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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.
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. Establishing a chemical looping process (CLP) integrated with a 20
kWth; interconnected fluidized bed gasification system for applying
metal oxygen carrier;

2. Investigating the effect of the operational gas velocity on the syngas
composition;

3. Investigating the effect of the operational gasification temperature on
the syngas composition; and

4. Investigating the circulating rate of metal oxygen carrier in a 20 kWth
interconnected fluidized bed gasification system.

Keywords: Interconnected fluidized bed (IFB), chemical looping
process (CLP), biomass, gasification, syngas.
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31 - F MRHFEZ Fw ik

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

- 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)
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CHZm ’—,“1?}%';}%‘&\—" %337\‘1’”1'7°a7"]l-ﬁk '@)g/"'

—m
1\1’&

COfr HoO» 35 i -k 4 i 1+ 14 & W k& CO 2 i B8 iy 7 -
A B A B ARH - §F MR EHNAR LR B AR AL &
#oCLC A& B = §F MRLA M 4 DR A > TEALHK - F

LE{#‘)EE ~ e ER T SO
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N,, 0, Me,O CO,, H,0

Xy
Oxidation Reduc'tlon
reaction reaction

Air
! Me, O, , Fuel

Bl 3.1 - A ot s F Bra i

(2n + m—p)MeXOy +C,Hy, O, — (2n +m- p)MexOy_lJr n CO,+m H,0 AH, (3.1)
(2n + m—p)MeXOy_lJr (n +m/2- p/2)02 — (2n +m- p)MeXOy AH, (3.2)

CyH,0, + (n+ m/2-p/2)0,— n CO, + m H,O AH.=AH+AH, (3.3)

2. v B iw g b A

LB i (CLC) $PEA 4R 1 9757 > 7 M a7 g4 ehk
BEfHE? =+ 4o (a) 3 BRI @B S TH R F L
® (b) 23 (alternated) e A if G F BE (¢) %HF &

® . 4eF) 3.2 4 o

g l—) CO,H,0

., "
OO e 0
Seesseesesss
wees

Air Gaseous Fuel Gaseous Fuel

B 3.2.CLC * & £4f24F (Hakonsem etal., 2010 )
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P 23R & FHHCLC 1 3t * 3 BAp 3 @ ke i
GEBEAY - BESEEF R V- BETFFBE S AT
i s R e ER (3l Az F kEEATFH
g 4 (8 32) ABFRBRBZFLVEFLFHMBRELERT Y IT

3+ (loop-seal ) 4pid o

VA k SamR AT 7o Lyngfeltetal. (2001) 194 957k 5% in 48

P
i

PREAERT FARIAEA TR LS BE ARG 2 AL

( Kronberger et al., 2004; Kolbitsch et al., 2009 ) » i & d P-:g g2+ 2
FELZFFRE  frMEF e i AL E RR o o
fe ¥ 273 e {4k 12 (Lyngfelt and Thunman, 2005; Mattisson
etal,2007) > ¥ RFF s LFMOBRF B HF L F BT RRE
REARF TR c P E IR RA B K- L ALSE
B0kt 4 > 52 S HREDIF B # AR BEY B

Pz

FRrEE o JHREXATIABRE BETSFESE A

ﬁ

(Adanez et al., 2006; Ryu et al., 2010 ) -
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Wk ARz F F RES B Y G R AR 0120 KWth i
#8 1 & & TUEIEN (Kolbitsch et al., 2009 ) » #3% & $t¥ ok st et
PEBEEEF e py o BEIRERE T F-AR 255 BE
BP0 BEF H B E e 0 FARE FIARBTF O
#oovAeH @ CLCAe B Apit » 2 3 % 7 244 B DR ARE FIrik

