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ABSTRACT

Characteristics of Microwave Heating Gasification of
Sewage Sludge and Reforming of Biogas

Mun Sup Lim

Advisor : Prof. Young Nam Chun, Ph.D.
Oepar tment of Environment Engineer ing,
Graduate School of Chosun University

Oue to the development of industrial development, the properties of
wastewater and wastewater are diversified at high concentration, and the amount
of waste sludge generated by solid waste is also increasing rapidly. Energy The
reduction of energy consumption and the reduction of waste sludge in the
current wastewater treatment facilities, which are living in an era of climate
change, are now becoming very important issues.

[t is a study to utilize sewage sludge and biogas, which are waste generated
in sewage treatment plant, as a renewable energy source. It is the technology
of recycling sewage sludge through pyrolysis / gasification process. Both
pyrolysis and gasification produced gas, char, and tar. The gas produced for
the gasification contained mainly hydrogen and carbon monoxide with a small
amount of methane and hydrocarbons (CoHs, CoHs, CsHg). The microwave gasification
generated higher heavy tar, compared to other processes. The sludge char showed
a vitreous—like texture for the microwave process, and a deep crack shape for
the conventional heating process. Through the results, the produced gas from
the microwave processes of wet sewage sludge might be possible as a fuel
energy. But the produced gas has to be removed the condensable PAH tars. And
the sludge char produced can be used as a solid fuel or adsorbent.

It is a pyrolysis / gasification gas microwave reforming device. Methane(CH,)
and carbondioxide(C0O,) are the components of a produced gas from biomass
pyrolysis gasification and a biogas from bioreactor. The both gases are

_|X_
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known main greenhouse gas affected world climate change.

This study tried to investigate the characteristics of a microwave heating
reforming to convert the produced gas to the valuable fuel energy. Through the
microwave reforming, a carbon receptor was used as two types of sludge char and
commercial activated carbon.

For the case of CHs reforming, Hy was produced by a thermal decomposition with
generating a carbon(C) which adsorbs on the active catalytic plate and reduces
activate catalytic reaction. For the case of CO, reforming, CO was produced by
reacting with the carbon on the surface of the carbon receptor. This can solve
the problem by removing the adsorbed carbon on the carbon receptor.

The sludge char as the carbon receptor showed higher gas yields of H. and CO
than the commercial activated carbon receptor, while giving comparatively
higher heating value for the sludge char receptor. And for the cases of lower
temperature and residence time in the carbon captor, the CHs and CO, conversions
and the reforming gas yield had lower values.

The pyrolysis and gasification technology uses diverse waste resources,
including biomass, urban solid waste, and sewage sludge, to produce synthetic
gases for industrial use. The tar in the thermal decomposition gas from the
pyrolysis and/or gasification process, however, damages synthetic gas
facilities and causes operation trouble. Comparing tar conversion over for each
case of tar cracking decomposition and carbon dioxide, carbon dioxide-steam,
and steam reforming conversion. In order to obtain the tar conversion and the
high—-quality product gas, it was advantageous to modify the carbon
dioxide-water vapor simultaneously, but the carbon dioxide reforming
conversion was excellent in terms of the continuous use of the carbon
acceptor.

[t is hydrogen production technology through biogas reforming. First is a
super-adiabatic compression spark ignition reformer. When the oxygen enrichment
rate and input gas temperature increased, hydrogen and carbon monoxide were
increased. But the biogas CO, ratio and engine revolution increased, the syngas
were reduced. For the reforming of methane 100 % only, generation of hydrogen
and carbon monoxide was 58 % and 17 %, respectively. However when the biogas
CO, ratio was 40%, hydrogen and carbon monoxide concentration were about 20 %

each.
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The second reformer is a 3D-IR Matrix burner reformer. The nickel catalyst
was used inside a reformer. Parametric screening studies were achieved as
Steam/Carbon ratio, biogas component ratio, Space velocity and Reformer
temperature. When the condition of Steam/Carbon ratio, CHs/CO, ratio, Space
velocity and Refomer temperature were 3.25, 60%:40%, 19.32 L/g-hr and 700TC
respectively, the hydrogen concentration and methane conversion rate were
showed maximum values. Under the condition mentioned above, Hy, concentration
was 73.9% and methane conversion rate was 98.9%.

The third reformer is the plasma dump reforming. A plasma dump reformer was
proposed to produce Hy-rich synthesis gas by a model biogas. The three—phase
gliding arc plasma and dump combustor were combined. Screening studies were
carried out with the parameter of a dump injector flow rate, water feeding flow
rate, air ratio, biogas component ratio and input power. As the results,
methane conversion rate, carbon dioxide conversion rate, hydrogen selectivity,
carbon monoxide yield at the optimum conditions were achieved to 98%, 69%, 42%,
24.7%, respectively.

Sewage sludge and biogas are identified as energy sources, and a distributed

generation system can be constructed in connection with fuel cells such as
SOFC.

_Xl_
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Fig. 1-1. Global renewable electricity production by region, historial and

projected.

Table 1-1. Increase in output of new and renewable energy compared to
primary energy[11].

(&2l Htoe)

2010 2011 2012 2013 2014 2015
o 263,805 276,636 278,698 280,290 282,938 287,479
ol 6.856 7,583 8,851 9.879 11,537 13,202
Ofl L4 X ’ ’ ’ ’ ' '

Bl (%) 2.60 2.74 3.18 3.52 4.08 4.62

=22 2 SIHE2[11], 20158 JIES=R

S AMTHHUUHX ZO0FUA BIOI2-HIJIZ O XD XtXIotsE BIS0I 84%E XAl

ot RUACH. O0IEX HII=S H=gt XMclet 222 HaulA AHEstotd 0L XISt
Ol SMEE S5H30lcts HELZ B UALH, ERUME HII=S

CH

g
=
Mot &€d= HIl=22 =08 & HIst ME2S FLUoIH XIHIt
0

fo

o

or o

ZOhe o
B NAEBAIBIE ST 95100 2018 12 122 “NALsI|=2Y" 2 AHE
O2A, HIIS KRS0 I8 L& NE 20/D U

— 2 —
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Table 1-2. Supply and growth rate of new and renewable energy.

(&2l toe)
oo 2014 2015 SIE[ L,
At IS (%) ket IS (%) M atet ESL2(%)
1i}_01|HII 282,938 4.08 287,479 4.62 2.216 0.78
(Htoe)
A 11,537,366 100.0 13,292,990 100 1.755.624 15.22
B 2 & 28,485 0.2 28,469 0.2 -16 -0.1
BH & & 547,430 4.7 849,379 6.4 301.949 55.2
= = 241,847 2.1 283,455 2.1 41.608 17.2
o = 581,186 5.0 453,787 3.4 -127.399 -21.9
o ot 103,848 0.9 104,731 0.8 833 0.9
Xl Z 108,472 0.9 135,046 1.0 26.574 24.5
bt 0l 2 2,821,996 24.5 2,765,657 20.8 -56.339 -2.0
IH| = 6,904,733 59.8 8,436,217 63.5 1.531.484 22.2
Az & 199, 369 1.7 230,173 1.7 30.804 15.5
* HZEXN 20158 & - THEWUHX 223 A
HOI2 NE3E Soff ATHAEMUHX das fet B2 B0l WU XI0= bt
0I2JtA, OHEXIJtA, HIOIQUE, REH, AdEE, iz, SMHES, H=S
M, ot==dXIDE8AZ, Bio-SRF, HIOISSIt Z&&0H, HII=WUXO= H
JbA, MHHEHDIES, dEHII=S, WEZAIMD], AIBEZE 28, SRF, EXl
AZRIt HEEC[11]. HIIZS OHUX = ot==HXEE0 s 2400 AT
ot=scille =&d & SH2Y LXNE o ot==XM2&0| AEEHAM ot
Xl M0l SOtEl= FAMOIXEH, 201292 H ot+==HdXE E&tst RIIY H
29 HEZDI SXNHUEM M22 sS4 HMeldls0l 228 &20I0H12,13]
Table 1-32 ot==ciXl Xl &S UEH H2=2 HYFI0r 28 XEol I
ct MEE0l 22510 JALBH, O 5 A - &0l e Hzst H-H0l SJtotl
QULH. ot==dHXE XHMelot)| A5t Zststd M=l 2o/ ItAst Jl=2
MEoIH 4ItA, HIOIR 2, X S 446t N&stots A0 ML
UCH14-17]
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Table 1-3. Sewage sludge disposal status.

2012 2013 2014
=2 do@E | =22 MadE® | 22 Ao
(E/4) (%) (E/4) (%) (E/4) (%)
é%ﬂi 3,604,451 100 3,531,250 100 3,654,237 100
WEE 1,233,561 34.03 1,469,343 41.61 1,143,929 31.30
ﬁ‘;j 531,119 14.65 406,574 11.51 692,274 18.94
A2 1,276,141 35.21 846,241 23.95 815,425 22.31
§| HE - - - - 56,839 .56
i g%lt 0 0 0 0 0 0
" oms a4 8.90 349,679 9.90 890,882 24.33
JIEH 244,507 6.75 458,129 12.97 51,680 .41
E]E'g 16,708 0.46 1,284 0.04 3,207 0.09
» HESH : B3 HASHDE
ot=d X2 HEW XMelBUHAMN ZME= HIO0IItAE 24ItA JHE
Jb =10, HARAZS 100% AU XSO AtEE 2= AJ| SO H2| o 22
ZEHAN O S4H0| 22510 JA2H, HOILItAQY 2EE 2 o 0] &=
Sl QAUCH18-20]. HIOILIIA H=20 ZESt= O|ASFEFAN Slol A Al EEH0|
SOHXIAH SHE2=g 0ldst 2HE oHZoHI| ol HA §22 =017 # AFSHE
A8 MAHCHAHLE JHE PSS Soll §8IIAE MAMSHH O0lZEote A M&#E D
QUCH21-31]. BIOILIIAE JH&EGIH AZEXN HZots ARWAME 2o 2
O MAE AAS EE BAIAS 012 MK NEBOSZMN 2AIAN e

IHEHEHXIZ2A EZIHXIE =010 <ol ot
Zoll, M&ItA 2 B2 JHE, HIOIRItA JHE HFPE =™

Fig. 1-20il LtEFLHRUCH.
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OIOIZZ2HO0IEE 0188 AX - SE26H/ItAS A4
otk 28X Z2o/IIASE fd =2 2% 4S8N Lot It
20l Jtsst OHoIaZR0IE HEgs S=2ol/IASIZ2E MAGHH M0l et
=2 SES Lot
2. DIOI3 2012 HEDIE 0188 =Eoi/ItASH JtA Y B2 JHE HA
SEoH/OtAS Al MAE XE 2ES UI0IAZR0IE HEIl= 8L =
E SUY RAItA HHE 2ol tade, HE =M, HE 2%, MJAL S
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3. HHOILItA JHE S
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(a) Microwave heating  (b) Convection heating

Fig. 2-2. Comparison of Microwave heating and Convection heating.
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clllz =cl& ExXel = =20 82% e=ot1) ULH.
g scdkl S48 IYUot)l IotH HEE
)

o R|AEAM ) |CP spectrometer,
Spectrometer, ==

X-ray fluorescence (XRF A2 oI JIsEEN
(Type48000 Furnace, Thermolyne Co. / HS2140 Electronic Balance, Hansung Co.)
ot AL FZA(EA2000/EAT112, Thermofinnigan Co.)2 Sofl =&, M,
B el X A 24 HlEsS MHAGHACH. ICP spectrometer (720
ICP-0ES, Agilent Technologies Co.)E& Sl 2I1&40! Cd, Co, Cr, Cu, Fe, Hg,
Mn, Ni, Po, Zn 8252 S&oIA20, X-ray fluorescence (XRF) Spectrometer
(ED-720, Shimadzu Co.)E Soll RII43=S2 =FOIULE.

