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Abstract

Because Taiwan is not rich in land-based energy resources, the ratio
of imported energy is above 95% at present. In order to decrease the
amount of utilization of fossil fuel, the target share has set by the
government for renewable energy. The biomass is the most important
renewable energy beside conventional hydropower in Taiwan. Energy
recovery from biomass can not only benefit the environment but also
make  profits from energy produced.  Gasification, the
environmental-beneficial process, defined as the conversion of
carbonaceous feedstock, e.g. biomass or waste, by partial oxidation at
elevated temperature, has been considered as a core technology to
recover energy from biomass in the world. By integrating with carbon
capture and storage, energy from biomass can become negative CO,
emission.

For aiming for negative carbon emission, this study is to investigate
the feasibility of developing a chemical looping process (CLP)
integrated with a novel interconnected fluidized bed (IFB) biomass
gasification system. In order to establish operational parameters and
provide the information for future commercial design of an
interconnected fluidized bed chemical looping process, all experiments
are carried out in an interconnected fluidized bed hot model gasification
system with four 6 cm x 6 cm compartments, and a total high of 1.5 m.
The objectives of this study are
1. Using the established 20 kWth interconnected fluidized bed to carry

out syngas production via biomass gasification for operation
temperature in the range of 700~900°C.
2. Investigating the CLP for syngas production using solid and liquid



biomass as feedstock.
3. Investigating the oxygen supply capability and catalytic effect of

ilmenite oxygen carrier on biomass gasification performance.

Keywords: Interconnected fluidized bed (IFB), chemical looping

process (CLP), solid and liquid biomass, gasification, syngas.
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4-COMPARTMENT INTERCONNECTED FLUIDIZED BED
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AP FHEEF Rk 2 AR GuseAidl (wood pellet)
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%3 5 30cme AR AT & 30em T :t-%u#i{iﬁr”:i)%v‘ +H
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SUS310 # &héh ¥ : ML R EH - P LR EHL o T FHA
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3 900°C» 117 fRL A F X Lo

Al ERYE TR E - R R E S 2-10NmYhrs iR B et ie
FEFl T PUSCE 2 r g REE X IR o d IR E IR E
M o TR RS EEFELL B A F #E (minimum
fluidization velocity’Umf)’ﬁpﬁﬁa)%;?‘ LT 234 % Umfo
pLeb s dld BT K BB OpUR BL 2 RIE BE o
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8 11
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5. ks 6. *b A #E T BARWE 8 ks
9. ID Fan 10. 2% 11. £ % 12. ERB# 45
13, £F i 14 BRSHAR
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B mtitd k180 cmis> BEBHERSF « 2 FHiggitdd2
FioeaF (syngas) ¢ £ig— kb ~ 8B Uych b A2 Bt 1
E5 eE e 16.9 cm o F 80 cm z RN kjisss (wet scrubber) o po$R
By F3 &R UoRIT L RIRRME L S F 2 B R e B
T o F R MERFER NS o E X F B ERRR
E 4o $ii et Agilent 7890A # 4p K 17 % (GC) & 7447 > A
Lot F e F - F AT R F PREF ARG R
BRRGCHTERIZ FRES G I A mp TR 2R AR

FH#EZ 3ty o
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Bl 2.2 20 KW P 35S RAE 1 145 7 AR

FlrEARAL 2 B Rl ERE L ERAM R TAE NS
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5% 4= ; (Guideline for Standardized Tar and
Particle Measurement) 3.3%%:& {7 4p B 2 1P~ 1k R RN 5 8

SRR SRR RRE (IEA) > BR 2 £ Fa BRIt > &2 5
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T o APfR FAC AR S E R~ B s S BT EAE
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""7'&
2B 7
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B27cm> E fZ5cemo p L E GE 6 mmaL 3310090 2 200 mlE 3 A o
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HPpomg #E 15 - 3lcims ¥ nde - iR g3t 0 BIE M Sn

EoMisHEFEMERZE -

5

TEAPRRASE 0 BBRIY R EAREN T H e v R
BEY  FRE-BAEIATBEREIIE > ¥ - BAlE S AR
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B2 BaAp > pliEE et o

Bt £ BV F BT oA T A3 20 KWth 3 5V RE 1
FlRARPEFLARPIMBREF F 2 v L ERF M2 Bk
Wk T EW V‘Iﬁ‘zq‘c‘%} T fe 2o MR BBl R o

»

R23 R voRE KR
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v 1 RFRE B

PR RREAIE D & 5N SRR B BEE AR 2 ?
W MEFHR S P EEHRTERE FHNEHE
S22 R T AR WIERRGE - T RS B Rk S

;% lJ_%» .
% i3 ,,‘:a‘\a{rﬁ .

%‘T

- NSRRI A T B

(-) "ERRRHRL - F R EMA
FOREZFMALN A GnEEa AL o F - FREAF R
& 4+ (global warming potential - GWP ) - 82 558 F sl e
R ZF ST F N F R FRC o &
IPCC, 2007) % Fr # #8238 2o 2 2 GWP friv
S FPRAEFHM O FI o 2 F PERMARZEEER TR T
BCF PRAEAGETOEZTF MY B FE T5%ant b ¥

bk F TR o

i

AR RA T ERRERgE S < F Y o § PRUER

ZI¥4e s 235 F ez F RUER p 1 F 1w 280 ppm Hi e 3
2010ﬁm390ppm(GMD) 5T R R e 4o 100 2°C 0 H gk
P IR g A LR P 2§ PR R 7 T AZE 450

PPM iE Rk F X £ eh- § CAGER 2 i R WIS ER h15%:E 3 -

Wohak o R Z F MR T AP IR Y A
(a) # B i R cF 8 FMa 42 (b) 5 MR i3
PR (C) Hre T L L RARR (L F b 4 B8 S
hie 5 (d) FFFR ARSI ES PL P F R REE ST
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# (Metz etal., 2005) o fif 8 e E > 25 — B HE 58 i 4% & 230
FREEATE L W LR E R IR ey 4 ) T o Rz vrd
T e g o

Lied B 2T 0 JIF B KL 45 (carbon dioxide capture and
storage > CCS) £ = + i p ez iEH 2 — o E‘:ii}? LR SR
Foci hiph KR A kS gehs g PRk RREET geniny o
T2 EPEFRRYE S F o IPCC aulidf e 5 b RadR 2 ¥ HHE
FEfo s AR R T

M Rl Ffeg TR P 3 2 BAK D2 LR

FI% 7 e iE I A o
s (post-combustion ) ~ § # %% (oxy-fuel combustion) % &
(pre-combustion ) iz FjpiFe § 2 A B ¥ IR B G AN
Toftegaard etal. (2010) & H $£if 7 izt Pojprenngiiiv o %_"?" * ZR A
Boiea 49t Mo § Rl o e grd JF A RAH 0 @SR
Pt R endf e e R A 0@ 2 (S F B 1Y B g
(CLC) 425 » it i A3 M chig i & o IPCC fopd 4 JE &2 3% %
FBRALAF LY FF B RELRITR B S & P2 -
fs w B ohag I s 4F J& (Enhanced Capture of CO, » ENCAP) 3+ 3 &
EayrEn g i vWEARR » 2 e 3
TR EFFI AR R ﬁ*éd%’f% € N )

* 3 it
& 2§ chig £ (Anthony, 2008) - — ki o i Biw gL Hdp § F @
HUBAL 0 B B B Y AR M EMARER S B 7
?%ﬁ@ﬁ%%ﬁioQW%—@%ﬁﬁgw,%éggﬁggﬁ

TRt st RMPER - DR EEOER D 7 L EN T 4
aF AR FRBEOREAE 3L AT o
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SEPIESD g LR

