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THIPSUPHIN HINSUI: A STUDY ON MUNICIPAL SOLID WASTE
DISPOSAL BY PLASMA GASIFICATION TECHNOLOGY FOR ENERGY
RECOVERY. THESIS ADVISOR : ASST. PROF. WEERACHAI ARJHARN,

Ph.D., 218 PP.

PLASMA GASIFICATION / FIXED BED DOWNDRAFT GASIFIER/ ENERGY

RECOVERY / MUNICIPAL SOLID WASTE (MSW) / REFUSE DERIVED FUEL

The objective of this research was to compare conventional gasification (C-G)
and plasma-assisted gasification (P-G) in terms of energy production efficiency and
environmental emissions. For P-G, a DC plasma torch with a power of 50 kW was
installed to a 100-kW prototype fixed bed downdraft gasifier.

Resutls on gasification of mixed fuels (RDF-5 : wood chips, 70 : 30 %wt ) at
feedstock consumption and syngas flow rate of 126.90 kg/hr and 210 Nm’/hr,
respectively, showed that P-G system caused appreciably elevated temperature
throughout the gasifier, leading to an increase in syngas concentration, cold gas
efficiency and system energy production. The calorific value of syngas increased from
4.96 MJ/Nm® to 6.88 MJ/Nm’. In addition, P-G system could operate with waste
reject having moisture content as high as 40 %wb, generating syngas with calorific
value of ~4.82 MJ/Nm”.

An analysis result of air pollution suggested that both C-G and P-G systems
caused values of total suspended particulates (TSP), SO,, NOy, Hg, Cd and Pb less
than those of the limits (MSW incinerator emission standards announced by the

Ministry of Natural Resources and Environment). However, the efficiency of



pollutant constraint in bottom ash for P-G was higher than that of C-G (92.60% and
87.15%, respectively). In the case of using P-G with high moisture content feedstock
(40 %wb), special care must be taken because the temperature in the gasifier
decreased notably, cuasing the bottom ash constraining efficiency to be less (60.60%).

Results on mathematical model development for syngas property prediction,
i.e. sysgas concentration, heating value, gasification efficiency using multiple linear
regression indicated that proximate and ultimate parameters and moisture content of
feedstock could be used to predict such properties well with coefficient of

determination (R?) of 0.77-0.99.
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Al = 5192 gilley (Aluminuim)

APHA = American Public Health Association

ASTM = Amarican Society of Testing and Material
BOD = ilod (Biological Oxygen Demand)

COD = %109 (Chemical Oxygen Demand)

C = 519A13 VDU (Carbon)

Ca = 5IQUATYN (Calcuim)

Cd = 5I9UAALIN (Cadmuim)

Cr = 519 IA31le3 (Chromium)

Cu = 519N09LAd (Copper)

Cl = 519AA03 U (Cholorine)

CO = uRaMs U UL lya (Carbonmonoxide)
Co, = unamsueu laeen laa (Carbon dioxide)
CV, = Calorific value of syn gas

%db = $9821ATTIUUNN (% Dry basis)

EDXRF = Energy Dispersive X-Ray Fluorescence Spectrometer
g = N34 (gram)

G, = Gas composition (%V)

C-G = seUUAe @Wm%’u (Conventional gasification)
F = 519)Aa03 U Fluorine

Fe = ‘ﬁ%ﬂm’gﬂ (Ferrous)

kg = nlansuy (Kilogram)

= 519 la Ta519u (Hydrogen)
= ANUEN
= ufe'lalasiau

HCI = nyalelasnaes3n (Hydrochoric acid)
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AeBLNadyanHalazA LD (MD)

Hg = 5191500 (Mercury)

HHV, , = High Heating Value of fuel (MJ/kJ)
HHV, = High Heating Value of gas (MJ/Nm’)
hr = #7113 (hour)

K = T1lsuaanden (Potassuim)

kg = nlansu (Kilogram)

KVA = nlaTraduewnil (Kilovolt-amp)

kW = Aladad (Kilowatt)

L = AITNY

LHV, , = Low Heating Value of fuel (MJ/kJ)
LHV, = Low Heating Value of gas (MJ/Nm’)
LOD = Limited of Detection

m = Ash Production (kg/hr)

m,, = Fuel Consumption (kg/hr)

MBT = Mechanical and Biological Treatment
Mg = 5IuNNHIFeN (Magnesium)

mg = Haansy (Milligram)

MJ = 1nea (Mega Joule)

Nm’ = Cubic millimeter

N/A = Not Analysis

N = 519 luTa319u (Nitrogen)

Na = 519 19101 (Sodium)

Ni = 519 HIAA (Nickle)

ND = Not detected (1329 lainw)

Nm’ = Normal Cubic metter

NO = uha lunSneon lea (Nitric oxide)
NO, = ufa'l11as19u (Nitrogen dioxide)

% J . .
NO, = undoon lyaues luTasiau (Nitrogen oxide)
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= 519 00NFIIU (Oxygen)
= uReoanFIY (Oxygen gas)

= ‘ﬁm‘i/\lﬁ)ﬁ‘i/\l’iﬁﬁ (Phosphorus)

PCA = Principle Component Analysis

P, = Electrical power

P-G = SYUUWAEURAFTIATY (Plasma-assisted gasification)
Pb = ‘ﬁmmf‘%ﬂ (Lead)

PPM = Part Per Million

RDF-3 = Refuse derived fuel -3 H30 Lﬁﬁamﬁwazﬂizmw 3
RDF-5 = Refuse derived fuel -5 H30 L%@Lwawwﬂizmm 5

RDF-5/WC (50/50) ioimasuez RDF-5 waui Tdgaaldady

AU 50:50 Yowt

Y
RDF-5/WC (70/30) iWoiwasve RDF-5 waui Tdeaaldadu

dndIu 70:30 %wt

T-T, = Reactor Temperature (Inside 1-Inside 6)
TD = Impurities (Tar & Dust)

Ti = 519 Inumiiion (Taitanium)

TKN = D (Total Kjedahl Nitrogen)

V, = Gas flow rate

Yowt = Zovaz Taonimin (% By weight)

%wb = %’aaagmmgmﬁﬂﬂ (% Wet basis)
TDS = mam%aazmm‘i’w (Total Dissolve Solids)
TS = "UfNLL"fNﬁQ:QWM@ (Total Solids)

TSS = YOIV IUVILADEY (Total Suspended Solids)
S = snFawles (Sulphur)

Si = 519 FAnDU (Silicon)

SO = unadrames laeonlod (Sulphur dioxide)
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Aundovesnn 50.06 4.06 15.46 2.26/247 | 332 | 8.86 | 2.00/1.88 | 4.09 | 2.55
mald
malvigy 56.5 525 14.2 146/12 | 073 | 11.23 | 2.58/039 | 3.5 | 3.14
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oA / mmmuiy | Ay | ansdeuvesvezuda | Wanaudr | Winamsiienlndld
i (kg/m") (%)wb HHYV (kJ/kg) (%)db (%)db
mﬂmﬁ@ﬂwdnmu

weoalvi 215 47 23,675.78 27.33 90
Wiy lan 295 68 15,661.15 32 93.85
dnha 230 54 18,597.62 21.88 81.85
UATAITIA 285 65 17,162.85 30.67 93.46
Aumdevoani 256.25 58.50 18,774.35 27.97 89.79
ﬂ]ﬂﬂ%%ﬂ@ﬂﬂ!aﬂﬂ!ﬂﬁﬂ

UAIIFAWN 200-250 50 12,628.48 - 76.6
YOUUAY 176 52 19,476.05 - 73.05
QUATIHE 187 50 13,619.85 - 82.16
9A351%] 204 50 18,568.34 - 91.5
Aundooann 191.7-204.2 50.5 16,104.55 - 80.83
manan

wazMAAZ IueaN

w¥a13 350 59 15,238.67 27.44 85.02
¥inen 207.5 70 16,020.89 30.89 92.96
unslgu 281 45 16,238.41 32.77 89.13
31915 228 64 14,222.20 30.89 92.12
Y5 250 60 18,007.82 19.89 83.71
Unusil 245 49 22,291.21 18.77 94
Aundooann 260.25 57.83 17,003.20 26.78 89.49
mald

malna 200 57 20,074.22 17.11 90.57
UATATHITUINY 228 53 15,523.11 31 85.43
Qe 260 40 17,986.90 6.33 81.6
LEACDERAL 170 63 13,996.32 32 89.17
Aundooann 214.5 53.25 16,895.14 21.61 86.69

AU : NTLNTNARY, 2551
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faasunums lsveudeliinailse Tes (Waste utilizations) 819 NSHAALATEININ N3

Y
A a
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2.23.5 MANNToUVRIVEzaron
1 9 a [ = S A 9
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2.4 AU agMINAAITINAIVE (Refuse-derived fuel)
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18 daneraalu 517 2.3

Primary crushing

LLLY iy
o ’ N Y,

Improves treatment effects. Increases the calorific value

and storing capability.
Classifying Secondary crushing Pelletization

RDF pellets

Removes foreign materials. Reduces volume. Improves storing and
handling capabilities
by pelletizing

v
%

{ I g A
J1 23 dueeulumsunlsgilveztluiomavey (Diaz et al., 2006)
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2.4.1 nasgrumsuialszianveavenasvay (RDF)
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] a ' I
WAsTIUMsulalszinnveusemasvey (RDF) dunsoutsoenilv 2 ssuu Ao
seuvlsgmaanigomin uay szuunnguilszmeag sl suunnilssmaansgomsnm
1 [ ] [ o 09/’
weeonily 7 1521aM (ASTM  standard)  Tagtaianuvmatasdnyus v iaquoudotiy

Y [
ANULANANUDY RDF 19 7 Uszinn uaasad a15199 2.8

ti' o &y a 1
MINN 2.8 MIvaUTNNUBIFBING I8 (RDF) sznag il

. JTUUMS
152190 RDF siuwy nMANYY y
1 1iad
I [l ~ o qy
RDEF-1 Raw Wuvezeglugivesvezin ldsuuTasassningig Stoker
(MSW) Taglirmunszuiumsla 9
o A o < o
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3 A o A
RDF-3 Fluff Wuvez AHIUNIzUIUMTDAYTIMADITEITagitH Stoker
2 1 2
#RDF) | Tudldmniuauldvezi 95% Tasiminvesves
AINTIFUAZLINTITDUVLIA 50 A3 1daamas 1@
& o o A oY 1 o =
RDF-4 Powder Wuvezdmandagiwn Ingd Idmniu Tash 95% Tas | FBC, PF
Y
1T NURIVITEINITORIUAZUATITOUVUIA 2.5
a a 9
a1s1eiaamas 1d
. & A A A o A
RDF-5 Densified | 1fuvezfidunszuaumsuasuwdoiiesidaiiiny | FBC, MFC
A o @ 1 o < o 1
@RDF) | ludldanmiwdaliegluzluuvvedaiia sauns
A9y 1 u’:
n3efeumIiY
& ° o A o g a .
RDF-6 Liquid Wuvezdmandagien Ind 1@ ludnyuzveuiomas | Swirl bumer
Y
HAANITU
I o o A I Y [ dgl a
RDF-7 Gas Wuvezdmniaaiw nd 18 ludnyazvouiormaa Burner,
o .2
Usanunamiuv IGCC.

IW1: ASTM standards E856-83 (2006)
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RDF 1figu'|@f RDE-5
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RESIDUAL MUNICIPAL SOLID WASTE

Ferrous and Qrganic RDF (Paper and
Mon-ferrous waste Fraction Plastics)
metals fraction

A2 A2 A2 A=

For Cleaning For (Recycling or
Recycling Combustion RDF)
on- [ off-site

Separation

Washing
Organic
Fraction

Sand Qrganic Coarse
Fraction for Inerts
Composting /
Digestion

Biological
Treatment

g‘ﬂﬁ 2.4 HIMIMUVDINTZUIUNTNNNALAZTININ (Mechanical and Biological

Treatment : MBT) (Diaz et al., 2006)
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2.53 MSHINAINUNAVINIY (Energy recovery)
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Yo dy A Aa tﬂy 1 Yy & dy a Ao

awnsolFnudomasniinnuiugs @nn 50%) launsFormasigungiidl ualivoiden
a o $ 1 1 o
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= o [ = A 1 o L% a o A
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2.6.3 MNANNNUYBINMS (Definition of tars)

=2 o

4 a o A vy A a [ Y o A
M5 (Tars) HUGDINAANUNN 1UADINTNNAANTZUIUMTUATFHIAFY 1T
a 9}1:; ] ¢ o Aa A . .
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Mlddadinuves HC anas daaasly 15199 2.1 Fatludeyaaivayuimavesgu
Y a { 7 { s { .
Mldimanisldsunasvesesdilszneuieglunis Ae msnasuaingives Highly
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(Conventional (Hi-temperature flash (Conventional (Hi-temperature
flash pyrolysis) pyrolysis) gasification) gasification)
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Syringols
Complex-Phenolics

(1 oA a o
NUIUHA : 91N LUADIUGUAYY (2538)




43
o A a A a Jd o
2.6.4 !!ﬂﬁ!‘li?)!Wﬁﬁﬂiﬂiﬂiﬂ?!%@ﬁ!!ﬂﬁ
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3) miwammm%mmmmmm%’auqq (High heating value gas) : unaFBINaIN
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unaFemae nas ldsauwesuna Nwaalaauisaiillldauldlasnse uaneu
o ) o & 9 ' o @ 2 Vo w P
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2.6.6 HaNBUazVOITANNANINNIZLIUMIUNABT AT

) (94 Ay a 9 =\ o & A 9 o 13 1

mstiunawamasn lFnuianuindunizasaiiniu ALD1AUNTNO U (Pre-
A v = ~ a d? 1 A Jd o

treatment  gas) L‘Wﬂ'ﬂENﬂUﬂ’ﬂll!ﬁﬂ?i%’lﬂ%mﬂﬂ"’UN@]E)iZ“]J‘U naziAsoseuaduallnielu

A 1 Ao 1 4 1 <] o w 4
He9NTIUYTTNOUNOUATIY 1FU M5 (Tars) LlagﬂuﬂIHWQLQﬂ (Dust) MInInoInlsznou

P ' A Y] o A a 9 a A A A a 2

”IJ‘L!!‘]Ji’fJLl“]f’J‘EJLW1Jﬂ1ﬂ’311J3@uﬂlﬂﬂllﬂﬁ!%ﬂlwaﬂqﬂ UAZ VTN NI YIUANENISINAUVUAD

2 Y £ 0 @ A o 9 d? LY A A A
aAUINaDY “]N3$‘U‘1J°Vnﬂ’J']3Jﬁ'$EJTf”ILLﬂﬁﬂuWNWj‘FﬂzﬂluﬂgﬂULﬂﬂIUIa‘c’J“VI!,ﬁ’t’Jﬂ uae

Y v
agszasdvesmslilss Tomiudaomas (Bridgwater, 1994b) 11 @15197 2.12 uaasyila

A a dg’ a 3 dy a
éuaq11ammazﬂmuvnmﬂmu“lmwuwammﬁwmwaﬂ

A a o A a dgl a 2] dy a (1)
MINN 2.12 %uﬂmmmmmazﬂtym‘nmmlu“luszuuwammﬁwmwm

= > d‘
yHANAES anvaziling iy
A ' Y Y ) Y a [ v
wadInIeaYMA | Hu (Dust) 101 (Ash) 101808 (Fly ash) | i1 1#Aan1snansouve
3 1 < ~ 1 ay 1 A J
VUL W9011 (Char) 9ndsenounaiuuiy | sudiuimilulavelussuy
(Condensed compound) Ll,awaﬂ1a$‘v1wf?m,';@156u
4 4 = o Y a [ [ Qy 1
p9n1l52nOU pan1lsgnovvedlesiagy (Na) taz | MlMnansnansousuaIu
Y] o ~ A a ~ a a
oan laiilany Tilsuaedon (K) maaluan1iznis | veslanzngurgiige 1ia
. < v & o a A
(Alkali metal) nateiludivasunateiunaan | MIvMgAANYOITURNIATDL
=1 I
(slag) nselanzaaneiule Tavig
4 a Aa a
200 IR0 ailyriuaniazeima Tagina NO_ | 1NaNan1Izued NO,
TuTlasiau 5E1I9NTEUIUM I sl

o J =)
Falosuaznaoiu

v1auaarias lud1viin (Bottom
1 a I~
ash) V1@IUNATNIZNITAAETY

A (7]
o w30 una

o Y a P
#nrlvdinavaniiegniiu
DUATIVUAZINANITNANT DU

Tawe 1354 H,S HCI SO,

ms (Tars)

younadIninnuriage arulvg

Fuaslelasasuou

o Y o

Mminauazszuuniodga
Y

AULALAANTOUFUTIU

Tany

wanema : © 910 Belgiorno et al. (2003)

o { ' a { a 4 <
%’lﬂ‘fl}f]y,aﬂ\‘lllﬁﬂﬁalUW'lﬁ'Nﬁ 2.14 WU?W“ﬁuﬂﬂJ@QMaﬁ'ﬁﬁlﬂﬂﬁu wonvnaziilu

1 [~ a { A o Y
HYaymiaeszun Julluvaiivhinansznuasdunadondis mslszuntinnuazeiaunad




47
. A o o ; o o 2 4 da 0 :
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Plasma gasification melting process (Moustakas et al., 2005, 2008; Bert et al., 2006; Huang et al.



58
2007; Dave et al. 2010; Ojha et al., 2012; Zhang et al., 2012; Yoon et al., 2013) ‘ﬁ'ﬂﬁﬁ‘gﬂ
MerfuszuunataNIsatuszuutuuLAagliasune 9iia1sves s unstouazues Ny

(Plasma gasification melting process) msauaadly a1519n 2.14

{ % @ an o 4 o v
A1319% 2.14 52UUNAAUIDITANUTSVUUV VLN TS IAY U Lﬁai%’mmﬂ%zaumwuaz

VoY (Plasma gasification melting process)

, LHV [waidun . o Syngas LHV
UHaa P o Mas H, Co
- IS RIVIGN MJ/kg une Yield Syngas
RRSRN kw) R (%vol) | (%Vol) R
(Nm'/kg) (MJ/Nm)
Tang et al. waean H,0
37.33 35.2 2.17 27.06 13.33 5.39
2009 Polypropylene (Steam)
Carabin et . H,O +
VYSOUNTY - - - 28.3 18.8 6.0
al. 2005 air

o Y 031’
Bert et al. (2006) N321IUN13 Plasma gasification 1TmaTuTagdumdenuduga
AvteuduanuTouNgaung Tuaniuzvoanarau) NAAINANINUANAIITHIS

A

9 ] 1
TIVINUA VIV Tane 11 Graphite electrode  tatiamsuani)asuilszqauia

a

é d' a d? o Y a =
Thermal plasma GanaftAavuIziilnamelumlgnsailgangiga (15,000 °C) uazauT
4 g 7 v 2 o A A Aa
nenezaeuvesIgiilussnisznonly RDF son’ld Gunmizauduiomasveziiininu
o = a S o [ . ~
vanvalgvesnmanyuzMaunl lag Tuanaveia1sounidezaaiellu Synthesis gas 7
a @ J a 4
QNI IuvULIAINY 03A152NOVVOITITOUUNTY (Glass, Metals, Silicates, Heavy
3 = a A g o S Y
metals) dznguvoUrAINUNYNF WBBUMaIzna1BTfun Moy
o Aa Aav Aa P 9 I A
MIANIUNIINE Taginilgnsalnlalunisnaae lu Reactor vessel Ngnaoy
1 9
117921241111 10 cm 1182 Plasma torch #1910 Graphite HIAAAITINVUVOUAT LA AIUEN
] k4
Yo 92 1d Crude iron 1118991NANULANAINTEHINYIUINVOINI Graphite electrode 1AL
. A & Oaj = @ 1 a =& A a dg} o
Crude iron NYuTIan M3uan)asuilszainald 910a Thermal plasma FIHANAAYUIZT
Y a s dy a ~ = Y I Qy < 1
Tigaingimelumianilszunal 1600 °C waziyoimas RDF Ngninssu il ugwan szgnla
[} [ J 4
W 1@ munved Reactor Taeldang dmsumsnyiesdsznovveudimaoy Tngldnies
X-ray diffraction (XRD)
a J J = .

HanN3AIIEHeInllsznonlu RDF W1l Ba, Cr, Cu, Pb, Ni, Snuaz Fe lu

a A A U dyd 4 a o [ I'4
YSnanga ieannsrartiilueedlsznonlunaradn (PVC) dmisusenlsznonves



59
[V 4 Y A " W
unaduasIzh Uszneuaie CO, H,, CO, THC, O, UAWMAY 17.6, 8.1, 3.6, 2.8 Az 1.1%
AUAINY HANITATIVIANANHNRIUTEUY Oxidizer reactor 1S IZUUNTBINLNNYT U140
9 Y
duimsduilouvesTangmings auiulumsldanussdesesnuuuldiuanaznouluies
y A 2 = s Y, ! ¢ o & .
wn Tndiiuy msdnpiesnlseasuveudiviasy nuesnlseneundnilulans (Calcium,
aluminate, Calcium silicate 1482 Calcium aluminium silicate) 115 UNANITNATOUNIT Leaching
gnoousuldiuuasguveuUaBey
ng dy a Y . . I AAA o
minaaounsIian1saesu1elain Plasma gasification 1 umna Tu Tadnidnen1n
o o o w 1 1 o Y] L] <3
dmsuldsdavezaeudeniianiuiougs Idawnsadugdnasnunauinld s ed1elsna
Y . . o & T A A Yy A 2 o
M3 1¥nN52UIUNIS Plasma gasification 3uTupg1adaNIzAvatglnsallumsiinnudazeln
» Aa a A @ dy ~ 1 (= o [ o 9
unandUseansam vazrszaumsdudleuimunzanitee lidnadmsunmstii 1l 1dau
o A s A | s & A v Ao & Y = A
AUIATDEUALNENT NS 1UN FauanEranni 1l udesdn ¥l Ao Dust, Heavy metal, Sulfur
9 Y
. o I 1 [
compound, Nitrogen compound (NH,, HCN), Halogen #sfin1sainzinudulyllddsla
a 9 A 1 = a
ausodszdiuldiiesnnany luades lumsnaaeuAauszyy
a 1 = [ )
Mountouris et al. (2006) W15 1INA Tu lagwarauunaasy Ianumueay
@ o w = I A v A av o
numsiIdavezyuru seuuiinmiduliasiudanadon Tasauiderziaul luaa
. O Aoy ) dydd' ~ J . A o o o
Thermodynamic Y84waaLAaFlingy Tumaliiyeison1 GasiEq o lUhneduls
] ~ % ~ 9 A [ v J 4
A9 NernMzaunavesszuy dalsildain Tuawa Ao aumsanuduiusosndsznouns
[ dy a o dy dy a 4 (24 dy Aa o ] a
UAEIFDINAIN VAN FUVDUFBINEY 09AsEnouveLNaFaInasdad U luaUD I8 BNKIY
1 dy a 4 (4] dy a a 1 ~ 9
Ao luaveuroInay uazesalsznouvesunayonasguugl Tagnuiianiienln
Aa A = a Y [ (94 dy A A a 9
Uszaninngega Ao guugiidszanm 1273 K azlimmdsnuuswnaiyoimaininan la
Y Y v
MR 1 kWh/Nm' Tagnnusuveudemaddeddind 0.15 uaz daaiuluavesesndgauiy
Y
Tuavea¥eInas 1y 0.52 - 0.70 mol
. Y o A o dg/ ~ o @
Mountouris et al. (2008) l@1hTaaanannvuluil 2006 w1edasinsilou
9 1 v 9 k2
FOINAINAAZNEY TASFINUNNTANILMIITAY AD BINAT 250 AUABTY LATANNFUUD
dy a (Y @ A a 9 A
Wonas liinu 68% Tasnasnugninnaa ldvesszun fio 2.85 MW
Minutillo et al. (2009) 1% @11 Thermochemical model #1150 T39I A unaTuTad
)  Aan q‘z [ . . .
naa R aFNIATUIazA NN U (Plasma gasification combine cycle (IPGCC) power
v < 9 ~ 9 . < ' 1
plant) 719 RDF anvezuudu¥omnas s2uuiild Air 15y Plasma gas uaidou lvvoamsah
dal Y o A I A
Tuaaii 181015 Simulation Taelagu Plasma gas 00MIJU 3 LDV AD  Air, 0, 40% v. — N,
. A o S Y o % o
60% v. uag Air + Oxygen luaaniavutazihnlslumsiiuieesndseneyveuna

g a o a 4 4] {
ﬁf@mm u,axmma?fmmawamuiumwﬂgﬂimwmamuﬂﬁ HATHITNIZ NN AUVOINT



60
a A Ao Y o o 19 Y1 ) ¥ [
AUTZUY A UBATINT 1FWE99IUIN Plasma torch A1 LA 1HAINAINIUIINANUTOUINUNE
di} a ' 9y . | Aq Y 1%
BINAIga TAgNUI1 M1 Air + Oxygen 1111 Plasma gas N 1HANEINUV0IT VY5200
69%
YR ~ [ 4 A A 1 [l
N Lapa et al. (2002) ldAnyudeanuesnilszneuvesasiiviaziaaildosesng
A 9 = [ Y o [ [ = 1
gunadon vouna lulagnarauunadilngu lnsnaaeunuvesduas e Han1sanyIa UM
1 4 a 9 = o' A 1 z o -
mstlanilasseasnilsznevvesasiiyludimasuiiduniionin syniamaniugniialen
UNNNYA
2.7.5.2 3¢UU Plasma External energy 30 Allothermal
! ) 14 Y] a
Tugrnvesmaimaiauesanennudouinldluaudiundanu 914
9y 9 1 9 A
mM3sleanuseouainwarau lugiuosunaini1uioun1euen (External  energy 130
o [ J 4 a a 4 A
Allothermal) 1§ UTZUUNIIANVTOUNVDAIE tHBAIUAURUUAN Tua s ainaziiy
Uszaniamuesszuy wu luseuy Allothermal plasma gasification #50 Allothermal plasma
I o 4 (Y ) a 4
pyrolysis 1umsihanunnnaiaumesaunlslunszuiumsunagimdu/lnls lada e
7 A o A a A o W
msuanaats Tanavesnsnlwileuluunmiomas naziiudadivvesuna laTasiou
A Y 9 [ dy a d? 28 A 9 a a d?
e lHAIANNTOUVRWNAFDINAIGIVY FIUWa 11152 ANTAINV0ITLVUFIVY (Tang et al.,
Y v
2003, 2007; Huang et al., 2007; Dave et al. 2010; Fabry et al., 2013) Matlergl msdaueaagly

A15199 2.15

A = o3|
m3197 2.15 maluladnarauniuanuiouniousn (External energy %30 Allothermal)

FNTUTLUUNANNT DUV

, LHV . o Syngas LHV %
UHaN 2 A WAFUT | NIEN H, CO
- WoINAY | Ml/kg » Yield (Syngas)
$198 v |uRa [ aw) | | o | (%VoD | M
(TRINGN) (Nm'/kg) (MJ/Nm")
Hrabovsky
etal, Udoy - CO+0, 95 1.0 22 44 8.66 -
2006
Carabin VY& H,0 + -
- - - 8-14 20-29 4.1-52
etal, 2005 YUBU air
VI
Willis et YUFU/
13.95 0, 3.22 1.10 22.62 | 40.46 11.9 79
al, 2010 BN
J
IDYURN




61
A = IS 9 =
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Power 50 kW
Voltage (max) 300 V
Current (max) 250 A
Air 2-10 g/s
Water (max) 500 g/s
Life time of electrodes 200 hr
Efficiency 65 %
Diameter of nozzle 25 mm
Sizes 300 x 600 mm
Weight 10 kg
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niines daydnual 150940 I0/Sensor
1. Temperature
1.1 Reactor temperature T,- T Thermocouple type-K {tag Type-R
, v, Gas flow meter
2. Gas flow rate (Nm /h)
(Range 5 to 40m/s: vane probes)
G, Online potable gas analyzer
3. Gas composition (%V)
Gasboard-3100P series
4. Fuel consumption (kg/hr) my,. A%
5. Ash production (kg/hr) m,, ORER
6. Impurities (Tar & dust)
, T, Filter and condenser
- After reactor (mg/Nm")
8. L!,’rglvt‘f loide (Exhaust gas) Flue gas analyzer
G

(ex)

(Model Testo-350XL)
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3.3.7 msUszivanssouzszuvalssansmMumsHannaIny
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wormas Tagvzlddoyai ldvinnmsnaassnidiuin Tasldnnuduiiusne (Bhattacharya,

2001; Arjharn et al, 2012;2013)

Cold-gas efficiency (7],,) = [Rate of energy carried by syngas]/

[Rate of energy supplied to reactor]

Cold-gas efficiency (77%,) = [Vg X C\/g]/[mFuel x LHV ] (3.4)
Lﬁ"ﬁ]
Vv, Ao Flow rate of syngas (Nm’/hr)
Cv, Ao Calorific value of syngas (MJ/m’)
mg Ao Fuel consumption (kg/h)
LHV,,, Ao Low heating value of fuel (MJ/kg)

v o a J O an o
Tagldanuduiusveumgnsainarauunagilingu Ao Minutillo et al. (2009)

Cold-gas efficiency-plasma (7] ) = [Rate of energy carried by syngas]/

[Rate of energy supplied to reactor]

= [Vg X CVg]/ [(m. x LHV. )+ (Wtorch)] (3.5)

Fuel Fuel

A .
Ao Power consumption of the plasma torch
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2) 1WSeufeUaNITOUZVB5Y U (Operation performance) lALA M5U5IHiUA
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NAINUANTVDITE VY (Net energy yield) Las WINTIUADT 5146"1 aaae Ul

Y
L Wé’Nmmm%mwam’fﬁzuu(MJ/hr)

= [LHV ] .mg, ] (3.6)

F ucl]

" Wd991U4910 Plasma arc 913211 (MJ/hr)
P=VI (3.7)
V=300 volt, I = 120 Amp

P=kW (1 kWh=3.6 MJ)

v 2] dy a o s a P
u Wﬁ\?\ﬂﬂ"\]@\ﬂlﬂﬁl“}fﬁll‘v\lﬁQﬁ\?!ﬂﬁ'l%’ﬂ‘]/lNﬁﬁhlﬂﬂﬁﬂ'l'lgﬂ'l@‘ig1u (MJ/hr)

=[CV,]l.[Ve] (3.8)

9 9 [
= SandmlSinesudaiemadssemainileowdnszuy (Syngas yield, m N/kg)

=[Vel/[m;,] (3.9)
o \ o o A a o ¢ & a A v i
B Ja@IUNGINULATFRNAIT AT A¥INA N T o U152 VY (Energy yield,
MlJ/kg)
=[CV, .Vel/ [mg,,] (3.10)
3) UsziiunananA1SUOUAIKAD (Yields of cabon residue) (Hakansson, 2007)
Carbon residue = [M x 100]/M,, (3.11)

a 4 A
M = USnamsuounavan (g)

a 4 [ [l A 9
M, = JFnamsveuluaredaneusuau ()
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3.3.8 UsNUANITOUTMITUIAADNVDITZUY

v ' v
Glueﬁ’u@mwummﬁmuﬁzumﬁamﬁauﬁmﬁnumzuuﬁf‘u Glummz@mﬁu%zﬁw
s 9 Y a 4 Y A a = = 9 1 A
NMIINUVBYAATUNANHAILIAADY !Wﬂﬂ?iﬂﬁ%luu!ﬂﬁﬂﬂlﬂﬂﬂ ﬂ?ﬂﬂWiﬂﬁﬂﬂﬂaﬂﬂNaW‘H/

ﬁmmuzmqﬁmmé’@u JENINTLVY C-G 1agIzuy P-C

3.3.8.1 msanfSunamazaniinvesveudaNnHATUINMSIANITZUD

E4

= a a 4 a d' a XK a o =X
m3AnyTnauazInNgiasNaNE AN TUINANIZUY Tagifny
a A A Y [ dy a J A dy .
winimesnineades deae 1l 1) msdmnizduassiawnsadwileulueime (Air
a J < . a L4
pollutants) 2) M3 WATITHNANT 1UFUV0UVI (Solid waste pollutans) 3) NTATIEHNATT 1Y

H - . .
1Ty (Wastewater pollutants) F91W13100A035 aataadlunisted 3.6
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A a 4 a 1 A o a o ao dy
MTNN 3.6 wmumesmmawﬂugﬂmm NMMIVAT T IUIUIEH

Y a
BNOINIATYIU /

Y o ¥ .

weuluunaioinadg
a A

W15 10t 0sItATIEH

FURSINVIFRINGY (519D a

J =
A lasd, 519AADIY, 519 Iane

uunlszianuaiy wisimes 4 oa .,
IN309U0AATIEN
a s o A o
InTzviesalsznouund 1030999 Flue Gas Analyzer
a ® A A gy
wanylunAm¥eomas laun (Model Testo-350XL)
1 o @ 1 o 1 < o 1
1&un s0,,NO, NO, (FMIUAI061 12 #2981 1A UAI081
3 ) < Y 1 =
1 a59% 119 52802 UAVAIDEN 30 WIT/
Vv v
A59 JUMsIAusLUY 12 %2 109)
a ¢ 3 A R Yo @ & a
AnsgeyMavUIAani | munudedalagldilugaunareimaniig
Air pollutants

nszAnIed TullSmasnimua nagzi
o ' a 7Y A
GI’J@EJNUL!ﬂﬁZ@HEﬂi@\‘lhl‘]J’J!ﬂ‘ﬂ%ﬁﬂ’JﬂLﬂ‘i@\i
X-ray fluorescence Energy dispersive

spectrometer (Model XGT-5200)