Table 3-11t Table 3-2= 11 =% &% S=H4X2 JHHEA (proximate
)
2:

=
@42, 1%

analysis)dt 2AEA (ultimate analysis)2 LIEtWH 20ICH. E=+Z2 X2 =8
Il 42 01 =2

E4 X9 HX-G=2o = AX-IIAZ EHS A6 Ao &4 =2
XNE Uz AMESIRUCH. === NMAS HEZMEHHAM DFEA 31.90%, FLE
62.10%, M 6%=2 UEGel, gdEx=8)g S8 NRLESHS 13.6 MI/kgS
LIEFLH ACE.

Table 3-1. Proximate analysis of the sewage sludges.

Moisture Fixed Volatile Ash
Contents

content carbon? matter content? content?
Value(%) 81.97 31.90 62.10 6.0

Table 3-2. Ultimate analysis of the sewage sludges.

HHV?
Contents Carbon Hydrogen Oxygen Nitrogen Sul fur
(kcal/kg)
Value(%) 30.15 5.58 26.40 4.39 1.24 13.6

4 Dry base

F2II22 Al03 30.7%, Si02 20.8%, P05 20.7%2 =22 LIEIGH, S35
Fe, Cu, Mn, Zn £0| =X LIEISCEH.

ro
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Table 3-3. Main inorganic element composition of the sewage sludges.

Contents Al203 Si0p P>0s S03 Ca0 Fe203
Value(wt.%) 30.7 20.8 20.7 8.4 8.3 7.2
Contents K20 Ti02 Zn0 Ba0 Cu0 MnO
Value(wt.%) 2.1 0.6 0.4 0.3 0.2 0.1

Table 3-4. Trace elements of the sewage sludge.

Contents Cd Co Cr Cu Fe Ha Mn Ni Pd n

Value
ND ND 55.0 440 10,450 ND 220 55.0 55.0 770
(ppm)
gHREMIIE 0|28 HIsS2 2252 24 (Thermogravimetric Analysis)2 S
Mt BISXZAHGH0 28 S22 52 22 JI6t HnE 92 25HA0AM A2
Il 2ol HSES DY £ s 2AHYUHOICH. AZE 106COHA 6AI2ESH HXEG}

O Mxcl8 = TG-DTA(STA 409PC, NETZSCH AHE 0I=23dt0 ArS 40 mL/min 22

ot0d 10C/min2 &2 &&= & =20M 1,000CHA 2EE ASAIH 2AS AAl

OIRACMH, 2= Fig. 3-11t 20
ot=s=d X2 X Zolles =2 200~800COIA LT, 100C 0l&0l =TIHAM
Cheol RX2S501 SLotALD, 250C E=0HAM =Xl el =21 €00t ol
A SEZAIL 2F0l AL < 277~322TC UHA H2 Zagds LEUH=E
A

EO0ICt. 1000Ce €& =2ofot 2Lt UE 46,
[76-79].
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100 Mass Change: - 8.79% TG ]
i _ = DTA
E 0 |
L -32.79% |
30 - Lo, —1.5
I B ]
- - ,
= | i Peak:540°C \_\ 7 =
5 o Iy 4 o
» 60— Fs r s, ~8.98% E
2 [ s ~ 11, >
= | I! Ty t e | 5
T | 7 AR
Q40 -] (=]
= o Residual Mass:46.40% X —
I r {999.4°C) A |
L ¥ X
LT 0.5
20 7
¥ -
I
; |
L H
0 1 ] 1 | 1 ] | ] 1 ] | ] ] Il | I} ] 1
200 400 600 800 100?)

Temperature("C)

Fig. 3-1. TG and DTG curves from the pyrolysis of sewage sludge.

FT-1R(Fourier Transform Infra-Red Spectrophotometer)= XL E@AHE Jls
JIE E0lol= 24 dgoz AL E@4E =4, ML, EAX S92 HEIIE =

o
S m
T
=

olgr &= UL, AISE 105TCOIAN BAIZIS2 AX0tH dXelst = 240
4100, JASCO AHE 0IE3dtH 2AGIRSM, = Fig. 322 2L,
St=sed XA E 3270cm'0lA -OH Z&JI(5I0IS=AID1), 2927cm 'Ol A -NH, =
ZI[(L2LI0DI), 1638cm 'Ol A -CONH- ZZJ[(amidedl), 1541cm'0IA -NO2 &=
JI(LIEZD1), 1448cm "0l A -CH2 =& DI(allylJ1), 1007cm'OlA -C-0H Z&I| (&
FEI1), 93em'OIA -AI-OH X0t ZHEEAUCEH,

|_

ot==ci X2 OH0IAZR01E S=Eci-ItAst SHES Meot)| ?lof 484 R2
SXIE Fig. 331 Z0| gt3J|, JtAsgetel, =8 24 ctelz F-ord
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W-MK-10-ST, Shinagawa, Japan)E &XIotSCH. HEEI22 E=20/JtA s A}
AE 2461 {6t A Z0LE il (Mode! 148, SHIMAZU, Japan: Model
CP-4900, Varian, Netherland)E & X|otRUCEH.

MHE El2E =HGI| /s S4 M
Technology Groups(BTGs)OIA HMAISH HEHS
ANZtSot e, E+E El2s 2HA 82

= I8t 4042 E=Y(200mL) 2t &M &
2 ice bathZ FAECH H HM g2x= 222 MAM 20T 0Ist2 KAIAIIIG

Ol a= 100mLA ALY S=+E 2HE EXIotRUtt. & HM ice bathe

0
o
0z
0%
4o
m

oo
el
x
i

10
@©
(@]
=]
Qo
wn
wn

HL
Jx
Qﬁ
=
m
a
i}
Jz
m
e
n o0z
B4 e oo

g ctele ezdE

e 2el2E AN ZH(ECS-30SS, Eyela Co., Japan)E 0I&5t0M -20CE =
KNAIDIH OlAZ=EHAIES 100mk MHAX S=+E0 HIHU= S8 &XIoH
Ct. ® B E2Y2 IEo/otASH 2MItAS =2, B2, £EJ 0|aZ=2E
dI2U E=00 SEE =20 LXNE ZHGIH, G2 Ex0les &2 H20l
SO, OHXIY HIO U= S8 S5E t29 222 ZGH 0

A 2LIOLRE AlCHSI=AE MEZIGH)| I6t0 400 &9 2 AXIoIRt. & ¢

controller

controller

Data logger Computer !

GC(FID)

- Chiller
= i

Cotton  Activated
filter carbon
filter

Empty NaOH  H;BO; Empty
!1-! 5 "B
= - 4l
Ice bath Titration

<EF Reactor> <MW Reactor> <NH3, HCN Sampling and Analysis Line>

Fig. 3-3. Schematic of the microwave experimental setup.
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3

ol

OlMED OlAZZ2E 232 100 nLE AI=20I0 SO0l =X &0 AT W
22 Et=2E SO0t 000l ZEotAC. MM B2 2HES 12 S22 =
£ MHOIH ZE{(Model F-5B, Advantec Co., Japan)Ol SloH O4t6tH S WK
ASZHES 2oL, JZEE 242 il 22lE EBESHUHAM 5 L EF
elXIE 0l8ot0d 1uLES GCOl F=LotUCH. GCUHIAM AtESst Z&E(30 m -
3 mm id, 0.5 pm film thickness)2 RTX-5(RESTEK)OI0H, 222 2% Z=z7)
Jl 45COIM 2228 SXI5tD 7 CT/ming S0t 320CIH &8 ¥ 102
FRACH JHeld JtAE 28BS AISoIYU2H Z2EJI2 A 2

ot 250C2 R XIGHACH. JEEIZE= HEDCIF 1ER2H 4822 RHE
SN XEDIE IJHXRX e SLEE a2 A, LIZE, otEeMl,
SotACHB1]. EtE MEZ Al 2ME T EI2E SFH6H| fld s4 =

B ol

IM CHZFAIZA 5 mL

2

N

e
>

o
ol
Z

(6]

o O
o
by

ol
0¥

N
40

30

N
w
s O

0

[l
0

=]

e

ML N
T

|ﬂJ o

o
m

2Fot] 2 B2 293 FHESZI|(Model N-1000-SW, Eyela, Japan)OilA
fol OlAZzaAuP=2 228 F E2 ElE2s8WHo 2HE =JHOIUCH

SHA FO JIE ggsS  2ESHI| S nano POROSITY  (Model

00 M
=2

EX2S -196TCHA S2EEHSHN 2dl E2sS SJECE2]. &5 S48 2
MA5t1) BET s2346S SolAd MSF AtgrsS Hatott. JIS2XE2 87 JIE 3
Jl= HK (Horvath-Kawazoe)S At2ot¥ 1D, BJH (Barret-Joyner—Halenda) S&24l2
OIMIAIS I HUASE 22 S40HUCH SH A =2 A3 Z€E2 Blwsdtdl <6t
0! SEM (scanning electron microscopy; Model S-4800, Hitachi Co., Japan)Z
50,000 HiE=2 4ottt & S g2 =242 <o EDS
(energy-dispersive X-ray spectroscopy; Model 7593-H, Horiba, UK) 242 oI
Ct.

skl S 2AEECZ2RH MAEE 22LI0t Aletst = =480 &=
dHoz 242 AL2LI0F EE RAd S4HEH (0.5 w/wh 50mL) el AletstsA
E S0t /ol =4&SLHES (0.2 mol/L 70mL) SH0| MESIRAUCH. el &
SLIOLR AlStatAll s&= 242 SSHEFY(ES 01303. 1) H a2 MEB(ES
01312.1)2% ?5tALCH83,84]
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2 {Lt= heterogeneous reaction®! Eqg. (3-5)01 2
St UASIEIA 20| MUHECZ I HRO0ICH. 0] B8 24X = WEe 1

g
2 S8M JtZ0l Jtsgt MRel Z22Jt I 0L 2E 0l EFRECH =L,

Boudouard reaction: C + C0, < CO AHoggx = 173kJmol™ (3-5)
70 ; 25
C \ (a) 4
C \ ]
60 o 7 . MW pyrolysis ‘ T 20
r VA EF pyrolysis : - e
50 g &
B \ . g
S F | B 2
s ‘ 15
< 40 ‘ 1 e
[ L g S
> T Z 1 s
- | 1 5
20 N | T I
C ! Js
10f | ]
- | ]
0 C - |

Gas Tar Char Heating value
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g SdXNE 12 =2 Al Fig. 3-5(a)2 20 =2 L= Ity M4
trsE A2 JASHEIA0D L2 HED EFStaA(THC: CHs, CHs, CsHe) OICH.
CtEel 24 oF2tol shaJb SEEJACH

) (3-4)2 20| &% SHXNUHM MEE =500 2
St JtAQ EtZ22 2X 8BS0 MACIUCH. CH2H
(Eq. (3-6))3t Tar cracking (Eq. (3-7))[13]0l SIGH AHAEACEH.