(2

LJ

3

\f“\ﬂ

o

Son and Kim (2006) 41 * 7 I ek 3+iE = 7 1 KkWth 33535 % &
e B CFBE 7 CLCAT T »¢ 51 A B # 12 NumAl it e w2
BRI oA BEAEEFTRRTIMIE BN F RED
BARR ARy F REINERF BEORBEL -
Shen et al. (2009b) %3+ 7 10 KWth s CLC 1 g > 8 * 4 H 4~
B RIEL R Mg B AT AT E RE R AT
BBIER > LR L FRE > K& i ) B3 (innerseal ) o Avg
AT E RS E TR G M F By MER R e s 5 B R
FE e
B PR o RTEPRA 5 0 BB g ek felb S ERE
I e R IFP 5 10 kW ez 2 B g e sV ik it & (- B

’;J—Af'};}"%ag'fr'rjo l[%_-_,_:ﬁﬁff’&ag) M HHLD #"’ﬁ?‘]’ﬁ.'ﬂ%ﬁ{f?jfﬁ
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SR el %Q/Aﬁsf;ﬁj’ﬂ—xﬁﬁ)@agmqgﬁ ¥ d ’—.é;Lﬁ;g

'23.4'?

S

i#
=41 (Rifflartetal., 2010 ) -

Dahl et al. (2009) 4~ Hakonsem et al. (2010) # & 7 *z3& & &

W

P F R RSk e b R B R AR BF Re B E
MERFHEUELS BE REFMRE > BF REBOMAE L R F

fER e FROF MR A ARV E LS

3. 5 m
PEWG TR s F TR RAER TR 0 LK T B

(1) % &hF § i

(2) = CLC 5 i § &4 FH L I = CO, - H,0

@) #3 "ERBREFRLFRBEIITRAFEFF &

(4) ot et i

(5) wz 7 BEY T CO, & W &g F Ma/mff #78 M h
CO, 4 & »x 5 (capture efficiency )

(6) # % &% (agglomeration)

(7) = & A

(8) ¥ku

‘&\

GEBT PP FAF B § A S R L
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i (de Diego etal., 2004)> & §* § TR ERS LG
R HF R R ARERT A LT WP R - A
Mg a5 13 % (onic conductivity of solids ) (Ishida and Jin, 1994 ) -
FTF MDA P hm gl 2 AL TREL L blhed k£ 3
e RS E R ER S R Ak o FIC S spin

flash % > 2B F it F it cnhFHm §REIREF R

e

FLERRF BOPFMF B BAREE T e s BT iR

7# = (impregnation method) » #-£ % 3- hB &8 » 75 B
ERhepier > £ REEREETHDY -
4. B

B> CLC A2 5 ¥ B ’ff’lﬁ‘)% AL § Pt 0 e - drm T 4

frde B3 h Gl > Flo vt it AP B RBpMET HERE

%§’F%%’%%7%ﬁi“’#%£%%ﬁiiﬁﬁﬁ’wﬁ
o P mInAABY4E LA CLC R ® + 2 £ F #1:8 - Garcia-Labiano et al.
(2007) =% — %Jd¢ * Cu ié%‘rm?;? fie 7 CLC F e By

AT H I RGNE AR P A BRI G LR P o

«3&?3
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FIPER TS Gl Rr BEY LR - o P
§ %8 edurse B (crushing strength) iF 3 (ARVE R LIRS i R
HEAE 7 5 B IR RSk k- H %Y ik h (ASTM D5757-95) 5 #
mER BRI EIE CRRE BRI Agi £ R4 (chemical stress)
21 438 35 32> i (physical attrition effects) » F]pb > A4 2 i 3%
et A CLCHE AP v i 0§ P BRF RBEROEH LS

2

& it en

\\\?{r

T x

232 LT T WEFAS

Carrier Facility Operation T (°C) Attrition Lifetime References
time (h) FR AR rate (%/h) (h)

NiO/AlLO, CLC 10 100 ~900 1000  0.0023 40000 Lyngfelt and Thunman,
KW, (2005)

