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Abstract

Project Code: RSA5080010
Project Title: Renewable energy from thermochemical biomass conversion

Investigator: Dr. Nakorn Tippayawong Department of Mechanical Engineering,
Faculty of Engineering, Chiang Mai University

E-mail address: n.tippayawong@yahoo.com

Project period: 25 July 2007 — 24 July 2010

Biomass for energy application has gained increasing interests in Thailand.
Competition between biomass supply for fuel or for food applications has been intensified in
the recent years. This concern has resulted in growing interests in alternative, non-edible
biomass resources. Non-plantation biomass resources such as agricultural residues and weeds
such as giant sensitive plants are viewed to have great potential as useful bioenergy. In this
work, its properties as fuel via thermal conversion have been assessed. Gasification is the
main conversion route for biomass energy utilization that generates a gaseous fuel. To our
knowledge, there is very few published report on its utilization for energy. In comparison with
other biomass sources, such as wood samples, agro-residues and fast growing energy crop, it
was very interesting to find that the weed appeared to decompose at lower temperature but
with much higher apparent activation energy. This information is very useful in subsequent
modeling, design, operation, and utilization for energy via gasification or combustion.

Deployment of gasification is usually limited by the fuel gas quality where specially a
high concentration of tars can cause operational problems. Treatment of tar may be achieved
using plasma cracking method. Gliding arc plasma is able to produce energetic radical
species, more active than non-thermal plasmas. It offers high energy efficiency and selectivity
for chemical reactions. This technology appears to have great potential in removing tar from
biomass gasification. In this work, cracking of light tar in gliding arc plasma at atmospheric
pressure was demonstrated. Significant destruction of tar was achieved at relatively low
power input. The findings indicated that the gliding arc plasma has great potential to be
applied as an alternative tool to destruct gaseous tar and other gaseous toxic compounds.

Keywords: Biomass, Mimosa, Plasma cracking, Renewable energy, Tar, Thermal conversion



Y A
uﬂa;iﬂgmms

1. #alasenis
M ing)  wasnwrgwlswnnulassmwiiadauaianusau

(ﬂ’lﬂ’]éﬁﬂqw) Renewable energy from thermochemical biomass conversion

2. HAWAWNIIIDY

%a-muaqa wAT AWe96 Nakorn Tippayawong

ST MAATIIAINTINGIING ATAAINTINAENS WrInenauTaslng
Insdnet 0-5394-4146 Insans 0-5394-4145

e-mail: n.tippayawong@yahoo.com

3. S2UZLIRIANRWAT

3 T sewinoTufl 25 nangnaw w.e. 2550 HaTufl 24 nINgNAN W.e. 2553

4. eanadayuaznaaIdynIninisIe
4.1 m@waﬁtﬁaﬂﬁﬁﬁ'ﬂuﬁ’rﬁaﬁmua

sluﬂm;ﬁ'u Uszna nu T anuFaINI T M NRIWLAZNRAA i NLTaLNEIN B 8T bt S a1 o
A = ° v o o a A o & ' = A Y o a a o o L =2
Ng9 FnmnidnsnuauLaztad A msiunlwid sl L@Jaﬁmmuuﬂmmwﬂmmgwmomwa
negnulagasidanizusassgialasruuasinadennuduasdunaswalesing  35ms

' % ' A ) %) { ') &
UTIMAIeTIun LU YWIaInaIumIN N fa  MINRIWRINWNAUNWANAN NN
. A o ¢ A @ = A = ' o A

melutszine laganizagneds nIUse Lo gIna 9w nTINa b I ra IWad9wiNan1T
NN maaﬁnﬂﬂszmﬂvlmsmamwg11mmmm:nﬂuﬂszmﬂ'ﬂmm:aﬂumsmﬂymuimao
ﬁ'ufﬁmms] %aﬁﬂﬁmsmummmLLazqmmv\mmmmﬂﬂuﬁugmﬁﬁwﬁmﬂumﬂLﬂmgﬁamaa
drzing wanaasulng ldanmemaneas laun 917 des dudidenas uazthsn 1udn a9n
2 A o A o A A A a £ [ & A ° v o
mmﬂma@;maalwsammamﬂ@mwaomnmsmummmmumn leun wnay Waeth mu
dag LW AINTREUZEAY MNLAZNZANENIY TIT2INe wazninUnay Ludu Tauhalae
g a dl' d' d' U 1 aql/di v ™ 6 & L 1 gd
ARQNNITLIBNIHAADU 9NLNEITeS 1T Dides e lal e WAz NAFAT TIABITQANIA
Uszlomiznansnvinan s I u T awa TR AWR I be INNITRNTIIANBIVDINTU N W
wé’amumLmuLLazmﬁﬂﬁwé'amu WL ﬁ'ﬂUmwmaawé‘amuﬁ"lﬁmnmu’fa@;mﬁal%%%a%’;maﬁ

NN 16% 2a9USNNNTUSIAANSINUNIRNAVRIUTIING



A A \ A Aa ' & Ao A ° a o« [ v A o
ArdnndunikinFund 1alasq Aananiwlunisnazsinannaadunadanuwle hasantl
& & A A a a oAl A A v Y o A o o o
laduduisnmaninndydulalddluwnunnanwiun  disdes  swnsasudaldnuld lu
& A ) A & A v & = A ° Aa I & A
sozak (3-5) U uszlimanfadenufigs asmudaminzaufiizsihandaduremdmauns
dql/ a A dql’ d' 1 a%’ 1 a a a 6 a &
dawasnwesda Tudunzuun lilunguitiau ganduda nazfiumssd waz naziunm (u
du LTS wia nIznwNw ﬁlzmmsnﬁmvl,éfﬂizmmﬁaﬂgﬂm‘u 3 1 Tapazlvnanaatlszanm
115 aw/ls lasfdranusoutszanm 20 MIkg dwsuldlasioiadug Alrnaniauaza1ang
Sawnlnarfoanu  den1vvintallasq U lgdse TaminadwTaingy  sauwunnashansas lviilwes
v A Id dl' LY dql/ a v Y dl' d' o v 6 a > 2
liiadunaeszainlumilowdamds  lddugnaugiesanhanlivslomidmwasnuld
[ Yo Q IJ a | v
L LR WIN TN TNY LI NTITNTE LT e
wmaluladnlglumsnianasnuwaniBawdsdonng  sulngidumaen indizamduuy
6 dl' o v d' a J v g’ vl [ a o o @ ?,’
auyimmammwmau‘nmmﬂ"ﬂummumlﬂumwu@mm:qm%{]ugﬂﬂmumﬂﬂauﬂumi
a o £ = o v A = o { a o &
NAS WA sﬁwzwumu"lmnﬂszuwaagwamiﬂﬁﬁﬁmaﬂ wIolTinalulad NRINITONRA Lan
K% % v 1 dl nl a a v J L= 1 v (%
Inhuszwasnuanuiauaiaiulzininmwlidgedu  Jagdu ludvdsumalatineiam
a U & Qs Qs v g =) {
Lwﬂiuiaﬁnﬂiwa@VLWWWIuﬁﬂgﬂLLUU'ﬂm TagadanannIINITLEN [T aIw eIl s ANTINIR LN
Fnadsunmainasgnisudadzrninmaiwasudlinanaduwinaraiwds wIiansudasgn wl
Wwhdwimwaasmainen asusasluaunsdjizoad daldd

Biomass + Heat > Liquids + Gases + Char

7\

(tar, polyaromatic hydrocarbons) (CO, CHy, H,, H,0O, CO,, HCs)

ANBWIINTDLNRINHER b6 LT a8 @39 bLa T8 ua LN b N lwNawaa WA Nn AT 1
d? a a [ I3 23 A s a o (% va
FalWRINWasTa ”lmwnﬂugﬂmaamm w30 2091a7 lauveuuldsum B Wam LA NI
aale 5 Aladad 09 1.2 LWwnzae ﬁﬂizaﬂ%mwmmﬁ@ﬁwgaﬁaﬂs:mm 80 1asidud uazd
é'mﬁmi%mﬂﬁaaL‘%aLwaaﬂiuﬂw%amaagﬂmmdn 07 3 12 Alantudaflalad-o2lue
mﬂIuIaﬁﬁLﬂm:uuﬁmmmﬂ%’m:é’wm@lﬁmm:awﬁazﬁwuﬂﬂuqmmﬂ‘ssw %%a"qmuﬁﬁ
[ A % = (2 =3 = = (3 = d' YV & £
Lﬂma@!maa‘lﬁﬂizmﬂmma% 9AIVNIANBIANUANIERNANA L la LN e LT T e bl
a 1 1=y Ui v [ 1 & ) v ¥ =) =) {
50 waransIN IR TN TN UaEIIUNTARNY  B99ERNNNIDTILRAM I LTI DL NRINaRTAN
neliAadymiuauiaden wandunmitisayindwssnuvastzinadnean adalsfionw ns
Aa [ & A v AAa < . i A . (Y=
NRAWRINUUALLTOINRIAILTZULUNETAATY  (gasification) uazlwlslada (pyrolysis) lad
=< o v A A \ A Ao ' a
MIAN BRI T NUTINIRARTRA Ie19UTsina  FeRanumsuandlsaan ilainnun laln
£ en = < o A ' @ = ' A o e o Aa e €
Uszine eﬁaqmauumaammammu‘nLmﬂ@mﬂmzuwa@awa@nmmw"l,@ szuutendfnyaidinadu
WUUTWIERH (fixed bed) LLa:LLUUWQSMWﬁm (fluidized bed) MadINAILNETALATHLA W
Ylagargawannld anme wia dnoday 0819 twlasiaw An1Inaaadld sandiaw tail wia fna

_6_



]
A

au9 lduwinarsuinin wanand miﬁnéﬁLioﬂﬁﬁ%mmi‘*ﬂum?ﬁaUﬁ%ﬂawﬁﬁﬁmmﬂﬁﬁqmﬂﬁw
af o oA, o 9 A a L oA PPN s ° A o o
fuudsnandrodaaiiosnineuns  wadslaassdisenlanzasnlodursiiwaniinule
= ' = = ™ o @ ° X A
LAzRTON TUUWS TINaTINYDIUTLLAWARTE mmummylum‘smmﬂi:qﬂ@ﬂmﬂuﬂszmﬂ"lmsJ f
FNTWENNITINRNINNTY FANSATNIUNTHRANSINBTINN N T I UNSINUNALNY LAZAa
MTNTINRINWINNAUITZNA NTIVULRZNAUWINITZUIWATHAR LLazqﬂﬂitﬁmSLLﬂsgﬂLﬁaLﬁw
' £ & A o @ = < @
gam%amamumﬂluﬂi:mﬁﬁaLﬂuaammylumswawmmaaLm:mmuummawaamu
mzmumsmaLﬂﬁﬂ’nm"amﬂumﬂﬁﬂmmﬂammw%malﬁnmmﬂm%mwaaﬁ'ﬂugﬂﬁw
YDIARD  WRZUDILDI I@ﬂmiaiaﬂamumamﬁ"uaﬁmqauﬁaﬂmm%auga T unasanuas
BaLWAINRZAINGANITIT  wardUSansuaniiasag aaﬁmmiﬁm%’um:mums 11298013
. wardsgaunsalveanaluladaina wfsudmaglunsauwszuonsuiansinuuag

& a a g Y ) A . £ o
L%aLWﬂUQqﬂﬁqwjﬂTuvL@Laﬂﬂq ﬂiuﬂizlﬁﬂﬁ 1%‘53@1]?]%’](ﬂ'ﬂi‘ﬂﬁyu’]ﬂ"ﬂuL%N’]zﬂUq@ﬁqﬁﬂiiu"qu"ﬁu
dialy

4.2 aaﬁﬂmuﬂmjﬁmmwﬂﬁ
ATTUIUNNT §ANNE WAzTA98 NUITDINRAANRAN NN BIRAWLTILARANUTaN

a Aa = @ e A o 9 as
ma@%’m’sa‘ﬂ&lluﬂ‘izmﬂ sqmﬂﬂﬂszaﬂﬂ’limﬂuﬂqsﬂaﬂLLUﬂ LLaZI"HE}ﬁJﬂim‘ﬂLﬂEl')"lla\‘]ﬂULV]ﬂIuIaﬂu

4.3 Nam:'ﬂwaqmﬁmmiﬁvlﬁ@iamﬁuﬁn%ﬁﬂm%ﬁ"mmimaammﬁﬁﬂmﬁaﬁ'ﬂ
°11mzlaaﬁmwuimdﬁmmmﬂmamw%amm%amﬁmm%au Iﬁmamquﬁd%’;maﬁﬁ
anon wlulszina °11mmawamiﬁﬂmlﬁnuﬁawammﬂ@m:’m“naomﬂ%szummui’ui’a@;ﬁa
uwazuuuwadaladiua Aufadinaslunsudsssniniinisdgug uaznusiavessuisgniaiiu
dll A 1 1 aaa (3 % al g
Wasnsotiusslisenle niswneBenly

5. AanUizaEed
dhwanonan
5.1 iiNemawawinalulad nszuaumy uas qﬂﬂsrﬁﬁ%ﬁ%‘fummﬁmwé’ammmu%mwaamﬂ
e FU
lasfidanUsrasdvailasens fe
5.2 \iaaanuUL 7319 NaRaY LA ﬁ'@ums:uuq@maaamiwamwéﬁmuuau%aL‘waaLLUU%%
’Yﬁ@;ﬁa uaziuuTWIad InasrauRaslians dnsunsitouasiam
5.3 Wadnmanzuaziadvfiinadansniandinuuaniamasfidasmsnnmaulag

RAWLTIANAINUTaUIaITIVIaN ANy AWl TEINe LazIFINUTaITE U



6.

=
LYY

ada v

15798

6.1 NMIANEI AAIT FuLanasNLNLITa

ANENO©E wazlonsIwIBANLITasNUlasINg
Anun1298 LAZIZULUMINAAWRINBLAzITaIWRILUDUNaSALaTuLa: In 15 la T
Jrzinnans g uasinaludszinanmanzay  (wwldanliavesiines sz

v ¢ a
VI:NE]TWWUT]H LLﬂzaue])

6.2 NILAIBNNNTLIDIAY

aElﬂLLUUS&UULLazﬂWiﬂﬁaadiuﬁu
o a a A o v A a
AARILLRSLAILNTIN aﬂﬂtuﬂwﬂlmﬂm‘ﬁaLwa\‘lluﬂﬂi‘ﬂ@aa‘u

ﬂ@aauf‘amﬁzﬁmqmawﬂam AITINIANUNAADNITHRAWRIINULRZLTOLNG

6.3 NM30ANLUY §519 uaznagautaUfnsaldmwsunsulasiiniaidaaianuson

?mmi'a@g qﬂnm‘i LLa:Lmﬂﬁmtﬁﬁm%'u%amaLLuu%ufaqﬁaLLaz%'umaﬂm

=< @ ° A & A °
ﬂm:nma;&auazmﬂ’maamwuqﬂmmmaaszmﬂ@mwmzmmlﬂumimaaa
aanuuuszuunazllwn1Imaaad

¥m3ae Usznay LL@:@@(%T@Lmﬂﬁﬂstﬁua:q@maau

nagauNINBTada o

6.4 NMILAIVUNIINARDY URSNAROLIZLLNIANG

%’@mm’%laaﬁaqﬂﬂstﬁﬁﬁhﬂu‘lumsmaau A373970 URANLAZILATIZRNATEUD
HAARTITOINGS  LT% Lﬂ'%adﬁai'ma:ﬁ'uﬁﬂqmﬁgﬁ i3aaasaTnsnaes
e (Judu Tdwiaalsnn

famadniuTzL

NAROULARIZULTINAA

ﬁ"lﬂ’]iﬂ@]ﬂﬂ%ﬁﬂi@%}ﬂlﬁ 896 WIBUNIANHINTHNUVBITZULLI t"Jll%’fIJlIEG LLfﬂ?l

6.5 NMIANBNI9Y 1UNUNAADNTZUIBNIINGS AN WA UVBILAAT WRZUAILTI

manasasinuiadsninadonszuinnisiuszauiasdians lasimuaea
wl5NLYNMIANENAD THAVAITINIANEWLD QRIVRFY AAINITIRANTOU THA
vaIfdInand siavasiaglutuuauazdnialjasenly

ﬁ'uﬁﬂ‘*ﬁagaau LAUARAENS

a 6 o 1 6 a Otadll d' d' v
Aenzhaiaing masdlsznaumaedl uazquantaows Nineavas
3Lﬂi’1:ﬁuazﬂszmaNaﬁa;&aﬁ"lﬁﬁnnmsmaaa

= o [ ,ﬁ' a L% 6
ANEUWINIINI TN I WAL T WRS LU 1T e Ll

6.6 ﬁ‘gﬂi"l HOTBNE LAZIRWALUSNNTVLNLNANITIAY



7. 2aUlIAYDINTIVY
7.1 miudassmwiiaiadnnusan sxansnanzinaluladunadfiaduwas lnlslads
YNt
7.2 s:uuLmﬂﬁﬂstﬁanﬂmmuﬁy’ui'a@;ﬁoLLa:LLuu%y'maa"l%a ITAUVWIARINIL
wasljuanns
7.3 sheuesdinig wRnTansiantdnanwwsan lalumamitalunan
7.4 zdAnwfanavadaassl fisen adsian 1 viie

7.5 ANWNDINAVITNTAINGN atndnay 2 aha

8.  WUNWNIAILRWITWAADALATINTT

MABANIT
AN 99 1 99 2 99 3
1 3 4 1 2 3 4 1 2 3 4

ASANEN AwATN A38LanaINALITRI

AMILAIBNNITLL 2R %

MI0ANUUL waz &3awenUnsol

NI aNLUL LR a‘iﬁaq@mﬂaau

& o )
NINAROULLDINK u,a:ﬂmﬂ?a

MILAIVUNINARDI

NINAFAUNIIIUVITZUY

ANSANEIITL Lﬁuifaga LaZAI8ENd

MIATNRFINYTEnaU LLazqmauﬁ'@

mMyaTzALazlszuaa Na‘fl/ﬂﬂﬂ

ﬁ?ﬂi’l HRVIAR

9. Nﬁd’l%ﬁlﬁ%ﬂ%’]ﬂ‘[ﬂidﬂ’l‘i
9.1 NANHANUNWIUNTATITINTTLALNWITG
v Wongsiriamnuay, T., Tippayawong, N. (2010) “Non-isothermal Pyrolysis Characteristics
of Giant Sensitive Plants using Thermogravimetric Analysis”, Bioresource Technology,
101(14), 5638-5644.
v Wongsiriamnuay, T., Tippayawong, N. (2010) “Thermogravimetric Analysis of Giant
Sensitive Plants under Air Atmosphere”, Bioresource Technology, 101(23), 9314-9320.
v Tippayawong, N., Inthasan, P. (2010) “Investigation of Light Tar Cracking in a Gliding

Arc Plasma System”, International Journal of Chemical Reactor Engineering, 8, A50.



9.2 Naowuluﬂw*sﬁwLauasl,uﬁﬂix‘*gﬁ"mﬂﬁ

v Wongsiriamnuay, T., Phantong, P., Phengpom, T., Tippayawong, N., (2008) “Renewable
Energy from Thermal Gasification of a Giant Sensitive Plant (Mimosa pigra L.)", 5"
International Conference on Combustion, Incineration/Pyrolysis & Emission Control,
December 16 — 19, Chiang Mai, Thailand.

v Thiha, S., Tippayawong, N., Wongsiriamnuay, T., Chaichana, C. (2009) “Catalytic
Destruction of Biomass Tar by Dolomite in a Dual Packed Bed Reactor”, 2
International Conference on Green & Sustainable Innovation, December 2 — 4, Chiang
Rai, Thailand.

v Wongsiriamnuay, T., Tippayawong, N., (2010) “Gasification of Giant Sensitive Plants in
a Fixed Bed Reactor”, 23" International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems, June 14 — 17, Lausanne,

Switzerland.

9.3 HAIIUAUY
v °g<ﬂqﬂmrﬁmaauL@nﬂg’jﬂitﬁwu%u"ia@ﬁa uAziuLTWIad e SzauWelfians
RMIUNIITVUNT WA
v aaﬁmmjﬂlaamﬂIuIaﬁLLa:ﬂixmummE‘mwﬁaamua:L%aLwﬁamﬂ%ama
v anddpiulwillusdvesdudieszauliygnn waslSyanien
v

PRTING! U%%‘Mﬁ'ﬂﬁ&lgiﬂi

_10_


supawan
Text Box


GREITT!

Aa@anyIvlszme
uneaata
UnasLguImg
Ry
RIIUYAIT
RIIUYNIN

UM INYANHDILAZ AN BT D

uni 1 unsi
1.1 NRIHBTINIBLASNSHUAIFNNLTILARANTDU
1.2 WasuMAgaTas
121 MIFALAINIANNTOUVITINIG
1.2.2 ﬂszmummﬂas?ﬁxlm%’ulmm%ui’aqﬁa
123  nszaumsunadiasulwentuasing
1.3 *J"@qﬂszmﬁmaﬂmams

unil 2 nann1IUALN ]
2.1 FIWIW
2.2 NILUAUNIUNATHLATH
2.3 thivfiinademIniamaiToinss
2.4 Thavaaenanl
2.4.1 Lmﬂﬁmtﬁuuu%ufaqﬁa
2.4.2 \wnsaluvutunaslng

2.5 MIMNIAUINUAY

UNA 3 NINATIEHANLATINIA
3.1 ﬂ']il,@'%ﬂwi'a@ﬁ’;aﬂ"m
3.2 MILATIERRUUY TN
a 6
3.2 MIUATEAULUUENTNG
a 6 U
3.3 MTAANRAANNTaN

3.4 MFILATIZAMIFANLAINIAINTOW

_12_

12
14
15
17

18
22
22
24
27
31

32
33
37
39
39
41
46

50
50
50
51
51



uni 4 avUnsaiuasismnaaay
4.1 q@ﬂ@aammu%u’faqﬁa

4.2 q@maammu%maavlm

4.3 ganageueuaLTL e
4.4 TONARDLGILWAFIN

unil 5 nan133vEuasNITI01AE
5.1 AAENUATINAG
5.2 NAMIFAUAININAMNTOUUDITINIA
5.2.1 lusnansides
5.2.2 luama
5.3 Nﬂﬂ’li‘ﬂ@]ﬁﬁ]ﬂﬁﬂL@l’]ﬂﬁﬂifﬁuﬂu%uffa@!ﬁdLLE\]&%%‘IJENVL%E\I
5.4 HANNINAFBUNUMLIIUGATEN
5.5 HANIINAFOUNLNAIRNN
5.5.1 NMILNANAIRUN
5.5.2 fNANMUTNTUINNLATBIT N TR AN

5.5.3 NI NwA®

= o
UNN 6 agﬂnauazﬂamummz
6.1 agﬂwa

6.2 TaLRWA LIS

L@Na1591989

NaaNs9INIAIINIT

AMANWIN NAITI LA AN UW L LN TLLE?

_13_

53
55
60
61

67
68
68
71
74
77
79
79
80
81

83
84

85

94

95



A1319
2.1
2.2
23
24
2.5

41

5.1

5.2

5.3

5.4

13U A9

AL FIWUINA UM DAL NAITINAR

=) =1 o 4?’ o a 6
MIUIpUNsUaN ¥ NUgIBUAzNIIMBe U JnInt
MILUTHUA UL UT W NULOLUUTUY D MAR
ATNNIRNIATIN N WA

ﬂi:'ﬁw%mwmiﬁﬂ@ua:a DILATUNN WA
fusznauvadlfaniians N9 RuNIuG

wamﬁmﬂ:ﬁqmauﬂavlumﬁwﬂ'nﬁ

a 6 wvaa dl dl
HAaMIALATzRgMaNTATINIREY Y Nanla
MILUSTIUNIUNANITRANYAINIIANUT D L AT %Y BITINA
THAG

=1 = L U =
MILUTHUN U UNANIIRAIEAINIININNUTDI L b L ATLAUY B ITINIA
TUHAA 9

_14_

e
37
45
45
46
48

60
67
68

70

73



A1 IUANN

51l Wit
1.1 UGATEIMIudaIRnINTINIRLTININITB 19
12 nezvaunsudasanwianaafionuouiugu ussiaimsivan 20
21 mawRemodawauazmain lulgdse ol 34
2.2 é’ﬂwmzmmL@nﬂﬁﬂmiwamﬁ"’m%aLW'&@LLUUﬁ”’]Eﬁ"lm%u 40
2.3 é’nwmzﬂnaoLmﬂﬁﬂmiwﬁmﬁ”’]sm%aLwﬁal,muﬁ”wvlmm 41
2.4 5711:&%‘::‘11a\‘lL@]’]ﬂﬁﬂitﬁwamﬁﬁm‘%aLWa\‘iLLU‘LIVL%EW’JN 42
25  anwuzveseUinsaluuntuasing 43
2.6 (%T’sasmLmﬂﬁnsﬂl,mu%tmaa"l,mmqlmu 44
4.1 qmmaauLLUu%ui‘a@;ﬁﬁ:é‘uﬁaoﬂﬁﬂami 53
4.2 LLNuQﬁLmﬂﬁﬂ‘nﬁl,l,uu%ui'a@;ﬁa 54
4.3 ﬂg@maauLmu%'wuaa"l,mszé'uﬁaaﬂ;jﬁ'ami 56
44 wnfnsnfunutusadiva 57
45  gamugyniuazamngl 57
46  dnuolalaaufiviniseenuuy 58
47  gawiumainame 58
48  NBIALI29A389 GC wazinTasRuNAlF e 59
49  Madmatiusznasuifliiienziine 59
410  ganasauaIIILUfiTen 60
411 wnudnsainasdiuuylnadanse 61
412 FANAROUMBWAIFAN 62
413 29esliihwesundsinelihussgeianansayiudld 63
4.14 Lququﬂmtﬁ"g@Lﬂ%‘aaﬁhm{ﬂﬁuamm 63
5.1 @i'm'mmamfmﬁfﬂmaavlumwwﬂ'ﬂﬁmuqnmgﬁ meldanzainas 68

& A o ) [ '
Huwlulasiau neamnmslianusandreg
52 dannmsanpvesluonwdnsnanuiauanugmngll meldan: 69
dnaadululasian Neammslianuiouds g

_15_



5.3

5.4

5.5

5.6

5.7
5.8

5.9

5.10

5.11
5.12
5.13
5.14
5.15
5.16
517
5.18
5.19

ANMNFNNUTITHINBATINIRAN VI ETWEN Sl luwlasianny
qmﬂgﬁﬁmmmﬂmﬁmﬁfﬂ@m 9
@hmmﬂmmfmﬁfﬂmaﬂumwwﬂ'nﬁmuqmwgﬁ muldrnnizainand
Juame Adenmslianuioudieg
é’mwmsamwaa”lwswwﬂ'ﬂﬁmdmm%aumuaqmﬂgﬁ melaanie
danmailuermea Asasmslwanufoudnsg

a

anuFEIRunIwdanmMIsasad laTwinlusmeanugunn i
AENIUURIERINEGN9 6
HavadgmnNNUHATINdaNaNRaINnTELIRMILNETRIATY
WA BININRNALIIU AT LT INIRAONANEAINNITZLINNT
WNETALATH
nazasgunn AU fismndetSunmlalasiau uazlalasaude

6 [
AsUuNDUaN l7§
NATBINMINENGALIIUN AT TmIadatSualalastan uas

' 6 6

lalastaudoniuanuonan lae
minensmvasguinilutasiuveding

minensgmngiinalugadnsaldnsad jizenguniimnuadie g

Aaaa a

darRnTamwnmathaasndudwluinoowdsdisaisljisensiasds g
PSnowhanduluiasainiimasandiuaisel jizenriiads guinss
WaaaLssd fizenidiunmslauiugs

= A a A a £
MIUSpusuFvaInaIaNNieds (n) aama (2) ulasian
AT VT WY AI RN UALLLNIINLATD I
U3zENTMWNIT a8 THA L LA I NRIFNIN AN ULT VT U 6

AU NI UV AITNAUAULUIINLATAITN Y

_16_

71

71

72

74

74
75

76

76

77
78
78
79
79
80
81
81
82



YNNI UANHAUATONBILD

ASTM American Society for Testing and Materials

A uetaasaudlunismn

C MIvan

Cin ﬂ%mmﬁwﬁuaﬂuﬁmﬁaLwaaﬁamﬁwgmmaau
Cout ﬂ'%mmﬁwﬁuauiuﬁ”m%aLwaméﬁaamg@maau
E WRIUNTZAU

FC AMTUaUAIA

H lalasian

HHV A1ANTBUE

k AasfilfAseuadaad

N Tulasiau

n aafinasyaIl)iven

0 panTLA%

R Areafiuaaie

S ANz

T DLYTEAEY

TGA MIIATITAULUNBSIuNT a3

t I8N

VM RN b

w WMIN 89620191078 lWLAT VI TR RN TRANDE
X Useansmwlumsvnanssinauin

a AnsuUasnialumIsansaInisanuion

_17_



UNN 1

YN

%% = ¥

1.1 WAIINUBINIALAZNTRU AIANINLBILAN AN D

luﬂ%aq]ﬂ'u Uszinelnodanudasn T T wasNwLazNRa N N TaIwaIN o s Fa bl TNt
d' A o U :’ o A a 6 ] | d' 2’ o A = a % 4:3/ = 1
g9 ImainniauauLaze I maiun szl LaJaﬁmmuuﬂmmwﬂsumqwmmawa
nignulagassdanizvssassgialasuuazinadannuiuasdunasnusesssng 35013

1 a 1 é Qs Qs { Q J
UTIMBIeTun WUmadinanumInenie Ao MINRINRINUWNAUNWANAN NN
] t=l % 6 A >3 = ¢§ | ] > d'

mulutszne laganizanags nylrUse lami T Ina s nTINIad I wLARINA I NANT
Wl NEI9E Luaamﬂﬂs:mﬂvlﬂsmmwnﬂummmm:gwﬂs:mﬂwLﬂwﬁzauluﬂﬂsLai@L@uI@mao
Y ' A o o g {o o Aa
wuﬁ:ﬁf*ﬁmas] mml'ﬂmimwmmmLLaxq@mv\miumwnﬂuﬁugmﬁmﬂmlumﬂLﬂiﬁgnwaa
szne wandadiulng ldmnnmamaineas laun 417 das dudtznas wazihan uew aoun
SR A o A o A A A a £ [ = A ° o o
mmﬂma@;maalwsammamﬂ@mwaomﬂmsmummmmumﬂ leun wnay Wheth
ga8 Tan WNTRWAIULREY MALAZNZAINENTI TIT NG wazmntiay udw Sunee
o a A A A o ' & A o v ¢ A o , Aa
TRQIINNTLLIUNIHANBU GNNITRY 13U TiRay L lal e WAz NAdAT Dol IRQInadl
Uz lomiznasnsinan s du o wa Il INRAWR I be ANNITRNTIIANBIVINTUNN W
WAIUNAUNUUAZALINENAIIU (Sajjakulnukit et al., 2005) WU ANBANTBINAIUR LN
Lﬂﬂﬁ'ﬁ@}mﬁai‘*ﬁ%%a%amaﬁmnnh 16% VaIUTH1NIIUI INANRINUNIRN AT eIl SN

A A ' 2 Aa ' = A o ~ ° Aa & o v A o

ATBnnguniNGEunI 1alash Aenaniwlunisnazsinannaadunadanule ihasanls

& & A A a a Py & A v e o A o o o
laduduirnaunniydulalddluununnanwiun 1fides  sunsaBudaldnuld lu
g; A v a 1 dql’ dl >3 g; =4 ai o a & A’l’ a

