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REC(Renewable Energy Certificates) 227} 75t =] wjo]&- A vlo] euAE AR 3] 0.1 MW, o T8
55 A Aol NO, AS Y%t airstaging 35 1 ZSI3ILE &4 WMERE airstaging 98 55, 33 371
FF E0](64 m, 8.1 m, 94 m) 18 I airstaging Bl &(12F T7):22F 7132 T71=91%:9%:0%, 82%:9%:9%,
73%:9%:18%) W3lo]m -7 WMo i3k viZ)7kA Y NOgF CO 55, QAR wold 2x¢) o Zeull T3
B4 (fly ash) U] v]|AgkA S AAGES FASISITE 33 3718 7F 52 94 mellA] 35 air-staging %1 Al
NO %=+ 100.7 ppm® 2 air-stagings 48314 ¢ 7 Z£71(148.8 ppm)H T} 32.3% AAsHA|E CO F &
5|2 52.2 ppmelA] 99.8 ppm©E 91% VIS BlEe], NO 59 A7ks A%t 39y} Co =9 As
2t akslded SR E 8l 33} 7] 3 2015 64 mT A8 33k 7] FEHS EEAL 14 Y] dEES U
air-staging % Z71(73%:9%:18%)e1A = NOS} CO “§=7F 242} 90.8 ppm¥} 66.1 ppm O 2 air-staging A4 271 5
7V AeEe AE F8Igi) o2ist 4 A 20N AAEE 9, air-stagingS 28514 k2 &4 2719
AL EE(98.3%) HU} =2 99.3%AS RIS

Abstract — Air emission charge for nitrogen oxide as a precursor of fine dust has been introduced and implemented
within the country from 2020. Therefore, the development of economical combustion technology for NO, reduction has
got more needed urgently. This study investigated the air-staging effect as a way to reduce the NO, during combustion of
domestic unused forest biomass, recently possible to secure REC (Renewable Energy Certification) as a substitute for
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overseas wood pellets in a 0.1 MW, circulating fluidized bed combustion test-rig. Operating conditions were comparison with
and without air-staging, the supply position of tertiary air (6.4 m, 8.1 m, 9.4 m in the combustor) and variation of air-staging
ratio (Primary air:Secondary air:Tertiary air=91%:9%:0%, 82%:9%:9%, 73%:9%:18%). NO and CO concentrations in flue
gas, profiles of temperature and pressure at the height of the combustion, unburned carbon in sampled fly ash and
combustion efficiency on operating conditions were evaluated. As notable results, NO concentration with air-staging
application under tertiary air supply at 9.4 m in the combustor reduced 100.7 ppm compared to 148.8 ppm without air-
staging while, CO concentration increased from 52.2 ppm without air-staging to 99.8 ppm with air-staging. However,
among air-staging runs, when tertiary air supply amount at 6.4 m in the combustor increased by air-staging ratio
(Primary air:Secondary air:Tertiary air=73%:9%:18%), NO and CO concentrations decreased the lowest 90.8 ppm and
66.1 ppm, respectively. Furthermore, combustion efficiency at this condition was improved to 99.3%, higher than that

(98.3%) of run without air-staging.

Key words: Circulating fluidized bed combustion, Unused forest biomass, Air-staging, NO, Combustion efficiency

LM B

+=3--5% XY #(Circulating fluidized bed boiler, CFB boiler)=
vlo] eullA 2l H7| 8- &85t 4= Q1= AR CPHSK(Fuel flexibility) 7|
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A2 S 7Y 1,2,3]. 24| vlo] e AE Mgkl v]s] ds
Ul AW, 3HS) o] stof s Al w77k o) AaikebE
(NO,) ¥ 4Hs(S0,) 57t A A HAYETH4,5]. webA 8k
55 BYYoM B4 nlol emjAs AT AR ¢ NO, A
Zhol| vil-g- E¥}Ao]rt, SFAIRE =1 Hio] @l ARG oF 8-~9%0]]
ETSt giFE dle] SEARS ARt 9lo] B S RfEo
A 31 Q6] olell, s A AbE T 45 FE el v
EAY 70] o] 9] o] o] d&stA] ¢k = Ho]
ulo] QuiA@EA, 507 B B QAR HEe diE
5 Yaks, 7t2 S 2448, A gEi)E &4 4= 9l

)
D)

o
()

o o

]

rr
oX,
2

o % ulo] g A wlo] Qmj AE ARE-3lo] WA Bk A el
REC(Renewable energy certificate) 7}5 X5 A4 Al 2.0, T4 Al
152 Fash= AIEE Al Folvt. & FH-3hs vAIvA] #e
TR ] T A Z 202005 E v]AHA] ARl NOGE Hl
ok ARl gk AaAbsks wiE e A7 SujellA] =
W AT glow WiEF ST (7] B Ha+ 2T Ia) S
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Fig. 1. NO, reduction technologies for combustion with solid fuels [3,8].
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204 NO, A7Hs 918t air-staging &7} 129
2.4

