
-&
0
NT 200 250 300 350

aunnd (°0)

a

P 1 b4 a a o
E‘U‘VI 4.2 ﬂ"lﬂ'l']iﬁ@‘lé%ﬂﬂ‘ﬂ@\‘iﬂ']ﬂﬂ']LL‘1/\|‘1/]N'1‘L!ﬂi%‘U’J'LJﬂWiﬂaﬁLLWﬂ%uW@quﬂﬂJW‘lﬂ‘]

Y
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4.2.2 Enhancement factor

A1 Enhancement factor \usiaiansdadiuiiiinuresrinnufougevos
MnMUNARusEUIUM eI Wt uillowssuiisuiunnnunllinunssuaunmed
uatu TnglinnmundiliniunszuiumaveIunaduiian Enhancement factor Wity 1 iile
finrsunluguil 4.3 nuirigamgiinesusiaduiisningumgifSuinnisaaiedivesnin
MU (272.25+2.33°C) flufie 200 wag 250°C TA1 Enhancement factor iy 1.07 wag
1.11 LLﬂmaﬁﬂ’liLﬂluﬁuﬁjmﬁ’lﬂﬂmgau@mﬂmﬂ’J’liJ'%JEJuQWENﬂ’lﬂﬂ’lLLW(FQ]J’JEJEJI’N?]TUQEJLWEN

7 uag 11% Mua1au valgiiA1 Enhancement factor L dg98g198nLaudl0f 188 1957U

~ 1 a

nsgUIUMIeTLafugun)inginItgumadnsuinansaa1efveInInnIu 1esin
Jugamgdfiedwaglaainisaaied dwaliuiuruaisvowiniu lnev gumgines
WAt 300 wag 350°C yihlilaninniunfgie Enhancement factor Wiy 1.28 wag 1.36

o U d! U a1 ¥ QI é’ = o U
ANAINU YINNIEAIUINUATIAITUITD UG INHYUON 28 ey 36% U AU

2.0

1.6 4
1 98¢ 1.36d

0.8 -

Enhancemet factor

0.4

OO T T T T

200 250 _ 300 350
gunn (°0)

a ol

5UN 4.3 ¢ Enhancement factor ¥8$nnAHTUNSEUIUMSNDIUNATUTID M)

Y
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4.2.3 Solid yield

a a

NT2UAUNTTVOS AT U S NS natsaunaUTunal Solid yield vasninniuu

o w

\esangumniinesuatuniasilien Solid yield anasegaliaddgvneata (P<0.05) 69
wandluui 4.4 e Solid yield Msnniianlaaingumiinesuratun 200°C Ao 92.68% lay

a

nadnSTldonndasiuninszidieLeses TGA ﬁLLammiaa'wéfmaqmﬂmLLWﬁqm‘mgu
220 - 310°C shlsiigaumaineIusiadud 300 uag 350°C il Solid yield shas fio 56.93 uag
43.07% muawiu NsanasuesUIunn Solid yield e1aiinannisaaieivesiivaglas Fah
Tursduinnismsueludiedutas nsseieve andnsasissiamutuiu (Tan) #ldann

dnlsznevanluwaglaauasninni (Tsai and Liu, 2013)

'y 92.68a
79.01b

80 4
~ 56.93¢
\o> 60 e
e 43.07d
240 4
o
8 20 .

O T T T T

200 250 300 350

gaunil (°C)

a ol

5UN 4.4 ¢ Solid yield vaan nAIwHiNIUNsEUIUNITNOTUNATUTMANIF 199

Y



30

4.2.4 Energy yield

Energy vield Lﬁuﬁ’lﬁi“fjja%UWSWéJ\‘i\‘i’luﬁjﬂLﬁuﬁaQliuﬂﬂﬂﬂﬂLLWMﬁﬂﬂﬂﬂﬂﬂu
NrUIUNISVETUIATY FeasAUsenauusduesnnnnaraatsluuasyiilian Energy
yield anas (Basu, 2018) fagufl 4.5 figaumniivesurindugs sadusznevvesninmumazs
nsaaefaun WunaliiAan sgaydestainn 184910 Energy yield iluandisinisdna
TneldiAn Solid yield uay Enhancement factor 3adunalsifigamniinesuriadu 350°C i
Energy vield Gf’]ﬁqm Feaonndeaiunuiseues Zhang et al, 2018 fis1euuwiliufianas

o w

U84 Energy yield agailfudfgynisadia (P<0.05) iilaiiugaumginesuiaduy

1
o 87.71b
g0 | 9448 7 72.87c
< = 58.64d
5 60 - -
g
>
2 40
]
S 20 A
O T T T T
200 250 300 350

geungil (°C)

a ol

5UN 4.5 f1 Energy yield 20940 nNUNTHIUNTEUIUN SNTUNATUTIR M99

Y
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4.2.5 andunusszndnsaumainasunatuiuanURLgana e

a [

anduus senivgungivnes At uAvaudaLdangdaus199 vo9

ANANTLNT HIUNTEUIUNITNDS WNAT ULAAITUAISINNA 4.2 A28 Pearson’s correlation

a = v v s

coefficients WuingumgineIunaduiinuanuduusidauinduainiusougalas

Y

v fa &

Enhancement factor uasiaudunusiidudsaudu Solid yield wag Energy yield lagnwu

YR

Aduuszavsandiiudiiganin 0.9 dwiuyngmsiieuiisuseningamgiinesuraduiu
AANURLTING 991U LLamiﬁ’Lﬁudmmamﬁ’ﬁé’mwé’amuﬁg’jmmmaaﬂﬂﬂﬂﬂLLqu%uQQﬁu
gumglivesnsruIuMILazaIsaIUBANTABINE I LY sAN TN STUILNTMES
wiadulsanguvniinesuraty 3UA 4.6 uaz 4.7 wansannsidaduiung Aauieugs
uag Energy yield mﬂqmmﬁm%LLWﬂ%’u‘Imsﬁ%mﬁmeﬁmimaaaLLazﬁﬂ'w fuUszAvENS
dnanla (RY) lummsfine fuansausInusTRIaNNTINUG Ssauntsvinuesiaesaunisd

