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Solid Circulation and Reaction Characteristics of Mass Produced Particle
in a 0.5 MWth Chemical Looping Combustion System
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hjryu@kier.re.kr Abstract >> Continuous solid circulation test at high temperature and high pres-

sure conditions and batch type reduction-oxidation tests were performed to
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Revised 20 April, 2019 check fea_13|b|I|ty of a 9.5 MWth Chemlca.l Iooplng combust.lon_systerp. Pressure

Accepted 30 April, 2019 drop profiles were maintained stable during continuous solid circulation up to 16
hours. Therefore, we could conclude that the solid circulation between an air re-
actor and a fuel reactor could be smooth and stable. The measured fuel con-
version and CO» selectivity were high enough even at high capacity and even af-
ter cyclic tests. Therefore, we could expect high reactivity of oxygen carrier at real
operation condition.
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Fig. 1. Conceptual diagram of chemical looping combustion
system
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172 0.5 MWth & ADIZZE ¢
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Fig. 2. Microscopic images of (a) SC229-TD and (b) NO16-R4
particles

Table 1. Summary of particle characteristics

bropertis Particlel *gc220.tp | No16-R4
Main component i’i‘g ((gos‘::t(f/)) NIO (70 wt.%)
Particle size range (um) 40-248 34-248
Average particle size (lLm) 120.5 105.0
Attrition Index (%) 10.3 54
Bulk density (kg/m®) 994 2017
Geldart’s claffification Group A Group B
Supplier KEPCO RI KEPCO RI
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Fig. 3. Three dimensional view of 0.5 MWth chemical looping
combustion system

H30H X235 20194 48



23% - 7Y

o] MAlESEE AolE fI3F s FZA(lower
loop seal), HA| AJ2F] 2] Alg(start-up) ZHgof 4] 7]
A& 7hgsto] BhS71E oAGstr] et 376k
o4 7](preheater) W ARH-S7] dE7] T2 A

AUtk AA A2 9jo] 713}
s17] flste] WHE WakE= AlAkstalon 9
SUS304= AJZFskee. 37|9g7]19] Wi 2]
O] 749 0.3 m, O] - 0.25 mo]w HE
7] Wi 25 £o] 2.0 miE 2.5 m7bx] ]
tojA 217o] HStE=S SF3IL F %ol 18 m
ojty. ARWRE7]Y A% SH7E 0.5 m, A7}
0.85 mo|w, Whg-7] HIEO 2 RE o] 1.5 miE
1.81 m7}x|9] FL7koflA A7 o] Wt =g 313l

g e 39t =

T Hl AT
rJhuﬁ

MH

r\l

% o= 3 mofeh, AR e K
o] fol-ES YA The B EUT e} 2]

= Azt

TNE *F%’é}‘ﬁgtq
Atolof 7|4 3K purge)S ¢
5719t A=mRkesT] |Re f-EshdE

7 9 zQtel HigkE S46t7] flsk

H3}7|(differential pressure transducer)

3718k7] IHT«I IAFS 45| flete] &
719F7] S 3715 YA ZEEH 0.57 me}F 1.77 m
(DP1001A), 3.07 m®} 7.67 m (DP1001B), 7.67 m&}
12.27 m (DP1001C), 12.27 m&} 16.80 m (DP1001D)

e S
0| AR 2] 7 F8] AR 2tohd
S St RTIAL ST A9
PO o IACKEH 2, o 242} Ay o
iy *.jjﬂ‘é}oq Al A 2gsislon

Vol. 30, No. 2, April 2019

foi

=}
of>
ofo

ul
og
1z

DP1006A), HH2-7] c}
qhS-7] Al =™ 1}01(DP1002)9} 3718871 7]

AhEret Ambsr] AAMETY e Kol
(DP1009)E zFzr =439} 2k 2A0A =45
‘Q‘Ea 1:1 ‘1 i]-?:l]—) _(l?l_aok) 7] Xﬂ%E ‘E"‘] ‘é‘xoq%}:%%

PLCE &3to] 35 o] PCo| AR == S
0.5 MWth Aln]AFg i 2dofA
7l°ﬂ TAsh= A YA = A&REST] sHE| =
= 5ot HiEHY sht FIZUS 5
st} 278k 7|2 o] Eal o]

