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ABSTRACT

To check feasibility of SMART(Steam Methane - Advanced Reforming Technology) system,
conceptual design and sensitivity analysis of operating variables have been performed based on the design
program of two-interconnected fluidized beds. Among three configurations of two-interconnected fluidized
beds systems, the bubbling-bubbling system was selected as the best configuration. Process design results
indicate that the SMART system is compact and feasible. Based on the selected operating conditions, the
effects of variables such as process capacity, pressure, and weight percent of CO, absorbable component
have been investigated as well.
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Table 1 Properties of Danyang limestone

1.03

MgO(%)

CaO(%) 52.94
Nazo(%) 0.01
Si0x(%) 1.55
ALO3(%) 0.9
Fe;05(%) 0.29
K20(%) 0.32
TiOx(%) 0.05
P205(%0) 0.01
MnO(%) 0.03
Cr05(%) 0.001
Ba(ppm) 0.17
Ni(ppm) 12
Sr(ppm) 185
Zr(ppm) 7
Y(ppm) 5
Nb(ppm) 5
Sc(ppm) 1
Bulk density 1317
Weight loss by calcination [-] 0.4267
Particle size 106~212 um
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Table 2 Composition of LNG

CH, 88.4857
C;H; 6.8617
CsHg 2.9631
l-C4H1o 0.6991
n-C4H10 0.7222
i-CsHpz 0.0337
n-C5H12 0.0089
Nz 0.2256
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SMART AAESl SEE) & g2 HdF

Table 3 Input data and parameters for 1 Nm’/hr SMART Table 4 Calculated values by design program
system design

- = Captured CO, (reformer) Fcoz Nm*hr 0260
Capacity
. 3
Hydrogen generation rate Fip Nmhr 1.0 Hydrogen generation rate (reformer) Fip  Nm'/hr 1.000
Fuel (LNG) properties Volume fraction of Hy (reformer) Xipo - 99.95
LNG flow rate Fing Nmhr 0222 Volume fraction of CO, (regenerator) Xcozdry - 100
Operating conditions Column diameter (reformer) Drer m 0.13
Reaction temperature (reformer) Teer T 600 Column diameter (regenerator) Dreg m 0.13
Reaction temperature (regenerator) Trg T 800 Bed mass (reformer) Miref kg 10.39
Operating pressure P atm 1 Bed mass (regenerator) Myeg kg 10.29
Steam to carbon ratio Ryt - 2.340 Bed pressure drop (reformer) AP mmHO 790
Gas input velocity to reformer Ut m/s  0.05 Bed pressure drop (regenerator) AP mmH,O 790
Gas input velocity to regenerator — Up, mis 005 Required reaction rate (reformer) et  %/min  0.57
Solid height in a reformer Her m 0.6 Required reaction rate (regenerator) Ieg  Yo/min  0.55
. . . 2
Solid height in a regencrator Hieg m 06 Solid circulation rate (ref.—reg.) Gsrer  kg/m's  0.752
. . . 2
Solid conversion difference AX ol Solid circulation rate (reg.—ref)) Goreg  kg/m's  0.748
between two reactors ' Volume ratio(reformer, output/input) Vi - 135
Effici
lcnency. Volume ratio(regenerator, output/input) Viyeg - 1.44
Conversion of hydrocarbon to Hy  Eer % 100
CO; capture efficiency Eco % 100
Regeneration efficiency Ereg % 100 2 0752 kg /mZS A AL 7| A A EES-7] =2
e popetes e 0MBkg/sE R dlg we adeasEe
arent density o absorbent  peor 'm . -
ppavent densily of €0 sbeorbent P 1 FABE R4 20 H5d Ao oS5
Catalyst/absorbent weight ratio Wiatio - 2 2 I:]—
NAR-E7] 9 AAARES 7oA gEGe] wWE 7]
AATALE NERET], ALY BF AZ Ry wss Avud AAwge) A A (6)
013 m2 vl HAEI A2R9 740 7Fe o Yehd upel o] 389 J)A7} FUs|o] 48
8 Aoz Jehdrh Ao AL o] 71417} AR EH LNG £9 No= 8hgabx] &

2% AAFE A7 1039 kg, 1029 kg @2 o] 3 agjz wEEEE 3% J)AEY S o
% /301 Agyoels ARl NiAl Sui7h A gmglon AAwss|e] A AAured] o)
Ak 7] YR mAd 93 = gHERs= BAEE CO0 2SS 93 ddoz TIEHE
790 mmiO2 741*“:4‘314 T% AN ~ge) o8 4% 1A% 5H°ﬂﬂ“§42}5}.
SMART Al 2gle] 983 48 98] 283 v 3 o] 3 7| A2 §}E T2 ugv)9 §
$E5EE MNAuS ZH*EH” 7—’(# 0.57 %/min, prg} pr,] W:g;;} _5_%