A1 R? LAUAI1 0.9

M15199 4.2 Pearson’s correlation coefficients TuksiagAIWISITMaS

Temperature ~ HHV ~ Enhancement Solid  Energy

factor yield yield
HHV 0.974*
Enhancement 0.974* 1.000**
factor
Solid yield -0.995** -0.989* -0.990*
Energy yield -0.999%* -0.982* -0.982* 0.997*

* oy ** wuedstdAgnIsadanauLetu 95% Way 99% ANAIRU
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35
...... ()]
/\ e ................
Soy
A I
- I
A e HHV = 0.052T + 15.917
ag (; llllllllll
EE * R2 = 09483
& o5
€
pc
20 I I
200 250 300 |

gl (°0)

JUN 4.6 AruduiusTsninedAnLTougatanunimesulaty wagaunisanasy

100 g
Energy yield = -0.274T + 155.1
Al oy | S
"o R? = 0.9976

2 30 I\ S | Lsrarisreain
o
>
% ”’ 4
o 10 4 )
C
Ll

60 - el

50 , ,

200 250 300 350

aunnil (°0)

d' U % (3 ! . a a n'J
SUN 4.7 ANUANTUOTYNING Energy yield uavguunniinesuiladu uavaunisannes
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4.3 JaUNAAIEASVDIAUUALTINAIIUVDINTZUIUNTITND I UNATUNINATN

a

1NN13ANIENSNavesguugdnesunatudenuaudRgngsuvesnInauwly

v Y N v v 1

Wt 4.2 wansliiuingaumgineswiladuiidninasgndded 1Ay reaudfveaninniu

o

(%
N YA v

aatiu TunsAnwvinted f3dsdstdufnwiluddnfeiiunsasuslawesaudfves

'
[ |

B
U
NINNIUILTIAUNAAART ST B WNIIN UMY UALLIAIVBINTEUIUNTTNETUIATY Laed]

v

UALLDYANANITINYAIN

4.3.1 M5UasUMUaEUUARINAINUVININNILNTNIUNTZUIUNSND I LWATUN

PUUNAUAZLIAIATEY
1) MIAATILAUTUIUNGNETT

A a o a o P I -
WeoinnszuInnsUsuUIaaaINgnanisauseu asdUsenaunglud
17298 AAN15 VA UMY AILAZINANITAANEALUUEIU Tnguikaransseireasius i
a Ere NI a ¢ @ v A A ~ X
ANAILI9528LLIANVDINTLUIUNSTANTU TUVIEAANST UBUAIA IALLA 1AL US UL A LYY
lAgNaTLAT 18 UTUIMNE UA13U0IN NN HAK TUNT B UIUAITNET WAt UT g e dluay
Jeeehai1e) Aelandlugun 4.8 - 4.11 wans T LiUA1US U UANTY AN UIUAIAD @S
FEWIE WaTLaNUeININNIHAAANNTWABURUaTlUn Lo T LaZLIAIY0INTFUIUNITNES
WAt 9INFUT 4.9 g 4.10 MTNAUTUTBIATSUBUAIR LAY NNTANAIYBIANTIEELAATY
=~ 2 v = v =~ U @ =~ a o o
WguanteunannIsuIunslelinTzuIunsneswiAtuiun INNMUNAgma sl 200 °C
FUTIRUNNTRAZIAIVRINTEUIUNITMBT W ATUIEAUERY (light torrefaction) Hunuaglyl
nafaUTUIUAITUBUAIAILALAITTEILLAY YL NTLUIUNITNOT WHATUTTAUTULTY

a

(severe torrefaction) 7ignumgfige Tnglawizil 350°C dsnasgrssnndenisiuasuutasen
USunaunguansiiaingizsinnan mnssuifisusz i1 vidnavesgamgiuaziiaives
nszvIuNINeIWATY WiuliTauingungdiivnuimeinnitnaivesnszuIumssons
WasuwasUiinaunguans AusnanguansazisuasindaainnszuummeIunadusiu

14U 20 - 30 min

= = I LY & a A <@ @ < wa
YNU Lll’e)L‘LJ?EJ‘ULVIEJUﬂU@ﬂG]iﬁ’mQG]?{’]MﬂiiﬂJlei’e]LW@Q%’JN’JﬂLL‘UQ@@LN@ ALSFNUR

v933nanlulavineeliivazuszunnlalavinannldianun Wean. 2772-2560) USunuanudiu

a v

1N wazAnauSouasvasnInnluIATeililulunueuladuamnin 1 (19197 4.3)



200 ——250 300 —<—350

()

(%)

ALY

1381 (min)

5UN 4.8 USinaumnnuiureamnn N unsyuIun1sneSunrduna amaiiuagiia1snen

100
o200 —a-250 ——300 —x-350

80 4
;\8 60
NS )
&
§ a0
c \
@

20 4

O T T T T T
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a1 (min)

SUN 4.10 US1N0sesseinievean nn Wik un sz uIun e sunaduingamaiuaslia1sinan

2.0
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v i
0.8 A
0.4 4
—o—200 —a—250 ——300 —<—350
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K381 (min)

= a 1% a = o A a !
E‘U‘VI 4.11 ‘UilﬂmLiﬂ‘sUENﬂ'Wﬂﬂ’]LL‘1/\|‘1/]INW‘Llﬂi%‘U'J‘Hﬂ’]i'VlaiLLWﬂSU‘u‘VlQMMQQJLL@SL’J&'W]'N6]

A19197 4.3 asuananvueidein1svetomasdunalssmbilavinnlivasUssianlyla

ynlshtanue (len. 2772-2560)

AMANBUENADINTS FUAMAMN 1 FUAMAN 2
AUYY T3t 15 % w/w Ladiiu 15 % w/w
AIAINUTOY Liteundn 145 % ww  Lidesndt 14.5 % w/w