2-1. Y2 Y FEA}

Aol AR AsE HEE FslET dE PAREe] 2
80~90%3} 7FA - 10~20%% = Z4lgh =] wjo] & Ak nfo]
QujA HZ o 2 2 A3} Aol= 22} 6~7 mme 13~30 mm W] 2
At} A7 o] FEA(ASTM D7582-15), YA (F351A] A
2014-135%), WARA (S K 1] A2014-135%) A3} 2 3]
7 2% (Ash fusion temperature, ISO 540:2008) Z 3}= Table 19|
UERSITE, T3, ] Aol A] wlo] Quil A~ EAE 8] AN
=91 9] S o) S-S AAIEH om v]o] g Aty njo] @
w2 AR /33 v wsieict.

Table 16114 & 4= Ql%o], As o} A, 3 e 4l g2
A A S dle] e YT v)skgior 3 g5 2
(1,277 °C) 8} 8-5-5= 2L 5(800~900 °C o|shE 1128 o,
3)Afol] 2]3t slagging TAYE-> TA] & Z10 = IhE| QT Bl o],
IS A4 Al ArlA 93 F3shE A5 AkKSilica sand)2]
Hit == 0.481 mmo|t}.

2-2. =ERSE o]

A AR AE Rl 0.1 MW, T3S 94
Al 2~®lo]H Fig. 20 7|2FeE YeRiich
T2 ¥ 5 LNG bumner 944, 37194, A4=HA
:0.15 m, $°]:10 m) 12}, 22} cyclone, loop-seal, 1} & . 3}7], bag-
filter, 22} A 3171, -5 1]|(FGC; Flue gas condenser), Y S5(A &, 1
FAD FudH] o= o]FolA itk £ T Ak 2 Ax
o
%S

2 A, LNG burner G5 o]&31 F-5AF A

A 235 WU B3 AR 9F TR o) F Azl 4
71 (Auto-thermal)S 3l AE bed =55 800 °C 0|0 2
A g o] wf A48 371 UUEE 7] (Forced draft fan; FD
fan)l] <)l T71RHAE F4= 3 B3 U & 0.2 bar® 435}

Table 1. Properties of fuels

Fuel Unused Bioma§s Pellet ~ Wood Pellet
(Domestic) (Oversea)
Proximate Analysis” (wt.%)
Moisture 54 7.6
Ash 3.0 22
Volatile 74.0
Fixed carbon 17.6 902
Ultimate Analysis” (wt.%)
Carbon 49 9153
Oxygen 41.6
Hydrogen 5.9 5.7
Nitrogen 0.2 0.3
Sulfur 0.03 0.04
Chlorine 0.07 0.05
Ash Deformation Temp. (°C)“ 1277 >1500
HHV (kcal/kg) 4,710 4,690
LHV (kcal/kg)* 4,120 3,960

“9As received, °Dried basis, “Reducing atmosphere, HHV: High heating
value, LHV: Low heating value
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Fig. 2. Schematic diagram of a 0.1 MWy, pilot-scale CFBC test-rig.

v 12} &7](Primary air; PA), 22} 37| (Secondary air; SA), 3%} &
7](Tertiary air; TA)S =3 2710l 2 H&Fd o7 53}, of
714, 12k 87 1= AR 3] wind-boxE - o] Ak
= B4 71E 1.0 mellA
A5} I FEE 371, 33k 371 AR 7)F 6.4 m, 8.1 m,
9.4 molA A% I v S8l FlEE 371E Snlght). Al

T EhEd =8 YA A=,
12k, 22} cyclone, loop-seal Ul%-elli= 212+ 0.1 m 7| = Wl3hA] ]

sl Aaw® FRlHE 37, 22 371=

A@E s viike A%, 34

Table 2. Operating conditions and results
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=

1 Heat exchanger

; Bag-filter
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2nd Heat exchanger

Induced draft fan
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Condenser

>" QH

l

L.
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e

2|7} Fof A ok An| &S x5k} skt 13}, 24}
AW 37]5= chillers ©]-g-3to] W2h4

255 A

£ sl w717k
13} A7)} 2
2} A7) 2 Foll 247} 250 °C¥} 90 °C ©]3kE FrAgtt, 23}
cyclone®} bag-filter 3H-oll= A 24-& £33 337} A X+ o]
8121 22} cyclonedl|A] E]E = HlAA= QA E el ost 73 &
2] (Gas-solid separation)Z &3, bag-filter |4 X% H]A
F714 1 F7 (Pulsingys -3l &|Ht}. 22 g7 &