¥ g
T~

4

~+a

48]
B AT A LA TE I B i g
*ﬁ@#?ﬂ‘w&w+’

FArRE F R F b AL A T

—

FE A T R R A
24 (CLC) ” o v 8 i i 04
(ER N SRR
% kAo

AT - B R B RALA ¢

b

Flehg - F A ¥ (&
(LA APNIEIE .\ = A
FA R o §
¥ j5 ¥ (in-situ Gasification CLC » iG-CLC) 25 ¢ ;ug

F ) B B
S R —3 K//TT.i

ETINS

);LA} K Hgmo

FHTURE - BFRE RO

W’gfr’ﬂ—«}'}; }%3@}1\ “Km"]rat\ )‘;L,}l L E )%rﬂﬁ 3{,,;? 4 K },@

TR T e
Uncoupling - CLOU ) » §* 5 4

B # 3

#2 B ( Chemical-Looping with Oxygen
Gl

M e g chy o

231 - §F RFE2 B iy
Aim Primary Process Main features
fuel
Combustion  Gas CLC -Gaseous fuels combustion with oxygen-carriers
Solid Syngas-  -Previous gasification of solid fuel
CLC - Oxygen requirement for gasification
Solid iG-CLC - Gasification of the solid fuel inside the fuel-reactor
- Low cost oxygen-carriers are desirable
Solid CLOU - Use of oxygen-carriers with gaseous O, release properties
- Rapid conversion of the solid fuel
H, Gas SR-CLC - Steam reforming in usual tubular reactors
production - Energy requirements for SR supplied by CLC fuelled by tail gas
Gas a-CLR - Partial oxidation of fuel with oxygen carriers instead gaseous O,
- Process can be fit to produce pure N, stream and the desired
CO/H, ratio
Gas CLH - H, is produced by oxidation with steam of the oxygen-carrier
(OSD) - Three reactors are needed (FR, AR, and Steam reactor)
Solid SCL - H, is produced by oxidation with steam of the oxygen-carrier
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- Previous gasification of solid fuel with O,

- Three reactors are needed (Reducer, Oxidiser, and Combustor)
Solid CDCL - H, is produced by oxidation with steam of the oxygen-carrier

- Coal & O, are fed to the reducer reactor

- Three reactors are needed (Reducer, Oxidiser, and Combustor)

FAMPFRLAE TS LA REEE L He RE
( Steam Reforming integrated to Chemical-Looping Combustion -
SR-CLC) fri- H i i & %2 ( Chemical-Looping Reforming > CLR) >
CLREAZ A4 kp i Fiw g kiehg § fo- 3 V8-
B f» mA LY i FHE AR FFF BAZ £ PRA
57 kA& (water splitting) 7> fiefp W v UBE R FR A & F
( Chemical-Looping Hydrogen » CLH ) & ”- &% s (One Step
Decarbonization » OSD ) "4 A& > 14 % #7 3} it § w g g it
( Chemical-Looping Gasification ) » 4= & = 5 i & 1 g ( Syngas
Chemical-Looping process> SCL ) #% & fv'% & ® £ i* & i gt 42 & (Coal
Direct Chemical-Looping process » CDCL ) i % iz 2 5% F B #2 % 7
%ﬁiﬂﬁ%%%$$ FHaBBE 2
2182 A #F fF> Lewis and Gilliland (1954) #74 £ -
B&A) T - F ivptz2 4 & (Production of Pure Carbon Dioxide) |

ﬂﬂﬁﬁJ*@FWEfClCﬁEmwﬁ’Aﬁﬁﬁﬁfiﬁéﬁ
FUahRZ > 2 R* A BB ARFAMER 28 e F
# X % ¥ Richter and Knoche (1983) # 4 CLC #& 5 R I2 » ¥ 3%
BRSO AE RS > BRI N ERF L P
FRICH V4§ V4N F 4 )k bklieF g L F o2k @ o Ishida
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et al. (1987) fié Penfid ST ¢ 54 4 g i Fiw gt » B4
TELTRC A REF TR X AFE SR R4

(exergy loss) -

PR AR AiEd R WY S F BRI
AR F 2 BT E 4235 /8 0 4B 3.1 17 -

F AR RG £HE MeOy.y o K F B ¥k = 5
HBRE 4o 4258 1 977 o % - PR E A2 4 § 13
CO, fr HO0 & 3 ks frid i {6 gk W 5 Ik & CO 3 & iy {ei;

EtEL B AP - § PRI EHRRALL R B AR AT K
#oCLC A& 25 - 5 PplA a4 iz i > TR ALK F

[0 8 B L PR T S

Y

3

Ny, 0, Me O, CO,, H,0
Oxidation Reduction
reaction reaction
Alr Me, O, , Fuel

RS T A ST s

(2n+ m-p)MexOy +C,Hy, Op — (2n+m- p)MexOy_l-i- n CO,+m H,0 AH, (3.1)
(20 + m-p)Me, O, + (n+m/2-p/2)0;, — (20 + m - p)Me, Oy AH,  (32)
C,H,,0, + (n+ m/2-p/2)0,— n CO, + m H,0 AH_=AH,+AH, (3.3)

i gt (CLC) f2A T 2 % b AR b Bfotfis ¥
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Ao e (a) B BAPT RSB EFSTHEAS BE (D) 23
(alternated ) e SL &g v R F B E (c) 2 F B E > 4o 3.2

,
’:"—'——/-F o

.T.

Alr Gaseous Fuel Gaseous Fuel

@ 3.2.CLC » & £#%g (Hakonsemetal., 2010 )

P 23IF & S BenCLC I B * & BT e ehin gl i
FRERBRE  BY-BERPEFREE VY -BRZFFREE BT
R E R A (31 A s i F RBEET R
g 4 (8N 32) 3 BERBZEFLTEALF SRR A I
1t (loop-seal ) 4pid o

O pE A Y - BRI F BT ?@%ﬁ%’aéii
i &0tk suamR A 1 o Lyngfeltetal. (2001) 1935 %k 3% in
CREERI T RINERF L LEDE
Favpr RRfrs f F BR2 Pyt LR ERF 375 e
BRFipg e By ko CLC ¥ M AL BRE TR
( Kronberger et al., 2004; Kolbitsch et al., 2009 ) » 1 & d f:f er b 2

B ZF AT frisi fie SR R RRE R
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fe ¥ 273 e 4 hF it (Lyngfelt and Thunman, 2005; Mattisson
etal, 2007) T RIFIPFHNBRF B HF L F BT ERT
FHERAFTRER o P A ACFIRABIE ¥ - 28T AT
Bkt 4 > 52 S HREN9F B R AWESF BEY B
TR o FHUEEETA RS BEE S FES MR
(Adanez et al., 2006; Ryu et al., 2010 ) -

RGP ez F F RES B 5 R AP 0120 KWth i
#8 i & & TUEIEN (Kolbitsch et al., 2009 ) » 3% & $t@ Jaok ;% it
BERFEF e > BE ok L F-FEA 25 F BE
PR o BB F BB FEE o gt B T AR
#ooovtAqed w CLCR R APy » 223K & 7 220 3 HFEHM AR
MEW TR o

Son and Kim (2006 ) 1 * 7 I sk 3+ = 7 L kWth %2535k &

d
&
M

Q‘.