Solid waste pollutans

R

J ) @ ] o ] < o ]
A199) (F1IUAIBEN 12 A29819 TAaNUAE1
o o g o
1 A59/%2 T34 52ELAUNVAIEA 30 UIT/
¥ 0
a5 lumsauszoy 12 $21109)
a s 1

ANTIZNTINA 1) 1FUREINY

Y
a 4 a @
ﬂﬁJ’JLﬂi?ZﬁL%ﬂLW’dQ (51998

Jd =
alail, s1anaeiy, 519 Ly

a ¢y A
AUATITUAWIATO
X-ray fluorescence Energy dispersive

spectrometer (Model XGT-5200)

J o @ (] o ] < o ]
A199) (F1IUAIBEN 12 §79819 TaNUAI9E1
Y v v
1 5% g Jumsauszuy 12 ¥ 1u9)
NATDUNITVSALANYUD (EPA Method 1311)

Taneniina1ee) au
FJofMUAYDY USEPA

a saa 7
NWITTNNADINIUANIIEH

Toxicity characteristic leaching procedure

(rcLp)"”

(F1UIUABE 3 §I0819)

Wastewater pollutants

COD, TKN, HF, Phenol,
HCL, H,S tag Tanewiin

A9

Inziamnasgu”
APHA, AWWA, WEF (2005)
Y v
(F1UIUAIDE1 3 @298149 : U UTeNAANMT
a A ) A
AUITLVVADILDA 12 §2 119 150

ol A = 4 A
YaETAL AN AUATI 1NN 0 99 ¥ TN 12)

a I'd a o Y a wa o w
weig - ANT1Ed 1ag UTEN Hewlfiamanars (szmelne) $1ia
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3.3.8.2 MIANHITNIIOUTMUTUNIAAON
o = a A = d' a d? a
Pnan1sane1lsuatasautaveUTeNNATUIINNITIANTLU D VDI
[ an o'/ [ Aan o‘/ a [ 1 a 1
N5ZUIUMTUAFF RSN vazwarauunasiingy vlssiusasinsdanlassuanyae
v v Y
N aNyNowd152UY (Emission factor) Vo UFeNNATUIINMTHAANE 191U

1) onnmsaaassuadivlusziveanda (o)

Emission factor (Solid waste)

= [Specific Ash Production]x[Concentration of ash] x Time (3.12)

[V 1 a <
Emission factor Ao oaimstanassuanygiluewds (gke)
. . v a Y o
Specific ash production Ao 2AIININADIVUNE (kg/hr)
Time Ao nauAusEUY (hr)

. a Y
Concentration ofash A8 ANuTNYuveIa sy lud1 (mgke)

2) onsimsilanasenainylinae

Emission factor (Wastewater)

=[V,x Concentration of pollutant]/[ Total fuel] (3.13)

A
1o
. . =) [ 1 a g’ =
Emission factor (Wastewater) a9 8a51msanilassuaiiyluzihinge (g
A a Jd a A
\a Ao Swesvenind@esivluszuunimsazawy
VoIWadT IWFNMIAUTLVY (10 m’)
. A Y 9 a 3' =
Concentration of pollutant f0 ANUINIUVosasuany luiude (mg/1)
A a dy a d' qaj
Total Fuel Ao Uswaveuremasnilouszuunariua

Tugremsiauszuy (k)
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Y \J a <4 & a
3) i’)ﬂ’ﬂfﬂiﬂﬁﬂ‘dﬁi’)fJ%JﬁW‘H“l‘l«!!!ﬂﬁ!“lﬁ’)!WﬁQ

Emission factor (Syngas)

= [VSyn x Concentration of emission]/ [Fuel consumption] (3.14)
&
¥\)3)
.. A [ U a (2 zﬂy a
Emission factor (Syngas) Ao onsimsvantassuany luunayeomnas (g/kg)
A a 4 dy a o T Aag 3
VSyn o ‘]Ji1JW]ﬁ!LﬂﬁL%ﬂLWﬁﬂﬂ?ﬂﬂN‘ﬂLﬂU (m)
. 2 ) A o & A 3
Concentration of pollutant Ao ANuANTHas Y U aFeImas (mg/m")
= a dy a A aaz’
Total Fuel o “]J53J'li1!611@QL%@LWﬁQﬂﬂ@uigﬂﬂﬂﬂﬁﬂJﬂ

Turremsauszuy (k)

(Y o d a d a
3.3.9 ‘WW‘11!1!!UU%]@@NTI"Nﬂiﬁﬂﬂ]ﬁﬂi!!ﬁ$ﬂ1§3!ﬂ§1$‘ﬂ‘ﬂ1ﬂﬁaﬂ

o ° a J
3.3.9.1 WAHHUUDIAINNAUAFIANT

'
A o

1Y o a J A v <
ATTWAHUILUUINADININAUAATTAT Njﬂﬂigﬁ\iﬂl‘wa AIUITDUID
o a o~ Sldy 9 a a @ o A 9 a
Llﬂﬂﬂ1a@\1ﬂ1\iﬂm@ﬁ1ﬁ@]5‘ﬂqﬂu llﬂﬁl)“]fﬂ'igllluwaWﬁﬁlla$waav‘|ﬁﬂ AIINNITLAUTSUU
A g A 0 ¢ o & a A ¢ ¢
LUBDIAU IWDNTTNTUY 1) @Qﬂﬂﬁgﬂaumﬂﬂlﬂﬁ!%ﬂlwaﬁ 16 ﬂ'liﬂf]umau’f]ﬂhlcﬁﬂ (CO)
= 1 9 () dy a a A a 24
llajﬂil{ﬂu (Hz) HINU (CH4) 2) ANAITNIDUUDIUUNTLYDLNAN LAY 3) ﬂﬁgﬁmﬁﬂTWﬂqﬁwa@uﬂﬁ
g a o [ Y Aan u'/ Y  Aan o'/ 3 Y
lsdlf@lawa\j (Cold-gas efﬁciency) ﬁ']ﬁﬁﬂiguuuﬂﬁclf%hﬂ%u llﬁgigﬂuv\lﬁ']ﬁ““lﬂﬁ“ﬁwlﬂ%u VNﬁ
o a 4 A a 4 A .
fn36%1']Qllﬂﬂﬂ'la@ﬂﬂ']\iﬂm@ﬁ']ﬁﬂﬁ i]gal%?%ﬂ']jjl?]ﬁTgﬁLLUUﬂﬂﬂﬂﬂlsﬁQl@%}quﬁﬂm (Multlple
linear regression) TagTilsunsunlsae Tasunsy IMP 10 (SAS Institute Inc., Cary, NC, USA)
. & A 3 9 o 4 1 v A LY a v A
(K. ajay et al, 2009) %Qumu@@uﬂﬁliﬁimulﬂﬂﬂ']aﬂqllﬂllﬂ ﬂwiﬂﬂ!a@ﬂﬁﬁllﬂiﬂﬁig N1TAALABDN
o 9y A Y o an . a 4 A Y
@'JUJJ5lsll'lﬁjJﬂ']§LWﬂﬁi']\uﬂJl]Jﬁna@ﬂiﬂﬂ’)‘ﬁ Stepw1se HASNITAUATICHAITUAATIAANDU AN

weraslu 319 3.19
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[ a 4 4
dulsoasy : oaasznaunuuilszuna 09AUsENRUUVVLENEIY AT TNIIZTAIT
o Y  Aan o'/ (% () 4 a o
MOUVBITEUVUNATVATY (BRTINT IMAVILATIFOING, DATINT
Y
ouFomag)
Y
Y a a a () a
dwlsan : auamtazlszaniammskaaunmienas (Co, H,, CH,, CV, n.,)
[ [ 4

v A o A [ s v 1%
Aamendlsnianuduiusiuaulsaulaemsnagouanaunus

[

NILAUANFIU 95%

[ A v 9 ad .
Andonausdnauns lagls Stepwise

v

a 4 4
’Jmﬂéﬁﬁﬂ’nuﬂmﬂmﬁﬂu

1) NAADUANUAAIAIAADU
I a 4
2) naaeuaNUludaTZUIIANUAAIANADY

Y

IIRRGRN

9
v

51 3.19 FupeumsasauuasinaneaFudUNY g

v A %
1) ﬂ1§ﬂﬂ!ﬁ@)ﬂﬂ’]!!ﬂ§

o 4

[ o o a I o a o
Gl,uﬂ'l‘iﬂﬂ!a’f]ﬂ@]ﬂllﬂiﬂg‘ﬂ'ﬁﬂﬂﬂ'ﬁﬁlﬂi'ﬁﬂﬁﬂ\lﬂigﬁﬂ‘ﬁﬁﬂﬁﬂ\lwuﬁ

Y]

J Y a 1 a Aa 24 { a A
(Correlation Coefficient) i%‘ﬁ’)Nﬁ’Jllﬂ‘iﬂ’di%@]Nﬂ ﬂ°1Jﬂﬂ!ﬂ1WLL€1$ﬂi$ﬁﬂﬁﬂ1WlLﬂﬁL%@LWﬁﬁﬂ

v o v

y Y ' [ [ 3 1w
l’l,ﬁ?lj Lﬁ’é]‘l’ﬂﬂ’ﬂllﬁllW’Ll‘ﬁGU’ENG]’ZILL’]J'D"N‘fIﬂ’NiJﬁiJWH‘ﬁ ulﬂﬂﬁg’ﬂﬁ’ﬂﬁl tazluNsnaga U g

@

= v o Jdo a Y A ] = % = o J o
llﬂ'illﬂ'ﬂllﬁllwuﬁﬂuiuzﬂl‘ﬁ\uﬁuﬁi@qi\l i'nJﬂ\iﬂ'ﬁﬂ@ﬂ’ﬂu'J']ﬁ'lllﬂillﬂj']i]ﬁllwu‘ﬁﬂuﬁlu
a Yo o 4 o a v o X Y =2 Ay ! |
V]ﬁﬂ']\iclﬂ T@ﬂ%ﬂ%ﬁﬂluaﬂym R LLWUﬁﬂJﬂﬁgﬁﬂﬁﬂﬁﬁnwuﬁ G])'\?ﬂ']Wﬁﬂ'ﬁﬁﬂ‘H'W]Ul@W‘U'ﬂ R Lﬂu

" W AR = [ R L a Y Y 19 [ 1w
ay LLﬁﬂ\i’)W]’)LLﬂ‘i‘ﬂ‘F’fﬂ‘]eﬂllﬂ’NiJﬁ’lJWU‘ﬁGI,uVIﬁ“I/]NG]iQ"UHJﬂu 101 R W UuIn saaeda s

[T AL

=\ a = [ 9 = 9 9 1A ~ A 1 [
nmmamwuﬂuﬂﬁwmmaﬂu Hagn1 R llﬂﬂfllﬂ,ﬂ’d 1 (Vl,iJWﬁ]ﬁmTﬂLﬂ‘iEJ\‘iﬂiﬂﬂ) EANI1 911

=2 = 4

~ o @ v o 9 A 1 Y Y 1w =
s NANHINANUAUNUTAUNIN llagsluvn\iﬂaﬂﬂuﬂ'] R llﬂ'll"U']Glﬂﬂ 0 a9y

v Jdo

o 1 S 1w 1w 1 v o Jdo
ANUANUNUD uﬁf@a l,mtgllT‘rﬂﬂ R UM N10U 0 LA G]’Jllﬂiulililﬂ’ﬂilﬁhwu‘ﬁﬂumﬂ
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2) MIa WUV
a o a Y I = v o d @
M3IAATTHUVUDADBEFUTUNY A HUMIANYIANUTFURUTYBIA?
o a Y o Y a A (2 dy a
wlsam Y uagdnilsoase X viaree 61 Tasimualngaumnuazlsz@niamunairomas
{ I~ [ o a 4 z
A4 Wudrlsary y  uazdinlsdaszio eeadsgnounauuulizuial (Proximate

@

a I
parameters) LAgHUULENT6) (Ultimate parameters) UAZANNITNITIAUIEUY Lﬂuﬂﬂu‘ﬂi X TWJ

@

as g ' dy ya . . = A @ Ao o Jou o
Fmstleudntsmartiee 1933 Stepwise selection gaazaendsnlanduiusnudls

%

tz' 9 1 09/’ % zﬂ' 1 9 1 1 = o
ammniganaumsnou vntusznadeudnilsi hildegluaunisiziidainnedd
a A 1 a [ v a3 @
lathafiansdwiegluaumsdiedIzmssaonuuuinn naz luvazRerdunnagdoud
A l 9 1w = A o 9 ad v A
uishegluaumsdrendlslaiTomanazgnudasennnaumsaieisnisnadoniuy
v & ax dy o I Y Ao Aa A o
poonas ¥93smstezih1d laaumsoeneeniidulszdanimsiunegega
a d |
3) MAATZHANNAAIANADY
a d 4 a 4
M3UATIZHAINDIAIAADY (Residual Analysis) 115 IATIZHAS
a Y a = = L;I A 9 a Jd v ;
aaney asanTan ldnaresiansal Taslumsanutz@onldmsinizral
® N15NITWUIAIAAIAAADUNINTYIY (Standardized Residuals) Iag
A A 1 A Y A
aumsnaneyAIsinundsvesmaaianaouInigIulndifes o
A
nniige
I~ Aa [ A Y aa
® nisnadeunNududdIzyeInInaIanaon Tnsldananadou
Durbin-Watson 1A8#921913841910f1 Durbin-Watson 189198
Tug9 0-4 dwsuar DW flnanu 2 Wude Hareglugie 1.5 892.5

o A A & a o o P
i]$!‘]J“L!ﬂimﬂﬂ’JHJﬂﬁ1ﬂlﬂa’ﬂulﬂuflfffi$ﬂu (ﬂﬁ‘c’ﬂ MUBIUYY,

2550)

(Y o d o o = @
3.3.9.2 wmmmuummmnNﬂéﬁmmammmmzumnﬁ%@ﬂmmu

Y
JoyanuantAvouTFonas (uavliauuulszus tazuuuLens1g) Yo

e

v

tﬂy a a A Y o A a 1 Y o d' Y 1
IYDIWAY 3 BUA AD UliJﬁ"U HAZIFDINAINTUIZHIN RDF — 5: ”I,mm naaaIu 50:50 %wt
o QY  Aany ) @ ]

uag 70:30 %wt Lmzeﬁ’aqgaam’;zm‘imemmmiwurmamwmﬁvu (amwmi”lwammrmﬁ
da} a o tﬂy a 0 9 Y o a sy
LYDINAN, ammﬁﬂauwmwm) i]agﬂumﬂﬂumiﬁmrmumaawnammﬁmmma
as a 4 a Y . . . R Y Y
IDNITAATIEHVHUUUDADDULYILAUN IR DY (Multiple linear regression) %Qﬁ1h1‘iﬂﬁ§ﬂ@l’mﬂ§1ﬂ

A9 M15197 3.7
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{ a 4 o a d o o @ Aan )
A13199 3.7 %’auﬂawwmmasmamummmmmmmmﬁmﬁmsmzummﬁmmﬂﬂm

a rfd' 9 a r{d' o
W Hmesn 1% WITTUODINNIUTY

1) ﬂmﬁuﬁ’ﬁmws‘g@mﬁqﬁmmﬁﬂizﬂammuﬂizmm 1) ﬂmﬁuﬁammuﬁﬂmﬂ‘gﬁnwﬁﬂ
W4 3 130IMEq (%Ash, %VM, %FC) (CO CH, H,)

2) ﬂmﬁuﬂ'ﬁmamﬂ;@gwﬁqﬁ’mmﬁﬂﬁzﬂammmmﬂﬁm 2) aneuvewdmiemas
a3 1F0IM@a (%C, %H, %N, %S) (Calorific value: CV)

3) anzmsiauuessuIAaG T ve s vas | 3) UszAntamnsrannda
Lsﬁiﬂlwaﬂﬁgﬂ 3 ¥ia Ap (Cold gas efficiency: 1)
e $asims Inavesufmiomas 3 annz 130

Nm'/hr, 170 Nm'/hr 118% 210 Nm'/hr

Y v
® 53 IMIToUFBINAIN 3 AN

33.93 WannuUUSIa0IMIAdInmanT I UsT NI TNUR I TR
AmdunuuiiaeamuasiamansdmTsTUUNaE R aFIAFY 9219
wniiwesnauauliAvesingay Waste reject ﬁmm%u@'nc] 1 1¥i5msinazuuuaanes
1T 1§ U0819418 (Simple linear regression) 1a81%115un51 IMP 10 (SAS Institute Inc., Cary,

NC, USA)

A a J o a o o Y  Aany )
MIN1N 3.8 G?J}f]iJ”aWTﬂiJm@i"llfNu‘lJ‘]ﬁ]'lﬁE)\T]/]NﬂmGlﬁ'lﬁ@ﬁ’ﬁ']WiUi$ﬂﬂwa1ﬁﬂ1llﬂﬁ%7\llﬂ%u

a P 9 a A o
W51 05N 1% WITWEDINNIUY
wvAa g a wvAa (4] g a
1) ﬂmanumau%mwm 1) ﬂmﬁuumamﬂm%mm (CO,CH,, H))
A ] 451 1 1 9 (4] 49; a .
A9 AININUTU TEHIN 2) MANNITDUVDINAITDINAN (Calorific value: CV)
A A a [
10, 25, 40 % wt (wb) 3) Used@nsnmmswaaune (Cold gas efficiency: 1)

a d aa d' a a a' kY
3.3.9.4 MmsiaszhineatamelsziuuanNyauInaeNY0IITUD
a J aa A a A A

61uﬂ1i’3!ﬂ51$°ﬂ1/11\‘1ﬁt‘l@]lfﬁ@ﬂi%LNHNQW‘HﬁQLLDﬂ%@MﬂI@Qi%UUfﬂi i]gsl‘laf}

a o o w . . . 4 2
mi’JmﬂzﬂWJﬂ’iZﬂfJﬁJﬁmq‘l (Principle Component Analysis: PCA) Lﬁﬂﬁﬂ]&ﬂ‘v\mﬁﬂﬁﬂmﬁ
@ A [ @ o 4 = 1 9 [}
N3Z918AV0INAd1T Ao 51angu Tanzwiin oaa la uazaassu T lugdarey lTaun 1

% J [2J dil a :l = A 1 A 09.:
niin o9adszneunaas luuna¥ewas Wnde HagduUq (MIUNYUKIY) neluszuy

O  Aany o Y  Aany o a a Jd v o . .
UnaFaYY uazszuunaau N aFiiaguy Iﬂﬂ’}]‘ﬁﬂ"li?]ﬂi?%ﬁ@]?]ﬂi%ﬂ@ﬂﬁ”lﬂiyj (Principle



116

Component Analysis: PCA) 2219115053 XLSTAT (Version 2013.3.02, Addinsoft, France) ¥
I ax a 4 Aada 9 9 A 9 . .
WuAsmsuasizrneaaanten ¥ luaudiudaaaoy (Natarajan et. al, 1998; Manoli et al,
o [ a 4 TR 1]
2002, Saldarriaga, 2009) TaedoyadmsuldlumsTnsgnzutailu 2 gadaeiu fie 1) Aoy
a J a LY 1 = =1 U (4
HaZAAIITHNGANTIUNIINTEIBAVBINaas TugIa1e nTeumeusening ssuuune
Aany o ] W  Aan o A 9 Y o [ 1 I
FAFY pUTzVUNAI AR aFHingy Al¥ RDF-5 uaz lidy (Fad1umay 70:30 %wt) 10U
2
a a r'd a % 1 o (%
oInaaz 2) AnIAzINTIZHNOANTTNNITNTZIeRIveINaT Iugla1e iy

dy a . Aa Lﬂy 3 [ QY Aan o
1¥DINAN Waste reject nuanuFunuuilede lussouwarduunadingu
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4.1 HAMSIAIZHANTAVOUTOINGS

9

= o e = & A & A o o A
MIANBIANYUSNIMENIN Lazesnlsenoumualvesyoma Wudidinunee
a 1 dy a A 1 a [ Y  Aan ) Y
Use U UINFOINAIUANUH UL TUADMINAANGIIU 1AINTZUIUMTUNE TN IAFULINTIDY
~ = u’j 4 z:;d L] 49’ a oszl o 9 a [ a
iieala L!ﬁ%’ﬂﬂ'ﬂﬂ@ﬁﬂﬂi%ﬂ@ﬂ‘i/]ll@ifluL%@LWﬁQMHﬁ]%WTiﬁﬁ']iJ”ISﬂ’E)‘ﬁiJ”IEJﬁﬂ'Hﬂ!ZiJﬁWH

Q' 9 d' a d%l 9 1 (2 dgl
ﬁ'\‘llL’Jﬂﬁ@ll‘l/llﬂﬂalluulﬂ@EJNGB@‘IL%‘L!ZJWﬂGU‘Ll
= v g a
4.1.1 MIANEIANUAYILBDINAIVYE (RDF-5)

4.1.1.1 WaM3ANIENTAMINEANUVDIFRINAIVYZ (RDF-5)

dy a o 1 I o dy a =
Wemadverdaund (RDF-5) Wumsiiu¥emasves RDF-3 liueazidea

4 I 4 a 3 o [~ 1 4
Tael#n509 Hammer mill 1édudomasves RDF-4 naiunilddadluunalasldnses

.. . £ 14 dy a v ~ dy a
Pelletizing machine %992 lAIFoIMaIvez RDF-5 aquaadlugli Taodoindsves RDF-5
= d' c: = 9) 1 o d' dal =
vlvANANuTYD NYUA [FURIUGUINAIUATY 8 mm x 819 30-40 mm HAZANUFULA
= ' a 3 A = = o & a

Useua 14.32 % (wb) UANNHUIMUNGURAY 560 kg/m’ TasionlToumennuyomasvey
RDF-3 41a RDF-4 #a8anunu o) 213 kg/m’ 18 55 kg/m® awday dauanely

a =

~ = Y dy A A ) Y
MTNN 4.1 lﬁuulﬂqnslfﬂlwaqsllﬂg RDF-5 Nﬂmﬁﬂﬂﬁﬂ’mﬂ’]ﬂﬂ’]Wﬂ’nuﬂu’]gﬁmﬂﬂguqu'lalslﬂﬂu

F4

Y
WoINAe d1MSUIUIT819199991N9I1UAT0U Arjharn et al. (2012; 2013) a3131 vurauaz

§ - a A ) [ Y Aan o . .
mm%ummﬁmwawmmmnmmmznmmamﬂmmmmu Fixed-bed down draft gasifier

=

4 2
(VU9 100 kW) 1omasdoadvinalaglszuna 40 x 40 mm tazANusu 10Ny 15% (wb)

a 1

4 g g a a Aa A a 9] g a g a
111999 1NANUFUVDIFOINAINONTNAADUTLANTAINANITHAAUN AFOINAIVDITLUL LFDIWNA

v Y
WlanuFugezdinalilsz@ninmvesmsnanudaanns (Dogru, 2000; McKendry, 2002)



118

RDF-3
JUN 4.1 dnbaznanenIMYoUFRINGI8E RDF-3, RDF-4 1ag RDF-5

H Y
A13199 4.1 Nﬁﬂﬁﬁﬂ‘]&l'lﬁhﬁ@ﬁ/ﬂ\? ﬂ18ﬂ1WﬂJ®QL%’OLWﬁQﬂIEJ$

Mines RDF-3 RDF-4 RDF-5
mm%yu (%) 14.32 +1.32 1432+1.32 1432+1.32
ANUHUWUY (kg/m') 113 +2.11 55+1.01 560 +2.67
nademadlaomis (mm x mm) 60-200 10-40 ) 8 mm x L 30-40
94A152NOY (Yowt) WAAAN 96+1.10%, NTLATHLALOUNI TAT 440.50%,

NINBIME ; IFDINAIVEZNI RDF-3, RDF-4 11a2 RDF-5

Y E4 Y

@ a a a 4
MIUHINNDITU AVUNINYDUTFOINAIVEL RDF-5 1ag0 1909010 2UN
2 v
WIATFIUAIND (ASTM standards E856-83, 2006) Wi w¥soimnasvee RDF-5 Miunldluauide
4 < Y ~ v g 1 o
1 Wuldamanassvveasemasvezsziann 5 w3e Densified (d-RDF) Aotfuves i
[ Y [ 1 = 4 [ A 9 v
Aunszuaums Tieglugmssauns uazliosdsznouvesiaaiivn niinnnii 95%
ll a3 ) @ O Aan M 3 wva
619 150a dmSunszurumsunasiinduiu auauianianienmaiu

= 9 v Y

] dil a I A o A a (2 dy A
ﬂ'ﬂiﬁ’iuTLL‘L!‘L!‘lJi’NL“B’E]L‘WﬁQLTJH’E)ﬂ{Ii]i]le?Jﬂ’ﬂiJﬁ”lﬂiyJ mﬂmsmﬂuﬂm%mwm“luMumm

1 9 Y
=2 [ a

. qaj Aaan A Aa K a A dy dlt: [} g dy a o
Reduction W1 Unseninavuazaielavunugungil tagNunmdudave usemainuns
o 9 dy A Aa ] ° ] v 1 g a I o YA Aa
FUANUI DU HFIINAINUANUHUMUUA ¥9991952 1 NUFomann Huwnairlviloendgiau

] -4 a < [ I aan { o

Tnarudn 1 luszvunniu mamsgn Indsras ludnsaznu I duraldd§nserin

Y a [ dy a 9 9 1 9 A A A o 19 dy a A
InaunasamaaiosanliUdqe danalilszansnmuosszuuiiand uaa uFamasivuin
I A A ] a 9 Yy A [ Y ' Y
an wselanuruivguanll szldnarlumsgn Indd Tveeidvernmialvaruiion
o Y a = 1Y = 9 9 o 1 o alay A Y]
Mmlinamsgaasnnuaumelumiuin 3dedlsiaaugavialvyilvdunlasanasanu

WINBITY (Barp, 1988; McKendry, 2002)
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[ a [
ﬂ?ﬂNﬂﬂWiﬁﬂH"l"U@Q %5“]58 1NN LAasAUE (2553) NITIAUISUUUN T
Aan o . . QIdy a = Y A v '
FWATUIDY Fixed-bed down draft gasifier IaelH¥oinasvee RDF-5 39 14AT090AUMUY
. . . 4 dy a A = dy
(Briquetting machine) HUFDLNAINUYUIA @ 45 mm x 45-50 mm. YAANULU 11.30 % (wb)
1 3 ' a 1 = A Y ' Y
AUV UILUU 430 kg/m WU'J'IﬂWﬁLﬂHﬁZ‘UUUlNNﬂ'J']lJLﬁﬂfﬁ Lummﬂm’imﬂmmmmuiu
a M 1w R A c?z' zﬂy a S a I [ v A Yo
Lﬁ’lﬂaﬂﬁﬂ!llllﬂjﬂ\i DNNUYDINAIVYIL RDF-5 Nﬁ?uWﬁﬁJﬂl@ﬂWﬁ'lﬁﬁﬂHJUﬁ'JuGlﬁiUu lll@llﬂﬁ‘ﬂ
% Aa o a 1 a o a
mm%’au%waaumuazmﬁm@lﬂﬂu TJﬂslf@\iﬂ1\1ﬂ1§ul1’iﬁsll@Q@Wﬂ']ﬁﬂ'lﬂclum'lﬂ;]ﬂﬁm N1IAU
VA o & a A a Y ) o
IEVUADIUBDIYN ﬂﬂ!ﬂ']well@\ulﬂﬁﬂfﬂlwa\‘]ﬂWﬁ@]llﬂ HUAINIUIDUAN
Ao e Y= A Y o w v & Aa
1u@1u3%&1umulﬂﬁﬂy”|LWE)aﬂ‘u’amﬂmlmmiclm%emm%z RDF-5 Glu
& an o a 1 o Ai’ Aa 9 I~ o 1 o .
fl'gﬂﬂllﬂﬁ“]f‘l/\llﬂ"]fu Iﬂﬂﬁllll@ﬁ’lu')’l mimwmwaﬂumlﬂuﬁﬂﬁ’mwamGluamslmz Blendlng
o 9 Y  Aany o a 9 1 =1 A 4%‘ A dy a 9
fuel fl]gﬂ’lclﬂigﬂﬂllﬂﬁ‘;HWLﬂGﬁu f’fm1’5amullﬂeEJNLmeJimwmmeu Lu'ﬁ]ﬁﬂ’lﬂ!“]f@l,wa\?llﬂ
(] A dy ~ ] 1 1 dy a a o 9 1 9 =) 3 Y
GH')EJLWIJWHWLL@%%@Q'J’]\?§$W31QL%@LWEN1“&@]1ﬂﬂﬂﬁm GlWﬂ’]fl’ﬂ’lfJLWﬂ')’lllﬁf]u l!ﬁg'ﬂﬂ‘ﬂ\illllll
(% 1 4 @ . &£ g ! o A dy a Aa 4 @
ﬁﬂﬁ?uﬂ]ﬁ]\iﬂ’lﬁﬂﬁ]Uﬂ\‘lﬁ'JQ'Q (leed carbon) Gml,ﬂuﬁ’mmﬂiy o LT@LW@QWN?]’WU@U?N@]'J@Q
A [ 9 9 A 4 A va g 1 4 &
LN@N’]Uﬂigﬂjuﬂ'lilW'lll‘ﬂiJ L!,aDi]:1‘HaQ!,'Haamiuauwuﬂmﬁuumﬂumuﬂfﬁ (char) GlNGlu
W  Aan o a 4 [ 4
5$°UUﬂizuaummﬂﬁ%v\lLﬂ%uslmmﬂ;]ﬂim Fixed-bed downdraft gasiﬁer DIUBITISTAINITD
A [ Y = 1 a 9 dy a 9 a a 4
ma’aumaﬂmw iNWU?Tﬂ’lﬁlﬂhﬁg'ﬂUI@EJGI,%L‘K@!W'QQU]JNFﬂgﬁ']ll'lﬂ!ﬂui%ﬂ'ﬂiﬂﬂlﬁ’lﬂaﬂim
dy Y
uuvillaa
Y v
HEAANENHAULNNNIININVDUTBING 10199 9317 4.2 Tasgaauiiania
Y Y
NENINYDUFOINGY RDF-5 Iflgmatdady (WC) isoimasneay RDFS/WC  (50/50)  1az
dy Aa @ ~ B <3 Y ay a o Y
1EDIWAINE N RDFS/WC (70/30) LEAIAIN1519N 4.2 "]Nl,ﬁuhlﬂ'n LRI GEUS RINNIGN ﬂ?iﬁﬂ'ﬂll

1 Ay a P2
wmuuummwmwamﬂaﬂﬂ

H F4
3NN 4.2 Nﬁﬂﬁﬁﬂ‘hﬂﬁ‘hﬁaﬂmﬁ ﬂ18ﬂ1WGUENL°]dff]LW5\1

WA
madines RDF-5/WC
RDF-5 wWC RDF5/WC(70/30)
(50/50)

ANUHU MUY (kg/m’) 560 + 1.15 2254125 392 +1.35 459 + 1.50
VU9 (mm x mm) (P8 mmxL30-40 | 25x30 - -
—T (wb) ar" 1432 £0.95 12.11 £ 1.21 13.21 + 1.04 13.66 + 1.17
AT (wb) ad” 8.21+1.50 834 +1.11 827 +1.42 8.25 + 1.48

vaowia ;" ar (% MC as received)

@ ad (% MC as air dry basis)
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RDF-5/WC (50/50) RDF5/WC(70/30))

1 Y
JUN 42 ANHUTNNMENNVBUFTDINAIANN )

100 20
wC -
80T + 15 8

—~ <

X 60 + §
g ; + 10 %
2“7 i g
“\ij7 + 5 B
20 = —> g

0 st — e 0

100 — 20
RDF-5 o
80 + <« 1 15 g
<60 + Y z
=T g
i <+ 8
20 T I g

0 } ............ } e ‘F } 0

200 300 400 500 600 700

Temperature (°C)

A a L4 dy a 9 o g a
sUn 4.3 WaNMITUAITITH TGA ‘ll@x‘]L%’f]LWﬁQllﬂJﬁiJ UAgIBDINadvee RDF-5

RU
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1) M3ANHINILRLAAEMIANN3U (TGA) VIFRINAI WC
= ] 9 yJga a 4
ﬂ15ﬁﬂH1ﬂ']ﬁfJfJfJﬁﬁ"lfJ“Vl'Nﬂ'?ﬂllﬁf)L!i‘])")‘ﬁﬂ?ﬁ')!’ﬂﬁW%ﬁLL‘UU
3 ' g’ @ . Y
Thermogravimetric Analysis (TGA) WUNISHEAIA1 N15aAaIV0HININ (%Weight) Az 31
oy o . 2 A 49/ a 9 a % o A =
N1TAAUIUN (%/min) muﬁmiu ETJ‘V] 4.3 Iﬂﬂl‘])”t’JLWﬁ\illﬂJﬁlJﬂ'la‘]JﬂﬁﬁU 130 WC UNITLADN

Y 1 1 A A A a & o A
AAWNWNANUIDU 2 BN Iﬂﬂsb"NVI 1 ﬂaﬂquﬂmﬂizmm 200-294 °C FuJuUnN1saalsnIie