055 %/mine 2 AMH HLY e PeEE o 2
NAE A o] 7F5T Aoz Yy, o §:]_ PARY _T,_E%O}o% = {%71 PRSP
5‘.:.?:5_]_' J—_’_i‘“{f%é‘ = 7H;§ \_}_'% ]0“ 1 ZHA§‘3'1’%7] ‘ﬂ‘%ﬂé,\— 91 25HH X“EJ_ 00 rn/si Z]ii}—a}

Trans. of the Korean Hydrogen and New Energy Socienf2007.3), Vol. 18, No. 1 7



=
TT

M2 A% F53 £5IG WS T 93
AE 7 w719 RAAS HEAA v 2

4. 0] A A

Fig. 6 l ke Wt whet g
Zzade o AME LNG, 28, 43X &
FHE COY &%, MATE7I9 A7)
27 2 Zh kgl " d uAFRE vy
Yell 2 itk Fig. 6 (@) Ve vk} Zo] 4=
A F7LEel uhet AR FUEE
AE7]AQ LNGS 28 9 /jZuhg7)o A A3
Ao F4EE CO ol F7tshe dukdel 4
b ettt 8 v 7A] BF FelA b B
AR e AL 3149 AAukeS 93

-

A
= T4

00(
o M

O
o
N

ne
= ol
o
2
X
onl

i

rir
£ to o {»
a
o
38
o
u:2
of
ol
lo
=

2
o R
=
oo
N,
2

2L
o

flo 2 N rlo
1o ox o

)
L
Wk i
4

iy b o
i

=

g g 3fr}.
23} a1(
3= CO.

Yol I

U b
o
)
T

J o

et

FRANF Sl e AR e
Fig. 6 (b)el JeEAAT:. ZWe] SMR F3 2 o
3P 20 NmY/hrd SMR Al2€ 7427]Ve] =
7d°] 0672 mgl ®hd SMART Al&a®le] A%

—

7

-
1

¢

=

. b
4o B

)
il

—_

o

fob

=

0z

T T T
(@

| —@— LNG to reformer
—O— Steam to reformer
—w— Steam to regenerator
|- —a— Captured CO, in reformer

Flow rate [Nm°/hr]

E
3
?
£
[
S
£
% 04 —O6— Reformer
© o2t —%— Regenerator -|
0.0 | 1 1 1 i |
0 20 40 60 80 100
1200 — T T T T T
1000 - (c) i
= 800 J
=
@ 600 e
©
E 400 -
-
g 200 -
—o— Reformer
(= —%— Regenerator _|

1 I I | | !
20 40 60 80 100

Hydrogen generation rate [Nm*hr]

Fig. 6 Effect of hydrogen generation rate on (a) flow rate, (b)
column diameter, (¢) bed mass

0579 mZ A 2718 JEhdigle™, SMART
Al 2"e] 739 AAEEE-7]9] A7 o] 0576 mY Kt
W SMR Al2="e] sfgutl-r] Fobe] Ha3d 1
2/AE A4S, CO, £el4dul= SMART Al

2ge}] AAREE7]o] Bla) 4] Hibstn FHR

¥ &3 F Ao dddn An¥ez SMART
A2Ele] ZAETE SMR AlA"d B3 AHE

A AR o448 & Atk

FRANG Z7b mhE ARSI AR

£7)9) TAZ Wik Fig 6 (©o) Jehngich
a9 tehd st 2ol Fagul F7Hge
weh 2 w4 Bag mAFe] F7Hhe o

[=1]

=

Al

(i)

HLAXES =28 H183 H1& 2007¢ 33

EPS



SMART AlAES

0.20 T T T T T T

(@ —o— Reformer
—%— Regenerator -

o

o

o
T

Keactor diameter {m]
o
a
(o]
T
i

0.05 - -
000 L [ 1 t i [
1 2 3 4 5 6
14 T T T T T T
L (b i
12 - () —&— Reformer
S 10 —7— Regenerator -
-
g 8f -
©
E g 4
3
m 4+ -
2+ |
0 L t L L 1 |
1 2 3 4 5 6
5 T T T T T T 5

£
T

w

N

-

Solid circulation rate [kg/m’s]
Required reaction rate [%/min]

(=]
o

1 2 3 4 5 6
Operating pressure [atm]