181 TaivAu 10 % w/w TallAu 18 % w/w
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2) N5 RATIZRAUUALYVINAIUY

n1siUaguLUaweLAIANTougs, Solid yield uay Energy yield 84/38819
NNNUIARUNTZUIUN VRS UHAT UMD AMATIWAEIIA WY UARRIgUT 4.12 - 4.14 wuuuiliy
NSHNTUVRIAIANUTOUEY WRUMANLALSELIANYDINTEUIUNMTINTY TaenAdariy

A1 Enhancement factor Mdululufirimadiendiu amueiian Solid yield avanaseegnadnlau

'
a a

degunnfiiiudy Snsnavosgunginazinaivesnszurunime ulad uduualdy
RN T EiUTINuNGNaNS nszuuMIneswatusyAuseuNionmyi 200°C
WmiLU?{ﬂuLLﬂawmmmm%’auqa, Enhancement factor, Solid yield iag Energy yield
yaannnuniisadndesiffelfisuiuninnuilairiunszurunisesuraty vned
ﬂizmumﬁnfﬁLw\lﬂ%uizﬁuquLLﬁqa'qma’LﬁLﬁmmiLﬂ?{smmmauﬁ’aL%awé'mummﬁasmmﬂ

FIANARBINUINUITEYDY Chen et al. (2014) NANYINTTUIUNITNDT WINATUVDIAINS 1Y

YUIRLAN
35
32
X
N
= 29
&>
=
3E 26
fz
o
@
K
&
23 -
200 —a— 250 300 350
20 T | T T T
0 10 20 30 a0 50 60
1387 (min)

SUN 4.12 AANUTBUgURININNMNTIH Uz UIUNTNeS WAt g M iiuasi a1
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5UN 4.13 @1 Solid yield YasmnniiinunszuIumMsmeswintuioamiiuasiasigeg

100

80
=
2 60
Q
=
&
o 40 4
N
Ll

20 4

—o—-200 —a—250 ——300 —<—350
O T T T I T
0 10 20 30 40 50 60
1387 (min)

5UN 4.14 @1 Energy yield @ nnuniliunszuunviesuiatuigamiiuasiiansinge
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3) NMTAATIZAUUULENGIN

WisihegennnuifinunseuIunsnesuatululsazaunginszesiian

Y

YDINTLUIUNIT 30 min Fudonundudunudmiunstnseh uleseiiuusensigiiie
LaRIdAdIU H/C wag O/C (A15197 4.4) wudnilegunineunadugelu UTuiuues

1aln5LaULALeNTLIUALLANAAAY TUTUEAUSINAUAISUIYL MLASIAU wardatnasiiulu a9

1<

WUNAL1INANSERNEAIVDI89AUTENBUNINNINVULLAANTZUIUNITNOS LN AT Y Taadian

o |

dadu H/C uag O/C 9g551319 0.08 - 0.13 Waz 0.16 - 0.57 Tuvazfininnudilainiy
AszuIumInesuiady dArdnau H/C uay O/C Wity 0.14 wax 0.59 Tnea daduit g
Tn&iAvsfuniAdeves Tsal and Liu (2013) ivhnszuaunisveSuladunnniusiiigamgil 230 -
350°C tJuan 10 min eiseauadadau H/C uag O/C 1y 0.07 - 0.12 uaz 0.38 - 0.66
AUAPIU

i [

Havdrdadan H/C uwag O/C aviasegalunsn Van Krevelen Jaduy

% s

A5TINAIUFUNUS S8UIIEAE U H/C Nudndru O/C vl ald wananatazius s uLiieu
239AUIENBULTBLINGS (Wyn et al., 2019) lnaardndan H/C wag O/C Nanasianineauifves
a Al P YR a A ) ) a )

FauranlnaiAsatuauAud 06U 15USUUTIANNINIIENTEUIUNITNETWIATL 21NN
Van Krevelen 98909U%Y N10NMH A1AATBNTA RN 1UASEUIUANTNBINAT U FIU8NHIU
NITUIUMTNIUNATY WazTnadus (UM 4.15) uansrldadiu H/C uag O/C vasaudiy

Anthracite @8 0.03 kay 0.06 LazYDI0IUAY Bituminous Av 0.07 kay 0.15 (Baxter et al,

Y

2005) 9LWUINNINATBHNRIUNTEUIUNSND N AUl uITetiiAdnain H/C wag O/C 9

'
LY ! a (- A

TnalAssnuauiu wazdlautinninTanniensinemsdus wu nslulidu (Oil palm frond,

1

[ 1

OPF) fimdndau H/C uag O/C winiu 1.57 wag 0.92 Aunszdiul (Leucaena Leucocephala,

LL) fifdmaau H/C way O/C ity 1.75 uag 0.57 (Matali et al,, 2016) wagiann1inis
NERSTRNUNSTUILNITNET WNATULET 1 Fudause (pigeon pea stalk) HIUNTEUIUNITNG
Suaduil 250°C WHuaan 30 min dAdnan H/C waz O/C Wiy 0.14 uay 0.78 (Sing et
al, 2019) uazl8AuAsTHIUATEUIUNTNOIWHATUT 300°C 1Wutan 30 min SiArdadiu H/C

wag O/C wnAU 0.09 wag 0.62 (Carrasco et al,, 2013)
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A13197 4.4 HATLATIENLUULENEE (Ultimate analysis) wagA1dnau H/C uaz O/C 109

A = o a a @) .
ﬂ']ﬂﬂ']LLWV]N'Mﬂ’i%‘u?ﬂﬂ’li%a’iLLWﬂ“UUVlQﬂJWQ@JGIN‘] W Juk3an 30 min

AINTITAATISTUUULENGA gungiinasunady (°C)

(Ultimate analysis) (%) 200 250 300 350
ANSUDY 57.23 61.82 76.31 76.18
lalasiau 7.45 7.61 7.38 6.06
Tulasiau 1.90 2.00 3.05 4.02
2DNYLAU 32.84 27.99 12.43 12.91
Fawas 0.16 0.15 0.16 0.17
dodyu H/C 0.13 0.12 0.10 0.08
dodiu O/C 0.57 0.45 0.16 0.17