1.0
=
o

———7]i 0] H %7]
F371el FA=E 1Al 2fste] vlatEo] ARz
o3t F7IEST] Aol EHE &
FIEAL Tl ARNSTIZ AedsA "k
2.3 3y sy Wy

0.5 MWth & An|ERg AxA|ag o] Amihg

7oA g WA 3}]@'3}7] Skl ‘ﬂﬁﬂﬂ—g
(fuel conversion)¥} CO, ABIZ(CO; selectivity) & =
@3}31‘:}. AEASE2 U AR7A F vhegt

=0 MEES ofu|st 4] 3)2} Lol Alikst
ME]— FHE d=TIAY B 4 A

FUsz 719 58 0l ofel 7 és} e

ol-g-5tod ﬁl**omn}. ARASFES O{s}oq Q-]i Et&
5719 FdE ARTATE Aol YAtel o= A
T HR23E Cﬂ};;(]%_

CO, ¥ A FYUd A=A oM CO,

o5k
=

o FH= HiEEe 7IAe] HEeS ouisi 4
(4%} Zo] Atsigiet. CO, A=t #2345 CO,

o W AP} Golae olulge.

moles of reacted fuel
moles of input fuel

<100 (3)

Fuel conversion=

CO; in output gas
Total carbon in output gas

CO; selectivity= %100 “)

Transactions of the Korean Hydrogen and New Energy Society <<



174 0.5 MWth g H0[Z2E A4

3. Zit A 1

0.5 MWth + ﬂl”l’é 3 ﬁ /\li‘%ﬂiﬂ HH
z2Yo] 7FsAE &
ANA F7IHkE71e} ?ii‘ﬂ%ﬂ Afo]o] A&
Aegio] THsTAE ABHom shlstgrt
PR S ARESH o, YAk== SC229-TD
UAE ARSIt SRl aiA|egto] 7HE3HA|
o S 53 4299 2 A 249 A
Q¥(differential pressure)o] LA A H=A]&

o}g}oq oF 2= 9t}

0
C'Ir
)
i
do
o
2
K
r
> K
i
BN

L fﬂ
off K & o

7]T 4.65 m/s) ARHRS7] S 0.024 mys,
B2a2) AH O 005 m/s, SFEFIA] ARELO 4
0.03 m/s 27104 F7IRES719F A=RES7] Aol
TA7F AL o7 £55ls B9 0.5 MWth & 7

nA=3 AaAAES] 7+ oxlof|A] =AE A&7

AIAOIA R A AR

BEg Y

olo
Jm
0%

o [

SH(pressure drop) 2] HeHE WE IR T1glof] W
W vk} Zro] & 16A17F S0t 7F 9Jx]o ] =AE o
eadst ol YA frAl=lof A& el A
o] Jﬁ‘c‘ﬂﬂl doluh= A& Q?J

E‘r% = 0.5 MWth

71ofA mi—@l A S SPssct
=

A% A T (L A299] S

st A AHYA] T W58 polsich 2

120 T T T T T T T
100 t Riser (Air reactor)

e DP1001A —
o DP1001B

DP1001C
4 DP1001D

e DP1004B —
DP1004C

Pressure drop [mmH,Q]

DP1006A
DP1006B

T
DP1002
DP1009

Time [hr]

Fig. 4. Trends of pressure drop in the 0.5 MWth chemical looping combustion system during continuous solid circulation at high tem-

perature and high pressure condition

> ptm AU =2

H30H X235 20194 48



AEAe] B S Jsto] kg
astol T30°C olshr} Hle 7
wAE O, 7147t g

Az A Alst
AR 3 -2

2o 2wrt F74et

o
rlo
1
N

o Pt W

20
il
X,
wh S
il g
o ne 4 rir

rl
ol
-
o

N

o ofo Ok of
O 32

o £ o
<l
=
T
B>

O

i e o

o I oo > N

it
2

=

olo
)

S

(o]

rﬁ_ﬁl

oz (AardATE2)e] A
A7hre] GRS FIAIE 4
o 7

rlot

2
T3
ool pr 2
Eg TR oo 32
o
o £ 8
B 3

o
Ij\l
o
>
N
rir
ol
rE
o
il
P

3
2.
5

[o
Jo
N
of
2
o
=3
<3
Jo
o
flo
rlot
e
¢

N
Y
o0
>
B
B~

pra

QEB LT (U, 7-8H0]
91 2-3 Uneol] H]3}0] 22
Fo] &L 71535t Ao A

B owx rlo o fu

o ot o

—

fr rlo

N
o
ju

N
)