Fig. 7 Effect of pressure on (a) reactor diameter, (b) bed mass,
(c) solid circulation rate and required reaction rate

s AL EO R

A9 A Pﬂ f= YERAIG. 3
58S A9ET SMART Al&d &
A9 CO, Eel/AAE e CaOA
o AedE A ﬂ-_ﬁﬂ st Ay
Q?. X CO, FFAS Bagol B
711 A% AA Al2"e] BAA "M COp
Hik Aol drjzte A7k Mg
Ho 2 HFsta] AMgate Ao #dd T 3
Z A7k 43 L o] 8T AYA,

<]
A FrAE AHEE AAA A A BAA

mloit rr e t:o

fo i
BN
)

2

olf

T 3

-
T4

U oJoo 24 dor R Rl oy R4 beogob

Trans. of the Korean Hydrogen and New Energy Societ{2007.3), Vol.

0H
0

i ¥ YA HdF

T 4 T T T T T
E (a)
§ 3 —O— Myt
@ B T 7
| TV e
c
S oL -
°
@
g
3t 1
5
o
o
x® g 1 I I I L
20 40 60 80 100
- 5 T T T T T
E | ®
D4 —o— G, |
‘;‘ - Gsreg
® 3l .
c
2
82 ]
=
2
CIENE i
T
S
[} 0 1 1 L 1 ]
20 40 60 80 100

Weight percent of CO, absorbable component [%]

Fig. 8 Effect of weight percent of CO, absorbable component on
(a) required reaction rate, (b) solid circulation rate

v @7} YA ok,

Fig. 791 171356 6719074X) k& wislel] u}
& SMART A2d®le] FAGFE 9 P27 W
82 el gt geo] 2okl wet 7)He) 2
F|zk2e) o8 AAuEr|s AAuEgre] =277}
Zastgon oo wet g mA ko] Has
Atk AT FHFHe] FAEL THFo] Fa
gl Wt TARAE A8 22 00, FF/AA
e&Erl Zrletdon B oukg ] Alele] mA|
&7t Z7bHAT 671947HA1 o) A A, <t
9 £A4L 95 Bag A COp F5/A
A dhgE T = obA Fig. 59 s e 21
9%/min Bt} Zgk7] wlEo] 7ikel A As 4L A

ga7)dE EA7L glen heEZEsle) nE ws
A FAE ANE F glod ngRANA AL
FA&T} U B Aol A3 M S v}

2o A& &4o] Frtstng EA7F 9 & ok
SMART Al2®le] aiAle 7| aukg7|e A A4
He COE FF3te] AANSIA wizets
18, No. 1 9



I

CO; 4419 A5olth. SMART Al&eld o
gRE2e] Ao CO; FFARE A3 =
Zulo]Eg} 2o X}°474]°ﬂ *XH st Avte &
ALEEE o ol = F/AR A%
A A2 FTA9 7H‘“°l 2“%51 °“‘+12)
A 2L FFAY A COE 5 e
BESA R o] 9ol & A A A (supporter) S AHE-3H=
A7t °‘°“4 ole} e g0 AAA ALLe
8 CO; F5/AA wH-3& =9 Mol 7hed 4
5 312‘% COE 5 5 e duo] #a
g o] gk

Fig. 8= SMART F7Ad| AI&H A

a

ruL‘
F oo o e 2

P

d

ofy

CO.E 558 + Y ARy g3l e =
QJzAe) WEE etk 2ol tehd uis
ol 00, F47ks 42l gl S7hgl wet

AR FFo]
FA7} 558 % 9
Qg

Hhg-7] o] &

2 weh) gsldue §
COs8l Aol F7helnz,

Al FEA 25 2

SA%, 34L& 42 A BAF FH/AA
WL} gasAgon F 3] Aole] A
EHEE/ B2ART Beb 0O FFAE )
wahe Aol AZNA AAAe Fagol
2o ARE Az Aol FAHH W4T
AAA FFE FEHo2 el CO, F4A
o AH2YE Aol dh

COyH, 987t 7bsd Ahd F248407]
49l SMART A &9 /b5 Brol A4eA
27 AARE A8 AgEA T2 adF 349