U
=

9 ]
lasuanudeuvesdisnquelag Taa Tasvzlimsguydetiminidszuna 17% uwazsei 2

QU o

E4
]

o A a = S @ I @
%gﬁQWﬂﬂﬂﬂQﬂlﬁQNﬂizuqm 385°C Iﬂﬂ%gmﬂqﬁqmu!ﬁﬂu']ﬁuﬂﬂﬁgu']ﬂ! 55 % LﬂUﬂ13ﬁﬁ18ﬂ3
A Yo 9 ' o YR Ao ] - A
HJ@"lﬂﬁﬂﬂj']llﬁ'ﬂuallﬂﬂﬁ'ﬁﬂﬁj‘ﬂl“ﬁaQiﬁﬁ' FIUITUFNNUNITUANTAWYNNANYIDUNINNG A 7D

3’ v A { a & & ] J
ﬂ533J1m 70% ﬂJ@QuWWUﬂﬁNngU I@ﬂWUﬁQﬂ!WQN 410 °C Gﬁ\uﬂu%'ﬂ\‘l"U'E]\?ﬂ’lﬁﬁﬁ’]ﬂ"]]@\iﬁ’lﬁﬂ@ll
a a I 1 & 3 @ 9y 9 a (v
aﬂuullagﬂa’lﬂﬁﬂ'w\llﬂuﬂ'lu Gﬁ\uﬂuaﬂymgﬂlE]\Tﬂ’]i!!;@ﬂﬁﬁ’lﬂﬂ’l\iﬂ'ﬂﬂiﬂu"U'ﬂ\?hlllf‘..lﬂ'laﬂmﬁ

Ay v Yy o = ) S 2 A
Waﬂllﬂu’ﬁ@ﬂﬂa@\iﬂﬂﬂ'ﬁﬁﬂy']‘VIWTHII'] (Barneto et al., 2010, 2011) 91AUUDILUNISINY

a 2 < J g} o 1 = A 1w
Qﬂ!ﬂ{]llﬁ\iﬂ\i 500-600 °C ﬂ‘W‘]J’JTL!TVi‘L!ﬂﬂl@ﬂﬁ1illmhﬂ1ilﬂﬁﬂuuﬂaﬂ Iﬂﬂﬂ\i‘m‘ﬂﬁ]ll 20%

U

o %

{ a a J.
u’lﬂuﬂﬁﬂaﬂ!ﬁa@@ﬂuLlﬁﬂflﬂﬁﬁﬂuﬂlﬂuﬁ’lﬁ“ﬂﬁa’lﬂ@ﬂqﬂﬂ'lﬂ NYUNYUYAULA Zﬁ'ﬁﬂuuﬂ%ﬂﬁ

v
1 A

adludomasld (@eandeadual % A15UaUAIG) LA %I filAn ~ 17.19% uag ~ 2.74%

u

adey uaad 13 luasan 4.3)
2) MsANYIMILREAAIEMINNNTOU (TGA) VOUFRINAIVEZ RDF-5
9
) [ a <3 1 ]
15U 1¥RINAIVEE RDF-5 NI IMSUANTa18NIaANNTou 2 %29
] Y] [ 1 <3 [ b [ 1 [ 1 Y]
ruReIN tazuenINnuedawiL laFanumn FudasnimsHauiuszrdedag 2 nquyan
Yy v A 2 a J a A dy a
laun 1 nguwaniillumsieiivag Taa uazaag lad 1Az 2) NYUWAIAN LHBINNIFOINGS

~ J a  d [ ~ a A do
Yy RDF-5 NUosnalsznevvosnaraanduvan (~95 %wt) HASHIAENISATHLASDUNTYING
v

1 = =) o Y

3 I J [ Y { a0
ﬂluqﬂlaﬂlﬂanﬂﬂjsﬂ@U§@Q(~5 %owt) ﬁ1W5U1u%3QLL§ﬂﬁQmﬁgﬂJﬁ1 TUMITFUTIUINUN

Uszuar 40% mmmaammmmn%’amzﬁuﬁuﬁQmwgﬁﬂs:mm 200 °C 1azdegALeAi
Y

a o [ @ { 9 {
QNN 395 °C cmamw dﬁamé’amummwmﬂﬁmammmﬂﬁLﬂu"lﬁ ANSVFNNAD9

q

T
Jugian ﬂWi!mﬂfffﬁ1ﬂVﬂﬂﬂ’Nlﬁ’E]’L!iﬂﬂ‘ﬂﬁﬂ ‘ﬂ’é)‘l]i gUIU 60% "Umumumimu 'W‘U“I/I

o—

UNANYIN 400-420 °C mmmummLﬂumiﬂ@aﬁmwmwmaﬁﬂ (Dalai et al., 2009)

Q U

wmmﬂuuwum ’Lﬂ“ﬁuﬂﬂ 11?11?]\1‘1/]‘]Ji U 20% L!JJ’NmeWﬂ 129D \1

U U

a

600 °C uamﬁﬁaumﬂumwaamﬁahlﬂmﬂmmwnumuazaﬁumamﬂuwmwm RDF-5

U

J @
(% MTUDUAINT LAY %Lﬁ'] A1~ 8.3% taE ~ 10.15% AUAIAY Llﬁﬂ\‘]llﬁslu@'ﬁ']\iﬂ 4.3) Wa

v Y
&t apande R UMIANEARILL (Dalai et al., 2009; Galvagno et al., 2009) fittaaa ¥t

a

Y ! A YA Ao
RDF-5 Usznou lidrwdrundosaars languugildwazgumngiye

U
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4.1.1.2 wamsAnaNTAMIUANv2ABINAS
msAnEITNITANINATUUYINAIVEL RDE-5 WC RDE-5/WC  (50/50)
ay RDF-5'WC  (70/30) Ysznoulidae arnudeou osddseneuuuvilssuia uay

4 a [ A a a Yo dy
’eNﬂ‘IJi%ﬂﬂ‘ULL‘U‘ULLfJﬂ‘]J'ﬁﬂﬂl‘mﬂ aataaaluy m15199 4.3 L!.ﬂ%f’)‘ﬁ‘U'IEJNﬁ”JLﬂ'i'lgﬁllﬂﬂ\‘lﬁﬂvlﬂu

d' = wva Y 4 =1 dy a
MINN 4.3 HaMsANEIaNLAN LAY NOUMUANUBUTOING

a 4
WaUAIIEH
319MT ‘WﬁWﬁL(ﬂﬂﬁd RDF-5 RDF-5
RDF-5 wC
/WC(50/50) /WC(70/30)
manudou (Mikg) ar”’ 2247+1.12 15.53+1.89 19.01 = 1.45 2038+ 1.35
aufilszneu anuanug (MIkg) ad” 2491+ 1.45 1635+ 1.56 20.63 + 1.72 2234+ 1.85
wuuilsznm AITLNY (Wi%, db)” 81.57 +2.45 80.17 +2.57 80.87 + 1.92 81.15+ 1.87
(W%, db) MIVOUA (Wt%, db) 8.3+ 1.41 17.19 + 1.41 12.74 + 1.41 10.96 + 1.41
181 (wt%, db) 10.15 +0.01 2.74+0.01 6.44+0.01 7.92+0.01
M3V (C) 5520 +2.11 49.93 + 1.41 52.57 +£2.05 53.62+2.11
, laTasou (1) 8.76 £0.12 8.05 +0.23 8.41£0.25 8.55+0.25
onlsznou
TuTlasiou (V) 0.71 +0.01 0.52+0.01 0.62+0.02 0.66 = 0.04
LUVLYNTA » >
a3 (S) 0.77%0.03 0.09 = 0.02 0.43 £0.02 0.57+0.03
(Wt%, db) =
0ONFIU (O) 2441+ 0.11 38.67+0.22 31.53£0.24 28.21%0.27
Generic formula CH, 45045, CH, ,,0,, CH, ,,0, ., CH, 4,040
519 Tanzin ozgiitiioy (Al) 5.054 +0.30 1.056 = 0.02 3.055+0.15 3.855+0.13
sndaa unaLFon (Ca) 33.335+0.30 4.838 +0.20 19.086 + 0.50 24.786 + 0.50
TI9AABTY TsuamFon (K) 3.195+0.21 6.596 = 0.01 4.896 +0.01 4216 +0.01
(g/kg, db) Tasi@en (Na) ND'" 2.170 +0.05 1.085 +0.02 0.651 +0.02
wundliFon (Mg) ND 1.210 +0.03 0.605 +0.02 0.363 +0.02
Woawesd (P) 2.985+0.12 0.959 = 0.02 1.972+0.21 2.377+0.20
Fanou (Si) 23.966 = 1.20 7.196 £0.52 15.581 £2.25 18.935+1.25
Tmidion (i) 4,505 +0.22 1.546 +0.04 3.026 £0.11 3.618+0.11
MAn (Fe) 18.708 = 1.35 ND 9.354+1.35 13.095 = 1.43
Tasifiew (Cr) 0.130 + 0.02 ND 0.065+0.02 0.091 + 0.00
1lson (Hg) 0.131 +£0.03 ND 0.066 + 0.01 0.092 +0.01
Hunna (Ni) 0.333 £ 0.01 ND 0.166 % 0.05 0.233 +£0.04
A¥m (Pb) 0.139 +0.02 0.040 + 0.01 0.089 + 0.01 0.109 + 0.03
uaaulion (Cd) 0.003  0.00 ND 0.002  0.00 0.002 + 0.00
N99UAT (Cu) 0.325+0.01 ND 0.162+0.04 0.227 +0.03
139MHd (Mn) 0.383 +0.02 0.680 + 0.01 0.532 £ 0.05 0.472 £ 0.05
daned (Zn) 0.753 £0.02 ND 0.376 +0.02 0.527 +0.03
Tuseu (Br) 0.023 = 0.00 ND 0.011 +0.00 0.016 = 0.00
AARIU (CI) 6.915 +0.51 1355 +0.24 4.135 +£0.41 5247 +0.45

vimewie : " ar (% MC as received)

)

ad (% MC as air dry basis)

@ db (% as dry basis)

“ND (Not detected) (Limit of Detection =5 ppm or 5 mg/g)
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Jd
1) aandszneuuuulszuias (Proximate Value)
= 4 dy a [
NaN15ANEI109As R VLLVYSE IV VO UFDINDIVEL RDE-5 AdLLEAd
d‘ 1 Ay a =\ wad'd 1 zﬂ' = [ Y zﬂy a Y Y 1
Tu @1519% 4.3 WU ¥eIWas RDF-5  Unaautananiuilomeuminudomas ldaiua
waeu Taediainnudon (LHY) uazdSuaesszmegandn Ap 22.47 Mlkg uag 81.57 %
o w A = ~ [ dy a Sh:'d 1w o w oﬂj dy 1
ARy WerSsumeunuwemas [Nl (mMiny 15.53 MI/kg 1ag 80.17% Aua1ay 119t A
9 A 1 dy o A dy a = a I 4 o
ANNTBUNYINNH dWioNMFBINAIVsz INa1adni]ueaAsznouran (Narukawa et
al., 1996; Piao et al., 2000; Caputo et al., 2002; Diaz et al., 2006).
1 9 dy a Y < ' a Y Ay g
MmaNuTouveuFamae uaaalmriuilSunaanudeunldannsen
Y A 9 ~ ' 9 o q U ' 9 Ao o
lnd nFenasauidaatdesoonuvazienlud azgnih lmiuuvasnnudoundiaglums
a aan =1 a 9] dy a o Y 4 A d Y v
malnsegamailuardaaunsdomas naziliesddseneundumsszmelasuanu

v A9

9 { I 2] g a ] I g a 9 4 a
Founlasuglliduunayemas ed1elsnAemasvey RDF-5 Galidedns oanindsua

9 A 4 = = Y - a I gy 4 a A 9 o Y a
BN (<10.15%) WenlFovisunuaemas 1 ( ~2.74%) NetiFormdaniiiigeazi liian

4 4
v =K

1 9 (] d’ 9 o =2 Y Y o 1 =1 ] []
F2UVADUTI9G0N (HRI NIt INsANd 1000 1 UM Az tonssTums 1z laj
o o A ' a o o 3 I
awsniudwenanszuy Idiu idnazaneglualjnsel szvasudaiudeunateiuid
A v W I 9 1 a [} (2% A A
vaouy (slag) enasuituanwiludeonvuialvaazilavesnianms lvavesund vieh
~ 1 < =& 1 Aa [ Y .
Fon 1132 DU gnUAen (block) vz Iuamnsoduszuuae 1114 (Arjham etal., 2013)
Y Y v
FmTu¥eInaenaNsz1ii1e RDF-5 uay iomnds lidu Adaaiuaien
[ { I~ 1 g a 1 ] a
fam3199 4.3 uaaalFiFiuT MInauFonad (Blending fuel) 3 iaiusisandSinandiasld
% o w { [ a )  an o'/
Feazannsoud luilywazdedinamneaduilynudvaonlumsi@ussuuunadinduld
S & A dy a 9 = A o ! 4 @ =
onilszmsniieae Womas Il ¥ie WC dad1uv03m s oUAIAIga (~ 17.19%) FIN1SHew
& a o 4 A o J o . Y 2 a A
oA umsiydaaIuveIA15 VO UAIAIGY (Fixed carbon) 1 gaUUINAY AD RDF-5
[ 1 4 Y] 1Y [ 4 [
(@ATIUMTVOUAIAT ~ 8.3%), RDF-5/WC (50/50) (AAa@IUMSUOUAIAD ~ 12.74 %) LA
o 1 4 Y] A 45/ A Aa 4 @ A ]
RDF-5/WC (70/30) (7AeIUAITUBUAIAT ~ 10.96%) 1BIFDINAINNAITUDUAIAIFI 1HBHIY
Yy v A s A A va ' P &
nszuaumMaE lud udrvznaunaeasvountguantiaiuo1ums (char) Feluszoy
)  Aan q'.: a 4 . . 1 4 4
nszuIuMsunagilndulumlfnsal Fixed-bed downdraft gasifier 01U%1592 @115 01AADU
o Y a Y A 4 2
faaldde szanunsaduszuy ldadesungavy
Jd =
2) asniszneunuunenSinasig (Ultimate value)
Y
HANIAATIZH IR 1/TZ A VUUVUEN TN VDUFOINA V8L RDF-5 WU
a A 4 1 dy a 9 £ 9 [ a 4
HlSumsigmsvou nazsig lalasnuganan iyomas il FedoandosnunanIs A1z

J A ' dy a = a of J [ = a
p9nlsenaunuulssum Luﬁ)ﬂﬂ'lﬂ')'lﬁf’é]!,W'ﬁ\‘]"llﬂzﬁJWﬁWﬁﬁﬂlﬂu@ﬁﬂﬂigﬂﬂﬂﬂaﬂ BIWATAN
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1 [l 4 J I 1% { { I 2]
daulvg Aeens laTasmsvou msveuuas lalasnuiusiguaniszgnasuldidlunne
dy a aaa =1 )  Aany q'.: .
womad lasgnsegamiall lunszuiumsunadilingu (Caputo et al., 2002; Diaz et al., 2006).
' I dy a = o 4 ' dy a 9
2619 15N@ 1WeIm@sve RDF-5 isigdalesge niusemasll we
1A Y1 A (A c; =) = (Y 1 a a a o o (%
uane I NHsuadn winSeufeunuauiuigiueg (~ 0.7 - 4.0 %wo) dMSuRans
a o o zﬂy a dy I A A
e lavieniin luyoinasves RDF-5 wunisiuileuman (Fe) ganga Av 18.708 gkg
F4 4
Y a v v o o 4
91 ¥11ND1BIMUMITIABUAY 20 F1TOUATIAINBIANT The Agency for Toxic Substances
and Disease Registry (ATSDR, 2003a, 2003b, 2003c, 2005) (8UAUN 1 As, DBUALTN 2 Pb, OUAL
v A v o A Pl dy a = v W
AuN 3 Hguazouauh 7 cd) agllai @omaswez RDF-5 §Tanzmiinduasie awsiens
a A A oazj dy 3 1T A A dy ~ <} Y 1 u’j S 9
3 yUaA® AB Pb Hg tay Cd Metmunilsmamstudleumesudntosmniivuazin oy
[ b

nMAIATgIUININY Isdimuad s uidomas RDF (A11a5514 RDF v09g151 Cr < 0.2
g/kg, Hg < 0.002 g/kg, Pb < 0.02 g/kg, Cd < 0.01 ttag Cl < 50 g/kg) (Nithikul et al., 2011)

o & Sy A a

nefl manfSoufeunuuasgiuveusemacvezvelszine ne Tag
Yy Aa v A 9/:3 a I dy a a A
PNDININITIUYRINGY T5301Ugad NI s NN TdFamasvezudomainaununodsa Ao

a o a o a 4 o w
U3HN SCleco Services Co., Ltd nelausEmijudiuua Ing $109 (un1au) (SIAM CEMENT
a o A A = o w A < Y dy a
GROUP) uazu3tn f#idile Inau $19a (TPIPL) @15190 4.4 11iu' 1@ 1%01na9v8e RDF-5
I 4 ' Aa v A d @ a =
Wuldamunasiuiasgiu Taewulsua Tavgwiinnilusuasie uaz Usuusianaeiu
laiRuminivua
[l o g a 1
TudIuv9909AY T2 NO VUV UINTIAVOUFDINAINAUTZH I

I

Y 1 v Y
RDF-5 uag toma 1 du Ndaaiuaien (m15199 4.3) Tasldnsinamudaa i uaag

a [

< 1 g a g a A 4 =
Tin a1 msweaurenas (Blending fuel) Tnalagomasld dndsuadanles aaesu uay

o 1 o o @ A ' a g A
Tawzwuﬂmm A1 llH‘l]u@]’)NﬁlJi]giJ’d’JuG]S'JEJGluﬂ'I‘iﬁﬂﬂ'ﬂML%M%HW@Q?H??J@WHGIULGAB@LWQ\1

' v
va A A [ 2

1 I Y
Fanoludaniliuesitmsdfiia fdeuldiui ldumsdamademasazeraluilegiulu

IiN"ILlQG]ﬁﬁ’iﬂiill
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1 Y
MINN 44 mmgmmmﬁmwawazﬂizm‘n 3 (RDF-3) $1994910 SCleco Services Co., Ltd

o SCleco Services usEn fiile Twau RDF-3 ¥

AUAULN

: Co.,Ltd 31n@ (TPIPL) 1ay RDF-5"
Manuiou (Kealkg) > 4,500 >3, 500 > 5,000
Manuiou (Mikg) > 18,700 > 14,500 22,470
A (Wt%, wb) ar' <20 % <35% 14.32
AQDIU (C1) <1% <0.5% 0.691
Falos (S) <1% - 0.774
USuaTaneniin ¥ <1% - 0.222
% 19 ! 15 10.15

nwnawa: " ar (% MC as received)

) = ao A
wamsane luauiten

3) 2 o = ' o A ﬂ o
ﬂﬁn1m1aﬁ$ﬁuﬂ NUIYDI NATIN % wt mﬂﬁﬂquiaﬁzﬂuﬂﬂl UHTOUANTIY

ng dy a [ 9J a O Aan o'/ [V

natlunszurumanaandsaulaglsma Tuladunadindgu Igansveslane
Wﬁﬂﬁ’)ﬂ1ﬁﬂjﬂ$@é1ﬂl51 (Marrero et al., 2004; Vervaeke et al., 2005; Kwak et al., 2006) ”Tg]fﬁ/ﬂﬁ
Y] 4 1 <3 Y 1 1 1 v o =
Falasozegluzll So, (anee) uazeglugll H,S v1vdIU dIUVRIIRTNIVBIAALTU 92N

= 4 g// dy Y a d? Qo’ a
Lﬂﬁﬂuﬂﬁﬂﬂigﬂﬂﬂﬂlugﬂﬂlﬂﬂﬁ1§ HCI 1/]\1‘Ll?i1ﬂhluﬂﬁ8‘U'ZIL!fniLNTUlWNLﬂﬂﬂJuﬂﬂ!QN@nﬁ]&ﬂﬂ

q

] ]
=1

J v g a a A Aaa A a J
ﬂ”l'iWﬂi‘JJﬁ’Jl‘ﬂuﬁﬁnlﬂi’)ﬂﬂ%u ﬂ”ISﬂ’JTJﬂiJﬂﬁ!,ﬂﬂllﬂﬂ’e]ﬂ“]fuﬂﬂﬂq’ﬂ A9 NTININYUNHUFINI

q

VoA I i i a 1
850 °C Taemwizednsoan uiluaisiiinsduilou azdealdgunigil gand 1,000 °C (Malkow,

2003)

4
=

& aov < ° a v yq ¥ a 9 ~
Gﬂﬁiuﬁ?uﬂﬁ]ﬂu Lﬂuﬂ?‘iu’lWﬁ’lﬁiﬂ!ﬂNﬂﬁ’llﬁ@uN11%1ﬁlﬂﬂﬂ1ﬂw1hlﬂllsllﬁl$1ﬂ

1 @ 2]

QuUHNFITIWAUNTZVIUM ST AT Famniszilumungufuazd199emuauiden
] ddyl 1 a Y <= 2 o @ A
A na TuTagtissaanmsianassuainy 188 aziiludnuuimaniavesmssidavez ian
1 a A Y Y 9 :JI dy = o v 9
Pgmimsianddeswansdunadonlddosas Malisrwaunanmsiny gnivaueluiide

MIUTziuLaNyFUIAAOUUDITLUY
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4.1.2 msanmaniAvesyarloaridena (Waste reject)

4.1.2.1 wamsﬁmgmaﬁﬂixnammgadaﬂmﬁaﬁa (Waste reject)
yarlovido (Waste reject) ﬁamymﬂzy,avlameﬂﬂﬁxmuﬂﬁﬁ'mmﬂﬂifuwé’q
voeszuuthiavez @835 MsuuwFanatazdinim (MBT, Mechanical and Biological Waste
Treatment) W94AUILNOUNAINNAIY 01N IHHWAAAN AHATLAY LABAN 819/174 ey Tane

a A d A [ A
IWHOUUNTY 199 AT NN 4.5 uaxmuﬁﬂﬂu g‘ﬂ‘ﬂ 4.4

A J 1 A Qy .
MINN 4.5 @\‘]ﬂ‘ﬂi%ﬂ’ﬂ‘ﬂﬁNﬂluﬂgjﬁvjﬂﬂmt‘lﬂﬂﬂ (Waste reject)

paR1lsznell daaIu (Wt%) NUBLTTE)
IEWaaAn (HDPE, LDPE, PE, PET, PS) 68.76 £ 2.11 e Ind 18
IAENTEANY / IAEENA / 1ryineu 13.21+0.15 wn Tt 18
1A 2.99+0.25 wn Indlla
IABENY 1119 2444012 wn Tt 18
ey lfunadn 2.36+0.35 wn Tl 18
wpozgiiionosn 732+1.15 ' Ingd T 14
ey Tany (ade, Faned) 1.41 +0.24 i ndl a8
IAHAY NTIA U 1.10+0.12 wn Tt 114
IALAD 0.41 % 0.04 i Tt 118

100 30
O
- 80 -+ B g

°\° €

= 60 20 §
= aa
540 + =3
B - 10 ™
20 + &
B E
0 fpesatt I- .......... :-' %ee } } 0 E,

200 300 400 500 600 700
Temperature (°C)

ANHULNINYNN Thermogravimetric Analysis (TGA)

{ o Qy a 4
JU 44 dnwaznemenmuoyareuiaona (Waste reject) AZWaIATIEH TGA
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k4 4

WwelienlTeufioununauinInTgIuues ASTM  standards  E856-83

' 1o I 4 a [ 1 { ° 1
(2006) W11 Waste reject  Midaduiuisomasve: (daaduiiw Inil1adina1 95%wt

S A

4 S J (IR J dy a
penlsgnouvanvale uag Teduniddziu) vaz luimunaiuasgrusenasves lu

Yy a A

Uszma Ineluilagiiuguiu (81989010 M15190 4.4) Aena1? Waste reject d9dnagniinlal

sdalugriuziifluvezyadesligadesamundninmsdelyd  ed1elsnamiula

U

s ' ’ . v ~ I Y & a
pensznoudIulvniues Waste reject tiludaaiamnsow Ind 18 Wunai@n 69% se9a9un
A =2 A Y A ° o w ) A o o
Aonszay 13% Jeluun Tdufvzaunsmhwnsidaniugiumskaanasan 1

4.1.2.2 MsfAnIMIdesaalan1anNNIou (TGA) Yo Waste reject

o o 1 Y ya a L4
ﬁTVifl'Ufﬂiﬁﬂ‘ﬂ'lﬂ'liﬂ@flﬁﬂ'lﬂ‘ﬂ?\‘lﬂ’)'lll5@”%81%3%ﬂ153lﬂ513ﬂl&ﬂﬂ

Y Y

Thermogravimetric Analysis (TGA) LaZUAAIAINAVDINTAAUIHUNLAZOATINITAANIHIN

Y

@ 1 [ A 1 1 o LY 1 9 v :
UBIAIDYNN (muﬁmiugﬂw 4.4) WuN ﬁmqmimawmumun 2 BINAWNU Gdﬁﬁllﬁ@ﬁﬁ\iﬂ1i
[ 1 (% 1 (% 1 1 1 a 9 [
HEUAUTENI9TAR 2 ngunan 1dun nquwanivag laduaznguwaidan (Hanuadieny

Y v v Y
IRINAIYE RDF-5) 415y ugiusniguugiia azlimsgapdesiminiszunm 30% ns

' '
= a =

9 A A {
LN’]ﬂﬁa’lﬂﬂ’lﬂﬂﬁ’lhi@uﬂgﬁuéjuﬂ mW@}Jﬂigﬂﬂm 200 °C !Lagﬁﬂﬂﬂﬂ@ﬂﬁﬂmﬁﬂﬂ 275 °C %3

Q Q U

1]
Y o o ' = ]

Qdy Y ' @ { o o A
Qmwguuﬁamé’mw%wmmmamﬂmmmaﬁgﬂﬂu ﬁTHTlJﬂfﬂﬁﬂﬁflﬁlﬂuﬂﬂﬁﬂhﬂ'lill@ﬂ

v 14 v v
aaeneanuseunIniiga Aoiszua 50% vouihminsudu nuNgurnise 350-460 °C

U
4 Y

] dyd 1 A [ a 1% o J o @

°])"J\‘1'L!L°]J‘Llalf'N‘ﬂ!ﬂuﬂWiﬂ@ﬂﬁﬁWﬂﬂl@ﬁWﬁWﬁ@ﬂ (Dalai et al., 2009) ¥ UUNUI UIHUNUDY
[} 1 . S d‘d‘ Y a = a oy 9 d‘
fI981N Waste reject UAIAINT 20% LLN?WQQAWQN%ZQQ‘QQ 600 °C ﬂﬁﬂ?ﬂﬂ]ﬂ\iﬂTﬂUﬂV]

A |d91 = ' A g a adaa ' . A Sde 9 o
waqmaaaguuﬁmmmumﬂumiauumwmgiu Waste reject Nﬁﬂqﬂuﬁﬂﬂﬂﬁ@\‘]ﬂﬂ
= A . ~ Y J A
NMIANHINNIUNT (Dalai et al., 2009; Galvagno et al., 2009) Nuaaaldiifind RDF W30 Waste

. 4 v =3 ya Ao a
reject 1sznou ldredmndesanis ldngungiiduazgurgiig

QU U

=2 %

HaMsANEIUANTANIINIENW nuUlsza uazuuuuensig agyl 13l

d' o [ A a Y . d‘d 49) d' dgj 1 YA
113190 4.6 ﬁ”l‘l/iSﬂﬂmﬁﬁ\l‘]_l@]TINﬂWﬂTW’O‘ﬁ“]JTEJ]lﬂ’N Waste reject NUANUFUNNUVUAINA TN

Pl
=

AANUUUU UG
4.1.2.3 wamsanvgaauiamuniivesyaroamaofia (Waste reject)
d
1) esndsznevuvuilszanas (Proximate Value)
A s , ' X Ay v 0w
1109910 09dlsznoudIulnaves Waste reject 91 lauainTsaiiia
g a [l
YYZNNAUALFINN (MBT plant) 1T umaradin 69% 5090911A0n0T2A1Y 13% 9dIna
. A (a A A 9 49} a A o

Waste reject uﬂsummsszmﬂqq (~ 89%) Waeufu¥amasrInIani i (Raveendran et

al., 1995; Arjharn et al., 2012)
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k4 4
v A

1 [} 1 J @ 1
M9t WU Waste reject NAAAIUUDIAITUDUAIAIFINGT (~10.87 %)
) Y [
HoNeUNUIFOINE 982 RDF-5 (~ 8.3%) 11199910 Waste reject UNTZA1Y HAZIABTINIAA1
& ¢ L ¥ oa Ay P o & 4 i a
Wuesnlszney Fuduved tiloddrs A1svoUAIa tuarunyIeliile¥eoInaaniu
Yy 9 A s A va o ' s =
nszuaumMaE lud udrvgnaunaemsvouniinududmiuniuans (char) Feluszuy
Y Aan o a 4 1 4 4
nszuIuMsuNagilndulungnsel Fixed-bed downdraft gasifier 0141592 A 1115 01AADU
[ Y a 9 = Q' dg}
dadldde azanusoduszuy Idadesuinsadu
Y 1
UONMNIUTINDIAINIINOUVDY Waste reject HiA1F3 (23.93 MI/kg) ¥4
I v YA 1 1 dy a a .
Wudiiswenanuawnsalumawn ndiiagenindemasdina (<20 Mi/kg) (Arjharn et al.,
2012) 1A Waste reject 71 10910N3ANEIDU (21-30 MJ/kg) (Nithikul et al., 2011) AANNTOURN
dy I a A ' . & A 9
gationilunan191n13uaves HDPE uay LDPE Niodly Waste reject 390A1ANNIT0U
o w R 1 < [ Aa
Uszana 45 uag 40 MI/kg AUE19U (Montejo et al., 2011) 9819 lsna wudsuiaudigs 8
4 @ 5 a 4 I v 0 [
Wt%) HALAISUDUAIAIAT (3 wi%) mavedn1suasiziuuulszuauentulenluseving
Aa o Y v & A A . A A ) =
MaauszuUInduszdossziuluniabtionnly Waste reject  UUTuand1ge Tagl
= [ a 9 1 =1 a 9 19 Y
msfnmuNSInsuaigand 5% szl Temainamvasnialuazgadnlua ladwe
(McKendry, 2002; Arjharh, 2013)
d =
2) asniszneunuunenIaNas1g (Ultimate Value)
a 4 Y AN~1 1 I'd I Y]
MIPATHUVVLENTIUAAdHH LN 51ansUeu (O) Husigndn
11 Waste reject (~ 59%) 59998170 1a1A5U (~ 11%) 1HBI91NI1 Waste reject IWa1adn
I 4 o =& a l A 4 =1 o 1
Wuesnsznounan danaradndiulvgifioms lalasasuou 519 2 519 Junumdngyse
a [ 4 a Y  Aan e'./
MINAALNEFBINES TUATEUIUMTUNEFIAYY (Caputo et al, 2002; Diaz et al, 2006;
Arjharn et al., 2012)
9 o a o o . Ay
FMSUNaNITAATIZH laveriinlu Waste reject Wumsvuitlouvos
. 91 . = o Ay 1 o £ '
Y94 Fe Cr Hg Ni tag Pb 1319111 Waste reject zi Tangninduiloued luseduniia uans
o I o a o [ Y Any ) o Y J o 1 dy
udagaudmiunszuaumsunadiliaguazinlvmsianilaesves Tareniinimanil
1 A ] 9 Y & A
a@aqasmu1ﬂmmmﬂgﬂﬂmﬂﬂﬂuLm (Marrero et al., 2004; Vervaeke et al., 2006) $aUN13

s1eauniia inudesmuavesnisglsduazemwsim dmSunmsianay (Pinto et al., 2008)
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MINN 4.6 NamiﬁﬂmﬁnﬁmmyﬁNaamﬁam (Waste reject)
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3193 nnes HRATIZH
Al AT (wi%, wb) 10 £1.02 25+1.08 40 £1.42
, s 272.17 353.54
NNMINN ANMUHUMUY (kg/m’) 190.80+ 1.44
+1.56 +1.52
YUIA (mm x mm) 5-110 5-110 5-110
AR (W%, wb) ar' 10+£1.22 25+1.54 40 £1.55
ANLAL (wi%, wb) ad’ 8.18 £1.20 8.18 +1.32 8.18 £0.77
MANusou (MIkg) ar 21.93+0.24 18.27 +0.15 14.77 +0.14
panlsenou AnnuTeu (MI k') ad 23.60 £2.14
nuvuilszana M35 (W%, db) 80.80 +2.78
(W%, db) AT VOUAIAT (W%, db) 10.87 +£0.15
181 (Wt%, db) 833 +£0.43
CRGHEERTY Miueu (C) 59.11+0.13
npyuilszana lalasiou (1) 10.76 +0.05
(W%, db) Tulasu (N) 0.73 +0.04
Famlos (S) 0.10 +0.01
519 larigHiin pzqiltiiay (Al) 3.224+0.03
sadam layl ALY (Ca) 53.722 +0.01
HaYTINAADI U Tilsunaiien (K) 1.59 +0.03
(g/kg, db) Woawosa (P) 1.684 + 0.04
FaAnoU (Si) 7.852 +0.06
Tidion (Ti) 7.124 £ 0.04
1Man (Fe) 1.597 +0.09
Tasuion (Cr) 0.093 + 0.00
50 (Hg) 0.080 + 0.00
unna (Ni) 1.165 +0.02
mf% (Pb) 0.069 +0.00
uaatiion (Cd) ND
AaIU (CI) 5.092 +0.08