ful

s

Run 1 Run2 Run 3 Run 4 Run 5
Fuel feeding rate [kg/h] 11.4 11.1 11.0 11.6 10.7
Thermal input [kW, ] 62.3 60.6 60.3 63.5 58.5
Equivalence ratio (ER) 1.3 13 1.3 1.3 1.3
Staging height [m] - 6.4 8.1 9.4 6.4
Staging ratio PA:SA:TA [%] 91:9:0 82:9:9 82:9:9 82:9:9 73:9:18
PA [m*/h] 67.3 61.9 61.9 62.5 55.1
SA [m*/h] 6.6
TA [m/h] - 6.6 6.6 6.6 132
Superficial velocity [m/s] 4.7 4.8 4.8 49 49
Loop-seal air [m*/h] 9.6
Bed temperature [°C] 843.0 848.4 848.2 862.0 872.4
0O, [vol.%] in flue gas 5.6 5.9 6.1 5.5 5.0
CO, [vol.%] in flue gas 15.7 15.4 15.3 159 16.3
SO, [ppm] in flue gas 0 0 0 0 0
CO [ppm] in flue gas 522 67.6 80.4 99.8 66.1
NO [ppm] in flue gas 148.8 120.0 117.6 100.7 90.8
N,O [ppm] in flue gas 349 34.7 34.6 33.7 33.1
NO removal efficiency [%] Base 19.4 21.0 323 39.0
CO increase rate [%] Base 29.5 54.0 91.2 26.6

PA : Primary Air, SA : Secondary Air, TA : Tertiary Air
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107 ujo]§- A

918l Table 201 LFERA 213} 72o], 5 714] A4
Hio] @M A 0] =85 A4 1S T8I

Table 20114 £ 4= 9150], Run 1< air-stagings 28514 ¢k
base A& o]t} Run 2-41= air-staging B &S 5 U (PASATA=
82%:9%:9%)3H 3t 32t ¥7] 5 =olE 27 6.4 m, 8.1 m,
9.4 m& Wzlsto] 24 33k ¥7) ¥ EolE B3t} i
upA ek O 2 | air-staging V&l tigh &S skt 32 7]
I =0]= Run 29} FUE 6.4 mollA] air-staging H&-& PA:SA:
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A& FRlet 7 MY sl 4 F AR vlolE e mFHEARe} Ht
e A AISFSITE 8, 22 cyclone®} bag-filter 3H-oll A 324 ¥
H]2FA 52 X-Ray Fluorescence (XRF(Epsilon 3XLE spectrometer,
Malvern panalytical,UK)) 2415 &3l 78 3I3HE5(Si0,, ALO,,
Ti0,, Fe,0;, Ca0, K,0, MgO, Na,0)2] £4) H]&-& 0]-85}9] slagging
index®} fouling index A& &3 TE B&E0], H]AHA] W v
EF2~(UBC; Unburned carbon) 4] 3 vj7|7}~ CO 525 o] &
3] air-staging 218 ol e AL S-S Blwtict
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3-1. Air-staging & {7 A
3-1-1. 25/ Tkl

1k 4= 9l SR8 A Ho|th. o]4f], NO,
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= Fig. 3(2)2} (b)ell YERNSATH

Fig. 3(a)°llA] & 3= 3150), air-staging 21 &(Run 2) A| 22 4m
F27HA 8] 57 air-stagings 48514 o822 & (Run )X}
tha S71EE A gRlsleltt. ol Run 29) 14} 7] 3%
©] 61.9 m¥h% Run 12] 67.3 m¥hel] Hlal A HA | A %] 9k
12 3719 35 AR A3 avkel A4 oA drjA
(hot-solidy=2] &7} & 1 AlFse @4 vEos dddnt. o
Eof, AR 3 m A HellA % 7hart dojul= Zlo] veh=d)
©]3= Table 1914 &Rl 4= Ql5%0], A= ol S o] 74.0%%
]9 o} A Rof| FFEE w1 wEA dhs o] wankgo] o
ol o= AwiARl FEAk D& ATsh] Wil 3 m ¥t
A= E57F 57, 3 m ol dolME ekl 48 Alvehs
Gnkgo] FEso] 7E431A| Ptk W3k, Run 204+ D EA] 9k
32 F715 6.4 molA 6.6 mhE FF3F] wiEo] AR 6 mH

—&— Run 1 (Without air-staging)
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Fig. 3. Operating temperature (a) and pressure (b) profile at the

height of the combustor and pollutants emission (c) with and
without air-staging.
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Fig. 3(c)< air-staging 8§ -5l Lq'— EH7]i =4 55
YEeR 3z 9t Air-staging 2]-8-(Run 2) A], NO F%+= 120 ppm©.
= Run 19] 148.8 ppm 5.0} 725 22 318k 5= 91t} o] =
Run 29] 12} 7] T HF AR A3 A4 el AwT) 5

Sk <] (fuel-rich zone) =, Y2l Aol o3t AR AR
9‘:]' A= 1]"‘““* o3& I3l air-staging 2§ fri-oll e A4
W NO A5-& Fig. 590l YERASITH21,22).