J20saw  (3-5) 1 LLaﬂ%Nawamawuﬂgo AIBUINARNITRNNAZ TN AN AL T UL TDLNRIN AN
dly a a dly dl 1 d‘y 1 a > a 6 a &
BOLNRINNWORTE IWNUATILY "lu"l,uﬂ@wumu gARUAR naztumnd uaz nazfwnw 1lu
du LTS wia nIznwnNwI a:mmméﬁ'@vl,ﬁﬂs:mml,ﬁaﬂgﬂmu 3 U Tapazlvnanaatlszanm
11.5 aw/'ls lasfdranuiaudszanm 20 Mikg dnsuldlaisisiadug Aldnandauazainanu
v { v Q & o =3 v v g a 1 =3 [ v
Tauwnlnatdoanu  den1vvin b lasq ldlgdse Tominamuwi@aings  aruwunnasiangas v iluie
vl uasiNagzainluwn1siawiTalnasg vluamgﬂaue]*ﬂmfﬂmmml"nﬂsﬂwmmwmmu‘l@
1 U o Q |‘:§/ a & v
11 T IWAN I TN TN L AIATNTITHTNG LTI

_18_



dai a s dgl/ a A 1 1 & 9/4%’ a
maluladnlslumanfanasnuwanni@iawidiuis  aulngidwnasn lndiseawduuy
6 d' o U d' a J % g/ 7| s a % o o :’
awyﬁmmammﬂmauﬂanmulﬁuﬂﬁi@wuﬂ%mmmuu,azqm%gugﬂﬂwﬂmﬂamlumi
WA WA mfﬂzwuLﬁu"lmrmszuwaogwam"tﬂﬂﬁwmﬁﬂ nIaltinalulad NRINIIONRS LaN
Y e % 1 dl' A' a a v J s 1 v e
Indhuszwasnuanuiauuiaiulzininwligeau  Jagdu ludvdszmalatineiam
=) U & Qs > v ¥ a {
mﬂiﬂaﬁmiwamvl,wmluﬁﬂgﬂLLuuv\m TagadanannIINIILEN s TawaIUssLAnTInIa i
FnaUsuImaINaa 18T aIRWLT NI RN e T wimTaIngs wIianTulasgn Wl
\dwhadiuinmwsesnainew aausedlusunsUjisouad (Ui 1.1) delud

Biomass + Heat > Liquids + Gases + Char

N\

(tar, polyaromatic hydrocarbons) (CO, CHy, Hy, H,0O, CO,, HCs)

dl aaa A a £
gﬂﬂ 1.1 Yn3enm sl assnInsinIaLzinnuIe

ANBWIINTOLNRINHEA L6 LT LA o @33 LaTas8ua LN u s luNawaa WAL N AT 1
3’ a a [ & 6V A s a v a va
alwRsnWasda Vme:Lﬂugﬂ"uaamsﬁ 30 109187 lausuulaTumM B Wa LA NI
aale 5 Aladad 09 1.2 LWwnzae ﬁﬂi:?{ﬂ%ﬂ'}wmmﬁ@ﬁ"’]%gdﬁdﬂ‘i:mm 80 1asidud uazd
danmirulfaantamdalizinnwasegluszaiie 07 G 12 Alanfudenlaiad-oalus
mﬂiuiaﬁﬁlﬂmwuﬁmmmﬂ%’m:é’wm@lﬁmm:auﬁﬁ]zﬁwmlﬂuqmm‘vxmsw WITUTUN
v A o a v & ~ =< o a oA v = o
mma@;maa%ﬂizm'ﬂmmavl,@ 9ATIMIIANEIANNAINEINTWNA Ll a N e I T a L
8196 LR AILETN IR A NI LTI I LNIHaN e FITRIVIIDTILAANI LTI T LWRIN o RTAN
neliAadymduauaden wandumitisayindwssnuvestzinadnedan adalsfionw ns
Aa [ & A v AA < . i A . (Y=
NRAWRINUUALLTOINRIAILTZULUNETAATY  (gasification) uazlwlslade (pyrolysis) lad
=< ° v A A ' A Ao ' A
mIanEnaztinan T nudianaarialue1lszing  delansuuansisaan ldannuwlaln
é A A 3; % d' 1 s A ] a v o‘ai % a 6 1
Uszine mqmauumaammam@uﬂLmﬂmaﬂua:wa@ama@nmswﬂvlm szuutenUfnyalain
Ingidunuuiuiagis (fixed bed) M3 TzULL WL TU YR AR (fluidized bed) anlgiwae
fUIDRNaa TN ANTauldrzaInnd1  MaaanasunadiliaTwnas Inlsladagiwunld
= o A ' a ) a & A o Al ' !
21M@ v3a Modes a8 lwlasian Insnaasdld aandiaw tevn wia Maduyg liuwsnans
L ¥ o s 1 aaa 1 k% a s v, J K 1 £
UINWN AN mimmLiaﬂgmmmlﬂumimzla‘mNa@nmsﬁlﬁﬁqmmwamumﬁﬂawuw
o A = fe oA e Aaa & ° A o Y a '
way hasandneuns uageiiaasalisenlanzeanladursiwinivhawlauazdvenlawwg
ﬁ =3 1 a? = o s o L s Ad % =
FINRTINVDIUTZLAWLRET wmmmﬂmﬂumimmﬂi:qﬂsﬂ‘*ﬁﬂuﬂszmﬂvlmaJ NAINTWLNNITINI
YINY TANLAWIBIITNEANRINWTINN LN LTI T UNRINWNAUNT LAZAANITEITINEIINT
1 a W Q a { QI 1 ‘§/
nnddszing  mMyAtTpuaziamINIzLIUMMINGe  uazgunsalmaudszUiNaivayadnTinaatn
Meludsznaaaduiis Al unMININIAKLAILAZANNABAINIININK  NITLIBMINILAR

_19_



v & a a v | d%’ a g: 23 ~
anufaudunaiiamaudassnmudunalinmodwdawdmilugdie . veanan uszvasuds
lasmsdessapymandvesingiudmoanuiougs  ldidundanuuazigamwdsnazaindansls
wazldSunauaNuiasag aaﬁmmﬁﬁm%’um:mums 298n1379% LLazi'a@;qﬂﬂstﬁmao

o ' ' o [ a [ ¥ a & [
maluladasnann azlswdanlumINawITUUMINRANSIN LAz TN EINN T8 T Lo
o A ' £ o '

muludszina luszdvpmnanlwganndwmanzivgaamnysuguy da'ly

maudssanindrvrasivnsantvlatdunarsdTnugin laud nszuaunimianianw
(MInaaaLNatfianMuBw I Ml fasen) nszuawnamatadanatan (nak bngd
WNRGALATY LT lada AATUNATH WaT NMTLENRITAILEAILAHEBINGA) WAL NTZUIUATNNI
A A . o a A6 o A a & o A A6 & a =
Fuall (MIdouaasmoldannid MmaminTiaw MInaalasaeseieadunid) sinuszduail
T1u7maglu (Bhattacharya, 1993; McKendry, 2002; Demirbas, 2007) lasva ldnszuanmsuilag

= v dl v [ o dl o dq'
ﬁﬂ’]‘IN‘Y]’NLﬂllﬂ'l’]&lia%‘ﬂﬂ'%mﬂ"ﬂzLﬂ%@GLLN%ﬂWW 1.2 a3

Biomass

b

Feedstock Processing

Gasification  Pyrolysis  Liquefaction

v | b

Synthetic gases Bic-oils Bioc-chemicals

3UN 1.2 nezpumsuaIENWTWIANMLAIANNTDUA UL UATNEAAUFIRAN

lulassnuddofazuiud nszuawmsunadliasu waz W Iade FRSUNIANRINULAZLTBLNGS
A A A o A A v & o & a Ada

NNV T duwnszuanmsmatalanusaunudasznwaivla liidusioirewienid co,
CO, CHy, Hy CoHs, CH, lalasasuauluianalng) wszanadu iludiudsznounan wdu
a Aa Ao o g Aa A 6§ ] & o

Tanmwnaudsznauigudauzasinnazansdsznauaidunds wazanuminysznavlddronin
fu 8130iun3d A0 uazpesudidngNnasmaaand i3 (Bridgwater, 2003; Yaman, 2004;
Goyal et al., 2008) lagnissnassumeandanlidiniinadasnmaniing s ﬁqmﬁgﬁgd La

o L o a A o o £ Y o
NIUANAIVBITINIA emammuﬂsmmwammsﬁﬂmwuaQﬂuamamazﬂﬁmﬂluﬂszuauﬂﬁ
[ &/ > Aa o v 2 o Aaaa .

laswan Jaziuadniuamnnil damnmImisldanaian uazalunsvidjisen (Bridgwater et
al., 1999; Demirbas and Arin, 2002; Mohan et al., 2006) WINLWNINE AN AWTINN
niznaun1IdasnIuguliiiangunpiidn damniliannaougs uaziaamivihdjiseau win
LA NITHRANNTLTD LN ﬂi:mumsé’aamuqulﬁtﬁ@ﬁqm%gﬁga 89NN IANNTBUR LAz

naMIUJAsE1817 (Demirbas, 2001) Taiandjniainldansazidununtuiagis (fixed bed)

_20_



a

g = . A
nga@vlﬂﬁfw@ (fluidized bed) &LULAALLA (spouted bed) %38 wuUlnaaas (entrained flow) GREY
v v [ Q 1 1 g; Q Al |&/ a
dafdaiFuuandriiull lasdulnganduuuuruizgie uuuulwiduunziduwuudgdalad

Aa a @ o ' a £

wenisuimssansululfagrsunsvatsnudn

Hrunananuarssiagnldlunimeseunsudasanin wu lladdwannaziiv gan
fuas Liihasen wazliihaudedrsgniludszinananun el U160 wnay Wred17 mndes
o o v o A o A o A ' A & A o & o
F911Ine dudalna wWdendilue wWienarsfiade g wientan wdenlsd wialuvasnals
nznan Uay adu dung1izis luorgy tasnszeny wawld Aaduuazduaiu nniuda
nMuaziu mniuAaW nnddu sl iwmweiiiaefiin ninveadfsngasnniTa
NITONM VUZTUTH LAMIRGNIINEAT Yadad nnaznaw iudu (Yaman, 2004) narosiiad
o = a A a g: I % d' % = =S d'
Mandnsn1nnaanasesioasegnaludseinanng unan d98503nsnuns@nen
A o o A a A Ada o
LAETaINUTINIAD AR BTRAN T AN WY 8l TN e e

faaanad (carrier  gas) lwn3szuawn1s dulng 22ld ona wie Aadey 1w
Tulasaudnid fAseusawimataweananardnsol luueseuwiae ladnwnsaasnisls

~ o a o M o
lalasiauuny TillnadasiulsznaunaaivadaIHRAN NN le (Rocha et al., 1999) Waneq
a o =3 v :‘ & 1 A A v g; (273 = dl 1
wITusondinsld lasdudrunis nIaldnomualugiuefaainaiy inadqslunis
1 a a aaa a 6 nl 23 6 6 tgl & & 6V
gassumMaieljiseineiulwaste Wl lalesuwazaiuanuanon loquinan Sadwie
s €n=l'd 1 U o & 3; % d' v d‘y a (% g’ % 1 %
saAnzAndenanuiang warau1 N lidlwsnsasduwinalinuraLTawag la lasingsrela
a aaa a . ' ¥ e w { a A £ A A
e UPN31TW (water gas shift) szwdnglasihnuimdenda lalasawiandn Fsdodunmsiia
a o a A . aaa a ' a & d

AMMNVINRAA NI (Marquevich et al., 2000) YffTendanarifiatnldluaniied
nannasuaztIsulssanwansluanalnglinanodu H, CH, wszansuauaanlod ldifay
suyrol uanand wddsnduwinsulng delddnisldasa jisendrimlunszuaunisun
v ~ a I =3 A =i a a o [ . .
%N ﬁmuuLﬂuﬂizmu‘ﬂmaulaﬂﬂwﬂumiﬂiuﬂgaqmmwNa@nmsnmaamzmumi Gasification
uaz Pyrolysis # @139 fiisonlanasasld 1w Glalari ZSM-5 (Horme and Wiliams, 1996;
Wiliams and Nugranad, 2000) s (Wang et al., 1996) Wifia-aadiw Wiia-agiw/man
(Demirbas, 2002) lalaluyi waaloyi way wunitleor (Bridgwater, 1996; Delgado et al., 1997;
Sutton et al., 2001) aluladl Gasification waz Pyrolysis % n13thludszandlgusslopiiu
VILTUTURAINAAILULL adeaztdaalu (Malkow, 2004) Taduineluladasonlenudiuia

aug My

_21_



Ac A A [
1.2 9139 8NLNBIVDY
1.2.1 NMIFAYABIANTDW
a v dl A % a o (% =) A 1 A o d' Y o =1
NI YITAINUNIFRILAINIIANNTDUY DITINIAN 0L NUI LN WFVIIMIANEN
. R
aIMeazduasia U
Hanaoka uazamz (2005) ldvuaaglas louauuazaniiu uazlildandioaglassiuinn
P ~a o A o Ada a = & ' A = a &
WIsuisunulfenladzunasnianiuiluasdlsznausinain latdSuuisuasdlsznay
WU LsﬁagiaaLLazvlsﬁLLauﬁﬂﬁ%uauﬂs:mm 43.8% WAz 43.5% InalAgans uaaniinazdansuan
gandnUlszunoe 63.9% Tasnaninaziaandanilszinns 30.3% ﬁazlﬂ’jwﬁagiaauaz"lmau
Usednt 49.8% WAz 49.9% laaiUszunos Han1sANEN TG Liakannianyin wudwmag‘[aaﬁ
mmmséfﬂwﬁaaqmwgﬁ 300-530 a9ANLTALTOR buLAt 200- 530 aIANLTALTUR LarANTn
200-550 asenpaifos  lasszyduaaglagaaisdiiiasnnmsinlylads lasaaodadszanm
90% 129 300-400 adeniTalfor FInirRaaaIu@IT 9luse 400-530 asenimatbos &y
LALLAZANTRUEADAILHaInNT NS ladruazn T vy louaugaro@dtiony 55%  1aa9
200-300 aseimaidus  Adwiuiedioaglas wazazlaaiodiotnetn g lugae 300-500 asen
\TRLTUR ﬂﬁmﬁmmagiaa AU 75% sanindslasazdnisaanualagnisiaisalusig 500-530
DIFLTALT ‘lumﬂwiﬂa%mmaQIaaﬁ]:ﬁ@iﬂ gasification conversion (carbon conversion) 410
g 67% sudnfiutesga 17.2% Usumie CO uaz CO, vaslildnazlndidusnuizaglas
té (272 | 1 | 1 1 (23 { v v ] v Q
fyldldaaztimaglamdudindsznendudinlng uazfanldnndfonliawciidlndifoaiy
a a né Aaa a I3 6 & 1 ]
anfin Fsazdanfwduasdisznoudusiulng)
Park uazamue (2009) e laildaunvinnmsdnsnsaas@lcie TG wuinazinsaansuad
Tut9 330 uaz 370 asaaifos iusduunn Ieldnmanasluranaseuszauiast jianisn
a w 1 1 U | 1 1 tﬂl Q‘y v g tﬁl a A QJ d‘y a 1
qmwgumﬂmawmwzvl,@mmﬂumulmy LLa:mam"hmumumqmﬁnﬂm@mﬂuu USumawaz
a [23 a 3’ o nl J 1 A 2’ o 1 6V LY o o
NARILAZUTI AN TNUINN ALY WALSUIINARAZNINAINAT 39 LaiNNIAN LU Naa
adiaraaivasljisenlasihaunisnafadfiseuuveuniuanlduiuuuuswmuinariug
AalnNIEaLauad lailan angunswuIm Il lada lalaaduuwi liuaz lavindwainninmes
Worasuwannarak LasAtke (2007) la¥inmsansnnsaansainasinnziens TG-MS
uaz FTIR lagldliwstha unay $athalwe louan Snfiu wazimaglas wafnldwuitaziinig
> 1 1 1 (23 =Y L5 { =) J ) =) yo Q
sanaedulnalugag 250-300 asemaifos Mandadminiiatulugrgunnlidniu
aﬂﬁmzﬁﬁ”ﬁsﬁmi’uau,vl,@aaﬂimﬁgolummzﬁﬁwmi‘uauwauuan%ﬁﬁayﬂ’hmﬂ simmag‘[aa
A v A [ \ a ' A A = ~ o 9 o A
waz lnaneialnaLAsIn muﬂsmmmﬂuanum:wgdﬂig@ﬂﬂﬂ%hﬂﬂLLa:LLnam:u
ﬂ'%mmmugaﬂd’]sﬁﬁnIWQLﬁaamnﬁaﬂﬁumﬂﬂdﬂ muﬂ%mmm%ﬁvlﬁﬁnﬂsﬁﬁniwmzﬁge
ﬂ’hWﬂnTnLLaszauLﬁaamﬂﬁmagiaawmﬂ’h LLa:Lﬁawau’fﬁﬂﬁuﬁ'ﬁJLsﬁagiam:wmuﬁaﬂ%mm
v A ey 6 6 1 3 6 6 6 a A
°ua<1ma;ﬂaauam:uﬂwmwau%aaﬂvl,emgamumeﬁmiuauuauuaﬂvlsmLLa:mia:uﬂimm
v QI g 1 o U eV AI J 1 Q 1
e mmwm@mumaumagiamzml%msﬁﬂﬁuauwauuan%ﬁua:miwwuammﬂua@mu

_22_



wamoaiuewlassnlodssliaawuss %WﬂLﬁﬂJL‘ﬁﬂgIaaN’mﬂ’j’] 65% LRaAnAutasnin
35% MoansuanNauuan kaaziUsunmunninmsasuenlasantos saunsuad lowauny
waglaanuifasuaulasenloduazaniveunaunenlodanivsinulndifoanu waziile
Lﬁ'uLﬂjagiaamn%mzﬁﬂﬁﬁ”wﬁgaaaaaahaﬁumiﬁua@m muwﬁ'«azﬁﬂ%mmlﬁu'sgamnﬂd"nmi
Namsﬁagiaaﬁuﬁﬂﬁumnﬂdﬁ

Otero wazAMe (2010) laANENIANTFANLAIVBININAZND® WUINAIWRIWNITAUVDINN
arnauvaiuLlizan 129.1 kJ/mol ¥AFAT 132.5 kd/mol uazvsBUN3e 159.3 kd/mol
WisuRguiutwinesd 49.2 ki/mol uazwana@n PET 165.6 kJ/imol  lasfinnaznanuadiie
YAFA Tz BZBUTTHIZAANLAINNGA LTI 200-400 BaTALBR FIUNANEAN PET 350-450
DIANTALTUR LATTNWAK 400-600 89ALTALTER

Yu tazfme (2009) Vlﬁaﬁ;ﬂdﬂmmmﬂéhmaawnﬁnLLa:WN‘*ﬁnmﬁLtﬂqaaﬂVL@TLﬂu 2 129
F9uIngmngil 200-400 aseimaiGoa azdunsaanadidulngjilzan 65-75% uazaziiia
Mk et zinsLaztgainoamngiinnn 400-900 aseimaidos asdumamnndvas
msi:mﬂﬁmﬁaagua:mu MIRANLA? LLa:miLm"LmeU&L@Tf"i”wman%wuﬁﬁmwﬁufugami
sanpduazmstn wdazgeldhe lumsinwnessildlddissgismndsusswuinnsls

e 1 aana o v A a dl n:al a o 1 nl 4:3/ a a (<3
mmﬂgmmmhqmwnﬂwmaaq@m"l,wslua@m LLﬂzL&IaLW&HJ?&I’]RW]’JLSGLWN%%QM%Q&IQ@@]@]VLWTI

ANRIDNGLE ﬁﬂﬁamﬂéf’aLLaszVLﬂﬁﬁqmvxgwmn:ﬁmmﬁmuﬁ'urm"l,&il%éhLi'a

Haykiri-Acma and Yaman (2008) lashiusaduisnanmaseumeldanisiiuanersiu
inferlulasan ot faoanueuwlasanled armautsuasfanausedloinuasialulasion
Tovihduanme lulasansvlasiduioaniuenlasan e wé’amum:{fumﬁmﬂmiﬁwmm
1a83% Coats -Redfern Uszanas 21.3- 96 kd/mol. miamUé’dﬁgaqm:aglumaqmﬁgﬁ 300-360
AL TALTIR WUN I@ya’]ﬂwﬁlzﬁqmﬂgﬁ@‘i’lq@ sndSunamssasaimoldmslulasiauas
ﬁamﬁq@

Gani and Naruse (2007) ld¥hnsdnsnmsssoivasoaglasuazinfuuazldayli
AR AIVBITINIALLALALT U 2 329 AENITEANLAIVBIRNTILALLAZENU PUTIILINANT
AANURILAAT Ha B30 NNMIEaEdIasaag lag Tugrsfigaailunsaanadavesaniin
2 |@ R TTRBURZ TG LLa:VL@Tﬁ’mﬁ?iﬂmmuwamaaLéﬁagiaaﬁ'uﬁﬂﬁuﬁé'@swﬁau@iﬂa 91% WU
Lﬁmﬁwﬂ%mmﬁﬂﬁmﬁuﬁummmﬂé’ha:amama:qmwnﬂﬁlummmﬂﬁaa:w‘duﬁu lunsanmn
assilavddanty §1d0y unay wWiedna dudnalne TuwsosuaznIningy w1vinnng
LaﬁsmLﬁsmmmmﬂéf’mmﬁ%’;maﬁﬁé’wdmmaaaﬂﬁuga ﬁ]:ﬁmiamﬂﬁaﬁﬁl,l,azﬁaﬂ%qmwgﬁ
go%u’l,umsamyﬁaﬁﬂﬁw

Shen uazamz (2009) ldvhnsdnmvesBinanaosia uazasliimiaaoeidig
anutanvaslimeldanzeonme wislaidn 2 129 Trousnazflumrsnsuassrafizasaziin

M AU IaUNLAINTIININ MITFALA LUTIILINAZTNMTFaLa L lapaniuga g

_23_



Aadu Ladiiaglasuazdiwiaglag Vlﬁauﬁ'ﬁﬂ%mmt,aﬁLmagiaaﬁaﬂﬁ]:ﬁmiamﬂﬁuﬂm"ﬁw
W@ wasnunszduvsInmIssaalutuInuasdanmIlianuiaudni g axlidnlndidoaniu
walugr9igasnsgans eIt W]ﬂ’l‘*ﬁé'mwmﬂﬁﬂ’nu‘?am’hazﬁaaliwé’aamﬂs:ﬁugaLL@iwm
1‘73“5mwmﬂﬁmwu%’augawé’amum:é}mw‘iﬁndﬁ wazmsltaanmilianuieugiazlindsam
ﬂi:é;fu@‘i’mdﬁ5@151mﬂﬁmmﬁ”am‘i"1§ﬂﬁaEJ

1.2.2 nszm%mmnﬁ%ﬂmifuﬁ'mmifui'aqﬁa

a v c.{' c.{' L2 s % a 6 3; o n' A o d' s 1 a v c.l' (2
nwidsfigitesnunsidiand jnsaluuutuizgielidiuinann sednedenuideild
o = a a o g
AnmsaneniNeazidaaassa i
Chen uazami  (2003) lddnmnitaszdaindslunsdniinnsdenszuiums iwls lade
a c.l' 2= L% Jnﬂl d' = £ a aaa 1
Frwandildhe Wednuazlides anazhlslunmsfinsdsznendis guwpiid§iTen 129a1v81
srznofladluie diudysaud@nismaoninuazialvesaynie danenuieusainnuion
mﬂML@ﬂLLa:miﬂ%uﬂ;wadmwa‘?ammzmmmmmlumsmymmamaum"lwiﬂa%a NA
a {t:!' % s = nd‘ L% 0 a {n:ll (% >
vaaandnsaifilfuandd lumsdinsamngiinlfusndinvesandnaninlduandiuazianln
a d@l a U nﬂ. a n:' 1 23 n:{' L7 AI J = dl
Ila%s Tinantnaasdadurelain WagnnnBiiuwuiian ldnawnduraialananly
) A L = o @ ey a £ v e v wn & a A o
fruvasmnzsnwnudui i ldfmdsdwsuiudiunlivdpeuandduuiinafidranude
fafnindaldudnisdiudenemonunwduazldndragnirdenisndaie ludiunis
Qo v 1 U o VeV { v Q. Cg/ ]
USudyswasanusouuszanamansalumsmsmuisvasawuivh e ldnaau egslsh
g v v o VU ev { v QI J =3 v K 1 (27 {
ANUNATBIDNTIANNTauUaInNNTanA s el an laA T wanEa Y LazgINUINATN
' o A a e o o a = o A &
"L@”'hmamsgﬂmz@;maaqm%{}maaLmﬂgmmﬂmmﬂmLLazwmwthaﬂuamwaLﬂmm"lw
a nd‘ L% a o‘d‘ £ A =) 1 1 v d' L=
151a%a ganpiinldinanzluandfnsainlduandafio 700 aseimaiGus drudranuiaunlddl
X 3 . - L Y
ANgIUK 13-15 MJ/Nm mugﬂiﬁwaumvlwiivlaeﬁa wmwgﬂﬁaLLmJmﬂﬁ]:ﬁﬂiﬂwﬁmﬂgﬂiw
' o ' 9 Aaf v @ o A A o @ &R ' o
WUUNITINTZUON RINANTINLINIARaNaTwLTduwaz lidasawinlsiitasarniaisinadalale g
Taudh 2879 13AANNNIIRIIINAITILATIZRNAN WA N R HEENAILLINNEII NG
Wei uazame (2007) laansmande lalasiaudraunadiinsulasldaassdjisenain
= v 4 e @ & A = A v aaa a A &
Fruaalaun F9naRne1Iuezdiaes lunisnasssiimafanlsaassdfisoluadesdfnal 3
10 fia Auu Tod3u uazlalaluyt uwazlfgaunndlunszuiun1szae 750-850 aseimaifos 15
AAIIEIW1aUNGaTINIATII 0.0-1.0 NINGANTH NRANUHN LAADNNIILNFINVDILAR N3 LA
6 o a 1 d' & 23 o a 6 v dl' 23 =
1§ fnfuduwiiduufzzgni ldiienzddisiaiasudalasunlninni nuanimanas
fRITUTIDNNLILRZTLROY WU Lﬁaaqnw\{]ﬁluﬂizmumumzémemvl,aﬁwia%ama e
A £ A o ¢ o A, a X ' a & o & A
LNUTWNRAN RN UA RTINS balasianaslanuln gaudSunmaadnisnussaciaianas lag
qm%gﬁlum:mumi 800 BIANLTALTUR AW baUNGaTINIALW 0.6 wazltlala buvritdn

% ] di a 6 o v oA a > 6 e d'
assluasosufnank ﬁ]:ﬂﬂﬁ’l@ﬂiu’lmwammmLmaimLLavaaImwum”mﬂq@

_24_



Lv usazaniz (2007) lednwnsuaalalasaufiisduannszuismunadiesuwlasls
e uazeandianseleihluendfnsoiuuninass Franedldfoiawlion samdmauyaldd
1 0.25 I@ﬂm‘smaaaf?lfﬁmﬂml,m:aaﬂ%wmiavl,aﬁwLﬂué’aﬂmﬂumiﬁ']ﬂﬁﬁ’%m BIn1INanad
sRsuisunssuiumunadinsulasldaimeiisutumsldeandiandelati :nmsanm
WU @iﬂmm%auﬁ@hmnq@ﬁa 11.11 MJ/Nm® fnSunszuawnsfldeandiaudalotin
uaﬂmﬁaﬁnﬂ*’ﬁ’mﬁ@ﬁLﬁumiwmﬂﬂmmmﬁwmﬂq@whﬁ'u 45.16 g H,/kg T84TI0I8 §IWIL
nszuumshildoandiandalatiwuindUsunm Hy, uas CO LRnTw 63.27-72.56%  uazwinld
21NaNLI1 UIum H, ez CO RANTw 52.19-63.31%  uastuAnudaaiwlsunos H,/CO
wuindlfeandiandalonn samain H,/CO ANdi% 0.70-0.90 9inlFanmeasaain H,/CO 2
ag}iﬁ 1.06-1.27 Naﬂnaoﬂ’mﬂ‘%ﬂuLﬁyuﬁﬁgaﬂﬁ’hmzmumnmas'?j%?\ILﬂ*’fi"u‘[mﬂlﬁaan%Lau@ia"Laifﬂ
fssansmnuamaf lafas ldamwasauen

Kantarelis W&z Zabaniotou (2009) l@@n®1NIzUIKNNT valorization wasdauinelasls
Lﬁﬂvlwisvla%aazhﬁ’mL%sl,mml,mqu@ﬁm”aUﬂi:mummﬂa?ﬁ?\lm%’mﬁawﬁmﬁ"mé’amﬁzﬁ
lagnrsanzranuiduldlalunisindrduresdnovinialalasiautazuizdsinsnziny
anusuRuidanisan co, lagldnszuiumsinlsladsuazunadfinswlun1iiasey lag
UjAzenInlsladaazifiaf 400-760 asuTaFus LLa:ﬁﬂmwaﬂs:ﬂumaaqmﬁgﬁﬁﬁwa@iam‘s
nizinsveIianilunszuaumsinlslads anzlunmanaseuld anuduusisima gaunnd
15549 750-950 adaLTaLTaR mnwamiﬁﬂmwudﬂqmwgﬁngmNaiﬁwamﬁwvlﬁa%u&luﬁgmm
ATTLIANT FIRUAFFILATIZA (CO Uz Hy) %ZLﬁ&I%%@]’]&IQM%QﬁTmzﬁ CO, wlAnanTINUdY
lagwudinszuaumsinlsladaldlalasiauge glddszana 39% vv WaEANITLIRMISIA TN
$1UIUVBI CO, RARIAANDAUNIZLIUMSUNETALATY

Bhattacharya tazatse (1999) AnwnszuamwmIunsdiaduseslddniunisniautais

]
a

mives lasnuidaelalguaitmsdnmnszuiumsunadiauves lallazweneuaadSunmnislue
wiw Taowuinanudwluawliesinls co, uaz H, 1Andwuarinls co anas laslidnade
Vsnamsluuafinaald smsusanmsilenaimenionsn wuinmadsenmednldessiiges
POIAUDULUY two-stage SINAIHUSINMUNS CO, Uas Hy a0asumsil CO  LANTW §2%Lan
FWSUUTISLa T D US AU UL DA o NRARLLAMLL two-stage TagWuINg M LLAN
é%m%'umu‘*ﬁﬁﬂ%mmm%‘luuﬁ"aﬁmﬁ@"lﬁa;Jisl,wﬁa\ﬂ9-34 mg/Nm’ %32 LU AULEIULRDBUAS
Snsalumatfiuly 3.5 Talus wudSunmnmianasiis 9.24 mg/Nm® &9 85% @ninfilaan
MIMAULUL two-stage BEN9LAL7

Midili  uazame (2001) ladnmranuduldldlunsndalalasiananudandalasld
NITUIUMIUNETRIaTUULL downdraft Tagldanna I@Uizmﬁdms@‘i’nﬁumsﬁaaqmﬁgﬁmaa
L@l’]LL&:ﬂ’]’]&lﬁu@mﬂia&JQﬂﬂuﬁﬂL"fl"]Lﬂ‘%adLLﬂzLL‘ﬂadLﬂu§QWUWMLﬁWﬁUﬂawﬁﬁL@Iag‘qﬂ 9 15 3

o , L e o A a v o A v o ¢ & €
A3 9 LrudamTinazesuianede la wianwnlndlla uialalasiauuazidasiduduad