) .
nawia ;" ar (% MC as received)

@ ad (% MC as air dry basis)

Y db (% as dry basis)

“ND (Not detected) (Limit of Detection =5 ppm or 5 mg/g)
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= = tg
4.2 HAaMSANHUTDYTNINUDINITHANNAINHIINTBINAIVEE RDF-5 NUSLTUY
w Al
unasWntY (C-G)
= v Y dyd Y o w 9 dy a W Aoy
msanu lurivedl ANY1 MIAATINNAVBINT 1HFDINAIVEL RDF-5 IUTLUUUN AN
o av e ] o a 1 o 4 a I
gy (uiteillddydnual -G) Tasauagiuin maiuemasdwadszan Idunily
dadunay ludnyae Blending fuel 9z 1 sz vuLRadingu eansoiduldedruatosnin
A 4%’ A dy a 9 ] A é’ ~ ] 1 1 dy a o Y a
VINTIVU 111099 1AFDINAQ 13T L FINUNUNUAZFDIINTEH I UTINAS uazi1 ldnans
1 a A ¥ Y g a I~
memanusou uaznamaw i lussuu laaseuu msani ldsomauiu 4 Usznn lu
ASNATDY 1D WC, RDF-5/WC (50/50), RDF-5/WC (70/30) uaz RDF-5 lagiinmsnaaeaui
Y
8931013 Imaveaufa¥emaaluszduaia o) 3 5260 Ao 130 Nm'hr, 170 Nm'/hr
(ag 210 Nm'/hr
3 dy = v 9 dy 9 (% a
Wl wansAnpivewiadeil Uszneulddre 1) msnszaedrvesquugilum
a r'd a 4 4 [ cﬂy a a Jd (a J [
UYnsal 2) wadAsIzvedAlsznouveIUNdIFOINGd 3) HamsIATIEHUTIIAMTIazHY

a A a 24 g a [ 1 Y
4) Usg@nFmmmswanuna¥einad (Gasification efficiency) A9518azideane 1

% a d
4.2.1 m‘snﬁ:mﬂmmmqmﬂgmmmﬂgmm (Temperature profile)

a )

9 4 Y
msAneIguugivesundFeinanaz suvesgurginielumindaunadomas

P
a K

4 a aaa A A a Y § a 1 @
L“Wdf]f]‘ﬁ'lﬂflﬂﬂﬂiEJ'IQTMWLﬂlJ‘ﬂ!ﬂﬂﬂluiul@nﬁdﬁﬁllﬂﬁl%ﬂl‘waﬁ 1u5$83ﬂ’31uq0ﬁ1\1 9 Tﬂﬂ?]ﬂ
4

UNYUN 6 FTUANNGI AD T,, T,, T, T,, To, HAST, cﬁqﬁmmqqmﬂizazﬁwﬁq (ANUFIN

e oD

AUUUAIAIGAIUAIUAT) 11D 660, 1060, 1460, 1860, 2280 Lag 2700 HadwAT AWE 1AL

a ) f a o 1 4 Y . . 1<
T@ﬂqmwgmmuﬂm%mwm%gﬂuuﬁmmummﬁmmﬂizuu Online Measuring System !‘lJ‘Ll

< Y [ A AN o < ] (] a ~ :j
MINUVBDYAADLUDINUDATINITINUAIDYIN 30 IUIN/ATI

F4 4

o A @ a a t4

MU ﬂTiﬂ58QWGQUmﬂﬁquﬂuﬂiuL@Wﬂaﬂim (Temperature proﬁle) LGAREATNIAIGN

a 4 Aaaa %
19113911V Fixed bed down draft gasfication MUNHPVBAYNTO1QUMANVRITZV UL

Ay ) A A £ 3 1 A a dgl <
FNATU Ao NITYLAIU T1-T3 Gmgﬂummqaﬁmwummgm ﬂiZU’JuﬂTiﬂlﬂﬂﬂJUﬂglﬂu

[ . a ~ 1 9 4; = I~ [} ~ dy

BINVON Drying zone BUNHUIRNAIADUVINA folszunu 100-200 °C L‘}Jumﬁme%uclu

4 a o w 1 1 { I Aaaa
ireInaIgni1daesn NTzezANgITeHIN N3282ANNGY T3-T4 T4 Zone Vol AT

. . . . ! A < { ' [ '
Pyrolysis W?'ﬂ Distillation FINQUNHU 200-500 °C ﬂl@ﬂllﬂlﬂﬁn’iﬁ@@QﬂTﬂﬁﬁQﬁ]TﬂﬂTiN"lu

dydd 4 1 B o aa [ . .
NIZUIUNITUNAD msuau‘lugﬂmu %mzmﬂgﬂmm"luhu Reduction (tag Combustion

A ' 3 A v & o A
LUaeg ﬂi%ﬂ%ﬂ?"lh@;ﬂi%ﬂ’ﬂﬁ T4-T5 Lﬂuﬂﬂﬂ‘ﬂﬂu@TﬂWﬁHﬂﬁMT L‘]J‘L!‘I’if]bl’ﬂ Heat Hearth 159 Hot

U

a =

{ a I ] { J T
Zone MAAINNTZTVIUNS Combustion Lﬂu%ﬁﬁﬁqmﬂﬂﬂﬁﬂﬁﬂ UATEHNIN 1,100-1,500 °C

u U Q
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{ ' [ ' [ {
naz N5zezANGITLHIN T5-T6 921 TUTI909 Reduction Zone w5 ouNHILNININ

a 1

Combustion Zone ﬂ$ﬁ11ﬁlﬁﬂﬂﬁﬁ§m Reduction Tﬂﬂﬂzﬁqmwﬂmzmw 500-9000C

u

Y
S 1

I 32 o o ; a A A A a Aa ]
@EJNuliﬂﬂ AU ITULBDWAINUFDIINNUDIDINIANUIN UIDBDLWAINUAITNHUUIUU

° a Y =% 1 9 a 1 dy a A 9 o
A1 ﬁ]glﬂﬂﬂ1im1vl‘ﬂlliﬂlmi’3 mimmwa“lwamwgmm Zone N g (FDIWAITINID ]’I,llﬁll

a

9 v Y zﬂy A Ao 1 dy a o 1 a 4
"lu‘n@u) ez lun1easaIn U FFRLNANUAITH T ULUUGN (IFDINAIDALNY DN nzareihaw
Y 1
DALUNY L%ﬂlwa\ﬁlﬂzéjmlﬂﬂ ﬂWﬂﬁgﬂﬂuﬁﬂl!ﬂﬂ) Cd]f\iﬂ%ﬁﬂfﬂ\i’ﬂ\i“ll@\?ﬂ'lﬂWﬁﬁlﬂﬂ N1TDWNAIY
9 [ ' 9 1 Y A d? a 1 Aa S 1 o
iau%mﬂu'lﬂamwm ﬂzmwaﬁlﬁﬂmwmuﬂlmqmwgﬂu Zone A11499) ‘llf)\il@l'lﬂ@j]ﬂﬁﬂ!ﬂﬂ'l@n

(Arjharn et al., 2012, 2013)

9
a

3 dy v A2 Yo 9 a A a 1 A A
MU \111!'3%3]14“1@1‘!1‘11'011'@ UNHURAYIINNITIAUITZUUADLIUDI NTTUTAING

QU E]

£4
a %

1 4 { a { [ [ g a u’f
A9 T,-T, VOUFOINAINT 4 Uzian ANMTIAUTZUDNEATING a0 IundIFoINaIng
3 %@V A0 130 Nm'/hr, 170 Nm'/hr 4@ 210 Nm'/hr M IANNAURUTIEHINNg

4 ada . 44
asundasguuginnadyulue awszezanuge awaaslu 31N 4.5 Faawsoagy

9

51111V (Pattern) Y94 Temperature Profile laasan 11/l Ain
& a & A& A AA [T 3.ad A
1) Wormas WC : iihudemasniinnunumniutios (<225 kg/m’) Hnuiuay

[ ' 1 g a o 3 [ Y a A 4 ' < <
%@QUWQ?$W'§’I\1L%@LW§QQQ ANUU ﬁﬂEm$ﬂ’lfl'ﬂﬁ$i]’lEJGI'JGUﬂﬁqmﬂﬂm%ﬂlWNﬁu@ﬂ’Ni?ﬂﬁﬁ MU

a

lannAiszezanuga TI-T3 (FUANUFIFNUUGAYDUAT) 1100 T1 Tgurgiimasaoudig

° 1 a A g d? o Y A d? o Y J
@1 laihu 100 °C vazmuuvuguilusesdn 400 °C (T2) tagiiuauily 800 °C (T3) AINA17
) 1% dy a 9 = Y1 A 9 1 9 a ) YA
mm‘uwmwaﬂu i]\‘]ﬁ‘s:‘llhl,ﬂ'f]'l UNITNINIITNTIDU uazmmwmmmmuslmmﬂgﬂimllm
(Arjharn et al., 2012)

Y ] 2 v
2) 1¥RINAIVIL RDF-5/WC  (50/50) : 1049101 H0Inaaliauvu L uny

F4 H
A A A

Y Y
U (~392 kg/m’) dara iU NAIAZ ¥eITEHINTLHNUFBINAIaNA M1TWIANLS U

a

1 9 Aa d R a .é' 9 = 9 ~ =\ = 1 Aa
l,l,a$ﬂ15ﬂ1ﬂ!ﬂﬂ31ﬂﬁﬂu1ulﬁ1ﬂﬂﬂiﬂ! JUNAVUBION mullﬂmﬂ N Tl yaunguinay hl,mﬂu

U

~ ] ~ Aa A A d%l I Ao ] =
100°C ttaenszal T2 UYUUHUINYN 300°C oYU e 600 °C (T3) ag NAULYUL T4 D3

G

il 800°C

' Y
a o [ A

Y

a < ' a

3) L%i’)ﬁ/‘lﬁ\ﬁlﬂg RDF-5/WC (70/30) : mu"lﬁ}’n PAATIUVDIUBDINAY RDF-5
42‘ 1 Y 1 A dgl 3 & Y v A Y
UINVU ilzﬁ'\‘lWﬁiﬁﬂﬂ?"mﬁunluulwuqqmu (~459 kg/m’) BAFTDAARDINU AD NITWIANNTOU
] Y a J a 42‘ 9 v o <3 9 A A A

Llagfﬂiﬂ"IEJWIﬂ')"IﬁJif’Jl!Gle"I‘]_Igﬂﬁm INAVUBIONDYINTALIU Lﬁullﬂﬂ1ﬂ71 T1-T2 QUNJUINY

] 9 d' v a = Q‘ J (% Q' dg‘ = ]
DYNH14) (<100 °C) LagNszal T3-T4 qmﬁﬂmmmﬁlztiu"lmmmwmlum%zqﬂu%’n 600-

800°C
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F4 ]
4) 1FOINAIVEL RDF-5 : 1H23910TANUARUMUUGININ (=560 kg/m’) N3N

o

AW5oUIN Combustion Zone #1180 Feildgangilugisusnaeudiediuin T1-12

4 H
' 9

a A A o A = ' ~ o £ o
Qm‘HQNLWM’E]EJN‘]ﬂ (<100 OC) Nnizay T3 LW?J"‘IJuhlmﬂﬂ (~300 OC) Uagnsgau T4-T5 GINL‘JJ‘LJ

a 1

I [ { 1 '
Combustion Zone (Husa9iitin1stlone1nia w3e ¥r9uean1sw lnil wuiguugigegaun

U

‘]J o o d! A 1 o‘ = o [ QW o'/ d‘ ww dy o = 1
FZUIU 600 °C FINDINININ ATUNHHHVOINTSUIUMTUNTFWATU NITAUVUILYNLTEINI

=

A ™ = a ' A [ A a
Hot Zone 1159 Heat Haerth Tﬂme"thﬁmzuqmﬂgmmmw 800 °C mmmmﬂui%umﬂﬂ
NNTEUIUNIT Combustion Lﬁ@d1ﬂlﬂ1ﬁﬁﬂﬂ§t3miﬂﬂﬂ 1911 (Higman & Van der Burgt, 2008;
Arjharn et al., 2012)
dyw 3 Y a A [V (24 dy a A d?
‘Ll’f)ﬂﬂ"lﬂuﬂﬁlﬁuklﬂ’ﬂ NITAUISUY !JJ?Jﬂﬂi'lﬂﬁhlﬁ’dGU’EN!,LﬂﬁLGD"f)LWﬁQLW‘JJEIQ‘IJ‘L!
= 9 1 Y a A dgl 9 uaJ} dy A a a o
vuurTauNnIngavgi luaes iy gavudie natinsngangiluaidnsaiqe uay
1< A a Aaaa = a [ dy a a 1
wammz%Lﬂuwaﬂmemimﬂﬂgﬂsmqmmm HAZNITINALUNTLIBDINAIFUANIIG 114

Reduction zone (Arjharn et al., 2012, 2013)

1200 1200
S 1000 WC 1000 -+ RDE-5/WC 50/50)
9§ 800 800
‘g 600 600
% 400 400
= 200 200
0 0
1200 1200
S 1000 -+ RDF-5/WC 70/30) 1000 L= 130 Nm*h RDEF-5
\%)’ 3800 800 --0-- 170 Nm*h
= 600 600
Ué* 400 400
o
= 200 200
0 0
0.5 1.0 1.5 20 25 3.0 0.5 1.0 1.5 20 25 3.0
Distance from the reference (m) Distance from the reference (m)

1 LY a a 4
sUNn 4.5 wamsﬂizmammmqmwgﬂugmﬂgﬂim (Temperature profile)

G

- SN
VOUFOINAING 4 Uszian



133

a d d o A a
4.2.2 ﬂ‘lﬁ'J!ﬂﬁ‘]z‘Yii’]\‘iﬂﬂﬁ%ﬂi’)ﬂ‘lﬁ’)\‘i!!ﬂﬂ!‘lﬁi’)!w%’lﬁ

2
AONMIANUTDITNINYBINITHAANGIIIUDINIFOING 9982 RDF-5 AUTZUL
@ Aan ) A v s A a A 1 A a
unaglingu Tinglszaenmenianizveamsauszuuilinnuaeiilor uazd oAy
a %] { a { J [
5201 1A 1152082813 (Long term condition) AaeAILEINTONAAUATFOINAINTIAINAINUAIIY
%3 1 o [
fouupund (Calorific value : LHV) gatiigans 1agn259zu1nn1 4.0 MI/Nm' dmsuldaulu
{ o o a [ 4 J 1
sUawSou (nsdinziinly1dse Toni1d Tunsdimawan liihdunTeseuduns annusou
@ o & Y ' 3y A o & A v
YoWNa U UADIZININNI1 4.2 MI/Nm’ 91999910 Quakk et al, 1999) 11911 1119491NA04
A 1 I o (24 g a Ed Aa
wnsanlusdvosnnudu il ldTumsihunsdemas 1 19 se Tomi 1des sae'la)
aaa ada & a oY J a ' a
Ufnsogumalininadumelumnaaundremas Inanogunginaznsnizag
o a a o s @ A A A a 9
arvesguiginielumgniol aaoaruesnilsznouvosunmFemasinga ld Tasaiuiso
v
a3ue ldeaae 11l
. A 1 A dy d;’ a o w a A
Drying Zone fo39hanuduludomaigniiiaeen Tagnanszeznugs
= I [} A v [
T1-T3 FuiuaNugereuuveuat awi lanainun
Pyrolysis Zone 30 Distillation IA8iAAfszezAINGA T3-T4 FI9Qungl
0 1 dyal a a 4 a % s a dgj
200-500°C lugsiidrguugiiveuamilfnsaiganoming Tasnaasuaninnaiulsznou Ty
ng < a A ' 2
AIONIVDINTI VDIMAD A1TOUNTITZIN0910 Lazund  (Kirubakaran et al, 2007)

AagunIN (4.1)

Dry Biomass + Heat —>  Charcoal + CO + CO,+ H,0 + CH, +
C,H, + Pyroligneous Acid + Tar 4.1)

a 1

. A L. oA ~ A = v
Combustion #1980 Oxidation Zone Gluqumwgwqﬂ ﬂaﬁgﬂﬂﬂaummmmq
A A 1 dy I o A A a
1911 Iﬂﬂlﬂﬂ%i%ﬂgﬂ’ﬂuq\i T4-T5 %Nmmﬂum% Heat Hearth %39 Hot Zone %NINA
. A . . A 4 a Yy v v 9
NISUIUNTT Combustion ¥ 38 Oxidation LiJ’é]L%ﬂlWﬁ\‘iQﬂﬂ‘i&{]uﬂ’JUﬂ’ﬂhiﬂu%ZQﬂVlWN
a Aaaa =\ 1 [ a [ 4 & 1 dy a
lﬂ@ﬂgﬂiEﬂQﬂ!WLﬂll'ﬁ$‘H’JNLLﬂﬁ’f)’f)ﬂ“]ﬂﬁ]uﬁl,u’éﬂﬂWﬁﬂ‘UﬂTﬁUﬁ]u!,Lﬁ$l1€liﬂil,ﬂu cm’f)gsluwmwm
Aaaa o 1 1 Y a [ 4 4 g; (% ~
Na"ll’é)\iﬂ;]ﬂiﬂ1ﬂﬂﬂa1’)ﬂ’01‘ﬂLﬂﬂllﬂﬁﬂﬁﬂﬂuklﬂﬁ)’é]ﬂulcﬁﬂ HaZU1 g UNITN (4.2) 1ag (4.3)

cC+0 - CO (4.2)

2H, + 0, > 2H,0 (4.3)
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= a

a { 1 I 1 ]
Reduction Zone ﬂglﬂﬂﬁﬁgﬂgﬂQTNq\ﬁg‘ﬂ]N T5-T6 21U 1B Toaunailugig 500-

o Aa o s a 1 9 dy o y A g 5’ Y Aaaa A
700°C HAANWUNNNADIN Zone NoUNIIHIZgNiN 1Y tneiluasdsdy Tasignseuaiin
a dgl [] .dyd Aaaa Y] a I [ ~ ~ Aaaa ~
e lu%s93 T4-T5 UABUNTe1e C AU CO, Ay CO Asaumsn (4.4) Fennsen
a d? A . a aaa . . [ aaa
1A AD Boudouard Reaction 1azdziNA1{nTe1 Water Shift Reaction lagiiluilgnseves

@ a < @ A = aaa ng [ aaa Y I
C M H,0 nallu H, Maumsn (4.5 salgnsomiaeaiulgnsegannuiounaziilu

Aaaa a/d'o Y a mldy cad'sl = o % ddy A Aa zﬂy
Ugnsemannihlmfaunaiyomanaens as CO tag H, dmiunsaliyomaininuiy
a oa/ [ a o Aaaa [ 1 A o Y a =
g Usmanihdnunu (1,0) 3inlnsennu C uag Co datieaiIiilsua Co anaazil
a 2] d? o A 1 Y F) (2 dy A Ay y
Usmnamna Co, gau aeaumsi (4.6) taz (4.7) dawalimanuiouvesunaiyomasi

'
S ' o

=K o 9 dy dy Aa Y cﬂj dy (] o Aaaa o
un1aAal ﬂ\ﬁ]“ﬂﬂ@ﬂ\jﬂ?ﬂﬂﬂﬂ?’lmc}fuﬂ]@QLGH@LWﬁQGlWNﬂ']ﬁ'I WU H, ‘]J’Nﬁ':luﬂgﬂ']ﬂgﬂﬁﬂ']ﬂ‘ll

Y A

o Y a Y £ Aaan [ a [ ~ Aaaa dy
C ﬂ?ﬂlﬁlﬂﬂllﬂﬁﬂlﬂu“]NL‘].]‘L!‘IJ;]ﬂﬁﬂWﬁﬁﬂﬂJﬂﬂﬂWﬁWﬁﬁ!LﬂﬁNLﬂu ANTUNITN (4.8) ﬂaﬂiﬂTu

(38731 Methane Production ‘Vi"iﬂ’eJ Methanization

c+cCo, — 2CO (4.4)
C +=L0\\W; CO +H, (4.5)
C+ 2H,0 — CO, + 2H, (4.6)
CO + H,0  — CO, + H, (4.7)
C+ 2H, - CH, (4.8)

Y Y
auauiAvewRmFomas uazAnnuiouvouRaFonas 1InMTIAY
1 A ) o dy a :]) A o 2] dy a 09}/ [ =
sTUUARIDY ST UFINGING 4 Uszian N1 95115 IaveundFoInaane 3 52AU Ao
1 1 9
130 Nm’/hr, 170 Nm’/hr g 210 Nm’/hr siauaaslu a15197 4.7 Feagil 1ddseelai
Y ]
1) IFOMET WC : WU @ sniauszuue1udtosaolioinaonsseziia

M Ao (2 qgj [ a (2 dy a 9 :; oA
12 ¥ 109 Tl@ﬁi"lﬂ”li]lﬂﬁ"ﬂﬂﬂuﬂﬁﬂ\i 33%¥A1 Wa@LLﬂﬁ'L%@LWﬁQhlﬂﬂmﬂTWﬁll%ﬁll@ Tagnui

[ o A [ 3 a0 9 ~ = 3 A
ammwﬁ”lwammzmammu 210 Nm'/hr UMANUIBDUFINGA AD  5.72 MIJ/Nm™ IWgIND

L)

! ) F2
dwmsuiin 1452 Temi 1dae 1) Faaeandosriuaudseous A1 1M dudamaslumsdu



135

52UUANTUNTLUIULUAAEIAYY (Zainal, 2002; Vervaeke et al.; 200; Bhattacharya et al., 2007;
Arjharn et al., 2012)

2) 1¥RINAIVEE RDF-5/WC  (50/50) : WU @1N1T0IAUTLUUREUADYT

v
v

[ A 1 9 [} dy A A1 o [ I Y A
ADIIDINABATLEZIIAY 12 21U A1AINToUVDIUNTIYBINAINAIAIAINANTIBE 1] D
= =} [ dy a 9 o A o 4 z [ a 94 dy a 9
nlssuesusuemaslddu Noas1ns Tvaveudnana 3 52aU AToNaauNTIFoINAQ e
Auamainaue Tasnwu1Noas1ns lvanszan 210 Nm/hr - Hinianudougaiga Ao
[ [ o Y] o !
527 MI/Nm’ aanudouveanhaiisaned il 14 Teand 1dae 11/
Y

3) (¥BINAAVEL RDE-5/WC  (70/30) : WU a1W1I0IAUTLUUBEIUTDYT
[ d’ o'.t [ 9 [ dy a A o' d‘
ABIHDINADATZZIIAT 12 2 TUY HAAIAINS D UVDILNTIDINAINAIAIaAAY 1asN 130
Nm’hr 170 Nm’/hr 1182 210 Nm'/hr 0810205 0 uv0unetied 4.17 4.46  4.96 MJ/Nm’
ANAINL

Y 1 v
4) 1¥0INAIVL RDF-5: WU MaIusoaussuuaeiiind szeznalnmy
9 ~ A M a o v A a a o’c; A
sz lduuigano 4 %7 Tus nazinailygwivanae gaigi luanlfnsid ioannkaves
1 9 [ A =K A Y 9 [ dy a A °

AMsotemaliuiouliudoiiios 3analiainl1uSouve A TIFOINAITAIAN
3.64 - 3.79 MJ/Nm’

Y Y
nsaiauil omziwda Tl 1l ugdvesanuiou oi thusaiomasdn 1w Tnd

:I 4 a g} o v @ 3’ a o [ 4 a Y

lundia'lotin owaa lotiwdnirlwyudeiulotmaa I windesmsihunssomaai
a Y] 1 4 J o 4 a

nlFnaandanulagasalagaduduaisseuaduartomelu monaanszualui o019
o o Y Y A J = 1 o 5] dy a . . .
suiludosldinTossuagaiudivas A DUATFOING (Dual fuel internal combustion engine)

Y v Y
Han153v0t doandeny Usyan 03 ld uagamy (2012) NANEINTHUFDINASVEZALNINN
a [ A a [ dy a & an o a Y] [ o
AUTZVUAIATRINAAUAIFINAT T UULN aF inFuuUY TMaadvuia 50 Alansuaedd Tua

e [B= 9 (24 dy a A =\ 3
FINWUIMUAIAIUITOUVDULNTLBDINAN umqqqmwm 3.12 MJ/Nm

v k4
M3 NN 4.7 Nﬁ"ll’t]\iﬂﬁﬁﬂ‘ﬂ1Lﬁﬂ8§ﬂ1W"U’éNﬂﬁWaﬁWéJ\?\ﬂuﬁ]1ﬂl‘d]5®!‘lNa\‘ﬂlﬂ$ RDF-5 N2V C-G

AuauiaveuRmoma , 328z
o _ 4 AN -
dadauTaslSuasman (%vol) ) MILAU
Yszian Jou )
PR .| szunld
[SRINGN Flow (MJ/Nm’) V4
. co H, CH, 0, o, EENIGN
(Nm /hr)
g (hr)
130 15.64 12.11 1.81 1.90 13.36 439 12
WC 170 18.17 13.48 2.18 0.46 11.98 5.06 12
210 1931 15.93 2.64 0.60 11.12 572 12
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1 Y
MINN 4.7 Wasll’ilﬂﬂ'liﬁﬂy'llﬁaEJiﬂTW"’IJ@QﬂﬁNa@Wﬁﬂﬂ'lﬂi]'lﬂl%@ﬁ/‘lﬁﬂ‘llﬂz RDF-5 N2 C-G

A
GR)
Fd
AuaniAveRaFoINA , EETETR o)
o R B RGRRHY -
dadulaglsinasmag (%vol) Y MIAU
Uszian Jou )
PR .| szuuld
RIEN Flow (MJ/Nm’) D4
. co H, CH, 0, co, Aeniio
(Nm /hr)
g (hr)
130 10.77 12.56 4.40 0.91 13.69 4.88 12
RDF-5
170 11.19 12.98 4.44 0.62 13.06 5.01 12
/WC(50/50)
210 12.06 13.03 4.79 0.39 12.31 5.27 12
RDEF-5 130 8.13 6.87 5.34 0.92 11.07 4.17 12
/WC(70/30) 170 8.88 6.90 5.79 0.88 10.37 4.46 12
210 9.37 7.13 6.78 0.64 9.70 4.96 12
130 7.87 5.53 4.56 1.44 10.58 3.64 4
RDF-5 170 4.28 5.20 5.69 0.88 10.37 3.59 4
210 4.07 5.03 6.28 0.64 9.70 3.79 4

~ <3 T Ao (2 dy A A Y] 3 Y o
910 13197 4.7 11111 NOATINSG 1Have N a¥omasnszat 210 Nm'/hr 1dund
dy a d‘d 9 1 9 dal a =K A Y [
IFRINAINUAUNINGIATUAINNNTOU TUNNYsNMFRINGS TUADNILAVNIIAIUANDATING
(2] dy a A @ 3 9 a ' A o @ a
TnavewnmFomasnseavu 210 Nmv/hr T 1Flumsiaussuvaeiles dmsums@uszuy
11U Long term condition tio1/3suiieuuazlsziiviseantnnias@ussousues Uy C-
o o A a A 2 g A v s W
G 1 52U P-G 919d Warsann 317 4.6 uag 4.7 suilumsiuausveyasinilszneuveund
dy a 1 Y (24 dy a A v W [543 dy a 3
FOINAY LAZAIANNSPUVDUNAFOINES NTLAUBATING A VoUATFOINES 210 Nm'/hr
1 4 [94 dy a A =~ 9 ° A [ 1 dgl &£
WU oefilszneuveNaFRINAIAD CO, H, Huud IuudauiodadIuved RDF-5 gavu &9
1 Y 9 » Ao 1 Sa A o 1 A d? =~ Y
danaliainnuseuvesnaiiaidiag eg1915na edaa1uves RDF-5 tindu v iinud vy
a a' d?’ d! a Y d' A W 1
ouUTuImYes CH, 1WNgIIU F905u101A91 11109910 RDF-5  fidadauvesds
7 I s . 1 A a ¥ & a
laTasmsvowiuvenisznouga (Dalai et al., 2009) Tagwua1 CH, MAnanns Idomas
A A~ o dy a 9 =R Ao 1
vgz RDF-5 1m11s5eanat 6.28 %vol iletieuiuieimas 1#9 Ta181n31 (~1.28 - 2.64 %vol)
1 =1 dy a I 45/ A A Y a [ .
96191508 nInTanFornaevey RDF-5  1HwFeomacn 1$1aussuy AU uY Fixed-bed
. vy v A A A T A A
downdraft gasifier 19ABUTININ IWorNAunABUAIFAIUA AN NMSIAUTZUD laiades
1 9 a 4 [ 49} a v A é 1 ]
damali anuansalunmsnanesnlszneuvsaundisamas TagsunnalNa1gl naan

v Y
wasnunazavegluFomaaves RDF-5
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24
Ry

20 +
= (] RDF-5/WC(50/50)
>
S 16 2] RDF-5/WC(70/30)
=
=]
2 1 RDF-5
s
g
S 4

0 .