THC= CFS homogenous reaction

Methanation reaction: CO + 3Hy, < CHs + H:0  AHpgex = —206. 1kJmol™ (3-6)

Tar cracking: Tar — wHy, + xCO + yCO, + zCnHm (3-7)

g2 B2 WR 20 JIE2 EFRII MdUIESZ =42 THCS =% =0
Ol= EFR Z2di0F AUECZ 30|20 Ef2 3420 2st N 2X Btss <
gt HIFAI2H0l &30l &85 HS20ICH.

Ol AMSHEFA DJIASH=E O Fig. 3-5(b)HAM &2 2= UASO0l MW JHASH 2F EF JbA
3t & 832 25 HE2C0 COJt O 2 A2 & = ULE. 0l JFAF JFAQLL o0t
| MEZ Z2=2E 0l 2+ Boudouard reaction (Eq. (3-5))01 & 3L 2%

MaMOo2 X#EI| [J20ICH.

A

Boudouard reaction2 ZAH0UHKX= EEoH2CH JtASIF &0, EF JtASH 2O
MWV JEASIDE O ZHCH86]. Ol OlAtSHENADE 22 &4 HIUXIZ Qo Latst
AXUAN 2= C0.2E 23|

ot FIURC=Z JHASGH JrAQL 000t A2 ZEd 2EHtA(carrier
Z(Ar)2 BtS0l 20D X 2210 HesH MES =500 JtAS IJtA
Co,= 22 JtAS0 2HE N C0Z2 MatEl LIHXIDOF Mele &HOoICH. MetM It
Aol 2 0/01 HZ2E 012 OIMStEFAE MG 22 32 05Tt 89

a2 JHEICH

(@)
[ab)
[0)]
o
=}
I
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Ct. ZEEI=2 SZE=E S4

Fig. 3-62 Z=2E2(gravimetric tar)Qt HE FZEEI2(1ight tar)Q BIAI, L}
TE, otE}A, mdlel s&EE ULEHH Z2d0IC.

Jdeflt ZEE2e FR= SEEHZ2Q MBI ¥2 s&EE 20/=0 0l %

X = AMEHOlA  tar cracking (Eq (3-7))1 tar
JOl SJof JtA2 HRE MEE)| R0ICH =Xl
2 =312 C0ItAS Bt8 el B2 3

w
—_
D
QO
3
Q
QO
w
5.
QO
—
o
>
—
m
fo)

EFR2l A light aromatic tar@ BIFO

2ol & JtAs Al BIEDE|IIF O 22 B2t 2Bole =

el
o
1A
10
HU

|
ro
02

20l= O Ol
JtAz MEEA

uA - o

0

Light PAH(Polycyclic Aromatic Hydrocarbon) tar HIEDZ2|JF 200 Ol&t° EI2
(HE Ef2 UZEd)old, heavy PAHE HIEIDZIJF 4042  aromatic

hydrocarbonOICt. 0 &2 25 condensable tar(light PAH tar)Jt Ct& Z&EE

JIAE HE S22 AIE2E 2 JIA0lS, EXEY S2 MOt 2MEH, =3

AXIZ2 AFZEE 2R S=4 EF2Dt 1,027 mg/m°0ILH OI010F SCH73]. et

light aromatic tar@l HHEES HISEH2Z Et=20[2] SHXICH &J|0 HA=E S
=

(Rl

=2
o
28Y 2 UD 012 AT IHA9 LB

& B2 2 UXE2
Ch.

Hi
(=)
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WR2H EFROIA 2r2f S@Eoi 2 JtASH Al &= 40X =Xl ol CHE EZ 0|

22X A (mean pore size), HIEHZAE(specific surface area), Dlgﬂl’—‘*.(pore

volume), &= 2F(adsorption amount)2 Table 3-50i LIEFLHRACH. E=M IS
TH= YRS R |UPAC JIES =2=0 0IMAZE (<20 A), 72 &&F (20~
500 A), HUIAZE (>500 A)ez R2ECHSETY].

o JtAS Al MAE 2= A FHeE = %(mesopore) o JIZAJIE
LIEFLHDD QUCEH. MARRF EFRSl & &2 E5 JtASHY ot B2X A (mean pore

i 0¥

[e]
T
| X (pore volume), &=
=

size)Ol &1, HIEH=A (specific surface area), JI3%k i
(adsorption amount)2 ACH. el JIES &AQl EFRECH MWRSl Z<IF O H
&0l AL},

Yooz 2 AN M8E SUHA32 X 2t S EBE0F ZEE
GEoH/OtAS JHAE HE Al EFS0l 2=6tCH77]. 0l= &4l ol Et2 =
OF Ot 43 Al =& =300t EE/UI| H20ICH. MHIIAIL AKX =
o o)l & JIAS2&E= 30T Olotz SEEJAKICH, MHIA S0 Z&e 2
2 £3)|= 2H6HH HAHEX 22 AMHZ EREgoz KRYED. 0 22 &4
A == JIEQ 24 E(activated carbon), 4 0IMS & =2(synthetic porous

=
cordierite) SOl Hioh ikl = HEHO LN SUANSY =7 EFs9 <

=d =0 S5 Et22 ERMEAN =elotth.

Table 3-5. Porous characteristics and adsorption capacity of the sludge

chars. (P : pyrolysis, G : gasification)

- Mean pore size Specific surface Pore volume Adsorption
ype o
(A) area(m?/g) (cm/q) amount (cm®/g)
MWP 67.9 30.4 0.12 156.7
MG 50.9 35.9 0.22 228.7
EFP 48.6 66. 1 0.13 161.4
EFG 48.1 66.5 0.16 173.7
—_ 31 —
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Fig. 3-72 MARZ} EFROIA 22 Z=Z0liet JtAS HEUA M= =Xl £o
SEM microphotograph £ UtEHHH ZI0ICH. MARSH EFROIA MAE =Xl =l HH
2XE= 9ol ChECL.

Fig. 3-7(a),(b)2t 20l MW JtZ2 OI0OIZZ0IE iUXIJF E24X g
X2 &2 0 volumetric heating0l OI2HX2Z 2R HHREEs =X &
Ko EeiXl =l EHO| e Rl &2 ZE2(vitreous—like texture)2&
T U2H 2B S350 =520 UL

el Fig. 3-7(c),(d)et 201 EFRSl JIZE Dt (conventional heating) 24!lQ

A= R0AM 20| WEZ DS RN =235 90| dgE 3 28
TO0| WE=CH, M2tAM EFRS AR =X &= EEHN 3D 2SS 3 (crack)t
2H 2kl S(fissure)2z2 AN U EAXIIDF &L,

Fig. 3-7. SEM micrographs of the sludge chars obtained in the pyrolysis and
gasification for the microwave and electric furnace: (a) MW pyrolysis, (b)

MN gasification, (c) EF pyrolysis, (d) EF gasification.
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sclkl Z2oie JtAs Al dd=" skl He gt FEd 24
(semiquantitative chemical analysis)2 <Ioi EDX ZE Fig. 3-80 LIEHHAL
Ct. 0l0I A& Bt 201 =ikl = 428 & @2 L= JtAst Al S0 S
£ ot RIS SSEE0] AL, HE &% 0 & L=R0Is(Al)2 &4
X = LHOIM &St 201= (Al0;) &2 EMot=dl Ol 3 BHS(Eq. (3-7))
2 FXAI|= 92 steHes]. el Z2&(K)2F 2&(Ca)2 B0l A &F
S Sol S Al SHGES S0t AN UCHB9] .

MWy alysis

T - MW gasification

00 o e
| B

2 | i c o Mg Al Si P K Ca Fe

= MR 4814 3708 086 301 313 366 083 186 142

g 7] A| S| MWG 2696 4139 m 2 467 1023 168 315 an

Q 200 ] EFP 3436 3263 084 a2 08 263 103 348 308

Fe
ATt ., WS e D
[} 8 10
Energy (keV)

Fig. 3-8. Element compounds measured by EDX of the sludge—chars obtained in

the pyrolysis and gasification for the MAR and EFR.
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Fig. 3-9. Comparison of HCN and NH; released from microwave and electric
furnace in each pyrolysis and gasification as function of

temperature:(a)pyrolysis process, (b)gasification process.
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BHE A2 ASE = UL NSNA= oI =9 IJtAZ0 o8t S&ItA
ALY S 2A01 ARUCH98,99]. BHOIL =IOt HIEDHEN 0182 B HIOIL
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gasification)Ol CHEt A= =REH QOIE H=Ct. D8UHE 2336t 0l 20k
of Chst AE 242 A= )19 20t EI1IF &L

OrOI 3 290 teg ghAl2 DJIEC S8 S = MOt A0 dioh X &
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orolIa=zol2  JHEJle  HM=EEE0l 2wl ZEIZE JHHIE

=

(multimode-microwave cavity oven)LHOll &2t UJOJI(E% 40mm, 20| 320mm) It
g 1,

£=XoZ MHX= REZ0ICH JHED| 25 S8
29018 =0 =2H W &t (thermocouple: k-type, =& 2mm)2t HHE

g = U220 otol=a

HE

E40 ool OIM HHEIACH., E£8H, CIOIE ZH(data logger: Model Hydra data
logger 2625A, Fluke, USA)OIl Slol EtA =2H LS 2EHFIE HEXMoz2 2

LIS ol|CH A2 8t2)| WHEZ Eh L2 ME diA3 (sample basket)Ol
HE2 A6 Y ZIES Gt 28X M4E0] BrSI| W2 | =0l JHsat
CE oAt

tAZSetel2 JHEILAQL Ol AhSHEFA(CO2), OIEH(CH,) el 2EHtAQL HA
(N2)SHIR 2+ DA Sl REAEE MFC(BRONKHORST, F201AC-FAC-22-V, Nether lands)
E A EEIINAM 2A HEItAZ SZEUCH. 2UHZ/MAHE X = LabVIEW

(Mode! LabVIEW 8.6, National Instrument, USA)E Ol A=d IJbA

A O 2
TT O
250 Ha5Xez ZLUIHES otdl. d2d/24ae2 ZEn =2MA

ol ScIAdSEHE(Glass wool filter)eF dsi2&E0l e ATIHE W2
(@]

m HE MAHIIA 2BAHA=S

(ECS-30SS, Eyela Co., Japan)Z FHLIU
GC-TCD(CP-4900, Varian, Netherland)Jt HAEZH =HLQULCEH.