2.0

1.8 A Coal .

1.6 e SCG -
o 14 m Biomass
© 19 x Torrified SCG
Q & Torrefied Biomass
T =0
£ 08
O
5 0.6

0.4

0.2

oo\ Lca & . §7 *

0.0 0.2 0.4 0.6 0.8 1.0

Atomic O/C ratio

5UN 4.15 N5 Van Krevelen ¥83tuiiu n1nn1ui nnnawnfid1unszuiun1svesunadu

= A = Y = d'
PILANHNIUNTZUIUNITNBIUNAYY LASYINIADUE



a0

4.3.2 @UTOUSNITHENFA18ABAINUSDU

(3 1%

ﬂ’mﬂ’]LLWﬁNWUﬂi%U?UﬂWﬁVI@%LLWﬂ%}UQﬂfJLﬂﬁ”l%% AUITOULNITHYNARYNIY

[y )

AuTouaINnTmlaAUsENauLTIUIIN (TGA) wagnsmeuiusasiunils (DTG) (UM 4.16)
lagldiagraninniuniinunssuiunimmesunadune 4 gaumni sregiainseuIuns
30 min Fuduszezraimgaiiwusindmsunszuauntsnesunadu (Nunes et al, 2018)

Wudunulunisimsizisesalui

1) MNNAARIUNTEUINNINEIUATY 200°C wudneiliwagladlufiogng
Suinnsaanedifigungll 270.15£0.21°C uariin1saaeflgegan 315.75£1.06°C Ay

gM3INNTARIUMAIEEARD 5.85+0.04 me/min BaumadNinsaaiediigegnvedenusenaui

a a 4

mninduwaglaauazdniiufia 353.08+0.78°C fapdnsnIsaalefageanii 6.34-0.01

Y

1 a

mg/min WagdnTUAnTuNdY199uniaaefdIn Aeud19n 319 nU N ANANTulNIg

dan8in Ae 420.60+2.40°C

2) pMnmurIUnszUINNINesuHAtY 250 °C nudnaiiwaglaalusiiegng

Il a

Suiinmsaatefangamngll 287.55+1.77°C aaunginiinsaatefiigeanveasfusenaud

9 Y

&

'
£ v v d

aninduaglaauavdniiufie 349.80+1.84°C AaedniInisaangsigianil 6.31= 0.06

a  a

mg/min Warguiinantiuiin1saaesa Aa 419.95+4.03°C

3) NMIANLHTEUATEUINMTNETWIATY 300°C Andiedivaglaalatinnis
AR1YAWAIVULLAANTEUIUNIINOIUNATU (Yang et al., 2007) AT INIUERINITSUFAYA?
Yoagladfiafiaamgi 338.55+17.11°C aaumIninsaaneiigeanvessdlsznaufiaig

Y

Tduwaglaauasiniiufie 386.55+1.91°C fednsn1saatesingegadl 4.45+ 0.03 mg/min

a A

wazgumginaniuiinsaaiedl A 468.80+7.50°C

4) MANWATA R UNTEUIUNMIMETUWATY 350°C anduefiwaglaauay
waglaalsdaanediudivaziinnszuiunimesuady nsmiawansgumgiiinisaanesi
yesaniiufe 444.05+0.07°C fudnsINsaaefIgegail 2.39+ 0.06 mg/min dsaenAdos
fusnAdeves Burhenne et al, 2013 fivhnsiesviaussaugasuenaansiennuoy

vodlauuaziuden aminfnnisaanedvesdniiuiigaumgi 417 - 607°C
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©

TG /% DTG /(%/min)
[4.2]
100 { s e et g R — B Lo

90 4

80 1

70 1

60 1

SCG_200-30 SCG_250-30

50 4

G G

40 ——-- DTG —_—— TG
SCG_300-30 SCG_350-30 _?
30 1 G 1G
— DTG ——- DTG -8
20 ]
100 200 300 400 500 600

Temperature /°C

JUM 4.16 aAUsEnaU@IINa (TG) wagnsleuiusaaunis (DTG) ¥oan1nn iK1

a

= o A = .
NILUIUNITNDIUNATUYOANALAIG LTUTEEZLIAT 30 min

U

4.3.3 AYUAINTULIIVBINTZUIUNITNOIUNATY (Torrefaction severity index,

TSI)

v A =) ) =< v v oA
ATRAUTULTIVINTEUIUNITVOIWNATY (TSI) UansdaTeauNITaa18fTs
AYINTRUTRITIIRLUIEINN SsU UM IMas Ity mwialanndadIuvesrn1saadenIad

WNTUVULLAANTZUIUNITUNATUNENTIE NS (Weight loss increment, AWI) WigUAUENIE

v 1 a

Y a = a & =~ O A e
91989 (AWl,e) B9luaided 9109299 ilnaziia1veenseuIun1snesunadun dnw
AnEliiAT AW 11n9g0 Ao oamMnlnesunATY 350°C wAEIEELLIANTRINTEUIUNIT 40

. v & = £ é’cz i a
min Aty A9lganeiliduaniizeneds

31NNITANNADNSHAYOIUNIINeTUIATURDAT AW lum151991 4.5 Wudd

'
a o

QIR A1 AW NSAATURENTIY AINTEEEIRT TUAR MAATLHTINIUNTEUIUNITNGS

o A

WAt 200°C 52ELIA1 60 min JA 1 AW EMTUTEIUTEIM 2% 1NTITesIm
10 min YueiAT AW 81T Ued 19590597 o e oI unatugs g ufl 300°C 9
SEEIA1 60 min 11 AW WLTURNUTEIN 8% 3 INTTTEEELaT 10 min FIUAAIDNBNENa