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

MgAl,O, KW,

NiO/NiAlLO, CLC 10 160 ~940 1000  0.022 4500 Linderholm et al. (2008)
KW,

NiO/aALO; CLC 500 70 880 950 0.1 10000 Adénez et al. (2009)
Win

CuO/yALO;, CLC 10 100 800 800  0.04 2400 de Diego et al. (2007)
KW,

CuO/yALO; CLC 500 60 800 900  0.09 1100 Forero et al. (2011)
Win

CuO/NiO-AlLO;  CLC 500 67 900 950  0.04 2700 Gayan et al. (2011)
Win

Iron ore CLCs 1 10 950 1010  0.0625 1600 Wu et al. (2010)
KW,
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43 %@ * & & (lifetime of oxygen-carriers) ¥ & # il F F J&
HEAE % B 58 BAE ~ Burs (fragmentation) ek fg ™ o ke U F
MR AT E CABRE BT HOREF A 32N A EPFRE%Y
PPRFHIF > F AL DR FIERAE 2 NIO 7 25 60%:5
1% # > ¥ ¥ i i¥ 33,000 hr (Linderholmet al., 2009a) » M # 7 % %
% F kT 1,016 hrondicdpde 5@ (8 o @ E@d 2 W E 13% CuO
F= 3% NiO %Eﬂp’iéﬁi‘ % %8 7 900°C :# i & & £ £ 2,700 hr (Gayan

etal., 2011) -

6. fA

PALE REP M E AT I MBI 2 F BERE R
s Ty (e AE7 O, 4 x5 ot #b > gt f (deposition )
Bg EREIAA I EM - B F R AAESTF W7 R (liuta
etal., 2010) BUTAH Bt & B F 1V ~ B MR fo k2 G o
RPN & S Ny AR &P o e CH, 2 2. CO 5 C 2 CO
17 21 & & (disproportionation ) > ¥ Boudouard & & o #7 = 2
@B&i#ﬁ?ﬁ‘i oo PR R o § 240 H,0 2 CO,p o it

fi e s W v B HO~CO, 24 5 M e 25 (lattice
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oxygen) it {7 F i K Z@i}i"‘fi ( Mattisson et al., 2006 ) > & ¥ * & %

‘/:—f f,{‘: b K },@ﬁ&ﬁi‘:’f"i G\'ﬁ __‘_‘% ;}LB’;‘% ) EIJ ﬁkﬁi/ﬁ?f%%? i o

7. &

s BRIy Bk CLC ¥ F @ L3R 0t s F o
FEAEEE S VA EREF BRI AMARYE N of W
SEA R Bff s M o AR AR 5 950°C T oo Wk H e N
714 Ni % zik’;‘rﬂ]* AR EH LTI HETR g ATy EER
4 o0 ;“3‘? 3 AlLO;s~ NiAlLO,~ TiO, fr ZrO, % (Cho et al., 2006;
Gayan et al., 2008; Mattisson et al., 2006 ) » H & % & -+ NiO/TiO, & ¥
B &L s (Mattisson et al., 2006 ) -

Cho et al. (2006) # 3 w4z AP s WL PFFER
FREtseng iV F BRI > 40585 d FesO, 3 it FeO # 4 BBl o
R @ g A 2 AR i IR % (Mattisson et al., 2004 > Cho et al., 2006 )
Ao b FHEEDCLCARR P » X 2F 4oiph P F 2 3 nai - F
= AR 300W, CLC H ~ i * Fe 2 Eg;frmﬁg L3 34
230 % (Abad et al., 2007c ) 2f v et % & A ® 2R 45487 (FeTiO;)

! ;‘i 5 CLC H ~ 2 71 (Leionetal., 2008) -
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8. AT AY
Fe A& ' ¥ %2 (Fe-based oxygen-carriers) = B CLC £ 7 &+ &>
EH O FH A ARM CRBEPFE GRS 2 CH 4 ~

PR 2 F B RAERA o d 2t Fe A F T 1 d FeOz:8

**“‘T

R FesO4~ FeO 2 Fe o fe B #44 B U4 8 5 jE_Fe,O5 % 5
Fe;O, 7 #* %> CLC jx i & % %t » Abadetal. (2007b) dp o 3 Fe,04
7z -] 10 wt%pE 2 3 CLC /it sk F B2 * . FeO & Fe B ¢
@ COfrH EARRKRA A ER-F P RAF REY h@ R M §
3 M7 73 AlLOs= TiO, 7 &2 Fe(Il) F & & 2) = FeAl,0, & FeTi,O-
V- R R >4 L CO,fr H,O (Abad et al., 2007a; Siriwardane and
Poston, 2007; Leion et al., 2008 ) - y* *t » 3 = 3 ip ¥1% FeO % it =&
FesO, ERR B R EE - 12 7 Fe AfFmass g1 2 (Choetal,
2006 > Rydén et al., 2010b )