_25_



uislalasianlunianaanum gﬂﬁmu@LLa:LLamVLi’lmmf:LLﬁa NIMIANINLIAF LalaTan
ﬁ]:Lﬁuﬁu@nuqm%gﬁﬁmaaaﬂ%m%u daué’mwmummﬂ@im%mwﬁaifuwudﬁﬁwa@iaqmﬂgﬁ
Tugrsmsiineandiesuuas lalasauiingalddrs Somndasarmonmeadadawaaiinduasri
lﬁqm‘mqmwﬁaamﬂﬁ@aan%m%’uuaﬂaimmuﬁwamvlﬁa@m Taglalasiauiinaalaain
NIZUIBNIINAN 2.4 kg/h %oﬂn@mswﬁ@131@5L%%5@51§%3uaﬁﬂ1ﬂ@iaL%aLwawzagjimm 1.44 -
152 m'kg dmufanndaldnndondain wuimunsnihawaswiuwusalelaseunldde
NILUAIWMIUNETALTUULD downdraft uazwuindesidudlalasiaudilaSaauinninudafiwn
Tndlatia 2 win

De Bariuazamz (2000) lévimsansinszuanmsunsdiiedulasldonnialuien
ﬂﬁﬂmﬁmmq@ﬁa lasSouiauNanIANENYeINTNITNLMIVBIENTOUNIS (M3) uazansofl
wri3s (wanluiie lalanawlawlug) Andald Femdsoesldtrmalwysandauasuasld ¥

v

A A = - v o A x> ac A,
Nomnnigs (850 adALTALTLR) Fadard1nuLaITasuwaswatdnialn I@m’]mwugamu
v o ¢ ' & A A o a o eaV o £ ' & a
AMNFUNBTIZWINNDIALTENaLVaITINIAN T A UUAS N A W L6 TINUTNaIaUIznauaIT
WIANENNBIANUFIA YU IUA DAL IVDINTZTLINNT LTudaTINIAauNITALaTY UTam
6 6’:‘ oV d%/ a 1 a s [ [ {n‘ 1 o a 1
N3 WA L LA LT AL WA nmmmrmm’mauwuwwm:mwmmmaaazaumuamsg%
& o A a A o a a & A & &
wilug lwudmsamdsnanzdivnmsvasendjniot laonanisieszdasdisznoulancaas
A \ v A a A \ A [ 'V a a a o \
Fauranuintuliaziusunnuaatdauuinnitluldfandanaandinaz i lwunsidoudininln
A = 6 ai v ai ﬁ 1 a v a a aa < J A s
WRonoavaa T@ﬂuwm'ﬂuuaqu@mmm:aumﬂ%LLﬂaeﬁﬂmnanaSﬁWLﬂ"ﬁumuﬂa NIFRLA
A PR o v A % & A a &R A ' A € & &
S LRLECFMY e lwiAanITuanaIny uaztiadiaevan llanwudn Wilasiduduasg

antunaz lraundininluilfanaanas dalasiaudaniuna9nuklniiulaudacsialluNa o

<A

Ta LT NI R0 IN A A NAIIN W LA LT LWRILAZEAIINITAAUNRTNLATWAGIIN T §I%

aAa n‘d

6 a A % (d‘d ] g: 1 d' > a 23
Lﬂaummﬂmaﬂmﬂaaﬂaauauaﬂwmﬂmmuwm’]mmﬂuﬂimmm@azsﬁ@ﬂwwgm’mlmma
LTALNES

Skoulou azAMe (2008) laANEININAALNRRILATIZHINNAILAZAGUTBIAUNZNBN AL
o a & & Adg o | . = ' ) &
TF e UaTILUUANEa TN qmwgwlmzag‘luma 750-950 a4ANLTRLTYR WUILARNIAN DheH
AV o o & & & & A
Aldsznaudls wngaAISUALNALAN TG LNRANTLAW AN MG LA LN o LA AL ULNRN LN
=) d =) = Q { v é/ { QI =)
qmﬁguﬁmmmuﬁa 950 aamLémLs?mml,azﬂimml,l,ﬂawa@ﬂmsﬁﬁvl,ngwmﬁmwuqmvxgmaa
1 o v 1a 6 6 =1 6 6
lndazvinlwUSuaasnngasuan laaan e wnadn® 813 lalaTnN3UaBNIRLUILAINITaL
8089 WONINHATIANUTUIHEINIAL N ATV LN RFILATIER LAZAIAINTOUAART Li
WU UNTEUIWANTUNR DAL ATUIEH I NILAL A A UY DIAUNTNANHUNLIT LARFILATIZRAN
a o A a ~ A o \ > A o
NeduuznanNgungil 950 sarLoalfoa 1 0ATIEIURNYADIMNAYINNY 0.42 JFnanuiou 9.41
3 ' ' o [ M o o v { ' o 3 '
MJ/Nm gdm’]mm’miamaumamme:ﬁﬁvl,@a’mm@uﬁﬁmm’lmau 8.60 MJ/Nm w6
ﬂ%mmm%ﬁvl,ﬁa’mn’ﬁﬁﬁLmas'?ﬁ\lm*’ﬁ'ué']éfumﬂaﬂﬁﬂ%mmgoﬂ’hﬁomﬂaﬂ Tasiladaszrinn

USumansUanaINazlien 16.39% laginvnn

_26_



Dogru kazatue (2002) laansndnsniwaadinsyinunadiiasuvadilfenaoatinlag s
LUULANRATINA WugnMemstuansimanzaufa 8038IusznIngeImManaziraIngs
{ 3 o < o v o A @ { ' o
Awnnzanfia 1.46 N mkg mItlousniasau 4.02 kgh azldufandanuinidinnusan

3 =3 1 =) :‘ Qs a >
Uszanmh 5.15 MI/m” dSanmsanuans dszanm 0.201 kg/h USunmurinduds 0.023 kg/h wazdlaam
a o 3 ad
M AAVBILNRNEAN DY 8-9 Nm /h qm%gwﬁmm:aﬂumsﬁﬂm A8 1,015 29N TALTYR
a @ AN o @ & & a P
WNRNAAA NN beU3znauduuna balasian LNRANSUaUNOREN 116 WARNLNY LNROLTAAY Las
WNEBINY UTeanmh 24.8-36.23% NNNNTANENMSHILNITRLATUYaIURa gL matinyin lins uin
a = b‘d' v A a a v d' 3 o di 6 A 2
unandaduin lallgunnwduaziiauafisias uazunah ldmansniluldlwesassudaisle

Na Lazamy (2003)"L<§TﬁﬂmmsﬁwLmaéﬁﬂm%’umﬂmﬂ:ﬁLm"lmwlﬁsfauﬁuwmaaﬂuazi’a@;

=

duimaglas Mm:gﬂﬁﬂmmmﬂuéuq sadszanm 5 Janwas wazdasinlwidwile
@oanuniew laolfamngiisening 1,100-1,450  asaimaifos wuddTumunalalasiauag
321319 30-40% USNNHLNEANTUBUNBUEN k1R 15-30% ﬁaf‘tﬁuagjﬁu5msndaumaaaaﬂ%wmm:
wezfild msﬁmﬂas?ﬁxlm%’mﬂ:ﬁ]:ﬁL’%'awaaqmauﬂ'ﬁmamm%maawmaaﬂmﬁmﬁmﬁaa
ae uanmﬂf:mﬂﬂﬁwé’mwmiﬂauaw&ﬁm:dawalﬁqm%gﬁ LRTEIALTZNOLVBILNR
FaanzinldiUaswudadlude BSnmunasoanesialaUszanm 1-1.8 nig lagvinwinues i
0aTEIBIBILNFoANFIARAzaL eI 0.4-0.5 mmm%awuaumawﬁmﬁ'wﬁﬁiﬁayﬁ:wﬁw
2,800-3,200 kcal/Nm' mﬂﬁ'ummqwaamwzﬁﬂﬁunﬂa‘[mmu LNENLNY LRZWNR

v v é/ 1 1 a a a
ﬂ"I‘E‘U i auaﬂ"l,sﬁﬁﬁmwmeumnmmmmwgw aamﬂwmsmu 700 URALUGT

1.2.3 NIZUIBNITUNFTALATUALLAIT WD DI LK a
Aa v .:{' .:{' U > L% a 6 a 6 A o d‘ e 1 a v d' v
mmfﬂm]mmmaonumﬂmmﬂgmmmuﬂga"l,@mm FINUINNIN TIABLIINUIILN b
o =1 = s (% 1 a?
Ymsansineasduaasea i
Weerachanchai kazatue  (2009) l6¥inn1sdnsan 1z AlNadanIzuInnsunasiiag
waagands lilwendfnsaiuuy BFB laavinisiinenaqudsniing do sfievesuanls fa Silica
sand, calcine limestone, calcine waste concrete, mixture of calcine limestone and calcine waste
concrete AMARDAVBINTZLIUMT 650 WAz 750 adaiaaiGud uazaanandlunisrujisenls
a £ 4 ' { % . . I a o {
"l,uimmumqmu,azvlam IINNINAR/DI WU L8 b calcine limestone tJuuadSuNsmasINn
N‘ﬁ@lvlﬁﬁfmzﬁ@hmﬂﬁgﬂiﬂmﬂﬁﬂ‘%mmﬁ”’léﬁ"l,aiml,aul,l,a:m%uau"l,@]aaﬂvlénﬁl,ﬂuﬁé'ﬂ 138
- R o & o - - ¥
gownnlveInszuInmMaiuaIn 650 1w 750 AIANTATER TNINNAN LanacRUT U1
' o o & ' A £ = a =
ANANNUTAUAINRANANT UL TEN I 23.14-29.05 LU a3t TuanazUINNman13nanadlszanns 5.50-
13.04 1asidud smsuanaslunisid e wud WeltlovidSunmiai ldazddrunni
dl' a % A Aa n€ dl' o = A . . .
LuaLwUUﬂuw1°ﬁ”LuI@iLauu5qﬂﬁ ezl UIsuNaULLa calcine limestone, calcine waste

concrete, mixture of calcine limestone and calcine waste concrete Tagltanaraiiulain

_27_



qmvsgfl 750 BIALTALTUF WU ﬁ”wmuﬁ"[ﬁmn mixture of calcine limestone and calcine
o A A A ' ) o & =< & &
waste concrete HazlilTinnanNgauszAnuTaudINgIng 75.88 wafioud
Franco uazAme (2003) lavinmsinmnyfisenninadanszuawnsunadilinsulaslsle
ilwandjnaslunungdladive lasdiudsndne fe aawmniizeinszuiuniszie 700-900
AIANTALTOR DATIRIWIZHINI101N60T1078 0.4-0.85 1Uastdudlautinnin wasdinianlaa 3
I0a Ao J "Lﬂé’ml,a:gmaﬂﬁa IIMNHNINITNARDI WU qm%gﬁ 830 AIFNLTALTUR DOINFIW
TenI19lavndaTIna 0.6-0.7 tasidudlagsinnin WusnzNumiizanazyinlTossznanae
243 (23 1 v { 1 QI g 1 ;a A
a9 a9d1sznouraIie danuTou waznstasuansuaulaninan uaswuInUnsen
Garcia uazame (1999) levinmseinwunadiiatuaieloviilasldaaseljisanesd

nﬂl a 6 a 6 n:l' a A dl =1 a 1 :/ %
maalmmﬂgmmuuuﬂga"l,wm,m Ngnndl 700 admLTalBow LNaANIaATIEININAINYDY
AR DAITINITIAATBITINIG WAZOATIFIWLAUIAaTINIR NANAGANITHNRAAITURS

6 27 dl a v Q d’ =a o dq, Q [ :‘ -3 Qs 1 1 %
290U NaUVIMTNHNAA b6 LasAUIN T INIINARaINAITh DATNEIBUIIRINTDIAILTIRaD AT
M3 11aUaITINIALURUWULAITI9 0-0.87 T1lad LAZEATIRIW LAUNGDTINIA T3 0.49-2.74 27N
HaN1INARDY Wudn atsvUATenasgrevinlduIumlalasian arfusunananladuas

& ¢ a & A a a A A = A 1a A A o '
asuanlaaan oYL VM NNNWLAzDNK BNULAD 1N JUSNIHENaY TILHA0AI1EIY
:’ a L ' . @ A £ [ ' (% ' Z/ ]
PRNNYDIAILIIADDATINT IAAUAITINIALNNT WAL NALAT DN W FAWDATIEIW LaYNAaTINIA

\ A o \ Y A a £ o v |a & ¢ a &
WU9T LHa8aTEwbatndaTiuatN v wazvinlwUSu e lalasian uazasuanlaaan loaNud
wEUSu1 e ANSUaRN AN MIaLAT NI TFanad

A v a A

Turn uazame (1998) la¥inMsAnENRaA M) LalasiananTinia Ae AlResaluunad

A a

Lﬂf%I@ﬂl%LLﬂ%Wﬁmmuvxlg'ﬁvl,@éfm@ sz ldvinmsenendudsidnadanmasasia GRIVERIGIEN
U n3ok 750-950 aseTaL TR Sandmzatlavhdadanan 0-0.37 wazdanduvasermada
Howds 1.1-4.7 lagfandasmsidlainluvnmstausinsuszasdlsznovasmalasl s
TasunInne#l iialdlumsswmmusanmlalasian :nnamimaass wuin Lﬁ'aqmﬁ{]mums
naRoIYNTL 850 asamalTaa sasimslnavaslerindedauiaiin 1.7 uazsandiwaimade
Baiwaan 1.0 ﬁ]:"l,ﬁwﬁmﬁ'msﬁﬁ”ﬁmmLLa:Nﬁ@ﬁmsﬂﬂmwugaq@%aﬁﬂ%mm 128  n3W
lalasiaudailansuvesdinag

Chen uazAme (2008) ladanwidniwavasanizlunisduiinmsuazaisilfisonde
ﬂizmumiuﬂa%ﬂLﬂ‘*ﬁ"u%amalmma.lﬁnitﬁuuuwgﬁvlwﬁw Fudsfiauladsznaudan Wainde
fidnaru 3 wiia ledud Tidan WienmAssuazwhsdng goangiilanUnolsag 750-850 89en
TR AN MAGDLEBING TS 0.15-0.35 GuSIRlEE 3 wiia Ao lalalust wunfilad
wazlaladu 3nnsan® wuin ﬁ”wﬁ"[ﬁmniﬁauﬁuaﬂﬁﬂ%mmﬁ”ﬂmwamﬁmsﬁmnﬁq@LL@iﬁﬁ
YSumunnigunu dauqmﬁgﬁmaaL@nﬂﬁﬂirﬁfuwud’]ﬁwaashamn@iaﬂszmumma@lﬁ”w
I@sJLfiaqmvxgﬁLmﬂgjnmil,ﬁ'w%uﬂ%mmﬁ"’léﬁwﬁmﬁm%uaﬁaUazwawﬁmmaaﬁwwﬁmﬁmsﬁaz

A X a & a o cad A = o o { o !
LNNYW ﬂiu’]mﬂﬂ‘fa@m 5’31]5\1?’1mﬂqwmaﬂﬂqsﬁwﬂ@ﬂm%ﬂamu mdﬂﬂmﬂﬂmﬁaa@ﬁmummﬂ

_28_



1 d?/ a A n' J o [ s 1 aaa ai a < & a 6 a a a
dotrawdslanAndn swusuaassdisennanlunundissaimnms lasfidssdnsawlu
Asiaalszans 48.1 D9 70.5 Wasidua

Miccio WAz (2008) tavinnsanuinszunnsunadnieruiuaalwandjnsoiiuy
Wadladiua Trwaafldfe lidaia anznlflunmeseasainlunngnimasen fa anudu

101 Alataea qmvxgﬁmawamaaa 780 DIALTRLTHF ﬂ’J’lSJL%’ﬂ%ﬂ’]iLﬁ@WgSVL@LSﬁfu 0.3
LATADIWIT DATNFIUDINAGDLTALNGY 0.17 LAZEATIRIW LaUNGaTI02a8 0.65 AINFIVBILLA
14729 0.18 19 0.30 Lwa3 lwn1sanazldaqsand1enu 3 shafa alad laladn lalalurilay
#nifia-aaliun NNINARAULLD M A8 1TIUAI81989 WU @L3INE19NY INAFaAINNLT UL

v a % (d‘ 2 gj a a t:ll 6 v a a a a
YIRTNRAA NN b TN IUTeANTA N IwNITIURauulaan1saae I@muﬂma-agum il
ﬂsz%w%mwiumnﬁﬁaﬂamawa@maaﬁ"ﬁéﬁvlaI@iLau"L@T&IWﬂﬁqml,a:ﬁ'aa@ﬂ%mmmﬂﬁmﬂﬁq@
fawlaladunulsuramalalasianazidfuwndaddaniasiia o unualansdiTanninig

WRLHLURINITAE

Gil wazake (1999) "l,@Tﬁﬁmsﬁﬂmwamaaé’aﬂmﬂumsﬁwﬂﬁﬁ%mﬁﬁNa@iamiwamfﬁsﬁ

o {ai % A A o a 6 a 6 a d' A
mme:%w"l,@mﬂm:mumnmaﬂjwm‘*ﬁulmmﬂgﬂimLLUUWQaVL@mLumLLuuaaﬂ TraanlTaa
i llausnaldn gaunnInldnudinasudazafiaasit gunni 750-780 asenaaifos (lah)
WazamuNi 780-830 2IFLTAL T (F1TUINARI D LINNENEINNA) BATIEIUBINAGD
\TaLNRY 0.18-0.45 (§11SuUa1Ne) 0 (F1%50 heun) 0.24-0.51 (#w5ulesinaNana) 8aaIn
seringlesindaTinaa 0.08-0.66 (#1nsUe @) 0.53-1.10 (fw3ulasin) 0.48-1.11 (#w5ulesin

A o AN o = & & & o

NFNEINNA) INKHANINARad Wnwasanmon ailulalasiaunazarsvanlasanloaidunan
wu31 nalt levnduaananslunmsdirdjaserazldmalalasaunazarsuaunananlodly
USuunniga wANIT LT bauN T uaINa19Raz iR ba USU1Nn1TuasIasasNaNEaTaINng
ﬁam@mnﬁq@ﬁw WAL ANINTINTDUAZNANRAVAIAITNINNGA WU NI a1nAsyinbif La
‘%”aslazwaNﬁmlaaﬁ”wﬁ’mmmﬂﬁq@LL@imﬂﬂamﬁﬁa’hvl,sjl,l,@m@mﬁ‘umﬂﬁfﬂ

Lv uazame  (2003) ldaanuuunisnaaad lasld lasiwaneinialunszuiwnisundi
&4 a & A & A = o Aa ' & o a o &
Lﬂ‘ﬁ%.ﬂ’]UI%L@]’HJQT]?MLLUUWQ@VL@%LU@ VNDANBNTANVNAFD 89ALUITETNOUVBINTHNE N DAH
TR HNANRATAIMTHNEAN AT ANAINTAUVDIAITNRAN N UITANTAIMNAITLU R B WL R
6 % :’ A d' A ,_-3’ d' o d' o = a a
ANSUAK LAZNIIRANEADI a1 Trudan i TAaTlRauUaIaY Al INHINITANEY QRIVEEY
meluwedfnyaless 700-900 aveniwaiGios oa3aIRaINAGDLTOLNEITIY 0.19-0.27 ATIEIN
lavindatiu9a 0-4.04 LLa:mm@a%mﬂ%ama‘*ﬁN 0.6-0.9 0.45-0.6 0.3-0.45 1&20.2-0.3 UARLNGI

o a 1 { a a J a 23 a a %
ANAINU INNNANIINARDI WL Lﬁaqmﬁgummlmmﬂgmzﬁgwu USIN A THNIAN TN 388
NZHANRAVDIM NN AN U ENTAINMTURouuURIATUAY LAZANIRANLAIVA batinazian

QI g 1 1 v a Q 1 { a o Q % 1
LAND 1 mummwsaumaawammsﬁﬁ]zﬁmgdq@ﬁqmﬁgw 850 AIANLTRALTUR FIRIUAATIEIN
AMAGALNTALNRIANNIANIZRNAD 0.23 FIWDATIRIU LAUNADTINIAAINANIZENAD 1.35 LA

= o ) war o A £
mgﬂﬂﬂ"uuﬂﬂmﬂ‘] ﬁ]tﬂﬂIﬁﬂﬁlﬁlﬂ@l’]dﬂLWﬂJ“ﬂu

_29_



Wei uazame (2007) ladnsiniswdalalastauarsunadiasulagldaiissdfisenan
= v 4 o @ g a A v aaa A Aa 4
Fruaabaun dInalne1Iuazdiies lunismasssinsifenlraassdjisonluinsaslfnyal 3
1ia fa Autu Tod3u uazlalaluyt uwazlfgunndlunszuiun1azag 750-850 asenoalbos |5
Y \ S A \ o ) A o g4 e A o & &
AATNEILOUNFDTININTII 0.0-1.0 NTNGONTN WAANWNN kA DANNIILVFINVAIMT M3 UaTS
° o A = o ° Aa & v a & = o o
mmumu‘nLﬂumsﬁﬁlzgﬂmvl,ﬂamm:v\mmmaamﬂmmimﬂﬁw INNNANINARAY JFIATL
Q QI/ g { 1 { =Y = 1 Z/ 1 1 QI g
FININNENILAZULRAE WL Lﬁaqnmguluﬂizmummazamwmuvlamma%ama FALANYU
a Qs 27 1 Q. J 1 a Qs 1 =Y
NRAN I TTINLa lalaTianazdavnuan gawlSunmuainisnursaziaianad I@uqmvxgu
Tun32uIUN1T 800 avaTalTaR aaIsInatdaTINIaLn 0.6 wazltlalaluritduwadisaln
~ a 6 o U 1A a % 6 v ~
389U fnsok azmlﬁ“'l,@ﬂimmwammmmmmLLaz"LaImmumﬂﬂq@
Chaudhari wazame (2001) lavinmsansszuuunadiiatuwlas s lasiivasmsn ldands
dl' ) a 6V s U di a 6 a 6 1 Ad‘
178 Lwammwa@m%mmmzﬂ@UlmmaaﬂgﬂiMLLuuwgavl@mLm maqmwgwiﬂumi
NAIAa 650-800 aIFNLTALTLR 203NNl lalinn 2.5-1.5 NTUGATALNIABNITNVDINAT 1Ia N
Ilumafadfitenaglugae 052 Talus wudr fdammatlenlevind (dsznnm 2.5 niude
Tlusdaninveims) uazgangiidnuizana 700 aseiaalfos anamofanzinddnnms
ﬂau"laﬁ’]gaﬂsxmm 10 nINdaT) lNIdanINVaITIS uazgnniiLlszanas 800 AIFNLTRLTEF A2
o ver o e o \ , & & A g
mlﬂmsnaaLﬂswmmamwmu"l,aimwu@amsuauwauan%agomnﬂizmm 56 a9gn1zhh
mm:ﬁﬂﬁl,ﬁ@msmﬁmuuﬂaagoﬁa 90 oSt FuaUaIT 3N LaINNTINIANAARTLIaD9 350 FAT
@a 100 NYNVAITIN LAINNTINIA
Panigrahi LazA4e (2003) l@YNMIANENMINRAMTRIATIZTAINNNTZUIRATUNETALA
TupaIhdui leandinas lwednssiuuuuais anzninsenedsznauais aanansle
mMhufisen 3 oiia fe lalastanuazansuonlasenlodilfounlastis 0-18 Haddasdouil
WA LWRUWLLAITI9 2-10 NINAATILNG §% b laTiani Aawnilastig 12-30 Jafaasdauwfl
qmwgﬁmaumﬂﬁmzﬂmﬁmﬁu 800 AIFNLTALTHR LAZAAIINITTABINNWA LAINNTINIA AT
WNNU 5 N3NAaTAlad 1NN Naaad wudn taltinlwnszuannisungdliesw azvinlving
. Com Mmoo X ; o -
RILATIERNNEG b6 ﬁmmwumnﬁqaimwamumﬂ 75-80  asidudlaslua wazinig
; Y o wa o X
LU RULURITAIN NN LN TINIR LN 67 D9 81 L asidudlasaig
Rapagna Lasamue (1997) VI,@Tﬁ’wmi?iﬂmSﬂ%wamaaqmwgﬁLLazmmmmgmﬂﬁﬁwa@iﬁaﬂ
NTHANRALAZNIINIZANY I@mmaé‘r‘ﬁ\lLﬂ‘*ﬁ'maaLﬂﬁaﬂé’auauﬂ@ﬂsl%”l,aﬁﬂuLmﬂﬁmtﬁLLuuwQE
6 o dl o = A a a 6 1 ~a
ladiua aulsnyinn1sdnen fa goanniivadadjnnlds 600-800  ILTALBE ULAZIUIA
{ ) =Y =) U { =Y QI J o v =) 27
aumallasuulaizag 0.3-1.0 afiuas 1INNINARI WU Lﬁaqm%@lwmemzmlma@msﬁ
v X o & - L. e .
lalasanlatnndn lauiRntnlseunm 50 wasioudlaglSunasvasinonaanuy lagazdan
mﬂq@ﬁaqm%{]ﬁ 800 BIALTALTHF dawnm@atgmﬂmmmﬁﬂﬁmzﬁﬂﬁ%’aUazwawﬁwaaﬁ’]éﬁ

& P oa & o o 9 oa @ >
NInNARANNUD ‘5ﬂmmmlmnam%muammma

_30_



1.3 Tagilszavd
huanenan
v idamsnasinalulad nszuawms was qﬂnsrﬁﬁm%’ummamwé’amuua:L%‘ymwﬁomﬂ
RL L
lasfidanUszasdveilasens fe
v [fa0anuuy 8519 gD uay ﬂ'@umszuuq@maaamswﬁmwé’ammmwﬁaLwaaLLUUWQ
daladiuarzauiesd JUan1s SmIumATuuaznew
V' liefnwannzuasilasu i nadanInaans s Az T oA sRdaIn TN suLas

IANLTIATANUTauIaITIVIAN ANy AW TEINe LazMIINUWY DI U

_31_



UNN 2

RANNIIRALN T 1)

2.1 3rnIa
d%l a s I 1 Q o Q o Q U
WwowdsnnTrnaiduunasnasouwiranlusiaudug sesdszinansainsiviazlszina
0o @ @ & & ' [ % (% a A
AAINAUINIRANY %ammﬂmmmwaamwguﬁwnmﬁuwmmumnmammﬁ TINNINMNT
RILATITH LR LLa:mmu%QuﬁnwmLLmsm'é'ﬂVL@ﬂuﬁﬁmmmLn@aau g TR
o { ) o M o ' o a A v o @ o
WRISNWLN D MEN AN UWRIIY °71VL@mﬂLmaawaamuWamamﬁagamamnmm:mwu@m"lm Gl
D o= P A edN v A Ada A o & A A A o =
1780130097 NTURITBUNIIN LaaNNFINTI NT LazFaT WINIZUIRNIINALINUNIITINN
a ‘g/ a g 1
LAAUWANUTITNTG ﬁmm%mnﬁmwaagmmu ANBULLANIZLAET ANNANNRAINAATYLA
o o A A a o A & [ A D AN A e
FUTaWNITIINIILRLRNINFILIAR DY TINIRLTUNRINUANIINUREIN LTI urua Ll 1w
1IIMIHRATINIAADITVAINTNNTZHLINFY AHNNINNUAIDTTUAWNA BIANALNIINUANN
& v o J A a o = v a £
Wuanangs utl wanank FulasiunInnaa lenuluwdsesine tneasnsazdngldimatnan
mMysmieBunagdls uszdhosamaiidindsnuanndwdszindalddndan Tadndaynig
AI (% A va a U A Y 1 AI a a 23
RILIARAN Aa NI TINAaluAITHRRAI T NTaunIa WA ﬁ]:vlmwuﬂsmmqﬂmaamsﬁ
& & A A = s 2 A a P o
asuanlaaan lodlwiuusTenialanlunItniT A NINRaTINIATBINNANAUNUTINIAN L6 LT
4 stnazﬁﬂﬁﬁwmi’uauvlmaaﬂvl,sﬁ@?gﬂmwﬁﬂumlﬂz}’lu%’;maﬁwﬁml%&il,viwﬁ'uﬂ%uwmﬁ”wsﬁﬁ
a v & a A o ~ o & & o
ana@mﬂmimﬂmmmauuG] hasannsaasvglaiNataniaaisuawlaaan ke b1t lu
matasdule nsldiiniaszaalanmalunisiialsingnisoliounszan (greenhouse  effect)
289 13Ae13 TN TNITLALUTNEILAZ AN TUUEINGAN LLa:ﬁmmLﬁmgﬂumﬁ@mﬁ%anmm
USu1sB238N6a9n131T aanaaaatl wszBiIu1au9Us2LAN 1% nndauTnatNyIung
A a & a ' o A A & @ T ¢ a ' '
GR aﬂmmmanﬂﬂszmwmmaamswuwiumsmmnmmm@lmymnmmwmwaama LT
PINFaINTUSI A NNTaunLYIN W azdadltunaululSunmnannninindwien  udn a9t
MINAWIIZULATM I LLazIRE IS Auazdnduun
CRERL ﬂsznauﬁwm@mé'ﬂe] fo a1suan lalasian aandian I1uNINUS VDY
~ a & o A a < a
"Luimwul,l,azm@;aue] amaﬂuaﬂlugﬂLmumaamﬂu"lmmm oh) Lsﬁagiaa Tanaiuiiagunang
& Ay o A Ada o & A Aa & A I &
nanlannzIiTia  uazdesinlufereen g nimgaiua lalasian aanrauiluasdisznay

_32_



wanlugduuudug lasnalyd Frudsensazduunsandu 3 dsziannang de Frudauuyld
1 1 v =) Qs 6 A 1 1 L dq,
(woody) uunlailals (non woody) uazaaafoangad Geananunaseng g aadk
O wanannthaand s Banmawliun dwlsl uazizioa1sg neusunuazlui 1w lide

v =) v 1

=1 v dq, 1 =1 q/ﬂl v = =1
uds ldiseseaw Tdlasy To'ldneld wgh Azdugn nduiie 1Wien W uazIINNIA
. A 2 & v

813y Wi Ludn

O HaKAANATIATEINA i iaguwRafisanmuneas 1w 417 dos duddznas 41alua
U800 wnay W19 Tudas waaluday winan T9T7Ine natsllay

O ARIFQUATTUFIIINNITTUIUMT UAZNIUITXNIUNINAGARIANTIA LT iR NE

a 1 U =S a = a

a3t FLRE1 ANATHRIT i’J&leﬂﬂ\‘l"lla\‘iLaUﬁ]’mING’]uLLﬂ‘iEﬂ PAILRUUTLLANWRIFAN LA
mnmnaumnkoﬁ’]ﬂ'@ﬁnﬁﬂqmmvmsm

O 22IFUNINUARITATY LTU VULTUTU NMINAzNaUNTTULTTAILFUTUTY

O WAAAMNLAZUAILFINENT 110 13w NaraT 1Tuan
U

T3 WNIT ML ARNINTINIA A BIL T LTINS Ao

. ' o a ' o = ' ' '

(i) aNUAMILUBGET USHnasun wazenndansuuine S9bimunzaudanmsungs bl na g
PNIDUNHAS

(i) MmahenarIFanIINInsaTaen llNARAIMINBATIWIKINN a13aziinadans

a et v L 1 g ﬁ 1 a
a@awaamimmﬂu@uaumﬂmmnLﬂma@mmﬁ FIVLHHNANIZNUGAANANAAN
P

MINEATUWNLAS daldlnauae

(iii) i Imgmansaswataziilildld lwwzngmandnisnia lussnaausesdazluiild

v U U =} [ U = d' >3 =3 % 1 & =1 [

14 windasmsltasaatiduiudasdanunnniduinsewalng Sdnauwsissis

Ygwilumssamsle

2.2 NSTUIBNTULNATAL AT

a [ A%/ a ] a A < . . I Add‘ ] aa ‘é
NMINRANIBLTALWRINI BN TEUIBNILARTALATY (gasification) Lﬂ%’lﬁﬂuqﬁ%lﬁ]&ﬂﬂlﬁ%%\‘i