YosgunniinesuatundinasenisadesiaveaninnunvaziianszuIunsnesuaty

N3l 3 &R Tugui 4.17 wanspnuduiusserineamaiineunadu ssesliaes

ASTUIUNNT e TSI 910 Chen et al. (2014) F9UASUDINTIMINN NTLUIUNTDIEIHERBNTS

a

gaydeinavesiinianniy «nAdeillananismaaesiiaennd oy lnefinaengumgines

[ [y

Aty 200°C Tdnasdunaveansyuiunsin asnuinnulAwensi 3 Shsglusedus

2



a2

VUL ARBALIAIVBINTEUIUNIT 60 min gnuaNlAsvaInsmegluseauUunans uelile
#15ngaungil 350°C Miandu agnuhanulawansmasnn Feudinssunmsildasa
Aen13adeNIavelnaet 1N waavinsruIuM e Ut Mg igesesiandudu

a

LmIngaunInsEUIuMsesiladunsreznannulaglionmgiaus fenii

A5199 4.5 ANNISANAIYDILIATLNLVUYULLAANTLUIUNTNATUNZN1NEULS (AWI) Solid

yield wagA1erliauTuLIweInsEuIunITesLAty

aungdl (°C) 1981 (min) AWI (%) TSI
10 6.12 0.10
20 6.61 0.11
30 7.32 0.12
200
40 7.86 0.13
50 " 4y 0.13
60 8.37 0.14
10 14.44 0.24
20 17.82 0.29
30 20.99 0.34
250
40 23.96 0.39
50 25.07 0.41
60 25.15 0.41
10 38.24 0.63
20 40.17 0.66
30 43.07 0.70
300
40 46.34 0.76
50 46.53 0.76
60 46.67 0.76
10 53.23 0.87
20 56.88 0.93
30 56.93 0.93
350
40 61.11 1.00
50 60.31 0.99

60 60.14 0.98




a3

W 002
W 0.2:04
1 W 0.4-06
08 0.6-0.8
05 m 081
2 04
0.2 O
0 350 ‘2,
=
60 300 &
50 @
40 250
30
20 200
1381 (min) 10 0

JUN 4.17 n919 3 TFuand nuaUeInail NI USRI TEUIUNMSNeS UATUN A WY
4.3.4 JUNAAIFATVRINTTUIUNINBIUHATY

NMIsAIUIlaeluUTIaa9 Isothermal torrefaction kinetics AUNSEUIUNNS

a

noIurAtuNNNUNTIgUMAT 4 526U LAYTEYIMBINTEUIUNIS 6 52U WA k Tu
uigaessusuUFAe (n) lunngamalinasisnsanuduiusszsning in k fu T (K) ile
a¥wannaidadu wazdnnnmdusravsmsdnaula (R Tagd RZ (5797 4.6) gnlidu
wnneifnausufuUAtevesnszuUN N Tign nan1saassnuIIiel n=4 Ja

= = U

R? gegn Fagnidenidur1dudulfise1veanszuaunis waganautuLaznfnLN e
AUNITTLEUN N=d (FUN 4.18) Ym0 wIsmAna91unszAu (Activation energy,
Fa) waw A1 pre-exponential factor (A) aA1599N 4.7 ATNEIIUNTEA ULALA pre-
exponential factor ¥93N3¥UAUNITNOI UUAT UNINATLNT AR U 0.94 kI/mol wag
.1 o w 4 [ £% & I al = o o v =
33,289.59 min mudnU IngA1Na1UnTEAUTUAIMLAADITIUIUNG I UTABINTLNE

AU ATe1nIzUINNITTYY 3981015005018l 31NTEUINNITNBT N ATUNINN TN

=

Fosnandanunszduiiios 0.94 kl/mol tievilmAsuiATen WewSsuiivufuamiddedus
wunszvIunsnesladunnn iAo ildndanunsesdusiun fadumidoves
Chen et al. (2014) fidnwnsaanefimnanmdeuresansevuIndndIuL 2 aesiug ¢
AMNEIUNTEH U 97.90 kl/mol way 174.74 kl/mol kanIfianINuABINITNGdY

nszAunkans1aiuluusiagdna



aa

M990 4.6 ANdLUSEAVENSAREULR (RD) UB9aaunarans 9adnse Ui Unsues kAt UNINN LW

duUAUUAA3E1 (n) R?

1 0.9848
0.9926
0.9977
0.9988
0.9974
0.9949
0.9918
0.9887
0.9858

O OO0 N O RN

A151991 4.7 auUfveIauNarIEnSU8INITTUINNITNDILIATUAIAN LN

AUUANIAUNAANFRNS FauanINNILN
n a
R? 0.9988
Regression line Ink =-7855.4/T + 10.413
Ea (kJ/mol) 0.94
A (min™?) 33,289.59
5
3
1
™ T T T T
<loopoo 00005 00010 00015  0.0020  0.0p25
.l
3 y = -7855.0x + 10.413 ™g
. R? = 0.9988 .
“y
7
T! (Kelvin)

JUN 4.18 nwlnrmduiussewing in k Au T (K) idusuufisen 4 venssuiumsvesuvadu

NN



a5

mﬂmiﬁmsmwamimaaaLﬁaLLusﬁﬂqmmﬁLLammﬁmmxaﬂumﬁwﬁ
wATUNINALN WU'j’mismumiwa'%LLwﬂsi'j"umﬂmLLWV;ﬂquQﬁLLazﬂqﬂisammﬁﬁmm
Tougs USinaunuiy LLa3LfﬁagﬂummsﬁmmgmqmammsmLﬂ?‘}jat,wﬁﬁamatﬁaé'mﬁ@
(Won. 2772-2560) uaziiioRa1sanainm TSI mnmvusnasinisidena TSI fimnsivindu
0.8 (Yen et al, 2021) 9xnuiniigamgd 350°C fe1 TSI gandn 0.8 lunnszaziIaves
AszUIuMs WeRansannsiv 3 TALANITNUEYDINVLAIUTULTIVRINTEUIUNITNGS
uatunInnul ('gﬂﬁ 4.17) ﬁqmmﬁwa%‘uﬂw%u 350°C wudlugaekaan 30 min wsninag
WasuwUaswesan TS| GR wansisauliiadosuasdninavesaiidnanenszuiunis
Tusariing 40 — 60 min A1 TSI Aeutnensil wenantiuditaat 40 min Sudunaifiden
AW @39 kanItanIsanasreIanInnIkilaanlunszsuIung Lagilefinsansusuamy
winzasluwnislindsnuismadeniaan 40 min fafuannefivmnzauiianlunisvimes
waTunANUAR S UsEans annuazdsend andseuAenszuIun e suaT R 350°C