<Gas feeding Line> < Monitoring &Control System > <Gas Analysis Line>

Computer

<MW Controller> <MW Reactor>

Fig. 3-10. Experimental apparatus for a microwave heating reforming.
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o ItetotCH. OOIZZ2R0I1E E=2o 44 =ik &(sludge char)2t &8 &4
Et(activated carbon) & BF2 &4 =ZX 12l DADEA €0, 25%, CHy 25%,
C0.2t CHsE 2r2 12.5%2 & Al JtXI 20 CHoll 222 JHE E4 AdEs =
OlCH. R2AIJIASl F= HE201 (0, CHy 2 LIHX 2eiAs 224 JIMO N2
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ASO0| Al

FH LA 2tACZ JtA ZEE HSH WMol 22 8 6H]
]

otALCH. = A9 JHE JtASl AR GC-TCOOI 2o =4 &

e
0
=
A
>
[5C)
>.

[ACH. Hp, CHs, CO, 0o, No JEA= molecular sieve 5A (80/100 mesh)Oll 2ioH 22l
1) G0z, CoHs, CiHe= PoraPlot-Q 20l HEERUCEH.
oI ZRI01E eAx82X HE ™ - Fo 22H
SEM(Mode| S-4800, Hitachi Co., Japan) &4 GtALt.
HE =2 AIIACl 0.2t CH2l dEtE2 TS Eq. (3-8), (3-9)2 201 A&t

|
S

Jim
nio
=

rotdl ol

TIALCEH.
CH, conversion (%) = 100[(H,),,./2]/ [(CH,) ., + (Hy) ../ 2] (3-8)
CO, conversion (%) = 100[(C0O),,./2]/[(CO,),.; + (CO),,./2] (3-9)

_40_

Collection @ chosun



IINA (CH,) s (Hy)yer (COy),ur (€O, 2 OHOIAZOIE It HEI| &

0N SEE ME, =2, LAstEa, Ol&tstE A9l s50IC.

3. 21 i

He
1]

2 A200 AF2E OI0IAZ2H0IE B4 =Ees =28 20| 82%2! ot 5
2 Xl (dewatered sewage sludge)S ESEAE—
el JtAZ ot Bt8J] &2 900C

Fig. 3-112 £d Xl =zt BN FA(semiquantitative chemical analysis)
£ <QIof EDX Z WS LIEFURACE. 0101 A= E vttt 20l 24X = 428 = JtA
HEA =01 92 o= RII2W L0 2FEHUCH. Sol, L2el EF 2
= (alkaline earth metal)@! Mg2t Ca 12
Ot ACH102].

600 Ac
500 g_ Ca ——— MW Reforming
400 H Weight % ‘ c o Mg | Al si P s Ca | Fe ‘
-cg H ﬂw_nejur@]iﬂ"um | 042 | 038 | 0.56 | 248 | 1.79 | 1.00 2.187‘
S 3004
3 H
200 iy u P
100 - (LS
b)\ima N
0|| MY YN R YOO DT VAR AU RS NOUR U DI 72, S TN WOV PN TN ¥
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Energy (keV)
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b, JtAd a0l tiet S&

SAIJLAQ TS Ol&atEAol BAa =EX OH0IIZ/0IE JtE JHE EdE
OGSl SIoh Ol AtSHERA JHA, OIE JHE ell) HIE-OIASENA S8HItA Q|
Al JEX B0 ol 22| IHESd=S Lottt

Fig. 3-12= OIA&tSIEFADE B350 OO Z0IE JH&E S & Z0ICt. 010l
AZH01E JHEO0l AIEES A et Co, M&tE01 =230l SO JHE AlI2H0l 402
2 [ 80| 65%2 ZUHE 2010 X ZALIALCH
carbon gasification reaction)@ Eq. (3-10
C)It OIAFSIERA(COo) 2 BHSOl0d L AFSHENA
20| XEg= SO 00,0 sEIF 2AE 1D €02
o

I-J\Oll_
=2 T MU,

(
(

Cichary + CO. & 200 AHggg = +173kJ/mol (3-10)

Olet BHIHZ CO, MBtE0l zlUHtS 22 = Al2t 0l el X 245 = O
Ol Xl = A =8MS S0 2250 &J] Eq. (4-20)01 Xt ZADA
Jl &olct[102].

OHoIaZR012 Jtgs 2301 =8He AF0UA HEEHesE IHEEH= JIES It
2 gcl OIoIZ2/01E UKot =M WR2 dEEH SHAESH 2§
2SsHUEXIF SHUXIZ MetT 0 JtEE= LA0ILH [etd K& (dielectric

solid)Ql &t =2 WSRO0l 0toI22ZctX0Hmicroplasma)Jt LMo S+
i HHE 220 SE/AXN 1801 |A-= EHE 2eltt. ol2 eldi 0 1

S(hot spot)llA S72Bt=2(heterogeneous reaction)?! JiASH gt (Eg.
(3-10))01 S MHSI=ICH. OO =2 E2tX0F SEA2 Fig. 4-252 AZIOA &olg £
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Fig. 3-15= JI& HI|IItE ZE2HZ0AM AS0HE =H4X =(a)2t 0IE 0I5t
o OlolaAzfolE JHEol dE=E = EA £=2XH(b)2l  SEM  AFERI(SEM
microphotograph)=2 LIEFH 24 0ICt.

Fig. 3-15(a)2 20| JI& JtZotg YAl(conventional heating)ll dA2= 2=
A S0l WEZ Y22 4 W20 E=Molse AL20 32 2N

gdE Bags U3d 222 d&e =2l =2 0I0IXI0IC.

Fig. 3-15(b)= Z 2 &HXl =E EtL =EMZ HIEHD OIAIFENL EEIIA
E JHES =2 EHHAXIOICH. CHOI2ZR0IE Jtg2 00IAZK0IE ol XIDt
EtA =ZX WEZ =0 MAIFE (volumetric heating)0l OIRHAH =2H2
2 0t0I=2=2 Zct=0Hmicroplasma) bt AU, 02 Qo =8 D2 LM
Of Bt 22X HUH0l MHNHE wel 22 Z2(vitreous-like texture)22 ©
oA, el SH2o BS(Eg. (3-11))0 2o MAZ EA JIASES
(Eg. (3-13))01 2ch 2cld =X R&t L2 A7 = SAI EM(AEY = &
CHoll EM)otD 248ZF 2H0l S6tH =M ote L2 EtAJt EA UHEFE
(carbon nanofiber)2 XET 0 S84 (O 2= A6t M) e 2 & AT

JIES HMI|l2 JtgA D DIOIZ2H0IE Jtggalo Qs &tA 88X HE
HAIANAME B LHLEFEI 00122 HEYANAMS MHECE |SAE ZUE

£ = UCH102].
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PY 15.0kV 14.3mm x1.00k SE(M)

A
S g 1
RE 15.0kV 16.5mm x1.00k SE(M) 50.0um

Fig. 3-15. SEM images for the sludge char (a) before MW reforming (b) after
reforming.
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Fig. 3-212 OI&tSEFA HIES S8ItASl S=HI0 [HE OIS EFA QL OIE
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Table 3-7. Characteristics of porous and catalyst for activated carbon.

BET o= ; Average Average
L. porous Micropore Mesopore .
Sur face specific o micropore  mesopore
specific volume vo|ume ) .
propert sur face sur face (cn®/q) (cn?/q) diameter diameter
-ies  area(m’/g) 2 . g (A) (A)
area(m</q)
1080 969 0.42 0.12 8.71 27.35
Metal K Fe Ca Mg Al Na P
content
(%) 0.882 0.0055 0.0377 0.0309 0.01 0.089 0.0299
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Mol Gl €2 20 UL
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M 20l (tar thermal decomposition), OIEtSIEHS (methanation reaction), S ZO0}
Bt=2(Boudouard reaction) S2& Qlol 3sstYEX  MAk(stoichiometric
production)Oll 2/st OISXELH && &2 22 JIECH136].

CeHs + 6C0, < 12C0 + 3H, (3-19)

OHoIaZ 012 Jtgs 2301 =8He AF0UA HEEHN HEE= JIES It
A

SAY &2l 0022012 HUXIDE =X WX =20 S E&s0 2
of 2sUHUXIDE S0HHXZ MSEH JtED = LAO0ICH. et |RAEXe B
S W20 0013222 =010 LM Eta =X tHES 2E2U SES
X0l D201 RAEZ= HEHE 20, 0l 2o 0l D2=R0A Et2 =ofetS
MEIAZE BEZS0l SAI0 OIF O &L

Ol4tstErA Sl S50 [HE B2 88 SE4= Fig. 3-2801 LIEFLHRALCE. Ol&t=st
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P
A 2 24 20l 98.4%E SXGHALCH. O0l= Ol&tstEtACSl 20l SHEHE M
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Et & Likgt SctAl 9SS S
WSHHAN HESH BFE(Eg. 3-(20))01 XHENH 1O =&t ZAEJACH O 24
de =401 3 D22 dAECe2 A2 sk ¢s 20 Jdclld OlatetEa
o 220l SIE0 et & JtA 822 st U ZAaE=E A2 01eetE
ag S e sAasltz 2ot

CO + 3Hy < CHs + H0 (3-20)
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UACH. O I MeE BAs =M HEH SN JIBE)E

AN UCH

CHs < C + 2Ho, AHogg = +75kJ/mol

Ol ZMEs BADF 28H S0 2LS0 A=

Gl OIAtSHERAO 28 Bt JEASH(Eg. (3-22))0 2loh MZ& Ch.

B Z=9 2292 £=ZJ| JtA3H(steam gasification) 2ol Al

R OUCH €3, 0l2f8 Zeolde JIEQ JrAWARC

m

OLOI2EEtX0DF YA% = 002201 YAl O SWEO0ICH137].

C(S) + C0. < 2C0

100 —m— = : — — 100
80 — — 80
e r 1 -
T ol T
o —60 o~
wmaz _ 0
s s
5 40/ 50
— — 40
2 | i X
© L i I
P | - -
20 —Jl—— Tar conversion H, —{20
-  — -@— -H,co —4—Co 8
= —p— co, .
0\7‘\\\\‘\\\\\\\\\1\\\\?\\\\1YVYV?\II\7

20 40 60 80 100 120 140 16
CO, flow rate (mL/min)
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(2) Et= Ol&tatEtA /=50 HE

Et=2 =202t JHE EHIHM2 JeS Mot flol =2 24 ItAQ OlASE A
MM 20 S| 282 SHUHA EIMZ OIASEAR} =BIIE HESIUS

el 24E Fig. 3-2901 LIEHLHRAUCTH.

Ol&tSIEFARE =BJ[0F SAIN S2&0 Et2 JHE0 28 M&0| JHE ZF=L
+=ZTI| 20| 15%Y O Ef2& 20| 97%010 B X +=3I|2 %2 SItolds &
P EI2HE0| 242t 2AE0 =SI120| 70%2 O 96%It T AULCE.