Fe A% MAE2 %7 o &t /& (Adanez et al., 2004,
Abad et al., 2007b; Mattisson et al., 2004; Rydén et al., 2010a ) % 4 /& i
# 7T (Garci-Labiano et al., 2006 ) ‘& £ 7 24F ek BiEdd o Frald
$HF P CHfrCO- @ Fe A F M ™ 1 » FH L

F %A 3 5 F A% (Choetal, 2005) ¥ i 4 & Ak B
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A5 = 2_ & % (Jerndal et al., 2006 ) -
hFef s W2 4P v ¥ Lehy AlO;MgALLO,~SiO, TiO-
Zr A% A9 ALOs A F R FRAPF ML F EHL S oy
FeALOso 1 Fe £ 5 A 2 4L CO %2 Hy F & 245 > iz Fe,04/SIO;
Blvh o B G g it p o P e Fe AV M AF % TGA
Foin itk F B BEFTF % @ g A hlie (s CLC et o e
EZpRE ey Rni~ EFL LT RRFTA-
Abad et al. (2007c) & * 4 if:dd = % = 60 wtd% Fe,O4
2 ALOs shf § &8 > Adfk (8 & 5 800-900°C 2 300 Wy i 4 5% F i
Y o > A RF AN E A 5T 4A0hr 5% %‘%%%ﬁﬁ$§§§§ﬁ1
BRIk R 2 P ERREELSRR d FREST
POV F MR T E S F ¥ e dad 99% (Ortizetal, 2010) - i ¥
ZF 3T ALOz ¥ ehFe A 5 48 > 12 500 Wy, CLC %K ¥ i » /R i
( Pressure-Swing Adsorption » PSA) (CH, ~ CO ~ CO,4r H,) ik 5
B EFT S B 50/ Ptk c PR EF AR > ~ B E2 2
RY 1L PR AE o
CLC ARG E P » A& MFey PFRSTTH B

* 5 TGA % &h‘L‘ ;T\: F Z@ﬁ ¢ :,d‘ v F9203/ MgA|204 ’L‘L/ﬁ“%ﬁ it }% %\ Eﬁ.‘fﬂ»
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%2 (Leion et al., 2007) > @ Fe,O3 £ T FeOge+ Fend' 3 1> 5

200 PR R B REF Ri#&e4 (Gaoetal., 2009) o

9. M= A s iy M

M AR RE* > CLC P i7#& KX DML > d 30X KRB
YRAFE G 2GR R A AR &F AT L EE
( Leion et al., 2009b; Fossdal et al., 2011 ) -

GrFH P T o B L RGP > 1R
FeTiOy(FeO -TiOy) i & » @ & ri ¥R foi + 4] I 97 & 4548 7 i 12 1B
W 2NN TR 0 e AT € R RER 2 48 (Azisetal, 2010) -
LRI BARBY S L ERAF O ISBHTE L FLEL A
el KRB s H A4 k@ % (Leionetal., 2009a; Leion et al.,
20000) o BE AR ACART AT A heF RIEE o R BSRF PR RBR
Bt SRBTRAT Z VIR F R K IR S o AR TR Ao Hp
CO 4r CH, 2. ¥ & (Adanez et al., 2010 ) o 2 Fjgcis 4545 Fheng 1R
RABAR eF RS IR RAER - B HETE T
F AN B R TR S a ) P (3 20%) ﬂi%li e AT
7 R iFE = Heen B (Cuadrat et al., 2011 ) > fe R84 1 5% i i

%ﬁ(]SO%) Jd}%yj\4% 1.21%,‘*1 100:)7\’%‘1“
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FRF VRS 4 € & ibrd 4oyt (Adanezetal., 2010) -