40 min



unii 5
dyunan1vnaag

5.1 MIANBNSWAVRIQUNAINDTUNAYUADHITALTIWATUVBININAUN

a

pamniineiusladudsasoaudfdmasnuvosninnuegsiifodfgyneada 7
gamgineIuslaty 200 - 350°C A1AINToUF S, Enhancement factor, Solid yield waz
Energy yield 8¢ 1us23 26.85-34.08 MJ/kg, 1.07-1.36, 92.68-43.07% uas 99.42-58.64%
pudy nszuaunTIMeIuilad el A A IS aug e InnuL it uldgeands
36% \ilowfisuiunianuilsiinunszuaunismesunadu daiaanufougs 25.03 Mizkg

wanaliiudnszuIunsnes unAtua NN sUTUYENTRT AN v nn i laag e

v v
v v A

WednAny N9 gauuginesuradukaraudfdmdwuvasninniundlanduiusiunieen

o

QQ/ o [ S

duUsyansanduiusuinnd 0.9 dwsunnanmsuSeumiey aunsavinungaInuseuaay
A1 Energy vield Imﬂiﬁ’fqmmﬁm‘%um%’u (T) insruanléfsaunts HHY = 0.052T + 15.917
(R? = 0.9483) wag Energy yield = -0.274T + 155.1 (R? = 0.9976)

5.2 ANSANEIAAUNAAIENS VD IANUMTINAIUVBINTZUIUNITND S AU

nINNILLW

onmgiluayIIaueINsT UMM TUNAT UL fudsHase s ULUAY
psAUsznouMgluesnnAmUILanmeiy SeiliiAnniaudsuwasesausfidmdsan
ypamnnuAiLandIeiuse aamaiuaziaivesnszuaunsmesuindusiuseu (light
torrefaction) 200°C wnuaglsifinadoautAiBmdsnunnaitesgilunuided uddeouiu
pamgivaensrurunmedunatuiuluanisgegs 350°C (nsxurunsnesurladusedy
JULSA - severe torrefaction) NuIanTmdmdsnuiAnandsuntasluanauiids
WS YBINAN LN LalkunszuIuN eI Ut usg 19N Adadau H/C way O/C Y89
MAMUITTUN STV T TWIAd A 0.08 - 0.13 wag 0.16 — 0.57 LansdanuaNTH

a N a v Y v a & | v oA
PRININNILNNLUE EJULLU@QIUI@EJM LLu’JIuaJLm'ﬂﬂaﬂ']u%u@J']ﬂsﬂu ﬂqﬂsﬁUﬂquﬁ“ULLﬁﬂﬁU@Q

a

nszUIunIMeunAtunINNLAguugil 350°C aglutie 0.87 - 1.00 vurNanawunde

Y

a a

Usguad 0.71, 0.35 uay 0.12 Imma?iwammwa’%um%’u 300, 250 Lag 200°C AINa1AY

]
¥

HARINNITIAT VAN YUTVBIAYLAINTULTIVOINTTUIUNTNOITUNATUUITIINTEUIUNS
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ne3weduiigumniasszernandumngauniinssuiunveluatui gumgiidsvey
naNL NMsANYIALNAmMansYesaLTRTmEsuveInsE UM TeTIIATunINn U
AIULUUTIADY Isothermal torrefaction kinetics ﬁlqmwgﬁ 4 SEAULAEITLELLIAIUDY
ASEUILNS 6 58U NUINTEUINTMOTUNATUNN NN SuFUUATTEN 4 Tnefia1 R gean
0.9988 HNFIIUNTEH WU 0.94 kl/mol wage1 pre-exponential factor 1¥NAU Lay
33,280.59 min™! waranezdlivangandiaalunisimesudaduninniunlusuidedioe

AAN5UIINAT TSI LAZAISIINFIUADNTLUIUNITNDIWINATUN 350°C 40 min

5.3 YoLAUDLUL

o
a o o =<

1. 9717 aﬁmmimmmzmummﬁLLWﬂsﬁmﬂﬂﬂﬂLmiugULme Taifinnsuauiu
a a o X & o o 3 - ~ A o X ]
PIIADUNWIDVUFULTUTWNIADALYINNDUNITNARDY FININUNIITNANTINIAUNTDTUFULTU

T8 ALYI9D19 9L T UN IS LRNANY NINVDITIB AR BT

2. AISNINNTALATIEH Optimization 989052 UIUNTIINOIUUAT UL BLE DNAN1IET

wingausazianudululdlunisvilunsdiidesnisussgnaldlulssnugnamnisy
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Abstract. The aim of this research was to investigate the effect of
torrefaction temperature on 4 energy properties as high heating value
(HHV), enhancement factor, solid yield, and energy yield of spent coffee
ground (SCG). Four different torrefaction temperatures (200, 250, 300, and
350°C) were selected. Torrefaction process was conducted at the heating
rate of 10°C/min. HHV and enhancement factor were the highest when SCG
was torrefied at the highest temperature of 350°C. However, at this
temperature, solid and energy vyields were the lowest. Torrefaction
temperature highly affected these four energy properties with R of higher
than 0.9. Regression models representing the relationship between
torrefaction  temperature and HHV  and energy yield were
HHV =0.0519T+15.917, R® = 0.9483 and energy yield = -0.2743T+155.1,
R2=10.9976. These models are helpful for prediction of the energy properties
of SCG undergoing torrefaction process in the studied temperature range.

1 Introduction

Biomass is a natural energy resource which can be used as a substitute for fossil fuel. It may
come from agricultural wastes such as rice straw, coconut shell, bagasse or energy crops as
Napier grass. Biomass can be divided into three types based on the states of matter: liquid,
solid and gaseous fuels as follows. Liquid fuels include ethanol, biodiesel, pyrolysis oil, etc.
Solid fuels include charcoal, terrified biomass, biochar, etc. Gaseous fuels include biogas
(CHa, CO») and syngas (CO, Hz) [1].