F i
T Aep

BEAECFBEFCLCF T »# 5718 B @ i ik ad w2
BEFHAIAS A BEAEEFREBRLFHIE FRG > F RED
BAAREFH Ripity P F REINRAEF RE AR BE -
Bl RRARY o RTEPPRE 5 8 BB e Ak folb X ShEEE
it g o a2 W IFP 5 10 KWy eh= 2 B e st it ik (- 3
PHE EES B FFRE) 2D ARSI ER
BETA GRS F- BFEAEBOAMEEd F LR
£=#4] (Rifflartetal., 2010) -
Dahl et al. (2009) 4= Hakonsem et al. (2010) #% ! 7 *2d& * &
T F AT RSk et g Boad > a0 BF R B
MirrEds BrRafiReg oF REOMA L& LW

R

“*‘"

i
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LAl e Fonehg MRS > A R A AV E LD

(Z) FlF ki Fupots

W AE S g L Fu Ry KB E F o L
vt d et B g2 P AT E AR R BAE o 5 R R
A& B RBA U D F i pllanpF o @ % A0 B B gud
THRREMGEF R D EBR g oA FREAR S
AFFE Y § %3 CLC sk ite pd T s 2ok b
oo 2 F R ET ARG f R Tl D F bR d s F P A
7?)’;% v dofe Sk £ 18 — 4 o CLC 425 e B # 7 Fﬁfr%g 35)?& *
SRR R PR R ECLER D LG e BT M T
D E s & o

Shen et al. (2009b) %37 10 kWth cnCLC 1 fg > & * 4 H 4
BORRIEL R Mgk AT F AT RE AT
B BIEE o ARG F R > A& DL P B4 (innerseal) o frg
AT R EERE TR ARG F BT MERRE SRR
F R o

Wk E* CLC HifrengtiiFs & /8> 4ol 3.3 #r1 » % - A4
BREEFF VL RE AL 25 0 CLC & 3 (syngas-CLC) (Jin
and Ishida, 2004; Anthony, 2008; Wang and Anthony, 2008 ) ; % = & &_
B-F R AL E iE ~ CLC & sven¥ i r & % ¢ (solid fuelled-CLC) »
LA 57 NEHH P - 82 % I iG-CLC(in-situ gasification
chemical looping combustion ) (Cao and Pan, 2006 ) » #-% % ;48 i* &9
F WM HO & CO, & B vl 7§ it ¥ #b — 48 Mattisson et al.( 2009 )
i Lt Fuw s 425 (chemical looping with oxygen



uncoupled process » CLOU ) » H &) 48 745l g g2 TF DT 5 FR

g

a N, /0, ¢ »CO,
H,0
Air Fuel
reactor reactor H,0
Air syngas € Gasifier | €— Coal
0,
Air —>N,
b N: "{02 ‘[’ *> CO,
H,O

Air Fuel
o . Coal
reactor reactor

Air  CO,+H0 ====*===4
B 3.3. 2 CLC & SLrd@ A4S 87 587 LR
(a) #Rsghiet7 7 i £ & (syngase CLC)
(b) %3 e » % F BB (solid fueled-CLC)
C07 COZ

CO-’- Hzo H,O0 HZO
H;O

H,O
Oxygen-Carrie 5
Volatiles

‘ Volatiles Cco
H,

Oxygen-Carrier 5 Char
Co Coaldgd .
H, 3 H,O Coal Co,
IRERRAI IRRERRRARE] IRRRRRNARAI
Syngas H,0 and/or CO, CO,
Syngas-CLC (gas fuel) iG-CLC (solid fuel) CLOU (solid fuel)

Bl 34 % CLC Bl ke » Pl r BB = B2 FARRE
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TR M GBI 34T o R R A EFFCAD LSS F
(i% 3 COfrHy) £ P F % > ipfh= 5% CLC ek 34147
0§ MEEA S CLC & o 4o% A F it ¢ @ IG-CLC & #inm
B BB F M HO & CO (7§ I F Jis» A F 1t ehE 48
AP REF R o F AT R EREF B E R
Bt CLOU /2B cnF B p| R 5 A r REP #0F > B R A
FEMBART FAmEY LFEREF b ok - Ay 8

(m) i v 1 4 B g
CLC =3 < 5% F BAcHE YR o 4p1t 227 » dp i e
Fg % R e CLC & 2% & - Ryden (2015) 45t > H i F]2
~ R CLCZ 7 B® > A4 5 kIR > A S aEF B B
A AR CLC 27 (R 2 i ™ o ¥ - B R FIA > g 2
e ol 1R S ph < LA T B T 5’\@@@?}? #oo@m A BRIk
Bt Al B hde d §m L CLC R IEL ST 2 7 7o
Flb oo eitiet 2 CLC R X £k« Rd > i * | ik i
A frig g 0 M CLC A Wi frd 4 > v E 5 B2 B4 2
FIA& o d 3R B L B (% o @ R R il B (Ao e
) LRAGL i A ST o Fl iR R CLC K3 0 it
AR b BT R 2R PR AR -
4% B =1 Chalmers University of Technology #4 7 — 41 #* ;% 48 7454l
542 CLC# 7 1 i (Rydénetal,2013) » Hp 5 £ AW 2

B~ 1% o 5T COM 4 « MAT TR - 300 Wo % & 2
FRE GECER PR BHE Y S o r el AR I T E

—_
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I CLC c P 7 B % 8o > 7 i 1] 99% 2 Wil R g it F 0 T e i
(72 F 1Y B2 A i

Serrano et al. (2017) 2 1 kWth CLC #F:t= = fa it i g 2
FLodd o TR B o & B 2 PR, R Fe A 4 -
R AL SR RO T - EF B R G 450°C B e 2
REEFCEIREF R PRESSHET > B ﬁ;é_-%ifﬂ‘ii w7 90%
2 BT o F AE P Pém’fﬁ‘f”’finb F 3] 909G e iEsr Sk > H P u g
SOER N R tEoi o BLE W2 KOl 0 T B iU B g en
B e B0 g (&4RED) 2F BEF R (B0 {rdhi B
b ) e

Moldenhauer etal. (2017) 41* - 10 kWth 2. CLC 3k & > 11 % %t
B e RE G LA o o f8 el B - PRl vkle bk A o g A
A fog WAa Y M RY - 1 LERT KSR
oo TAMBHS LI Mo WP D 25-87% R T ALy 1t F
WF 25% TSR T FF R om AR F BEY
it s HS & Pagdit 580, X3 AR BET 2§ FRE o

-

= 3R g

LA G Fu e R LASAMBPEEF R o
ANhS A FELERFISEE REY > 4B 33277 o F LR L
SHF o FILFERENE ! S AEECLC A § 7
ERFEF o I WA F Ao T B 4d CLC kA i
0> 2 (Xiangand Wang, 2008 ) > & #&#-F I F BBtz § F &
B BAHS 2 F S REREFCTFRE

EXfdrk 2R - I FHUE > vl X RGO RERY

+»
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oM RETERFESFF BB 1$“§ LI o5 SR~ S A I
frdgeng it W o § Wam{e s & § § ek it o 11 i CLC
s FHA R e

Bl 3.3b #75% 5 IG-CLC > izf87) 3% 2_K-F) i L’Lq“bt’ﬁ\ R Bl
FRE? NHFmAUNRE > f 5L 8% ROIE AL F g
W (x%5 HrCO) F o 2B F BREAY HOCO R &5
BIEL AT R B AR ML S o ek B * CO, iFL R
Mitg W 7y THEkEFfORE PTEEFHY COVHRE
AR o R 5 450k 2 (Brownetal., 2010) -

iG-CLC chBE i %L § L F Rieh 424 7 WA 2Ly
o deF et 3439 FEPF MR R Bkl it
FR 4ok B8 39 - KRR FRERBF B ¢RVFF BEWNRE g i
£ =(Yangetal, 2007 ) # T {73 42 ;% 4r 3.8 #7177 -4 iR i = MexOy-1
SR FRE LT FF Ly MexOy o 40k o3 39 #t77 » £ATH 45
AT > HE I FF S Aok - SRR 5 e