Aaa

nyzawmManngddlaswdunsudasanwiannavasudslasl fiseneandiesuunsdin  (partial

a v a

oxidation) igawnniigadanainia aandiau wialewn luma4 800-1800 °C vildiAanisuaneaan
& e g a { ' Y ' @ o 3 &
\Hufaaingds (producer gas) NidaNNTaudaudsdfadwnasUsziNm 3-10 MI/m” 44
Maraiwdan tarau1snsin U ldse lomt ldwainwane é’auamlugﬂﬂ 2.1 1% n13in i Twal
grvanusanlasasslundalavin WuiamPanfeluiasasoud @IasanInevuinag MEnuLras
49/ a a U A &) g; £Z AI v & a A :/ L dly a
Balwalun1InEa lWin wiadumsasdulunmaiugunwliidussndnioihdusangs

RILATIZRERTUNITUE

_33_



ﬁ’)ﬂa’ldl%ﬂ’]ﬂﬁ@] drnnusanad

o myhlUlgnu YUMIHEA
Az MoTaIngs

& a o ¢
LTALNDIRILAIIEW

MIFINATIER >

FIRIUNIIVR

o & a4
NMTEDBLNAIN

latih n3a o 3
o —» fdanuien — ) -
2anTLAU mMIlUadgNIN L
hunans
LTINS
wanlaily uaxie
NTEUIBMITUNFTALATY
LAIBIANTNIRY
T
fmidewaand 4 .
ame > o LATBILUG
A1ANNTauE \
) ¥ .
waalath > anutan

3U7 2.1 nanRafazawdsuszmai ll5dszlomd (Bridgwater, 2003)

a 6 a ' a [ . A A >
wnufnsaluesnszuaumaGeniunadwisiass (gasifier) Selinannaoansae Juuuy
nyzuaumIneluaadjninlazuandnuliusndmaiiansjuanig Twendnsaldmsu
NRATNTLTOLNRIALLAANIZLIBMINL AR LRz N EAWALaNe19nwaantl  laud  n1Ivinus
(drying) Wlslada s g wazn33anT (reduction) T4 lANINNAMNTAUANLNIINNANTHEN
TwavTauSimeandats USRI NNIYINLRY mm%wnm%amm:gﬂi’uaanmlﬁi:mu
= s = A ° v o o o o A £ g a
nanodwlasin mmawgﬂmlmmmm %mmumgﬂwiﬂma FINTZUIBNIHIZUURIFAINTL
valvnansduniums lagntszing Tadindudn 181 wazfnan aiunis srwndusniwefinag
uazlaazlvaaananunadwiuaasiy arumsaniwlsladaaziuiatszuim 15% VaITINIaA
A LLST?L?Tﬂgju’%nmaaﬂ%m%mm:%ﬁﬂfmia"lﬂ
o a €¢:llt:l a a A:llqz U a A ]
lunsauqumsinuveaadjnining USunmaandianiilawidnunazd N gInada
v 1] =) =) 1 ¥ =) 0' =) aAaa { a J )
msmﬂmamaaugitﬁ wnzlianmeanTlandaanidiin  Ujisonniiatwaziuvmsimn
1A N9IRIWYINT Y LazINITE08RANENIIANNTEUTDI LN WARAIY IWlTUTANTH NANRAIN
a 0‘/ a aaa e 0‘/ s 1 £ a é a J s
mysandletuaziialfisensansunuaiusiluaniwlioanGian FaAaUwrdawnulwen
Ufnyoinlduaatiums
JTWHINWNIZLIUNIT Lﬁammmmu%aLwaaé’uﬁaﬁuﬁalﬁﬁ@ﬂﬁﬁ%mmaLﬂﬁizmn
a [ 6 = 1 di/ a Aa aaa A .
aaﬂsm,ﬁmlummﬁﬂummauLLaz"LaImwwmaglumamm uaztinyfjAi3e18ug  (Higman and

v
@ A

van der Burgt, 2003) @31

_34_



UARTENITLH bal

C + 0, > CO, (1)
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2.4.2 ndjnsntuuurwaaslna
Lo PRIntL U UT TN EIRINNANEINURINIRINULLT 1961 MIrUV9
J 1 aaa ¥ a { a
niztunIIziyaziuagnul fisenmaeiiuazaninmaniwzeaomds  lasflaziia
% A a ‘31 a =S 1 v Aa o 1 & A £
Tymimaemdmaaafiiiedunnifiul  JenelwiReanmsgadulwentosass  iWeurdym
dana3alddnmshianuuuTuasva (fluidized bed) 1nlE dagi 2.5
myvhldlisnnzaiionvaslna (fluidization) wansfis navhlwnguiliavasudivwaidn
waswlfizgnnzaseveslnalasmsguranuiowiavednad luruuedlna (fluidized bed) w34
v U d o 1 :/ a v v J 23 o v 1
lutefinseideiminidiasesudazgndudisusianms iwaluvesie vhldidavasudsag
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lugnznauaiuaas Ananmswazasianiaa meaduTunguiiaveudainasagum
[} 1 { 3 23 { AI g/ 1 { { (=1 ~
azunsangumelutesa  Weanwieshoniuginaziinadaninafeunvasdavasuds
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wadk lashanudimadg nduidevesudaazagibinuionudnfuuiuazunss  1Waanuda
é/ d ~ ~ n' é/ u'/ ° v & =3 o 5‘; ~ (=3 s
galuIen g usssnuwdevasudainiuaunznihldidevesudonds swdevaiudsued
1 é v o L AI =3 (23 &/ =
aan aglusmwisurinaasadsvaanaiandon mniuaNnuiIsIullan wssiaziann

waﬁauﬁ%ﬁmamﬂammﬁlﬁﬂq@aaﬂvlmaﬂvlﬁ
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T 21NELEN

3UN 2.5 anwnzveaaniniuuuturasiva

wnuuuTuzedlnalt o narutusendedagides dulwylfidennsrwmeiin wie
L 1 aaa 1 a ‘é 1 1 v 1 o 23 { v
WRQLIPNTN 15U Antu F99 18 I WNNITNUNANUTOUUASTIINANURZANATNTN L6 b T
d' n' a g; 3; = 3 d' n' (% J a a =3 a ﬁq’ a £ >3 g;
NTUGA I mmmaqmam:nmaummuuqm%gwgamwm“maamal,waavl,@ ARIDINI
= & a = & & o ' ° Aa 4 A Aav a A
Warawasudmaidiniszgniavdimedwaduane  wnUjnroiuoudt H9e8 Ae 3
mquqmwnﬂﬁlmmmmmm:ﬁﬂﬁdwUﬁammm%’nmqmwgﬁlﬁ@‘hﬂdﬂqwaauma’maaLfﬁ"l,é]”
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uazHuauaanINEIINN LﬁaamﬂmmL'fSamaaaWﬂWﬂﬂﬁaluLmﬂﬁ@iﬁga F9aasinmein a9 lolaan
%%aqamaaml‘*ﬁﬁmwuﬁw

L@]’]ﬂg‘jmrﬁl,l,uu%zmao"l,mEl'al,l,maaﬂ"l@ﬁﬂu 2 WUU Ao wuUWeIaM¢e (bubbling) WazLLL
WU (circulating) TuveslnauuunasenmaiaAnNuSI lumm:ﬁ%gumaﬂ%amgmugﬂ
VT@umLﬁaamﬂ%mmmuﬁﬂ@@aa@mnﬂﬁﬁ%m (carbon carryover) l@gmININAUNIIWLLGN
ﬂﬁﬂitﬁ%ﬂ %maﬂmuuuﬁa:ﬁmmL%’maoﬁ”weﬁgaﬂjﬂLLUUWaammﬂﬁﬁum M lAdszauany
ﬁuﬂ’mg& avgmﬂgﬂﬂ'@aaﬂ"l,ﬂuaﬂ%”'umao"lm wazANAILaNIN lrlaaudInaunIn e lnd
Bnass é’qgﬂﬁ 2.6

fadinaLin bl

_l—l |—|_1°ﬁ/‘]_J§$IEJ°Hﬁ

i o UILIURI
” = AANH® v oo
NauTININLDS 3 dhuau

Auuasiinen

NNFLTN

U 2.6 enatendnisiuuutuvedlnanyuin
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a13197 2.2 mafIpuiisuansaeAingIwLaznIiwsesalnsol (Basu, 2006)

WULTWTDINES T wuunadaladiue
Updraft Downdraft Bubbling Circulating

anwhda

ANHULANZVDILT BIWR tunand Wi Banguld Domejule

PUNALTBLWRS fun @ wald wald

USInmanudn aunn wald @ f

Usunaudidh wel wel funn funn
g nsen 1,000°C 1,000°C 850°C 850°C
MINFNAUVDILTBLWAS wel wel funn TG
aonniiiwaan 250°C 800°Cc 800°C 850°C
Vsnashduduluie GREIY fan Uwnans ¢
170 ms‘!uluﬁ"w &9 thunans §947N §907N
fnunwmIdiuasusmna f wel @ funn
M3BURUNITZDINMT wel wel @ f
MIAILAN wa ld wald fun fun
mMIutasgnwansuan au1n fa1n wald fann
Ure@NImwnmIaNIan fLiow fa1n @ fann
ANAMNTDUVBIMNDY el e el wald

NuaztdyandSuuAsuITanaia B awaluaITen 2.2 §IuaNT9N 2.3 LEWANANTT

Wisuifsudaidudasasvasszuuiandnsoiuuutuisnuuuutusedlng

VAN LATAT ITWRIY

TwBsnmsdfuang

TN 2.3 MIUSURS UL LULTURINLIALULTUV DI 1Wa (Warnecke, 2000)

fixed bed

fluidized bed

o JrvaImInENnsgmininnig

U

]
1 =

o AN U TaNRIGBITVUNA INAABIN

o

v &

v!a“uu"l,ﬁa 19599157

e insthumanuTeud vlianuTauainsn

o i adasuasuanuazseaniawne | @ Jsqnlnidwremdidsmauandrenule

ANUTDUE

o JSy1aumIlT andiandn ﬁ”’]sﬂﬁﬂ’%mmﬂuﬁaﬂ

o ManlddiuSuim  tar

downdraft

® FNIUTULNABINMINATNUGI vilwdasltian

MNWRI
9 U

q

o

J

U
3

Lﬁ@]ﬂ"l‘iﬂ\‘i NI2UVIVBIUDI

a = I .
® aa3NTUasuAIIUD (carbon conversion)
&

@i’]ﬁ"l%%’UL@]']LN”ILLUU ® mmﬁﬁﬁﬁcﬂuﬂ:ﬂumﬁwmnﬂ'jﬂ fixed bed

® GaInNIN é’omugaém%’umsﬂummmﬁ alw
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2.5 NNTNNVABIN WA

]
=}

Y o a & & Ao o ' v A o LY A
Manawduwsainauasdsznaulalasansuannausan AU aNEIT WAL E
o a (% 6 3’ v A g: J 1 (2 1 a g; (% dl o v A
@1 aa'lwla aaﬂﬂszﬂaumUluunuu@uuumuagLLmLLmu@maammmuwmmLm"LmJ Y
FAIWNRNLTY WUUNAW 138 tUwTW LTUA% Unauinawaw i BHANIANNTLUIWANTRNFTALATY
=) A U a :’ “ A I o 23 dw a dl a £
Pa95078 Wit uin idudwdndywinnlumaihfimdanwdsindale lld lassiuisn
muuﬂuluqm%gﬁ@‘h LLazﬁn"LiJg'(miquu LAZTATINILFUNIINIT IARVAITEUY LN1ERAAINTDI
A o
LRZLAIDILIUG L6l
NNIAAaUNNBAY ’R1aNInnLIaan leiiln 2 F19 Aa 93N IIMIAAU A3 (primary

' [ a aaa A ' ' Aad ' o A .
method) LLﬂi“H’J\‘l%a\‘]ﬂ"ﬁLﬂ@ﬂgﬂiﬂ"l (secondary method) PIARSDTINNITNIL DY €] QI (DeVI et
al, 2003)

ANTHN 2.4 FTNIRNIAVNUUAL

FI9ITRINMTNAYHNTEN THRIIM AUz

1. nalfannzinufimnzay 1. MIANIUNINLAIN

2. nilFiaqduiiaw 2. MIUANAIAILANNTOU

3. MysanuuuenUfnInifinanzaw 3. MILANAITILANIIUGATLN
4. NMIUANAITILWAFNT

2.5.1 NMINAARIAHABITHIWLHATYN

mﬂ%ama:ﬁwmuﬁmm:aw

frudsfifinadaydidamaiamonioswsiuazsinahdudulunszuaunsunada
AT fB QOMANE ANUAK ANBATEIRENYN (equivalence ratio) THALALANWIULVDITINIA D
danaafild nanlun1siieu§izen uazdug

Un@ qmwgﬁﬁﬂmmaaﬂszmumsmfﬁlzmﬂﬂ’h 800°C ielwlamemdaiwasnSingu
fustae Vl,a‘[mms’uauna’wawkmaﬂavnﬂﬁﬁmﬂVL@Tﬁam%ﬂﬁmﬂﬂ’h 850°C agnalsfieny nsfia
am%nummuaaNaLawammwmaumaamsﬁmame mﬂ‘*ﬁmumﬂ%m@ (char ~ conversion)
uaY Lammamim@mﬁwmLﬂuﬂau (sintering) TNauAUaZ nnnww’lﬂw’mummmum wasd
amwmuaugagwu mmmﬂmmlﬂum:mummﬂmwLﬂ"ﬁu #aNIIN BINALRL 88NTLAN 18

i ansuanlaaanloe ﬁgnﬁwﬂ‘*ﬁ LR INAGaNITLAAYN A

NI M RALANNL AL

a [ o o 1 aaa [} a A & = & A 6 a [ [~3
madaniagiwana sl s i Aifia lalalud uunitlod Slalad ladld uazinén
wiadaqau iu Auyu selUlunwzands azdenadenfadmsinny fiseuaznisiaaidud
v ‘é 1 1 2 1 v 6V v et 1
o Fsuananaziinadasindsznavsesing uazarnnuiousasmauss dilnadanisaasizad
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USu1 i d et LLazmwza@LLmMumiLmzﬁaﬁumaa%’ui’a@;ﬁﬁ]:vlﬂmnmivlﬁavl,ﬁﬁaU Tans
aanlodaung Nldaadld ldun V.05 Cr,05 Mn,05 Fe,05 CoO, NiO, CuO, MoO; iludu &g
A A A o A ' & A v & VY ° PN Y
whaduiimldite fa dumd Sldlunsuandrzusesuddiuiesazgniiujiseaaisldean

¥ a a a 6 a o &
losayd malfiaquinfias asluandfnsal azlnadad

Cll =3 23 1 =) (23 ﬁq’ a
M3 Aol 89S NN MU I TG TR bb TN TLTALWE
|2 g’ e« A ..:3’ %3
- NIRNRITAIUIVI N NUA LATUNURNIIZVRINTZUIBNNT
QI ‘:gl a2

- mMaANIwasUSumlalasian

A
- MIAAAITAY CO UazNIILANAIUBY CO,
- i sfsuniasda CH,

- dygwimamueannueImisilfiten uaznsiiarwrsiiinn

nlsaankiy L@Wﬂﬁﬂifﬁﬁ ANICRY

mIsanuuuelfnsoiinadanszuaunis laglawizdszdniaw dianusouaasineg
LLazﬂ’]iLﬁ@ﬁqﬁuau ﬂ']iﬂ%"ﬂLL@i\TL@nﬁ']u']iﬂﬁ']lﬁ‘lﬁﬁ']sﬁL%a Lwadﬁmm@v{ﬁ Cghaﬂl']\‘iﬂ?']llw g1y
Tumsdsuud 1w

- miaﬂa’m’]ﬂﬁ’mﬁaad (secondary air injection) Tutan

- Ugnien 2 TR (two-stage gasification)

- mmyuﬁﬂuﬁ”ﬂﬁﬁmﬂlu (internal gas recycling)

v
2.5.2 MINAARIABABARIUN AN

NIANALLTING

dunsendushadiuduidng igu mildaniulolaau gansasunueiig nsuenauna
% di [ Y a 6 A % [ > 6 U o o 1 1 (% ad 1 dy
MM n WA gAa L wIan1IaneILanTULLAS I@]ﬂmaﬂummnamgwmmmsl SBLNRE
= a a 1 v Q YV & dl 1 o U ] 1 1 =3
JdazEninndaudnigs mmm@ﬂ"l,@LﬂuwmwalaLLazQﬂuﬂﬂhamoLstmm ating lsiew
nddws:' = o L= :’ e A o Qs 1 g: 1 v o U 1
L u N N TINadwanlagNIIANAVLAZLaNaan MY b levinanslasigsenie e
1 =1 1 v & o = = 1 s
agndla Inanasnudaudnigs analludymlunmstideveiadadn

NSLANAINILANNTDY

Tt g uduuandidasanutasn r"i"wﬁvlﬁmnmzmuﬂ"mma%ﬂm%’m:gnlﬁ
mw%auﬁqm%gﬁqoﬁ%ﬂmLaqamaaﬁ’lﬁuauu@ﬂﬁaaamﬂuﬁ”’mm M lAuanalzanunT
Aaldedu mniunaaea it wielisudaiuiuisfoulasas wiesusiuliiAaniseand
L wUNIEulasMILEna M asendiawgn U e

ﬂizﬁﬂ%mwmsﬁﬁ@ﬁﬁﬁuanga WINYN AR 1250°C wazitan 0.5 3wl lasludne
Fawasiazi lWlEmuedessudalsdusunanihdududinin 50 mg/Nm’
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a139h 2.5 YszEnTawmsanduazaaduaziinaindu (Hasler and Nussbaumer, 1999)

% GNE®aza % enTinTuAn

LAABINTBITUNTE 70-99 50-97
fanuth 60-98 10-25
ANSUILBTULLLABAEA - 50-90
wSasannihsdauuudon > 99 0-60
isasnvaarh 70-95 0-50
Lﬂ%al,l,mﬂmémﬂl,l,uumu 85-90 30-70
é’ag}@sﬁ'm{ﬁﬁuau - 50

NILANAINILALIIUANTEN

msldaassdfisendeliihdudnuanaadunauwlasinasudi 1980 (Han and  Kim,

Y 1 aaa ' a Y Aa aaa A :’ Y < [2J dly a A' J
2008) MslEaasslfisenazdassulifial fiseadsasthdudunaioduissaiwdafindn
A o ! &V dw a v ' ana o @ :’ o~ A Aa a o s dw
wiotSudysdudsnavluiadamdsled dussdfitenlumsmdaiduduidalsliansucasi

as9Uisendasnalunsmaainduan
a [ e o & 25 & a o ] aaa ¥ = v

- winudanueindasmaduissaings aassdjisendessunsaundasiinula

- AU NIARIRININUTURAFIUNYDIA TN ANIZEN AINABINIIIINNITUIUNIT
NRAMTRILATIZN |61

- @Y ATENAIRANNNUNIUAaNMILEYRNIW LABIIINMITNIZAILATNITAANTT
gaguanwanawldd
s ' aaa n:i U o J [l o 1 v o [l

- auhljismersmansanazgnadidduanlng wazhanlflnadldan wasaudu
NITLIUNT

- @UIUPATVININANUUTILTI AINU

- assdisenaasiinen liuws

Un@ sl §asendlanu sunsautseanldidu 4 ngulnaig Ae
s 1 aaa dlt:l a A
(1) M3l Gasennigivaniiiia
as9lfnsennlgnuanniitia (Ni-based  catalyst)  Ldudlaunlasgrinirsvanalu
gamnnirullasadidmivnudasuunniuazlinu nsldasaljisennizinaniiia
guvanaziiangidudnulaninlandsz@nTainnisiiansninni 90% uaziinasiiia
lalasiauiiuiuanniay windinsiivgunnd aziialalasiaunindsdu wazaansiie

s15Usznavlalasansuaniun 131 CH, waz CoH, 16 (Zhang et al, 2004)
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(2) asslisenniguwainlanzanels

o9

wanana sl isenndigiuantiia latimahlanzdan lanndszyndldlunsaas

2
0o ¥ A

dudn @889 1w nguanfuaua ngueanlad uaz niwlaaenloduadlanzdanla aann
nlmihiuduuandsznil§isounadfiaduldodefidssinsug

3) assljisenanlalalud

lalalud (dolomite) Aasnsusnguuaaifosuazuanilifou G‘fﬁdﬁgmmﬁﬁ"svlmﬂu Ca(CO,),

2
=

Mg(CO,), Und lalaludezlfiduingdvlugasnnysumnfauuniiidon alduruuni In1s
dunudn lalaludfidssaninmwgedniunadudsaljaisolunisidaiidudueanain
nazuaunIRAafimTanisiinas iwandennnguaansaljiseaug ann

(4) an39U PR3 lanesnaudsi

ngulansniudrunats laun Tadow (Rh) warnadon (Pd) wan@ny (Pt uaz 371
a A A A a o o o o a A a o a . e
Wow (Ru)  SefidszanTnawlunsidaiiudugs uazlanuadoslunmstnuiniiag

UPATenguan g ualnanunaanng

NMILANFIRIYNAFAN

ffﬂ"iﬂmmam%mUﬂsg:wvlﬁﬂ@aaowudﬁmsﬂszﬂauﬁuw‘%ﬁmmmgﬂﬁﬂﬁamU"L@Tdmim
nizuslasaulalau wiawaaan (Nair et al, 2003) lagBianasaunasiugsiadruiulaans
(23 o vV A { 1 =) aAaa J v o aaAaa Q g‘ e =)
mﬁnmiv\m@miawaﬁﬁmwuvl,mamim@ﬂgmmmu ezt iy fasenlunsuanaasindudn

ADaL193IALI7
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UNN 3

a 6 vAa
ﬂﬁi?tﬂiﬂ%%@%ﬁ&dﬂ@l%’)&d')a

3.1 MILA3ENIanaaL1l
Tt I AUTIUTINTINIARANETRA Taun TuaTuing waeldannlssnwnwasieas L

wzaine 1isle lunghen Wedle wWden e wssilfenfauzainsRiuwiud anfimlalu 1.
a A & A A o ' A & ° Py v @
Feoalwral wyanwnlunaLrianaw mamammammm:gﬂm"lﬂmﬂmvlﬂﬁLmamw

A o @ A & a2 o o « \ ) & o a &
FITUTAAOUSIAUNE N8N Moy uauaLT N wazTaunaauwIa 394 eIz
amaudiaang wiathllfluninaasasdaly

3.2 mMaIarzinuuilszanm

mMydaneilasiszanm (Proximate analysis) @uNNA33 1% ASTM D3172 eyl
AMNUTU (Moisture content) YSunaansiszinele (Volatile matter) USHNHATUBUAIAL (Fixed

a v té ™ 1 ¥ a |
carbon) uazUTuIMLEN (Ash) TelunInasauauaaIFIUGING1 iTalWAITININAzgnuaLily
AR LLa:ﬁ,’]"Lﬂaulﬁuﬁalmmaumylﬁqmwnﬁﬂszmm 105 - 110 2IALTALTERAU LAUIRINAIN
iningunvg lthlafsunutinniniay fa USunmanuae NN TaIWTINURIUTIzY N
TwTaulun1rutlea 1Natlasnu MILAaaanTLATY mﬂﬁqam{]ﬁ 900 adeLTALTYE LA laEIT
dl £ o'/ 3’ o ‘ﬂ' :/ %] dl r=| a dl 9/0'1

TR uNN 1A be AUNTENIUIRINAIN TntnArie bl Ao USu1rsIsetna NN s lathisla g
mﬂﬁfuﬁ%‘%aLwaaﬁvléﬂﬂaqum%uuﬂwmﬂ@Tqmwgﬁ 750 a9ANTALTUR LN LALAANITLNN bRs
AR nNNMRaAIN waztduiivinuaand lwymeniningiunnnie 'l fa USurmaas

ANSUAUAIAILILLDY

a 6
3.3 ﬂ’li’JLﬂi'ls‘ViLL‘]J‘lJLLf-_lﬂﬁ'l(ﬁ!

ﬂ’]ﬁLﬂi’]:ﬁLLUULLﬂﬂﬁ’]@l (Ultimate analysis) @u316331% ASTM D3176 Junmsdased
Al o = a ' A & 6 & a & [ @ o Aa 7
ﬂl%NﬂSzHﬂdﬂ‘iN’]Mﬁ’]@l@]’N 9 NidwadnltznauuaIlTalwRIL I@] mzqiuaﬂwmzmﬂmaamm

v
)

uaz luAaan USuimaisua LLa:iJ’%mmVLaImnmﬁmmﬁﬁale%amﬁagnﬁmu@ Tasn13tan
d%‘ a a 1 A d' a [ 1 A ¥ 6 a dl'

dawdidadslunmrusllanuirgeandanlistafsinaudriaasddsznavvaslady e
drurmeannau ldnidSunmansuan LLazﬂ’%mm"LaImnmﬁﬁagluL%aLwaaﬁfu Tulasian uay
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ﬁﬁuzﬁuﬁ]tgﬂﬁﬁﬂ%(ﬂi@Uaﬁﬁﬂ%%‘ﬂﬁi‘l’l’]\‘iLﬂﬁ lumm:ﬁaan%mu%gmzqimm 100 auaI8UIN
183119 CHN sz S

a ¢ 1 [
3.4 NN3ILATITHRAIANMNTOW

ANAINNTAUVAILTALNRY A0 WRIINTWANNTAWADRUILUIRLNNURBHaNNINANTITLHN
vl,ﬁﬁl,%aLwaoﬁﬁﬁmﬁuagﬁqmﬁgﬁﬁwﬁo LLETJNamﬁ'wﬁﬁ]mmﬂm%ﬁﬂé'umﬁqm%gﬁﬁ AR
v { U, g: 1 v 1 v ol & ;3/ 1 @ g’ { | a >
sauﬁ‘l*’zjﬁmmmqmaugaLLa:mmmiaumGﬁwuagﬂuamu::maamﬁmuwamnmeﬁmr}mﬂm
Tnal

a 6 1 % d‘r a A o ad 6 A A 6 <

N13ILATIEHAIAINT DUV AL TOLNRITINIANTEYNLae3T vantiuaaaIiiaas laods
WWalwasuaaziduauwiatannin 250 WWlanuas Uszunm 1 nsuludruienng 7gasluwuaud
UITUAREaNTLAH ﬂizﬂauqﬂmniuauﬂrﬁ’]ﬁ'um‘%aaﬁa wi9asziiacadne AwianaInne

v 1 v -g’ Aa Aaa d' 6 [ 1 a g‘ d' A' J s a s
wavlﬂuﬁl:gﬂnﬂﬂiauiﬁLLnuw 2,000 Haddasivenutas ngannlvessnAindinl oo uny

a { AI &/ { v a o v a2 v
qmv\{}uﬁmmmﬁaLm"Lmesmmgm (M3atunlodn) M lEnsuUSuImaINTanaInAITLEN

CYR-%] ' t:ll ] v 1 :/ dl 6 ana 6 & q/t:ll

Tnaanatrendralanlwunnn thasanmann lvdluwuan weaastiaas Wuwniaunifnaning
13116050490 u,azﬁqamn“ﬁq@ﬁwUﬁwmmmmﬂwmaomm ananuTaun laasduarnnusansiu
HANINBLIFINITOWIUTNI AN DU LT LW RITINIAININRIIUaNT Le hana NI uani]
LARAINLADTUAD HIFNNNITOUTENIMANAINNTOUUBILTDLNR armNamﬁl,ﬂﬁ:ﬁu,uml,mm@; 2N
mﬂ%gmashadmﬁﬁmm LT §AIVBIQADY LLazgmmaoLmﬁﬂma TaglFargasrulaguravad
LL@ia:m@gﬁLﬁm‘*ﬁaa

AATVINRDI

U U

2
HHV (MJ/kg) = 33.585C + 141.924S — 15.3270 — 3.5850

fﬁ@li"ﬂ@\‘lL@LﬁUUWﬁ
HHV (MJ/kg) = 33.5C + 142.3S — 15.40 — 24.5N
HHV (MJ/kg) = 31.2FC + 15.34VM

' [ ¥ a & P n g Aa o

ArauiauanFandiiinng Juetnuesddsznavuazuanifveatomnds luglvesdasiu

ajuen (C) lalasian (H) eandiau (0) lulasan (N) uaziuziu (S) wialujuvesdasin
¥

6 a g o & a A J ' A ¥
AMIUaUAIAL (FC) 81332198 (VM) anaTnuazdii lasiiaiwdsiaunadiwlnaaisnnnuion
Uszanmh 15 - 30 MJ/kg

3.5 NIARYAMNIIANNITOU
ANIRANLAINIANNTAUBITALNGS ANzl Finaianisian1sidfownlasinniniiey

s A A A a a t:l»| a [ a a . .
nuqm%nﬂumﬂanﬂﬂ Bonmafafil nsiasAineslaniniiuasn (Thermogravimetric

[
a o o

analysis) nawi3nIazRazdasrinnssauLi SRR m%uﬂmaaqﬂmnﬁmsﬁzﬁﬁau ANH
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299 i'a@gé'haamﬂi:mm 5 FAANTUNN L EAIUBAIIUNIGUY TuwrasieauntalieTa wazvinniy
a 1 al v J a v Q/A; a I3
maammﬁz'ﬂ@leaqm%{]ul%ﬂam6] gwumnaﬁm%nﬂwaomsa%w 40 AIFNLTRLTHF LI ULIAN

P A o o i £ & A = A o &
10 w17 laudfaainaid manin dsanadln lwlasian aandiaw wia annia NaaI1 50 anuan
a , a & = o o Ao ad A a ' a =
LEWALNATAAWIT NHUIIAAINUTIUNDATIAINN 10, 30, W30 50 BIALTRLTURADUINIWD
1523710 1000 BIANLTRLTE & I@Uﬁﬁmsﬂ‘uﬁﬂﬁa;&aﬁ’mﬁfﬂ@iaqm%{]ﬁﬁmﬁUuLLﬂm"Lﬂazm
daihad lagluudazaniiznimasay 32vinna 3 asaiiluatineitag
MIRALAINANVTaUVBITINI1ALFAIaanN T U nTulas (o) 1o fa

o= Wi W (3.1)
Wi _Wf

' '
a v =3

losfl W wsesfoihntnvesdedefitntude  Atunnleg  usstwviegafiniean
NITUIUNIIRANYAINIANNTOUUED fayavasdnsulasmunini lddwaouianinig
wasuudasfisuiunaldlugdves de/dt

mn*’iTa%laé’mwmiamUéhmaﬂ’;m%auﬁamin AR RN e e e NG PR P AL (A Gl

N ;
(04
92 _ya-q)
T (3.2)
oo k = Aexp(-E / RT) (3.3)

A A A & A A o @ A A o A & &
Wae T ﬂaqm%{‘]w A ﬂaLLWﬂL@]aiﬂ')'nJﬂ E ﬂawadd’mﬂn@]u R Q897U NT N A0aaILa03

o9 §isen winRarsondunuuseniiniu azle
d E
In(==)=In A+nina-— (3.4)
dt RT

[ U [ s o ¢ ] s [ e {gu
Wﬂdd’]%ﬂit@l%’ﬂt%’ﬂ@’ﬂ’mﬂ’]’maﬁJW%ﬁ‘JZWJ’N In(da/dt) AU 1/T HRZINANUIFUAUTUAIAINY
L { k% L d 1 A 1 {
mumaamwﬂﬁ"lmzuamﬁo -EIR LL&Z’«E@]@@U%LLT’]% y ﬁam In(Aan) ‘ﬁdﬁ]zu&ﬂﬁdﬂ’]ﬁ%ﬂ N

In(Aa")=InA+nina (3.5)