Ol&HSHEIARE =BJ10F SAN 228 2= Et=2Q HdE0l MEE=s =2 g
22 0101 AZE OlatatEra & (Eg. (3-19))2t =ZII01 2ol HE HEc=
+=3J| &S (steam reforming reaction) Eqg. (3-23)01 2loH LAHSEFASL =
A2 MESEIC

CeHs + 6H:0 < 6C0 + 9H» (3-23)
=012 20| SIHEA UL B2 d&80] Zakdse A2 =3It SelF82
2 BA #=2H 22 JIB229 FEIt HOLM Eg. (3-24)% 22 4 ItASG

L

ZS(steam gasification reaction)0l G=S EYHA HUECZ EIZ2 2ol £

ZI| HELIS0l ME8H)| 22z 2eICH[137].

C+ HO <« CO + H (3-24)
MEIAL s&= =372 20| Sotadl et =42 ASEAIN SIHE A
O AMBIEIAY FE x
2

£=MIIA MEEFES (water—-gas shift reaction)@! Eq.
J

(3-25)01l 2l Cta ZASHACH Ol MAEIIAS sZOUA
2

 —
JtA9l H2E UEHUHE H/C08t2 HS Sototes AHAME & = UL

CO0 + HO « CO2 + He (3-25)
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Fig. 3-29. Comparison of tar conversion on CO-H0 reforming.
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Table 3-8. Results of specific area for activated carbon (unit: m?/g).

o Micro—porous Meso—porous
Sample it specific specific
surface area sur face area sur face area
Fresh AC 1080 969 156
AC after tar cracking 1024 931 154
AC after CO; reforming 1072 964 116
AC after CO,-H0 reforming 1116 1013 154
AC after H.0 reforming 1060 957 131
* AC: Activated Carbon
ot B4 22 =0 B
EtA =X EHEES Table 3-701 LIEFH HiQF 201 Z&(K), Z&(Ca), O
JUIEMg) S92 ZMAHES JMAD UYOLE 22| E2=(alkali earth metal)@!
ZE 20z Hg0o Mg d= gxotl UL Metd 24dEo A% B2 iz
Zoilt JHE M2 Al S0Hel IS0l A JIHE X UL
Metd 2 HF0AM= Et2 JHE HEH0l =8 =02l LIZ(Ni)2 E(Fe)S Xl
ANz s8Et2= 6t0d && Y (impregnation) Ol 2lch =0H A =EXE Mot
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H
1n
m
I
B
o
=}
«©
(0¢]
IS4
2
x
«©
3
&
©
Q
Hu
N
N
12
S|
0l
o
mn
0

Ct. Ol A0 & SME AIE8 220 DX A2 BL20 22 0oz Eet
20| SN Et2 FeHZ D 0l AtS
AZHOl SIIEAD] H0ICH. el
A2 BI0t2 Q150 Ol &rsHEFA D}
M 0 A9 0lABHS (heterogeneous reaction)@l
JtAs BEEO0l BItE 0 SMHAEE Al H/COHl= ZAEUKXLH LSS St

Ck.

J

= EHAQ BHA

u
0 B 4O

0

_80_

Collection @ chosun



B Ni catalyst

Tar Conversio

[l Fe catalyst

20

TC H,/CO HHV

Collection @ chosun

[l without catalysty

0.1

0.08

0.06

0.04

0.02

H,/CO

20

10

Heating value (MJ/m®)



Collection @ chosun

. without catalyst

B nicatalyst
. Fe catalyst

TC H,/CO HHV

_82_

2.5

20

10

Heating value (MJ/m°)



JtotALtH.

o)

3

ol 2+ Ol
HoAIZE B0l O

=
[

Et= AcHZ
o CH

vl

Et

5l

0

o
T

OF

T

g

J

9

SAl It ot:

SJI

<+

33
5
<
o

o)
i

Rl

<
o]
ol
<

iofl

0l
53

D
KIO

~J

ry

ol

ol
&l

2 Uz S0t & =0

s

=

2

P

=
H,/COb|

Al

o

O,

Ju

0l
o8

110

00
i

W
o

10

ol

= 8.7 W/m0il A

Ho
o T

St 222

O 63%=

= =
=

=01 65%2*
It ACH.

430 A LI
12 M/m*2

=
[=)

_83_

Collection @ chosun



M4Z& 8i0|LItA JHE
HAFZLHE

-

ol
0%
_lu_

ol

<
&l

ol
n
8]
xr
o}

[
-

=

= uUX&

SelJb AtSot

=0y

S

oF

o1

G CrLt

LEEHLH A =ICF.

HHIE

et Jleh ol

A
S

ot

=

el

tCE.

MZE Gl Xl
(0]

=Y

=

=

0FJ1

WIER
SAUNHKIS AN

H =

=
=

=

A
==

A
g

Al

_J'\_
Bz H&EO

=

P (=S

=]
S

=
=)

-/

3

—

L} oH
Chfe

A

—

o

HOM, It

X

=k

H

o

Al

=2, Metal hydride

P

b0 QACH139, 140].

A0

9]

o=
OH
OH

=<

Z HIAl
al

=)
)
A

Z ot Al

il
%0
0

Ok

0l
Rr
nr

J

dcl&, It
et A

IS

Ct.

=2

o=
ju—

oh4 B

&0l 40~75% E=0l Ol

I

[=)
o

MEH O

E/\H

= MDD HEX, sA=sMdIl Meld,
gr

Ol OI=F O X
FHEZ

b

2|
s

X2l &0l A

=
HBIOIRIIAE

22 M&

=

=
-/

i
0y

A2

=0l

CH2I

S

Ol ed
[143-146], O

[151-153]

b OHE[149,150], Zct=0r HEE

22ME

[147,148],

Kl

M

<

t

10y
<J

F

el

A

HES X1

_84_

2 =3I HE-O0l It

0HOF AtE &

=
-

ol

0

Ol UCH.
=012] <
H 2BE0 =30l HOLKX

=

HO2 M JtE Ol AF=ZELD UCH

o

0

PS

o

X}
BtSJ10F 310 Z&t

201 2

=0
S —
pN|
=

=
Collection @ chosun



JbXIZD JACH154].

222
==

st oA

<2 Mclgl 2

o
A

reY
0
o
&M

i
i

IH

)]
&l

H

e}

00

oy
A

Bl

0l
HH

I
Kir
ol

Kt

A

—_
1o
f= ot
10

KJ
u

)]

o)

oF

FOd D e

(o)
280

A0 NEe g3 2& |XIJt Jts

de2J200

=01

H

U

2SN

ol
Rl
oM
104

20l

EHOIA S LHOADI

At
S

st

CH155].

SIS EJF S0

R0
)

00

oI

=)

ol

Ol &tSEEFAOl 2

off LHSAD 2
/

7
=]
&t

Olelgt Sets 2=l

b1 Ol

4
[&)]

4

E
10
00
Rr

i

O

&l
)

Ju
10}

RO

Jo

i
&l

T

Y

Ry

KA

7o)

lo-

0l

HE

A2 DI

40

KO

o0

tO4 BLOI

R=1e
A

2

12 U0l

QItAOl Y

g

o)

U
()

UL,

e}
o0
Kl

o
b0

0l

ol
00

o}
KJ

3l

Gl
il

Wy
01

_J
o

ol

HHOI2JtA Ol

il

_85_

Collection @ chosun



Eill

0
oK

>
K0
_._|%

<\

Rl
KA

—_

)
1o
ak

D
10

ol

1
o

M0

ak

ct

HHOl LIt

1,

PN
=

tOH

10y

m

ctole2 AEEM RUCH.

0l

110

00

At

ND10DE) S

(Daedong,

)
KM
ol

ol
Ju
m
0[0
o)

KK

t

E
[ud

tst

A
()

CNG (compressed naturral gas)2t Ol

2+
=

Table 4-11t

o

—

2|

—

tOd CHOILER(

=R M
HHOl <2 Dt

9]

JI <

O,

N

—_

<
_I__

M0

ok

X0 =2 &0 & Bi0l

HEDI

, FM=12NT1GDR-2030)E & XIGHRULH.

&l
(=]

SAA

ok

e}
=

10

B3
10
=K
ll

un

A

i LPG XAtSAHE

0

ok

13

1

J
K
KO
R
KA

.1
o

ok

—_

FO4 2 A DI (mixer) &0 O

[9)

1 A

9]

MO

(]

=

Or Ul
N

st

H &0l Z0I

0

H Z=ot)l 2

AHER O

]

Ok

]I
Wy
0l

i0J
&0

JJ
[

KO
Rl
Ki
i)
s}

=

=

ot 1

5
tI1

=)

o
= 7T
pS|
[=]

EHE
=

o A
T2

il

[9)

HIAH
ECU MIOf

=

=

=<

et orE A
al

injector)
UAEE ECU

Sl

A
A
e

ot
o2 QIEE (fuel
gt

S

=

=

[E0ll
FAIDI

=)

pS|
(=]

&gl
Ch.

A

P

o

?otN
X

M
=

o
It

0
r
It

<l

=
KO
Kr
<t
Kl
o}
KJ

3l
ar
ol
H
ol
0lJ
oJ
xr
K
oK

RO
KIr

Ct.

A
o
A

=01 &X
ot

U o

2
[y

Al
=

ULCH
(SHIMADZU-14B)2 &I

i

|.

_86_

JZ0tECH

ES

H BHOIDFA B

HI1 <

|Gt04 EFOIEI(HIOKI, 3404)E & XIGHALY.

i K-type S&L[

0

?
=]

=

=2

H

0

[

ol 25 =3
o

Ze2|l2 o

H

[}

A
=22 M

JbA

nl
Collection @ chosun



Thermometer

Evacution
Stack

Dry Gas Meter

ﬂ Flowmeter

Gas
Chromatograph

ki Valve

=] Thermocouple

2

By Pass

————

module

| Silica Gel H Condensor|

Charge
meter

Oscilloscope

Control Spark plug &
Turbin Mixing box ) p/ressure sensorC i
Mixer i / ooling
flowmeter  Tank Line
Air (i
Evacution
Stack
Tempeture
TBIL Monitering
System
Oxygen
Cylinder Methane
Cylinder Carbon S :
iy Kimo
Dioxide Spark Engine Reformer | | pata
Cylinder Logger

Fig. 4-1. Schematic of the experimental apparatus.
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Table 4-1.