Coal — Volatile matter+ Char (3.4)
Char (mainly C) + H,O — H, + CO (35)
Char (mainly C) + CO, — 2CO (3.6)
H,, CO, Volatile matter + n Me,Oy — CO, + H,O +nMe, O, (3.7)
H,0 + CO < H,+ CO, (3.8)
Me,O,  + 1/,0, = Me,0, (3.9)

IG-CLC 3 = #87% b e (FPEA AR 0 > < 304 e G| A * p
WV RE i k& B (Berguerand and Lyngfelt, 2008a; Shen et al.,
2009a; Cuadratetal., 2011 ) » ¥ ¢ — @5 & 3 VP § H - cjn g8
LA i AR IR e R A ( Scott et al., 2006; Brown et al.,

2010) c stk e B P U T B S BRI K 0 BV A PP T A T
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FREadc) ¥l %5 B> 7 0 d 7 48 ek (P15 28 2 7
Tk R o

PRI R R & CLC ik stk 3t vl B 5 3B F L R
R e R R e B 2 T EE AR P AR o
AF P BWER i i F (Caoetal, 2006) 0 3T k¢ i i
FiFen CLC i@ * 2 Fh > B %k pie- hBEFL i *
CLC &3 B ¥ o — 4 IG-CLC #i¢ * fhaph i 5% B/ AR 1 F e i
4o 35 41T o WL E BB R THF fos C F o 4ok 5 3.4-38

S s SR A hE MINEIS AR o

CO,/H,0

N, /0, > CO,

MeO

Air
reactor
Me

stripper
T- COET

Air

B 3.5.iG-CLC A 72 R F b B %1

BRI BHROEET L AF R RS F R TR F R

FORTIAE A DS AR A AN E > LA FFAHEA
o RS REr T F R RBAfB ST PR ES R

RenF R 8B B % Fo Bt £ iG-CLC ¥ E_5 - ddend I o
dOT R F TR G F AR T B A - A E 0 5 R RS T
.l‘jf%‘é{’é,_J;L,}lﬁ}@.‘?@ﬁL—R]{EFﬁu,g@f FYE R ﬁ_]@)iiig%tﬁ

RS

BEAWRT o § T B R
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(1) 4epke 5 2 3% (carbon stripper) » #-gi + d Jaokh
T ad sgphdogEr s BE Y 4R 3.5 477 (Cao and Pan,
2006 )

(2) B F R Beamky o ind ot in (plug flow) &
fAEISYREDEI R BV RRESBFRE Aot R
FARTERREHS
7 5 PR IG-CLC & Sl & § 1t B B nf 4L 35 ] ey
~ & Fd Lewisetal (1951) L3k ez » 5B 4 & CuO #:3
NehF BF FERALBSRE M EP AR F PR FRTF ML
fAdE F0CLC ksed chE B M fligHienfe b 5 S B 5 2

ETTNS

CLOU A2 A E A5 WA F B E Y iy
fe el vrd > de @] 3.4 1o 0 > E F i L4 1G-CL

)
=
ey
—\g,\
1%
i

Cx¥
S B AT VL g B $ 2 g RRA S
T F Bt ] SR R AR %k oCLC AR T

fir

=

PR F R R A D F PR EREAE RS
it Hergrd > CLOU en S 7w § iCaiv i /il it 5 48 4opt

o Rtk g g ot TE CLOU = % &%k 7 i BehFr i

o

2Me,0, > 2 Me,O,,+ O, (3.10)
Coal — Volatiles + Char + H,O (3.11)
Char (mainly C)+ O, — CO, (3.12)
Volatiles + O, — CO, + H,O (3.13)

Ry

CLOU stk g ¥ By Fr EY 1§ WA aNF § oig
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o i S enfp BAL » do % O F R A B e ot 2
B FREY FFERRERTF BRI FRA o AR
FREFPSTFIMANT fod s 5 REY §§ kR AR

() %%

5 AR gy SRR 2R 2 - - & CLC ¥
¥ ﬁ“ﬁ%%ﬂ%%%%ﬁi’ﬁéﬁﬁﬁﬁﬁﬁﬁﬂ
(Puig-Arnavat et al., 2010; Huang et al., 2013) - B = #7 3 #& % e 5 48
1 & & Ni~Fe~Cu~Mn~Co %A £ %% i*# (Fanetal, 2015) -
PEMatFep RETARNELE T FLE T ER
CERECRE L T
(2) = CLC 5 it § ch# 4 F P L v 4 = CO, fr H,0
B) 5 "B ERF B2 FRIEIIFTRAFEFFE R
(4) o Bt
(G) &z f F BE " T CO; & L & v 4§ WA #T"F 16D

CO, # E»zF (capture efficiency )

(6) # % '&% (agglomeration)
(7) =+ >Rk
(8) B AT

BERHF PP FMOF REFAT E P PHRISAET
i (de Diegoetal.,2004) > @ §* ¥ #:ch 5 St Pk bedi < hd 6 ff €
L ;\. 5 HF JE%W% 4 /Tﬁml_;.gs@ i\aﬁ;\. F s R R n’ff]‘}%’
Mgz a3 H 3 % (jonic conductivity of solids ) (Ishida and Jin, 1994 ) -

T F AT w22 EHERFREALE Sldep k5
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P PR E SRR S R Ak o Back A spin
flash = > £ 5% i+ it om Fhm > §RFIBHEF RiEh

it RRF )@mﬁ\ FRF R -RREZ T o s g AeiR
# i (impregnation method) » #-% 5 3“4 cnB 1 1iE » 7 7 F i

ERPBRN > £ REERTETHL o

M2 CLCAARHEEfr BN TR > L- a3 v 4
Teée BB h e A > Flisioimd &5 L3 RFpMEE HRE G
PR e ’ﬁ»\‘#“ﬁ’:”l 2t w R REEZ PR ARF
o P mILAABY A CLC R ® + 5 & F #18 - Garcla-Labiano et al.
- it * Cu 2 Aty #iess CLC F eeha fig -

==

%%%ﬁﬁlﬁ AR AR b m g Rt 2 e R
FHOER TS Gan B Rs BEY AEL BT - o P

¥ ®enfirsg & (crushing strength) 15 4= dp 4k > & G4 it

B 7 5 crf sk i — % h% % =45 (ASTM D5757-95) #
MR REZFTEINE CBREF BRI A2t B R4 (chemical stress)
22 5 32 35 42 s (physical attrition effects ) » F]pt > A4 2% il 3
etk CLCH ~ ¢ > 50§ VB R F RFRDEH S5

TS T E

%32 4 EPT HEHES

Carrier Facility Operation T (°C) Attrition Lifetime References

time (h) FR AR rate (%/h) (h)

NiO/Al,O, CLC 10 100 ~900 1000  0.0023 40000 Lyngfelt and Thunman,
kWi, (2005)

NiO/NiAl,O, + CLC 10 1016 ~940 1000  0.003 33000 Shulman et al. (2009)

MgALLO, KW,

NiO/NiAlLO, CLC 10 160 ~940 1000  0.022 4500 Linderholm et al. (2008)
KW,
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NiO/aAl,04 CLC 500 70 880 950 0.01 10000 Adanez et al. (2009)

CuO/yAl,O4 CLC 10 100 800 800 0.04 2400 de Diego et al. (2007)

CuO/yAl,O4 CLC 500 60 800 900 0.09 1100 Forero et al. (2011)

Wi

CuO/NiO-AlLO3 CLC 500 67 900 950 0.04 2700 Gayén et al. (2011)