CO Hp CHay 02 CO2
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‘]J‘VI 4.6 ﬂﬂﬂﬂi%ﬂ@ﬂﬂ]ﬂﬂ!tﬂﬁ!‘lﬂﬂl‘w'ﬁ\WING] ‘VI@G]51ﬂ15h11’ia"ll'€]\3uﬂﬁlf’]ﬁ]LWﬁ\1 210 Nm /hr

4 4
- I
0
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Qan

Calorific Value (MJ/Nm®)

'
= o

A 1 9 (9 dy A Ao [ da} a 3
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A
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Q
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Y
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2
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(Tar and dust) Tuuna¥emasde lamun13iinuase1n1n 4 520U A9 1) Cyclone collector
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[ ~ 9 a dy o 1 [ dy a A o o A
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q

[
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a l J a 1 [ a 4 1 Y
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{ 1 1 J 1
(1981); Groeneveld et al. (1983); Reed et al. (1983) N ldagmsduilouvesmsuaziu
Taona llueanaTulad Downdraft gasifier d2liA115201@ 50-500 mg/ Nm’ deergil1a
(9 dy A A a 9 1 dy = =
AunmassunmFonasinaala Tuudvesmstuioulinunma
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1 d' 1 Y a [} = 2K 9 =\ = Y 1 qaz’ d' YA
ABIUDI mwa“lwmimusmu"lmﬁaﬂi WAIUNMsAu1nasenss maiwnms"lwaawm
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a Y A A "9 1 [ 1 9 ~ a 4 vAa dy a
ﬂim1miﬂalﬂﬂﬂﬁiﬂqmuﬂﬂﬂﬁ1 FATIUIDINATUNITUATICUAU TV UAVDIUYDLNAILU Y
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4.2.4 UszanEmnmswanuda¥enas (Gasification efficiency)

Aa A a 9] d’l a Y I X A
ﬂﬁgﬁ‘ﬂ‘ﬁﬂ'l‘wﬂ’]ﬁwaﬁllﬂﬁlcﬁﬂl‘v\lﬁﬂ L!ﬁﬂ\‘liﬂlﬂ“ﬂ\?ﬂﬁ’lhﬁ’lm'lﬁﬂsluﬂ'lilﬂaﬂuzﬂ
o i ' 4 A & < o A a A yy ¥ .
wasnunazauegluromasds hhiuunsdomasiamnsom Ind 1@ (Combusible  gas)

{ a a a %) § a
Gluﬁ%’ﬂll C-G Gﬂﬁ%‘iﬁ 4.8 Llﬁﬂ\‘lWﬁﬂﬁ%ﬁ‘ﬂ‘ﬁﬂ?‘wﬂﬁ'Na@]lLﬂ'ﬁLfH@LWﬁQ (Cold-gas efficiency

a A a

1 dy a &£ Y Y 4]
T]Cg ) mmgmﬂizmm%amm %Qﬁqﬂﬂ'l‘Wi'JiJllﬂ'ﬂ !LU’JIL!?J"UENﬂﬁ&’ﬁ"]/l‘ﬁﬂ?‘Wﬂ'lﬁWﬁ@]LLﬂﬁ

v Y ]
A K =

g a 4 a ua/' Q' -4 4 Y [ [
IFDINAIVDIUFOINAINT 4 UTZIAN LNV 09MIINT IMaveunaiuIY FIdoandoai

a U 9 (9 dy a v 9 A 09/’ dy = 2
HAYDIPUY N HAAININIDUVYBILNETLTDLUNAN 61141’?’3%@1/]9“111!'] ‘le‘luﬁﬁqﬂi"lﬂa&’ﬂﬂﬂblﬂ
E4
aage 11l
dy a A dy a YA I dy A Aa @
1) wanad WC: mmmm%mwaﬂmamﬂuwmwawummmmzﬁuﬂ‘u

)  Aan o = 1 9 a ~ 1 Aa A a Y d’} a A
seuuUnaFlingue BedwalimsauszuuIuGey wuNYseaninmmsHaaunaiFeImas f

[

Y [ 1
s2AUAsIMI Inaveufmyemasi 210 Nm'/hr Taswuan 1), I 71.18% Feaoandeany
ﬂu%%&lﬁuﬂ (Zainal et al. 2002; Arjharh et al, 2012)

2) 1¥0INad RDF-5/WC (50/50) : wuNszanSmmmsnanunaiaomag n

[

[V (94 dy A A 3 < 9 A =~ o dy a 9
53@‘1J’E)Glﬂﬂ1‘ikl‘ﬂaellf]\1LLﬂ’dLﬂ)”E]LWﬁQ“V] 210 Nm'/hr afadlanioy LiJ@mEJ’Uﬂ“lJW@LWﬁ@VbJ Iﬂﬂ

Wy 1, A1 64.09%

v
a =

Y 9
3) 1¥BINAY RDF-5/WC (70/30) : WuNUse@nSnnmsnaauddisoinag o

@ 9

Y] [ dy A A 3 [ £ 4' = [ 491 a
5$ﬂﬂﬂ@]51ﬂ1§ulﬂﬁ"llﬂﬂLLﬂﬁL“]fi’)LWﬁQVI 210 Nm'/hr Q039819410 %QLN@LV]EJUW]JLGH@LW@Q]I?J
Y

A a

{ ' 1 & o @
HAZIFRINAINANN 50:50  (%wt)  TABWUIN T, UA140.30% FeNaeANdodny Havel

v
o

o (94 dy a [ 9 [ dy A Ao
@Qﬂﬂigﬂﬂﬂﬂlﬂﬁllﬂﬁ!%’@!waﬁ 1aE AANUIDUUDUNTLYDINAY NUAIA

=S 1

mshwarauuigeluszuy ¢-G aziidgielinsmugumngilumn
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dy a A a (= = [
4) 1 ¥DINAIVYL RDF-5 L‘L!ENiﬂﬂﬂﬁlﬂ‘l&i%ﬂ‘]_llllmﬂ’ﬂﬂlﬁﬂEli AUNINLUNE

A A Ao = 9 A A a 4 dy A o ] [ 1
FoInaal@1un Waawa il se@nTnNnITHAALNEIFINAIAININIFUN Y TagnyI T]

cg

51N 4.8  HAUTZIUUTZANTMWAMITHAANAINUVDITEUY C-G

Sas AUMNVBILRE | JszAnTam

dasmsly | dasims - 5 -
52191 Flow 2 . M54 (mg/Nm’) MINAALNE

P . FoInas naa Y g oo
WeIWae | (Nm'/hr) 101900 . ' LYRINAN (%)

(kg/hr) (kg/hr) ms AU
V)
(A)) (ncg)
130 71.65 2.15 3.00 10.56 1232 | 50.14+0.41
wC 170 98.50 3.11 3.16 14.77 1695 | 59.26+0.62
210 120.50 4.10 3.40 23.8 2461 | 71.18+0.44
130 58.30 4.56 7.82 8.14 9.22 57.52+0.41
RDF-5
170 74.30 5.34 7.19 14.75 15.12 60.34 +0.37
/WC(50/50)

210 90.93 5.87 6.46 21.01 21.45 64.09 + 0.83
RDF-5 130 72.33 8.67 11.98 6.97 7.81 36.93+0.32
/WC(70/30) 170 98.65 7.8 11.18 10.31 10.45 37.70 £0.17
210 126.90 11.03 11.12 11.72 21.65 | 40.30+0.52
130 80.67 14.23 22.31 20.23 2123 | 26.10+0.21
RDF-5 170 102.05 20.56 20.15 27.2 25.12 | 26.61+0.41
210 115.12 24.71 21.46 313 28.1 30.74 +0.35

4.3 wamﬁﬁnmmﬁmmwmmmiwaﬂwifaammm%mawm RDF-5 U352 UY

o an o
naauRasHn Ty (P-G)
= = a (% =S [T o
MIANHUTDITAINVBINIINAANSINUINVEE Taema Tu Tadwarauunagsiingy Tag
o 1 A v 9 &£ 9 [ A dy A A a (9% dy A Ao
MNINAADIADIII91NHIT0 4.2 ¥1d TagvzAndandamasnannsananud aFaINaIng
= 9 1 3 a a () tﬂy a d' d‘ [
Auam (Hanuiouninnil 4.0 MI/Nm’ ansonaalSinavewnddomasgeiganons
[ { @ a Q'J
M3 IMaveNaNnIzAY 210 Nm'/hr uazaiuisaauszuu laadesd 12 ¥31u9) Taeldve
2 v
#3191 1591Wag RDF-5/WC (70/30) innumunz auiiga
= v Y dy o [y [ A [ A o a 9
msanu luiideilsziivuailadanisnaasumioudu Aoinisiauszuy laslds

[

1¥PINaY RDF-5/WC (70/30) 1oas1ms 1dFemaauniiu Uszana 127 kg/hr USudasins lua
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o A a Vo oA o 3 \ Y o , ¢ g
VDIUNTLFDLNAN ININUNTEAY 210 Nm ' /hr !Wli]gequwaqq'luﬂ')'luiﬂuﬁnﬂwa'Iﬁll'l@'liﬂ!ﬂu

Y ] Y an ) . . . £ d'dyd 1
anusouselunszuIumsunagilingu (Plasma-assisted ~ gasification) Faluniizeuni
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4
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a o % @ s A A
ﬂ']ﬁﬂﬁ%fﬂTﬂﬂlﬂﬂqmﬁﬂuiﬂlﬂqwa'lﬁiﬂﬂ']gﬂ NGO “?\‘]ﬁ?@]ﬂﬂﬁgﬁﬂﬂlﬁﬂﬁﬂﬂ?ﬂﬁ‘uﬂﬂﬂ'\ﬁw‘lﬂ

q

a a S O A o U Aa A a [ [ A 9
@mﬁﬂllﬂlum"lﬂaﬂiml!ﬂﬁ"l/\lLﬂclfuﬁﬂﬂizﬁﬂ‘ﬁﬂWWﬂﬁNﬁﬁwaNTu uazwamuqmmﬂmm
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9
szuu mamsany ansoasldasaelai

>500°C 30.0
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() ANYULUDINAITYIDITA v) N1INISINYYUNHNUUDINAANIDIIA

U

5101 4.8 AnBAUZYOINAIANIDITALAZUNNIINNATEINMIIAUTZUY 36 kW

o J
4.3.1 wamsn‘;zmﬂmmmqmﬂgﬁ‘lmmﬂﬁnsm (Temperature profile)

= c?/l a a (94 dy a A a aan A
msAnyIFuvoIgurginelummaaunddomas imessuelgnsegumaiii
a d?} a [ dy a A A [ 9 4 I~ 9 1
navulumwaaunaFeImas iaiyndsnuaNueunnaIauIelsa Wuanusouse
1 g a 3 I~ g a { 1
awnsoagl 1871 em@s RDF-5/WC (70/30) Fadudomnasfiiinnunuintiugs (459 kg/m’)

= a ¥ a & vy T A A A
Gluﬂimﬂ’]ilﬂui%ﬂﬂ C-G MINIANUIDUIN Combustion zone Lﬂﬂ"lluulﬂélﬂ LLALUBDUNITINY

9
a =2

anufouninnaranuin lazdanaligaungiiqaiulunn Tyvuvesniswn Iud a1ng1li 4.9

G

= = Y @ a ~ =) U [ A
l‘]JifJ’]JWIEJTJLle!ﬂ”ISﬂi%ﬁ]"IEJﬁ’J"U’ENQmﬁ{]mﬂiﬂﬁmﬂﬂizﬁﬂﬂizﬂﬂ C-G Ny 5¢UU P-G Taed

[ a

] Y
T1 Saiigavgi Indifeeiu 35-50 °C 1oaINIFOINAIHUILLIN ATIWOUIIN Combustion

[
=KX A

' b4 '
Tiansournta Aszau T2 gungioin ~85°C (P-G) induiiu ~ 150 °C (C-G) agiszau
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a A -4 I { [ a
T3 QuuglaIn ~ 700 °C (C-G) Wnduily ~800 °C (P-G) nazNszal T4-TS guugiaIN
A ¥ I~ < 1 A ]
~ 800 °C (C-G) tiuauily ~ 1,000 °C (P-G) tiu g iiuanudeuliiuszuudrenaran
' Y a 9 [ 9 a ) Y d?l
(plasma arc) ¥e lHnanmsnaNuion uazmanemanuioulumnlinsal lduniu
1099 1AR R UININNAINT O UINNATTNIDITA AD AIKUI Combustion zone
= Y Aan o'/ d' [ dy = 1 A d!
AUNYBHUBINTZUIUMIUNATWAYY NTzAUTIZYNIT8nI1 Hot zone 130 Heat haerth &9
Y

v 4
dhulfasomennuieunazanuouiinaiutizgmir l1Flul §sngannudoululyy

. . &£ g A a J %] Ay a aa
Reduction 118z Tau Pyrolysis Gﬁﬂlﬂui“ﬁu‘ﬂlﬂﬂ@Qﬂﬂ5$ﬂ@ﬂﬂlﬂﬂl!ﬂﬁ!“ﬁﬂlwa\iﬂqﬂq UNHUN

-4 a 4 [} g a -4
qiu Uraldinaedlsznovvesunm¥omac 1AaTu (Arjharn et al., 2012)
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Distance from the reference (m)

A @ a a t4 (=~ = 1
71N 4.9 waminszaedivesgungiilumlgnsal (Temperature profile) fTouimenszrig

MIAUTEVY C-G AUV P-G

a d d 4 &’ a
4.3.2 MsAnTITHeRlsTNO UV N T FOINGS

J ] dy a 1 @ A
’E’]\‘]ﬂﬂigﬂﬂﬂﬂl@\‘illﬂﬁl%mWﬂQ FENINTEUY C-G Uagigul P-G ﬂﬂllﬁﬂﬂiu‘gﬂﬂ
A s o 4 2 ' < Yo A~ A Y}
4.10 WU Nesndsenevveana COH, CH, LW?JﬂJiJ@EJNLW‘L!Ulﬂ%'ﬂL%H IUBUNITIINUANINNIDY
Y & g a 4 A o 4

Tinuszuy Fuilullawaudgiu de Welmunwdsnuanuieuninnarauiersa Anuiou

a 4 dgl A [ [ 9 dy a 9 U 4 9
“l,mm‘ﬂ;]ﬂimqwu Z‘ﬁll"IiﬂLWNﬁﬂﬁ?H%@QLLﬂﬁL%@LWﬁQqﬂ TﬂEJW‘]J’J”I p9AlsenouveILNd

iFoIwas CO H, uaz CH, 910 9.3 7.71 uag 6.78 (%vol) tiuduilu 15.80, 13.43 1az7.38 (%vol)

] v
= =

o w & Y aw a 1 a a A
S Fedeandoanuauiteou i ldesuien gungiluanlfnssingaazweminzoz
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I s a aaa =\ a 94 dy a a 1 .
L'iJ‘L!Wﬂﬂ@@ﬂ15!ﬂﬂﬂ§]ﬂiﬂ']ﬁgm‘ﬂmu HAZMITNALNTLEDINAIBUAN N Tu Reduction zone

(Higman & Van der Burgt, 2008; Arjharn et al., 2012, 2013)

24
B cG
20 +
2 [ ] P-G
>
X 16
=
2
E 12
=
3
=
S 8
3
&}
4
0 1 1 e
CO Ho CHgy (0)/] CO2

] k4
31 4.10 eafUsznoUVOIAMFRINGIA199 T21HINTZVD C-G 1AZTZUD P-G

= = = (% (4 Q‘J
4.4 Naﬂ1§ﬂﬂH]!ﬂﬁﬂU!‘nﬂﬂﬁNﬂiiu%ﬂ]ﬁwaﬂWﬁ\‘iQ'luﬁgﬂﬂllﬂﬁ“??‘l!ﬂ‘]fu (C-G)
W 14 y
fusTyuNanaunasiinyu (P-G)

Han1sANY UUS s UaUITaULAIUAITHAANS I TEHINITLVY C-G
AIsEUY P-G sauaadaly a13199 4.9 TagnsdinsauIzuy P-G 1131 auNaInuanss UL
~ [ a o 4 a I 1 o 4 1 ) Y 1w
AN Y 36 nlatea (Usziwduaindanuainnarauieisaaedilualamidy

[ 2

~129.6 MJ/hr) uaiimsaruauiladedumiounu fe doudsomwauninu (126.90 kg/hr) Loy
v 24 tﬂy a 1w 3 = a <3| @ dy a
AVANBATINT IMaveuN @ FoMauiInu (210 Nm'/hr) galsziiuilundsunndomas

W5V VINY (~ 2587.31 MJ/hr)
NAMTAIUIY BATIAIUNGUINT (Equivalence ratio: ER) Hudludasiaiusening

2 v Y v
H93187U 01AF : 1¥BINAT N 199349 (actual A:F ratio) A8 6ATIAIUDINA : (¥DINAINADINT
2

Tunsien Indfauysal (Stoichiometric A:F ratio) Y9INITIAUTYUULIFOINAIVDY RDF-5 A0

1 o

tﬂy a Y o os/l = Y A [ A
L‘B@!Wﬁ\iulllfffﬂ IMNY 70:30 (%owt) M 52UU C-G Uazgsguy P-G uimmamunm D ER

M1t 0.18 FeirlinsAnyinisldanufouninwarant e guugil gauaInvesuna

dil a Aa A a 9 d’l a (=} [ d‘!
NS LazlseANTNINVOINMTHAALNALFDINGY Tﬂflhlllll‘ﬂi]ﬁ]ﬂ@uuﬁﬂﬂﬁu
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]
9 o

a I ] Ay Y & a (2 dy a A
Wafﬂiﬂi%LNHLTJHWQQQTUT]%@%WT‘I?%‘U‘U ANHITUTEUY P-G BIFTTMWITONAALNTLEDIWAIN

=< A

A 9 1A 3 a I J @ (2 dy a
HATANNNIDUFINI AD 6.88 MIJ/Nm FuNoUszN i uAINa I UV ILNTITDING 4

]
a

A A 9 A Voo ~ = Aa o A A 9

‘V]Wﬂ@]llﬂ ITUAUNINY 1445 MI/hr Gluﬁumzmmu C-G BINAAUNTIYDIWAINUATIAIINIOU
= 3% A A g ' o o & a A a Y Ao

N8 4.96 MJ/Nm mmaﬂizmmﬂumwaNmmmuﬂammwawwfm”lﬂ ATUAUNNY 1,042

4 = = Y Y 9 ' o o
MlJ/hr IﬂEJHJ'E]!‘].]ﬁfJ‘U!.‘VIfJ‘UfnﬁGlGD'ﬂ'J']iJ3?)1!ﬂWﬂWﬁ']ﬁ'iJ']Hl']iﬂ“]f']fﬂu’igﬂ‘U a1MIvUTEUY P-G
<3 Y 1 Y o Y 1% 2 dy A A a Y d? [ 1 o [
L‘W‘Llllﬂ'n ﬁ]$ﬁ\ﬂ1‘i°ﬂ'lﬂl1’i WawmmmuﬂﬁwmwawNaﬁ"lﬂqwu DATTTIUNAINTUIINUN T
zﬂy a 1 dy A A 9 dg’ = 1 9 a A a 24 zﬂy a A d?
IFDINAIADITDLNAINLVITE VY gRIUU ‘0\'1?NNﬁﬁh"iﬂﬁgﬁﬂfﬁﬂﬁ"lﬂ13Wﬁﬂllﬂﬁl"'ﬁﬂlwa\‘] WUV U
A o Aany U A 1w o Aany U A
~13% A9 3EUY N FHIAFUIA T]Cg N 40.30% Lag STUUNAAN N A TN IAFUTA T]Cg

WA 53.21%

A13199 49 M5/ UMIUANTTOUSMINAANAITUTEHINTZU C-G Iazsuu P-G

niimes 52U C-G 32U P-G
Sasmslfiaomas (kg/hr) 126.9 + 1.07 1269+ 1.12
S31MInAd (ke/hr) 14.23 £0.35 14.23 £ 0.45
dasimsaudienn (%) 11.12 £ 0.56 11.12 £ 0.45
52021215719 (hr) 12 12
Manudouveusomas (MJ/kg) 20.38 £0.13 20.38 £0.18
WE R UM AU T (M) 2587.31+£2.11 | 2587.31+2.57
NHINUINNAANID1F (MJ/hr) - 129.6
Sasms Inavoufaisomas (Nm’hr) 210 210
I T ety AN (LHV, MJ/Nm’) 4.96 +0.22 6.88 +0.28
wﬁwmmmuﬁﬁﬁ:amaaﬁwaﬁ'lﬁ’ﬁamasmmgm (MJ/hr) 1042 +2.89 1445 £2.76
Sasrdnnliunsudadomaiemas ity (Volume Syngas yield, Nm’/kg) 1.66 £0.10 1.66 £0.10
Samdnmsanufmdomadomaidisz (Energy yield, MJ/kg) 8.22+0.31 1139 +0.56
UszANTMNYBITZUY (%) (Cold-gas Efficiency) (1)) 40.30 +0.41 53.21+0.58

d [<J dy a o L4
03ROV UNTIFOINAITUATIZH

CO (%vol) 9.37 +0.40 15.80 £0.88
H, (%vol) 7.13 +£0.31 13.43 £0.56
CH4(%V01) 6.78 £0.21 7.38 +0.34
o, (%vol) 0.64 £ 0.02 0.57 £ 0.04
Co, (%vol) 9.70 £ 0.93 9.46 + 0.95
% MIVoUAIHAD (Yields of cabon residue) 36.81+1.76 21.90+ 1.63

AUMNYDIAT

Y13 (mg/Nm’) 10.33 + 1.03 56+1.12

Ysinafus (mgNm') 20.11 £2.15 7.85 + 1.02

YSinamsuazius (mgNm) 30.44 +2.98 13.45+1.23
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)

4.5 wamsanw1dszansmnNannaInHVITTUUNAIaINa s T uaons
0o W . d'd tg w L
YA Waste reject NNANNYUIZAVAIY

Y] a a d
4.5.1 msn‘szmﬂmmm@,mﬂgﬂmmﬂgnsm (Temperature profile)

v
v J J =2

[ { AA A a 4
mMsaNuduRusIznImalasunlasgunginnevulumilgnsaiuazsvey

9 1
=1

Anugs Taedngungin 6 FuANUF Ao T1 T2 T3 T4 TS uag T6 F9A1g99IN52039190
Y () 1 d' d' Y ] a A 1 d‘ a d? d! Y 1
(ANUFANNAHUWIIRIgAUAIuA) 1eNvz IdTzyFrevesl nsera1es Minatudelaun
Tosumsouua (Drying zone) Ty In1s 15 (Pyrolysis zone) Taun151m1 14158 (Combustion
zone) ez TrusanYFuY (Reduction zone)
v 9
1AMsauszUUTae 1Y Reject waste NANUFU 3 5TAY (10% 25% LAY 40% wb)
Y @ a a Jd o 9 A
awsaaglldiimanszaedivesguuginielualinsel deaaslani gui 4.10
4 1 [ M T W LY
Taeolinmsldnarau1selunszuiumsunadilindy nuIdnyuLNITNTZIAIVD

A 9 = v A a 3 A dy dy a
m‘ViﬂiJMLLH’JIHNiuﬂNLﬂﬂ’Jﬂuﬂ@ qmwgmﬂlunﬂ%u T1-T6 9ZAAAUNDAIINBUUDUTDINA

U
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a

dgj d‘ a 1 dgl o 1 1 dyd 9 1 d!
JUU Iﬂﬂ‘ﬂ’qmﬁﬁhﬁ]gﬂﬂﬂﬂ FRUUINAULH UL T1-T2 FINUNGUUHUUDYINIT 200 °C HILTAA

Q U

o))

IS 1

2 Y . . A A & a Y
NBFINNIID VLN (Rajvanshl, 1986) ﬂmn%ummgiuwmwm%gﬂmmiauwmazizmﬂ
4
pon 11/ 1u Taudl
o Qs: a a ¢ A d? 1 < ) ] I
Wﬁ\i%?ﬂl&ﬂ@ﬂ!ﬂ{]ﬂﬂl@\ﬂ@?“]Jg(]ﬂimLWNﬂluﬂﬂ1ﬂi'ﬁﬂli’m1ﬂﬁ1u1’iuﬂ T3-T4 ﬂglﬂu
) dy a < A a [l dy = 1
NITNAUTANIYUDIUBDLINAILLUN maﬂizmum‘s"lmi"lacmslumqu Llﬁ$l|ﬂ1iﬂﬁﬂﬂﬁf]ﬂﬁ1i
& ' & ' o s s s s A Y
IEINY Gmmuimy%gﬂu ﬂqmmﬁ"laimmmau ﬂTi“]J’E]uvlﬂ’é)’E]ﬂVlG]fﬂ Lagns maa”hmww

Aruiidlua e ¥ (Char) 13 (Rajvanshi, 1986)
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1200
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Distance from the reference (m)

{ @ a a o
g‘ﬂﬁ 4.11 wamiﬂﬁzmammmqmwguimmﬂgﬂm (Temperature profile) Y93 Waste reject
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Wﬂuqmﬁﬂﬂﬂl@ﬂlﬁWﬂgﬂimﬂgw\IﬂJmuqxiq@ﬂ']ﬂ@H!ﬁuxi T4-T5 FUJUAWHUING
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3 1 <3| 1 ! aaa
Combustion zone mﬂuuGb’NQﬂﬁ’wﬂlmmuﬂum&ﬁqmﬁﬂuaﬂmmmmﬂﬂgﬂ'ifnﬂﬂmm
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v
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I9U ‘ﬂ)’\‘lL‘IJHGI)"N‘VI‘JJﬂ']ﬁ‘VIT].]ZI;]ﬂﬁﬂ'ﬁgﬁ'}'mllﬂﬁﬂWﬁﬁ%TﬂTWUﬁTUUUﬂUﬂTHV]LWﬁ@ UIBDNLIYININ

o a 4 s o a ] 4

Reduction zone M1 lvtimsnaanisueunouen loa (CO) taz (H,) Taen ligungiilugasil
ﬂ?iﬁﬂ%@;ﬂﬂﬂ”l 500 °C (Kirubakaran et al., 2009)

% a a 4
wamiﬂﬁzmﬂmmmqmwgﬂmmﬂgﬂﬁm (Temperature profile) YD Waste reject
[ dy =\ 1 % a M) I [ o ) @
WU ANUFULNAADNTUIUNISUNFFWAF WY uoE19u1n Iﬂﬂﬂ?blﬂﬁ']ﬁﬁ‘ﬂﬁgﬂﬂ
[V o'./ dal dy a 9 1 a . .
Llﬂﬁ“]fwmslﬂ!l!,ﬂ‘]_lllﬁaaﬂ ﬂ?]ﬂ%uﬂl@ﬂ!%ﬂlwaﬂﬁﬂﬁqulﬂu 20% (wb) (Rajvanshi, 1986) 310113

a 1

£ v Y
W%ﬁmWNﬁﬂJ@ﬂﬂ’ﬂﬂJ%uﬂlﬂﬂ Waste reject G]@5ﬂ‘1&|ﬂl$ﬂ1'§ﬂi$ﬂ1ﬂ€l”3ﬂlﬂﬂqm1’iﬂvh NWUN ﬁmm%u

i
a =

1 g 1 P
10% (wb) v Ingaungiigegad 1,100 °C lugramawn Ind Fuiurrediinmstlounaramn

U £ Q

a 4 1A g g I o
W 1 lwanlnasl usiiio Waste reject Anmdugadu ilu 25% uaz 40% (wb) sz ld

a = o w I a
mwgmﬂmﬂizmm 850 °C (12%) 99 650 °C (26%) 9118191 Tuauiluasa Msilou

P

A Aa dy I ) 9 o [ & Aan o A =\
@]Qﬂﬂ‘ﬂhﬂ’ﬂh%ﬂgﬂ!tﬂﬂﬂ%LﬂullﬂklilulﬂﬁWﬂiﬂﬂ§$UQUﬂ1§!LﬂﬁG]ﬁ/\ILﬂ°HH LUBNIINUNIT

ade

= 9 @ :’ a o Y a ] =~ o o o
gudsanudonlldunsszmaimnmnu o Idgamgil liguiisanodmsvnisi
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a a Q) Aan o 1 < 1 0 o w
Ugnsewnagihngu od1elsnaw mildunasnnudouneuenninwarauiiilndedina

Y dy Y a 9
mummwmmmqﬂuaﬂm‘l@
WA <4 &' a
4.5.2 AUANUAUVIIUNAITBINAN

9 Y
mMsauszuulumsnaaoll é’mwmi"lwaeumuﬁ”m%mamazé’mwmﬁﬁqLfﬁaaﬂ

] 9 4 v 9 k4
gIANUANNATZAY 210 Nm'/hr 4@z 14% MUS18U 9190 WU MIiuIuueInIuisuve

v
2 a A a a

Y
agAvaziinalidasimsldiagaumuiu 91nmsaiuim dasidrudfiouny (Equivalence

Q

. P o 1 1 o 1 dy A Aq Y a . ]
ratio: ER) FuiudninaiusesnIng oas1aiu 010a : 1oinaan 149349 (actual A:F ratio) 919
I ] g a { 4
8a31due1NIA : tFowasnAsens Tunsw Indauysel (stoichiometric A:F ratio) Y99n13
a A . :/l dy =1 Y A [} A 1w
IAUTLVUN Reject waste 14 3 AU (10% 25% 40% wb) 3 1ndiAeeduuIn Ao ER MR

o o 9 o g 1 () Aa a
0.16 0.16 0.17 mwa ey Fuih liamnsofnImavenuFuAsAMM LA Fuaz sz aNTa
a 9] [] o A
manaaunald laelidiladeousuniu

dy 1 1 a 24 dﬂl a A a Y
NAVYDIAMNFU Y Waste reject maﬂimmmamﬂawmwawwa@"lmmmclu AT

a A 1

{ 1 g [ [} [ { 9 [l @ a
ﬁ 4.10 ‘W“LI’JW]’Nll%uﬂ]ﬂﬂlﬁﬂﬂ‘u3JNa’E]Eﬂ\ﬁﬂﬂ@]’ﬂﬂmﬂWWﬂl@ﬂLLﬂﬁﬁulﬂﬂﬂN%mi]u ﬂiiﬂm CcO

a

Y 4 H
A =2

] £4 ]
inanad ~ 31 % Lﬁﬂﬂ??ﬂ%uﬁﬂﬂlufﬂﬂ 10-30% (wb) 5w co ﬁaﬂmﬁmmﬁmmmﬂ

U

'
a =2

' 4
msLﬁnﬁuﬂlmmmwumuumﬁmﬂu Gmﬁﬂﬁ’m@mﬁaﬂawmmmﬁum&ﬂmm LagaIna

A

A (a a o a a A a ¥ <

155w 0, W 1 luanlgnsaiviosas iedSum 0, Yesaslsuim co Minatundosas

9 [ 9 a = Y] dy @ a c’dy
aw ldde Tuneasedudiy U5na 1, azlisduasmuanuiuvesingay dsingnseiil
I A ¥ A = g} ) o Aa A ¥ dy
AuldawiaaAiesninlimnanediviunszuiumswan H, #afi ldannisnaassil

Y] ¥ YR~ .
A9ANABINUNANUVDL Zainal et al. (2001) and Sharma (2008) Uona1nH dautlunvaulanin
o [ 4 1 1Y ) Aan o‘/ o a
dm5u CH, 1foannms lwarausmnuunasvnduia 1 1ddsua cH, gauin (11 %vol)
A o v A . ' <3 a dy 1
WoMeunuimia (< 5 %vol) (Kim et al, 2013) 0619 15na1w YSua CH, Hiazanaind1s
oA A & 5 d' v
ADIHOAUNDANNFUFTIVY Taommzi 40% (wb) 92 19 CH, Uszunm 4 % vol
Y 9 dy a A 9 = Ay VA [ '
ui A mFomasn laazinnuuilslsmaunnuasu uaiiof1uIarIAInY

) . (2 dy a 1 = A dal A dy
FoU (Calorific value : LHV) U9UNdi¥omad wuazlaunuuuionusiaaad as CH,
I o Y] o ' Y A Wdy A Yy 9 [ ao
Wudwalsndnlumssvuamanudoun 1o wansnaaodin lananuaoandoanuIuIe

A 09}/ A, =t ~ A dy = o Y
NWIUNT (Sharma, 2008) HONIINUU WormstlSeuneunaNuFUAeINUY ﬂ”IiGlGIﬂNanTlI"I

a 2 9

1 o Aan o o [ . Y o dy A 9 1
i’)lIGIfL!ﬂigﬂﬁuﬂ'lillﬂﬁﬁlf“V\lLﬂ%uﬁWﬁiﬂ Waste reject Glﬁllﬂﬁl“]f’é)LWﬁQ‘ﬂllﬂ1ﬂ’31ll'§’é)u’s1\‘]ﬂ’ﬂ‘1/] 9
Y 1 F4
ﬂWﬂL%@LWﬁQ%’JN’JﬁWﬁWﬂﬂ BHA (Arjham et al., 2012) LLfJ}’N mmm%’au%a@auﬁamm%u
£ = ~ 9 o o Yo A s WD Xy ' v ' v
qwu LW]ﬂENq\iLWENW’E)ffﬂ“ﬁiﬂu'lklﬂﬁl‘]fﬂﬂlﬂiﬂﬁﬂuﬁ!lﬂﬁ PINDINTIATAITUIDUBDYINUDY

Uszanm 42 MI/Nm' (Quakk et al, 1999) msulaguiasvesaanudeun lddmsun
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dy 1 @ ] I a a 7 [ 9y
ANUFUARAY WRzTumgraunnwavesgurgimelumlgasanturdn mslewaramn

o

9 a = (A ad ~ 9 I o
M lgamginelumge dUSinadanasou leoou naz Tuanaignnszqu fuswauin

q

Iy o a

o aan a (4] dy A Aa . 1 <
mlnlisasimanalfnsoguaznaaunailemasniigunIn (Janajreh et al., 2013) 9619 150

a
4
=

=\ (dy A dy @ Aa A
f ﬂi'lﬂ;]ﬂ13ﬂ!‘L!ﬁ]gaﬂaQL?J’E]ﬂ'ﬂ?J“]fU"UEN’N]QﬂULW?JGUH
4.5.3 msisedivanssouzvesszuy

WA TLNUANTTOULYDITLUY AaAdlUAIT 19N 4.10 FaAAIAUITIOULVD
[N o o [ a 9) . I dy a 1 U
seyynaauNaslinsud msunsaussuy lnoly Waste reject 1Hdoinas wuii A
. YY) J dy A dy I~ d? 1 . A Y =
Syngas yield 1 IHARUATAINNNFY BIANVFUTAININUY A1 Syngas vield N Az iA1anas
A = 3 A A L A 4
Taolin1anada1n 2.26 09 1.47 Nm'/kg #ioanaddszun 35% WonnudFunuIuIn
I . a 4%) A Y Yo a A
10 % (wb) 1111 40% (wb) M13AAAIYDY Syngas yield INAVUILBININGNIINI T TngAUN
A -4 I 1 [ 2 o Y] 1 1
IWNAUIN 93 ke/hr 11U 143 ke/hr @IUAT Energy yield F9A1UIUNIINBATIAIUTLHIN
@ A A [} [ d,; a [} [ 9 o a (= 9 =\ [ [
wasnuntogluunaremasnesnsims Iiagay nunduua TiuldlumaRerdu uaanas
. 44 ? 42 <
961911NH 301 2N 62% NMUBANVFUNNAIUIIN 10% (wb) 131 40% (wb)
a A a (94 dy A =& a
Yszandmmveamananunayormasdasziiulugilves Cold gas efficiency
1 d' dy d? a A a 9] dy a ~ dy
M.y Taewuhanusugeuulssaninmwmsnaaunaomaiszanadlagih ANNFUVDN

' Y ' Y [
Waste reject 11181 10% (wb) Hei1 1), Uszunas 80.10% oANUBUANGIVUT 40% (wb) fi1

N, eanaundelszuio 4520% FIaeAAdediuaIuITeves Jayah (2003) 3 ldagld

]
4 Y
o A

a a a [ J a (] 1 g g a g A A
UYszANFTAMMINAAUNEFOINEIILIUBGAUAIANNTUVOUFOINEY TaBIFoINAINAUFUI
=] A a a 9 dy a :; 1 a A d' dy d' 9
azdszanimmvsamInaaunaamaddl lagailssansnininanasil iies1nanuiou

U o 9 g) @ :/, =3 = 9 =\ o [ 0 Aan o
vndugmir I ldszmein aniudslddanusewneswedmsunszurunsunagndu

(Arjharn et al., 2013)

' ' '
o =< o ﬂ Y a [

' < Y1 & an 9
@EJNUlSﬂWm LL?J’J”IGluig‘U‘]J‘Wﬁ”Iﬁ?J“lﬂﬁ"])’V\llﬂGD'u SINENT u@@QLWNWQQQ1uLﬂn]1‘]J

aQ

Y a

@ ' Vol [ { a a a a %)
1ﬁ}ﬂ‘]Ji$’]J‘]J (~129.6 MJ/hr) memwmwawmﬁwam%am wazdszansninmswanune

L)

' Y
a AaA Y

Wy Y o 4 A Yy o A A = o Y o
Tuldanasmuldqe watiiioann ldupayemasniannudeumuiu Tasazlialndifes
1Y 4 a q'/ { Y Aan q'.l Y
s ldwamassivian lUnlgssuuudadWindu (Arham et al, 2012) #aMINAABIH

Y 1
1damdanu naziseansammmsnaaunmyomas lusruferdudiuvre I ulItedu

(Zhang et al., 2012)
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4.5.4 PSnamsuaziu

o w 1 a

a 4 3 Q) A o
ﬂiiJ']ﬂWniLLa%I?Jllfl‘l]‘ﬂ‘]_l"mﬁ']ﬂﬂl@]f)ﬂ']ﬁlﬂltligﬂﬂéll@ﬁﬂﬁZU?HﬂTﬁLLﬂﬁ“ﬁwlﬂ%ullaz

9

o @ A a v @ ~ o @ A A dAa < ' A \
ﬂ’lﬁu'lllﬂﬁlslfﬂlwa\illﬂalslfﬂigiﬂslfu 1’”ﬂllﬂTiuqllﬂﬁl%@lwa\iﬂucﬂqﬁllagPJUTJULU@U@IQ TAING
Y

4 4 4 4 4 o [ o { 1%
1% 1n5eames 11l visonTeseud Wene'ld Mlddealivuasunisianuazoiandudou
2 4
INUUUN (Cao et al., 2006)
d' a o 1 (o) dy a d‘ dy [ [ d‘w [}
M350 4.10 ugasmamsuazduluunmromasnianuiuaisnu ianaenn
[} 1 o ' . .