Coffee 1s one of agricultural crops that is consumed worldwide. The important
cultivation areas of coffee are in Brazil, Vietnam, Colombia and Indonesia, which constitute
66% of the total world export. Thailand ranks 6™ in instant coffee export. Coffee businesses
in Thailand have grown and expanded, and new coffee business increased 37.71% comparing
with 2017 [2]. When coffee demanding increases, wastes are also increased subsequently.
High heating value (HHV) of spent coffee ground (SCG) with low moisture content (3.16%
wb) 1s 21.77 Ml/kg [3], which is higher than HHV of lignite (14.65-19.30 MJ/Kg) [4]. It is
obvious that SCG is a good source of heat energy.

* Corresponding author: jiraporn jo@kmitl.ac th

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).




55

E3S Web of Conferences 187, 03009 (2020) https://doi.org/10.1051/e3sconf/202018703009
TSAE 2020

Torrefaction is a pre-treatment process of biomass. Under torrefaction process, bonded
and unboned moisture and volatile fraction (mostly hemicellulose and some of lignin) release
and turn into solid. Torrefied biomass generally composes of cellulose and lignin which
provide higher carbon content in relative to original biomass [5]. Torrefaction is therefore
becoming a significant process for refining woody biomass or industry residue for energy
improvement [6].

According to previous works, the effect of torrefaction temperature on thermochemical
properties and true density of torrefied coffee residue showed carbon content increased
mostly at torrefied temperature range 290 to 320°C [7]. Matali et al. [8] studied the influence
of torrefaction process parameters on physico-chemical properties of two biomass materials,
i.e. oil palm frond (non-woody biomass) and Leucaena Leucocephala, and found that if the
torrefaction temperature increased, their energy content raised, but mass reduced.

In this work, SCG was subjected to torrefaction process at the different temperatures
from 200 to 350°C. The aim of this work was to investigate the effect of torrefaction
temperature on energy properties of SCG, including HHV, enhancement factor, solid yield,
and energy yield. Correlations and relationships among the torrefaction temperature and
energy properties were also determined.

2 Materials and methods

2.1 Material preparation

SCG (66+2% wb), Robusta variety, was provided by Khao Shong Industry 1979 Co., Ltd.
(Samutprakarn, Thailand). It was dried in a hot air oven (ULM 500, Memmert
GmbH+Co.KG, Schwabach, Germany) at 105°C until the moisture content was 5+2% wb.
Then, the dried SCG was sieved through a 425-um mesh screen in order to obtain particle
size lower than 425 um based on prior research of torrefied SCG which was in the range of
400 to 500 pm [3],[7]. The sieved SCG was kept in an air-tight container at room temperature
prior to further experiments.

2.2 Thermogravimetric analysis

SCG (20+1 mg) was filled in an aluminum oxide (Al203) crucible and placed in a
thermogravimetric analyzer (TG209F3 Tarsus, Netzsch, Germany). Firstly, the sample was
maintained at 33°C for 5 min. Then, the temperature was increased to 700°C with the
constant heating rate of 10°C/min and hold at this temperature for 30 min. After that, oxygen
gas was purged for 15 min in order to complete the combustion process. Data of weight loss
versus temperature were obtained and used to describe thermal decomposition behaviour of
SCG.

2.3 Torrefaction process

To prepare torrefied SCG, 5£1 g of SCG sample was filled into a crucible and placed in an
electric furnace (JSMF-45T, ISR, Korea). In the first stage of the process, the sample was
dried at 105°C for 1 h. Then, the crucible was covered and the temperature of the furnace
was increased with the heating rate of 10°C/min to the predetermined torrefaction
temperature (200, 250, 300, and 350°C). The torrefaction duration was 30 min. After
completing the torrefaction process, the sample was left inside the desiccator to be cooled
down to ambient temperature and used for further analysis.
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2.4 High heating value measurement

HHV of SCG was measure using a bomb calorimeter (C200, IKA, Germany) in isoperibol
mode at room temperature. In this mode, the HHV measurement was conducted at the
constant temperature of bomb calorimeter and surrounding environment [9]. After the
combustion process, released heat from the sample caused temperature change and the
temperature difference was used to evaluate the HHV. HHV of non-torrefied SCG was also
determined as a control sample.

2.5 Enhancement factor

Enhancement factor was used to define energy output of torrefied biomass in relative to non-
torrefied biomass. It can be calculated using Equation (1).

Enhancement factor = HHV wrrefica sc / HHV non-torrefied sc (N

2.6 Solid yield

Solid yield was defined as the weight ratio of biomass undergoing the torrefaction process
and raw biomass as shown in Equation (2).

Solid yield (%) = (Weight wrrefied scc / Weight non-torrefied scc) X 100 2)

2.7 Energy yield

Energy yield was used to describe the energy retention of biomass and can be calculated as
follows:

Energy yield (%) = Solid yield x Enhancement factor 3)

2.8 Statistical analysis

All the experiments were triplicated. Analysis of Variance (ANOVA) and Duncan’s New
Multiple Range test were used for hypothesis testing of mean at the 95% confidence level.
Pearson’s correlation coefficients were determined to describe the relationship between two
factors. Linear regression analysis was used to create prediction models between torrefaction
temperature and HHV and energy yield of SCG. Performance of the prediction models was
indicated by coefficient of determination (R?) [9].

3 Results and discussion

3.1 Thermal behaviour

Thermal decomposition behaviour of biomass can be represented by percent residual mass
of the material as a function of decomposition temperature. The residual mass data of SCG
reflects its chemical composition and are very helpful to describe other energy properties of
the SCG. TGA curve of SCG of this study is shown in Figure 1. It is as expected, the thermal
decomposition of SCG was a gradual process with different chemical decomposition stages.
The first stage of about 5% mass loss, which was the loss of moisture and loose constituents,
was observed from 33°C to 220°C. Thereafter, substantial drop in mass to below 40% was
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observed in the second stage from 220°C to 400°C. These can be implied that this
temperature range impacted on lignocellulosic structure of SCG. The decomposition of
hemicellulose of SCG started from 220 to 310°C while the cellulose and lignin
decomposition started from 350 to 430°C. Tsai and Liu [7] also reported similar thermal
behaviour of SCG, hemicellulose and cellulose components degraded within the temperature
range of 227-300°C and 300-397°C, respectively.