Iron ore CLCs 1 10 950 1010 0.0625 1600 Wu et al. (2010)

it * & & (lifetime of oxygen-carriers) # & 5 &il} 5 &

¥
BAp £ & B B dp ~ s (fragmentation) sk 57 0k stP §UF AR
2 iR

;P—#lki@g«i fL F ?F}@mliﬂfﬁt‘ﬁ& 2\32&PT—$ g"‘" Fwﬁ%}é
SR F AL F AL DG F Fic R UK 2 NIO 7 £ % 60%:H

1% %8 > X+ i@ 1% 33,000 hr (Linderholmetal., 2009a) - ¢* #* 7 & %
i % i k71,016 hr cnficdpde 5 @ 17 o @ ixiF 2 @ # 13% CuO
F= 3% NIO &E#ﬁf_ﬁﬁ“ ¥ 8 A 900°C :# v 7 & & £ i 2,700 hr(Gayan
etal., 2011) -

PBHRFEE R TF AL I M I IR T RELAR
o F € ML F e CO g 2t vh o BT (deposition )
B g W R % LB - 2R % 3 RO F A T8 (it
etal., 2010) A Bt £ B F 1 4~ F R ek /2 2 0t 6] o
NN & > 3Ny AfEps &P e CH 0 2_CO % C 2 CO
74 it & i (disproportionation ) » ¥ Boudouard & & o &35 = e
?E»;‘i—*‘v?ﬁ“i B i PR F Y o £ 40 HO 2 COye it
f# i;‘i el v % H)O -~ CO, & i\i 2 af 2 (lattice
oxygen) it {7 § it K i f ( Mattisson et al., 2006 ) > & ¥ i & %
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K TR B A R SRR s Pl TR 2 o

B BB R CLC @ 3 @ LR L v Ffoisl o
FEAEEH O VAEREFF BRI AMBARYL o we
SRR P e M o AR AR 5 950°C T oo W N rid 5N
71 Nié&‘{r;‘fj:%m FPrédz '3 MI% LT EERLH
2o@ % 5 #73  ALOs~ NiALO,~ TiO, fr ZrO, % (Cho et al., 2006;
Gayan et al., 2008; Mattisson et al., 2006 ) » H & % &7+ NiO/TiO, & &
RHp B om gL e (Mattisson et al., 2006 ) -

Cho et al. (2006) # 3 #IR 4z AT s WAL FFER
FRtemy iV F IR > 480355 d FesOy it FeO 2 4 B
BHRo @ g A2 A 71 % (Mattisson et al., 2004 > Cho et al., 2006 ) ;

ki i FHiTcnCLCARR P » T 5 4ofpdpd 2 4 nHT o F
R AR 300W, CLC B ~® * Fe A ani' s i #24%
23 % (Abad et al., 2007¢ ) #f 2 %% % 5 At X 2R 45487 (FeTiO3)
3 WHCLC H ~ 5 m (Leionetal., 2008 ) -

Fe &;“3? %8 (Fe-based oxygen-carriers) % p = CLC & 5 %+
ER TS AR S RBAPFEENRE B CH 4 ~ 3§

E@hlsé A2y MR RAFERA o d 3t Fe Ay BV 1Y Fe,05:8
B & FesO,~ FeO & Fe» @ F|x 24 & A 7 5 j€_Fe,03 % 5
Fe;O, 7 #* > CLC jim it & % % > Abadetal. (2007b) i % Fe0s
7z £ 10 wt%pE 2 f]»> CLC /it i A E® @ *  FeO & Fe R ¢
@ COfrHy R AR A FHR-F PREFr BEY DWRER - §
387 735 ALOss TiO, # &2 Fe(ll) F &:E & 2 = FeAl,04 2 FeTiOo
V- e > 5 CO, 4 H,O (Abad et al., 2007a; Siriwardane and
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Poston, 2007; Leion etal., 2008 ) - - “t > 5 #= FFyipdiFls FeO 3 i =
FesO, BB SR EE > 2 17 Fe ATF M F 2 (Choetal,
2006 > Rydén et al., 2010b )

Fe A% MaE2 %7 > &% /& (Adanez et al,, 2004;
Abad et al., 2007b; Mattisson et al., 2004; Rydén et al., 2010a ) 3 4c & i%
# T (Garcl-Labiano et al.,, 2006) ¥ & F 24F ek a4 A
#o%F P CHfr CO- @ Fe A 3 Mg ¥ 1+ » FIH L FHF{di
9 S%iEAz? 7 5 3 A5 % (Cho et al, 2005) ¢ * & &ift 4o & prfis
A5 = 2_ & % (Jerndal etal., 2006 ) -

tFe ' 5 W2 £4 P % ¥ 2} AlLO;>MgAL0,SiO, Ti,O
Zr % > B¢ ALO; BE ¥ L VRS '3 M2 3§ Wihic 4 0 A
FeAlL,O o 12 Fe £ 5 2 2 4448 > 82 CO 2 Hy F & 247 > & Fe,04/SiO,
Blebo FlG g A i ppadio P Fe ATV M AF % T TGA
forr b F BEREFE PR LR @Y §ARHEEF CLCHEY o i
AR RRIE~ > EF L ST HEFTR -

Abad et al.(2007c )i * 4 i &8> 7N % = 60 wt% Fe,O5 22 Al,O3
i F 4 AR TR AR 5 800-900°C 2 300 Wy 54 F Y - i
MEARF R E S F T AN % R RS EET P F MR R
FAARLEA A P RRMEERRE I FHREET NP
WO E A F P g iE 99% (Ortiz et al., 2010) - & * F & >
AlL,O; # 1 Fe %$“§ 2 > 2 500 WyCLC 5% 8 i » 8 B & '
( Pressure-Swing Adsorption » PSA) (CH, ~ CO ~ CO,4r H,) ik 4
WHEEPEFT S 81750 | iRk F%REFER = ~ B2 I
R (v chp? 4E o
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CLC AR E* P » 2B E* B Fes s ;“é? L)
A TCGA 2 50 F BEY > 27 Fe0s/ MgALO, i 1t i £ ik
%2 (Leion et al., 2007) > @ Fe,03 § $30 FeOpke+ Fend' 3 1> X5
20=c% “:BRUGFREF RMYE L (Gaoetal, 2009) -

M AR RE* > CLC P i7# KX M d 32 ARFfF N
ERAFE G U DF B X ARE > &G FET R

( Leion et al., 2009b; Fossdal et al., 2011 )

Fe A3 WEF RGP F a4 ~mg Efrdfimtia > 2k
BB E SR A E O HEBILG FS RERNaE A Fe &
¥ Mo feand < P (L et al, 2009; Huang et al., 2014) = Ni z 3¢
FHEREL G RFhF B RHF R SR P AR

2
AL BRI G R F W B o

\‘-—
%

m

B2 LG - A
PodiE £y A F@aEERY 3 A3 L ARRAE S
L EFRRT BERES S EHF el R S 5 &R
ﬁ@iﬂ%’ﬂéiiﬁﬁiﬂ%ﬁﬁ¥ﬁ$§§% %mﬂ’
Ty oantE MR A 2 o Huang et al. (2016)2 #7 7 #-Fe,03 f= NiO
ﬂ%$FHWﬁgiﬂﬁ,%g?ﬁﬂggﬁﬁ&ﬁiwﬁﬁﬂﬁ
WFemedk > T8 Fe-Ni 45 & 3 1V 245 ek ),@;‘él}iﬁp?ﬂ%?— AT
it g (NiFe0y) s & o 5B SR » #P NiFe,O, 5 #
27 v FeOs { F ek BFEE -

S H P W AR AL RSy R > 1R
FeTiO3(FeO -TiO,) ko= » @ x IR iR+ J| &y 57 & AR 4 T s 12 7R
e A H o 2 B H 6 T IRES 2 48% (Azisetal, 2010) -