WA air-staging 24314 > HSoll= A4 ‘/H°ﬂ kst o
T ZASHA R, air-staging 28 8-F-ol= 33k 37 T AAE
TO 7 offlE 29 9 (Reduction zone), H&Q Absty
(Oxidation zone)°| /€ tt. 32} 7] 35 AX7} ZobdrS 3
dgedo] g wal homogeneous reaction, heterogeneous
reaction®] dold = QU= WhE- AlZto] F7kste] NO7F N, = £Hel
E= qkgo] Aujdol A "o}, tE, air-staging 28 A] 12} 371

B AR Qe A4 W ujA|7E Aok o] Bolxlel
wt AAEE Wil AuljA] L AdtE o2 Aolx]A it} o
A|9E air-stagingS 2-4-3F4] 932 7-$- thH] Akl o] FolEd
A mREE charZt A4 H = Qs 23 AlRo] FEa Rl
e} CO 5+ T7FH At kA air-staging =4 Al NO &
5= ZAskARE CO §5v= 7 ek o] & AFtellx g1y
2o NO%} CO 55 BAlol A7 4 gl 4 33k 371 &

H A9 A air-staging HIE-& =ESh 20] v S oskthaL
tfl 2= 01];].

o s

.Iﬁﬁ,_lo

(®) e

I

Oxidation reaction

Fuel with .
secondary§ -

(sA)

air (PA)

Air Tank

Fig. 5. Reduction and oxidation zone formation concept with (a) and without (b) air-staging [21,22].

Korean Chem. Eng. Res., Vol. 59, No. 1, February, 2021



U] wlo]g- wlo] ull X FEA5E A

3-2. 3k 37/(TA) 35 =0| g&

30-1. Lx ke Zewle)

3ak 7] &5 Eolol whE AR o 2ok o Zr kel 4l
7] 9= vl 5445 Elsh7] f18to] Table 201 LERH v}
2o, air-staging |- &(PA:SA:TAYS 82%:9%:9%%= 5 U3 4]

sk 3%} 371 & H ]2 64 m (Run2), 8.1 m (Run 3), 9.4 m (Run 4)
= Wsleto] LA & 1 AAES Rlaelt) 32k 7] 3 =0l
Halol] mhE A4 o 259 o8 223U Fig. 6(2)S} (b)°ll
LERHSIT

Fig. 6(a)elA] & = Ql%ol, A4 Fod &% 229 Run
4o 7V w2 AEE bPEhHitﬂ ©]+= Run 23} Run 39] A¢
A e & o B As7E FYEWI HHTOM. o], 3

" 5 ;31 W (Run 2), A4E 6 m F-Zoll A 78
e R = E%\ﬂ ™ 32k ¥7] ¥ %] 81m°] ] (Run
A

3), 9 O A 250 818l 8 m FolM 7P e &5 4
S 31ol5}oITh o)1= ol E| %] oo 3?} 7] B3| o8k Wz}
g7o) Saikaew T et al.2] AT FAe AylEo] By

v} 91eH23]. 37 7] &5t 1Al w}% g eo]d oty wg
5} 54 0 23 Fig. 6(b)ellA B 9150], Run 2-4 BF 4R
1 m ool A] =gt S HolA |9k, 1 m ©]3a} 7-71TellA= Run
49] el R sjolo] by e A el 5 ek ol s
o] JuFF 2 12} 7] ol R 3 B} thh Z7tsto]
AoV A48 Pl 2L ) AR A 2711
A% Bl BRE Al o] tha A G W
ISed= 8

3-22. t7]1 e 9=4 HiE 54

3xF 7] T Eolel w7 e 9E4 wiE 54 d3k= Fig.
6(c)°ll WFER It 32k 371 35 32017} 6.4 melA 8.1 m, 9.4 m
2 Z714 uf, NO 553+ 120.0 ppmoll A 242} 117.6 ppm, 100.7
ppm .2 7raE-g FRISFSITE. o= o}l heterogeneous reactions
(1)-(2), homogeneous reaction (3)°ll 2] & NO &-k-g- wj Fo|t}
[24,25,26].