, A7
2 7149 A
Aot} skl
Fig. 5oll= tj#A o= & YT T HA7129
6] 140 Nl/min (712 HE=F 7]+ 0.
-, 20] HE o] HE AXHE
Aot HAZFA0 75, (b) AwHHE7] W
2%, () CO, CHs, CO9 AtHEE(CO, CH,,
CO, AA| 5% 5 2t 479 &%), (d) d=dsls
(fuel conversion) 2 CO, ABE=(CO, selectivity)2]
HSHE WERIRIE Fig. S(a)ol] WeRd viet o], s
o HA7EA FES AASHA A= S, Fig. S(b)
o Lbehid e o), F9 4hgel AaAEA)
9] whgo] AayTo] wet ArHEY] Yr-eEst
Aashs %S UeRiIch B Fig. Se)] vt
uho} o] AA7kAT 2918 F COn AT
A3 Z7ke ¥ QR G dEigon, CH
A9 7rat 5 AAT 2 el
3 €0 APswel A9 vl 2o e vehyal
dwZeEI Co, AEm
¥ & Uehglt B 2 &
A EAE A=RHEEY CO, A9 ro] vlae

=
He A7 lag 2alT S ol 5] AR
=y

5
N

;

>
jacd)

R
o %

gl
=

Fig. 6°f= Al&| 8°HS, AA7I 77 Wt
uhel 743 (a) A2 9 (b) CO, Ade:=o] W

Vol. 30, No. 2, April 2019

foi

=}
of>
ofo

OJEQ1 - A - B - Zoflt - 2R - UHOl 175
L]

St Urehi et 2Rloll vrehd uket o], AJAH]
870 0.058-0.167 MWth (HA7tA 83F 80-230
NI/min)& HI}AIH O™, SHH ARASES e
Lo A] =2 7H99.78-99.94%) LFEFH AL CO,
MEE T3l =0 7H98.10-99.16%)2 e gict
E5E T19of UpeRd vie} o], dukAQl Alu|E Ty
AaA|AH Y] AREhg7] 4-2%(850-900C)e] H
ato] W 219l 758 CollA = Ag W] g5 ¥
9 WollA 2 A=xghegy} COo, A8® e et

Natural gas _|
0 | | | | | | | |
0 2 4 6 8 10 12 14 16 18

1000 R B e e — T
— 900 |- (b)

TE1010A

B TE1010B |
10 1 1 1 1 Bl

0 2 4 6 8 10 12 14 16 18

o

L o (c):

~
o
T
|

=g
D @® OO
o =)=

a
o
T
[ J

CO
40 - CH,
20 COo, -

Relative concentration [%]

0 2 4 6 8 10 12 14 16 18
100

1
gL » @
¥

09 70 —
© o ® Fuel conversion
8 o 60 v CO, selectivity
w o

| | | | | | | |
0 2 4 6 8 10 12 14 16 18
Time [min]

(6}
o

Fig. 5. Typical trends of (a) flow rates, (b) temperature, (c) rel-
ative concentration, (d) fuel conversion and CO, selectivity
during reduction reaction

Transactions of the Korean Hydrogen and New Energy Society <<



176 0.5 MWth & ADIZZE ¢

Fuel conversion [%]
©
o
T

80 1 1 1 1 1 1
0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

100 T T T T
wl b)) O—o —O—0—0

96
94
92 -
90
88 -
86
84 -
82 -

80 1 1 1 1 1 1
0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

Capacity [MW]

CO, selectivity [%]

Fuel reactor temperature (average) : 758 °C ]
@ p g ,

Fig. 6. Effect of capacity on fuel conversion and CO. se-
lectivity

10—@0—0—0—0—0—9

oL@ l

Fuel conversion [%]
©
o
T
|

CO, selectivity [%]

@ Fuel reactor temperature (average) : 764 °C :

80 I I I I I I
0 1 2 3 4 5 6 7

Number of cycles [-]

Fig. 7. Effect of the number of cycles on fuel conversion and
CO; selectivity

>>

ror

A UNOILIRI3HE] =2

140 Nl/min (+& 4
= 71% 0.1 MWth 27
oA B4 RG] T2 ARASHET CO,
el WSS ekt 180 Lk ok 2o)

i
s
~
=)
In

e
N
[>

% 98.33-99.16%= L}
Epf ik ShE, WRE S5t Skl wet ele st
87} €O, AEE7} thh sk A3 Yehig
o, ol 39l v