S

LR ABF AL RS A RERTL L AESF
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ekl KoM B o sk A £ k¢ * (Leion etal., 2009a; Leion et al.,
20000 ) o BEARENBTHAT A4k AL B NES AT VR R R
FriEts 0 ESBHET 2V HF R F R A o ARNEFH S ¥ Hy o
CO fr CH, 2 ¥ J& (Adanez et al., 2010) - ¥ I jgciE i dp g 1+ R
BRI I BRI IR RAAR > BB EIEE
SF feiE it it AR o) pE (MY 20%) 0 g F a4 BT
7 R iFH = HeenB X (Cuadratetal., 2011) > e § B S %1 )
B (Y 50%),@?];? e d RA4%'E T 21% 0 F15 & 100 < § i
BRF BRS¢ Bibrd 4o (Adanezetal., 2010) -

SCAB R R Y LA E R R i 3 (T CLC kAP 47 HE M
k43 B 500 Wy, (Cuadrat et al, 2011) f= 10 kWi
( Berguerand and Lyngfelt, 2008a;b ) % #% &7 - ¢ 10 kWy, CLC % %
EFEs @ EREEFFELSHEED B RE > H#
IG-CLC & - B iz:EH o

G4 F Vil ¥ A H (FeTIOs) eV g o d 2h 5 - X
AR F 2 B R R R 3 S I B ik Se(Knutsson
and Linderholm, 2015; Abad et al., 2011; Leion et al., 2008) - #p f >t H
B ESTE M EBHE G UhF Bl MR T RROERT
gy o B A G RHpir P AT AR 4 > 2 § D
B HRFIZEELPF D P BRRIEERZE  SKEBFHRF LS
Aim;éfﬁ%“l‘* o FAFTE o K 16 X FHkS > TRy Fefrmy Ti
8 T +7 (phase segregation) 2. I % > & B fa IR TA 23 14 F FUPF R 4
A EMHEBER o Lt R Tl L gy BT R

rigE A g e RACHTZ & 45 H(Al-based skeleton encapsulated
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iron-titanium oxide) (Chung et al., 2017) - 12 TGA i& {7 3000 i % 2 iRl
FOoOBRMEAFAE L B T EFRFRIAERE T
FREEF B LIEHNS P Flak P FuR2Z B* > L AP

=

it iE

#

(=) &g B

B2 #X 41950 & ifa”ﬁ 4 & % CO, = iz ehi FI( Lewis and Gilliland.,
1954) > = CLC /& 3Z4r# 1980 # ¢ Richter 4= Knoche (1983) # !
A AR T Rl R %ﬁt“ﬁrﬁ VBB AR BT E 0 B T
90 & L L AR B A ARAR rFéprzg CO, =51 ;¢ (Ishida and Jin, 1994 ) -

P2k S8 CLCa EARFEET > RY A BT R
mm@@&%ﬁﬁw%mywm&ac%@ﬁéﬁﬁﬁiﬂ%ﬁﬁ:
%%ﬁﬁﬁﬁﬁ’“ﬁ%:ﬁ@%%%%(ﬁ‘i?%%%%%)

g g i g it 4 it (Fluid Catalytic Cracking, FCC) e 7 B f & %24

e CLC = /*Lgsa FlEo] e 10 KWy, % Chalmers University of
Technology 4= Institute of Carboquimica (ICB-CSIC) > ] = #L$i= 120
kWi, £ 3% 1 iz % Vienna Universuty of Technology @ 4-% 3.3 f-

3.6 #1757 ’i-@%@ﬁ?fﬁ, Rl W e X AR L T o

(p-

% CHALMERS 7 2 = 4.3 10 kWy, 0 4] (prototypes) - i *
Ni o Fe 5 AT s 48 < X5 5 ¥ & 2 F vdgif 1,300 hr
( Lyngfelt and Thunman, 2005; Johansson et al., 2006; Linderholm et
al., 2008; Linderholm et al., 2009b ) - *iic‘%‘?J * - NI AR D
i\ss B ivAgE 100 hr> g x BRI CLC HpwE HpFivm § » &
ZHEAd R FR Y NG AT 3 Wenk 2% (>1000 ) 2 2

;\‘. %é’r;fgifm}? f@}’:"’fr*ﬂ ;}—:L}'} L'P'§P+ m%ﬁrr’} , ‘L‘a‘%‘ﬁ:l‘ J‘;.L,I,__
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g i 33 i 98-99% > i * @nﬁb‘? it 3 Lo A ICB-CSIC i
10 KWy e CLC 3% % > Cu 5 A Fr iz i g % AlLOy et § 4 »
Bz L Wikl 2 3F 17 120 ) pF ~ 200 -] & (Adénez et al., 2006; de
Diego et al., 2007 ) > k- CLC # pF » £ FRE & B F RE Y DF
Hoda GEAF PR 7 2 284087 2@ i 2 CO,
Fr HO i1k i o 8278 & CLC i& i eomn 50 -] pF 3 3% CuO 44 » i
F R & 800°C I+ ¥ & iF > i\aﬁ $/2 3 2 F (deactivation) s
B IR G o

IFP-France 4= TOTAL * Ni & é?m§\§ P4 1723460 10 KWy, B
~CLC K& » Py Evhd Py it F > BT @ %5
CO, (Rifflartetal., 2010) -

PR A E - S4B CLC B3 R RE 950°C - B4
#1703 MPa & &% % § (coke-oven gas) # & it 15 | pF » & *
" MgALO, & AT Fe0y/CuO £+ 5 8 > H B 5 3 F Bt~ 7 2%
22 Fugh s (fragmentation ) » 744 &~ 8 i & 5 92.3% (Wang et al.,
2010) -

ALSTOM = & RIK B - 523450 15 KWy cds 4 dialp » X 2R
PR ST R P A3 BT ARDFRE T R
¢ {7 B4R 7 5 247 (Mattisson et al., 2009 ) -
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15 stack
13
" 4
M
' Gas analysis
CH,, CO,, CO, H,
i Gas analysis
0,, CO, CO,

stack
< ez ﬁ -

Air Air N, CH, N, Air

10 KWy, B A et
(CHALMERS) 10kWth CLC # f %*# (ICB-CSIC)

(Fang et al., 2009) (Adanez, et al., 2006 )

10kWth # f& %:#L (IFP-TOTAL)
(Rifflart et al., 2010)

10 KWth # f& %42

(Xi’an Jiaotong University)
(Wang et al., 2010)

3.6, B frf ¥ CLC 7 f i
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H
&
a0

E
HHH 585

E
ER
{=s]

ﬂ
Ed
/=]
2

Gas analyzer

50kWth KIER-2 CLC # i %4 (KIER)
(Ryu, H. J. et al., 2010)

AR exhaust FR exhaust \
i Insulation
o ~

™
;
+ —
= cf
= g I To Chimney
< P o
= 8 /
‘8 [v] 7
Ove /
§ | ssm k. ‘ -
™ b Water Seal
© steam 2 L, |
—_—
sec.
. ESS
air % L
SSP2 TN! , |
prim steam %
air ==
Steam Production Unit
fuel \ Filters / AR

steam ‘Cooling

120 kWth # g %8t

(TUWIEN)
(Kolbitsch et al., 2009)

10 kWth % i %44 (CHALMERS)
(Berguerand and Lyngfelt, 2008)

¥ 3.6. Bk fof i %4 CLC 7 # a4 ()
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0-100

50 kWth KIER-1 CLC F&&EMAEL (KIER)
(Ryu, 2004)

Nz+ Oz

——F_/— Depleted air el I I
I
: Valve system top \

Heating section A
CO2 + H20
L - -
Valve system middle Air reactor
Heating section B \ - Fuel reactor
Valve system bottom / S
- R Biomass
o