UATHIUATEUIUMITIIANNAZ1AN A TALA Water scrubber, Chiller scrubber Li8¥ Fabric

Y I 1 Aa 4 ] A d? [l [
filter (Q\‘]ﬂﬁﬁl\?) N’dﬂ1§Vlﬂa@\‘lllﬁﬂﬂ1ﬁlﬁu31ﬂill”Iil!“VnﬁLLﬁ%PJUﬁ]SJ’LWiJEUHEIﬂNGBﬂLEUH sz

4
]

] Y 3 b4 H i1 1
3.7 15 OANUFUANIUIIN 10-40 %(wb) aungi lamsimuIueIniownngurgin

a

o QY an o J ] 1 2 A
anaan1elum Iﬂﬂﬂ?hlﬂcluﬂizﬂiluﬂ?illﬂﬁ%?\llﬂﬂfu ‘mmazﬂuﬁauﬁuwzgmwmqmﬁgu
A ' Y o & a ' < A a =X g =~
N uazmaauNmu"lﬂﬂmmm%mm ’fJﬁlNhliﬂﬁnll WU HUVBIAIaAaN Futlunsalves
. A dy a J IR A d? A = 4
Waste reject NUANNBUG ﬂﬁiﬂm‘l/ﬂilmzI?JH%\‘]N?]T&ZNGU‘L!!‘L!ﬂ\iiﬂﬂllﬂTi!N?‘1/H§'ﬂﬂﬂhlﬂiﬂﬂ
9 a J 1 AN Y o ] . = 1 3
IeUVUBDYAN ﬂiiﬂm‘VﬂﬁngI?J‘L!‘V]llﬂ‘l/iaﬁﬂﬂNTL! Fabric filter WA15¢%1IN 1.14 mg/Nm
{ { o o a J 1 ] ¥
11825.35 mg/Nm’ 1AM0FU 10 1ag 40% (wb) AM&1AD T@ﬂm"lﬂﬂimmmmazvJuﬁ‘lﬂmﬂ
Y A ) A 1 [
sryuunasinFunuy Ivaasegiinuiny 50-500 mg/Nm3 (Kaupp and Goss, 1981; Reed and

y 2 1 Y @ a o a <
Bryant, 1978) Gdﬁﬁuag UANHUSUDIIANAU N1TIDDNLUY TNNITNITNINY LLaZ'J%ﬂ'I‘iLﬂ“lJ

% Il a J . a Aa o v J ' d? 1o J
AIDYNLALAATIZTH (Devi et al., 2003) ‘]Jigﬁ'ﬂﬁﬂWWﬂTiﬂﬁ]m/]Ti!Lﬁ$PJ‘L! Yueynueentlsznou

U

Y
a 4 1 7 o (%) a
sazdSuavesmsuazdu nazgunssiiinnuageraunareiwasitaonldaiu (Phuphuakrat
g dy T &  Aan o A ﬁ}dy a o Ao
et al, 2010) TumsnaaensainuNseuunaaunasiingun lsiausonaaunaninu

azaamnadisanadnsums lenumIesouanannszua 11 (Bhattacharya et al., 2001)
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{ a & Aan o o
A13199 410 MsUsziuausToUEvOITTUUNA NN AE AT (P-G) lumsiva Waste reject

ANUFUVDAUTDINAY (W%, wb)

RERITI
10 25 40
Equivalence ratio (ER) 0.16 0.16 0.17
Sanims 1 aemas (ke/hr) 92.8+1.01 110.50 + 1.12 143 £1.29
gas1mstnat (kg/hr) 12.95 +0.32 15.74 + 0.34 20.23+ 0.42
8a31MIAUd (Yowt) 13.95+0.21 14.25+£0.24 14.15+0.20
CO (%vol) 12.88 +0.11 11.82 +0.14 8.90+0.11
H, (%vol) 13.53 £0.42 14.29 + 0.48 15.18+0.42
CH, (%vol) 11.61 +0.12 9.25+0.16 4.01£0.11
0, (%vol) 0.57 +0.08 0.67+0.11 0.95+0.14
Co, (%vol) 10.89 £0.45 13.64 £ 0.51 14.74 £0. 45
ManudouvesdaFomay 8.26+0.11 7.25+0.14 4.82+0.12
(LHV, MJ/Nm’)
Sandnlinasufmdomasomasd 2.26 +0.03 1.93 +0.03 1.47 £0.03
191521 (Volume Syngas yield, Nm’/kg)
Sandumdanuniadomantema 18.68 + 0.44 13.96 + 0.53 7.08 + 0.45
191521 (Energy yield, MJ/kg)
wimeaemaudszin (MJ/hr) 2036.29 +2.95 2019.03 +2.54 2112.61 +£2.43
WAINUDINWA D15 A (MJI/hr) 129.6 +1.52 129.6 + 1.52 129.6 +1.52

1 [23 dy a A
NAINUUDIUUNTLBDLNAIN

naa lanan1zuIATgIU (MI/hr)

1734.08 £1.82

1521.99 £1.77

1013.13 £1.42

Uszaninmuesssuy 80.1+0.21 70.90 +0.19 4520 +£0.22
(Cold-gas Efficiency) (77.)
% A UOUAUNAD 15.111.33 23.85+1.41 34.5242.52
(Yields of cabon residue)
ﬂmﬂqwmﬂﬂllﬁ)ﬁ
USumms (mg/Nm’) 9.7+0.01 16.6+0.21 32.6+0.23
USInadus (mg/Nm’) 1.840.11 14.7+0.22 20.8 +0.24
Ysunamsuagusin (mg/Nm) 11.50 £0.21 31.3+0.30 53.4+031
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4.6 HAMIANHIATNITOUSNIIMIUTINAADY

3 a 4 @ o <}
°1umu%ummmamu5xumﬁamﬁ@uamiﬂuzﬁzuu Glummz@mnu"lﬁ’mmﬁmu

Y Y a A Y £ ) a = = Y Y 1 Aa
VYA UNANHAIULLINADY FaazgnidsziulSoumeuteya arumstasadassuaniy/

u U

A Y ! £ Ay v 1 dy
AUITTOUSNNAUIAAOY TEHINTEVUV C-G Uagiguy P-G “]NiJ‘ll’é]ﬁi‘]Jﬂ\W]E]‘lﬂu

a

4.6.1 NaNSANEIENITOUTMIGUNAGENIZ LY C-G NUIZVY P-G

Aa a a [ 9 ¢
NMInaaovlszaninnMsHannasay Iaelyssuy C-G ilSesumeunuszuy
Y I I Y Y o { a a a @ 1
P-G uaaalmmudaanuduld1ddundsanu Tasnlseaninmnmsnaanasauiiai
~ = @ d,; Aa A A [} == ~ o A v 1 9 ]
MevReaduFemasiiuladuq ad1a lsnanisnaziiimaluTagdananun s lumsdans
o ~ = a vAa A A a d? 3 a [ 9 1 [
Yoz IuduNzAnylT A aulave UFINNATUIINTUAD UM TNAANA I UAIFUN U
3 YA 9 o [ [ a A Y ]
et ldflunuamedmsuilosiu uazaruauuaivdwnedouse 11
a 4 A A a 4 9 g a
NANTAATIZHUANHNNAVUIINTZVY C-G LAaLILUY P-G 91ANT 19 0INaq
1 Y] dy ~ g 9 f a
RDF-5/WC (70/30) Tugila1a asae il 1) wamsiaunsaduilouluunadomas (Syngas
Y 1 (7] a a < ~ dy [ dy a
pollutants) 1aun unguany arsvanseyninvuiaanindwileouluunm¥omas 2) n1s
a 4 <3 & d'dyd a 1 9 o
W3 1zuaas 1ugve U3 (Solid waste pollutans) TuNHADAITNANYAII 111N tAg 3)
a 4 oy =l d'dyd a 1 A A
MIAATIZHNAET 1T (Wastewater pollutants) 1UNHUABEITNANHAE MNAVINTZVY
o 24 dy a Yo 1 qy
Manuazoaunayomnas aunsoagl ldasae i
Iy 5
4.6.1.1 uaasluuAa¥aINag
a S a (94 dy a I~ a a dﬁl Y
Msaazrunavany luunayomas azlumsuszunanyiosdy
~ A o 4] g a ¢ A a Y] [} 3 dy
lunsainiwnaadomad 1%l Temhinonaandtauas 1 WaflorvazdrenItlvoans
o 4 o (3 g a 4 a
M1 155 Tosi lunitsauiou Ghnayenas i uNenann11udou) o
) Y ¥ '
15ulasasaunonannizualdih Tasasanudomasduardnieluy dalaeiialdudn
v P o A a Y o w A A o o w o
ATzUIUNS 195z Teviannuna¥omad desliszuuiniauanye1ne tieninsiiiaun e
= 1 ~ 1 1 1 Sa A I Y A o o (% 9 ddy A
lordte nounvzdanldsegusserma egne lsndioiudotududmsums ldmaTuladiiive
o w a a (9% dy a KX I A Ao &
faavez lueuiaa Mmsdsuiuansvany luunadomas 3uiluseanduilu

o [ 1 dy a (94 dy a (% [l
ﬁmiummmgmmmmiﬂugﬂaumwﬂuuﬂm%mwm ENUlll“]J‘ﬂﬂ;]

9 Y
o =

NasguRam i e1d luauised Talduasguniuqumsiasenseinimdsnin

Yy Aa = Ao o 9/ o w 2,’ ' Y '

wyares 8198en3al i unyadosniisiasmsmn Ind Tunmshidayadesaaua 1 du ua
1A v 1w o 3 = A a a

T 50 AuaeTu aunvuia 1 dwdluvinadnigailiinglunasgiu) Teeliasuaiy

a d‘ o Y 1Y d‘ = 1 a 1
9 UYUA ﬂ@jﬂﬂ”lﬁuﬂll?@"mﬂ"miﬂiu aanaaelu 15190 4.11 i]1ﬂﬂ1§ﬁﬂ19]"lW‘]J’JT1JﬁiﬂﬂWJu
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ng U 1 I'd { o
az00d (TSP) SO, NOx N3l 55U C-G 1ag 551UV P-G UAeg lunaniivua uag
dmsulaviewin 3 ¥Ha a329 liwy (Hg, Cd, Pb)
0911 dy a d A 1 = a
Nt 3 WIs10aes Ae AnNuNULEa, HCI uag a15isznev lasondy
1 o a Jd [ a 1 1 @ [ a 1
li'lasdimsinsign (NVA) uaemnsaesuienu 11 1490 sanufiunasulsdunudsunaru
(24 dy A & 1 4 1 [+ zﬂy a a9 A
az00d TUUNFINGY FUHUI 99AYTENoUVBIA Az 003 TUUNTIFRINANAIIDY 1189910
Y Y
UAAIFBINGD 1A HIUATSUIUMTHIANNALDIADT 4 TUADY IALN Water scrubber Chiller
. =R Iy (A 1 A o 3 dy ~
scrubber W@z Fabric filter ) daumalniiSunaudundnn siatilunsalvesansilsznen HCL

A & & A o daa < s o v
LA ﬁ’lﬁﬂﬁgﬂﬁlﬂvlﬂﬂﬂﬂcﬁu %QLﬂuﬁ’liWﬁﬁﬂﬂ!"ﬂﬂﬂJ Cl Lﬂu’mim%u GlUﬂigll'Juﬂ'li LN’l]l’Vill

4
a 1 =~

dy a d'd [ Y a a 3 ] ]
wornaanilgugiigandt 850 °C vz lineliinaasiszneulaeendu ntiives cl danlng
§ & 2’ = ~ % Y
gnasrannlugyd HOl Fedudeouliude (ms1ai 412 4.13) Fawanisdnen latinnu
v Y] Aav A

ﬁaﬂﬂamﬂmmnﬂﬁuq (Malkow, 2003; Moustakas, et al. 2005; Bert et al, 2006)

(] I o [ W  Aan o 9

E]fJ'NVliﬂﬂ mmumzmuﬂmmﬁmmﬂ%u ﬂ15ﬂ’)ﬂﬂllﬂi$ﬂ'3uﬂﬁm1vlﬁll

a

1 I ~ 1 o a 4 ] I o
Tntgauugiige liieailuraddemsiaeaisuaiivoug wu eymavina@nveslangniin
1o A 1 9 a =2 g ] 1
uadeansnan lavzNlkasonsas19 laeendu/ausu (Cu, Fe, Zn, Al, Cr, Mn) Fuiudns g

URAT e (Catalyze) voamsa3 19 laoongi/musu (Bert et al, 2006)
9 o o) Yy 9 AA A o A Y
dmsunsgives anududu S0, waz No_  AlUTuwmdr iesaae
9 Ay a o @ a =K A Y a a a
ATZUIUMITIH MM TIAFDINAUDIT2 VY C-G 3105 u1ae1ma etinaldifaesuany 2 viia
9 B I [
Hlulsuaidinn FeaeandoanuauIfedus (Larson, 1998; Stiegel, 2001 ; Arena, 2012;
Seggiani et al., 2012)
09/' Y o W 4 =) O’ H 1 {
matl lunsaimsiunayomad lUldlse Teand o1vvzvanaesluld ney
A Y o w ) [ I o Y 9
augulsuaeimalumswn Inedeiina 1d egralsng ervduiludesnruguanuduass
a 1 a a d' a 9Jq Y Y d' a a a dy
ponguaunuluuSnaNRan s vl ilosas eaana INMIINAAITUANY 2 Fiiail
(UNATNT WY uazaay, 2547) Taena lnmsiia SO, nag No_tiielunszuaumsmn Tndilu
1MA AIAUNTN (4.1) (4.2) 1Az (4.3)

na lnmsina SO,;

— SO, (4.1)

— 2NO (4.2)



nalnmsiia NO,;

NO+'%0,—> NO,
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(4.3)

lunsalueenisina NO_ (Wa5uv03 NO 1az NO,) iladenilsfe oongau

uaz luTasnulueimauisaiuazgsiualny

a

inet

Ju'luasneonlad (NO) naz lulasau

4 a 4 a { a c?z' Y a a
lavonloaszinatnluninuigurgiige No, il Tumsnugumsifaasuaiy NOx

Tunszuruman vl ensuiludesmiuquaanginladInldda gunginladlgaunund

1,371 °C i Indianududuves NO g403 1,000 ppm (U IWs Wil tagamg, 2547)

uazj dy 1 a Aaaa Aq ¥ < .
MU NOx ’lJN’s’f?lu!,ﬂﬂmﬂ‘]J;]ﬂﬁfJW@Q Plasma arc “I/IGlGIf 91019 11]1 Carrier

% J o ' a g J Y 9 1
gas m‘il,mml’guaz%laimrg‘lnx‘ia’mmmﬂua’aﬂUlcmmmhlujmﬁlullﬂ HNIITUY C-G Loy P-G

I 9 o v (a v < o A A oA A
L‘]Juﬂﬁmﬂ‘ﬂiﬂuﬁﬂ1’J$ﬂ1§iﬂﬂﬂﬂiu1mﬂ1ﬂ1ﬁ LLG]EJEJNUliﬂ@niJﬂfJiliJEﬂﬂWﬂTﬁﬂMﬁ’O NONIS

ldnlgasendu s N vudmlfiiaiiueenleduedames uazoonladvedlulasion’ld

Y @ Ao ] dy a
qoANADNINU OA)O2 WENQﬂ@T)i]WUGLULLﬂﬁL%ﬂLWEN

A a Jd & a ) dy a
MINN 4.11 wamsasvuaszrunauans luunayomas

- B 511{\311&Nﬁﬂ15ﬂ§3§]5}ﬂ ®
WINUNDT UA3IgIu
32U C-G I¥UU P-G

Usunafuazens (TSP) " : (mg/Nm') 2.65 0.91 laitfiu 400
SO, (ppm) 35.00 12.15 Taisiu 30
NOx as NO, (ppm) 12.05 24.05 TaisAu 250
Hg (mg/Nm’) ND¥ ND 13isAn 0.05
Cd (mg/Nm’) ND ND Taiinw 0.5
Pb : (mg/Nm’) ND ND Tapw 15
HCL: (ppm) N/AY N/A T 136
AANUAULEI (Opacity) (%) N/A N/A Tairiu 20
m31/5znev laeendu (PCDD/PCDFs )

: (PCDD/Fs as Toxic Equivalent ; [-TEQ) N/A N/A Taithu 0.5

a ' Y a a 7 |a s ' {
vnewig - USinadu d19Bsmnmamsinszlsmamsuaziu (15199 4.9)

o a A v 4 o 2
@ TJ3$ﬂ1ﬁﬂ§$1ﬂi?\1‘ﬂiWﬂ’]ﬂiﬁjﬁll“]f’l(mlﬁ$ﬁ\3u3ﬂﬁﬂll lg@\i ﬂ’]ﬁuﬂm’]ﬂiﬁ’]uﬂ')ﬂﬂﬂﬂ'ﬁﬂﬁﬂﬂ'ﬂ\?

amedsnnmmuryardos Ysgmalussnannguny @ 127 aeuiiey 87 4 319099

WUNB 16 NINYPIAN 2553

“ ND: Not detected (Limit of Detection = 5 ppm or 5 mg/g)

“'NJ/A: Not analysis
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o [ @ a [} [ 4 a 09/'
dmsuTaviewiin 3 ¥Ha Ao He, Cd uag Pb a329 lunuluunayemas i
= Y Aany o @ Aan o 1 = a J A
AR STUVUNASTATY vag szuunaaunasihasy o190 Tumsdhasienilsuna
o caw A qu A A A S A . .
Tavigninluaulded 19ATe9uen12H A9 X-ray fluorescence energy  dispersive
spectrometer (Model XGT-5200) %93 detection limit g9 (Limit of Detection = 5 ppm or 5 mg/g)
Y] S I I [ ]
aunsaszyaMuEuTuYessIg la luseaunlesidu Teormiuanngldasie binu Tanemin
A dy 4] Ay a 1 I o a dy a Y Lﬂy A A 9
Mudleuluunmyomnas agralsna Tavzwiin 3 ¥ilail wudsnadesluyomaasudu
0911 dy A a Jd a 1 dy a a g a
Nl Wenannms i eHUsIaa1sa1eg lusemaasuan vazilsuw
v Y v 9
159199 fgnaranu ludmin ufa¥emas uaziudo WSy C-G 1agIzUD P-G 929N
o A 4 a 1 LY 1 a
sz Ravganiams uazlsziiiuliedlugddasinsiantldeouaiy (Emission factor)
v Y [ 1
e (ATu-ansuanenlandass)/(d Tansudemasnilewdnszuy) weldaiuisad iy
LAZAAAN NYANTTUVBIATTAN 1A
(%) d %
4.6.1.2 auqgaxNIaves 519oan lai Javzniin taznaoau
Y] o [ 4 1]
mitaiauganIaved s1goan lail lanewiin nazaaoiu luszuy C-G
FaTaen W NU wad1sa1ee gnas1any lugthdmingads 87.15% 509091170 ATIINL
[ dal a g’ = = A 9 £
Tuunendomad (~0.07%) asranulurinde (~3.02%) uaz Ja1sNgyIe (~9.68%) Jo1a®a
3 [ 4 o = Y  Aan o £
Wuauganiaves smoan ladl Tanewiin tagaaoiu Tuszuunwaranunasilngu ¥9lae
AN WU wad15a1ee gaastanulugilidmiingads 92.60% sesasuife astawnlu
[ Ay a oy =) d'
UNTFDINEN (~%0.04) A3 N TUI NS (~1.27%) Hag T3 NGYNIY (~4.83%)
a v dy Y [ a v d’ li! 9 1 a
NUATEN FoaAReInUIUIVeaUY Faladgllunszurunisnae
[ eV  Aan ) v o ] 1 1 [
wasnuIaeldma TuTadunadilingu dginsveslanemindiulugazeglud (Marrero et
A ' 09/’ [ <3 1 (94
al., 2004; Vervaeke et al., 2005; Kwak et al., 2006) 84 11/a3niudasiuldn ssuuwaranuna
Fndu ansaasglveswamsdiulvgldeglugilve udmiin (Moustakas et al., 2005; Bert
et al., 2006,) (Ojha et al., 2012; Yoon et al., 2013)
o & Y 4
4.6.1.3 asuanibaug lugiinae
v I Y
Poyan1319 4.12 15190 4.14 udasens luinde dmsu COD, TKN,
Phenols Bagnilsziiiuldeglugildnsimstanildosuaiiy (Emission factor) 1128 (n5u-a13
A A U a [ Ay A A 9 1 = [ ogj dy A v qul
yanuNilanlaes)/(Alansuomasnilowdnszuy) huReddu Nail 1518491091 vaaINa
a & = = A v 9 ' ' I
4 wiail Widaunsodisugiuvesdrsisuduld msizedlugdvesarssenon eg1alsng
= 1 & g} o '
Tagnmwsauiuldszuu PG Inmstuilouvewwaaislugihindedinii ssvy -G

Faoandoanudeyai ldeFuie T ineunth Ao vamsdmIngdmsvszuy P-G vzasgilu
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A 1A A

9 2 g P oy a P { .
101 (~92.60%) “ﬁﬂlﬂuulﬂ31ﬁ1§1uu1 NWITNADITNAUNYAND COD (Chemical oxygen demand)

q

d! 1 = a a0 d' [ 3’ =
CIN‘U\‘]‘]Jf)ﬂﬂ\‘]ﬂ’?ﬂllﬁﬂﬂiﬂllagﬂﬁﬁ%ﬁwﬂl@\i?ﬂiﬂu‘ﬂﬁﬂﬁN‘] ﬂ@giuu%ﬁﬂ YONTTUY C-G

{ o L4 @
MINTN 4,12 duganIaves s1goa lall Tangmiin wazaaeiuluszuy C-G

Yy anududuarsuaivvieon
ANUTUTUENT . . L
%30 ons1Nsanilaseuaiiy (Emission factor) ”
Uszian vafigyudr — ——— —
Bmiin uReYeINGY Wi qYN10
(g/kg)

(g/kg) (mg/kg) (mg/kg) (g/kg)

Al 3.855 2.88 9.61 3.15 0.960
Ca 24.786 23.24 14.58 84.44 1.444
K 4216 3.16 9.74 ND 1.043
Na 0.651 0.54 0.18 ND 0.106
Mg 0.363 0.21 1.30 ND 0.151
P 2.377 2.01 0.00 ND 0.367
Si 18.935 16.97 18.91 ND 1.944
Ti 3.618 3.33 ND ND 0.288
Fe 13.095 12.25 0.28 9.48 0.831
Cr 0.091 0.09 ND ND 0.003
Hg 0.092 0.07 ND ND 0.018
Ni 0.233 0.17 ND 1.30 0.057
Pb 0.109 0.09 ND 0.99 0.023
Cd 0.002 0.00 ND 0.27 0.001
Cu 0.227 0.19 ND 0.34 0.034
Mn 0.472 0.32 ND 0.77 0.148
Zn 0.527 0.39 1.14 21.05 0.114
Br 0.016 0.01 ND ND 0.002
Cl 0.526 2.88 0.30 2,258.70 0.106
dadau (%) 87.23 0.07 3.02 9.68

] Fi v
e ;" wiamsvaiynazanluyemausudu

v ka2 1l
@ Fasimstanilaseuaiiy (Emission factor) = [N3aesuanynlanase]/ [Alansudomasn deowdnszuu]

' ND: Not detected (Limit of Detection = 5 ppm or 5 mg/g)
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ANUTUTUEI VATV IEN

AN NTUAS . . ' _
%30 onsimstanilaesuaiiy (Emission factor)”
Usziam wayy g — ——— —
Bmiin uReYeINGY Wiy qYN10
(g/kg)
(g/kg) (mg/kg) (mg/kg) (g/kg)

Al 3.855 3.17 6.80 1.17 0.68
Ca 24.786 23.58 16.23 ND 1.19
K 4216 4.02 1.68 ND 0.19
Na 0.651 0.62 ND ND 0.03
Mg 0363 0.33 ND ND 0.04
P 2.377 2.09 ND ND 0.28
Si 18.935 18.41 431 ND 0.52
Ti 3.618 3.59 0.00 ND 0.02
Fe 13.095 12.48 0.16 1.58 0.62
Cr 0.091 0.08 ND ND 0.01
Hg 0.092 0.08 ND ND 0.01
Ni 0.233 0.21 ND ND 0.02
Pb 0.109 0.11 ND ND 0.00
Cd 0.002 0.00 ND 0.16 0.00
Cu 0.227 0.22 ND 0.24 0.00
Mn 0.472 0.41 ND 0.32 0.06
/n 0.527 0.42 0.71 1.83 0.10
Br 0.016 0.02 ND ND 0.00
Cl 0.526 422 0.10 993.82 0.03

dadu (%) 93.87 0.04 1.27 4.83

] Fi 1
nanewia ;- wraasvaienazanludemausudu

v 3 ]
@ gasimsvanilassnaiy (Emission factor) = [Mraasuanynlanilass]/ [Alansudsamash fowtnszuy]

“' ND: Not detected (Limit of Detection = 5 ppm or 5 mg/g)
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oy a A = a = A a
aslududennudnyia Ao TKN (Total Kjeldahl Nitrogen) 130151101
a 4 = Y Aan o
TuTasnulugdvesarsduniduazuenTuie Tulasou Tunszurumsunasiindu
J { a < { ' 2] i< 1 [} Ao J
pensznovvns N ludomdwudsazgnlasuldodlugdune NH, dudulng (luauivedl
] a o 1 o U 1
1114%3m512Mens521919 NH;-N AU Oragnic-N) misaamsilaaildaesgusseinis nisaa
a 9 dtd‘Q YA 4‘ Q' a A v W a d" 9/dQ‘ d? 9
waiy AvalintenldReszuy Scrubber ominilsz@nsnmmmsaniuasyiail 1AagaIy doq
1% Acid scrubber (Lemmens et al., 2007) A15NATI199DNFUAAD Phenols Fa1l5ziiinldna
a o A v o 9 (94 zﬂy a o o [ A [ zﬂy a
YsuamsngnanivlannunaiFomas dmsn H2S a599 liny 01uiie91n I 1deINaa

A Y A (Aa @ 7o ) [ o w oal A A a d%l Y Aan o
suauldsnasamosa ﬁ'Wi5°]Jﬂ']i1J']‘]Jﬂﬁ"]31uu1lﬁﬂﬂlﬂﬂﬂlu1uigﬂﬂllﬂﬁ“]fwmslfu qIWTD

A
v o 9 Y

9 o . . a a o
Gl“]fﬂi%ll')uﬂ’liﬂ’lu@ﬂl AUAIYTEUY Chemical coagulation ﬁﬂigﬁﬂ‘ﬁﬂ'l‘v‘lﬂ'liﬂ'lu@ 63%

a 4

o 5% A a A o w 09.1’ [ 4 9 o w
A1MIU COD (MWIFNUNT NUYY, 2550) LlagﬂjﬁlwuigﬂLUﬂ']T]J']‘]JﬂeUuqﬂaQLﬁaslﬂﬂ’]icl_l’lllﬂlla

q

' b
astisz@nsarmuingsyuluaisngy Phenols g TKN

[ 9
MING 4.14 oasMstlanaveuany (Emission factor) Tugihinde

- anududuasuvaiy lugihinde (gke)
AIuany
3811 C-G 551U P-G
COD 23.3002 14.039
TKN 2.3206 2.010
H,S ND ND
Phenols 1.1981 0.835

o A A X Nayd w
nanewia ;- wamsvaiynazanluaema s udu
v y v
@ §asimstanilaesuaiiy (Emission factor) = [WIagsuanynlandass]/ [dlansuwaman tewtnszuu]

“ ND: Not detected (Limit of Detection = 0.03 ppm)

4.6.2 NAMSANBITNITOULNFINIAGONUVDITZUD P-G ABNISHIDA Waste reject NI

ANNTUIZAVAG

» A A
4.6.2.1 Naﬁ“ﬁiu!!ﬂﬁ!‘lﬂ@l‘ﬂﬂﬁ
= ) A o o a2 a . =
Namiﬁﬂmmﬂ%izuu P-G LW@ﬂ’mﬂNﬂﬁNﬂmﬂa@ﬂﬂ 1130 Waste reject N
v
mm%umm (10, 25, 40% (wb)) Lmzﬁmﬁm’m’?ﬂua%ﬂ‘igmu yaag Gl,ugﬂmﬂ L%ugamﬁ'u

[ q 9 a 9 Y] 24 dy a an 9
Aunsallswaanew (RDF-5 W@ Ulll) wammﬂﬂmmwmmuﬂm%mwmGlum‘wwmu

[

Q' 9 (% d‘ 1 a 1 [ dy a @
Fanaoy auand iy @15199 4.15 WuN ﬂimmazamvJu“l,mmm%mwm HUs AR

Y

& & a 4 g ~ @ e o
ﬂ'JWﬂJG]qulULGBE]LWﬁQ c]f\uﬂuvlﬂﬂ']llﬂﬂWQﬂWﬁﬂ! LL@$WUfnﬁﬂumj@usllf)\iiaﬂgﬁuﬂﬁlu!lﬂﬁ
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k2 v I
IFOINAIAIBIUAY A Hg 1Ay Cd (0.038 0.634 mg/Nm’) 1 liAuNMATgIuiIviua &9
A0ANADITUIVBVD Bert et al, (2006) 4 1aa511 Ao m3ldnnudeouninnaraungislu

[ a a o 1 o w <3 1
szu dawalnguugii luanlnsalge nazgiesdauamsvuiamana1es (H1aoe, azeodlo
9 o 2 ~
vypauaas) ansoannnuludleuluusayomasld
[ (24 = Y A zﬂy :ﬂy a A d?
Tudruvesund so, NO_linualtiuanauiionusu vousornaunuiy
I Y A vAa . A~ dy =
p10ilull 1491 e namaniian1an1enIm ¥oe Waste reject NIANVTUFI vzl

4 1 [
wunugelu Jedewaldomea lvarimluszun1dendadl o, iz luignsenlades

A a s o a o A a
A1TNWN 4.15 Wﬁﬂ'lﬁﬁﬁ'ﬁ]’)mi'lgﬂLLﬂﬁiJﬁ‘W‘HGlULLﬂﬁL{’]f@LWﬁQ

iTu@'luNﬁﬂ'lﬁﬂi'Ji]":]}ﬂ
mmes (ANMUBUUDUROINES (wi%.wb) nasgu”
10 25 40
smaruazeos (TSP) " : (mg/Nm’) 13.47 38.40 49.71 Tainiu 400
SO, (ppm) 25.12 20.35 20.11 Tsihu 30
NOXx as NO, (ppm) 10.12 9.45 9.45 Tsihiu 250
Hg (mg/Nm’) NDY ND 0.038 13isAv 0.05
Cd (mg/Nm’) ND ND ND Tsdnu 0.5
Pb : (mg/Nm’) ND ND 0.634 Tapu 1.5
HCL: (ppm) NAY N/A N/A T3y 136
AAUAULAS (Opacity) (%) N/A N/A N/A TaisAn 20
m31sznoulaeendy (PCDD/PCDFs )
N/A N/A N/A
: (PCDD/Fs as Toxic Equivalent ; I-TEQ) Taithu 0.5

a ' a a ¢ 1a ¢ ' {
wewig - " USinadu $198smnmamsinszdlsmams ey (13190 4.9)
v 1 k4
@ Jszmensznsninenssssumnauazdunaden 5o MuannsgIunUAuMIdesin
pmadsnnaIEyades Uszmalussfoauny W 127 asuiiey 87 3 5150991

HWUNY 16 NINHIAN 2553

“ ND: Not detected (Limit of Detection =5 ppm or 5 mg/g)

“ N/A: Not analysis
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(Y] d %
4.6.2.2 auganIavel 51ndantlai lavizviin vaznassu
@ J o = [ =
augawIaved s1gdanlail Tangmin uaznaesu Awaadly m1313
£ g 9 & Aany o A o w A dy [ & g a
4.18 Fuumsldszvunarauunadilingy mofmsavesinnuduaieg suiluliawaud
F4
g Ae msdrulugezgnnulugiidimin uanui anwsuvesingau na lasasaiums
9 o = . dy £ 1 A a
aggilveanamslugiiomiin Tagh Waste reject AUAUGI ~40% (wb) FaNU YszdnTain
v & @ ' d Y {