Specification of experiment

engine.

| tem Specification
Mode | Daedong, ND10DE
Type Hor izontal water-cooled

Cylinder number

4 cycle diesel engine

1

Fuel injection Direct injection
Bore(mm)
& Stroke(mm) %X %
Compression ratio 18
Displacement (cc) 673
Power Max 13/2400
(PS/rpm) Rated 10/2200
L. g2y
g2 =HE I=sA03 HHEIIE AN COILIZ20 AZ6tH sld+E =
Zotd D, =IJIAN=S2 CNGZ otALH. Als = tEHOI 2H S ?otH &XIE ECU
A EIAIDIE ZEGICH JFAHR20 ONGE 22 MPa(224.3 kgf/em®)2l DYoo
SHE NG AelH(9BL)HA S=2E0H, 22 2 H2E dIZ2d0IHE Soll 88 &
£ 2420l 0.15 MPa(1.52 kgi/em’) 22 2Zot0l H2E B30IAUCH. HIED O
AtStBtA ) AhARE BI[19] 28 JIMeE LPGASIHE HIFCIA UAIIE SoiM &
& Ege JIMz ez St HEEXE OI=26tH SgIIME HEotA
D, EI12 iDIDtALSl 5= HI0IH A& XI(KIMO, KTT300)E Ol8ot0d 2LIEH
2ot MedsS |XotUCH. Aeld =0 EXE LBLAH ASE QAZA
DEZ 20t Aeld WS g8s SHotb. 24ditA 242 iJIJtA S0l
AXE MEZ TZ=8E Sof dSEIZZ JIIAE S0I6tH, LT SHAE Sst
AE BIJIDIAE JHAIZ0LE D Z(SHIMADZU-14B) 2 Z4GHACH. =42 TCD &
- 88 -
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E£)|E 0|26t 20, 24 HHS H,= Molecular Sieve 5A (80/100 mesh)Z CO=

= 0O

Molecular Sieve 13X (80/100 mesh)2 CO, & CmHn= HayeSep R (100/120 mesh)S

A2 g 822 CONG 100%E ot X EJAIDIE 210, =2Eo =2
=G otE Aol 2HAAZS KRAotH AEH2S MNHSIULCH. S AA/HIEH Q!
A2 IMsAHIHAM 282 SXoHJ| ot MARS SIIR2EE WEord
Ct. HIOILJIA OIMSHEEA HIE 0% M 50%0HK HEE F=/UCMH, 2 IsHE
Y Y= Table 4-22F 20

Table 4-2. Experimental conditions and range.

_ 0>§ygen Biogas CO» Intake gas Englng

Conditions enr ichment ratio® emmErare(e) revolution

rate(%) P (rpm)
Range 45.3~100 0~50 40~126 1300~ 1600
CO,

* Biogas CO, ratio (%) = CH. ¥ CO.
1+ CO,

A0 =
Eq. (4-2)2 2520
0.21A+0
OER (%) = 9 22dd 100 (4-1)
total

HIIM, OERE &AFSEIE,
A

QuiaS Y 2IIZ D FIb AL BHOICH,

[CHl]in]mt, B [CHl]

_ output
[CH, |conv.(%) [CH,] > 100

(CH, )2 OIE2 SUSZ(%),

OIIM, [CHlconv.2 HEEES(%),

[CH, iy 2 HIEFS RESE(%) OICH

2 +2[160]12 Eq. (4-3) ol HAECE.
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[HQ ]syngas

Hyyield(%) = A * 100 (4-3)

reaction gas
OIIIM, ], SEIA W =A%), [#)] = BSIOtA el =4

syngas reaction gas “—
2 (%) O0ICH.

Fig. 425 28X ANSEHdS UEH 2% =00 NS M=t Hat
2= ZEGIH BHOIOIAS] 28 O FAARZ = HxE Adgs Mot

T l T T T l T T T l
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I
|
|
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600 |- |
|
|

~

o

o
|

Temperature (°C)
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200 |~ \ Engine start point I\_for experiment [

<Intake gas temp.>

0 L l L L l L 1 L l L L l L L l ; L
0 20 40 60 80 100
Time (min)

_90_

Collection @ chosun



K
e

oK

=
A

100
30

ot
oY)
il
4

Jt.

b0

o
ur

il

OFX &
— O M

&0l A

20| HsEHE

H LS DI

0

2

2tAIDI

=
= S

pS|
(=]

Ig|&d== 1300rpm 22 DFOIAL,
45.3~100% E?I2

LA /DIEHHISE 0.53, A&
223

(+25) Al ZACE.

FRACE.

[[e]

0l
KK

B 3tAIA

I=¥=3
==

&

L

= X

B2
10

|
10

=

i
iy
Ho

<

—_

<J

—_

w

<
my

oo
3=

= XA

o

KHu

ol

o

oI

JE

ol
ng

I

u]

| HHO1 HIZ Ol
20|

P!

ek A

=X

b

B

ol
<\
<
oY

H
<0
00

O
<
&)

U
4
=
KJ
a0
ol

O &CH

otAl =L, &k

=
= o

Al

ol

3

Ol tH,

FACE.

LHOI A Ol Bt

4-3(b)= MBHS

LIEHH ACEH.

=
=

44.7~46.0%

_91_

Collection @ chosun



o
0

(%) uonenuaduod ’Q YHH

< 52 N -~ o

100

89

78

7
Oxygen enriched concentration (%)

6

56

45

70

RNEVINE INUNENENEN SNRTRVAVEN ENSVAVAVE ENSNRTENEN NRVATANE IR N

o o o o o o o
© [re] < 15 I3 -

(%) uonenuUadIUOd 09 N “H

_92_

Collection @ chosun



00

3

BHOI2JtA Ol &tsEFA HI

Lt.

(tetAl BHOI2 Dt

XHOIJF L.

M
2aY

EHoll et 8810F ==

(t

=
(=}

Ol JtA=E 2

n0
Ok
0

100%,
u

t=

fjJ

Ol &tstEFA IO

ES

£ 50%It Xl

JEEN

3

F

A 0l &t

HHOI 2 Jt

FAID = RI2H(+25) AI21 10,

&3

248.1 L/min,

Ju

S OHECE.

SOt A 50%01l A1 6.8%)tKI

A=
—/

S0lE 4=

LItA Ol&tetEta HIDt

Ol= &

E LIEHH

ICH 24.8%

S

StEtA= HIOIJtA Ol&tetBHA HIDE 25%011 A

oll

= HIOI2Jt

LEEHH ACH.

4
wJ
10y
<J

I

P

=
=

F

Ol
Al

= LIEHLHRALCE.

3

100
R0

1

4

=
-

& Zlots

i

ol

[0

el 20l 96.6~99.0%

A

Fig. 4-4(b)UlN 2= Ht2t &

Kk
0l

S+
X

FACE.

l[e]
<

n0

10.2%=

44 1%01l A

0l
i
<+

<
S+

e

oJ
03
_Jl_
i5
Ok
i

H

H 20 0

A9 =40 29

ot
StEFAO 2

.

4
)]

i0J
o
Al

ol

0

o
<+

-

oll

oI
00
Rr

_93_

Collection @ chosun



60

O ¢

N
o

N
o

| SR LA N L N L N LN B B BN

H,,CO, CO, CH, concentration (%i
- w
o o

Collection @ chosun

5

*

& & < < P i
‘ A S
10 40 50

20 30
CO, in biogas (%)

_94_



00
30

o
=
0D

Ct

FA

3|

40~126C=2 H©

|,

HHOI2JtA O
HHOI2JtA Ol

KI0

H
0l

J
[0

oD

Fig. 4-5(a)0ilA

Ck.

33

ot

o
110

KJ

o
il
el

m

<

LEEHH AT,

=
=

|l

K-
J

Jtot

o)

(N

23
1

ol

o

2

ES

HHOl <2 Dt

. Ol &t3tEF A= 19.9%01 A 15.0%

-

wh
&l

ol

Ok
R0

o

=
=

=[ )

SEN

P

Ol4t3l

A

HHOI 2 Jt

LEEHLH AL,

=
=

21.2~25.3%

oo
F=T—

ol
K0

ol
i00

100
30

W
4r
R
oy

Kl

ct.

Gl

Gl

HEEE XZGHH 1300~ 1600rpm &2

o
M0

a

n0
4
&)

ol

io)
oF

e

Ok

il
(H0

ur
<+

Rr

-

<0

g

o

H

Sotgas

=

Jb 1300rpmOl M 1600rpm2 &2

<
il
i

<J

o)
™

ol
i00

N

J
i
W.JI
(D
J
<
My

10}
<J

-
Ul

KHy

o
0
X0
20
ol
<
My

-

oll
ol____

%0
e

(@)
010
o)

<
)]

|Ix
)]

i1

iy
olo

oJ

PHE DO W&
4-6(b)0IA DIE MEE2 97.27~98.5%= =Xl

5
23.3%01l A 18.9%= L OLSLCEH.

mags =

A

Ju
=
KIO

A D
=

A
SPS

ot

_95_

ACH. Fig.

A
-
h=4

Collection @ chosun



30 | L T T T

N
(9]
T
5
(2] X
I O~
I

- N
o o
LI N I B Y B A |

H,, CO, CO,, CH, concentration (‘Vé)
o &)

oL~ T T

40 60 80 100 120
Inlet temperature (°C)

_96_

Collection @ chosun



LN L N B L B B N N

1600

1500
Revolution (rpm)

1400

1300

¢ 0 o [Te} o w
N N -~ —

(%) uonenuaduod "HY 09 ‘09 “°H

o

_97_

Collection @ chosun



m

i)
iy
0l

D

’

a!

BHOIRJtA Ol &kSHEFA

Olf oI HE=2 MARSE,

i

Kl
oy
Kl

)

10y

d&E0 M

H
S

i00

ELU PR

%

ol
3%
I9)
o

KJ
ol

S
(=]

XA
= =

SV NEE=DINE |

—
—

HHOIRJtA Ol&tetEF A HI

ol

—_

pd

e
uln

KAy

0l
&0
%0

4
w
10y
<J
oll

<

-

o

-
1o

Ok

0l
A0
=
<
M
o
<

E0S UL

15.0%=

19.9%01 A

<
mi
)
<!

b

_

oJ

o
o0
ol
211

oF
ol

O

HA

o}

J
S
Kl
o}
Kl

)

=9

L1

ZAOHA

o)

UL,

o
=
KIO
Ju

w

—_

104
<J

_98_

Collection @ chosun



M2Z& 3D-IR Matrix HUH JHE

HAALHE

i
I

Kk
S

ol

X
o)

ol
i
&J
X0
o}

o3
B
@o

KJ

uln

o

0191 <

P

|= Ht0l

St SZ2LI0tZ

0o

9]

K

Et

P

b

</

0l

2 U2 YAl NFP2Ee 2

QIOLAMNE GIEO0l 40~70%,

un

e

AU, CHII

A==l

[161].

E=PIINFIPN
D M2E OolUX

SEAL—

4ot
N
otXl 2t BHOI L2 ItA

= €cl Ul 2 0

BIOIQJtAE S HZ 2

°oz2E

&

o

=
=

A

[l

2 0ICt.

U= A0l X

RO

o

FAHL &S, Ot

¢}

22 A2 018

HHOI <2 It

U,

BIStL

Xl
=

=3I M

=
=}

=13 =5!
[=a=

Xl
=

H

(methane steam reforming)Old, Eq (4-5)

reaction), Eq (4-7)= 0|

J
Ol RUACk.