I Aiir

Air
25 KWth & fi 72t 10 kWth &) jg 8L
(Ohio State University) (Southeast University)
(Fan, 2010) (Shen et al., 2009)

®3.6. FEA-F & 24 CLC T # R ()
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Solids Chemical Looping Pilot Plant

2-Stage . Designed and Built by Alstom
Cyclones (2)

o Allows Testing of Individual Loops and Processes
. 3 Year Successful Test Program - Completed
Pro duct’ All Chemistry/Rates Verified
Gas e A ic Control C pts S fully Tests
Coolers & T Burner

Filters (5)

Reducer

Sealpot
Control
Valves (2)

Ash
Coolers (6)

65 kWi # i %4 (ALSTOM)
(Shen et al., 2009)

1 MWy A (TUD) 3 MWy, #H g2 4d (ALSTOM)
(Beal et al., 2010) (Andrus et al., 2010)

36 Ffifof &% CLC 7 i
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£33 LA Skl

Operation time

Location Unit size kWthConfiguration Fuel Oxygen-carrier hours® References
Gaseous fuels
Lo Lyngfelt and Thunman (2005); Linderholm, et
Chalmers University of Technology, Interconnected CFB-BFB  n.g. NiO, Fe,0; 1350 al. (2008); Linderholm et al. (2009) ;
CHALMERS, Sweden
Johansson, M. et al. (2006)
ISnps;:;ute of Carboquimica, ICB-CSIC, 10 Interconnected BFB-BFB CH, Cuo 200 Adénez et al. (2006); de Diego et al. (2007)
Interconnected . .
IFP-Total, France 10 BFB-BEB-BEB CH, NiO n.a. Rifflart et al. (2010)
Xi’an Jiaotong University, China 10 g;%’?grllzrgcted Pressurised  Coke oven gas Fe,O5/CuO 15 Wang et al. (2010)
ALSTOM Power Boilers, France 15 Interconnected CFB-BFB n.g NiO 100 Mattisson et al. (2009)
Korean Institute of Energy Research, 50 EE?S;’_%%ES_%’;BB'BFB CH, NiO, CoO 28 Ryu et al. (2004a); Ryu et al. (2004b); Ryu
KIER, Korea (KIER-2) CH,4 CO,H,  NiO, CoO 300 et al. (2010a); Ryu et al. (2010b)

. Lo . . Kolbitsch et al. (2009); Kolbitsch et al.(2010);
Technical University of Viena, Tuwien, 120(CLC) - o CH., CO. M2 o, ilmenite Nio 220 Bolhar-Nordenkampf et al. (2009): Proll, T. et
Austria 140 (CLR) CH, 20

al. (2010)
Solid fuels
Chamers University of Technology, i . . Berguerand and Lyngfelt (2008) ;
Chalmers, Sweden 10 Interconnected CFB-BFB  Coal, petcoke  ilmenite 90 Berguerand and _ Lyngfelt (2009)
Southeast University, China 10 CFB-spouted bed Coal, biomass NiO, Fe,03 130 Shen et al. (2009a); Shen et al. (2009b)
Ohio State University (OSU) Ohio, Interconnected Moving
USA 25 bed-Entrained bed Coal Fe.0s n.a. Fan, (2010)
ALSTOM Windsor, Connecticut, USA 65 Interconnected CFB-CFB  Coal CaSO, n.a. Andrus et al. (2009)
Darmstadt University of Technology, 1 MWth Interconnected CFB-CFB  Coal ilmenite Operational in Beal et al. (2010); Strohle et al. (2010)
TUD, Germany 2011
ALSTOM Windsor, Connectict, USA 3 MWth Interconnected CFB-CFB  Coal CaSO, Operational in Andrus et al. (2009) ; Andrus et al. (2010)

2011
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i W a kAT 7 s (Korea Institute of Energy Research) f1%*
B 50 kWi e CLC % % KIER-1 i * g qrér2 3 it 4 & ;“i L 12BN
T ARF 5L ' 28 /) ¥ (Ryu et al., 2004a; Ryu et al., 2004b) ; F
- HE XGRS - S48 KIER-2 0 @& 7 ok § 1 F
PF R ARG EE A S PEE T 300 ] pF (107)0 & o
34 2 & 3r3f(loop-seals )~ F = ¢ ( riser)fr@ﬁi%l # (transport lines)
A BEEEY BT EAR Y e ORISR SEE P
e (e o AdF g it 52 FAMafEes T8 Bk -
e PP F - S EIT K& B TUWIEN » 40 120 KWy,
FICLC 3 & » % P e d &5 % 0 Ni 3 AT ai F tfe
TRGY (KB 5§ F WBFR%E > ¢ G B ITARE 90 | iy
=% ( Bolhar-Nordenkampf et al., 2009 )> @ & CHALMERS L4 10 KWy,
KT e 5 vy A An e engg i & (Linderholm et al., 2009b )
TRREBHRL B =~ 55 Bl s 8o

& TUWIEN @ * — 534 140 KWy, 73k % 2 NI 3 &’%ﬁmi\i
Bor i .ot B d vii (a-CLR) 384 (Proll et
al., 2010)> FHFEP "= AT 2 2@ it P P E BREEE F B8
A BT
7o %Jﬁ B 4eF1 7 B>t i CLC x5t (IG-CLC process) & * B j5 %

=\

fer 7 o & CHALMERS - & 345 10 KWy, 559 CLC [k 3b > 12 4545
Toe e d HoRY HEVOER e K ( Berguerand and Lyngfelt,
2008a; Berguerand and Lyngfelt, 2008b ) - 2 % &g 4548 7§ & & CLC
SRR F A ALEF o T B CO e ) 5 68-87%
MR e CO 4 S 25 (82-96% ) R F] 5 b £ & Jpidfaiienig
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Hoo (EER AR 4 COM I o ehn 2 > H - LB T A
F o GRE R E ARl B BT b A VTR L R A #
A Tk s R E B RO F M Rl
B R A RORA R R R TR A R E B E
NTF ARG AR EF o TSR BEFL e~ F R
& (oxygen polishing ) % 2% » (k- § 2 » F v o
Y RAs S F TR 10 KW CLC R F2FAE - K
BRmA Bk o B YR F RE S ik (spouted-fluidized
bed) > F & isheng CH AN GATOPFH &Y 2 TR R
5 ¥ e 7 %% Sheneta. (Shenetal., 2009a,b,c) - 3 2 Ni 5 A
it § 48 F] 5 £ soik (coprecipitation) B > ER A RPN E @
1§ 482 F 24 i+ (deterioration) o
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S F P RE-FREEGEA R )
FULEREARELIF A LR TE2 - c AETFVER S
700°C ~ T=750°C ~ T=800C # T=900C - fe & R
BA203 2 4R Unee & 34 5 5 MR RAp MR (7 5o R 7 2%
#ah Cilmenite) #.5 » Hp = MESKRFF > BN GH - HRA 5 4T
-5g/em® > T 3o T % 217.70 pm o B B AT o FIF 5 i Upe £ 58

”*"T

ETTRS

A NECE ’\»3.5]‘—3.-?:’:1'%3{%\31\&\%%“"-‘%01%?7fﬂz Y 5 4%

2 E D A kg b2 & (minimum fluidization velocity, Ugys) =7.83

cmfs > 15 LA LT L 360

# 34 FRBRAPMFITRE

AN S

ER=0.2
BT £ R 19 o5
%A R D UUpe= 1.1

g Sk

W

T8 B 0 T=700°C ~ 750°C ~ 800°C ~ 900°C
Frss kM @ R D UMUp=2-3+4

Ultimate analysis (wt. %, daf) Proximate analysis (wt. %, a.r.)
N 0.72 Moisture 9.95
C 49.52 Ash 1.02
H 6.26 Volatile 86.84
S 0.00 Fixed carbon 0.68
@) 43.50
Heating value (MJ/kg, a.r.)
HHV 17.69