- Heterogeneous reaction

2Cq + NO = C(N) + C(0) M

C(N)+NO— N, + CO) 2)

- Homogeneous reaction

CO +NO — 1/2N, + CO, 3)

Heterogeneous reaction (1),2)> charNC 2 A4 ¥ NO7} char ¥%
(2Cg eI Sl 285 B3l N2 $Hel=|:= Wk, homogeneous
volatile-Nel| &] 3| A4 ® NO7| e A =#] 53

-:L}_r_
3T

reaction (3=
COSg} RES3Ho] N2 2 &&= Hhg-o]th3,25-27]. 32k &7] &
o7} ool wht AAE o HY e SR 18l (1)-(3) ’E
5o] dofut= Yoo FE] o NO F =7t A7t v, Co =
T 32k 37 39 A7 6.4 melA] 94 mE oA E 67.6
ppmOllA1 99.8 ppm% F7F= Tk, ©]+= Fig. 5014 g8k %0l
H|9-S- char 2 CO7} CO,2 Ag=7] 913k Aksld o] T wliT
otk 1 EE 32} 7] FH =olel kg -4 B2 HE NOogt
CO F5F FAlol Aztal] AdlA= A st Atshatdgo] &

2ol NO, A3EE $1% air-staging &3} 133
( a) —a&— Run 2 (PA:SA:TA=82%:9%:9%, TA: 6.4 m)
—-#— Run 3 (PA:SA:TA=82%:9%:9%, TA: 8.1 m)

—— Run 4 (PA:SA:TA=82%:9%:9%, TA: 9.4 m)

Combustor height [m]

0 A T T T T T )
0 700 750 800 850 900 950 1000

Temperature [°C]
(b) —&— Run 2 (PA:SA:TA=82%:9%:9%, TA: 6.4 m)

—#— Run3 (PA:SA:TA=82%:9%:9%, TA: 8.1 m)
—— Run 4 (PA:SA:TA=82%:9%:9%, TA: 9.4 m)

Combustor height [m]
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EE NO

140 4 N,0
B CO
120
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40 4

20 A

Pollutant emission [ppm] (Based on O, 6 vol.%) :(3

Run 2 Run 3 Run 4
(6.4m) (8.1m) (9.4m)

Fig. 6. Operating temperature (a) and pressure (b) profile at the height
of the combustor and pollutants emission (c) according to differ-
ent TA supply heights.

AR 32 37] 5t $12E 6.4 mz A5}l air-staging &S
zasHe 7o) Westrh Besgc,
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Air-staging B] &l tigt GF-& 1s17] Y3l 33 7] o =
0] 6.4 mE FU3HA 3}l air-staging B &= PA:SA:TA=73%:
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Air-staging P1&o]l T3t A4 &% W 9Fe) 2wkl M3l 13}
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TEE) 181 A4 Al HAEE S AT
O

A
7= 32 7] Fage] 7P B
0.3 m 78] =57} 940 °C7HA] 8] S = Ag gRlskglt
o] 12} ¥7] FF%] Run 12] 673 m*hollA] Run 5] 55.1 mYhE
vhobr] o Q] A] ok 12k 3719] T AR QIS avle} v
] A Fiefo] T7H7] Wit o & AbsEth A A= Run 1,2, 5 241
Al, Fig. 20l A9 4% 03 m B2 A422 28 m ¥
feeding line®] 213} H3}E EH18E A3} air-stagingS 4]-8-814] &
Run 1°]413= 0.33 kPaQl | H]3] air-staging 2 & A Run 29} Run
50014 2] 712} 0.713 0.53 kPa® S718H= 21 E]lsleit). o)
air-staging 4§ A] 1A= Mol 1A AFo] SR As 9
njahe AxE AAA o2 AuljA|A|Ql 1Al Sghego] TraE o
Ax A2 HAJR-9} sk & zpol F71sH © Tk Run 59
A9, ALEA 942 12F 57] Fo] 71 Aar o] L) |
AAQ 1A 2] =8-S Bu] 7 8t AR s LEAjo| 7} oF
130 °C(AAAE 3HE: 940 °C, AHE-: 810 °C) 2 7H 2 A5 g9l
sk = U SIT}. 3FA| Nt air-stagingS 443t Run 28] A9, 4=
AsHE &1 zpol7} ok 75 °C(A AR S 875 °C, A 800 °C)
AE= air-stagings A-83F4 &2 Run 13} B2 A] A4FE 03 m
ol FUsl e, Run 59} 22, AAR AJsH: =17t
A 42 A& glst 5= Q9] o] Fig. 7(b)elA] & 5= 3l%ol,
Run 2 &34 Al 0.3 m 74 Shelo] 71 &= vElsk=d o=
Run 2 §Pg3} &4 A Run 194 A8 54K Aozl 571
HF3IIL 0] 50 AR - 255 Aojshd S8 Jgs
= Aog PaE i) w3 Run 59 A4 A7 £ F drw
2 m P EETF A EE o] A BES 13 37w
%O % Run 2] BI3} B fuel-richq & o] FA 7] wiito|th. A
AR 2 m ol Foll= 257t F7betaL 34F 3717t 3 EEE 64 m
FHE A4g o7 S71ES Run 52 257F Run 2 56
=2 & E1g = 9l o) co YWl mde ATt Y B ¥
7)9}e] AbshkS-oll 23 Zlo|th. Fig. 7(b)2] e Z 2 ulelo M=
air-staging =% (Run 2, 5) A] A4E -2 F55HE 12 7] &
THY Ao E B9kl air-stagingS SHA] 92 % A (Run
DRETE ASRE 3H1(0.3 m 1|The] o] & 215 FRlsh = 9l
£ o] 9] A4 R el 1A AFH 57 ot gE
A 0.4 mOJYFE = A4E =O|HE Run 1914 7H =&
ote Zzulls vehdlizd) ol 13 37] 3ol 7P Bal v
o]g Akl vlo] Quj A A4 A| YA E I AaTk T7tel S8 4