BT T LA TR YR i 4k 1T CLC kY s dr i o
w4 g2 R 500 Wy (Cuadrat et al, 2011) 4= 10 KWy,
( Berguerand and Lyngfelt, 2008a;b ) 3% # &7 - & 10 kW, CLC %X &
Bk @ R FE s R 501 SR

IG-CLC & - B iziEH -

10. B AL it B g

B SE S MR T R AR o B S pE s (L

REEAL® 2r L Biw ik T g AT S E LA R BAE o F % A
ER SR SIS TR B S S R

TREETRE S G2 DA o0 et ARER S
3 F P S MY § R 3 CLC hd e Bl Th s &k b
oo 2§ MREFET ARG f B TR 2§ fbpte d & F ¢ A
%%*;rt s dofe k& iT* - 4k o CLC A2 5 e HuEH 7 }‘ﬁjj‘}agggg)*jk;:".%
- ey A PRGOS ER N G BT A T
7 P T s & o

B REEH* CLC Hpbrengbjirs & 80 4cB 3.3 77 » % - A4

Ry L BHE A & § ¥~ CLC & % (syngas-CLC) (Jin

35



and Ishida, 2004; Anthony, 2008; Wang and Anthony, 2008 ) ; % = & &_
AL AL B Bi¥ ~ CLC ik sient ik i B ¥ (solid fuelled-CLC)

LA kv NEHH Y - 2 % 4 iG-CLC(in-situ gasification
chemical looping combustion ) (Cao and Pan, 2006 ) » #-% % /48 it &9

F# B H,0 2 CO & FAg i 7 5 it ¥ ¢k — F& Mattisson et al.( 2009 )

FyfAF BN ey 4254 (chemical looping with oxygen

uncoupled process » CLOU ) » # F# v Er 4 5 1 1 ehd § F &
ay, o, T
H,0

Air Fuel
reactor reactor H,0

R I

Air syngas € Gasifier | €— Coal

0,
b
N, /0, . ,], — O,

''wo !
1 2 1
I 1
Ai Fuel 1 [
. !r . ,u_e Coal 1 1
reactor reactor | X
I 1
I 1
I 1
Air CO,+H,0 ====*===4

B 3.3. & CLC i AT ALK A M2 N7 & F
(a) #Hsg L7 v & i (syngase CLC)
(b) %448 #ie » %8 F % (solid fueled-CLC)
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COZ COZ
CO, H,0 H,0 H,0 CO,

HzO HZO
é ()xygen-Carriei 5

‘ Volatiles Cco
H,

Oxygen-Carrier Char
Cco Coaldgl .
H, i H,0 Coal
IRERRAI IRRERRRRRE] treretettt
Syngas H,0 and/or CO, CO,
Syngas-CLC (gas fuel) iG-CLC (solid fuel) CLOU (solid fuel)

B34 % CLC Baatfd ksie » P s B =7 kRS

BB F M GAcR 34T n o B RARFF CALE DR
(L& 7 COfrHy) Lot F B % > iofa™ 3¢ CLC &k 34T
i R e CLC kst » drx 2R F 4 o @ iG-CLC % suenF
RS E AT F M HO R COE@ETF It F i #hF I chERE
PHAFCREE R o F S EERES BT BB
Bots CLOU 2 A e R A F AR F REX B0F > B R &
FIUFLLBT §F IR RFREF B Aok - B § R

o

11. & = F Bk Biw g v
oo F v B e B L RFHRReFF M F o

'

X
N

LA F R ERPEE BEY > 4oB 3.3 T o F LARSE S

7
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BAFE FIETREERE Y T RAEFCLC AN qmz 5 (L7
ERFFF T BE A F A e T &Y CLC f Ak i
£ &0 2 (Xiangand Wang, 2008) > & E#-5 i F REBW AT F F &
B B T F BFREF CAAFAE
ERFdele X ARF - LI FHEE T X RF DFTRERY