49



3 3.6 4BFH S A L

= A Ve B (Wit%)
TiO, 62.4
FeO 2.8
Fe,O; 314
Zr0; 0.11
Al,Os 0.98
Cr,03 0.11
P20s 0.14
V205 0.23
MnO 1.04
CaO 0.01
MgO 0.22
SiO, 0.69
Nb,Os 0.16
S 0.01
(-) FrERHESFE %sz@
FULRERHFPAA LA F e PPd < F Vil & a
K N ¢ 32 Boudouard &~ kMG R~ KB F ERF RE

a\ﬁ

Kk FAEEF o d Geetal (2015)#7 & 7 ehF il feie £ #
27 p d 5t (Standard Gibbs free energy) % it 4] 3.7 #7177 o “,4rt KE F
#F et -Boudouard £ s~k R F F BE T RKFAE LR RYE
BARL A AG AW § B JeAF AR o oW 3T AT
i R A7iE 800°C -k 4 F #4 F s AG® >0 » Boudouard £ fis % -k %
FF RPIE R ARAZE 700C 15 AGP<0> 7 %k § £ 0 F B A&
45 600°C 15 AG < Qe T 1y b 5 AP F LR R A HA D
FA A2 B
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50
32 .
0 e S
» .".FA” t\‘
= v &a
Q W ‘L‘
E 0| v o A
5 0 o A
g ¥ “e.
') #- CO+H,0=CO,+H, e .
2 d
100|. —®—C*+CO,=2cC0 v
—A— C+H,0=CO+H, v
v CH,+H,0=CO+3H, ¥
1 1 1 1 1 1 1

-150
400 500 600 700 800 900 1000 1100 120C
Temperature (°C)

BI37 2B AR Tog it F REEEF A d i BB (Geetal,
2015)

1 3.8(a)~3.8(b) % 3.8(C)eif Mk R HAp B A BALF b B ATH B
IF LT BE LG d F (N, fre)EAr3 B 5 7 0 % 4
700C~T=750C ~T=800C % T=900C w B # L :f & o ¥ M3 W7
¥ AT AVE UlUp !t ToCHythle 2 F A 3% 5 LAY 2 A
TSRS PR AT T SRk R E R u g0 F i R A28 600 C
5 AG <0 ek imes & o

2d B 37T REEH LA D i B Bleng & 4aip) CO¥ F i E
B %2 800°C 10k R Fe R iE A Lo B BB B B E B
@ B 3.8(a) ~ 3.8(b)=*+ 7500°C 2 8000C 2. CO, kR * % & 2 » 4
AT R - BB DR ;‘i fr TGA 72 & kiE

BliE%% > DTG BIATE R 7500C 2+ % - 2 €% » ¥ &4
dEFFR AR A F AR TR A RREF g (T o
UlUpg v AR-] GRAR 1 18 JeAR M > 4 T4 o ok chiF G R > 22 45
BHEAFERRS T - 26 977 hf CF B> A58 ¢ A3 F o
F]pt % _T=750°C ~ 800°C it £ L i34 W s i »

51



FibF Repear Lac B84 0 2 Ul =2 BRI L 4305 ok 0
PR BREFFAL RS DNGEE o LR RELARNAREL
RHFRENER o HNRA D g o B N A2 BE S WNE
¥4 COz kR » £ 2 CO kA T=800°C pFi¢ A= 8 3 "
AT REEP LR RT EBEX

Hy BB GIREREF MR 2 a 2 Japl 84 i Hjzs
Bk AT E R Rz B

(C) FlrfeHesfuaszp
d B 38§ CEREESF
FREFRB> 2T 2ZH0IEF > 2 UlUg A8 FFa i hiiin
AXE P Ao T 5 ® A 2 T=700°C § i F i %> T=750~800°C
PEA 2R i o T=900°C 7 “F R{ &P EH L -
B 3.9(a)~3.9(c) A %] % T=700°C 2 T=900°C- CO ik & & U/U .y

o+

|

& 2. B2 8% 2 B T=750 ~ 800°C p#

W A B 4e o Hy B RS UlUpe vt 3 4e @ 225 > 2 Boudouard %
Methane formation # it & fx <% % 4 .- @ B 3.9(b) T=800°C F# CO
EOHpk Bz i AB%k|4F4p 5 > 1+ & T=800°C P& 2 f2 & fsdie 5 5 %
2 385 o

UlUp +* 2 80 SRR & 05 & PFRT 2 > UlUje v 8 0F 7 [ R
£ o F]t T=700°C 2 T=900°C # i F Bpdss ek i T ok cF 7
BREF CF RANSFCORLZF BiE CORRIRK Hy kRF
A FIRE GF R A E o T=800°C A fEF das B ehiin T
L E 3T A R TR B XN R BT FIFTER
oL EEEA kS 2 CO,o

52



50

»D
o
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A
[ J

w
o
T

Gas concentration (vol.%)
N
o
T

650 700 750 800 850 900 950

Temperature (°C)

50 co,
(b) co
Q4o H,
= CH
[e] 4
=
c 30}
1]
E
S 20
[&]
c
Q
[&]
o 10+
Q
O
0 1 1 1 1 1
650 700 750 800 850 900 950
Temperature (°C)
a0 m CO,
(c) co
—anl H
< 40 P 2
L e CH
[S) = 4
c 30} [ -
1] -
B .
c 20}t AT T
8 A L]
o
A
S L
8 [ i
O —y

! 1 1 1 1

650 700 750 800 850 900 950

Temperature (°C)

F38 # CEAMAHE RENC &3 F 52 B o Uy =2, (b)
U/Umf = 3, (C) U/Umf = 4 °
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Jui

(=)

IFFRE
FHERRMERTZFF AR FATF Y P LR T
Huang et al. (2013) #-(5i 5 © & i ¥ 4838 12 9%0, % & Np eff
524 DHRERHI850°C R N hf R hC0 22 0,7 £ o
40 ~ 4815 COp kR AR F » @ Ok RABWAR T > TP H 3G
FHAOHIET S R 2V R magRIT o
3105z 5 F BENTRIF2Z CO2 Ok T4k & F (N
free)srib e BIE AT B M o 7 F LIEEREDFHAITES Y
# CO~H,» it f #ic® CHs o %% Huangetal. (2013) 4 47 3¢
B 0, CO, ek B (5@~ 37 > T=700°C 7 %78 B UlUpe b % 7 3 3R
HOyER®HMY COERIBHIRE - F@&éﬁﬂi‘s‘? LR/ Y e
Rliidgd AP AFTFAGBERT p PABRKRL 5384 FH
Wr'e{s WipRE» 25 F BEY WEAL CO - BRBH
T=750°C> 2 {4 fetienp LA fEF 5o ST 7 2 2 d BRI
# 48> COz 0k Bt T=750°C i i = 5 B4 -+ pF T=750 ~ 800°C P* 7
- BERTIR G UUn=2 PF N DR R4RITS F 0w Ok R 4r > 0 o
ARG A2 hCOy FHiRI O F 10 4 F MR R Flm B> o ¥
F VB AR B800°CT O kBB ehl %% ¢ T=900°C £ 2T &% &
Wikp OSBRI E§ s Rl Maof B RE
i*%ﬁﬁ@ﬁ’%?iW@ﬂi%Fﬁﬁﬁﬂﬁﬂﬁﬁﬁiﬁﬁ
EENF 5 REFZFFREHFFDLTFHB T E T § BT
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