i
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(a) —e— Run 1 (PA:SA:TA=91 %:9 %:0 %)
—a— Run 2 (PA:SA:TA=82%:9%:9%, TA: 6.4 m)
—— Run 5 (PA:SA:TA=73%:9%:18%, TA: 6.4 m)

9
8 -
g 7
f_{) 6
=
e 5
8
3 4
£
g
O 3
2 ol
1
0~ A T T T T . )
0 700 750 800 850 900 950 1000
Temperature [°C]
(b) —e— Run 1 (PA:SA:TA=91 %:9 %:0 %)

—a— Run 2 (PA:SA:TA=82%:9%:9%, TA: 6.4 m)
—»— Run 5 (PA:SA:TA=73%:9%:18%, TA: 6.4 m)
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Fig. 7. Operating temperature (a) and pressure (b) profile at the
height of the combustor and pollutants emission (c) with dif-
ferent air-staging ratios.
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olof| W& LEWA} FA| BAYSh= F o E AFREIT) wEbA, air-
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elstiar o) flaiA T fFEAk vaﬁ(xﬂ% 2l =ghat 14
71 Fd el gt 1A 8% TaE Fol7] fa Wiz 7k
A3t} AAlsh= 71E7do] B sittal AbsErt
3-3-2. 7129 &4 viE 54
Air-staging H] &0 W& 7] 22 E4 0l&F 54 23+ Fig
7)ol YERIGITE A5 e] SHALE —?4:6]1 %35& NG S+
7]18](Equivalence ratio, ER)E 1322 AX A 543t air-

staging H]£2 PA:SA:TA=91%:9%:0% (Run 1) 82%:9%:9% (Run 2)
oA 73%:9%:18% (Run 5)= W1 8}8 o] NO &%=+ 217} 148.8 ppm,
120.0 ppm, 90.8 ppm S = 7143110 Run 1] H] 3l 39%2] NO
A7E &2 15T Run 1014 bl o3 375
12} 7] 91%3} 23+ F7] 9%= &3t} Absted o] g wn,

NO AL BFE L Abaskel] 7b4 We JES wy] Hio|
fuel-No] TH o}2l 9] Eq. (4),(5)°1 <3 NOZ A3hs) 31 shelo ]

o] §lo] Eq. (6)-(7)3F 2 N,=2] 13ko] o7 #IrH28,29].

HCN + 7/40, = NO + CO, + 1/2H,0 @)
NH, + 5/40, - NO + 3/2H,0 )
HCN + 5/40, - 1/2N, + CO, + 1/2H,0 ©)
H, + 3/40, = 12N, + 1/2H,0 7
Run 5014 A4E 3172 P elA B85 thge] cos=
9 char’}F Eq. (1)-(3)°1 &3] NO/CO % NO/char RF-6-52 U=
8] dojubAl & < SITH25]. B, 6.4 molA] 32k &1 I
o] F7gkel Wt Co v =E %ﬁ A2 7 Q= 37150
71 S 24 Run 2 Bt} W2 CO 5%(66.1 ppmy7} Bl &S = 5
g1t
LB, SbA] 4553t 3.1. air-stagin, g AL -5 uje}, air-
stagings -85 W NO e #4ske HHd, Co s%7t <
7¥ah= A BRIkl 3.2, 32k 7] T ol el wef, 7t
=294 molA 34 F7E T A NO AES 7P =
ARE R R 7 & CO w57t vilEH = As drlsinh 9

[P

o

o4 NO, 7S A3t air-staging &} 135

o Fo ANES
air-staging H] &,
Fe 7 76'

Ed& 33 37 3
IX]' J‘7] %%ke
NO A|A £ Run 1(Base 23)) "ﬂ‘ﬂ 39% %

A= 64 mE 501
BaAF L, 32 57 35

coa o
7} SFAIL CO B S7HEE 26.6%% 718 A& 2& Slskqich.
ghell, NyO &5 R 0= NO & 5%7F %—7}% uj Fadhs

AEE Hol=t[16,26], v A7-E Ioll A N,0 55+ air-staging
AL f§5, 32F 371 38 ol W £ v A slel #Aglo]
33-34 ppm T=YE ERISHIT. SO, FE2 A, vlo]& 4k uf
ol ui2 v} & $15Fo] Table 19l YERA AXH, 0.03 wt.% 5%
OE - A3 A4S Fal A E SO, FHLE 4T T 3
Ql FGCAA 2AtE &= &l 5% 0 ppm o2 ER1E] gl o
FGC 5% Ul pH7} 70014 4.6~52% 745 218 golsli).