S B ARR FERHE N FF OREE ZLF M oA

frdgang L P W i § Mo s £ § 4 aF it 1t CLC

12.iG-CLC

4ol 3.3b A7 0 B ARV S P AR B E
PUIRARE o P MR R Ry s g e 4R (S
55 Hy22 CO) F i o B F REE L HO~CO 8B &3 17 4
AR AR T F R Bk o ek E#r COp (FL AT F
o7 TR kEF R E o D EEF Y CO PARLA AR
®F o ¥ HERRLY ek it (Brownetal, 2010) -

iG-CLC ehHE i Lgd F iV F REBE A2 F A IEH

Ao deF it 3439 R AP MR ARF Uil &7

¥

Fle 4ok B39 kR f B F Ky ¢XFF REWUS I &



£ =(VYangetal, 2007 )> H T = 47 ;8 40 3.8 #1777 43R i =8 MexOy-1
AR FAEERTFF 0T MexOy o 4o F i 3.9 #m o EATH 4

AT R E R el - R it

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, , + 1/2 0, — Me,O, (3.9)

IG-CLC 3 @ &7 Ip el (FREA A T > = 304 B i * p
Wi k& R ® (Berguerand and Lyngfelt, 2008a; Shen et al.,
2009a; Cuadratetal., 2011) » ¥ ¢ = @5 3 VP § H - n g8 i
% P m?k & = = peEC (Scott et al., 2006; Brown et al.,
2010) - iR e B B 7 U T B S BRI R > X F A P PEIE T A T
FREBOHED ¥ UG 5B 7 UL E vty =7
TR o

BT B ET e CLC st 312t v eniE ol £
X R R EE R A B2 TR e R AR SRR -

4 e BEP  RP-ong v F (Caoetal, 2006) 0 3T k @ i
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e CLC 4 * 2 Fp > BSlAiE- HEHEL Py
CLC £.3 B 1o — 42 iG-CLC 7 * chajh i 5% Ginh it & eni i

4o 35 5t o PR E BB AL fof K o dok st 3.4-3.8

'T
—\\

—\

STA G RUNERS AT T o

ey

CO,/H,0
N, /O, z >

MeO

Air
reactor
Me

T stripper
Air COET

B 3.5.iG-CLC B # vl /e i & b B4

WRFBYSHROBEFT U E S F LR FlE g F R

FORIIVEH > M E e A RH AR AN E o (A LT A

=

o g REIRE T RET Y S F R SR
BnF 1t F A B e 3 B 5 0G-CLC ¥ 3 ke 3 -
d P MR EF AT SRS - AR L RS T
R AR E R RRE QR F M o b B e R
BECAHRT T B %

(1) sempif+ ~ 3% (carbon stripper) » H#-gi g+ d JFokh
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Frae sgphdo L Ee s KR Y 4o 3.5 #7157 (Cao and Pan,
2006 )
(2) BeeplF Bkt g nddotr 20 (plug flow) &

Bt T2V EREBBEREE At B

A4

=1
N
(ﬁm
\-t-
«.\.Lx
u'ﬂ
W
\av
=k
.

i\—%

# 1S RIG-CLC ks pemofe f 1) ZE WA 30 45 3]0

= % g d Lewisetal. (1951) X3 1ehfei2 > FiE A fi2 CuO i

Meng BF F e AR M EFARN - F MR FRPF A
fAdE F3CLC ksed ehE B i fLizthenie b 5 R e § 2

ey

CLOU 2/ A 1§ MAaWsFr REY #5%f iF § 227
f S AL o] 34 9 0 gt 2 T LA A IG-CLC B F 1 e
S EY BIEVEES -] ES TR S LV R
W VL F R Rend [ 2 2 6 4p R & A cCLC REARA T
POk AR Y R F R S F PR IR A A BB
A egrd > CLOU 1= %7 wfes § (AT 5 indl it 5 4 > 4ot

Q7R Bk it B o 1T A CLOU = % A% F RE a5 I
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2Me, Oy <> 2 Me,0, 1+ O, (3.10)

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

CLOU sk 3 4 R F BEY 15 A RN § i
KB G B Adp ML > oS U M4 R D S0Pt vl g
Wik Ko FEEYFF DRAREABTF BT R o F R