_52_



UNN 4

6 Aa
qﬂﬂsmuaz'sﬁmsﬂﬂaaa

Tumsan¥398% 1eNINIINUNIKLENIITITENALITY LEIINITAaNLUL #3709 LASNAFAULAN

Ufnsoluazganasay aadt

4.1 qmwaaammuifui’aqﬁa

Thermocouple

e

S

Gas sampling bag

e o e e e S
A

R
o5

55

o

i

i

(@]
CEEEEE

SR
oo
=

35

258

e
e
e

S

Regulator Rotamete

Q@?& \

Flow control
valve

o

e

B

o

Air

=

' i‘]

Cold trap Ice Silica gel trapVolume meter
trap

dl §$ a QI o v a wa
E‘IJVI 41 q@ﬂ@ﬁaﬂLLUU“IT%’J@T@;I%G?&@U%ax‘]ﬂgﬂ(ﬂﬂ'ﬁ

_53_



Thermocouple

Air inlet I

Biomass sample
500 mm -

Heating coil and insulator

«
) AN
L | S
=0 Reactor
Product stream

3UN 4.2 ununlianUnsaliuuduizg i

4.1.1 aunInluazzanaday
a? [ A a 6 &, ) =3 Y a

TONAFOUILIAINIILN 4.1 °g@Lmﬂgmmmumamwaﬂmmﬂmaﬂvl,iauwm@ 50
UaRAT §9 50 LTUALNAT TWauTanINNNANLRaNAIBUARINAINN T LW LLa:q@TwoomufTu
anuTaunin 4937 4.2 lureanaseudsznaudindionme wndjnsal vaiagunnd wszgaiiy
o ' o Aa ' v Aa o o ¥ = S & A a
mamaménmﬂg@maLm’mumﬂa‘[ﬂwswmaamsﬁgag ﬁ;umlummmuuazml,m namnnd 5

{ o ¥ o a ' ' o [ A @ & e A

WY -20 BIANLTRLTURLNAAN NN WA ﬂaumummmLLa:**gm@ﬂsmmaaﬂVLﬂmqamumm 9

azgnibh lAlenedimiaindsznay H,, O, Ny, CH,, CO, uaz CO, daszaiaunalasunlani
daly

4.1.2 NTEUIMNIINATDL
luga9iunszuaunis asvimialaiass Wil ldeaiaainusauiimu aunsenaan
UinioiSauiisgunniinidainis dradrediniadszanm 10 ninazgnlaasldluiandjnaoiiiu
to3 nuuazilenamariuidrldfaand jnsfanduun lavaivquiTuimeinian 500
anunefmudiasdewm imolwiadul fAsuunadiiadu anuuisvimanudiedefe
o d' a d' 1 A a s 1 aaa d'
MINARBILYINNFAIT MR TAINTZRI9 600 — 900 asauaaiGas TnInauaaTslfiven
Hulalaludnudwnangadiudrie eae

_54_



4.2 qmnmaammufumaﬂwa
4.2.1 aunInluazganaday

mmaauﬁﬂﬁ?:nauﬁwmu@hm Gt

1) gainujnaal dszneudis vieauawas pwaidurnguinataniely 2 i g9 2 1a3
fluaaannuiouusnidu 2 70

1.1) q@LLiﬂlﬁmm%faulwﬁN 0-50 Ty UzNaUMBUARIAANNTBUTUIA 5 N IO Wik
JOULNLEN I@ﬂﬁi’a@gwumﬁu%auuazﬂ&iﬁwiﬂﬁhﬁéﬁﬁﬁﬁLﬂmﬁ"asl,"ﬁ%amwdﬁw@m@ﬁuﬁaaumu
W uazlawunuenuieulunianinWudausauageiunan Tasfmesluadiainaia
ganpiiuazaiuguamngiidiognalaruguamnnil lassuisnaruqudanmilianuion
fnTUF Ui

1.2) mﬁaad ’Lﬁmm%auslumuﬁmuuﬁmﬁmﬁal%muquaqm%gﬁmammmm AUIN
ANNTeY UsTnaumuuaaanINTautie 2 Nlaiad 31w 3 70 Taglinuiuanusandiin
awn I WindouTaLTIa NI HINIIAR AW D FLALAR I@ﬂﬁmaﬂuﬁmﬂmﬁai’@qmﬁgﬁuaz
auguamnpiidisgUnIniaiuguamnnd I(ﬂmmmmuqué’@liﬂﬂ’]ﬂﬁmwﬁauém%'umuf:

2) NTILURLTANTZINUDINA (air distributor) Alagmiunuised Duwuuuudn azunse
W LA AT WA T

3) gailouama Usznavene Juan Tsanfiiaed uwazdniaaiguameasina 1ilaiaduas
500 106

4) g@i’]au"laﬁw Usznaude i e3aanseatin lsmdiaas LLazq@N‘ﬁm"Laﬁwm@ 3
Aladaa

5) gaflandnauuuang wpdianuawieilosiudunalwadounduaniandjnaol
WNGaRUTIIIs sanTadiuanusiseumstlonauasle

6) garnanuazaauiauaziivuis dsznaudas lalasu (Cyclone) va1n stainless
steel vioaauAd fnaauRs nasauinlamseiifaldanuasuanaiotusananuds laod 2

U U

a '

mﬁqmﬂnmmnmaﬁu qﬂﬁﬂﬂam%uﬁm%amwa AT ADAIINT AALTIUS IO TV ILAR LAY

U

qaLﬁmLﬁ”a

7) Tanugumnniuaziunindaya Usznaudas maﬂué’uLﬂaﬁa@ﬁaagﬁmﬁwwaum
ARAANINENN I@ﬂ@iaﬁmﬂ%aaﬂuﬁﬂia;ﬂa LLa:@iaﬁ'uLﬂ%aamuquqm%gﬁﬁmmsnﬂ%’ué’mﬂms
Twaausawle

A a A a = ~ ~ \ ° a &

8) LAIBIUATINIA mwmmumﬂﬁ‘lwmmauaU@Lwalawa@anﬁmwQa@"Lw Tag

RINTOUA b lERAE WA euaNGaINslastlfawazunsinielueIas

A a 6 & v A a 6 &V &V A v Qs ' < A v
9) LABIUATIERUNT U3enaualy LATAIAAIEALAR WARLRDY WNRAIDENY NAAUAR

_55_



Datalogger and

— Temp controller

Gas sampling bag

Rotameter

Flow

control

valve

Air compressor

Cold trap Ice trap  Silica gel ~ Volume meter

3UN 4.3 ganaseuuuuTUIad MATzAURRIUfIRMS

% A A o A o [ P Aa & a & & |

uHURITRIAIaINiThmMInaaaslansueasgln 4.3 wndjnsaluuuwgdalediuaiiuvae
ansanas IanugitEinm 2 1Wes gﬂﬁuéffsml@a’mmm%amﬁaslﬁmm%“auu,a:ﬁamu
% [ v 1 a & A a 6 o [
nuanwiawinagmeoueniauniol GuUn 4.4) wndjnsohazldiuanuieuannvaaiauazgn
augugmnnldisguUnalaiuquamnnil (FUN 4.5) LLazaﬂmsﬂlﬁﬂmu%auvlﬁgaq@ﬁ 500 °C
A W o ' o @ A £ = Ao A
Weldldguame minduenmenziligaunniinmeluananlufisgandesmmaseufl 700 asmn

A o A A A e = o Aaa A . 2 o o @
ERIGHEG I@mLmaﬂaam'mLmaoLmﬂgmmm:mmmammLaaﬂuagmmmaammsma
fudaduaan lasnnillalaau UN 4.6) aadSinaduuszaznaudluiuuia wasaneanain
lolaauazidhgradniniudneannnuia U 4.7) Almsszaoldlunauiiuazugludon
AIVANYUANA RRINITAAANNTUVBILA R UTANNIALALINDAIINNT HALTIUSIN A TVaIUA R
duierasindanmymaifinnes uaziiuuisaslugaiuudaifoweussy 40 fas udah
wiafldluAanzinadioiatasufalasnlninmi 8Wa Shimatsu ju GC-8A  detector Uy
TcD lawldufadifvuduuimdosniudin (U0 4.8 uaz 4.9) myliensduiaEududions
23 v ~ = 23 23 v A [ = 23 d‘ 23 = 123

gaufadeidudauiznnguuiauddentldlutesdaudzuaatasuialasnlninmi udzazgn
o o % o &d o v A & o o A A o A \ o
Tanufeuuazgnm lufsnaauinmihdusnufarldinfounaanluds detector Aaaenain
lagdn ldazuaainaniaIasRun szuaasausauvaILiaadaall®h Hy, O, N, CO, CH, CO,
FannszuwmIuiadiliaai laanaldazusasuis 6 siiai Tumsdensiaziuiaunasgiun
JRnasunsuiuinendand ldialdhidmwinmenuidudu Usnnuds nanfufaudss
> { v (27 L 1 { U té { [
Muaadna Bvalasuiaaiatnefltfe Supelco cataloc no 501697 GsdadfLsznaunurnanda
CO, 5.00%, CO 4.97%, H, 4.04%, CH, 3.99%, N, uaz O, 881982 5.00% Nindaidu He

_56_



3U7 4.4 wndninluvuruvading

Aa

3ﬂﬁ 4.5 q@muunLWﬂWLLa:qmﬁm

U

_57_



———————

7, =5

D=body diameter
H=inlet height

W =1nlet width

De=exit tube diameter
S=length of vortex
Lb=length of the body
Lc=length ef cone

Dd = diameter dust outlet

!

&=82874933657

37 4.6

gﬂﬁ 4.7 ganiuaag e

sneue lrlaawnyinn1saaniuy

_58_




gﬂﬁ 4.8 SNBMUDILATDI GC LAZLAIINUNNLTILATIZRUA R

PN o o . o ed) e & o
Ell“ﬂ 49 LLﬂa@nﬂUq\‘iLLazﬂaawuﬂiﬁqLﬂ‘i’]Z%LLﬂa

4.2.2 NSLUIBNNTNAFDU
1%‘75"3\‘1L’%&Jﬂizu’luﬂ’ﬁ’%ﬁ’mﬁﬂﬂ@Lﬁaﬁ\’?ﬂWWﬂﬁ“ﬂ@ﬂ’)(ﬂﬂ’l’W%ﬂ%ﬁ@@a%i@ﬂﬂaﬁuﬁﬁﬁﬁu
wazdagldasfimdinsaunuldaiusandanimd In1vilawnsnansanuaindld aunsens

a v = nc.l' (% 23 1 % £™ a 6 p.l' (% o

mﬂlumﬂgﬂimiaumqmwnﬂwmaams muquméﬁmumﬂﬂmmﬂgmmmwmaami N
[ ' s a s 6 o 1 a =S LY U a 6
mm@mmmsm:mﬂmmmqmﬂgﬂuﬂaaw mamammaﬁmfﬂzgﬂﬂauw"nvl,iﬂw,mﬂg]mm
dngasilowldmeluiedudfiseunadlasu mnuuisiinsiiualagsfie ninasasas

'
o A

fiTgunniiang g inmwaudisljise uaznsilewlasiudnludae

_59_



4.3 gANAFDUAIIANIIUJATEN
4.3.1 aunInluazzanaday
q@w@aauﬂizﬂauﬁammLmas}?vxlﬂmaaiwmaﬂa@ﬁwsﬂmmLﬁ‘ﬂlﬁﬁ%ﬁ@ﬁmﬁamaaﬂau
°13@1ﬂﬁﬂinﬁiaﬂﬁﬁ%mﬁiﬁé’m%ﬁﬁ@ﬁwﬁu@u givannraman iafuswadusigudniolu
14 fadwas 817 70 Lrudiwas Wanuiouansunanlasdnieadiwiliawe 3 flaiad sl
vasgauniniiil jismniiiiagamplzeath i luudazismuanusnizasgeanasey i
@‘hLmulaﬂ'auLLawé’amﬂg’jmtﬁﬁqﬂg’jﬁ%m@iaLﬁﬂﬁ'ﬂ‘*}qﬁ@Lﬁuﬁaaﬂ'wﬁ"ml,a:ﬁﬂﬁuau a931 4.10
nasanzasndudnluimdamiaildloslddusiw it 3 sfieda lalalud uaalsd
Talalud wazthuss Sefisnsaaiuiovwawiodszanm 3.4 Safwas nszuaunsuas ol

maaiﬂﬂmﬁm%wﬁaqmﬂgﬁ 900 adetratdoaluaa UL wIa I 2 T a9

Biomass

—

Heater
Catalyst Catalyst
bed 1 Tar bed 2 E:gtvgr Offline
Burner cracker Flow gas
. control analysis
Gasifier valve
> meter
Raw e P P Y - Offline
Gas T Impinger Pump gas
Alr — \ 4 T 1T 7 frain Flow analysis
Impinger Flow meter
train control G
l valve me?:r
Ash

Pump

3UN 4.10 FanesaudoaTILFiEN
4.3.2 NITUIKNIINATDY
=~ A & ' a 6 Y & = U v a & A
lumsnaseuit wlenidevzdnfuwudgnlfiduimiailowdnionunaduioieaiiia

v g dq, a 1 = e 1 I Qs
FINMNBTALNRY FINUIZNAVVAIT? N’JE‘]@]']BUWGLﬂ%@]GLLﬁ@]GSLu@I’]‘E’M 4.1

A ! a = . a &
AN 4.1 §uUTENa UV U NLNANSUINANNIUE

property value
C 48.7 %
H 7.0 %
@] 43.9 %
N 04 %
Heating value 17.6 MJ/kg

_60_



Iugr913unINaray V‘hmi?\mmﬂﬁmmi LR aUTINIARILWALUNTY PUeLABINY 7 lanle
"Lw‘*?\lﬂﬁﬂmw%”au@ia‘*q@é‘aL‘idﬂﬁﬁ%m I@ulﬁﬁ”aua%ﬂumo 650 — 850 AIRNTALTUE LUaND

n:? a a 6 nl (% ¢:§ < nl & Y U L% % ]
Walwasanneunadnislaasaaninana meluasemlusanisu ﬂﬂaum”lﬂmq@mm
Uhn3en lagvimatiuaiogname wazindudn noulsznasnmssaaindudnaiuassl jisen
I@mﬁuﬁagaﬁﬁﬂamaﬁam 3 A9 1NNV NRARA e LS NN a L T w1 LD IUS I o

M nAwLUA DT NG

4.4 AANAFDUAILWATHII

4.4.1 gunInluazganaday

3UN 411 wndnsoiwaaduuuinadania

misanuULIWARNUUUag lusauwanadmILdasljiammases  lasdiGeuly
MIFIna@N LI uLUL non-thermal plasma WIawanaN1ANNTaUM  wazsITainNulen
AMUAKLITIINNA wwasanduiunlinannssiwasudianannsswn Iniusigen
a X N A . e q e -
Naluszninenndiannsandsznaudisviualnauazaiualuaudlurnannsved i nszuaaay
uaaLalnauaztinaluaazaaunu llandinsaanuuutidianinsatuanwuraasnidianlna
| 1 1 £ ] & lﬂl o g; A« g: ﬁz’ YV U s v
duwsinlanggddmldmnnluauded  Weathandildnlnianizesiuinliduldsingim
(- U [~ QI 1 1 g; g; A& v Q Q dl o v
nuud andunmaiaszazinszninizestidianinmenndesldunn dagd 4.1 Taqivihanls
Aawwdniaamias WikewmaInrianazaite (Acryiic plastic) Nlusila sansnwameg laniaes
v I ] a a a I ;:!I A:ll A U ‘é s =3 Qa a J
du lasduuiuwana@nsfaSoudugUmndouiiud - Ssmansndunaduinsuenmaiodn

Y 2 o = A a A a £

23N FNIANE 1o laTALIRIUTIFINAABNTLURUWUL RV BIFVBIU R INAFNNLA AT
v a g ' A o =2 v & o A
widaduuuurslanzgUninszuanimanfedaeliidugdnme  lasimaanzggaaluie
Hunstsaulddimswavasudandnunlieinusenineszezwisesndidninge waztduns

ﬁaﬁulﬁgﬂs’nmaaLﬂJmwmamlﬁLﬁ@"lﬂmumuIﬁGmaaﬁaﬁtﬁﬂiﬂi@ Tagyinannnadinaasan

_61_



v é/ 1 v ] e v
m@‘lwamamuminﬁoLLa:mimugﬂme:mmiﬂﬂﬁagﬂmaLLazm:gLaumuﬂuﬁﬂmwaomﬁ@"l,@
' = A & @ ' Aa o A o £ o
9o lauduuwian 1.5 mm Lﬂwummaa‘mmwwmz‘nwm@mqwmmmm% TIVWOVDILEY
muquﬁﬁaaﬁmm@lﬁﬁaﬂﬂ’hmm%mmadLLNuSLgﬂIm@ LR B ENINTZULIERIABLAN INTA

&

Py Vo o A v o o & A4 A v a
LW@FLVIQ']LLﬂaﬂW%aaﬂﬁNNﬁﬂuwu'ﬂ‘ﬂLﬂuwaqﬁquqﬂqﬂq@ LREAINNEIINIRA 50 mm

Eﬂﬁ 412 @@ﬂ@ﬁﬂﬂﬁ?ﬂv\lﬁ?ﬁ&i’]

N3y 4.12 LLamﬁomia@ﬁoqﬂmtﬁﬁlﬂumsmaawaaLmﬂﬁmzﬁwmam Tag
sudsznavlnanane § 3 g loud duh 1 SruaIaINaainTwAmUIMIoLATaIT 8T TUAY
W1 ®IUN 2 mw,mwmamLLa:meﬁhUVMWWLLﬁaga FIUN 3 ABFIWMINUAIBL U MTILATIENR
LG

1 1 U A v U = 1 = U |ClI &

LmaammVLWWWLLiagaﬂﬂa mauﬂaﬂﬂ%lnmga umamLm@uVLWV\hgaq@agﬂ 15 KV o4
Wuarndsznaunansadunadinsnauirndsudailalasdandantasdsudnlania Variable
transformer S'EaLﬂumimuquLm@TuVLWWm”’mmLiﬁﬁﬁi’mlﬁﬁuﬁﬁaLLﬂaaVLWWWngo AIle 0 D9
230 V LLazLLio(ﬁu"LW‘WwLLiagamaam}mLma'aﬁi"um‘ﬂu 0-15,000 V (gﬂﬁ 4.13) »aNINHLLL
szﬁ_mLma'aahﬂéfaaﬁé’aéﬁumum@iauuumgnsuﬁm”l%lﬁmsag;m Lﬁaﬁmﬁwﬁlﬂuﬁamqu

a U dl |g; A« ‘ﬂ' o %] a g 1 nﬂ' 1 3’ o A
ﬂimmmszVLWW’vavaﬁgm’saLaﬂIwiﬂmm:Wﬂwaam@wmammu TuaIwuaItnIaITusinTwak
W1 (@93UN 4.14) Suduannddesudalulanaundiudannslnalasdidiudannising mniu
LLﬁ”aVLuImLﬁmmum%ﬁmLﬁmLﬁamemfﬁuaaﬂ LLé’aﬁ,ﬁvl,ﬂmugﬂmﬁuﬁmsﬁ;a%ﬂuv\aamﬁaﬁLL°1j'

_62_



1 1 g’ v dl °’ 1 v dl [ dq’ v v (2 1 =} dl o
aglumamiau‘ﬂﬂium"l,@L&Jamu"g@uuma:vl@Lmawam:mwﬂﬂmwuua:LLuWﬁmuLw a1y

N ATWRN &N 1

Yariahle autotransformer Meon transfarmer  Limited current Gliding arc plasma
0-230 WIAC 18Ky 30mA, resistant

220WIAC
50 Hz @

gﬂﬁ 413 LLam’mﬁmavl,W‘Wwauma’aahUVLWWWLLiagaﬁmmmﬂ%'umVL@T

Flowmeter — »4 age 2« L o — 11710187101
PV AN
K7 I
.7
Silica gel Q Q)
Nitrogen Light tar generator

Eﬂﬁ 4.14 LLN%ﬂ’]Wﬂqﬂﬂ‘ifﬁ“g@Lﬂ%a\‘]ﬁh SN NUALLLN

4.4.2 n3zUINNMINAdEaY

) NMINYUINUARLLN

m‘m@aaumimﬂ'wﬂ%mmmsﬁhuﬁwﬁuammimmiﬁﬂg}nmﬁu ansaseniu
= . o A 1 ' S o o o ' = & o

madl,mmmsﬁ;agluﬁaa@umﬁLLﬁag‘lua’mmiauI@sﬂm Lma"l,uiemﬁmvl,mmugﬂmwu FaxnIUU
1 v tﬂl U Qs 1 : v = g: Q 1 l:‘i/
fnanuTaun lFnuanstintaw laulduaawlunsnasauadsa b
mﬁhUﬁﬁﬁuammﬁqmﬁgﬁmoﬁu

(1) wiswudalulanaw gnindu ssszaslalalwsniues inde i uazibuds

(2) dae3ougUnininyia igu inesluaathla 200 °C i3 +1,350 °C uaz
LATAIIADAIINIT IAR ag’ﬁ 0 119 20 L/min

[ = & [ \ a A
(3) dawpugdniniilosiumazing 1w finsesaima alasns

_63_



(4)  daLeBuTANUAIBEN
(5) *T@@hﬁmﬁfﬂmaagﬂmﬁuﬁauﬁhslLLﬁ"a"LuImLﬁ]mhugﬂmﬁuﬁﬁﬁmiﬂ%‘u
qmﬁ{]ﬁmdﬁﬁaulﬂu 30 °C, 50 °C uaz 70 °C uszfisasnislva 5, 10 uaz 15 Umin fien
AMNAULITLINE
6) @iaL%aWia@mG]L"ﬁwﬁ'uqﬂmzﬁ
7) mwgmﬁﬁﬁﬁa@im%am’mq
8) Ususnmslianutanvessnsinfawlud 30°c
9 dsesudalulasiaunddasnmslvadi 10 Lmin
) una lasltiialunmasss 30 wf
) iensuiian 30 kit ¥nsteanmslnsveslulasan
) ’S'ﬂmﬁmﬁfﬂmaagﬂmﬁuﬁa@awéﬁmﬂmimaauLL&?’J
) nmaiudedwangaiiuaaing
) V‘hmmazamqa.lmtﬂﬁaﬁwmmaaﬂuﬂ%@iavlﬂ
(15) ﬁ’]é’hashqﬁLﬁua%i‘lugﬂmaammzmﬂvlﬂﬁLm’lzﬁm@hﬂ’nmﬁwﬁu
Togldinsasdassiassilsznay
(16) aTamauanwlasTNvadudazgUnIal uazvimaurly
miﬁhm{ﬁﬁuammﬁamwgﬁﬁ 50°C uazfi 70°C vhmInasssauda 1-15 lawd

¥ 1 |

]
o { o o a o { o o o & (%
TaLL@lﬂ@]"lﬂﬂuﬁma 8 ﬁaﬂiu@‘l’]qm%gﬂ“ﬂu 50 C LLatﬁ 70 C @uUlRIQL I@Uﬂ’]iﬂ@ﬂa\‘]'ﬂ\‘]ﬁw(ﬂq@

MENInNaaLIIe: 7 A39
' ¥ e oa AV o o g | .
ﬂ']i’ﬁ]’]El‘lnNu@uLU']Y]VL@]‘]JﬁJﬂ']E]@]‘E’]ﬂ’ﬁVLﬂfﬂ"llE]de%I@liLﬁ]%Lﬂ% 5 L/min uas 15

I o v ' a ] g’ [ { A o & @
L/min men'ﬁﬂsumqnmgmaamdmsauﬂdﬁﬁ 50 C lagdauaanniinaaadiniawta 1-15

] v ] { o o [ a { o o o I
LANTBLANENINTD 8 WAy 9 Immmsﬂiuqmﬁgﬂﬂﬁ 50 C uaziuaasnmsluaiilu 5 was 15

L/min 18800 laavinnnsnaaaddiagiiag 3 a3d

i) NIFIIINRIFIN

{ v g; v Y U v 1 g: a =3 & 1
wmamﬁvl,@uuvlﬂmmﬂmsﬂauMangam"l,ﬂgmal,aﬂlmm FINTTUEH
1 g; A & v (22 1 v o v A J

seningnaianInsatdn 0.45 cm wazlvunalulasian narinualrvinlwifadlwdainssinlasd
& .
ANADUAITH

(1) ml,ma'aahUVLWWWLLsoé'ugaq@a%iﬁ 15,000 V

(2) dawepngdnisimyia Wiy guniaimyialWilusegs de wata Wil ussged
m\amﬁ@"l,ﬁgoq@ﬁ 40,000 V

3) wisuguniniiloaiumalnih

a '

(
(4) Fnsulsufisudiniavasgnyot
(5) 10AUTIAU WK IunaIIe

_64_



6) NARBINIIFTNWAIRNINLAINA
7
8

9

(6) M
(7) guan1InaassmmnIaifaaIuesle
(8) NARBINMIFTHNAFNIALUAT [hlaTian
(9) guan1InaaadImEnIaIAaLa a6
A a & & & & o A aa A |
Waiarsamena uazuArlulasiaw nigasnwduudan ludd (Nonu
a ] e v té ed =) |
wanauianTNadAuduansmsilaluadld Ssannmalansuzdnisiianatan il
a a A Ao s A @ A o
fruwdudvuazlulosaudididnsuziduirayiduendiag lavsanngldanaoan
& 1 YV Aa s 23 a I3 A & a a Qf v dl & a 1
Fausasirldiianmuandivesuimiailulosauuazdianarendasz duinden 2.4.2 fsdnatlu
ROTUZVDINANTAN
(10) LATLULATWANFNN
(11) BN1TABLTONUREITVIBNULATNATTN i:uumuauuﬁmquﬂmtﬁ
MyIa TN
(12) Woufalulasaugiawanan
(13) Usuaans s wlasiawdu 5, 10, 15 Limin anusau
(14) TaAUHAWINHTZRINVIBLEN NIV AANTONTA VBINIDATINT ARV BI
wislulasiauil 5, 10, 15 L/min aNs1aL

(15) Jaawasnunilanlinuunassne

i) NMIMIUTEENTNAINNIFALAIVDIVNUUA LN

R1U130A e
x =—n=Cow 10009
Cin
X U2 RNTANIWNTHNAUINUALLN

ANANULTUT U DI UBA WL NDWTILOTNAIRNT (Mg/m?)
wt ANANULTUT U DI U BABLLIRIIDONINNLATNAIFNT (Mg/m?)
NINAROU I BT WA aWHL T UNITRINTMINANRIFNINTA DU N WA WL
T3 LATIEANANAIRNILLULAILAH7 LAZUUURILANADITHIN DIV UADUNITALIWAIITNARDIS
Qs dQ/
A9t
AMINAFAULATWANFNILLULALAE

= ) 1 :’ “ A
(1) ww3sngUnIatdudnoiinanin
2) m’%wqﬂmniﬁmmsa%'mwmam

3) LATUNTALNUAIBENS
q

_65_



379 aauquﬂmnﬂ@ mwnnahu
AALTANFININYINNUAWUNT A LLATWRTFA LU ULALA LD
@im%mqﬂmrﬁmﬁ@m@m 9

)

)

)
7) @iaL%auﬁ'ﬂ’g@Lﬁué’aaﬂ'N

) mnaaugﬁam@im%aw

) aReUTUU IR 28 IunaIdne

0) Usuemslianufanvessrsirdonludt 30°c
11 ﬂaamma"[uimmummmwmamI@mm"l,wmwmmﬂumu@mm
“
1
1
1

(
(
(
(1
(
(

1aa ULL?G@]%VL‘W‘WWLGG E?N LWBLﬂ%ﬂ’]i‘ﬂ’]lﬂLﬂ@Wﬂ’]ﬁﬂﬂﬂL(ﬂ’]ﬂ ah

)

)

)

) ﬂ%’ua@mmﬂmmaaLmavLuImmuLﬂu 10 L/min

) ﬂ%’ummamﬂmmaaLLﬂﬁ"luImmumvlmmummslmuu@ul,m
) AN Iaasd lagldialunmmasas 30 win

) A9 W Iz AawaaNn

)2

17) Taenasnwnanalwnunrasans

2
3
4
5
6
7
8) Haasunafidinue Jannsiundssnssinduiniun uazdiufianisves
Tulastauldlnariuianlasasaduiia 10 wf

19) ﬂmmadmﬂvlwml,mm

20) NAATALNUAIDLENI0BNANTANINARDS

21) LNUADEIRITRZANY

22) Itameaniurmarnarainlasassdluiig 30 wf

3) INANUFLDIAYIBAAAI GINLRAIIN ﬂﬁmu@mmua:qmﬁué‘mai'm

I\)I\)

4) maﬁmamwmmaﬂmniﬂéﬁmimaau

(
(
(
(
(
(
(25) ufla aﬂmrﬂ%a Ul%ﬁﬂ’]WI‘N’va@
(2

4) mmamﬂmLmﬂ:ﬁmmaaﬂﬂszﬂaﬂ@slifm’%aﬁmiw:ﬁaaﬁﬂszﬂau

_66_



UNN 5

NANISIYUAZNITIVITUNE

5.1 qmauﬁ'ﬁ%ama

Tuawdsedd auwlalusswsnd SadwisRedwuldnnlulemelng namsiensy
Tugswsndiluesuansluaef 5.1 ﬂ%uﬁmmm%uwua%ﬂwﬁw 15 — 2.4 % lagfdnansh
16 % USnowemddi 3.7%  fAendeutnedid@sandunsdlunmsinlywnlnivioldly
NILUAWMIUNETRLATY ﬂ’%mmmsszmﬂﬁfmﬁgd > 70% Tz litinduauunleluns

wUaIRMWLTILATANNTEY A1ANNTEWYINAL 17.5 MJ/kg ﬁfuiﬁgaLLaﬂﬂﬁLﬁmﬁu%amaﬁﬂwaﬂ

sy

ANT9N 5.1 wamﬁmezﬁ@;mauﬁmumwwﬂ'ﬂﬁ

Property Method Quantity

Proximate analysis (% w/w)

Moisture ASTM D 3173 1.6
Volatile ASTM D 3175 71.1
Fixed carbon ASTM D 3172 23.6
Ash ASTM D 3177 3.7
Ultimate analysis (%) ASTM D 3174

Carbon 43.9
Hydrogen 6.0
Nitrogen 1.4
Oxygen 48.7
H/C molar ratio calculation 1.64
O/C molar ratio calculation 0.83
Empirical formula calculation CH1 6400.83Ng 03
Higher heating value (MJ/kg) ASTM 5865 17.5
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@13 NN 5.2 wammme:mmauummmaau6] ‘Ylﬁ‘u:lﬁl

Ultimate (%w/w) C H N 0]
luarnensd 43.9 6.0 1.4 487
v ldannlsenunasiaes 55.55 5.17 1.21 35.25
Tafuzaing 49.48 4.40 1.96 4117
a1 47.12 4.60 1.95 44.05
lunghen 44.06 5.34 1.81 38.66
e le 41.05 4.82 2.05 40.71
wiendle 46.24 5.03 1.79 43.18
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@137197 5.3 MassuiisunamssanaaIneanusonlululasiausasdiuiasiad g