TG /%
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40
30

20 — %
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Fig. 1. TGA curve of non-torrefied SCG.

3.2 High heating value

HHYV data of torrefied SCG are shown in Figure 2 with the HHV of non-torrefied SCG as a
control. It was obviously seen that an increase in torrefaction temperature significantly
resulted in an increase in HHV of SCG (p=<0.05) while the non-torrefied SCG gave the lowest
HHV. This result proved that torrefaction process helped enhancing HHV, which was the
heat released by complete combustion of fuel. The reason of an increase in HHV was the
decrease in hydrogen and oxygen contents and increase in carbon content when decomposing
the SCG during the torrefaction process [7]. It is interesting that HHV of torrefied SCG
obtained in this study (32.03 MJ/kg) was higher than those reported by Buratti et al. [5] (31.68
MlJ/kg) at the same temperature of 300°C.

40 SN\ e 4—7
Non-torrefied SCG = 25.03+0.07a

34.08¢

. 32.03d

HHV (MJ/kg)
o
[«

200 250 300 350
Temperature ("C)

Fig. 2. HHV of torrefied SCG as a function of torrefaction temperature.
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3.3 Enhancement factor

Increased HHV of torrefied SCG as compared to HHV of non-torrefied SCG can be presented
in term of enhancement factor. As shown in Figure 3, at the torrefaction temperature lower
than the decomposition temperature of SCG, 1.e. 200°C, the enhancement factor was only
1.07. High enhancement factors could be clearly obtained by torrefaction of SCG at the
temperature higher than 300°C as its hemicellulose was decomposed and carbon content was
increased as shown in the TGA data described above.

1.5
1.4 1.36

1.3

1.2

Enhancemet factor

1.1

1.0
200 250 300 350

Temperature (°C)
Fig. 3. Enhancement factor of torrefied SCG as a function of torrefaction temperature.

3.4 Solid yield

Effect of torrefaction temperature on solid yield of SCG is shown in Figure 4. Negative
relationship between torrefaction temperature and solid yield was observed. The highest solid
yield of about 93% was obtained at the lowest torrefaction temperature of 200°C. This result
was correspondent to what provided by TGA that biomass decomposition started at the
process temperature of 220-310°C, which is higher than 200°C. By the way, the solid yields
of SCG at the torrefaction temperature of 300°C and 350°C were 56.93% and 43.07%,
respectively. These may be the depolymerization of hemicellulose, which led to partial
carbonization and volatilization of tar products derived from the lignocellulosic components
of coffee residue [7]. TGA curves could be used to deseribe the results of low solid yields at
these conditions as well. At 300°C, hemicellulose degradation occurred and caused great
amount of weight loss.
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Fig. 4. Solid yield of torrefied SCG as a function of torrefaction temperature.

3.5 Energy yield

Energy yield is a term to describe energy retention of torrefied biomass. After the torrefaction
process, some energy components lose and lead to lower energy yield of the biomass [1].
According to Figure 5., The energy yield decreased due to the decomposition of biomass
under the torrefaction process, i.e. higher torrefaction temperature, higher amount of mass
losses. Based on Equation (1) o£2.3 for energy yield calculation, energy yield mostly depends
on mass yield value [8], thus the torrefaction temperature of 350°C, gave both the lowest
solid yield and energy yield. According to the previous experiment of Zhang et al. [3], similar
trend of decreased energy yield with an increase in torrefaction temperature was observed.

100
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60

50
200 250 300 350
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Fig. 5. Energy yield of torrefied SCG as a function of torrefaction temperature.

3.5 Correlation among torrefaction temperature and energy properties

The relationships between torrefaction temperature and different energy properties of
torrefied SCG are shown in Table 1. in terms of Pearson correlation coefficients. Torrefaction
temperature was positively correlated with HHV and enhancement factor, but negatively
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correlated with solid yield and energy yield. The correlation coefficients of higher than 0.9
for each pair of torrefaction temperature and the other energy parameter were obtained. This
suggests that all the energy properties of SCG were substantially dependent on the
torrefaction temperature. The energy properties of torrefied SCG could be predicted using
the torrefaction temperature. Regression plots between torrefaction temperature and HHV
and energy yield are presented in Figure 6 and Figure 7, respectively. The prediction models
are shown in the plots with high coefficient of determination, which confirms that the HHV
and energy yield can be accurately determined using the torrefaction temperature.

Table 1. Pearson correlation coefficients among different parameters.

Temperature HHV Enhancement Solid Energy
factor yield yield
HHV 0.974*
Enhancement factor 0.974* 1.000%*
Solid yield -0.995%* -0.989* -0.990*
Energy vield -0.999** -0.982% -0.982* 0.997*

* and ** means the correlations are significant at p<0.05 and p<0.01 levels, respectively.
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Fig. 6. Regression model of HHV and torrefaction temperature.
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Fig. 7. Regression model of energy yield and torrefaction temperature.
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4 Conclusions

At the torrefaction temperature of 200-350°C, HHV, enhancement factor, solid yield, and
energy yield of SCG were in the ranges of 26.85-34.08 MJ/kg, 1.07-1.36, 92.68-43.07%, and
99.42-58.64%, respectively. HHV of torrefied SCG was higher than non-torrefied SCG,
which was 25.03 MJ/kg. It is significant that torrefaction process could enhance energy
properties of SCG. High correlation coefficients of over 0.9 were obtained between
torrefaction temperature and every energy parameter. Regression models for predicting HHV
and energy yield using know torrefaction temperature were generated with high coefficient
of determinations of over 0.9 as well.

The author thanks Department of Agricultural Engineering, Faculty of Engineering, King Mongkut’s
Institute of Technology Ladkrabang for laboratory supports.
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