FRESFETF T MANT §endF o FREY § 5 DkREAE

14, v B v g oy B
B2 AR A 1950 & ij.}‘aﬁ 4 & % CO, * 2 en® I( Lewis and Gilliland.,

1954) > e CLC R @ #r 1980 & d Richter 4= Knoche (1983) 3
%A AR R R o A YR AR RS o F T
90 & X pt A2 B o ALAR [ H & CO, e 3¢ (Ishida and Jin, 1994 ) -
P2+ S8CLCI R Y ¥ /RIEET > % 3 BipT i
SRR 1 TR oA 1Y R & CLC 5 & e & iR EEA CFB Hoji

Bt S R o vt dede T BRI (OF ~ A FHfoRAS)
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g i Ag v v v (Fluid Catalytic Cracking, FCC) e 3 B *% 4§ A ¥t
7 CLC &= )*Jrgr: Bl - 10 KWy, A Chalmers University of
Technology 4= Institute of Carboquimica (ICB-CSIC) - 3]+ 4= 120

KWy, £ 3 % 1 iy & Vienna Universuty of Technology > 4r# 3.3 {- [

~,»\
mr

36 57 0 LR E PALT R 8RR OE

A

& CHALMERS 7 #£ = 245210 KWy, e/ 3] (prototypes ) > i& *
Ni fo Fe 5 A F e s 8 > X 25 5 vhr = J (e4g38 1,300 hr
( Lyngfelt and Thunman, 2005; Johansson et al., 2006; Linderholm et
al., 2008; Linderholm et al., 2009b ) - 1}%1%—% - NI G AE
T F M P iTAZE 100 hr > 5 X B IR CLC P& a8 ivw F > &
ZH A REER Y NI ATty Mank I 3#5% (>1000) 0 12
P F AR B BEMEE IR R > 5T R
iS5 E 08-99% 0 i@ ey 3 WG e & ICB-CSIC Rt
10 KWy e CLC % % > Cu = A izid iz 7% ALO; E'ﬁ;ug £ ¥

BT LWkl e 43 1F 120 o FF ~ 200 -] pF (Adanez et al., 2006; de

Diego et al., 2007 ) - %3+ CLC X &% % > £ H# &a B F R E P hif
Torid A fE DD VRS BT R 2T 2g 3 CO,

Fo HO ek Ji o 8278 o CLC i& iFem 50 /] pF 5 &35 CuO4p 4 » e
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F % o 800°C &+ # i 1% > $“§ $9.2 3 2 /&1 (deactivation) s
WL G o

IFP-France §= TOTAL * Ni & z‘%%"mi\ 3 RO ITHAC10 KWy, H
~CLC R E » M Py (e g g it 5 > B9 il 5
CO, (Rifflartetal., 2010) -

PG F A A - S BN CLC BB AE 950°C B4 &
#1703 MPa & &% 5 (coke-oven gas) & & it 15 | pF > & #
1 MgALO, & A F 5 Fe,04/CuO $“§ BMoHE3BFREBET7 2
27 Fugirse (fragmentation ) » w8l &+ & 1 & 5 92.3% (Wang et al.,
2010) -

ALSTOM 2 7 BI3k & — [ 240 15 KWy crds 4 dbh > 1 % 2R 4
PR FHI R CEL W A3 BT SBRDFRIE T R

voie 7 EAE 7 5 2477 (Mattisson et al., 2009 ) -
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2 (e -~

Air Ar N, CH, N, Air

10 KWy, 45 2
(CHALMERS) 10kWth CLC # # %42 (ICB-CSIC)

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

10kWth # #4421 (IFP-TOTAL)
(Rifflart et al., 2010)

10 kKWth # f #a4d

NS

(Xi’an Jiaotong University)
(Wang et al., 2010)
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120 kWth # i 2L
(TUWIEN)
(Kolbitsch et al., 2009)

B 3.6. Afifrs &4 CLC 7 #k (F)
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10 kwth &k 74 (CHALMERS)
(Berguerand and Lyngfelt, 2008)



0-100
Onciclizer

50 kwth KIER-1 CLC &E&/86k (KIER)
(Ryu, 2004)