Tunsaninuuadsglidmiinezlianiosas (60.60%) iionSeuiouny Waste reject N

ANUFUAIAD 10 % (wb) UAZ 25% (wb) WUNIAIBYUBUMININTTZAL 89.08, 77.06 %

E4 E4
% %

AUAIAY N9

@

~ A & o a ' Y a ~ 9 A 9
Howilewnananuiuluiagay azdwalinanmsgadeanudeuie 114
v '
fumsszmeni Jei Idgamngidiag
9} . . . d‘ o 4 d'd dﬁl
M3 193211 Plasma-assisted gasification IWBNIAVIENUANUFUG (~40%
o & @ a 4 a
(wb)) Suudessz s Taemmizansilsznon lavondu iosnngauugiilu Tauwm luiveuan
a 7o % a ] a 1

UHnsald (~700 °C) Famsadears lasengu/fusu aziimsadialugiguugiszning

] Ada 9 A [} 1 A ~
200-650 °C  TagB1QUNYINUNTATINNIN AD FIITNI1E 200-450 °C Az INNgAN

a d A d a IS
dszu 300 °C Taena lnAeo e1setiunidriianas 150 19U NaCl w3 HCl Taanailu Cl,
A~ a o oszl v v W ' aaa A ' a Aaaa a I
iWelivonFau nasnniu Clazsauaanuausslgnselanzi laemsinalgnset nail
. . A g . (] ==t 1 1 &
Chlorinated aromatics %30 Dioxins/furans 08191510 CI mu“lmggﬂmnwu”lugﬂ HCI %4
& Jd a = 2 = Ay v~ Y o aw A

Yudouluinde (151970 4.19) Fewan15Ane 1N 14 UA1udeandoInUIIUITBDUY

(Malkow, 2003; Moustakas, et al. 2005; Bert et al, 2006)

{ @ 4 @ {
A3 19N 4.16 TUAANIAUDN ‘ﬁ“ﬁ]ﬂﬁﬂflau TavevinuaznaeI i (Waste reject mm%u 10 %, wb)

Y Y ANUAIUTUENTUANEYI0DN
ANUYVYUET . . , _ 0
- Y 1150 0n51n151anilaseuany (Emission factor)
Yszian wayv i — —— —
10N UNAFOINAY Hude qayrg
(g/kg)
(g/kg) (mg/kg) (mg/kg) (g/kg)
Al 3.224 2.92 0.04 247.76 0.06
Ca 53.722 50.37 14.92 0.00 3.34
Cl 5.092 2.65 3.43 1,742.50 0.70
Cr 0.093 0.06 0.21 0.04 0.03
Fe 1.597 1.48 0.37 ND 0.12
Hg 0.080 0.07 ND ND 0.01
K 1.596 1.49 0.47 ND 0.10
Ni 1.165 0.95 1.10 ND 0.22
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{ o 4 o {
MINN 416 duganIaves sioan lav Tavgmiinuaznaosu (Waste reject ANWTU 10 %, wb)

("9)
Y Y anududuasuaiveen
ANUUTUIS v . L 0
I 30 8n31Mstanllaosuaiiy (Emission factor)
Yszian walyv I — —5—— —
@miin UAAADINAY MTG( qayvg
(g/kg)

(g/kg) (mg/kg) (mg/kg) (gkg)
P 1.684 1.38 2.65 ND 0.30
Pb 0.069 0.06 0.00 1.94 0.01
Si 7.852 6.97 231 ND 0.87
Ti 7.124 5.81 4.96 ND 131
daaau (%) 89.08 0.04 2.39 8.49

] Fa I
nanewie ;- wiamsvaiynazan ludemausuduy

v I v
@ §asimsvani/desuaiiy (Emission factor) = [NIagsuanvnlandass]/ [Alansusamaei tentnszuu]

' ND: Not detected (Limit of Detection =5 ppm or 5 mg/g)

{ @ 4 @ {
3NN 4.17 FUAANIAUDN ﬁWﬂ'ﬁ)ﬁﬂ']hlau Tavizviviniaznaoiu (Waste reject mm%u 25%, wb)

vy AN UTUEI VAN EVIeN
ANUANIUET - . , - 0
- 130 0a51N15Uan1laseuaiy (Emission factor)
Usziam VANHY N N 7 - —
OININ UNEIFDINAY Wae Yy
(g/kg)

(g/kg) (mg/kg) (mgrkg) (g/ke)

Al 3.224 2.8814 0.041 ND 0.343
Ca 53.722 45.8181 31.109 ND 7.873
Cl 5.092 1.4853 3.933 2,461.54 1.141
Cr 0.093 0.0465 0.371 ND 0.046
Fe 1.597 1.1889 2.325 ND 0.406
Hg 0.080 0.0598 ND ND 0.020
K 1.596 1.3381 0.764 ND 0.257
Ni 1.165 0.6325 1.225 ND 0.532
P 1.684 1.2035 0.665 ND 0.480
Pb 0.069 0.0548 0.000 2.00 0.013
Si 7.852 5.5201 13.850 ND 2318
Ti 7.124 3.9594 19.825 ND 3.145
qAdaIU (%) 77.06 0.09 2.96 19.90

] Fi v
e ;" wiamsvaiynazanluyemausudu

v Fa 1
@ Fasimstanilaseuaiiy (Emission factor) = [WIaesuanyilaniase]/[A lansSudeamasi Hdoudszuu]

' ND: Not detected (Limit of Detection =5 ppm or 5 mg/g)
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{ @ 4 @ {
MINN 418 AunanIaved 5ndam larl Tangminuazaaniy (Waste reject AU 40%, wb)

Y Y anududuarsuaivvieon
ANUVNTUES . , - 0
I 150 0n51N15Uantlaeeuaiy (Emission factor)
Uszian NanyUII — — .
Wvin UNEFINGY Wude qanme
(g/kg)

(g/kg) (mg/kg) (mg/kg) (g/kg)

Al 3.224 2.530 3.128 ND 0.691
Ca 53.722 37.736 1.437 ND 15.985
cl 5.092 0.166 6.591 3,938.46 0.981
Cr 0.093 0.030 14.607 ND 0.048
Fe 1.597 1.049 7.473 ND 0.540
Hg 0.080 0.056 0.074 ND 0.017
K 1.596 0.883 4.740 ND 0.709
Ni 1.165 0.466 13.420 ND 0.686
P 1.684 0.900 3.352 ND 0.781
Pb 0.069 0.045 0.932 2.89 0.016
Si 7.852 5.337 6.947 ND 2.508
Ti 7.124 3.757 10.387 ND 3.357
dadIu (%) 63.57 0.10 4.73 31.60

o A A A Al
j P VRITING IS maf;m'uawyﬂﬁzﬁﬂuwmwammu

v y v
@ §asimstanilaesuaiiy (Emission factor) = [MIagsuanynlandass]/ [dlansuwamae tewtnszuu]

“ ND: Not detected (Limit of Detection =5 ppm or 5 mg/g)

o A 7 o
4.6.2.3 arsnanbau lugilings

Y A

E2 I
Poya A15197 4.19 uarasas luiude @115 COD, TKN, Phenols #9490

Usziiiuldeglugldnsinisdandosnaniy (Emission factor) W18 (NSu-d15uanyh
1 a @ dy A A 9 ] =\ [ <3 Y a P

laslase)/(dTansugemasniloudiszon) wuerdu Taenmsamulddn mslnes &
' = J o 3 o = = Y A A4 o o

svendeanuantsnluinde (Cop) wuFanunga Taginud Tuuliaige ieidnvey

. A tﬂy d? QSJI dyw A o w A dy <3| Y o w

Waste reject NUANUFUNINYY NS UTHDINIINMIMTAVE: NTANNFUG Wudesing
1A o g9y A a a 7q ¥ Y & A Yo &

pggei 19 liennsamugamgi luwenlgnsel Idga 18 dalinaldimsduilouvesounia

1 (4 dy a = 1 YA 3‘ S dgl
a199 Tunnayemasgs Wawaliumsazanlnindeunuu
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[ 9
MINN 4.19 9asMstlanaveuany (Emission factor) Tugihinde

ﬂmm%’u%’ummaﬁyElugﬂifuﬁﬂ (g/kg)
TTUANY (Waste reject mm%yudnq)
10 wt% (wb) 25 wt% (wb) 40 wt% (wb)
COD 95.53 117.97 133.48
TKN 0.70 1.30 2.19
H,S ND ND ND
Phenols 0.85 1.02 1.33

W ~ A )
e ;| wamsvaiynazan ludemausuduy
v I v
@ §asimsvani/desuaiiy (Emission factor) = [MIagsuaivnlandass]/ [Alansusamaei tentnszuu]

“ ND: Not detected (Limit of Detection = 0.03 ppm)

a d aa A a A A
4.6.3 msamswwmaaaﬂLﬁeﬂizmumwym!nﬂﬁau

a d
4.63.1 myynnzviveyalaaly PCA nl3aueuszuy C-G nag P-G
9 dy a a = = 1
1NMINAgoU I WFBINGs RDF-5/WC (70/30) AUszUUSeuneusE g
a a e‘: o C3 { 1 <
T¢UU C-G uae P-G uazﬂi:mumwyammﬁ’au LLﬁSVITﬁNﬂﬁM’JﬁﬁWiiHW’J‘ﬁI@ﬁPﬂulﬂ U
= 1 1 ] [ Y 3 = 1 I
mmwsammamimuimgmag“lugﬂmmzm MNTUVDITEVY C-G Uagszuy P-G ’E)EJN]liﬂ
a A 9 a Aa Y (] [ A dgl = Y o 9
f LW’E)Gl‘Hﬁ”IiJ”I'iﬂﬂizLNHWQ@ﬂﬁiM%@QMﬂﬁTi Ulﬂ@ﬂ?\i%ﬂl%uu”lﬂﬂﬁ"llu m“lﬂuwauuam
a 4 aa a Jd v o L . .
ﬁlﬂiwﬁﬂiﬁﬁﬂ@Tﬂﬂslclgf}ﬂﬁﬁlﬂﬁizﬁﬂiﬂizﬂﬂuﬁmt‘g (Principle Component Analysis: PCA)
I3 v 9
eAnYINTIINAvDIToYa HeteTuennanssuveesiangu lanemin dan1lal uas

v 9 9 2 9 v
anosu Tlgzildin 1dun vasshidudloulwdimin Yuiloulunfmemas duilourh

U

I

= 1 { Y  Aan o )  Aan o
i@e uazaunaaviie 1seuluszuuunagsasu (C-G) HazsTUUNaFu N AL (P-G)

U 9
14

TRFauINgadu
a 4 ' a ' o Y 4
HAN133ATIZH PCA WU WRANsTsNY0I5I9ngu Tarzwiin dan Tadl
A Aa A a a 9 A ¥ &
wazAaeiu NUod 1urBINaY RDF-5/WC (70/30) (FNAUIDAIUNTZUIUMITNINANNTOUIN
9 9
55UV C-G wag 5311 P-G 9znsznieai leglugilais Taun dudleuludmin duidloulu
o A a & S A = ! ° J o Y
uharomas Yuilewinde vazlivisdingawie Tasawnsadwunesdsznovnanld 2
9
J J [ J a
penlsznou Ao PC1 waz PC2 Tagosnilsznounan 2 osdlsznoudl eFuteanuuisilsiula
QSI’ [ A A a 9
navun 91.39% awdaslu 31 4.12 Taef PC1 waz PC2 oFuneanunilsisiuld 66.38%

o o

v 9
18% 25.01% MWD Taenud1 PCl duiusnu nguvesnadisnluiouludimin
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[ d' tﬂy (2 zﬂy a 1 d' 1 I'4 [ % &Y
nguvesmamsnlulouunmyemas uaz druigariell druesdlszney PC2 duiusiy
1 tﬂ' tﬂy oy =S
nauveawadsndudleulurinde
Y v
13 1 J [
welagl1di PC 2 esddsznou aunsouenanvuzuesdoyalamou
as/‘ Lﬂ' a t:' d! (% oy % . @ I'4
NIvua Taalan1sa 15199 4.20 Fauaaedaderiimiin (Factor loadings) Nuesnlsznou
<3 1 ] o @ Y] g a
3111891 Factor loadings Y04 PC1 UANU&FNHUT U vaesd1miin vassudadamad uag
v v v Y [l
wamsAIUNGYKIY F9A1 Factor loadings HA1G4 V17D 0.806 0.901 1Az 0.939 14l 1o
a 1 % (% 4 {
#sINdoyaauganIad1svesIangy laveniin 6an1laul tazaaeiu(@13197 4.13)
3 Yo ' A v o ¢ A N A v =2 A Y}
Wi lddanuan woAnssuvessig lavzwiin dan laul wgAnssuiindieaas Ao wulud
o [ f a 1 { 1 1% o 4
wiin Tunnawemas tazudugaymieluvagi PC2 A1 Factor loadings Y99 ANNFUWUS
o 1 :} 8 A (Y 3 a < a
Aunguuaais luinde Faila1 Factor loadings 11711 0.989 Geeunaliiiu nganssuueasg
3’ =\ = 1 [ I~ v o @
Tusinde 519AADIUAINAAD Factor loadings 11 uiladed gy
AT INAVDINITAUATIZHNINADA PCA  w19Furetiiman 1811

o Iy d‘d 1 dy a d' 9 d' a =1
ENmJizn’mJTmfiwuﬂwmgclumfmwmmagﬂﬂizci]u‘1/1qamﬂqumﬂizmumiqmmﬂﬂu

U

= 1

a [ dy a [l [l [l 9 o (] 9 I
wnaaunaaemas drulvgrzasedlugiveunnin Judivazeglugiidrassilu
9
1 < 1 [l ] ll 4]
azeosuvmaan vndvegluaniuzazoaslound (vapor) nazilwileuegluunaion
) [ = A <3| 1 &£ Ay 1A v A
dmsusgaasiu wztosnniusiglunger Tany Fuiluas i liedes awnsoaaiednilo
<3| < &Y an o =~ = ' 4
Whule1dsass Tunszuaunmsunagilingu aaesu vzulasuleglugilves HCl Falinaw
A9ANA0INUUITBVDI Helble et al. (1995); Marrero et al. (2004); Vervaeke et al. (2005);
Kwak et al. (2006); Pinto et al. (2007)
09/’ dy A a Y 1 Y £ 3
adl asfigayme aunseesuivlan eglugilveudiass Fagninueazay
o w 1 { g < a 4
Tszuwiniafe Cyclone Colloctor V1AM UBYMAVINAENLIN 811 azood lound 819
< ' J 4 a
grinuazauluszu Fabric filker aaoavulimsazanluszuy (Mo 11d2) 1iesdronisiay

] Y o a 4 d' o ] dy d‘ a vad
ITUY lliJ]lﬂ‘VlTﬂﬁ’JLFI?W%W?JQ@’HV]@"I%@]ﬂﬁ%ﬁ?JiH 2 AN UIU L‘LJE’N‘IUVIN‘]JJ‘]‘]JGINﬂ’NiJ

9
v A 1

v a3 @ ' & o oA 3 Y o w Y a I Y Aa aw
gao1nIuN1TNUA20619 Fedenotludesinaldaulsed odralsng 81989017804
¢ o 1w 1 %
Vervaeke et al., (2006) t18¢ Lemmens et al. (2007) G?Qﬂ"lﬁ}ﬁj:ﬂﬁﬁﬂﬁ”mm’f]ximiﬂixi]w{ﬂ?]"ll@\i
Tanzmindiulvgnoodluglvoudr dadiuneglugdveudiminazlivinnii uazil
' I % v g
vnduihuduun (Fly ash) Fagniniu131u Cyclone uag Filter
[ == av dy Y o [] = 9 A =1 ~
96191508 Tuauideil TassandrdadiumsgudedooiionlTouiou
v A A a N Y1 ' £ Y VA A
AunasIny vaasigads mamsal ldNanazavegluszun Fedeandsed Nlwilou
9 % dy a K a Y =] o a 1A 9 Y Y
dosluunmyomas Jedsziuldnvzings Inavesarsuany llgdunadon Iddosun

~ A A YA 1 ¢ Ay o A 3 A I a v A 9 =
ATUNMNTIUIVYDUE ulﬂﬂuﬂu?Wi%UﬂlLﬂﬁ%V‘lLﬂ%uﬂ@LTJu33UU“I/liJﬂ'J’liJUJuiJ@ﬁﬂ’Uﬁ\uwﬂa@N y
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Y]

mstantldesuaiugdunadonluszauidmin (Larson, 1998; Stiegel, 2001 ; Malkow, 2003;

Arena, 2012; Li et al., 2012; Seggiani et al., 2012)

ajiTaemwsauie mstidnvezdlenszurunmsninnuioudwalil
USnamsnsznevessig lugguiiens ualasagunigainlnadedluglveudmin uas
wud m3ldszuy PG emsansgvesenslugdidminldunnd sudunadiilosain

E4 v
vams lugdil aunsodiva lddhenwanslugloug

6
01 Q CG
C
5 O P-G
4
9
°S 3
4 Cl
3 o/ |
o 2 =
@)
&
1
Cr, Hg, Ni, P, Cd, Ca
. Fe Si Si
Pb, Ti, Mn, Zn
0 —PeRMRBE e Mo Qi+
Na, Mg qRO 1Fe/§18K «
-1
-3 -2 -1 0 1 2 3 4 5 6

PC1 (66.38 %)

a L4 J @ @ 1 o
Eﬂﬁ 4.12 Wﬁﬂ1531ﬂ51$1’iﬁ]\1ﬂﬂi$ﬂﬂﬂﬁﬁﬂ (PCA) SUENﬂTiﬂiﬁﬂEJGI’J“UE]\‘lﬁWﬂﬂ’q&liﬁ'ﬂ%‘ﬂuﬂ

@ J =
ﬁ)aﬂﬂ,iﬂ UAZAADITU

A U @ g} o . Ay v a Jd o o
M3 420 laverimin (Factor loading) M ld9nmsinszalsznoud1Any (PCA) ¥pINs

@ 1 @ [ J
ﬂi%%18@]3ﬂl@ﬂﬁ1ﬂﬂ@hiﬁﬂ$‘l’iuﬂ f]ﬂﬂ?lliﬂ Lla$ﬂﬁfﬁu

AN PC1 PC2 PC3 PC4
Bin 0.806 0.012 0.181 0.001
RS 0.901 0.000 0.070 0.029
v 0.009 0.989 0.002 0.000
druiiqame 0.939 0.000 0.019 0.041
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a [ Y ° [y (Y A A a o
4.63.2 mydnnzvideyalealy PCA dmsuifadunnuvuremasiuszuy P-G
Y v k4
nnmInagon1HFoinas Wase reject AU 10 25 40 %wb 1AUTZU
A A A o @ {1 <3 '
P-G tazilszluvaniydunaden waziiaugauiadsluiadefiduu iudanIms
1 1 1 9 (] ] (] Sa A Y a a
vamsdulngategluglvoud wuiu odrelsnd e ldaunsnlszlungAnssuveua
9 1 o A dgl = Y o Y a 4 aa 9 a &%
a13 Idedneranunngsin 39 Idhdeyamnngineadalagldnisinsgiasgney
] k4 4
@Ay (Principle Component Analysis: PCA) Lﬁﬂﬁﬂﬂ1ﬂ1ii]ﬂﬁ?ﬂl@x‘]"fljﬁ)ga Neilofue
a J o o 4 1 ' 1 { 1
WRANIINYEIEINgY Tanzmin dam lai nazaassiu Tgylane ldun vamsnluilou
- w 4o d 2 . d . < &
Tudmin Pudloulundasemas Yudlowsinde nazdrungayme Tidanuuinsadu
a 7 1 o J [ Y
HAN133ATIZH PCA WU Tasansaswunesnlsznonwanld 2
E4
J J Y s a
pen1lsznou Aiv PC1 way PC2 Tagasnllsznoumnan 2 esdtlsznouil esuneanuuilsisiu1d
3 @ A A a Y
Narua 89.56% asuanaalu 517 4.13 Taeh PC1 oz PC2 a5 u1eanuulsisn’la 62.45%

[4 J

o w v o @ 1 { & Y o
inag 25.11% auaiay I@ﬂWU’JW PC1 dUNUDNU ﬂ’qumawamiﬁﬂmﬂauimmwuﬂ nay

Q

A dy [4J 49/ a T A 1 J v o Jdo
youadsiuwdonuunmyonas uay daunigyme il davuesdlsznon PC2 duiusny
[ d' dy 3’ = eﬂj dal Y J [y

nguvoswamsndudlouliniudes vetiagllan pc 2 esdlsznoy amnsavenanyuz0a
Y Y A o’./} A A ~
Joya laneunavun Taoienosan a1519M 4.21

: o é" o . o J < 1

@QLLﬁﬂQﬂ%%ﬂHTWUﬂ (Factor loadings) ﬂﬂﬂﬁﬂﬂizﬂﬂﬂmuqﬁ’ﬂ Factor

Y v
loadings Y03 PC1 HA1WdWius U vaansiwiin uaasunaFenas nagnamsaiuig
] Y

1o Tuusizi PC2 Tif Factor loadings 909 ANudwiusnunguuaais lusiude

(2 a 1

o & 2 S =
W31 Taen1wsdw Ao ANUFUVBITARAVIENIN 10 D3 40% wt (wb)
[ 1 a o 1 1 Y a A A v g &
ludewadenganssunisnszaeal llgzluuuaieg nidezllsmanamaiunan dalag
ajlae misidavezdrenszuaumsnuanuoudwaliiUSunamsnszanevessia ligsl

a1 ua TagagisiganIngidsedlugdveudivmin
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5
A O MC @ 10% (wb)
4 1 O MC @ 25% (wb)
A MC @ 40% (wb)
~ 3 T
X al
=
g 2 a® /-
o
4
1 1
Ca

Al, Cr, Fe, Hg, K,/ Ni, P, Pb, Si, Ti

0 o o),
VAt

PC1 (62.45 %)

{ a J J [ @ 1 o
g‘ﬂﬁ 4.13 ... HaN15 AN 1ZHeeAlsEnauran (PCA) ‘lJ’ENfﬂiﬂﬁ$%18ﬂ3ﬂlﬂﬂ‘ﬁ1@lﬂ@ﬂjﬁﬁ$ﬁuﬂ

[ Jd = v a . = dy
oanlsa uazﬂaasu‘lumqﬂu Waste reject NAINFU 10 25 11ag 40% (wb)

A o 3’ o . { a Jd v o
519N 421 U9981i i (Factor loading) ﬁ“lﬁmﬂmmmiwwmﬂizﬂaumﬂty (PCA) ¥99M13

o ' @ @ 4 { 4
N3zeR1v09519ng N Tarzniin oam 15a uazaaesulu Waste reject NAWHY

10 25 ua 40% (wb)
AN PC1 PC2 PC3 PC4
Bmin 0.858 0.000 0.017 0.124
uSEoma 0.531 0.023 0.434 0.012
v 0.013 0.977 0.009 0.001
qynY 0.733 0.000 0.186 0.080
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4.6.4 MINATUMITEazAAHTHINIINI

4 a L4 a @ a J
Lﬁﬂﬂﬁ?ﬂ‘ﬂﬂfnﬁ'J!,ﬂ3']ZﬁLLEW‘]Ji%llluﬂ"l'iﬂﬁ%‘ﬂWfJ@]'JllﬂGll@\iﬁWﬁJaW‘H WU UaeT

7

drulugazasdreglugdausudimin mnasanludunistidauanslugilidimin

[

1] ' 4
awrsadanisladeniglou saldndniu Saawisoii il 19se Toni Tasldnauiuieg

q

A o I w 1 9 9y o o 9 a = o A ] Yy A
suainduiagnoasiela el Jeduiludesinisants Taveminfazaueglud Aawisn

q

9 v
1 a

Y Y
gnrzazatellgmsduioudedaniadon 1wy au urauhidiau wieirldaulade

Tagmwizee1989 Taneuiinillnbo193 (As, Cd, Hg, Pb) &9lunlasugdlUawmanandy

2
~

1 4 o J 3’ 9 a 4 @
pazamsadzanlusuneuysduazdaninld nisdmsizimsszazateTanzwiin
4 a o v 9 a
A18ITNITNATOUATNUINTTIUUOI USEPA  taziinmsnaaoun1sve laneniindlo33
Toxicity Characteristic Leaching Procedure (TCLP) ¥4 lanasauansluaisnei 4.22 wazasnan

1 9 4 dy A A a 4 =\ @
4.23 Tagwu3 uun Tt 1ve uFemasiiauszuuA8 52 UY P-G ziinmsvrazate lavigwiin
r) e < o o ' ~ v
ponu latieend uernilumsizmsnsgiues Tanzniin uazdawni Fe uag Zn Huun iy
A Y 1 o A 1 I
Nazgnazazate 1ad1end1 Taneniindue (Rocea et al, 2012) 9619 1509 HANMTNATOUNS

yrazaleued lanemiinnnsg Ian lunuuagiuiivue

1 k4
M3 4.22 Nﬁﬂﬂﬁ@ﬂﬂ?i%zﬁzﬁﬁﬂlﬂﬁlﬁH VBIUFOING RDF-5/WC (70/30)

=
WfSeueuseuy C-G Lag P-G

519 520U C-G 5YUU C-G wasgiu
Fe 61.7 44.1 laisviua
Cr 0.097 0.08 5

Hg ND ND laisviua
Ni 0.292 0.245 laisviua
Pb 0.265 0.019 5

cd 0.035 0.002 1

Cu 1.040 0.12 laigvua
Mn 11.17 1.78 laisviua
Zn 12.68 4.59 laisviua

naoma : " AAI§IUAM US.EPA : Toxicity Characteristic Leaching Procedure (TCLP)
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[ [ 2
M 423 HANATOUMIBLATABVDUNT Waste reject U Waste reject NANUFUAE

y 9 @
AMduIUv03 larzniin (mg/l) o
V133U

519 MC @10 %wb MC @25 %wb MC @40 %wb
Cr 0.09 0.11 0.28 5
Fe 67.80 82.34 92.00 liifvua
Hg ND ND 0.12 Tiifmua
Ni 0.38 0.45 0.61 lifmua
Pb 036 1.32 1.74 5

nnewia ; fhmmgmmu US.EPA : Toxicity Characteristic Leaching Procedure (TCLP)

° a Jd o Y a
4.7 !!‘]J'Uﬂ1@?)\‘17]1\‘]ﬂmﬂﬂ1ﬁﬂiﬁ1‘i’i§‘ﬂﬂ1§ﬂi$!3~lu5$‘ﬂ‘u
Tumsshunuiassnuadiacmans dmsumsineagannuesiayemasi lasu

A a Aa (2 1 g 1 o 9 va
lldwlszaniamuesmsnaauna szuiailu 2 ngu Ae 1) mstwelasldauaniannms

k4
a Jd o

1 v W a 4 Y 1w
’Jlﬂi1$1/i1/]QLL‘]J“]J‘]J‘i%SJWmLmZLLEJﬂ‘ﬁWJ FIUNUANHUSUDINITIAUISUUY cdﬁﬂ"l,mm ’Oﬁﬁﬂﬁﬂﬂu

[ a

0AY (Fuel) HazensIMIileusime (Flow) @1H5SUMSAUTZUY C-G 1ag 2) Mg lag

Q

a )

Y

[ o [ a 1 A A o a

T¥manusuvesiagaudmiumsauszu P-G Taongauusnaz 1935 512 HIUUDADDEITF
1 d' A A 4 a 1 1
idunyga waznguidenz 1995 Rz duuUDReeFuduDE19d1e
Y v

dsumsaduuuuiiassuoanouFudunygy Jvuaousuduanmsaendoya
[ a o [ [ a o
aulsvase (esllsgnounuuuensIAnUANEMEMIMUIZUY tazeenlsznounyulszun
[ [} a H @ [} Jd o [ [ o [ { [} 4 o‘/ I
AuanbueNsAUIEUY) NlanuduiusnuedeiivadinyNseaunndenu 95%0u

[ g a Aa a Aa [ a 4

AUMNVOINANFOINAL (CO, H,, CH,) taglszdnsnimmsnaaund (M.,) #AMIAATIZY

Y v v
avduRusaanatl uaaaluasnean 4.24 tag 13199 4.25

{ @ a J [ a { v o J
@]'liN‘ﬁ 4.24 GI’JLHJTE’Jﬁi$ﬂ1ﬂﬂﬁﬂﬂi$ﬂflﬂl!ﬂﬂl!ﬂﬂ‘ﬁ1ﬂﬂ‘]Jﬁﬂ‘Hﬂ!%ﬂWimuig‘U‘U ﬁﬁﬂﬂTNﬁMWUﬁ
[ Aa A ® A a 9 1 A v o @ ~ [ A o
ﬂﬂﬂmﬂ1wua$ﬂi$ﬁﬂ‘ﬁﬂ'lW"UfN!lﬂfff‘ﬂNﬂ@lhlﬂ DYNUUITINYNIEAUANNITON U

95%

Predicted Parameter Predicting Parameter (R)

CO AC (-0.967), FC (0.967), VM (0.967), LHV (-0.967), Flow (0.218)

H, AC (-0.771), FC (0.771), VM (0.771), LHV (-0.771), Flow (0.200)

CH, AC (0.942), FC (-0.941), VM (-0.942), LHV (0.942), Flow (0.335), Fuel (0.238)
CcvV AC (-0.261), FC (0.261), VM (0.261), LHV (0.261), Flow (0.851), Fuel (0.600)

MNee AC (-0.618), FC (0.618), VM (0.618), LHV (0.619), Flow (0.402)
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A @ a J v w a Ao v o
MINN 425 AwdsoaszannesndsznounuudsznaunuanyueMSAUIZUY NUANUTUAUS

'
[ I

fuqanmuazlszaninmueaunaiinan 1@ edelifeddaiszauanuieiu

95%
Predicted Parameter Predicting Parameter (R)
Carbon (-0.967), Hydrogen (-0.967), Oxygen (0.967), LHV (-0.967), Flow
CO
(0.220)
Carbon (-0.770), Hydrogen (-0.767), Oxygen (0.771), LHV (-0.771), Flow
HZ
(0.220)
Carbon (0.942), Hydrogen (0.941), Oxygen (-0.942), LHV (0.942), Flow
CH,
(0.335)
Carbon (-0.261), Hydrogen (0.259), Oxygen (0.261), LHV (0.261), Flow
CV
(0.851), Fuel (0.600)
Carbon (-0.618), Hydrogen (-0.613), Oxygen (0.619), LHV (0.619), Flow
n.
¢ (0.402)

Aa J 9y

k4
[ Y o a 4 ) a a
’VIENﬁ]Wﬂuu‘ﬂ'lfﬂf!")!,ﬂ51$Wllﬂﬂﬂ1aﬂﬂﬂ1ﬂﬂm@ﬁ1ﬁﬁiLLUUﬂﬂﬂUﬂL%QLﬁUWﬂ@,mIﬂﬂU%

v J A o A

Stepwise selection tagAaondulsnianuduiusiued i liisdidynszaunurely
o a s A o va 4 a a

95% Wam a3 Ui e ndamdas ot eguauiavesnauazlszdninimyos

a <) Y a 4 dy a

mswaaund laglda191nn133A512HHUUYIL NIV LALHUVLENT 1) VDUFDINE

RDF-5/WC (70/30) aauanali 915199 4.26 uag 15199 4.27 aud1ay

3NN 426 wamsadewuitasmuadamans o e aaidvewnaiazlszd@niam
Y
a ] J a 4 a
yosmswaaund Inelda191nmsamsiziuuulsznaveudomas RDF-5/WC

(70/30) (N =27)

Parameter Prediction model Adj. R’ RMSE
CO -4.059 + 1.315 (FC) + 0.026 (Flow) 0.98 0.62
H, - 13753.82 +413.042 (AC) - 961.124 (Fuel) 0.88 1.13
CH, 7.401 - 0.592 (FC) + 0.028 (Fuel) 0.98 0.25
Ccv 9109.581 +253.611 (FC) - 147.934 (VM) + 0.022 (Fuel) 0.77 0.22
M. 89.837 - 3.222 (LHV) + 0.455 (Flow) - 0.617 (Fuel) 0.89 3.86
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MINN 427 Hamsaiuuuiaemmendiamnaas e nenaauidvenauazse@nsamw
2
YoImswaauned Iagl¥a191A015305 12 T HUUIENT19 YO UFBINE I RDF-5/WC

(70/30) (N =27)

Parameter Prediction model Adj. R’ | RMSE

CcoO -21.187 — 0.891 (Oxygen) + 0.026 (Flow) 0.97 0.61

H, 132.767 - 15.595 (Hydrogen) - 0.163 (LHV) + 0.199 (Flow) | 0.926 0.918

CH, -45.119 + 0.914 (Carbon) + 0.028 (Fuel) 0.98 0.25

Cv -499.831 + 78.114 (Hydrogen) - 8.105 (LHV) + 0.011 0.77 0.22
(Flow)

M. - 31978.87 + 4971.986 (Hydrogen) - 515.694 (LHV) + 0.88 4.01
0.136 (Flow)

1oNIZATIADVAVUATINVBIMI AT NUVUT 0L VUDADDeFudungy 18iin151ih
a 4 4 a 1 4
msmmwwmmmmmﬁau (Residual analysis) IﬂfJW%13'&1WﬂWﬂ'NiJﬂﬁWﬂLﬂaﬂu‘JJWﬂﬁjTu
U o { @ -4 09/’ ) s
(Standarized residuals) WU LHJ‘U%Tﬁ@\‘]ﬁ”lﬁ}Wﬁlﬂﬂﬁu‘ﬂ\TfnﬁuTLﬂW@Qﬂﬂigﬂ@UL!Uﬂﬂﬁgﬂﬂm
] 9 1
HaZHULYNTD6) SINAVANNEMIIAUTZUY flﬂ”lﬂ’?ﬂllﬂaTﬂLﬂa@uLﬂTﬂUﬂugﬂﬂﬁNﬂ “?\Hlﬁﬂfi
Y ' o A 9 dy Y o o 9 o
GlmwuaumumammmuLﬂuhlﬂﬁm&ua@mmmm@u’mwium‘iaiwu‘uumamuuuﬂm\aﬂ

IFaudungu

A 1 4 o a s A o A
MMITNN 4.28 wamimﬁ@m1mmﬂmmﬂ§aummmmmmmmmmﬁmmgﬁammaﬂmﬁnuw
%) a Aa a (24 14 dy a
"llf]\?l,!,ﬂﬁllagﬂi$ﬁ1/l‘ﬁﬂ'l1/\l"llf]\3ﬂ'liﬂﬁG]Ll,ﬂ’ﬁiﬂﬂﬁ)\?ﬂﬂ‘igﬂ@ﬂllﬂﬂﬂi%ﬂ?ﬂ!ﬂlfl\i!%mwaﬁ

RDF-5/ WC (70/30)

Predicted Parameter Standardized mean residuals Durbin-Watson
CcoO 0.000 1.533
H, 0.000 1.654
CH, 0.000 2.031
Ccv 0.000 1.368
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Plasma-assisted gasification of waste reject from a MBT plant
for syngas production
Running head: Plasma-assisted gasification of waste reject
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Abstract

Municipal solid waste (MSW) becomes a very critical issue in many regions of the
world. Various technologies either alone or in combination have been used to solve this
problem. Mechanical and biological treatment (MBT) is one of the most effective
methods for MSW management to divide MSW into different fractions, including waste
reject which presently requires landfill disposal. Waste-to-energy process like
gasification is an alternative to landfills but requires feedstock with homogeneous form
and low moisture content. This work aims to study whether this waste reject can be
used for energy production through gasification process in assistance with external heat

source from plasma arc. Syngas characteristics and system performance were tied to
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the different feedstock moisture content levels ranging from 10 to 40 wt% (wb). Results
showed that plasma arc could reduce limits of feedstock properties in traditional
gasification. However, an increase in moisture content resulted in a reduction of
temperature inside the gasifier, causing a variation in syngas characteristics. Calorific
values were found to decrease proportionally from 8.26 to 4.82 MJ N-'m= with an
increase in moisture content from 10 to 40 wt% (wb). The performance evaluation of
the plasma-assisted gasification system, i.e. syngas yield, energy yield and gasification
efficiency, were negatively influenced by moisture content in the waste reject. Overall,
waste reject can serve as a feedstock for quality syngas production using plasma-
assisted gasification system.