Heating rate

Reference Biomass Tstart (OC) Theak (OC) dou/dt peax Olpeak Olso00c (°C/min)
This work Mimosa 198 336 0.748 0.45 0.29 10
191 350 2.33 0.42 0.30 30
197 356 4.11 0.49 0.24 50
Gronli et al. (2002)  Alder 242 349 1.02 0.40 0.17 5
Beech 248 349 0.91 0.37 0.18 5
Birch 244 353 0.98 0.32 0.14 5
Oak 237 338 0.89 0.45 0.23 5
Douglas fir 243 334 0.87 0.55 0.24 5
Pine A 238 351 0.91 0.45 0.20 5
Pine B 209 350 0.81 0.43 0.20 5
Redwood 235 351 0.83 0.50 0.26 5
Spruce 249 352 0.77 0.46 0.23 5
Hard woods 243 347 0.95 0.38 0.18 5
Soft woods 235 348 0.84 0.47 0.22 5
Kalita and Saikia P. alba 170 360 - 0.58 - 20
(2004) C. procera 210 290 - 0.85 - 20
E. neerifolia 180 360 - 0.76 - 20
N. indicum 140 350 - 0.68 - 20
M. elengi 170 340 - 0.57 - 20
Gomez et al.
Thistle 214 334 0.20 - - 20
(2007)
Pine 254 378 0.30 - - 20
Beech 259 380 0.35 - - 20
Yao et al. (2008) Bagasse - 299.3 - 0.53 - 2
Bamboo - 285.9 - 0.44 - 2
Cotton stalk - 2934 - 0.50 - 2
Hemp - 282.3 - 0.38 - 2
Jute - 283.1 - 0.44 - 2
Kenaf - 284.1 - 0.42 - 2
Rice husk - 297.4 - 0.37 - 2
Rice straw - 273.6 - 0.35 - 2
Maple - 308.3 - 0.58 - 2
Pine - 311.5 - 0.59 - 2
Jeguirim and Giant reed 200 308 0.826 0.58 0.29 5

Trouve (2009)

JUN 5.3 LFAITIANMUFNRUTTEWIN In(do/dt) 7D 1/T AFIMIFNBNIRA 932NN 5 - 75%
lovldaanududuasnas gudu Sssnansash ldmdmssnunszguuazaunaaasnisauld

& 1 1 ed v a K 1 1
FINUIN mwmmuﬂiz@gmaamﬂwlﬂamﬂumwwunﬁagluma 269 — 411 kJ/mol
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7197 5.4 madTouisunamsgaisainsanuauluemeavasdianariads g

Heating rate

Reference Biomass T,(C) da, [dr (%°C") T,(C) da, [dr ©%°c) .
(' C/min)
This work Mimosa 310 0.26 448 0.19 10
326 0.28 469 0.19 30
326 0.25 469 0.20 50
Jeguirim et al.  Arundo donax
250 - 337 - 5
(2010)
Miscanthus 289 - 401 - 5
Munir et al.
Cotton stalk 285 0.28 373 0.12 20
(2009)
Bagasse 306 0.19 378 0.1 20
Shea meal 279 0.21 442 0.14 20
Shen et al. Pine
329 1.13 443 0.55 10
(2009)
Aspens 321 1.23 415 0.79 10
Birch 323 1.29 428 0.85 10
Oak 325 1.29 450 0.44 10
Safi et al. Pine needles
290 0.71 390 - 15
(2004)
310 0.845 370 - 30

U 5.6 LFAITIANMUFNRUTTERIN In(do/dt) AL 1/T AFIMIFANBNIRE 9321 5 - 80%

v & ¥ v é = g & o ' o ¥
I@ﬂvL@aaﬂN"lLﬂ%Lﬁ%@ﬁ\‘i‘ﬂaﬂﬂ LR palaNuTuie -E/R mminmvlﬂmmwadmum:@;uua:

a aaa a < v A 1 ' o g
(7"]']LL‘V\IﬂL@l@%ﬂ’]i’ﬁ%ﬂlﬂ\‘]llgz]ﬂiﬂ']aaﬂsﬁl,@?i%vl,@ BINLIN ﬂ?Wﬂdx‘i'l%ﬂ%ﬁ@l%?JE]dﬂ']iLN?vLﬁﬁJwLﬂJFJT]‘W

= 1 1 A 1 { { A Q 1 1 v { Q
Uﬂﬁaglwﬁ’m 235 — 498 kJ/mol T9UaLa[8N 334 k/mol mummaumaguﬁmﬁwﬂu%ama

a dl
Twhaa
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ABSTRACT

A giant sensitive plant (Mimosa pigra L.) or Mimosa is a fast growing woody weed that poses a major envi-
ronmental problem in agricultural and wet land areas. It may have potential to be used as a renewable
energy source. In this work, thermal behaviour of dried Mimosa was investigated under inert atmosphere
in a thermogravimetric analyzer at the heating rates of 10, 30, and 50 °C/min from room temperature to
1000 °C. Pyrolysis kinetic parameters in terms of apparent activation energy and pre-exponential factor
were determined. Two stages of major mass loss occurred during the thermal decomposition process,
corresponding to degradation of cellulose and hemicellulose between 200-375 °C and decomposition
of lignin around 375-700 °C. The weed mainly devolatilized around 200-400 °C, with total volatile yield
of about 60%. The char in final residue was about 20%. Mass loss and mass loss rates were strongly
affected by heating rate. It was found that an increase in heating rate resulted in a shift of thermograms
to higher temperatures. As the heating rates increased, average devolatilization rates were observed to

Thermal decomposition

increase while the activation energy decreased.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Future contribution of renewable energy is vital as energy be-
comes increasingly scarce and expensive. Use of diverse biomass
resources is projected to contribute to a major fraction of future
energy demands. Nonetheless, competition between biomass sup-
ply for fuel or for food applications has been intensified in the re-
cent years. This concern has resulted in growing interests in
alternative, non-edible biomass resources such as perennial rhizo-
matous grasses; miscanthus (Miscanthus), switchgrass (Panicum
virgatum), reed canary grass (Phalaris arundinacea), giant reed
(Arundo donax) and bamboo because of their high yield potential,
appropriate biomass characteristics, low input demand and posi-
tive environmental impact (Lewandowski et al., 2003; Basso et
al., 2005; Scurlock et al., 2000). In Thailand, non-plantation bio-
mass resources have been assessed for their energy potential and
found to be promising (Sujjakulnukit et al., 2005). Weeds such as
giant sensitive plants are viewed to have potential as an useful bio-
energy source. Giant sensitive plant is woody member of the genus
Mimosa, in the family Fabaceae comprising about 400-450 species.
It is a woody invasive shrub that originates from tropical America.
Now, it can be found in tropical and subtropical areas over many
countries especially Australia, Thailand, Vietnam, South American,
and African countries. It forms dense, thorny impenetrable

* Corresponding author. Tel.: +66 5394 5146; fax: +66 5394 4145.
E-mail address: n.tippayawong@yahoo.com (N. Tippayawong).
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thickets, particularly in wet areas. It is one of the worst environ-
mental weeds. Owing to its strong, dense and woody stems, some
small fraction of Mimosa is utilised as firewood, bean-poles, and as
temporary fences. So far, there have been relatively few literatures
reporting on utilisation of Mimosa as feedstock for bioenergy
(Presnell, 2004; Wongsiriamnuay et al., 2008).

Thermal conversion technology is an attractive route to produce
fuel gases from natural resources. When the thermal process is car-
ried out in a reactor, the raw material undergoes pyrolysis, gasifi-
cation and combustion. They are complicated processes consisting
of several main chemical reactions and large number of intermedi-
ate reactions. Many alternative paths are available to the reacting
compounds, depending on the process conditions. Physico-chemi-
cal compositions of the fuel are also important and decisive factors
for the characteristics of the thermal conversion. Thermogravimet-
ric analysis (TGA) can be an useful tool to study the thermal behav-
iour of materials. The rate of mass loss as a function of temperature
and time is measured and provides a means to estimate the kinetic
parameters in the thermal decomposition reaction. These data are
crucial for efficient modeling, design and operation of pyrolysis
process and related thermochemical conversion systems. To deter-
mine the effect of temperature and heating rate on their pyrolysis
characteristics, the samples are pyrolyzed under non-isothermal
conditions in a thermogravimetric analyzer. Many TGA studies
have been carried out for pyrolysis of various non-edible biomass
sources (Jeguirim and Trouve, 2009; Park et al., 2009; Kumar
et al,, 2008; Maiti et al., 2007; Erlich et al., 2006; Collura et al.,
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2005; Cao et al., 2004; Meszaros et al., 2004; Fisher et al., 2003;
Miiller-Hagedorn et al., 2003; Gronli et al., 2002; Karaosmanoglu
et al,, 2001). To the authors’ knowledge, there has not yet been a
report on pyrolysis characteristics of giant sensitive plants. The
objectives of this investigation are therefore to study pyrolysis
characteristics and to analyze change of kinetic behaviour with
conversion for the giant sensitive plant. Comparisons are made
against other biomass sources.

2. Methods
2.1. Samples

The samples of Mimosa collected in agricultural zone in Chiang
Mai, Thailand were used. The collected stalks were cleaned and air
dried naturally in a dry store room at ambient condition. The dried
samples were crushed and grounded in a high speed rotary mill,
and sieved to provide a feed sample in the size range of about
0.5 mm. Preparation of samples prior to analyses was conducted
in accordance with TAPPI T 257 and T 264 standards. Contents of
the major biopolymer constituents of the weed, holocellulose, lig-
nin and solvent extractive components were evaluated using TAPPI
standard methods. The solubilities of extractives in ethanol and
benzene mixture as well as quantity of soluble substances in so-
dium hydroxide and in water were established. ASTM standard
methods were followed to carry out proximate analysis for the
samples. The carbon, hydrogen and nitrogen contents were deter-
mined using a CHN elemental analyzer. The oxygen content was
calculated by difference. The heating value of the dried Mimosa
stalk was determined in compliance with ASTM standard using a
Parr bomb calorimeter. It was reported as a gross heat of combus-
tion at constant volume. Analysis results of the dried Mimosa sam-
ples are shown in Table 1.

2.2. Thermogravimetric apparatus

Thermal decomposition of the biomass materials were analyzed
using a TGA/SDTA 851e thermogravimetric analyzer (sensitive
microbalance, 1 pg resolution, 1300 °C maximum temperature at
atmospheric pressure, 50 bar maximum at 1000 °C, and 30 °C/
min maximum heating rate). This high performance TG analyzer
has high sensitivity, vibration resistance and structure that permit
rapid replacement of samples. Large number of samples can be
analyzed in a short time and in succession. The system was logged
to a personal computer for data handling and analysis. Prior to
TGA, temperature, weight and sample platform calibrations were
carried out. Each sample was placed in the platinum pan securely

Table 1

Analysis of dried Mimosa samples.
Property Unit Method Quantity
Proximate analysis
Moisture (% wlw) ASTM D 3173 1.6
Volatile (% wlw) ASTM D 3175 71.1
Fixed carbon (% wlw) ASTM D 3172 23.6
Ash (% wlw) ASTM D 3177 3.7
Ultimate analysis
Carbon (%) ASTM D 3174 43.9
Hydrogen (%) ASTM D 3174 6.0
Nitrogen (%) ASTM D 3174 14
Oxygen (%) By difference 48.7
Lignocellulosic content
Holocellulose (% wlw) Wise method 58.2
Lignin (% wlw) TAPPI T 222 33.9
Higher heating value (MJ/kg) ASTM 5865 17.5

and in such a way that it was confined within the pan sides and not
in contact with the sides of the oven. All handling of samples were
done using brass tweezers to avoid contamination. Non-isothermal
experiment runs were carried out at 10, 30, and 50 °C/min under
atmospheric pressure, with an initial weight sample of 5 mg and
a purge gas flow of 50 cm>/min. The purge gases used were high
purity nitrogen, air or oxygen. The sample was initially preheated
to and equilibrated at 40°C in nitrogen under a flow rate of
50 cm®/min for 10 min. The sample was then heated to 1000 °C
at a constant heating rate. The continuous records of weight loss
and temperatures were obtained. At least three runs were per-
formed for each condition.

3. Results and discussion
3.1. Thermal decomposition

The proximate chemical compositions of Mimosa stems were
found to be similar to hard woods, but with higher ash content
(Nordin, 1994). Ultimate analysis showed that raw Mimosa con-
sisted of moderately high carbon content (43.9%) and low amounts
of hydrogen (6.0%) and nitrogen (1.4%). Cellulose and hemicellu-
lose were presented in terms of holocellulose, accounting for
nearly 60% of total mass. Lignin content of Mimosa was found to
be relatively high (33.9%). During pyrolysis of lignocellulosic mate-
rials, mass losses occurred due to dehydration at low temperatures,
decomposition of hemicellulose, cellulose and lignin. Decomposi-
tions of these components were normally overlapped (Jeguirim
and Trouve, 2009).

Thermal decomposition behaviours of Mimosa pyrolysis under
flowing nitrogen were obtained. The results of thermogravimetric
experiments were expressed as conversion o, defined as:

CWi-w,
"~ ()

where W;, W; and W are the initial mass of the sample, the mass of
pyrolyzed sample, and the final residual mass, respectively. The de-
gree of conversion versus temperature at different heating rates of
10, 30 and 50 °C/min for the giant sensitive plant in TG analyzer
are shown in Fig. 1. At the temperature lower than 150 °C, the small
change of conversion in the samples was attributed to vaporisation
of moisture that was attached on the surface of the samples. The
giant sensitive plant samples started to decompose and release vol-
atile matter around 200 °C. The TG curves of the giant sensitive
trees showed only two major weight loss stages between 200 and
400 °C, and 400 and 700 °C. It was clear that the slope of the curve
changed between the two temperature intervals. Slope between
200 and 400 °C was higher than that 400 and 700 °C. The conver-
sions at different heating rates exhibited similar patterns. It was ob-
served at temperatures below 400 °C that the TG curve shifted
slightly to the right with increasing heating rate. At low heating
rates, several distinct mass loss zones observed were associated
with degradation dynamics of main constituents. Since the samples
contained mainly cellulose, hemicellulose and lignin, it was known
that the hemicellulose started to decompose at around 225-325 °C
and the cellulose was found to decompose between 325 and 375 °C.
Lignin had a broad decomposition temperature range at tempera-
tures higher than 250-500 °C (Shafizadeh, 1985; Di Blasi and Lanz-
etta, 1997; Ferdous et al., 2002). As the heating rate was increased,
these thermal degradation zones tended to merge. Simultaneous
participation of all components cannot be avoided in measured
mass loss (Di Blasi, 2008). Decomposition at 500 °C or higher pro-
gressed slowly due to the remaining lignin or char, similar to that
reported by Fisher et al. (2003).
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Fig. 1. Conversion as a function of temperature in the thermal treatment of Mimosa under nitrogen atmosphere at different heating rates.

The differential rates of instantaneous conversion, do/dt, were
obtained from TG analysis at different heating rates, shown in
Fig. 2. The differential TG curve of each heating rate has one
extensive peak, occurred between 325 and 375°C. The maxi-
mum peaks were attributed to the decomposition of cellulose
and hemicellulose. Higher heating rate was found to shift the
differential TG curve to a greater range of temperature. This
was attributed to the fact that when the heating rate was in-

creased, the retention time was shorter and the temperature re-
quired for organic matter to decompose was greater (Ferdous
et al.,, 2002; Senneca, 2007; Jeguirim and Trouve, 2009), causing
the maximum curve rate to move rightward. These behaviours
were similar to those reported by Wang et al. (2008) and Jegui-
rim and Trouve (2009). Increasing the heating rate also led to
an increase in the maximum rate of do/dt of the TG curve (Fer-
dous et al., 2002; Hu et al., 2007). The maximum points of the

Fig. 2. DTG curves of thermal decomposition of Mimosa under nitrogen at different heating rates.
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Table 2
Degradation characteristic of various biomass sources at low heating rates.

Reference Biomass Tstare (°C) Tpeak (°C) do/dtpeax et 0l500°C Heating rate (°C/min)

This work Mimosa 198 336 0.748 0.45 0.29 10

191 350 2.33 0.42 0.30 30

197 356 4.11 0.49 0.24 50

Gronli et al. (2002) Alder 242 349 1.02 0.40 0.17 5

Beech 248 349 0.91 0.37 0.18 5

Birch 244 353 0.98 0.32 0.14 5

Oak 237 338 0.89 0.45 0.23 5

Douglas fir 243 334 0.87 0.55 0.24 5

Pine A 238 351 0.91 0.45 0.20 5

Pine B 209 350 0.81 0.43 0.20 5

Redwood 235 351 0.83 0.50 0.26 5

Spruce 249 352 0.77 0.46 0.23 5

Hard woods 243 347 0.95 0.38 0.18 5

Soft woods 235 348 0.84 0.47 0.22 5

Kalita and Saikia (2004) P. alba 170 360 - 0.58 - 20

C. procera 210 290 - 0.85 - 20

E. neerifolia 180 360 - 0.76 - 20

N. indicum 140 350 - 0.68 - 20

M. elengi 170 340 - 0.57 - 20

Gomez et al. (2007) Thistle 214 334 0.20 - - 20

Pine 254 378 0.30 - - 20

Beech 259 380 0.35 - - 20

Yao et al. (2008) Bagasse - 299.3 - 0.53 - 2

Bamboo - 285.9 - 0.44 - 2

Cotton stalk - 2934 - 0.50 - 2

Hemp - 282.3 - 0.38 - 2

Jute - 283.1 - 0.44 - 2

Kenaf - 284.1 - 0.42 - 2

Rice husk - 2974 - 0.37 - 2

Rice straw - 273.6 - 0.35 - 2

Maple - 308.3 - 0.58 - 2

Pine - 311.5 - 0.59 - 2

Jeguirim and Trouve (2009) Giant reed 200 308 0.826 0.58 0.29 5

Fig. 3. Relationships between the rate of conversion with temperature for conversions of 5-75%.

TG curves occurred at 335, 350 and 355 °C for heating rates of ing rate because it provided higher thermal energy to facilitate
10, 30 and 50 °C/min, respectively. It can be seen that the max- better heat transfer between the surrounding and inside the
imum rate of decomposition tended to increase at higher heat- samples. These results were in similar trends with previous re-
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ports (Park et al., 2009b; Jeguirim and Trouve, 2009; Kumar
et al., 2008).

Table 2 presents comparison of degradation characteristics in
terms of onset temperature from the decomposition of hemicellu-
lose component (Tstar), Maximum conversion (opeax), Maximum
mass loss rate (do/dtye,) and its corresponding temperature
(Tpeak), and percentage char yield at 500 °C (a500-c) between Mimo-
sa and other biomass sources (Jeguirim and Trouve, 2009). Decom-
position of Mimosa’'s hemicellulose component was at similar
temperature (~200 °C) to giant reed and latex bearing plants, but
lower than wood species. It was clear that the thermal degradation
of Mimosa under inert atmosphere occurred at similar tempera-
tures to those obtained for latex plant samples at similar TGA con-
ditions (Kalita and Saikia, 2004). The maximum mass loss rate was
obtained at similar range (340-360 °C) to other wood and latex
plant samples (Gronli et al., 2002; Kalita and Saikia, 2004; Gomez
et al., 2007), but slightly higher than agro-residues (Yao et al.,
2008). Peak mass loss rate of Mimosa at 10 °C/min heating rate
was in similar magnitude to giant reed and wood samples at
5 °C/min. However, if thermal degradation of wood residues at
20 °C/min was considered (Gomez et al., 2007), the Mimosa mass
loss rate at 10 and 30 °C/min was found to be higher. Mimosa ap-
peared to exhibit similar maximum conversion to wood and agro-
residues, in the range between 0.32 and 0.59.

3.2. Kinetic parameters

The kinetic parameters for the global pyrolysis process of Mi-
mosa can be calculated using similar procedure adopted by Park
et al. (2009b) and Maiti et al. (2007). The general non-isothermal,
decomposition reaction rate is;

do "

i k(1 — o) (2)
where

k = Aexp(—E/RT) (3)

T is the temperature, A is the pre-exponential or frequency fac-
tor, t is the time, E is the activation energy, R is the universal gas
constant, n is the order of reaction. The logarithmic form for Eq.
(3)is

1n(Z—f):lnA+nlno¢—R—i (4)

Activation energy can be determined from the relationship be-
tween In(do/dt) and 1/T. Fig. 3 shows the relationship between
In(do/dt) and 1/T at various conversions from 5% to 75%. Thus, a
family of parallel straight lines with a slope of —E/R is obtained.
When the heating rate was of 10, 30 and 50 °C/min, for example,
the 10% conversion was obtained at the temperature of 267.4,
279.3 and 282.4 °C, respectively. At these temperatures, the values
of In(da/dt) were —6.28, —5.08 and —4.65, respectively. From the
slope of In(do/dt) against 1/T at the conversion of 10%, the activa-
tion energy was calculated as 293.10kJ/mol. The intercept
(In(A - ™)) can also be obtained from Fig. 3, at each conversion.
When the apparent order of reaction is assumed to be Oth, 1st or
2nd, the pre-exponential or frequency factor can be obtained from
the following equation

In(Ao™) =InA+nlno (5)

The variation of activation energy as a function of the conver-
sion level, calculated using Eq. (5) is presented in Table 3. The acti-
vation energy for the pyrolysis of Mimosa ranged from 269 to
411 kJ/mol, depending on the conversion. The activation energy
was found to increase from the conversion of 5% up to 40%, and ap-
peared to remain relatively stable at an average value of 370 kJ/mol

for the conversion between 40% and 70%. When the conversion in-
creased from 70% to 80%, the activation energy increased sharply.
This observed behaviour may be due to an influence of heat or
mass transfer at high temperatures greater than 500 °C. The activa-
tion energy values obtained here were higher than those obtained
from oak tree, saw dust, and woods (Park et al., 2009b; Wang et al.,
2008; Miiller-Hagedorn et al., 2003), except for larch and white oak
at high conversion (Park et al., 2008, 2009a). Jeguirim and Trouve
(2009) reported the activation energies for cellulose and hemicel-
luloses to be in the range of 90-140 and 110 kJ/mol while Wang
et al. (2008) reported the range of 142-168 and 158-250 kJ/mol
for cellulose and hemicelluloses, respectively. The increase of acti-
vation energy at higher conversion may be attributable to further
devolatilization of char after the main reaction. Most of cellulose
and hemicelluloses were decomposed at the pyrolytic conversion
from 5% to 70% with the average activation energy of 330 kJ/mol.
Also shown in Table 3 are the calculated pre-exponential fac-
tors, assuming the reaction order as zeroth, first or second. Main
decomposition occurred at the conversion from 20% to 65%, where
the pre-exponential factors were in the range of 10'7-10%°s1,
When the conversion increased above 65%, the pre-exponential
factors declined rapidly to 107-10'®s~!, probably attributed to
greater presence of residual char. These values were much larger
than those reported for main decomposition of other biomass
sources. Park et al. (2008, 2009a,b) calculated the pre-exponential
factors for conversion between 20% and 70% to be in the range of
10'3-10%°s~!, for larch, white oak and oak tree. Wang et al.
(2008) reported even lower values for sawdust (10°-10'3 s 1),

4. Conclusion

Thermal degradation of Mimosa under inert environment was
investigated using TGA at different heating rates. Apparent activa-
tion energy and pre-exponential factor were determined. Pyrolysis
of Mimosa occurred at similar temperatures to giant reed and latex
bearing plants, but at lower temperatures than wood samples, be-
tween 200 and 500 °C. Increasing heating rate was found to in-
crease mass loss rates but delay thermal decomposition to higher
temperatures. The activation energy and pre-exponential factor
were 269-411 kJ/mol, and 107-10%° s, respectively. During pyro-
lysis, the kinetic parameters changed with conversion between 5%
and 80%. This may be heat or mass transfer limitations at high
temperatures.
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ABSTRACT

The aim of this work is to utilise thermal analysis to study the thermal degradation of giant sensitive
plants (Mimosa pigra L.) or Mimosa under oxidative environment. Thermogravimetric method was used
under air sweeping in dynamic conditions at the heating rates of 10, 30, and 50 °C/min, from room tem-
perature to about 725 °C. Starting with dehydration step between 30 and 150 °C, the main thermal
decomposition process under air showed two distinct degradation zones, corresponding to devolatilisa-
tion step between 200 and 375 °C and combustion step around 375-500 °C. Kinetic parameters in terms
of apparent activation energy and pre-exponential factor were determined. Comparison was made
against other biomass materials. Mass loss and mass loss rates were strongly affected by heating rate.
It was found that an increase in heating rate resulted in a shift of thermograms to higher temperatures.
As the heating rates increased, average devolatilisation and combustion rates were observed to increase
while the activation energy showed slight increase.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Biomass is a source of short-cycle carbon which is of utmost
importance for the future energy. Common sources of biomass in-
clude woods, agricultural crops and residues. There have been
growing interests in alternative, non-edible biomass resources such
as fast growing tress; birch, poplar, willow, eucalyptus, and peren-
nial rhizomatous grasses; miscanthus, switchgrass, reed canary
grass, giant reed because of their high yield potential, appropriate
biomass characteristics, low input demand and positive environ-
mental impact (Berndes et al., 2003; Lewandowski et al., 2003).
Apart from these dedicated energy crops, weeds can also be utilised.
In tropical and subtropical areas over many countries especially
Australia, Thailand, Viet Nam, South American, and African coun-
tries, giant sensitive plants (Mimosa pigra L.) or Mimosa are plenti-
ful, and may be considered to be a useful, non-plantation biomass
resource (Wongsiriamnuay and Tippayawong, 2010). So far, there
have been relatively few studies on utilisation of Mimosa as feed-
stock for bioenergy.

Thermal conversion technology such as pyrolysis, gasification
and combustion is an attractive route to produce fuel gases from
natural resources. Combustion of biomass fuels occur when the
volatile gaseous products from the thermal degradation ignite in
the surrounding air. The heat released from combustion causes
the ignition of adjacent unburned fuels. Analysis of the thermal
degradation of biomass fuels is decisive in combustion and fire

* Corresponding author. Tel.: +66 5394 5146; fax: +66 5394 4145.
E-mail address: n.tippayawong@yahoo.com (N. Tippayawong).

0960-8524/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biortech.2010.06.141

research for both fundamental and practical investigation. This
has motivated a number of experimental investigations, usually
based on thermogravimetric analysis (TGA). TGA is useful in study-
ing the thermal behaviour of potential fuels. The rate of mass loss
as a function of temperature and time is measured and provides a
means to estimate the kinetic parameters in the thermal decompo-
sition reaction. Most reported studies on biomass thermal decom-
position focused on pyrolysis. Di Blasi (2008) gave a good review
about the chemical and physical process modeling of wood and
biomass pyrolysis under inert atmospheres. Decomposition of bio-
mass under inert and oxidative atmospheres are influenced by dif-
ferent factors. Recently, a growing amount of TGA studies on
thermal degradation of various non-edible biomass sources in oxi-
dative environments have been carried out (Munir et al., 2009;
Jeguirim et al., 2010; Sung and Seo, 2009; Yu et al., 2009; Ross
et al., 2008; Haykiri-Acma and Yaman, 2008; Leroy et al., 2006;
Garcia-Ibanez et al., 2006; Basso et al., 2005; Collura et al., 2005;
Meszaros et al., 2004; Safi et al., 2004). However, there has been
relatively little information on thermal behaviour of giant sensitive
plants (Wongsiriamnuay and Tippayawong, 2010). Studies con-
cerning the thermal degradation characteristics and kinetics of
the weed under oxidizing environment were even less. In this
study, thermal oxidative degradation characteristics of Mimosa
were investigated. Thermal degradation rate in different steps
was examined. Kinetic parameters were extracted. Change of
kinetic behaviour with conversion was also analyzed. The kinetics
of this thermal degradation is more closely related to combustion
process. The work will therefore contribute to the development
of efficient combustion applications for the giant sensitive plant.
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2. Methods
2.1. Samples

The samples of Mimosa were collected from an agricultural zone
in Chiang Mai, Thailand. The preparation and analysis methods of
the Mimosa samples can be found in the previous study (Wongsi-
riamnuay and Tippayawong, 2010). Contents of the major constitu-
ents of the weed from proximate and ultimate analyses for the
samples, as well as the heating value of the Mimosa are shown in
Table 1, in comparison to other biomass materials. The proximate
chemical compositions of Mimosa stems were found to be similar
to hard woods, with higher ash content than woods but lower ash
content than other agro-residues. Ultimate analysis showed that
raw Mimosa consisted of moderately high carbon content (43.9%)
and low amounts of hydrogen (6.0%) and nitrogen (1.4%).

2.2. Thermogravimetric apparatus

Thermal decomposition of the biomass materials were analyzed
using a TGA/SDTA 851e Thermogravimetric Analyser (sensitive
microbalance, 1 pg resolution, 1300 °C maximum temperature at
atmospheric pressure, 50 bar maximum at 1000 °C). This high per-
formance TG analyser has high sensitivity, vibration resistance and
structure that permit rapid replacement of samples. The system is
logged to a personal computer for data handling and analysis. Prior
to TGA, temperature, weight, and sample platform calibrations
were carried out. Each sample was placed in the platinum pan se-
curely and in such a way that it was confined within the pan sides
and not in contact with the sides of the oven. All handling of sam-
ples were done using brass tweezers to avoid contamination. Non-
isothermal experiment runs were carried out at 10, 30, and 50 °C/
min under atmospheric pressure, with an initial weight sample of
5mg and a purge gas flow of 50 cm?/min. The purge gases used
were high purity nitrogen, air or oxygen. The sample was initially
preheated to and equilibrated at 40 °C in air under a flow rate of
50 cm?/min for 10 min. The sample was then heated to 1000 °C
at a constant heating rate. The continuous records of weight loss
and temperatures were obtained. At least three runs were per-
formed for each condition.

2.3. Reaction kinetics

Kinetics of non-thermal thermogravimetric behaviour were
analyzed to determine apparent activation energy and pre-expo-
nential factor for the Mimosa thermal degradation.

Table 1
Properties of Mimosa and other biomass materials.
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Thermal decomposition behaviours of Mimosa under flowing
air were obtained. The results of thermogravimetric experiments
were expressed as conversion o, defined as:

CWi-Ww,
= (1)

where W;, W, and W are the initial mass of the sample, the mass of
oxidized sample, and the final residual mass, respectively. The
kinetic parameters for the global thermal degradation process of
Mimosa can be calculated using similar procedure adopted by Won-
gsiriamnuay and Tippayawong (2010). The general non-isothermal,
decomposition reaction rate is:

do "

i k(1 - o) (2)
where

k = Aexp(—E/RT) 3)

T is the temperature, A is the pre-exponential or frequency factor, t
is the time, E is the activation energy, R is the universal gas constant,
n is the order of reaction. The logarithmic form for Eq. (2) is:

ln<(2—?>:lnA+nlna—R—i (4)
Activation energy can be determined from the relationship between
In(do/dt) and 1/T.

When the apparent order of reaction is assumed to be Oth, 1st or
2nd, the pre-exponential or frequency factor can be obtained from
the following equation:

In(Ao™) =InA+nlna (5)

3. Results and discussion

TGA in air represents burning profiles and indicates a complex
degradation route for the giant sensitive plant. The degree of con-
version versus temperature at different heating rates of 10, 30 and
50 °C/min for Mimosa is shown in Fig. 1. The differential rates of
instantaneous conversion, do/dt, were obtained from TG analysis
at different heating rates, shown in Fig. 2. During thermal degrada-
tion in air, weight loss occurred continuously until the weight be-
came almost constant. It can be seen that an initial weight loss of
the samples was due to a loss of moisture starting at around 30 °C
and continuing up to about 140 °C. The giant sensitive plant sam-
ples started to decompose and release volatiles at around 200 °C.
The TG curves of the giant sensitive trees clearly showed changes

Reference Biomass Proximate analysis (% w/w) Ultimate analysis (%) Heating value (MJ/kg)
Moisture  Volatile  Fixed carbon  Ash C H N [0}
This work Mimosa 1.6 71.1 23.6 37 439 6.0 14 487 17.5(HHV)
Haykiri-Acma and Yaman (2008)  Rapeseed 8.4 70 15.8 58 411 6.0 5.1 47.8 19.4 (HHV)
Kumar et al. (2008) Corn stove - 8.2 17.0 749 474 501 08  38.1 18.4 (HHV)
Munir et al. (2009) Cotton stalk - 76.1 18.8 5.1 471 46 421 1.2 17.4 (HHV)
Sugar cane Bagasse - 81.5 133 5.2 43.8 6.0 43.4 1.7 17.7 (HHV)
Shea meal - 66.3 28.7 50 486 59 37.7 29 19.8 (HHV)
Jeguirim et al. (2010) Arundo donax 8.2 68.4 184 5.0 42.7 7.5 8.0 48.7 17.2 (HHV)
Miscanthus 10.0 78.8 9.5 27 437 57 1.1 448  17.8 (HHV)
Shen et al. (2009) Pine 12.9 71.5 15.3 03 419 45 02 402 16.8 (LHV)
Aspens 8.2 80.4 11.0 04 458 52 04 399 18.8 (LHV)
Birch 11.4 74.4 135 08 444 35 03  36.7 15.5(LHV)
Oak 8.8 76.8 14.2 02 454 50 03 413 18.9 (LHV)
Sun et al. (2010) Cotton stalk 15 63.1 19.2 27 404 51 02 365 13.5(LHV)
Otero et al. (2010) Sewage sludge 6.8 59.2 8.4 324 55.3 7.8 9.7 25.6 16.5 (HHV)
Animal manure 6.9 70.3 16.0 137 499 64 35 388 17.8 (HHV)
Safi et al. (2004) Pine needle - 74.2 241 1.7 45.8 54 1.0 46.1 18.5 (LHV)
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Fig. 1. Conversion as a function of temperature in the thermal degradation of Mimosa under air atmosphere at different heating rates.