3-4. Ash &4
Hlo] @A #3535 Aol = &

Hy W2 745 (bed agglomeration, slagging, fouling, clinker

o] op7]E| 2L 9l om A4 FA L FPHE-S Eo)7] ¢
A dsh= A7 2sith30]. & °5|:r"°ﬂ*1 = air-staging 4% 7
frof] whE mlo]-g- Ak njo] QUi FEHES A4ellA] 23 E H)
A E2] XRF A+ 48 53l slagging % “—] fouling 2HAy ol t sk
IHAZA <) H7E 435It Table 32 915 ash®} Run 13} 50114
@54 23} cyclonel»} bag-filtercllA] 3] HARAIES] =2 315

59 A H&-S UERILSH Eq. (8)-(10y2 ©]-8-319] slagging
! fouling indexE 714H[31,32]8 A3}=5 Table 4°l| A3}

Kl

ol whet ashe} ¥
)

AQ

1ndex
%k,
(Na,0+K,0+CaO0+MgO+Fe,0;)/(Al,05+Si0,+TiO,) (8)
)
(10)

(dry basis),

Rpy =
R, =Rp, xS,
F, =Ry, x (Na,0+K,0)

A71M, Ry p F71AE A8 A7, S = R0 & 9%

fouling indexZE 2Jv]stc}.
A eSS ol we F 7 R 2R
Ca0, MgO, K,0, Na,0= 2§82 7?%13 A= A7]
o] &2 slagging Y foulinge 4 o7 7}s/do] =1, 1t
ALO;, TIO= AW BAER iz o 2 7HAAL SIEH31].
Table 3ZH-H, A& Y Si0, 332 30.4%<1 RFH, 2%} cyclone®l Al

5, UL

< slagging index, F,=

(e]

L84

Table 3. XRF components of ash in unused forest biomass and fly ash samples (wt.%)

Parameters Fe,04 CaO MgO K,0 Na,O Sio, TiO, Al,O4 Others
Unused biomass 7.3 27.1 5.7 9.5 - 30.4 0.8 13.3 5.9
Run 1 2" cyclone 7.8 19.4 3.9 7.0 0.7 40.9 0.8 14.1 5.3
un
Bag-filter 132 25.2 5.5 4.6 0.7 253 0.9 13.0 11.6
Run 5 2" cyclone 7.9 21.5 42 7.3 0.3 38.6 0.8 13.4 6.0
un
Bag-filter 12.3 25.0 5.0 4.8 0.2 26.7 1.0 13.2 12.0
Table 4. Slagging and fouling tendence
Parameters B/A ratio Slagging index Fouling index
21 cyclone 0.70 0.02 5.42
Run 1
Bag-filter 1.26 0.04 6.62
2" cyclone 0.78 0.02 5.97
Run 5
Bag-filter 1.15 0.03 5.66
Evaluation - <0.6:Slight 0.6<Moderate < 40
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Table 5. Combustion efficiency by the application with and without air-staging

Parameters Run'1 Run 5
. keh] 2" cyclone 0.0071 0.0061
UBC Bag-filter 0.1104 0.0357
H,,, [kJ/kmol] -393.52
Lyge [%] 1.72 0.65
C,, [ppm] 52.18 66.13
co H,, [kJ/kmol] -110.53
M, gas [M/N] 96.64 95.30
Lo [%] 0.03 0.04
Combustion efficiency [%] 98.3 99.3

35 SA U] SiO,= air-staging 4% ‘Pr!% o FAINO] 38.6% ©17F
A= Ao ® FRIHGI=H o]& AARE wrl 2 7hHe-
FraAt dAEel €Jgk Zlo]Tt. Air-staging 218 7ol T Run 13

5 oA slagging indexi= 0.02~0.04°.% wll-¢- W& 718 B+
4] 2% slagging index”} 0.6 W]+ 7-9- slagging WA 7}He A
-9 B2-& ojulgitt, o]= ] -6 Al vpo] oA A off W
= ShRE o2} BiAkAg & 7 AE-so] B7] wioltt. 8t