ZS(water gas shift

JHZ& (methane carbon dioxide reforming) Bl

EhA

t

=l

3

&

(4-4)
(4-5)

CHe + HO < CO + 3H, A, = +206(kJ/mol)

= -41(kd/mol)

0
298K

C0 + H:0 < CO2 + Hy, A

(4-6)

+165 (kJ/mol)

AHgye = +247 (kJ/mol)

0
298K

CH4 + 2H20 «> COg + 4H2, A
CHs + CO, « 2C0 + 2Hy,

(4-7)

ol

oF

)

s}
KO

— E)E) —

Collection @ chosun



& o) oD

ct
=
A

L| - ® ) ol
__o__d%___cmﬂ__oc_o@%mmr o S = S
0 s s 3 W uw om = ™ ol & | 7 O o0
2 E5 o 08K na < 5 o
= T W -2 == L n g O S o < @ nn ¥
S ol S X 2 & X OoRM = = g «
— S mEMLlEﬂ.A|:._.E N = M Z 33 = _;_n.m
o) = — T — — —
_._-_______ﬁ[__gl%A 0o 3 — . 25 x < U o
oExaEAmﬂDlaa_ﬂm Mw:ﬂaoﬂmi oo s Lo M 5 =
T PE A smEanco=slgsd T Az g
o o 0l i Do;__ s wa 353w =0 =3 = T
A g s o Doy O J 5 5 n ST ol
oo Y pImBEE RN g F R i AU = 3 3
Nz LB = NN ol al @ - = ok i -
;ﬂﬂumJg_meﬁ_uea_mxa____le_ﬁ%.mﬁmmé N . & 8
Emumm/.ﬂ___oHJ 1 s % s = 4 m AR
%m%@ﬁraﬁr,m:_wzowg:zmAr_____ . ul I n S
S #H = o) 0] R0 or % O 2 0 ol o« 1 o & b L 2
AT s oo ol & E Mo R
I R e R =R we Tl
ol ) Ijl — o3 o=
M_p___c_em_ﬁwiozmmmma_%_:;g R =" 2
<A G o X O g o oE b &AM H g B RO D P T
m___ﬁ%%waﬁa S D g 52 0[O 0
F 1 ol Ko J
s 8o 5 TG R U <l 2 @ 5 ! T
CoH o D Rgo AW otam gy oL 8 0 ~ <4+ A3 oo
og.%%u%m%%,AT@ﬂaMw%m 4 om g
%ummw R IV < ok = =~ o Nwm
o3 [0 or ™ M = KU s _ gy}
mom_ﬂw_;joﬁ%ilmaou_ao S m xS < K0 J 2oy
0P Ssmsd_SBIHME 4TS B 0§ 50 5482
_J._AluO“_o @.._MﬂlemO_éE._ RT Oﬁnc_n_n;_._lﬂﬂo_a — <l <~ M &5 « 5
S _ = 3 10 2 = — © = — . B 4 X0 T 0
gBwBwYSETwrEss oz ¥ o FLivgow
R0 m_.__m|_n_M_=_=_ <] .__._OE.__.__..A__O = D > o ~ z
Bz s5Was_mamws s, =2 oML =W
~ e o <A1 = = = O & KU Ol g
4 o or A m_b X0 m 5 K MEE 8] A = M Mw .__.Jo < > g ™ ey
T W e S | o == = I T 0 2

=130

=l

Et
=

Bz Z8AAE ?loil Csd O

=]
S

- 100 -

Hu=s A2

10,000 kcal/hrOIC}.

Collection @ chosun



tH(metal fiber)Jt &EHIL FHOZ SAMAH UCH. O34 HE 30IH=s 3=

HS(fine metaltic fiber)s A& &2 AXZ2HEE HH LIEE e SEi2 H

O QUCH. 2AF BIOIQJtA R BD19 E&IIAE LFHOIH 5206101 6t LH
20 T ROZ ZZEL. A BIS)ls 4XE HEHZ HMEDIJACH, MEE =
OH= ULIZ(Ni-Al0;, @2 mm, 13 wt%), S2HIS(Ru-Al03, @2 mm, 2 wt%), %3
(Pt-Al05, @2 mm, 2 wt%) SOHE 22 140g% ALSSHACH. JHE BESI|D| L¥ZEo

2 HIOIQJIAS =501 3240, JI2dl2 iE=CH166] .
2 FHE20| HEtol A=MAIIA(CNG, compress natural gas) 2t
OlatstErAs, BII2 FAHECH JHE BSJ|0le MFCE2 XZEGHH LFEAIIALL
OlAtSIEFA DL 22E M, 30-IR HEEA HUME |SEFHE Sol LSHAIA,
A

. 310 SgEt. 312 =22 HHotJl <ol /e E&#S &Xldt

F

BtAE MAXIGHICEH. 30-IR OHEEA BHUH, =01 JHEJ],
2ol K-type E@HMHE &Xlot], IOIEH Z1(model hydra data logger 2625A,
Fluke, USA)E 0I&5t0 25 & A=Xo=2 ZBLIHE & = UAESE Lo
42 HEIHAS PXa S 2 === HMHoI| ol Water bathOl &
HE &Xlotd, JiA 242 <ol HAIAZ0tE  Z1eHIZ(CP-4900, Varian,

A,
Nether land)S & XIotiCtH.
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Fig. 4-7. Schematic of the experimental setup for 3D-IR matrix burner
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OIIIN, M= SEIA W H SE(L/MIN), Ny o= BIOIRJIA Ul CHy, BEF

(L/min), %8 1mol CHs2l ZICH 4mol 24 AAMEIS LIEFHCE,
- UABIEIA MEHG
.. YC'OSG
COselectivity = ——————F—— (4-10)

Yoo saT Yoo, sa

- X &8 [168]

(N ot Neo.s) < LHV,
e  ow A 100(%) (4-11)

(%) =— .
(NC[‘[,,AIB_‘—NCI{I,BG') S LHVC'[‘L

OIDIM, Nyw= BEIIA W 22 RBL/MIN), News SEIA L LASHE

SE(L/min), LAV, = =422 MALLE(KI/ND®), Ngy,pe 30-IR Matrix iU

mio

HE SE(L/min), LV, = HES HelLS2(kJ/Nn’)S LIEHHCTH
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30-1R Matrix BHHLHE 730C, JHE EBtESJl= 700~710C, =3I JIst&EXI= 45
SAGHALH. Fig. 4-9= 30-IR Matrix HU 3+
AN Z ZI1810F 1,180 OIE 100%

M(Fig. 4-9(a))2t OIIEH:OIALSHEFA H]
E0] 60%:40% & [H(Fig. 4-9(b))S BIWGtACH.
Table 4-32 &8

0C, E8JI Fc4el2 250CTE

JE AWML &8 ZUE LIEHLRICEH

(b) CHs:CO» = 60%:40%
Fig. 4-9. Photo of 3D-IR matrix burner flame.
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Table 4-3. Experimental conditions and data for standard conditions.

S/C ratio CH4/CO, ratio Space velocity  Reformer temperature
3.25 60%: 40% 19.3 L/g - hr 700C
CH4 conversion €O, conversion H. vield Energy efficiency
98.8% 57.1% 0.91 37.7%

(2) =ZJ1/&tx Hl &

0o

ol

-102 steam/carbon ratio B30l & ZW=Z Fig. 4-10(a)= =
, DIEH, OIAEIEIA SEZ2 UEHHRAD, Fig. 4-10(b) GIE & O]
E HUX 82 UEIURACH. OHIE =3I HES(E
BtS(Eq (4-5))01 2ol Ol2&¢Ql S/C ratio= 28 R0t

=S EE84H2 RO H2Z, BHO steansS F
H EICH WetAd, S/C ratiog 1.5~4.52 HIAE HFGIA2MH, DA BHOI2t
AE CHyiCO, = 60%:40%22 St2, JHE B3Il 8% 700C, SV= 19.3 L/g:-hr&

> b
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PPN
©
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Fig. 4-10(a)0llA S/C ratiodt SHE+E 42 Ol&SIEIAE BII6tD, Lot
SIEtAQ HEES ZASHACH. Fig. 4-10(b)0IIA S/C ratiodt Sotg=5= HE &
220l EJtot=0l, S/C ratiodt 3014 0IA =IO 99%=2 OIEH =ZJ| HE BrE0l
290 dHES & = UCH. BHH, OIS ME&EE2 S/C ratiodt 25 Eq
(4-6)2 XIHHE 2 =0l e, OlASEAI MEE Metg2 2A06HH EC.
30-1R DHESHA B2 JHE BtSII0l =25 = B0ILItA2 S/C ratiodt Sitg

== UK 252 31.7%0l A 38.2%=2 A= SItotRLCEH.
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(3) 2AF BHOIRDtA H=2H F&

Fig. 4-112 HIOILJtA H=2H] Bl HE Z2U4E UEHHATH. O &=20l
40~70% ESE ZA HIOIRIIASE Mot &8s MAGHACH. S/C ratiodt A
BE, 30| &= AS HURXIOF 20l 2Q06tH = [etA, Old B A
g0l 2ol S/C ratiodt 3.25 0| =2= OIgH &S0 9%=Z H BsIt g2
2, S/C ratio= 3.25, SV 19.3 L/g - hr, W& E+SD]

2= B HAUUAN O &S0l 97% 01&0] &

10

W DEte =42 dotstEiz HEtEs G SEO0l 40%2 o, O
EHOF 100% =&t B0l Hioh =2 sSIF 21%0F M2 DULD, LASIEAE 83%
Jb SOtEIJTH. Ol Z2AEI0IL0tA L Ol AtSEHACS] HEFOZ, OldtatEr A JHE
ol Eq. (4-6)2 EBIE20l SAMIGHEICH MetMd, =3I HEEU= 4 &SR0l 3
Jl =20 OlAtSHERAS] MH2H0] OHKl= Z2UE A ECH169]. BIE &0l

3 BRAZ Sotot=ll, 0l Ee712

40~70%2 SIHAIZ B2, H/C0 HlE 2.4~4.
x

= [, O 8RUAN=E 3~3.65 LIEILHRACEH. BIOI2JtA OBl &X UK &=
36.1%0I A 32.6%22 A= 2AGHUCEH.
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Fig. 4-132 JHZE BtEJ| 2&Hstol HE ZWUE UEHHRAUCH. =0 24352t
2HE B2 2= 400~700C HeIZ AES XNAGHCH. S/C ratio= 3.25,
CHs/CO, HI= 60%:40%, SV= 19.32 L/g-hr2 D&HEGIAUCH. BHEI12 2Lt St
== N detsd =4 sk= SIOoidb. HE dE8s2 650CHA 96.7%S
2R2H, 0 2UMsE SIt=0l 22ZiRU. =2 sE: X222 SItot(
700COIA 73.9%0tX HHERUCH Ole =2 2Z0A=s Z8 82 ¢3S =3I
JHE BH20l RAMIOHAM, Eq. (4-4), (4-6)01 28 2UAS & == AN, =3I M
2N S=28 =4 225 2] A =2 2= ERES =2 g = UAL
[70]. CO =& Al BtSII 2t SE+E Sitct=ll, Ol =2 2E0M=
=dItA MEEIS0|l MoK #5852 2 = UL, OlktatEs MEs2 gsS)|
SO SO0l Met Sotohsdl, Eq. (4-7)00 28t Ol&tatEtA JHE Ol J1I5HA
T2z, =2 2Z0AM 28 SEEtS0l RAHM Ol&st& A AHIED|l =0l
=

Ct. 30-IR OHEEHA BURt JHE 2SS0l =S &= BiolLItA Bl &M oI X
222 40.8%00AK 37.7%= 4= ZAot=0l, 30-IR HE=ZA HUN F28EHeE &
P12l B0l Sototdl HEO0ICH.

fl

o
|0
O U
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Lt. Ru &0 =4

F

for

010

Jl ety

(1) et

ron

3D-IR Matrix Bl 580C, W& &Il 550~560C, =35I JI=t& Xl 450C,
Pl =gctel2 250CE RAIGHRULE. Table 4-4= & Jl= XHUAS A8 2

tE LIEHHRACEH.

ol

=

Table 4-4. Experimental conditions and data for standard conditions.