Fig. 2. DTG curves of thermal decomposition of Mimosa under air at different heating rates.

in the slope of the curve. The conversions at different heating rates
exhibited similar patterns. It was observed at temperatures above
250 °C that the TG curve shifted slightly to the right with increas-
ing heating rate. It was clear that the DTG curve of each heating
rate exhibited two extensive peaks, occurred between 200 and
400 °C, and between 400 and 550 °C. From the TG curves, these
two zones accounted for about 40% and 45% of total weight loss,
respectively. The first stage was due to oxidative degradation and
release of volatiles, while the second stage was due to char com-
bustion. An overlapping between these regions was also apparent.
The interpretation of TG results was along the similar line to Bilbao
et al. (1997) and Fang et al. (2006) in which the first stage may be

attributed to the devolatilisation of cellulose, hemicellulose, and
lignin while the second stage may be due to the combustion of
remaining char formed after the first stage. Safi et al. (2004) gave
similar explanations that the first stage was caused by the total
decomposition of cellulose and hemicellulose and partial decom-
position of lignin while the second stage was due to the decompo-
sition of remaining lignin and the combustion of char. Jeguirim
et al. (2010) suggested that the second stage of mass loss was
attributed to the fast combustion of readily combustibles and the
slow oxidation of the not readily combustible part. The results ob-
served here were in similar agreement with Shen et al. (2009). The
TG results obtained under oxidative conditions were different from
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the pyrolysis of Mimosa (Wongsiriamnuay and Tippayawong,
2010), showing higher reaction rates. For a fixed heating rate, the
weight loss stage due to oxidative pyrolysis was at higher rate than
that observed from the pyrolysis of Mimosa in nitrogen atmo-
sphere. Average rate of weight loss was so fast so that it reached
maximum value at a lower temperature than that in an inert atmo-
sphere. The presence of oxygen appeared to enhance decomposi-
tion of Mimosa at low temperature and promote the combustion
of char residue. Higher heating rate was found to shift the DTG
curve to a slightly greater range of temperature. This was attrib-
uted to the fact that increase in heating rate resulted in a reduction
of the retention time, hence accelerating the evolution of volatiles.
At higher heating rates, more reactions may be triggered simulta-
neously, leading to a rise in reaction rates and unstable radicals or
intermediates. The DTG curves also showed consistently higher
peaks with higher heating rates, shown in Table 2. The first and
second peaks of the DTG curves occurred at 329, 460, 360, 480
and 374, 502 °C for heating rates of 10, 30 and 50 °C/min, respec-
tively. It may be explained that thermal decomposition under high
heating rate was affected by the rate of heat transfer inside the bio-
mass materials as a result of the steep temperature gradient be-

Table 2
Comparison of degradation characteristic of various biomass materials.
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tween the biomass particles and the surrounding. The maximum
rate of decomposition tended to increase at higher heating rate be-
cause it provided higher thermal energy to facilitate better heat
transfer between the surrounding and inside the samples. These
results were in similar trends with previous reports (Kumar
et al., 2008). This led the process of thermal decomposition to be
delayed and the peaks of the DTG curves shifted towards higher
temperatures. These behaviours were similar to those reported
by Jeguirim et al. (2010). Also shown in Table 2 is the comparison
of degradation characteristics in terms of maximum mass loss rate
(doy/dTpeax) and its corresponding temperature (Tpeax) between Mi-
mosa and other biomass sources. Degradation of Mimosa was at
similar peak temperatures (~310 and 450 °C) for the first and sec-
ond stages to wood species at the same heating rate of 10 °C/min
(Shen et al., 2009), but higher than energy plants and agro-residues
(Jeguirim et al., 2010; Munir et al., 2009; Safi et al., 2004). At higher
heating rate, peak temperatures for thermal decomposition of Mi-
mosa were found to be higher than woods, energy plants and agro-
residues. It was also apparent that the maximum mass loss rates
for the thermal degradation of Mimosa under air atmosphere were
generally lower than other plant samples, both during devolatilisa-

Reference Biomass T, (°C) douy [dT (%/C) T, (°C) dotp/dT (%/C) Heating rate (°C/min)
This work Mimosa 310 0.26 448 0.19 10
326 0.28 469 0.19 30
326 0.25 469 0.20 50
Jeguirim et al. (2010) Arundo donax 250 - 337 - 5
Miscanthus 289 - 401 - 5
Munir et al. (2009) Cotton stalk 285 0.28 373 0.12 20
Bagasse 306 0.19 378 0.11 20
Shea meal 279 0.21 442 0.14 20
Shen et al. (2009) Pine 329 1.13 443 0.55 10
Aspens 321 1.23 415 0.79 10
Birch 323 1.29 428 0.85 10
Oak 325 1.29 450 0.44 10
Safi et al. (2004) Pine needles 290 0.71 390 - 15
310 0.845 370 - 30

Fig. 3. Relationships between the rate of conversion with temperature for conversions of 5-80%.
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Table 3

Calculated combustion kinetic parameters for Mimosa at each conversion.

Conversion (%)

Biomass

References

85

80

70

60

50

40

30

20

10

366.98 285.95 319.27 268.80 235.23 284.21 497.53 341.54 399.34

344.24

E (kJ/mol)

Mimosa

This work
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2.70 x 1023
3.18 x 10%

3.47 x 102!

7.42 x 102!
9.27 x 10'°

6.76 x 1033
9.66 x 10%!

1.99 x 10'°
3.32 x 10"
5.54 x 10"

9.79 x 10%° 8.55 x 10'6

1.79 x 10%6
5.98 x 10**

1.23 x 104
6.13 x 10%
3.06 x 10?!

7.47 x 10%
7.47 x 10%
7.47 x 10%°

6.09 x 10%!

Oth

1st

1.71 x 10"®
342 x 10"

2.45 x 10"

1.22 x 10*'

1.16 x 10'8

1.38 x 10*°

6.12 x 10"7

1.99 x 10%

2.44 x 10%°

2nd

tion and char combustion. The findings obtained here may be due
to the fact that different lignocellulosic materials contain a varying
degree of cellulose, hemicellulose, and lignin. It is widely accepted
that thermal decomposition behaviour of biomass is affected by its
chemical composition. Several studies reported that hemicellulose
started to degrade first, followed by cellulose, and lignin (Gronli
et al,, 2002; Orfao et al., 1999). The higher degradation tempera-
tures observed for Mimosa can be explained by its relatively high
lignin content (33.9%).

Fig. 3 shows the relationship between In(do/dt) and 1/T at var-
ious conversions from 5% to 80%. Thus, a family of parallel straight
lines with a slope of —E/R is obtained. From the slope of In(da/dt)
against 1/T at the conversion of 10%, the activation energy and
the intercept (In(Ax")) can be obtained at each conversion. The var-
iation of activation energy and the calculated pre-exponential fac-
tors assuming the reaction order as zeroth, first or second as a
function of the conversion level, calculated using Eq. (5) is pre-
sented in Table 3. The activation energy for the thermal degrada-
tion of Mimosa in air atmosphere ranged from 235 to 498 kj/mol,
with an average value of 334 kJ/mol. Main decomposition ap-
peared to occur at the conversions of 5-10% and 70%, where the
activation energies were high and the pre-exponential factors were
in the range of 103°-10%* s~'. At other conversions, the pre-expo-
nential factors were found to drop rapidly to 10'*-10% s~!. The in-
crease in activation energy at higher conversion may be attributed
to ignition and oxidation of char residues. Fernandes et al. (2006)
showed that during thermal decomposition of overlapping regions
between cellulose and hemicellulose, and between hemicellulose
and lignin, the associated activation energies were observed to
jump radically. Similar observation was evident here, but at smal-
ler rise. It was generally accepted that thermal decomposition was
favoured in oxygen-containing atmosphere. A change from inert to
oxidative atmosphere should result in an increase in apparent acti-
vation energy. The values found here were as much as 35 kJ/mol
higher than those obtained from the pyrolysis of Mimosa reported
in Wongsiriamnuay and Tippayawong (2010), at conversion up to
30%. But at higher conversions, the difference appeared to dimin-
ish. The observed fluctuation of activation energy at high conver-
sions, around region for thermal decomposition of lignin in air,
was similar to that reported by Fernandes et al. (2006). Table 4
compares the average activation energy among various biomass
materials, obtained at similar temperature range. The average acti-
vation energy values for Mimosa was higher than those obtained
from woods (Shen et al., 2009), and much higher than those from
rapeseed, agro-residues and biowastes (Haykiri-Acma and Yaman,
2008; Kumar et al., 2008; Munir et al., 2009; Sun et al., 2010; Safi
et al., 2004; Otero et al., 2010). Shen et al. (2009) reported the acti-
vation energies for wood species to be 145-210 kJ/mol while Mu-
nir et al. (2009), Kumar et al. (2008) and Sun et al. (2010) reported
the range of 57-139 kJ/mol for agro-residues. Corn stalk was re-
ported to have similar magnitude of kinetic parameters (Tian and
Fu, 2009) to Mimosa. Its activation energy for thermal degradation
in air atmosphere was reported to be about 350 kJ/mol. It was not
yet known why Mimosa exhibited high activation energy. It was
suggested that combustion rate could not only depend on the com-
position but also on the mutual interaction between the individual
components (Rhen et al., 2007). Attempt was therefore made to re-
late these unique kinetic parameters with their chemical composi-
tion, shown in Tables 1 and 5. It was apparent that the chemical
composition in terms of CHNO between these biomass materials
and Mimosa were similar. It did not appear to have any significant
correlation. With respect to the lignocellulosic composition, Mimo-
sa was found to have higher lignin content and lower holocellulose,
sum of hemicellulose and cellulose, content than other agro-resi-
dues. However, based on thermal decomposition of lignin, the acti-
vation energy obtained was small, compared to other components.
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Table 4
Comparison of average combustion kinetic parameters between Mimosa and other biomass materials.
Reference Biomass Atmosphere Heating rate (°C/min) Temperature range (°C) E (kJ/mol)
This work Mimosa Air 10, 30, 50 200-500 334
Haykiri-Acma and Yaman (2008) Rapeseed Air 20 127-752 21
Kumar et al. (2008) Corn stover Air 10 250-560 57
30 250-560 126
50 250-560 139
Munir et al. (2009) Cotton stalk Air 20 200-500 113
Bagasse 75
Shea meal 108
Shen et al. (2009) Pine Air 10 200-370 119
Aspens 114
Birch 116
Oak 117
Shen et al. (2009) Pine Air 10 370-490 145
Aspens 205
Birch 210
Oak 150
Sun et al. (2010) Cotton stalk Air 20 200-360 108
360-500 125
Otero et al. (2010) Sewage sludge Air 5,10, 25, 50 200-480 129
Animal manure 133
Safi et al. (2004) Pine needle Air 10 192-503 85
30 181-575 87
Table 5
Lignocellulosic composition and average activation energy between Mimosa and other biomass materials.
Reference Biomass Hemicellulose Cellulose Lignin Atmosphere E (kJ/mol)
This work Mimosa 58.2 as holocellulose 339 Air 334
Tian and Fu (2009) Corn stalk 16.8-35.0 35.0-39.6 7.0-18.4 Air 302.6
Barneto et al. (2010) Hemicellulose 100 N, 88.4
Cellulose 100 N, 203
Lignin 100 N, 75.1
Varhegyi and Antal (1989) Hemicellulose 100 N, 187
Cellulose 100 N, 213-234
Shen et al. (2009) Pine 15.37 52.10 27.45 Air 119
Aspens 19.06 60.70 14.80 Air 114
Birch 24.79 56.47 12.17 Air 116
Oak 28.97 53.95 9.43 Air 117
Furthermore, reported contents of lignocellulosic composition of Acknowledgements
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Abstract

Utilization of biomass gasification technology is not widely adopted due largely
to tars contained in the product gas that pose serious problems, especially in en-
gine use. In this paper, a laboratory scale plasma system for light tar cracking was
developed. The system was based on non-equilibrium plasmas generated from
two gliding arc plasma in series. Light tar components were represented by naph-
thalene in nitrogen flow, generated at constant rates between 130 — 690 mg/m?.
Destruction efficiency and specific energy use were evaluated. It was found that
destruction efficiency in the range of 70 — 95% could be achieved with a simple,
single stage reactor. Plasma assisted tar decomposition was found to increase with
applied electrical energy. Complete destruction (>99%) of light tars was obtained
with the two-stage, gliding arc plasma system with applied electrical energy of
about 1.8 — 2.9 kWh/m?.
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1. INTRODUCTION

Biomass is one of the most important energy sources for the future. Gasification is
the main conversion route for biomass energy utilization that generates a gaseous
fuel. The producer gas can be used in internal combustion engines. However,
deployment of this process is usually limited by the fuel gas quality where
specially a high concentration of tars can cause operational problems such as
blocking of gas cooler, filter elements and engine suction channels. Tar is a
complex mixture of condensable hydrocarbons. It is defined as all organic
contaminants with a molecular weight larger than benzene (Li and Suzuki, 2009;
Maniatis and Beenackers, 2000). Control and conversion of tar is a key issue for
successful applications of biomass derived producer gas. Tar removal methods
may be categorized into two types depending on the location where tar is
removed; in the gasifier, or after the gasifier (Devi et al., 2003). Treatment of tar
after the gasifier is normally adopted and can be done by two approaches; (i)
physical removal, such as use of cyclone, filters, electrostatic precipitators and
scrubbers, (ii) chemical removal, where the structure of tars is destroyed
thermally and catalytically (EI-Rub et al., 2004; Han and Kim, 2008). Tar
cracking by plasma is also possible.

Plasma technology can offer as alternative solution for thermal and
catalytic treatment (Czernichowski, 1994; Chang, 2001). This process is capable
of very high destruction efficiency, similar to incineration. Plasmas contain highly
reactive species, such as electrons, ions and radicals which can enhance chemical
reactions. Generally, plasmas can be divided into two categories: thermal plasmas
and non-thermal plasmas. Non-thermal plasmas are low pressure plasmas
characterized by high electron temperatures, and low ion and neutral
temperatures. Thermal plasmas and non-thermal plasmas have been a subject of
active research for many years, with the number of applications steadily growing.
Investigations on reforming and destruction of organic compounds are
increasingly being investigated (Yamamoto and Futamura, 1998; Kogelschatz,
2004; Paulmier and Fulcheri, 2005; Petitpas et al., 2007). For these two general
types of plasma discharges, it is impossible to simultaneously keep a high level of
non-equilibrium, high electron temperature and high electron density, while most
plasma chemical applications use high power and a high degree of non-
equilibrium to support selective chemical processes. However, theses parameters
can be achievable in gliding arc discharge. Gliding arc plasma has a complicated
space-time structure including quasi-equilibrium and non-equilibrium periods as
well as a fast transition between them. The fast transition is due to a specific
ionization instability which has a strong non-linear behavior (Fridman et al.,
1994; 1999). It may be simply characterized by the presence of burning flames
between two metal electrodes. This gliding arc plasma is not complex, can be
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generated at atmospheric pressure, and is able to produce energetic radical
species, more active than non-thermal plasmas (Fridman et al., 1999; Lin et al.,
2006; Indarto et al., 2007). It offers high energy efficiency and selectivity for
chemical reactions. The excitation energy can be delivered to specific molecules
in the reacting gas mixture (Kim, 2004). The gliding arc plasma technology has
successfully been used to decompose various organic compounds (Burlica et al.,
2008; Bo et al., 2007, 2008; Indarto et al., 2007). Pemen et al. (2002) reported the
use of gliding arc discharge to remove tar downstream of a 1 kg/h biomass
gasifier at varying temperatures. They found that tar conversion increased with
applied energy, but with tar conversion of at most 40%. This technology appears
to have great potential in removing tar from biomass gasification. However, there
have been relatively few works with regards to plasma cracking of tar.

In this study, application of non-equilibrium plasma to cracking of light tar
was investigated. A laboratory scale, gliding arc plasma system was designed and
constructed. Naphthalene in nitrogen flow was simulated as a light tar.
Preliminary experiments to determine tar destruction efficiency were conducted
for a range of light tar concentrations and applied power input.

2. EXPERIMENTAL
2.1 Setup

Experiments were carried out using a laboratory scale gliding arc discharge
reactor setup at atmospheric pressure. The gliding arc plasma reactor was a
rectangular vessel with two divergent electrodes inside, shown in Fig. 1. The
transparent, box-shaped vessel with a volume of approximately 15 cm® was made
from acrylic panels with thickness of 5 mm, allowing visible observation of the
discharge. The two knife-shaped electrodes were made of stainless steel with
thickness of 3 mm. The length of the electrodes was 60 mm. The electrode gap at
the entrance was fixed at 5 mm. Two sets of electrodes enable working with two
gliding arc plasma reactors in series. The experimental set-up consists of a single
gliding arc plasma reactor, or two reactors connected in series, a light tar
generator, a power source, and a chemical and electrical diagnostic system
(shown schematically in Fig. 2).

Each power supply was coupled to an AC neon transformer (LEIP EX
230A 15N) which was connected to 220V/50Hz. The resistances were used to
control the current in the power supply and keep a non-thermal state in the gliding
discharge. The maximum voltage and current were 15 kV and 30 mA (non
breakdown), respectively. Electrical characterization of the power supply was
performed using an oscilloscope. Tar is a complex mixture of condensable
hydrocarbons, including single ring to five-ring aromatic compounds along with
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Figure 1. Configuration of the gliding arc plasma reactor

Figure 2. Experiment setup
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other oxygen-containing hydrocarbons and complex polycyclic aromatic
hydrocarbons (PAH). Light tar consists mainly of light PAH compounds which
condense at low temperature even at very low concentration such as indene,
naphthalene, phenanthrene. In this work, naphthalene (Fig. 3) was used as a
representative for light tar components (Nair et al., 2003; Devi et al., 2005). N,
from a compressed tank was used as a carrier gas for naphthalene. The solid
naphthalene was contained in a chamber immersed inside a temperature
controlled water bath. Light tar was generated and maintained at a steady rate by
means of a constant flow rate and constant bath temperature. The flow of nitrogen
gas was controlled by a Dwyer flow meter model VFB-67-BV. Volumetric flow
rate of medium gas can be varied between 5 to 15 Ipm.

H H

H H

H H

H H

Figure 3. Naphthalene as a representative light tar component
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Figure 4. Repeatability pattern of tar generation
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Fig. 4 shows repeatability characteristics of light tar concentrations
generated. Inlet concentrations were able to adjust to 130, 200, 275, 415 and 690
mg/m°. Error bars showed magnitude of standard deviation. Maximum variation
was found to be within 10% of the mean concentrations considered.

2.2 Procedure

Initially, the water bath was switched on until the water temperature became
steady. Pre-weighed naphthalene was then loaded into the tar chamber, and the
gas valve opened to operate the tar generator. The tar containing gas was fed to
the plasma reactor via heated tubing to prevent re-condensation. Voltage applied
to the two electrodes was about 6.9 kV while input power was controlled at 125,
350, 550, 800, 1100 and 2650 W. The applied voltage and current were constantly
monitored. The exit gas was passed through an impinger train via a heated tubing
to collect tar in the gas stream. One experimental run was about 15 — 20 min. For
each condition, repeated tests of between 3 — 7 runs were carried out. The
concentrations of tar with and without plasma process were determined by gas
chromatography — flame ionization analysis (Agilent GC-FID analyzer model
6890A G1540A, APEX ProSep PSI, HP5973 MSD system, HP-5 column) of
samples collected by iso-propanol solvent in the impinger train. The instrument
detection limit for naphthalene was 1.1 ug/L. Limited test on downstream gas
composition was carried out using gas chromatography — thermal conductivity
detection (Shimazu GC-TCD analyzer model GC8A, Restek ShinCarbon ST
micropacked GC column). High velocity gas was injected between the electrodes
through a nozzle with inner diameter of 1.5 mm.

Tar destruction efficiency and specific energy consumption were
calculated from:

C,, —Cuu
— in ou l
n —Cm (1)
E__P )
ans

3. RESULTS AND DISCUSSION
3.1 General operation

With regards to operation of the plasma system, a general trend similar to that
reported by Paulmier and Fulcheri (2005) was observed. It was clear that
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successful ignition could be established instantaneously with stable plasma flame
up to 15 Ipm of gas flow. At higher flow rates, plasma flame became difficult to
visualize. There was no electrical interaction and disturbance observed between
the two gliding arc reactors. Continuous operation for several hours was carried
out smoothly without any damages to the reactor system. Within the conditions
considered, the degree of electrode erosion was found to be low.

3.2 Physical characteristics

Fig. 5 shows an example of the gliding arc plasma reactor in operation with N,
flow through the gap. From simple visual observation, a plasma shower showed
bright light of pinkish violet color with a number of visible sparks bridging
between the two electrodes, covering almost the whole length of the reactor. This
was the expected character of high ionized plasma density in N, discharge. The
plasma flame appeared to stay constant in overall volume. Downstream
measurements of temperature showed an increase from 100 to 150°C, which was
negligible for effect of thermal cracking. When the naphthalene in N, flow was
fed to the reactor, the plasma shower in the 1% reactor did not show any
significant change in physical appearances. However, the color change of plasma
to violet was observed in the 2™ reactor. This may be attributable to the presence
of C;-Cs radicals resulting from decomposition of Cig in the 1% reactor. CN
radical emission resulting from reaction of carbon and atomic nitrogen (Dinescu
et al., 1998) may also contribute to the observed color. However, it was also
noticed that there was a deposition of dark brown solid particles, accumulated
downstream of the system after prolonged test run. These deposits may be soot or
high molecular weight compounds formed from decomposition reactions. The
heavy compounds might be benzaldehyde, benzyl alcohol, ethylbenzene, styrene,
and bibenzyl, as suggested by Grossmannova et al. (2007) for plasma conversion
of toluene in inert atmosphere. Tar decomposition under non-oxidizing
atmosphere may occur due to;

Cracking: pCiHx > qCnHy + rH;

Carbon formation: CiHx > nC+ (x/2)H;

http://www.bepress.com/ijcre/vol8/A50
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1% reactor 2" reactor

Figure 5. Gliding arc plasma in action

Under partially oxidizing environment, the main reaction pathway of
naphthalene decomposition by plasma was via oxidation, with intermediate
byproducts such as naphthalene-dione and phthalic-anhydride (Nair et al., 2004).
Analysis of product gas samples downstream of the plasma reactor system
revealed the trace amount of CO and no H,, CH, and CO, were observed within
the detection limit of the GC-TCD used. However, the source of oxygen causing
CO production is not currently known.

3.3 Cracking efficiency and energy requirement

The light tar was injected to the plasma reactor at mean concentrations between
130 — 690 mg/m® and total flow rates of 5 — 15 Ipm. Fig. 6 shows typical
experimental results for decomposition of the light tar by gliding arc plasma at a
fixed flow rate. For a single pass plasma reactor treatment of tar concentrations
below 275 mg/m®, it was found that destruction rates of more than 80% were
achieved with the supplied power of about 350 W. At higher power (550 W),
destruction efficiencies of 90 — 95% were obtained. At higher concentration of
690 mg/m®, the decomposition rates were slightly less. It was apparent that the
destruction efficiency increased with an increase in power input. However, higher
powers were needed to establish plasma at higher flow rates of gas. It should be
noted that chemical bond strength and molecular stability are the main factors that
can determine the decomposition rate in the plasma process. Different types of
compounds from different classes of tar would have different results (Indarto et
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al., 2007; Bo et al., 2008). Nonetheless, these results obtained here were very
encouraging. The presence of plasma by arcs formation can enhance the ability to
decompose the targeted compounds with high conversion efficiency. A number of
experimental runs were subsequently conducted with the two-stage gliding arc
plasma which was essentially two single-stage reactors in series. For all
conditions considered, it was found that complete (>99%) destruction of light tar
was obtained. Within the detectable limit of the GC-FID, there was no trace of tar
collected downstream of the reactor system. The gliding arc plasma proved to be
very promising as an alternative tool to decompose tar compounds from biomass
gasification.

B 350w 7] 550 W

100 -
90-
80
70-
60-
50-
40
30-
20-
10-

efficiency (%)

130 mg/m° 275 mg/m° 690 mg/m°

Figure 6. Variation in destruction efficiency of a single pass reactor with tar
concentrations and applied powers
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Figure 7. Overall performance of the plasma system at different power density

As far as energy utilization is concerned, maximum electrical power
provided to the gas by the single-stage, and the two-stage plasma discharges were
evaluated. Power input was in the range between 350 — 2650 W. Applied
electrical energy to decompose light tar was estimated to be in the range between
0.5 — 2.9 kwWh/m® (Fig. 7). This range can be divided into two groups; the single-
stage system with <100% destruction and power density of 0.5 — 1.29 kWh/m®,
and the two-stage system with 100% destruction and power density of 1.8 — 2.9
kWh/m®. For a given flow rate, it was clear that higher power density was
required at higher concentration of tar. In some cases, higher flow rates resulted in
slightly lower applied energy. Lower specific energy requirement means higher
energy utilization efficiency. It seemed that high flow may promote transition
from equilibrium to non-equilibrium state, hence, electrical energy was directly
introduced to the reaction volume and utilized in decomposition process, rather
than in heating the bulk gas. This observation was in line with that reported by Bo
et al. (2007). Nonetheless, high energy consumption was a major drawback for
plasma treatment. Techniques such as pulsed generation introduced in Burlica and
Locke (2008) to reduce energy use should be adopted and investigated further.

Table 1 showed that the preliminary results of the plasma system
developed here were comparable to other tar cracking techniques, with
destruction efficiency around 90 — 100%. The main differences were in the
operating temperatures which were much higher than the current system and

Published by The Berkeley Electronic Press, 2010
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carrier gas components which could interact with the light tar better than just pure
N». For non-equilibrium plasma reactors, the present system appeared to demand
higher energy requirement. It was clear that greater efforts remain to be
performed in order to reduce input energy demand and test with real biomass tar
that contains higher molecular weight components.

Table 1. Comparison between different light tar cracking techniques

Houben et al. El-Rub et al. Nair et al. This work
(2005) (2004) (2003)
light tar model naphthalene naphthalene naphthalene naphthalene
concentration (mg/m?) 2.6 4000 60 -84 130-690
carrier gas composition N,+H,+CH; N,+CO,+H,0 N, + CO, N,
type of cracker thermal catalytic corona plasma gliding arc
plasma

working temperature (°C) 900 - 1150 900 400 100
gas flow rate (Ipm) - 1.2 4 5-15
destruction efficiency (%) 98 -99 55-100 85-100 90-100
residence time (s) 1-12 0.3 - 0.1-03
power density (KWh/m?) - - 0.08-0.14 0.95-29

4. CONCLUSIONS

In this work, a plasma reactor based on gliding arc was designed and constructed.
The gliding arc plasma was successfully generated. The cracking of light tar in
gliding arc plasma at atmospheric pressure was investigated. Significant
destruction of tar was achieved at relatively low power input. With an increase in
power input, tar decomposition rate increased. The observed rise in energy
utilization efficiency may be attributed to the promotion of the equilibrium to
non-equilibrium transition process. The single stage plasma reactor was reported
to have up to 95% destruction efficiency. With the two-stage plasma reactor,
complete destruction (>99%) of tar could be established. It was clear from these
results that the gliding arc plasma has great potential to be applied as an
alternative tool to destruct gaseous tar and other gaseous toxic compounds.
However, it is noteworthy to recall that the presented results were based on
naphthalene. In the next phase of research, application of this technology to real
gasification product gas should be investigated.

http://www.bepress.com/ijcre/vol8/A50
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NOTATION

XS0 USMO

mass concentration of naphthalene in N,, mg/m®

plasma energy density, kWh/m?
number of mole or atom, -
applied power input, W
number of mole or atom, -

gas flow rate, m®/s

number of mole or atom, -
number of mole or atom, -
number of mole or atom, -

Greek Letters

n destruction efficiency, %
Subscripts

gas  medium gas

in inlet

out  outlet
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Abstract: A giant sensitive plant or Mimosa pigra L. is a fast growing weed that poses a major problem in agricultural areas. In this
study, the stalks of Mimosa sample were collected, and air dried. They were subsequently milled, sieved and classified into fractions
of uniform particle size. Proximate, ultimate and elemental analyses of the weed were performed. Composition and weight fractions
of carbon, hydrogen, nitrogen, and oxygen were determined. Hollocellulose and lignin, the main constituents of biomass were also
determined. Heating values of the weed was calculated, based on their composition and components, and compared with
experimental results, following ASTM standards. Thermogravimetric analysis and gasification of Mimosa was carried out at
atmospheric pressure in a laboratory-scale fixed-bed reactor to investigate mass loss rate, gas yields and product gas composition.
Product gas was analyzed by gas chromatography for CO, CO,, H,, and CH,4. From the results obtained, Mimosa was found to be
potentially suitable as biofuel. It contains high proportion of holocellulose, and is rich in carbon and volatile matter, and low in ash
content. Its heating value, in comparison with other biomass, is higher than most agricultural residues. The product gas from
gasification contains high CO and H,, resulting in a useful lower heating value gaseous fuel. It was clear that the weed can be
utilized as a useful renewable fuel source.

Keywords: Biomass, Gasification, Mimosa, Renewable energy, Thermogravimetric analysis
1. INTRODUCTION

Biomass for energy application has gained increasing interests in Thailand, with a stiff competition with traditional food
applications. Presently, interests in perennial rhizomatous grasses such as miscanthus (Miscanthus), switchgrass
(Panicum virgatum), reed canary grass (Phalaris arundinacea) and giant reed (Arundo donax) as alternative biomass
resources are growing because of their high yield potential, appropriate biomass characteristics, low input demand and
positive environmental impact [1, 2]. Others include bamboo [3] and rapeseed straw [4]. Non-plantation biomass
resources have been assessed for their energy potential in Thailand context and found to be promising [5]. In this
investigation, weed such as a giant sensitive plant (Mimosa pigra) is viewed to have potential as a useful energy plant.
So far, there have been relatively few literatures reporting on utilization of Mimosa as feedstock for bioenergy [6].

Energy may be recovered from biomass via various conversions [7, 8]. Choice of conversion process depends
on the type and quantity of biomass feedstock, end use requirement, emission standards, economic conditions and
project specific factors. In this work, attention has been paid to gasification since the process can yield a gaseous
product that can be readily used in a burner or an internal combustion engine.