Keywords: waste reject, mechanical and biological treatment, energy production,

plasma, gasification, waste-to-energy
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Evaluation of an Energy Production System from Sewage Sludge
Using a Pilot-Scale Downdraft Gasifier
Weerachai Arjharn,*" Thipsuphin Hinsui,* Pansa Liplap,”® and G. S. Vijaya Raghava.n§

"School of Agricultural Engineering, and *School of Environmental Engineering, Institute of Engineering, Suranaree University of
Technology, 111 University Avenue, Muang District, Nakhon Ratchasima 30000, Thailand

$Department of Bioresource Engineering, McGill University, Sainte-Anne-de-Bellevue, Quebec H9X 3V9, Canada

ABSTRACT: Presently, sewage sludge from has b a critical problem in many regions of the
world because it can inflict harm on human beings and the environment. Gasification technology is mdely held to be a suitable
and convenient approach to convert waste materials to energy with minimal gr gas i In a pilot-scale
experiment on sewage sludge gasification ultimately aimed at generating electnaty, the reactor temperature profile, syngas
characteristics, and performance of t.he syngas in the production of electricity were tied to the equivalence ratio (ER) and syngas
flow rate (ie., 100, 150, or 180 N m® h™"). An increase of the ER resulted in an increase of the temperature inside the gasifier,
causing a variation in syngas characteristics and the level of tar and dust contamination. Calorific values at different syngas flow
rates were found to vary from 4.20 to 4.87 MJ N~' m™>. The syngas obtained at flow rates of 150 and 180 N m* h™" could be
used in an engine—generator set to generate 21 or 47 kW of electrical power, respectively, whereas at the flow rate of 100 N m*
h™’, the syngas could only run the engine without electrical load. The specific sewage sludge consumption, which is the amount

of feedstock ired to g electricity, decreased with an increase in the syngas flow rate. The performance evaluation of
the sewage sludge gas:ﬁcatlon system, i.e,, gasification efficiency, engine—generator set efficiency, and electrical efficiency, showed
that these were in the range of those obtained from biomass, such as agricultural residues. Overall, sewage sludge can serve as a

feedstock for electricity generation using a pilot-scale downdraft gasification system.

1. INTRODUCTION

Crucial energy source issues presently arising from the decline
in fossil fuel supplies must be addressed immediately. Many
countries have become increasingly aware of the importance of
renewable energy and have placed greater emphasis on
approaches to an efficient use of potential alternative energy
sources. Moreover, environmental problems arising from
various energy production processes are also an issue of
concern to many. Given this situation, organizations respon-
sible for dealing with these problems strive to develop
innovative technologies of energy p ion, which are not
only beneficial in terms of efficiency and economy but also
environmentally sound.

Sewage sludge is the waste generated in wastewater
treatment plants. With the installation of water purification
systems in more locales, the quantity of such sludges has risen
over the years,' and its disposal has become increasingly
problematic. Currently, the most widely used management
methods for sewage sludge are incineration and landfill, along
with its use as an agricultural fertilizer. The disposal of sewage
sludge by means of landfill has become much less acceptable in
the European Union (EU). In addition, because sewage sludge
contains pathogens, heavy metals, polychlorinated biphenyls,
and dioxin,” strong opposition exists for its incineration and use
in cultivation given environmental and health concerns.
Therefore, the development of alternative methods for sewage
sludge disposal is encouraged.

Gasification is an attractive high-temperature thermal process
by which the hydrocarbon in the feedstock is converted into
syngas consisting mainly of CO, H, and CH, at high

< ACS Publications 2012 American Chemical Society
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temperature with a controlled amount of air/oxygen lower than
the complete combustion process. The gas produced can be
used in either an internal combustion engine or direct heat
applications.” Gasification is regarded as an appropriate
technology for energy production because it provides an
overall more efficient conversion of a given feedstock resource
into electrical power than traditional combustion-based
technologies. Additionally, gasification is considered an
environmentally friendly technology because it limits emissions
of sulfur oxides (SO,), nitrogen oxides (NO,), heavy metals,
and fly ash and the potential production of dioxins and furans
as a consequence of the reducing atmosphere (versus the
oxidizing atmosphere typical of incineration).® However, the
presence of sulfur, nitrogen, chloride, and fluoride in sewage
sludge may be released as H,S, NH;, HC], and HF because of
gasification reducing conditions. These compounds lead to the
formation of respective oxides during syngas use; therefore, the
contents of S and N compounds in syngas need to be
monitored and controlled.®
To date, a number of studies have reported the successful
dxsposal of sewage sludge by means of gasification;">
, most such were operated at an experimental
or laboratory scale. The efficacy of sewage sludge gasification at
the pilot scale, which would be suitable for the amount of
sewage sludge produced by a wastewater treatment plant, has
been little studied. In the present study, sewage sludge was used
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to produce electricity using a pilot-scale downdraft gasification
power plant. The capability and efficiency of the gasification
system are evaluated. These results will inform the future
development of sewage sludge gasification systems in a
concrete manner.

2. EXPERIMENTAL SECTION

2.1. Sample. Sewage sludge was supplied from activated sludge
wastewater treatment plants located on the Kabinburi Industrial
Estate, Prachinburi province, Thailand. The companies mostly relate
to bleaching and dyeing processes. Because raw sewage sludge
contained lots of water (approximately 80%), it was sun-dried on a
cement floor for 45 days (Figure 1a) until the moisture content

and developed by the Si University of Technology, Thailand,
and Satake Corporation Co., Ltd., Japan. The gasifier was
manufactured from mild steel and equipped with an inner lining of
insulation and high-temp ceramic. The gasifier height and inner
diameter were 3.11 and 0.75 m, respectively. A grate was placed at the
bottom of the gasifier to hold feedstock. Below the grate, a screw
conveyor with a water jacket was installed for charcoal removal. Nine
air nozzles with a diameter of 10 cm were installed around the
combustion zone. The gas cleaning and cooling system was located
next to the gasifier, including a cyclone coll water bb
chilled water scrubber, biomass filter, and bag filter. To assess
electricity production, an engine—g set with a maximum
power output of 85 kW was used. The various elements of the
downdraft gasification power plant are shown in Figure 2.

Figure 1. Photographs of (a) dried sewage sludge and (b) briquetted
sewage sludge.

decreased to approximately 20%. The dried sewage sludge was ground
to minimize its size (<10 mm) before subsequently briquetting into
cylindrical shape (45 mm in diameter and 40—S0 mm in length; Figure
1b) using a conical extruder. The moisture content after briquetting
was less than 15%. Characteristics of sewage sludge were determined
by means of proximate analysis (ASTM D1762-84 and ASTM D2015-
77 standards) and ultimate analyses [CHNS element analysis (LECO,

q d sewage sludge was manually loaded into the gasifier until
it reached a predetermined level. All nozzle valves were opened to
allow air to flow through the gasifier. The scrubber circulating pump
was switched on to start up operations. The sewage sludge was then
ignited through an ignition port located at the combustion zone using
a pilot lighter. The heat generated in this zone evaporates moisture
within the biomass in the drying zone and drives pyrolysis and
gasification reactions. Once the gasifi process had been
completed, the syngas left the gasifier through the gas cleaning and
cooling system. Contaminants, such as dust, pyrolytic product (tar),
and water vapor, were initially removed by directing them through a
cyclone collector, followed by water scrubbers and a chilled-water
scrubber. Because tar vapor cond at low temp most of
the tar was trapped by the cold water in the chilled-water scrubber.
The moisture in the wet gas from the chiller scrubber was removed by
passing the gas through a biomass filter containing wood chips. Finally,
bag filters, which can entrap particulate matters as small as 0.1 mm,
served to ensure that the gas produced would be clean enough for the
gas engine.

The effects of air supply on the gasification process were
investigated by varying the syngas flow rates (i, 100, 150, or 180
N m® h™') using a blower installed in the gas line. The blower speed

3

CHNS-932) and an energy-disp X-ray fl pec

was d using an invertor. The syngas flow rates were measured

(EDXRF, ED 2000)].
2.2. Experimental Apparatus and Procedure. A pilot-scale

using an electronic flow gas meter (model DIG-SIDO-O, Nippon
Flow Cell, Japan) located between the bag filters and the engine—

open top downdraft gasification system was collaboratively ig g set. At the beginning of each experi | run, syngas
No. Description No. Description
1 Gasifier 6 Biomass filter
2 | cyclone collector P Bag filter
3 Water scrubbers 8 Flare
4 Flocculation tank Control unit
5 Buffer tank

230

gasification system and gas sampling positions.
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Figure 3. Position of thermocouples installed to the gasifier.

d prior to its introduction into the engine—
genentor set. Unnl a sufficiently high-quality mix was obtained, any
gas produced was burned at the flare. Once the gas quality was
sufficient for the engine to operate (gas calorific value > 4.2 MJ N~*

m™),” all measurements were performed. For each operating

dition, the gasification system was op ly for 24

h and the data (syngas composition, tar and dust contents, “biomass

n, and ash discharge) were collected every 30 min and
presented on average values.

To monitor the temperature inside the gasifier, six K-type
thermocouples, installed vertically 0.66, 1.06, 1.46, 1.86, 2.28, and
2.70 m downward from the top of the gasifier (Figure 3), were used to
measure the temperature distribution inside the reactor. The
temperatures are measured at intervals of 30 s to record the
thermochemical conversion phases: drying, pyrolysis, combustion,
and reduction.

To reduce the number of parameters, the equivalence ratio (ER) is
used to reflect the combined effect of the air flow rate, rate of sewage
sludge supply, and duration of the run. The ER is calculated by

ER = (air flow rate/sewage sludge consumption rate)

/(air flow rate/sewage sludge ption rate) ..

[low heating value (LHV)] were calculated fmm the bustibl
gases, using the heating value of 13.1 MJ N™* m 3 for CO, 112 MJ
N~ m™ for H,, and 37.1 MJ N™' m™* for CH,.® Gas impurities in the
form of tar and dust were quantified at three different positions, ie.,
after gasifier, after water scrubbers, and after bag filters, by drawing the
produced gas using a vacuum pump. In brief, the moisture content of
the produced gas was gravimetrically measured by passing it through a
U tube containing CaCl,, which was submerged in ice. Then,
approximately 300 L of syngas was passed through a filter paper (GF/
B) with 47 mm in diameter. The total tar and dust was quanuﬁed by
drying the filter paper in an oven at 105 °C for about 6 h.® The dried
filter was then rinsed with anisole to wash away tar from the filter. The
difference in the weight of the filter after drying was used to calculate
tar and dust contents with respect to the dry gas volume.

3. RESULTS AND DISCUSSION

3.1. Sewage Sludge Characteristics. Physical properties
along with proximate and ultimate values of sewage sludge
components are presented in Table 1. Sewage sludge obtained
from waste treatment plants had a moisture content of
appri ly 80% [wet basis (wb)]. Once sewage sludge

)
The performance of the gasification system was evaluated by the
following parameters:®

VLHY,
L B —
§ Mg LHV g (2)
0
© VLHV 3)
___36R
Mg gge LHV o gee (4)

where 7 is the gasification efficiency (%), 7. is the engine—generator
set efficiency (%), 74 is the electrical efficiency (%), My, is the
sewage sludge consumpuon rate (kg h™"), LHV, is the ﬂlon.ﬁc value
of gas produced (MJ N™' m™), LHV,.4 is the low heatin value of
sewage sludge (MJ kg™'), P, is the electrical power output kW), and
Vj is the volume flow rate of gas produced (N m® h™, dry gas).
¥23. Gas Quality Analysis. Gas d from the briquetted
sewage sludge was collected at the ," g port located b the
bag filters and the engine—generator set (Figure 2) and analyzed

was sun-dried for 4—$ days, its moisture content dropped to
roughly 20% (wb). The dried sewage sludge formed spherical
aggregates approximately 2—10 mm in diameter. Because
feedstocks of a small size are not compatible with downdraft
gasification technology, the dried sewage sludge was briquetted
into cylinders 45 mm in diameter and 40—50 mm in length.
The moisture content and bulk density after briquetting were
approximately 15% (wb) and 380 kg m™>, respectively. The
upper limit of the moisture content for downdraft gasification is
usually no more than 20% (wb) because heat loss as a result of
water evaporation is considerable and can reduce the overall
gasifier temperature, impairing gasification reactions."’
Proximate values of sewage sludge include moisture content,
volatile matter, fixed carbon, ash content, and heating value
(Table 1). The volatile matter and heating value of sewage
sludge were fairly high and comparable to those of other forms
of biomass."" The heating value generally indicates the potential
of feedstock to generate heat during combustion, resulting in
the release of important volatile components used in syngas
production. However, sewage sludge was found to have a high
ash (30.45% on average). This could potentially cause

means of gas chromatography (SIMADSU, GC-14B). Calorific values

231

difficulties in system operation because the ash produced would

dx.doi.org/10.1021/ef3012728 | Energy Fuels 2013, 27, 229-236
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Table 1. Characteristics of Sewage Sludge Derived from

Activated Sludge W: T Plants (Bleaching
and Dyeing Processes)
value
analysis parameter i I jiig
physical properties  density (kg m™*) N/A 204 380
size (mm) N/A 1-10 45 X 45
moisture content 80 20 15
(wt %, wb)
proximate analysis  moisture content 15.00 + 1.5§
(%) as received
moisture content 6.44 + 0.50
(%) as air dry
volatile matter 56.00 + 2.97
(wt %, db)
fixed carbon 7.11 230
(wt %, db)
ash (wt %, db) 3045 + 124
net calorific value 13.55 + 048
(M k") as
receives
ne((MGJLli;ﬁic) valu? 15.32 + 0.55
as air
dry
gross calorific value 17.11 + 045
(M) kg'", db)
ultimate analysis carbon (C) 3638 + 0.06
(wt %6, db) hydrogen (H) 586 + 017
nitrogen (N) 522 +0.16
sulfur (S) 098 + 0.05
oxygen (O) 47.98 + 028
heavy metal and copper (Cu) 12.90 + 0.03
oue: iron (Fe) 23.60 + 0.87
(g kg™, db) zinc (Zn) 331+ 003
cadmium (Cd) 0.01 + 0.00
lead (Pb) 026 + 0.10
chlorine (Cl) 740 + 0.16

need to be removed from the gasifier frequently. In addition,
the high ash content promotes clinker formation, which
generally occurs in the combustion zone if the temperature
reaches 1100 °C.'* As a result, the quality of syngas is
decreased. It has been suggested that the ash content above 5%
is likely to cause clinkering and slagging problems."* In addition
to the quantity mineral matter, its composition is also very
important, because of the possibility of sintering and slagging
formation.'*

From the ultimate analysis, the empirical formula for sewage
sludge is CH;;0p99 and the stoichiometric air/fuel ratio is
5.06. The carbon and hydrogen of sewage sludge, which are the
main elements in syngas production during thermochemical
reactions, are similar to those of other forms of biomass.'' This
implies that sewage sludge could be used as a feedstock for
energy production using gasification technology. The amount
of sulfur contained in sewage sludge was found to be relatively
high (0.98%) when compared to biomass (0.01-0.07%),"
indicating its adverse effect on air pollution (SO, and H,S are
also high). However, because gasification works at limited air
supply conditions, the ?roducﬁon of SO, tends to be much
lower than combustion.’® The sulfur is mostly in the form of
H,S;"” therefore, special care must be taken while gasifying with
this material. In the long run, H,S in both liquid (scrubbing
water) and gaseous (exhaust gas) phases needs to be
monitored. An adjustment of experimental conditions and the
use of effective sorbents are most advisable. The amount of

232

chlorine found was less than many types of biomass generally
used in energy production.'® However, sewage sludge
contained a relatively high iron (Fe) content. This is
attributable to the iron compound FeCl; being used during
primary wastewater treatment. Other heavy metals, such as Cu,
Zn, Cd, and Pb, were found to be more in sewage sludge than
in biomass.' In general, sewage sludge with a high heavy metal
content requires special management. For gasification technol-
ogy, even though most of the heavy metals are still retained in
the product char,'®'? it has been reported that their release was
quite low, complying with the EU limits for landfill inert
residues and also with the limit in use in the U.S.A*

3.2. Temperature Profile. A typical temperature distribu-
tion showing the various phases, drying, pyrolysis, combustion,
and reduction, is shown in Figure 4. In general, the temperature
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Figure 4. Example of the temp distribution with respect to

experimental time (at 100 N m* h™').

at different locations is quite stable along the height of the
gasifier. The average temperature difference between the 0.66
and 1.46 m positions was small at less than 100 °C. The main
process taking place in this zone is drying. The moisture
contained in the feedstock is driven off until the temperature
increases up to 200 °C.'° The temperature then increased
rapidly from the 1.46 to 1.86 m position (~800 °C), where air
was supplied to the gasifier. Sewage sludge was pyrolyzed in this
zone at temperatures ranging from 280 to 500 °C, leaving solid
char behind and releasing volatiles consisting mainly of CO,
and tar."® The highest temperature was obtained at 1.86 m,
which is the heat heart of the gasifier (combustion zone). At the
last stage, the temperature decreased to an average value of 500
°C because of endothermic reactions by which the product
gases produced from the upper zone are reduced with carbon
(charcoal), producing syngas consisting mainly of CO and H,.
In general, the temperature in this zone should be above 500
°C.*! The average gas temperature at the gasifier exit was 520
°C

In this study, the system was controlled to obtain different
syngas flow rates at 100, 150, and 180 N m® h™! and used for
generating electricity. Ultimately, changes in the syngas flow
rate change the ER for the gasification process, which is a
crucial p in the develop of syngas quality. Figure
S shows temperature profiles of the gasifier burning sewage
sludge according to the ER. As expected, temperatures inside
the gasifier were found to be proportional to the ER; that is, the
greater the ER value, the higher the temperature profile level.

dx.doi.org/10.1021/ef3012728 | Energy Fuels 2013, 27, 229-236
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Figure 5. Temperature profiles of sewage sludge along the gasifier at
different ER values.

The increase of the temperature is attributed to the increase of
air available for exothermic reactions as the ER increases. The
temperature profile pattern of sewage sludge in this study was
similar to that of high bulk density biomass feedstocks, such as
briquetted rice husk and briquetted cassava peel.' In addition
to the gas flow rate, temperature profiles are dependent upon
con}l;a'\zxftible characteristics, such as size, texture, bulk density,
etc.”

3.3. Syngas Composition. Results show that the syngas
composition obtained from sewage sludge under different ER
values (Table 2) is more or less the same as that obtained from
other types of biomass.*>~>* The syngas consisted of CO, H,,
CH,, O, CO,, and N,. With the increase of ER from 0.24 to
0.34, the concentration of combustible gases, ie.,, CO, H,, and
CH,, tended to decrease. As a result, calorific values (LHV)
calculated from the combustible gases decreased from 4.87 to
420 MJ N™' m™. Partial combustion of tar and syngas at
higher ER values may explain the reduction in the LHV, as
illustrated by the inverse relationship between combustible

gases and CO,. Moreover, the decrease of the LHV is
attributable to the increase of the nitrogen dilution amoum
because of the increases of air supplied to the gasifier.”®
However, even though the increase of air flow rates causes a
reduction in LHV, the LHV of the syngas obtained in this study
was suﬂictently high enough for its use in a gas engine with a
energy req of approximately 42 MJ N~*

=y

3.4. Tar and Dust. Tar and dust play an important role in
the gasification process and engine operation. High tar and dust
contents in the syngas cause the shutdown of gasification
facilities because of blocking and fouling of downstream
applications, such as turbines and engines, thus requiring
post-treatment, maintenance, and complicated cleaning.
Table 3 presents tar and dust contents in the gas produced
at different ERs and locations, ie., after gasifier, after water
scrubber, and after bag filter. Increasing the ER from 0.24 to
0.34 led to a small in the tar i
after the gasifier. This reduction of tar could be explained that 2
part of tar was burnt with the supply air and the other part was
further thermally cracked into the secondary tar in a local high-
temperature zone.”® However, the increase of ER slightly
increased the dust content. This is probably due to the fact that
the increase of the flow rate in the system causes turbulence
flow, which results in more dispersion of dust in the gas line
system. After the gasifier, the syngas flowed through water and
chilled water scrubber units, removing 46—82% of the total tar
and dust contents. Despite efficiently trapping particulates in
the syngas, the water causes a great reduction of syngas
temperature, especially in the chilled water scrubber. When tar
aerosols contacted the water surface, the water would absorb
soluble tar, while insoluble tar would cond to become
liquid phase and was washed away with the water. As a result, a
considerable amount of tar was removed (58—92%) from the
gas stream. This result was slightly better than those reported
by Phuphuakrat et al.>® (47—74%), who conducted experiments
without including the chilled water scrubber unit. The

Table 2. Experimental Results of the Gasification Test

equivalence ratio (ER)

parameter unit
syngas flow rate (dry gas) Nm*h!
power output (electricity) kw
A/F ratio N m? kg™!
SS“ consumption rate kgh™

specific S consumption kg kW' b

ash discharge rate kgh™!
%
composition (db)
co %
H, %
CH, %
N, %
o, %
co, %
LHV M N m
specific syngas yield N m'kg™!
g %
e %
Na %

“SS = sewage sludge.

024 031 0.34

100 150 180

0 21 47

120 158 171

68.23 + 098 79.00 + 1.02 98.26 + 0.87
376 + 0.14 2.09 + 020

21.90 + 033 23.80 + 038 29.80 + 0.40

32.10 + 0.69 30.13 + 049 3033 + 0.36

15.11 + 040 1413 + 0.57 13.19 + 0.63

1820 + 0.54 15.51 + 046 14.89 + 0.56

239 +£0.16 223 + 026 2.14 + 027

50.01 + 1.20 SLIO + 145 $3.10 £ 143

0.57 + 0.10 0.98 + 0.13 111 +0.19

13.72 + 0.57 15.98 + 047 17.01 + 0.84

4.87 + 0.09 441 £ 013 420 + 0.12

147 £ 0.02 1.90 + 0.05 1.83 + 0.03

52.67 + 023 61.65 + 041 5629 + 033
1145 + 012 2257 £023
7.06 + 0.16 12.71 + 0.09
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Table 3. Tar and Dust Contents at Different ER Values and Pipeline Positions

impurity (mg N™* m™)

after gasifier after scrubber after bag filter
ER tar dust total tar dust total tar dust total
024 7678 +£ 625  47.54 + 6.95 124.32 + 2.06 651 +£230 1541 +219 2192+ 043 0.0 + 00 0.00 £ 0.00 0.00 + 0.00
031 7491 £576 4191 +589 11682+ 184 3160 +393 3124 +241 6284 +372 184+097 134+081 3.18 £ 0.16
034 7286 £ 650 6235 + 4.79 135.21 + 3.52 1409 + 582  2865+399 4274+ 182 406+066 692+ 063 1098 + 0.29

performance of scrubber units depends upon the flow rate of
syngas, the inlet tar components, and their concentrations.”
Finally, most of the remaining tar and dust was trapped by the
bag filters, resulting in final total tar and dust contents of less

power outputs is less than that required at lower power outputs.
On average, the specific sewage sludge consumption at 150 and
180 N m’® h™* syngas flow rates were 3.76 and 2.09 kg kWh™".
In comparison to other studies, the amount of sewage sludge

than 11.00 mg N~' m™. Typical tar and dust g ted from
biomass in a downdraft gasification system have been reported
to range between 50 and 500 mg N~ m~***' depending upon
the raw material, gasnﬁer design, expenmental conditions, and
tar collecuon methods.>> Using sewage sludge in gasification,
Dogru et al.'* reported that the tar and dust collected after the
gasifier were 637—838 mg N~' m™, while Phuphuakrat et al**
obtained 1300 mg N~ m™>. This indicates that the gasification
system used in this study can produce very good quzl.lty syngas,
clean enough to use in a gas engine—generator set.®

3.5. Electrical Power Output. Clean syngas, having passed
through the bag filter, was used to generate electricity using an
engine—generator set, whose specifications are presented in
Table 4. The power consumed was determined using an

Table 4. Specification of the Gas Engine—Generator Set

engine engine make Cummins
model G855-G-BO
bore and stroke mm 140 X 152
compression ratio 10:1
number of cylinders 6
power hp 160
generator output kw 85
engine speed pPm 1500
voltage v 400
frequency Hz S0

electrical load. The effect of the syngas flow rate on ultimate
syngas power output is shown in Table 2. Syngas flow rates of
150 and 180 N m*® h™* could be used to generate electricity,
with maximum power outputs of 21 and 47 kW, respectively.
However, the syngas flow rate at 100 N m® h™' was not able to
generate electricity; the syngas energy was just enough to run
the engine without an electrical load.

3.6. Sewage Sludge Consumption Rate. Sewage sludge
consumption increased with an increase in the syngas flow rate
(Table 2). The sewage sludge consumption rates at 100, 150,
and 180 N m® h™" syngas flow rates were 68.23, 79.00, and
9826 kg h™', respectively. The increase of sewage sludge
consumption is due to the fact that, when the syngas flow rate
increases, the air flow rate also increases, providing more
oxygen to oxidize and a higher of bi tob

d. The bi c ption rate increases because of
not only a higher combustion rate but also an enhanced
pyrolysis and drying rate. 3 H , when the of
biomass required to generate elecuicity (specific sewage sludge
consumption) was taken into account, it was found that it
decreased as the syngas flow rate increased. This indicates that
the sewage sludge needed for electricity generation at higher
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required to produce the same 2})ower output was similar to that
of other forms of biomass.'*

3.7. Charcoal Removal. Charcoal removal from the gasifier
is crucial in operating the gasification system. The charcoal
removal rate was dependent upon the ash content of each
biomass; the higher the ash content, the higher the charcoal
removal rate. The rate of charcoal removal can be calculated as
follows:

percentage of charcoal removal
= charcoal removal rate (kg i™")
/sewage sludge consumption rate (kg h™") (5)

The percentage of charcoal removed from the gasxﬁer is usua]ly
equal to the ash content obtained from the pr

In this study, the ash content of sewage sludge was 30. 4596

therefore, the percentage of charcoal removal was controlled at
approximately 30%. As the feedstock consumption rate
increased with an increase in the syngas flow rate, the charcoal
removal rate increased proportionally (Table 2). The charcoal
removal rates under the 100, 150, and 180 N m® h™' syngas
flow rates were 21.90, 23.80, and 29.80 kg h™", respectively. In
addition to a charcoal removal of 30%, the charcoal removals
above or below 30% were also investigated. Charcoal
accumulated inside the gasifier was melted and turned into
slag, which attached itself to the gasifier wall if the percentage of
charcoal removal was lower than 30%. After a period of time,
this slag accumulation was sufficient to obstruct the movement
of feedstock from the top. and eventually shutdown the
gasification system. Comp ely, op with the ch I
removal of 40% resulted in system termination by extinguishing
the flame inside the gasifier. Therefore, it is necessary to
establish the percentage of charcoal removal of high ash content
feedstock prior to real operation. On average, the volume of
gasified sewage sludge was reduced by 70% compared to that of
the initial.

3.8. Efficiencies of the Gasification System. The
gasification system was evaluated on the basis of specific
syngas yield, gasification efficiency (77,), engine—generator set
efficiency (7.), and electrical efficiency (7,). As shown in Table
2, an increase in the ER trended to increase the specific syngas
yield, with the highest value of 1.90 N m® kg™". The result
obtained in this study is in accordance with those reported by
other researchers.’ The value of 7 increased from $2.67% at
ER = 0.24 to 61.65% at ER = 0.31 and then declined to 56.29%
at ER = 0.34. The increase in 7, was probably attributable to
the increase of the air flow rate when the ER increased. As the
air flow rate increases, the oxidation reaction is enhanced by the
increased oxygen feeding rate, and the greater heat in the

dxdoi.org/10.1021/ef3012728 | Energy Fuels 2013, 27, 229-236
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oxidation zone promotes more endothermic gasification
reactions. As a result, the 1g increases with an increase in the
ER> However, as the CO, content in the syngas increases with
the combustion reaction, the heating value of synthetic gas
decreases, thus decreasing the 7;. In this study, the gasification
efficiency for sewage sludge was found to be in the range of
those derived from biomass feedstocks.**

The 7, was calculated as the ratio of energy equivalent of
electrical power output to the rate of energy supplied to the
engine. The result of the #, as a function of electrical power
output is shown in Table 2. The 7, increased with an increase in
the electrical power output. At the maximum power output
achieved in this study (47 kW), the engine—generator set
efficiency was as high as 22.57%. Similar trends were observed
for 7, as with #, (Table 2). The 7, values at 21 and 47 kW
were 7.06 and 12.71%, respectively. The 7, and 7, obtained in
this study with sewage sludge are similar to those achieved w1th
various types of biomass using the same gasification system.'S
This means that sewage sludge can be efficiently used as
feedstock for producing electricity.

4. CONCLUSION

In this study, sewage sludge was used to produce electricity
using a pilot-scale downdraft gasification power plant. The
effects of the ER and syngas flow rate in the system on
gasification system parameters were investigated. Temperatures
inside the reactor were proportional to the ER. Calorific values
tended to decrease as the ER increased from 024 to 0.34, with
values ranging from 4.20 to 4.87 MJ N~ m™. For electm:nty
generation, the syngas flow rates at 150 and 180 N m® h™'
could be used in an engine—g set to g electricity
with electrical power outputs of 21 and 47 kW, respectively,
while the syngas flow rate at 100 N m* h™" could run the engine
without electrical load. The feedstock consumption rate was
found to increase with the syngas flow rate, but the specific
feedstock consumption decreased as the syngas flow rate
increased. An appropriate percentage of charcoal removal was
approximately 30% of the biomass consumption rate, while
discharge rates above or below 30% caused system termination
by blocking the of the feedstock as a result of slag
formation or extinguishing the flame inside the gasifier,
respectively. Gasification efficiency was at a maximum at a
syngas flow rate of 150 N m® h™', whereas engine—generator
set efficiency and electrical efficiency increased with an increase
in the syngas flow rate or electrical power output. The results
obtained in sewage sludge gasification were comparable to
those obtained from biomass. Overall, sewage sludge can be
used to generate electricity using a pilot-scale downdraft
gasification system.
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Abstract

In the present study, the energy production from refuse-derived fuel (RDF) using gasification
technology in fixed-bed downdraft gasifier was studied. The gasification system had a capacity of 20 kWe or
360 kWth. Results showed that syngas CO, H; and CH, occurred in an average concentration (v/v) of 18.37%,
11.92% and 2.87%, respectively, and the syngas calorific value was 4.81 MJ/Nm”. The maximumn gasification
effidency (1Ng) achieved was 46.25% at the syngas flow rate of 116.7 m’/hr. The average fuel consumption
was 63 kg/hr, and thermal energy production was 167.39 KWth. The total tar and dust was 40.4 mgNmS.
Overall, the syngas cbtained in this study can be used for thermal application and used to generate
electricity by internal combustion engine.

Keywords: Fixed-bed downdraft gasifier, Refuse-derived Fuel (RDF), Syngas
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