Steam/Carbon . Space velocity Reformer
; CH4/CO. ratio .
ratio (L/g - hr) temperature (C)
3.25 60%: 40% 14.7 550
(2) =371/t Bl &

Fig. 4-14= Steam/Carbon ratio B30l 2 ZUO0ICH. =4 £, LASIEAL

SES 02110 H/CO Hi= Fig. 4-14(a)0ll LIEILHA D, BIEH, OlASIEIA NMEE

Jel UXISEEE Fig. 4-14(b)0l LtEFHLHRACEH. JHEREE = 0I2FQ S/C

ratio= 28 RAEXIE, WEe AHS F=otH B FH

£ AME = A22=Z, S/C ratioE 1.5~4.52 YAz AFJSUACH[171]. 2
E =]

CHs:CO, = 60%:40% HIEEZ Z=0tULH,

HHOI 2 JtA BFEJl 2% 550TC, Sve
14.7 L/g-hr2 ZFGtACH.

Fig. 4-14(a)0lAl S/C HIDL BIIE+5 4 =81 H/C0 Hl= SotatA 1,
AtotEtA MEHEE= S/C HIJF 30HA SItotl 1 Ol&0AM= 2PAGHRICH. Fig
4-14(b)0IIA S/C HIDE S5 HEY HES0] SIIotALL, OIMSEL HES
2 ZA0HUCH HE M&=Z0] S/C Hl 4014 0AM =ICH 92%S LIEHLHO, OIE =3
Jl HE BtES0l 2ol JHASSE & = UL Ol&tstEA M&#E2 S/C HIDt
S1g+5 Eq. (4-6)2 XIHHE 2 Sol met, OlastEAd M2z, A
ot= Fdgs UEBUACH. 0IUX s8=2 S/C HIJF SigsE 3ot =
59.3%E LIEIRUCH Ol =42 MdE0l SItotEA HEIIALl &EE0l SItat
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(3) 2AF BHOIRDtA H=2H F&

Fig. 4-152 ZAb HIOI2JtA d=H Bt HE &8 201U, HE 422
40~100%It Kl SIHAIA, NS OlatstEAo] OHE HIE2 JtAE Z250t0 MY
OtACH. S/C HIJE HESF, =3I &S 2 WX 20l ERotH =0
MetM, ol B~ AN 2ol S/C HIJF 3.25 OIF0AM= HIES H&E0] H
2FoE2, S/C Hl= 3.252 HEoIU2M, HEIl &= 550COIC.

DA HIOIZOtA S HIE &80l SIS =4 =81 DAL 8k

Sotote 20 LIEHHACTH. O0l= Z2AF BIOI2JtA W Z2AEE Olb&tstEr Al

Feto=2, ME HE Eq. (4-4)2 BHS0l RAIGHXIDI M20ICH. MetA, Z2AHEHOI

QA W EBA R0 HOLKD|I W20 Ol&tet& Aol MAE0| 2Acts 21
£ 2 ECH172]. Ol&StEt AL MEE2 FUL = O0[AMsEA 220 MEH=
&0l 371 W20, Fig. 4-15(b)2t 20 LIEHHCH. Z2AHHIOI2OtA & HE S
0l 40~100%2 ZItAIZ B2, H/C0 Hi= 1.7~4.1 82I2 SJtot=0l, Ol &8
Jlel H/CSl 20l Sototd|l EO0ICt. M&Hel LFG, Biogas2l Ol &0l 50~

60%2= = Wi, Of BAWAN= 1.9~2.35 UEHHRULH.
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9 24 ooz AT UCH Zk=0F X JWEI|= 34 22401 o3
EctX0tet 9 B3Il R4S, 34 22019 03 Zct=0te ZEHEN(Z
™ = 12.6mm, =0l 120mm, SH 2mm)2 & 30 2SS 1200 , LEA0| 2HHS
3mZ SKAIAIHA, Mt (A0, wt 96%) XXM DHESIHCH174]. 2ZAHAZ(CNG,
Compress Natural Gas) =AIE I8t =& (LHF 1.6mm)2 M= A0l SA0 XIS
T2 EMXE XNXME D6 ZctE0M0 DHGIUCH. Z2tX0F oteHez 2
Stl= HIOIQIMAE EctX0F SAEIACE HFSAIIII| <o 2 AT 45 2
= WS2 AX6It. X BSlle HRo g =2 ol NSHM HE
(400x70x220mm*) 2 MIXGIUCH o2 e ZctX0iet 920 LMoz 4L
O, 420= BIOIItA FLAIF XD, 8Z BSI|2 3380, WRols
=2 2ol U234 & M2teez 3 HESEA( “=” EH)E &Xlotof, o
A2AIL HEEHAZS S £ XS HEIES o6IQCH €§Z AdA4)| MHEE=E U
£ 22 o 49 ME=Z HMESYUSH, UHRL 2 T2 <d ZA
(K-type)E A XIGHALS.

JtAZSZ ctel2 HH0IRDtA HMZE <8 ONG, OlA&tstEtASt 2D el 23
= ctelez RHECH 2 AL |2 ZHGH| RGN MFC2t SEHE AXIot
oM, == /ol UAIIE 4XoALH. 22 2= HFHOZ B30t 4
ot A8 SHEIZ(Model STEPDOS03; KNF, Switzerland)2t SE3E &XIGHALCE.

HAZSSEX= I

& NRAMAS Z3otl= 221 (Model UAP-15K1A,  Unicon
=

DAL 34 2et0lE o3 2

= 2 2 =3, dR/MY =3, ItARH02 ML AX
Mo 2 2= =32 <ol LabVIEW (Model LabVIEW 8.6,
USA)Qt SXMHE HZEGIH MO 2 R2UHY G dF/E =d2 ®IIE S
£ SZE = Yz DXL Z=2Y(probe) Model P6015, Tektronix, USA), M&
T 25 (Model AB303, Tektronix, USA), &F Z=D|(amplifier) (Model TM502A,
Tektronix, USA) el QAIZA DI (Model TDS-3052, Tektronix, USA)E2 24 &
o QUCH. =4&etel2 HAEIAL XA 22 22 MG <IoH Water bath

Qb 2HE 4AXot¥ D, IJIIAIR20IE JeHE (CP-4900, Varian, Netherland)Z 0|

National Instrument,
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Fig. 4-19. Diagram of the plasma dump reformer.
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doto, 2SIl UWR2 2= SEetAIZ = Mo, g2 S 8N ==
E FUEH=E H=0 ol SctXE0F HUIF 2HED, S5 WSRO £XE Mt
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Z BIOIQItADL FUECH HEIAL 2A
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SCH. Z2E2 MolSieve 5A PLOT2 2 Hy,, €O, 0., Np, CH,2 EAGHR L, PoraPLOT Q
Z 002t Etat=AFOl GHy, CHy, CHeS SAIO =4 GHALCEH.

Z2X0F 9 JHEDIE olEst BI0ILIIA JHE SE42 West)| flote, HAa

g Ags MHGIRH, 2t B8 MY HAE Table 4-50i LIEFLH UL
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Table 4-5. Test range condition by parameter.

Description Range
Oump injector flow rate [L/min] 3~20
Water flow rate [mL/min] 0~24
Air ratio 0.39~0.66
Biogas component ratio [CHs:CO»] 1:0~0.5:0.5
Plasma input power [KW] 0.78~1.19

ASIEHA MESE[175] 2 Eq.
= (Conversion efficiency)

(CH, ypersi
— 4 (’on.wwmn % 100
powerinput

.

]
X
~
=

[OO Lvnversiun
X(*() [%/ Wl = 27 < 100
e powerinput

MIIM, powerinput%

HEE NS OlatstEtA [ (L/min)OICH

.
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Sct20t 82 JHEJ|e HMelsgs WY [} g =g+ HtolLot
A RE Blgt AgS MAGIACH SctED HUE tEH 22 FXoH)| 2ol =
E2 2XHIY SIIE 12 L/min =0t d8s Bgott. BsE
BIOI2ItA= B Ol&tSEF S| BIE 60% : ot 3 ~ 20 L/ming 3Z0t
AULH JtA =& Bl HE 2 U4S Fig. 42000 LIEHHATH

A =YE0l SIHE+== HFAIZ0l BOHXI L a2 018tsSE Hiole
JPADE BOHNEZ, HUHX &&2 32, M

HE
HdAatl= ZeS LIEHWRUCH. BHOILD

of 14%0IAM 17.3%2 SIIotR LM,
tgel=2 Sites LIEHLRUCEH.
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SctX0F X HEA 2 2= S0 HE 248 Z2UE Fig. 4-2100 LIEHWH
Ch. =370 YAHEXE B2 &XIotkl ¥, SctX20t €2 HEII0NA A
SRS 0IE0otl Gt &Il R 0 ~ 24 mL/minS 22 FLoIUCH. =S
OF 852 0.94kN E S=otU2H, HioIItA=E BIE D Ol&tstEHACl HIE

40%= S=otULCH

BHOI2JtA S HEW OldtetEas =2 38 S0 Sitottets, g &8
98% Olal, Ol4tstEtAs MBS 70%E SAGHA2H, Sctx20t €2 JHEDI| WR

= 740COHA 700C2 =2 ZOIB2LUL, HESA =ZII0 2o 20 2
S Z2O0IXN HEULCH. =4 ST LASIEA = E

£ ZOIotCHIE 12 mL/minel 201 =S EHUS [, 22 42%, 2
L >

2 CH
S0, 12 mL/min Ol&te] 20l FLEUS O, ZActs &S E/A2N, E

—

4-14) 0l =I5 ZDHOICt,

CHy + H0 < CO + 3, Aflgg = +206(kJ/mol) (4-1

Al 2 | 12 mL/minOlA 23.3%2 =0igtS 20111, 1
2

AABO2M, UK SSE 2ABIAUCH 0lAHS

0z J2
0x
Mo
=]

= 13%0lA 213t 801 |RXITN, SIt=l S0 28 SctXx0t 82 HA0 2
0l glss € = ULt
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