Nz +0O:
——FH_/—> Depleted air [ ———J]
I
: Valve system top \

Heating section A

CO2 + H20
Valve system middle Air reactor

Heating section B \ | 11] Fuel reactor
Valve system bottom / L

]’ Air

Biomass

~(1

Air
25 kWth 5 js 2t 10 kWith &) g 4L
(Ohio State University) (Southeast University)

(Fan, 2010) (Shen et al., 2009)

B13.6. B fof A& YH CLCH # M)
47



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

1 MWy, i %4 (TUD) 3 MWy, B4 (ALSTOM)
(Beal et al., 2010) (Andrus et al., 2010)

®36. Hifrg &t CLC T =ik
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433 LA Hiwk

S
=3

Operation time

Location Unit size kWthConfiguration Fuel Oxygen-carrier hours? References
Gaseous fuels
L Lyngfelt and Thunman (2005); Linderholm, et
Chalmers University of Technology, 4 Interconnected CFB-BFB  n.g. NiO, Fe,05 1350 al. (2008); Linderholm et al. (2009) ;
CHALMERS, Sweden
Johansson, M. et al. (2006)
ISn;atl::]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 BEB-BEB-BEB CH, NiO n.a. Rifflart et al. (2010)
Xi’an Jiaotong University, China 10 g‘;eéfgrl‘:%e“ed Pressurised  Cokeovengas o 00 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 nggg_ql;eé?gg;%BFB CH, NiO, CoO 28 Ryu et al. (2004a); Ryu et al. (2004b); Ryu
KIER, Korea (KIER-2) CH4, CO, H, NiO, CoO 300 et al. (2010a); Ryu et al. (2010b)

. L . . Kolbitsch et al. (2009); Kolbitsch et al.(2010);
Technical University of Viena, Tuwien, 120(CLC) -y~ CH., CO. M2 Nio, 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,03 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 CaS0O, Operational in Andrus et al. (2009) ; Andrus et al. (2010)

2011

49



ix W AT 3 e (Korea Institute of Energy Research ) 1% 4
B 50 kWi s CLC 3 % KIER-1» i * g4 frks2 § 14 5 45 4 » 12
T AR F 5 wpLliE ' 28 o) pF (Ryuetal., 2004a; Ryu etal., 2004b ) ;
- HE FWTRRESE - 3]0 KIER2 > # % 4 frgt2 § 1 4
Y §“§ o uxRgE LAy L iE®300 ) pF (107) 0 % = &
#4342 & $74+(loop-seals )~ + = ¢ (riser )fr @ﬁi%lr"g" (transport lines ) »
hEBEEEY BRI E iR 2 BRI s > SiE R P
A T o BiF a3 & 5 AT T A%k o
B AL E S B - SO B3RS L B TUWIEN > 2450 120 KWy,
FICLCH & » % 7 fe b F§ 2 %8 > NI 5 AF i i
XRTH (SBH) » 5 WEFRHR > ¢ 7 F T4l 90 | PFang
5 ( Bolhar-Nordenkampf et al., 2009 ) m» & CHALMERS #.#- 10 kW4,
KA T L g BT dp e e it 5 (Linderholm et al., 2009b ) >
THREBFHEF B S5 H I e s |

& TUWIEN & * — 5 3.4 140 KWy, 738 % 2 Ni & g%‘rmi\g?
BoP it B d wif R (a-CLR) =4 (Proll et
al.,2010) > FHEM =BT 2 2 @it P L BRRDEEF P S
b BT g
- Jﬁ B 4ot 7 M3t i CLC k%t (iIG-CLC process) i * %] g %%
et 3 o & CHALMERS - 5 245 10 KWy, en CLC % 5L > 12 £k 4
e F Mo R BRI ReE M K ( Berguerand and Lyngfelt,
2008a; Berguerand and Lyngfelt, 2008b )~ % % & 1 454 7 if & & CLC
AR F ME RS o i B CO S K 5 68-87%
MR R CO Hf e (82-96% ) & Fl 5 i £ F it etk
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