1hg0) AR RS FUSHA A5
7] 9130 4Bk Whgo] FR(F, BE ALHEUR}
ArBtEo] YR F7] 5] HhinTt gk B9)
Elxl ol—o]—o 0”

E:Fé}i 5 cycle?] 3H] HRS-S
<

@01] ufef AL e Aol TR Al o] g
SR 2704 AHI] o]k AxE o 63]
7H9) BLAB MBS Fo GRS W CO,
HEEE £ e SAson 1 Wk 2

eREA ekoteh

4. 2 &

(e}
w
=2
Al
=
i
el
o,
Q r2
B>
>,
[>
jui)
1o
N oo
ox
2

N
=
ox
tlo

fijo J\g

[40

ol
ol
N
K

fo
=
2

N

i

S~

&

ol

o,

s

ridt

(o

I

olo ﬁ

ot

rO

- OE,
ox
24
i1}
st
B>

rH oo 2 X o

ol hinss _lb' F_>d4
k=l
‘_)‘J__!
>
[4 {4

w2
)

o

ox

tlo

e

ul

rhu r
[o o
fo

1L

OowE plt R oo
=
QL
2
o
rh
‘e
Y
=
>
e
9
N

[o

.
o

il

—_
~

Moz S
_1{311 EIEO
oL J
LA
o
g o
N 2
o

oh
>
>,
L
o offf
rO
5
1
N
=2

£

o,
3 2

2)

e ¥

BHRS7OIA 2] ehe-Aet des o
1901 0.058-0.167 MWth Hjo] AJ2

Rk 3 69 7kx] 9] Shel-alks WA
2HASEI CO, AEE HE 22
AR eIzl Uk Ao| 2HEL AL

il

O

4 = rR Oﬁ
w0 2

2

_v;

H30H X235 20194 48



4
folr
oz
B
ox

for

71

2 A= 20159 e AR Ao s
ghato| 1 2] 7] H 7FA(KETEP) 0] 2|98 Hho} 4:3)
St 915 3kA| 0] tH20152010201840).

References

1. H.J.Ryu, S. S. Park, J. H. Moon, W. K. Choi, and Y. W. Rhee,
“Effects of Temperature, Pressure, and Gas Residence Time
on Methane Combustion Characteristics of Oxygen
Carrier Particle in a Pressurized Fluidized Bed Reactor”,
Trans. of the Korean Hydrogen and New Energy Society,
Vol. 23,No. 2, 2012, pp. 173-183, doi: https://doi.org/10.7316/
KHNES.2012.23.2.173.

2. H.J.Ryu, S.S. Park, D. H. Lee, W. K. Choi, and Y. W. Rhee,
“Method for Improvement of Reduction Reactivity at High
Temperature in a Chemical-looping Combustor”, Korean
Chem. Eng. Res., Vol. 50, No. 5, 2012, pp. 843-849, doi:
https://doi.org/10.9713/kcer.2012.50.5.843.

3. Y. Liu, Q. Guo, Y. Cheng, and H. J. Ryu, “Reaction
Mechanism of Coal Chemical Looping Process for syngas
Production with CaSO4 Oxygen Carrier in the CO»
Atmosphere”, Industrial and Engineering Chemistry
Research, Vol. 51, No. 31, 2012, pp. 10364-10373, doi:
https://doi.org/10.1021/ie3009499.

4. H.J. Ryu, C. W. Lee, D. H. Lee, D. H. Bae, S. Y. Lee, and Y.
S. Park, “Direct Combustion Characteristics of Coal by
Oxygen Carrier”, Trans. of the Korean Hydrogen and New
Energy Society, Vol. 25, No. 1, 2014, pp. 87-96, doi:
https://doi.org/10.7316/KHNES.2014.25.1.087.

5. Y. Liu, W. Jia, Q. Guo, and H. J. Ryu, “Effect of Gasifying
Medium on the Coal Chemical Looping Gasification with
CaSOj as Oxygen Carrier”, Chinese Journal of Chemical
Engineering, Vol. 22, No. 11-12, 2014, pp. 1208-1214, doi:
https://doi.org/10.1016/j.cjche.2014.09.011.