2. MATERIALS AND METHODS

2.1 Fuel composition analyses

Mimosa samples collected in agricultural zone in Chiang Mai, Thailand were used. The collected stalks were cleaned
and air dried naturally in a dry store room at ambient condition. The dried samples were later ground in a high speed
rotary mill, screen sieved and used for further analysis. Preparation of samples prior to analyses was conducted in
accordance with TAPPI T 257 and T 264 standards. Contents of the major biopolymer constituents of the weed,
holocellulose, lignin and solvent extractive components were evaluated using TAPPI standard methods. The solubilities
of extractives in ethanol and benzene mixture as well as quantity of soluble substances in sodium hydroxide and in
water were established. ASTM standard methods were followed to carry out proximate analysis for the samples. The
carbon, hydrogen and nitrogen contents were determined using a CHN Elemental Analyzer. The oxygen content was
calculated by difference. The heating value of the dried Mimosa stalk was determined in compliance with ASTM
standard using a Parr bomb calorimeter. It is reported as a gross heat of combustion at constant volume.

2.2 Thermal gravimetry

The biomass materials were also analyzed by thermogravimetric analysis (TGA) method, using a TGA/SDTA 851e
Thermogravimetric Analyzer. This high performance TGA analyzer has high sensitivity, vibration resistance and
structure that permit rapid replacement of samples. Large number of samples can be analyzed in a short time and in
succession. The system was logged to a personal computer for data handling and analysis. Prior to TGA, temperature,
weight and sample platform calibrations were carried out. Each sample was placed in the platinum pan securely and in
such a way that it was confined within the pan sides and not in contact with the sides of the oven. All handling of
samples were done using brass tweezers to avoid contamination. The prepared samples were hanged down in the
reaction tube in which the atmosphere can be controlled, and weighed by a sensitive microbalance with resolution of 0.1
ug. The sample was initially preheated to and equilibrated at 40°C in nitrogen under a flow rate of 90 mL/min for 10
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minutes. The sample was then heated to 1200 °C at a constant heating rate of 30 °C/min. The purge gas can be switched
to oxygen or air.

2.3 Gasification

Limited experimental runs on gasification of the biomass material were performed in a batch fixed bed gasifier setup, as
shown in Figure 1. The samples were in size range of 3 — 6 mm. The reactor was cylindrical shaped with 0.5 m high and
inside diameter of 40 mm. It was made of 5 mm thick stainless steel, surrounded on the outside by heating coil and
thick insulating wool (Figure 2). The heating coil and the reactor were electrically separated by small ceramic spacers.
There was a fixed grate between the middle and the bottom. The outlet of the gasifier is connected to gas coolers and
traps where tarry components are removed, and to a sampling bag. Air is supplied from a compressed tank, serving as a
purge gas and protective gas to avoid coking occurred on the surface of the reactor before and after operation and is
measured with a calibrated flow meter. Reaction temperature is measured by a thermocouple inserted thru its cover and
can be automatically controlled by means of a data logger. Prior to the test, the empty reactor was heated externally by
an electrical heater for about 30 min. Pre-weighed batches of biomass materials were then introduced into the reactor.
Air was supplied and regulated such that oxidation zone inside the gasifier can be established and gaseous products
produced from the biomass is combustible. In this study, reactor temperature was obtained from thermocouple readings
inside the reactor and represented as gasification temperature. The gaseous products were collected at the exit of the dry
filter in a 0.10 dm?® sampling bag. The volatiles were immediately sent for composition analysis. A Shimadzu Gas
Chromatography model GC-8A was used to analyze CO, CO,, H,, CH,, and N,. The high purity standard gases were
used to calibrate the instrument. The duration of operation for certain condition is determined by ensuring that no
combustible gas is released and gas yield is dropped to more than 10% of its steady value. It should be noted that the
residence time of the volatile phase is varied during the experimental run depending on the air flow rates. At the end of
every experiment, the solid and liquid residues are weighed to determine mass balance. The gas yield is computed
directly, based on its measured volume.
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3.1 Biomass composition
The heating value, proximate and ultimate analyses of the plant samples are listed in Table 1. Moisture content of the
air dried samples ranged from 1.5 to 2.4% with average value of 1.6%. The ash contents of all Mimosa samples were
4.5% or less with an average ash content of 3.75%. This was quite low, and therefore the ash could be removed less
frequently and continuously from a gasifier or combustor, without interfering with continuous thermo-chemical
conversion. Compared to other major biomass feedstocks [9], this ash content is comparable to those found in woody
biomass materials. Grasses and straws have higher ash contents. The volatile content was 71% and the remainder was
fixed carbon at about 24%. High volatile matter in biomass generally increases tar content in the product gas and must
be removed before it fed to an internal combustion engine. All samples showed similar gross heating values, averaging
at 17.5 MJ/kg. This value is in similar magnitude to, but slightly lower than woody biomass and higher than most
grasses and straws.

3. RESULTS AND DISCUSSION

Table 1 Properties of the air dried Mimosa stalk

Property Method Quantity
Proximate analysis (% w/w)
Moisture ASTM D 3173 1.6
Volatile ASTM D 3175 711
Fixed carbon ASTM D 3172 23.6
Ash ASTM D 3177 3.7
Ultimate analysis (%) ASTM D 3174
Carbon 43.9
Hydrogen 6.0
Nitrogen 14
Oxygen 48.7
H/C molar ratio calculation 1.64
O/C molar ratio calculation 0.83
Empirical formula calculation CH16400.83N0.03
Higher heating value (MJ/kg) ASTM 5865 17.5
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The carbon and hydrogen contents of the samples were at about 44%C and 6%H, respectively. The nitrogen
content of the Mimosa samples was quite high, about 1.4%, when compared with other biomass feedstocks. But, this is
considered to be low N content from combustion perspective. It would be beneficial in terms of minimal fuel bound N-
to-NO, conversion if the weed was used as fuel. Empirical formula of the weed, derived from the ultimate analysis, was
obtained and can be represented as CHy,0083No03. It is interesting to note that there have been attempts to correlate
proximate analysis results with elemental composition [10] and higher heating value [11] using results based on the
proximate analysis of biomass materials. The correlations developed were applied to the Mimosa results. It was found
to give the predicted heating value of 18.3 MJ/kg and predicted C and H contents of 47.7% and 5.6%, respectively,
which were in agreement with experimental determinations. Their relative differences were within 7.5%.

Table 2 shows lignocellulosic characteristics of the plant. Holocellulose was found to be about 58%. Cellulose
content in this range makes Mimosa a useful feedstock for conversion to fuels, chemicals, and other bio-based
materials. The lignin level of 34% puts the weed at the high end of a range of 24-37% reported for softwoods and was
greater than 11-27% found in non woody biomass [3]. Its high lignin content contributes to a relatively high heating
value and structural rigidity, similar to softwoods. Meanwhile, the extractive substances were low. With regards to its
solubility, it was observed that high proportion of the plant samples were soluble in dilute base solution. This was
considerably higher than its solubilities in water, and ethanol-benzene mixture, respectively. Comparison of selected
properties with other solid biofuels is presented in Table 3. The fuel characteristics of the weed appeared to be among
the main solid fuels used.

Table 2 Lignocellulosic properties and solubility of the air dried Mimosa stalk

Property Method Quantity (% wiw)
Holocellulose Wise method 58.2
Lignin TAPPI T 222 33.9
Extractives, soluble in ethanol and benzene TAPPI T 204 1.7
Solubility in hot water TAPPI T 207 10.5
Solubility in cold water TAPPI T 207 7.4
Solubility in 1% NaOH solution TAPPI T 212 36.2
Solubility in ethanol and benzene TAPPI T 204 5.2

Table 3 Comparison of selected characteristics between the air dried Mimosa and other solid fuels

Fuel property Mimosa Wood Corncob Rice husk Lignite
Gross heating value (MJ/kg) 175 19.0 16.3 15.4 245
Moisture content (%) 1.62 15 10.0 8.2 45
Ash content (%) 3.75 25 3.4 13.2 7.2
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Figure 3 TGA thermogram for the air dried Mimosa sample
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3.2 Thermal degradation characteristics

TGA was used to determine the thermal degradation of the biomass material. Figure 3 shows the TGA thermogram of
weight change for Mimosa at heating rate of 30 K/min under N, and O, atmospheres. From the TGA data under N,
environment, it can be seen that there was an initial weight loss of volatile component from the samples at
approximately 250°C. The main devolatilization proceeded to about 600°C with total weight of 60%. Further thermal
decomposition continued gradually at slower loss rate towards 1200°C. Under O, environment, similar thermal
degradation character under N, environment was observed up to about 250°C. However, a major weight loss was
evident between 280°C, and completed by about 300°C due primarily to oxidation. There was essentially no loss
observed afterwards. The residual char and ash amounted to about 5%.

3.3 Gaseous fuel evolution

Preliminary results of the gasification experiments are shown in Table 4. For the given operating condition, the gas
yield was found to be about 1.0 Nm*kg biomass. CO, CO, and H, were found to be 17.3%, 16.0% and 19.0%,
respectively. This resulted in an average lower heating value of the producer gas of approximately 4.7 MJ/Nm?®.

Table 4 Results of the air dried Mimosa gasification

Property Unit Quantity
Test condition

Equivalence ratio (%) 0.25
Temperature (°C) 900
Biomass feed (g/hr) 10.0
Air flow rate (dm®fhr) 11.0
Average gas composition

CoO (% viv) 17.3
CO, (% viv) 16.0
H, (% viv) 19.0
CH, (% viv) 3

0, (% viv) 3.2
Nitrogen (% viv) balance
Gas yield (Nm®/kg) 1.0
Lower heating value (MJ/kg) 4.7
Cold gas efficiency (%) 27
Carbon conversion (%) 46

Product distribution

Gas % wiw 52
Liquid % wiw 22
Solid % wiw 26
Total % wiw 100

4. CONCLUSIONS

Potential use of Mimosa as fuel was considered in this study. Physico-chemical characterization of the plant was
conducted and gasification trials in a fixed bed reactor were investigated. It was found that Mimosa contains 59%
holocellulose, 34% lignin and small amounts of extractive matter. It is rich in carbon and has considerable amount of
volatile matter with relatively high heating value. It shares a number of desirable fuel characteristics with certain other
biomass feedstocks. It appeared to present no obstacles in utilizing it as solid fuel with thermal conversion process.
Present analyses indicated that Mimosa is potentially suited as useful solid biofuels and may be utilized through
gasification at relatively moderate conditions. Its potential use as fuel is an important option for management of this
weed. Further research may be required to develop cost effective management, harvesting and treatment prior to use in
a power plant.
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Abstract

Biomass gasification contributes to bio-energy production without generating greenhouse gases into
the environment. Commercialization of the technology is limited by tar contained in the product gas.
Catalytic treatment of the gas can destroy the tar almost completely. In this study, a fixed bed catalytic
reactor was designed, built and tested. A downdraft gasifier was used to generate a producer gas for tar
cracking tests. This paper presents catalytic treatment of the producer gas in dual packed bed in a tar
cracker using dolomite, calcined dolomite and char as catalysts. Experiments were carried out for a
temperature range between 650 — 850°C. High tar conversions over 90% were obtained for all the
catalysts used. It was evident that catalytic tar destruction in the dual catalyst bed could be a promising
option for significant tar removal to be employed in a gasification system.
Keywords: Biomass gasification, Catalytic cracking, Dolomite, Tar removal

1. Introduction condensable organic compounds (often referred

With the depletion of fossil fuel sources as
well as the global warming issues, utilization of
biomass is getting increased attention as a
potential source of renewable energy. Biomass
fuels and residues can be converted to energy
via thermal, biological and physical processes
[1]. Biomass gasification is a complex
thermochemical process including pyrolysis,
partial oxidation of lignocellulosic materials.
Product gas is composed of H,, CO, CO,, H,0,
CH, and various light hydrocarbons along with
undesirable dust (ash and char), tar, NH;, alkali
(mostly potassium) and some other trace

contaminants [2]. The continual build-up of

to as tars) present in the product gas can cause
blockages and corrosion, leading to a reduction
in overall efficiency [3]. The producer gas can be
used in engine and turbine for energy
generation, fuel cells and methanol synthesis.
Therefore, contaminants especially tars must be
removed to meet the specific applications of the
gas.

Commercial gasifiers use conventional
filters and wet cleaning methods to remove the
tar in the gas, discharging tar dissolved waste
water that requires treatment before disposal.
Thermal and catalytic treatment of the gas can

ultimately destroy tar. Catalytic tar removal can



operate at lower temperatures than thermal

processes and result in high tar removal
efficiency. Extensive reviews on the use of
several catalysts for tar destruction can be found
in the literatures [3-5]. Dolomite is usually
employed due to its low cost. It is calcium
magnesium ore with the general formula
CaMg(CO;), that contains ~ 20% MgO, ~ 30%
CaO, and ~ 45% CO, on a weight basis, with
other minor mineral impurities. Calcination
decomposes CO, to form Ca0.MgO [5]. The use
of dolomite inside gasifier and downstream
reactor has been studied extensively. In this
paper, investigation of the catalytic cracking of
tar from biomass gasification in a dual packed
bed reactor was presented.
2. Experimental Method

2.1 Equipments

Experimental setup includes a throat type,
downdraft gasifier for producing the gas required
for catalytic tar cracking tests. A laboratory scale
catalytic tar cracker was built using stainless
steel pipe with ID of 14mm and 70cm in length.
It was heated by an insulated external electrical
heating chamber, power rating of 3 kW. A

dualpacked bed was housed inside the tar

Biomass T
Catalyst
bed 1
Burner
Gasifier
Raw
Gas
Air —p| \ 4
Impinger

train |

Heater

Tar
cracker

cracker. Internal temperatures along the cracker
were measured by type K thermocouples. The
outlet of the cracker was connected to a tar
sampling impinger train. Gas flow rate was
regulated by means of a pump and flow meters.
The impinger train consists of six impinger

bottles in which iso-propanol was used as
solvent. The sketch of the experimental set up is
shown in “Fig. 1”.
2.2 Catalytic cracking

Catalytic cracking of biomass tar
experiments were performed using dolomite,
calcined dolomite and charcoal as catalysts. The
particle sizes of the catalysts ranged from
2.12 mm to 4.75 mm, having average particle
diameter of 3.41 mm. The bulk densities of the
dolomite, calcined dolomite and charcoal were
123, 0.68, and 0.37 glcm’, respectively.
Calcination of the dolomite was performed at
900°C for 2 hours in an oven. It was found that
dolomite became softer after calcination,
reducing its mechanical strength. The length of
each catalyst bed inside the cracker was set at

270 mm.

Catalyst
bed 2 Flow Offline
Flow meter gas
control analysis
valve
meter
Impinger Pump Offline
train Flow gas .
Flow analysis

meter
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valve

»

Gas
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Ash
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Fig.1 Experimental setup of a catalytic tar cracking system



2.3 Procedure

Cashew nut shells were used as biomass
feedstock. Its moisture content was about 10.8%
(as-received basis). The heating value and
elemental composition of the cashew nut shells
were taken from the works of Singh et al. [6],
Das and Ganesh [7], shown in “Table 1”. At the
start of each experiment, the gasifier was loaded
with cashew nut shells and ignited at the bottom.
The tar cracker was also simultaneously heated
to reach the desired set point temperature, at a
temperature range between 650 — 850°C. When
the producer gas generated from the gasifier
became combustible and operated in a stable
manner, the cracking tests were started. The
controlled parameters of the tar destruction test
were temperature and residence time inside the
dual packed bed. Each operation was performed
for 15 — 20 minutes and repeated in triplicate for
one controlled temperature. Tar containing
gases upstream and downstream of the cracker
were sampled separately. Measurement of tar
content in the producer gas was carried out
gravimetrically, following the method shown in
tar sampling and analysis protocol [8]. Weight
measurements for gravimetric evaporation were
carried out wusing Metler digital analytical
balance. Sample gases from the gasifier and the
cracker after cleaning were collected in Tedlar
gas bag and analysed offline by Shimadzu GC-
8A/TCD using helium as carrier gas. Tar
conversion, X, was calculated by;
Sin ~Con C_C"”t x100 (1)

n

X =

where C,, and C_, are inlet and outlet tar

concentrations (g/Nms), respectively.

Table 1 Properties of cashew nut shells

property value
C 48.7 %
H 7.0 %
) 43.9 %
N 0.4 %
Heating value 17.6 MJ/kg

Table 2 Composition of the producer gas

component %
CO 17.07
H, 5.04
CH, 3.15
CoO, 19.72
N, balance

3. Results and Discussion

3.1 Gasifier operation

The gasifier was able to start within 15
min and attain steady state operation from cold
start in about 30-60 min. Although feeding was
done intermittently, gasification seemed to
operate well. Oxidation and reduction reactions
appeared to proceed continuously. The system
was able to run rather smoothly without any sign
of significant deterioration. Fuel flow did not
show any problem during the test runs.
Nonetheless, poking at regular interval (1 h) was
done to ensure trouble-free operation. Exit gas
temperature of the gasifier was about 170°C.
Producer gas was combustible, with bright
orange flame. The composition of the gas was
determined and shown in “Table 2”. The lower
heating value of the producer gas was estimated

to be about 3.51 MJ/m".
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3.2 Cracker operation

Prior to tar cracking tests, heater of the
cracker was switched on to the set point
temperatures. “Fig. 2” shows axial temperature
profiles along the cracker length for each set
point. At axial distance x = 0 represents the inlet
and x = L is at the exit of the tar cracker.
3.3 Tar conversion

Temperature profiles inside the cracker
are depicted in “Fig. 2”. Tar conversion results
are shown in “Fig. 3”. These conversions were
average values of ftriplicate experiments. Tar
conversions with dolomite, calcined dolomite,
and charcoal were found to be very high inside
two catalyst beds reactor. The highest
conversion obtained at 750 and 700°C for
dolomite and calcined dolomite, respectively. Tar
conversions above 90% were obtained with the
charcoal as catalyst. The highest tar conversion
of 99.5% was found at 800°C. “Fig. 4” shows tar
concentration in the producer gas after treated
with catalytic cracker. The final tar content was
observed to be well below 35 mg/Nm3 for all

tested catalyst types and temperatures.
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The observed fluctuation in conversion may be
due to varying tar content in the producer gas
with time and operating conditions. Reduction in
tar conversion due to catalyst deactivation has
not been observed for all the three catalysts.
However, coke formation was observed with
dolomite catalysts, as shown in “Fig. 5”. It was
found that the catalyst removed from first
catalyst bed served as a guard bed and coke
formation was severe. The second catalyst bed
appeared to be less affected. Coke formation for
calcined dolomite and charcoal was not clearly

evident and difficult to identify.



(a) (b)
Fig. 5 Appearances of spent dolomite (a) first
bed discharge and (b) second bed discharge
4. Conclusion

In this work, a catalytic tar cracker was
designed and tested. Low cost catalysts were
used. The use of dolomite, calcined dolomite
and charcoal in a dual bed catalytic reactor
showed over 90% tar reduction.

Catalytic hot gas conditioning of the
producer gas to reduce the tar content doesn’t
produce waste water. Since the low cost and
abundance the catalysts used in this study, it
might be more economical than using expensive
metal and noble synthesized catalysts. It can cut
the excess equipment costs since the first bed
serves as a guard for the second bed.
Moreover, it could be combined with metal
catalyst in second catalyst bed with the first
guard bed so that high quality syngas could be
generated.

5. Acknowledgement

Supports from the Energy Research and
Development Institute, and the Graduate School,
Chiang Mai University to ST, supports from the
Thailand Research  Fund (contract no.
RSA5080010) and a Royal Golden Jubilee PhD
scholarship awarded to TW are acknowledged.

6. References
[1] Li, C. and Suzuki, K. (2009). Tar property,
analysis, reforming mechanism and model for

biomass gasification - an overview, Renewable

and Sustainable Energy Reviews, vol. 13, pp.
594-604.

[2] Zhang, R., Brown, R. C., Suby, A. and
Cummer, K. (2004). Catalytic destruction of tar
in biomass derived producer gas, Energy
Conservation and Management. vol. 45, pp. 995-
1014.

[3] Sutton D., Kelleher, B. and Ross, J. R. H.
(2001). Review of literature on catalysts for
biomass gasification, Fuel Processing
Technology, vol. 73, pp. 155-173.

[4] Milne, T.A., Evans, R. J. and Abatzoglou, N.
(1998). Biomass gasifier “tars™ their nature,
formation, and conversion, NREL/TP-570-25257,
National Renewable  Energy  Laboratory,
Colorado, USA.

[5] Dayton. D. (2002). A review of the literature
on catalytic biomass tar destruction. NREL/TP-
510-32815, National Renewable  Energy
Laboratory, Colorado, USA.

[6] Singh, R. N., Jena, U., Patel, J. B. and
Sharma, A. M. (2006). Feasibility study of
cashew nut shells as an open core gasifier
feedstocks, Renewable Energy. Vol. 31, pp. 481-
487.

[7] Das, P. and Ganesh. A. (2003). Bio-oil from
pyrolysis of cashew nut shell - a near fuel,
Biomass and Bioenergy, vol. 25, pp. 113-117.

[8] Simell, P., Stalberg, P., Kurkella, E., Albrecht,
J., Deutsch, S. and Sjostrém, K (2000).
Provisional protocol for sampling and analysis of
tar and particulates from large-scale biomass
gasifiers, Biomass and Bioenergy, vol 18, pp. 19-
38.
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Abstract: A giant sensitive plant (Mimosa pigra L.) is a fast growing and spreadable weed. It infests
strongly along the rivers, surrounding large reservoirs, wetland reserves and agricultural fields. Its
invasion threatens the production and preservation values of wetlands, and poses a major problem in
agricultural areas. To avoid food-fuel dilemma, the weed may be utilized as a biorenewable energy
source. In this study, it was used as feedstock for generation of producer gas. Mimosa sample were
collected, and air dried. They were subsequently milled, sieved and classified into fractions of uniform
particle size between 0.3 and 0.6 mm. Fuel characterization was performed using proximate and
ultimate analyses. Gasification of giant sensitive plants was carried out at atmospheric pressure in a
laboratory-scale fixed bed reactor to investigate the effect of reactor temperature and catalyst biomass
ratio on gas yields and product gas composition. The product gas from thermochemical process was
found to contain high CO and H2 which was a useful low heating value gaseous fuel. With an increase
in temperature, gas yield was found to increase while char and tar were found to decrease. Increasing
catalyst to biomass ratio was found to result in an increase in hydrogen, and a decrease in carbon

monoxide. It appeared that the weed can be utilized as a useful renewable fuel.

Keywords: Biomass, Gasification, Mimosa, Renewable energy, Fixed bed.

1. Introduction

Mimosa, known in Thai as a giant sensitive plant,
is a native plant of Central and South America. It
was purposely introduced to Thailand in the late
1940s as a green manure and cover crop in tobacco
plantations [1]. It is a leguminous thorny shrub
that can grow to a height of six meters. Mimosa is
able to form mono-specific stands, replacing the
native wet vegetation and thereby reducing the
available habitats of native flora and fauna. It is
considered to be one of the worst environmental
weeds of wetland in Thailand. When faced with an
extensive weed infestation, it is natural to find
ways to utilize it. Mimosa has been utilized for its
ornamental value, medicinal use, green manure
and erosion control. It has also been used as
animal feed, timber and biomass material [1]. In
Thailand, it has been used for firewood, temporary
fences, and tested for fiberboard. However, the use
is still limited in rather small scale applications.
Alternative energy utilization method may offer
different options and a mean for the weed
management.

Thermochemical processing is recognized as the
most important available technology for biomass

conversion. Gasification is viewed to be a suitable
conversion technology that offers high thermal
efficiency and environmental acceptability.
Gasification process is favourable for producing
low to medium calorific value gas. If the weed is
gasified efficiently, it may generate a high yield of
clean product gas. Thermal decomposition of
mimosa has been investigated [2, 3]. It was viewed
to have potential as a bioenergy source via
gasification. However, tar can potentially impair
the product gas quality. Using of catalysts in the
gasification process has been proved to be an
effective method to reduce tar and improve
gasification efficiency. Dolomite is among the
cheapest and most available catalysts used to
control tar. Natural dolomite has been shown to
reduce tar content in producer gas [4, 5].

In this work, giant sensitive plants were used as a
biomass feedstock for the generation of producer
gas. A laboratory scale, fixed bed reactor was
developed. The thermochemical conversion of
mimosa was performed in the fixed bed reactor.
The influence of different operation conditions,
including reactor temperature and catalyst to
biomass ratio on product yields (gas, char, and tar)
and the composition of fuel gas in terms of H, and



H,/CO was investigated. Air was used as
gasification medium. Natural dolomite was used as
an in situ catalytic gas conditioning agent.

2. Experimental setup

2.1. Sample characterization

Mimosa samples collected in agricultural zone in
Chiang Mai, Thailand were used. The collected
stalks were cleaned and air dried naturally in a dry
store room at ambient condition. The dried
samples were later ground in a high speed rotary
mill, screen sieved and used for further analysis.
The proximate analysis of the weed was carried
out according to standard norms. The
determination of moisture, volatile matter and
ashes was performed following the standards;
ASTM D 3173, ASTM D 3175. ASTM D 1372,
ASTM 3177, respectively. The fixed carbon was
calculated by difference to 100%. The
determination of the ultimate analysis was made
using a CHN-932 elemental analyzer (ASTM F
3174). The higher heating value of the weed waste
was determined with a Parr calorimeter bomb
(ASTM 5865). These parameters are displayed in
Table 1. One can see that the weed has a high
content of volatile matter and low content of ash,
which is very interesting with respect to its
applications in gasification and pyrolysis
processes. The low N content ensures that thermal
NOy formation during the gasification process is
negligible.

2.2. Test apparatus and procedures

Gasification experiments were performed at an
atmospheric pressure using air as gasification
medium. The experimental setup is shown
schematically in Fig. 1. The fixed bed reactor was
equipped with electric heaters around its perimeter
which was covered with a thick insulation layer.

Table 1. Properties of the air dried mimosa stalk.

Property Quantity
Proximate analysis (% w/w)
Moisture 1.6
Volatile 71.1
Fixed carbon 23.6
Ash 3.7
Ultimate analysis (% w/w)

Carbon 43.9
Hydrogen 6.0
Nitrogen 14
Oxygen 48.7

Higher heating value (MJ/kg) 17.5

Its setup consists of the fixed bed reactor, an air
compressor and an feed air heater. The reactor was
made of 1Crl18Ni9Ti stainless steel tube. The
effective height of the reactor was 900 mm, with
an internal diameter of 60 mm. Two type K
thermocouples were used to measure and control
the temperatures in the middle of the gasifier and
the biomass in a basket.

A collection module was used as cooling unit for
fuel gas cooling and tar capture. It consists of two
series of impinger bottles containing a solvent for
tar absorption, placed separately in two cold baths.
The first three impinger bottles were immersed in
a temperature below 5 °C, whereas, the next three
impinger bottles were cooled at a temperature
under —20 °C which tar and moisture will be
completely collected. The tar aerosols were
collected by both condensation and absorption in
the solvent. Each impinger bottle was filled with
approximately 100 ml of isopropanol, which was
considered to be the most suitable solvent for tar
absorption [5]. The gas flow rate was measured
with a volume meter. The cool, dry, clean gas was
sampled using gas bags and analyzed on a
Shimadzu Model GC-8A gas chromatograph fitted
with a ShinCarbon ST Micropacked column and a
thermal conductivity detector, for measuring
volumetric concentration of H,, O,, N,, CH,, CO,

Temperature controller

<+
Cooling section

&— Cooling water

Heating section

T
NN

o
Flow meter

Impinger trains

it

Fig. 1. Gasification experimental setup.
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CO,. Standard gas mixtures were used for
quantitative calibration.

Initially, the electric heater was switch on to heat
the reactor. Once the set point temperature was
achieved in the gasification reactor, the biomass
was displaced from the cooling section to the
heating section. Air was fed from the top of the
gasification reactor. When stabilization was
reached with respect to the temperatures, gas
sampling and analysis were carried out. It was
normally completed in about 20 min. Experiments
were performed for (i) air gasification at 500
cm®min* with varying temperature between 600 —
900°C and (ii) catalytic gasification with natural
dolomite at varying proportions (% w/w referred
to catalyst and biomass ratio) at 900°C with the
same air flow condition. All experiments were
carried out isothermally and initial mimosa mass
of 10 g was used.

3. Results and discussion

3.1. Product yields

Fig. 2 shows effect of reaction temperature on the
product vyields from gasification of mimosa
without presence of catalyst. The gas yields were
found to increase from about 51% to 64% as the
reaction temperature was raised from 600°C to
900°C. The char and tar fractions appeared to
decrease with increasing temperature. Changes
from 700°C to 800°C showed only marginal effect
on the yields. Fig. 3 shows the product yields from
gasification of mimosa at different catalyst to
biomass ratios between 0.5 — 2.0 at a fixed
temperature of 900°C. It was observed that while
the char yield stayed relatively constant, the gas
yield appeared to go through a maximum of 72%
at a catalyst to biomass ratio of 1.0.

3.2. Hy and H,/CO yields

Figs. 4 and 5 show effects of reaction temperature
on the H, and H,/CO yields from non-catalytic
gasification. It can be seen from the experimental
results that both the hydrogen yields and hydrogen
to carbon monoxide ratios were primarily
influenced by the operating temperature. Changing
the temperature from 600 to 900°C resulted in an
increase in the H, yields [6, 7], while H,/CO yields
were found to decrease slightly from 0.72 to below
0.60. The increases of the hydrogen fraction with
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Table 2. Comparison of H2 yields for different types of
biomass without catalyst.

Reference Biomass Temp (°C) H2 yield (%)

This work  Mimosa 900 17
[6] Sawdust 900 38
[9] Saw dust 810 10
[9] Wood 550 8

[10] Rice straw 800 10
[10] Rice straw 900 23

Table 3. Comparison of H, yields for different types of
biomass with dolomite catalyst.

Reference Biomass Temp (°C)  H,yield (%)

This work  Mimosa 900 26
[10] Rice straw 900 37
[11] Sawdust 800 11
[12] Pine sawdust 850 52
[13] Pine sawdust 750 51

temperature were due to the greater production of
gas in the initial pyrolysis (faster at higher
temperatures), and the endothermic reactions of
gasification of the char, which increases with
temperature. It was clear that temperature has
integrated effects on these results.

The effects of catalyst to biomass ratio on H, and
H,/CO vyields when the reactor temperature was
kept constant at 900°C are shown in Figs. 6 and 7.
Generally, the H; yields were observed to increase
with the presence of catalyst. The peak value of H,
yield appeared at the catalyst to biomass ratio of
1.0 was twice as much as that at similar condition
without the catalyst. This may be attributed to an
increase in surface reaction area on the dolomite,
greater the contact area between the biomass and
the dolomite, leading to higher chemical reaction
rates and gasification reactions [8]. However,
increasing catalyst/biomass ratio did not prove to
increase the hydrogen yield further. With respect
to H,/CO ratios, similar pattern to H, yields was
observed that a maximum ratio of 0.95 was
obtained at catalyst to biomass ratio of 1.0.
However, at other catalyst to biomass ratios, the
H,/CO yields appeared to be slightly lower than
the value at similar condition without the catalyst.

3.3. Comparison with literature

H, yields obtained from gasification of mimosa in
this study were compared against those obtained
from other types of biomass at similar thermal
conditions. Results (in % by volume) are shown in
Tables 2 and 3 for the cases with and without



catalyst, respectively. It was found that H, yields
were comparable to other biomass considered.

4. Conclusions

In this work, air gasification of giant sensitive
plants under atmospheric pressure in a fixed bed
reactor has been carried out with and without
dolomite as a catalyst. Effects of reaction
temperature and catalyst to biomass ratio have
been investigated. Gas vyields were found to
increase with increasing temperatures. With
catalysts, over 60% gas yields were obtained.
Increase in temperature resulted in an increase in
H, yields. The H; yields were found to increase
further with presence of catalyst. A peak of H,
yield was observed at catalyst to biomass ratio of
1.0. Producer gas yields and composition obtained
from gasification of mimosa were in similar
magnitude and comparable to other types of
biomass. Mimosa appeared to have potential as a
biofuel candidate.
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