A9t fouling index2] 73, T+ J—Zﬂ BT 5.42~6.62 9 El

A =] ©]+= slight (Fu<0.6): .t} 21 3F moderate | $1(0.6<Fu < 40)
[321°]l 313t foulings Eo17] $13] A= Wl K&} Na A2 A
A Z2 238 5 9l 7o) QTR AEH O F air-staging
Ag el mE A 5492 & A7t glsler, AdAE Y
o] 2wnt Ads] Alojshrbd A oA NO A4S #1738}
$I3t air-staging 914~ A|O]7 |52 T2 WQto] = Z1 0 F AR H,

3-5. GAGSE
AALEES B A L 93 A&AS TElste] EH Ak
A U] m] A€ (UBC; Unburned carbon)3r(L 502 #7172 U

CO(Lcp) %Jf‘é ol-gato] thE Eq. (11)-(13)°ll &l AXH33]1=2
°ow 7 A= Table 59 YeRIIT

n(%) = 100 — Lype — Leo (h
ZF S vt 22 Ao R ARTE .

LUBC 100t /M )H ¢/ (Hy o007 1) (12)
= 100(C oty gas)/22.4/10°(Hepn = Heop) (Hpge) — (13)

Eq. (12)°114 Ly PlIAskae]] thet B4 (%), s Pl
A (kg/h), M ©42] 221 (kg/mol), Hppe CO,2 HES- <l
I (kI/kmolyE 2Jw]skH Hy, i A5e] 19 HA(kl/kg), iy,
<= E?jak(kg/h)olﬂl- Eq. (13)01]/\1 LCO% CO &y A o
E4 (%), Coge HI717F~ W CO 5% (ppm), m e gass DA
A (m3/h), Hepes CO2J HES- <lEh] (ki/kmol)S- 2] 3k, Air-
stagingS A-23H4] 2 2H(Run 1) NO2} CO &7} 714 &t
¥ airstaging 7 (Run 5)°149] 914885 v]w3t A3} Run 59
A FES 993%F Run 1T} 1% A56R= Zlo] FR1Fgie} o]

Table 50114 218 4= Q)50], COoll 23t AAS 5 ol 7z}
7} 0.03% (Run 1)@ 0.04% (Run 5)2 B3940, mledgkio]
25k A<=AollA] Run 50014 0.65%% Run 19] 1.72%o1] B8] 1A
a7 wiolct. o]ef st n|Aeka GEA A Rl
¥} bag-filterol| A 25 v|A
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Tlo nfl 2

22} cyclone
E47) 325HE vk o] Run

12] 0.12 kg/h I3l 0.04 kg/h (Run 5)% A Z015317] wlo|t},
A= air-staging 4 Al 12} 37] 35 744 22F cyclone®} bag-
filter®. ©]'5 8 = Q= vARAT} 323 v vlEH-S ol
S okl o] HARA: IEAE ATAA AhEES T

7l AL she Zolt.

4.4 £
Azaksbze] tigt 7ol Alwel] o = Qs daE
U 2-S 913 NO, A7 A-2A] vjo]& Ak ulo] 9w A =5k
e AaelA air-staging 28 A5 T8I

(1) Air-staging 24 (PA:SA: TA=82%:9%:9%) A1, 33} ¥7] &5
E0]E 64 mollA 94 mE EUFF NO 5=+ 120 ppmll Al
100.7 ppmi FHAHA R 3199 S7el 28k CO s ae 4=
oA 3] AawA] Bato] 67.6 ppmell A 99.8 ppm 7HA] 57}
aFdet.

(2) NO &%= ARk 915 #lel 9 co w55 Axtsh] flgt
At =, 0k Al ARE FRE Sl 33 7] i =0lE
6.4 mz -#|3}3L air-staging B]&-S (PA:SA:TA=73%:9%:18%)%
A|oJ3HE NO “§=+ 90.8 ppm O 2 7F Wekom O w5 %A
66.1 ppm 2. air-staging %8 271 (Run2-5) & 7F TaEE A&
I8kt

(3) Air-staging 2]-& 7ol W& 3|4 SA A= 7 23 B
slagging Tl 715/d- slight (slagging index < 0.6)Q1 ¥HH, fouling 2+
A 715242 moderate (fouling index < 40) =Y = E13}3AT).
& SHoAM & air-staging 2§ A], v]dgkAol o
GEA AR Q] AAGEHS 99.3%E air-stagings 2]-8-3F4] -2
Z7 R 1% 353k 2395 gRlIsiith
dlo] e m|2~0] =353 A4 Al air-staging 2]
g2 A8 Y é¢n F(Fuel-N)2 N,2 A2 5= Q= E—Wlﬁ
Algsto] = of e gabalolqleh & AT AAEL 55 B
A& of|A air-staging &&= 53 NO, A7 Hele] thsh Ao
A2 o mA Ggo] 7FsE Zloltt.

l

4 A
o] A9tz 20195 Akl F g Abel - Bl A] Y=g kel 2

(KEIT) 78] #]ge]l 23k 79 (20005788).
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