6. Q.Guo, X. Hu, Y. Liu, W. Jia, M. Yang, W. Man, H. Tian, and
H.J. Ryu, “Coal Chemical Looping Gasification of Ca based
Oxygen Carriers Decorated by CaO”, Powder Technology,
Vol. 275, 2015, pp. 60-68, doi: https://doi.org/10.1016/j.powtec.
2015.01.061.

Vol. 30, No. 2, April 2019

ol
o
o

~

10.

12.

ofo
i=}
H‘|
re
oc
ol
1z

. J. Adanez, A. Abad, F. Garcia-Labiano, P. Gayan, and L. E. de

Diego, “Progress in Chemical Looping Combustion and
Reforming Technology”, Progress in Energy and Combustion
Science, Vol. 38, No. 2, 2012, pp. 215-282, doi: https://doi.
org/10.1016/j.pecs.2011.09.001.

. H.Kim, D. Lee, D. H. Bae, D. Shun, J. I. Baek, and H. J. Ryu,

“Comparison of Reduction Reactivity of New Oxygen
Carriers for Chemical Looping Combustion System in a
Bubbling Fluidized Bed”, Trans. of the Korean Hydrogen
and New Energy Society, Vol. 28, No. 5, 2017, pp. 554-560,
doi: https://doi.org/10.7316/KHNES.2017.28.5.554.

. H.J.Ryu, J. Kim, B. W. Hwang, H. Nam, D. Lee, S. H. Jo, and

J. 1. Baek, “Hydrodynamics and Solid Circulation
Characteristics of Oxygen Carrier for 0.5 MWth Chemical
Looping Combustion System”, Trans. of the Korean
Hydrogen and New Energy Society, Vol. 29, No. 6, 2018, pp.
635-641, doi: https://doi.org/10.7316/KHNES.2018.29.6.635.
H.J. Ryu, D. Lee, H. Nam, S. H. Jo, S. Y. Lee, and J. I. Baek,
“Effect of Operating Variables on Solid Holdhup in an Air
Reactor of 0.5 MWth Chemical Looping Combustion System”,
Journal of Energy & Climate Change, Vol. 13, No. 2, 2018,
pp. 145-153. Retrieved from http://www.riss.kr/search/det
ail/DetailView.do?p_mat_type=1a0202e37d52¢72d&cont
rol_no=3ab19a26fac08b086aae8a972f9116fb.

. J.H.Kim, J. Y. Yoon, D. Lee, J. I. Baek, and H. J. Ryu,

“Performance Evaluation of New Oxygen Carriers for
Chemical Looping Combustion”, Journal of Energy and
Climate Change, Vol. 12, No. 2,2017. pp. 107-115. Retrieved
from http://www.riss.kr/search/detail/Detail View.do?p_m
at_type=1a0202e37d52c72d&control_no=046bb15c66¢1
c717e9810257£7042666.

H.Kim, J. H.Kim, J. Y. Toon, D. Lee, J. 1. Baek, and H. J. Ryu,
“Selection of the Best Oxygen Carrier for Chemical
Looping Combustion in a Bubbling Fluidized Bed Reactor”,
Clean Technology, Vol. 24, No. 1, 2018. pp. 63-69, doi:
https://doi.org/10.7464/ksct.2018.24.1.063.

. H.J. Ryu, K. S. Kim, S. Y. Lee, Y. S. Park, and M. H. Park,

“Reduction Characteristics of Mass Produced Particle for
Chemical Looping Combustor with Different Fuels”,
Trans. of the Korean Society of Hydrogen Energy, Vol. 19,
No. 4,2008, pp. 348-358. Retrieved from http://210.101.116.61/
10501110/index.asp.

Transactions of the Korean Hydrogen and New Energy Society <<


https://doi.org/10.7316/KHNES.2012.23.2.173
https://doi.org/10.1016/j.powtec.2015.01.061
https://doi.org/10.1016/j.pecs.2011.09.001
http://www.riss.kr/search/detail/DetailView.do?p_mat_type=1a0202e37d52c72d&control_no=3ab19a26fac08b086aae8a972f9116fb
http://www.riss.kr/search/detail/DetailView.do?p_mat_type=1a0202e37d52c72d&control_no=046bb15c66c1c717e9810257f7042666
http://210.101.116.61/10501110/index.asp