FF/AY MEEE VNOR 29 £
ATAE ARA AARE IATEE 0

2 7} ¥ Hgld g IATE 9 =4
o] W3l Yt & AFelA Aozl 4
gokstd oh3 2

¢

F

O

iy PN ot o
o XL {o oj

1) SMART A|2®le] ZAHALAS E3 A
o] FAL CO, E5A9 A3)Ae E4nl

oo off

B ox

10

fol
0

o

T 2 QAR EE e A e A TES
T FAE Y8 VIR ES-71ERES HEHE
AAsHE Aol AEd Aoz vehyh

F2484 1 Nm'/hr & SMART Al2®9) &
AAAE T AL AL 78S HESE
At A A o3 d&d FW IAF, 1
Acdd, s 27], CO, 9/ e
T Fo] AXAL 2 AAzde A3t HY
o] & Yehglen 7€ 2 942 153
A vla] Bo} 4 2ol 75T A=

Jepge,

Al 2"& SMR 34 B8 FAH¢] @l
TAET £ S Ao oEHAU
ZAZAE T 499 F7He A 2" #EE
HUESA & 4 oy Hod &
TAEREEL Stk Bop AEd FESL
g8}
2z WA 1shd, COo; FF49EH
AAA AFE o N2 FFAE N
gt Afole AAAY §3FE vA se A
o] 3AHEA B} {23 Ao dEHIe
o, vhS4&w ol Z%’j&zig_ g7 nejste] A
A XA FEFE AA ok st
=] J
A7 337ledTE 7l2AY 48
2 FPA5UY. 74 A Dol ZA=E Py

1) H J Ryu and G. T. Jin, "Performance

Estimation and  Process  Selection for

Chemical-Looping Hydrogen Generation
System", Trans. of the Korean Hydrogen and
New Energy Society, Vol. 16, No. 3, 2005, pp.

209-218.

L AOIHXIES =28 M18A HM1& 20074 33



SMART AlAHEIS Z&

2) K. Johnsen, H. J. Ryu, J. R. Grace and C. J.
Lim, "Sorption-enhanced Steam Reforming of
Methane in a Fluidized Bed Reactor with
Dolomite as CO;-acceptor”, Chem. Eng. Sci.,
Vol. 61, 2006, pp. 1195-1202.

3) IEA report, "Prospects for Hydrogen and Fuel
Cells", IEA Books, 2005, pp. 49-55.

4) G. H Xiu, P. Li and A. E. Rodrigues,

with
Reactive Regeneration", Chem. Eng. Sci., Vol
57, 2002, pp. 3893-3908.

5) H. J. Ryu and G. T. Jin, "Conceptual Design of
50 kW thermal Chemical-Looping Combustor
and Analysis of Variables", Energy Engg. J.,
Vol. 12, No. 4, 2003, pp. 289-301.

6) H. J. Ryw, N. Y. Lim, D. H. Bae and G. T.
Jin,

"Sorption-enhanced Reaction Process

"Minimum Fluidization Velocity and
Transition Velocity to Fast Fluidization of
Oxygen Carrier Particle for Chemical-Looping
Combustor", HWAHAK KONGHAK, Vol. 41,
No. 5, 2003, pp. 624-631.

7) P. Sun, C. J. Lim, J. R. Grace and E. J.
Anthony, "On Sorbent Performance for Cyclic
Absorption of CO,", in proceedings of
GHGT-7, available on CD-ROM, 2006.

8 C. K. Yi, S. H. Jo, H. S. Kwon, K. B. Kim, H.
K. Chae, G. T. Jin, and J. E. Son,

Trans. of the Korean Hydrogen and New Energy Societ(2007.3), Vol. 18, No. 1

A
=

Al

ZAXA HH

(4

He

"Continuous Operation of Zinc-Titanate Sorbent
for 100 Hours in a Fluidized Hot Gas
Desulfurization Process for IGCC", HWAHAK
KONGHAK, Vol. 40, No. 2, 2002, pp.
246-251.

9 S. H. Jo, B. H. Lee, J. B. Lee, C. K. Ryuy, G.
T. Jin and C. K. Yi, "Multi-cyclic Test of a
Air-Regenerated Sorbent in a Pressurized
Fluidized Reactor for Hot Gas Desulfurization",
HWAHAK KONGHAK, Vol. 40, No. 2, 2002,
pp. 231-236.

10) o]%<, 4%, F34, ols&, 2 ZH
2 SorbentE ©]&3g w7t~ CO, 3T
71717, A 18 ojdgtgAa Az %
*]2]7)% Workshop, 2003, pp. 381-389.

11) D. J. Seo, Y. Seo, H. S. Roh and W. L.

“Natural ~ Gas
Technology for Small-Scale Production of
Hydrogen",  Prospectives  of  Industrial
Chemistry, Vol. 9, No. 4, 2006, pp. 23-27.

12) E. O. Fernandez, H. K. Rusten, H. A.
Jakobsen, M. Ronning, A. Holmen and D.
Chen, Enhanced
Production by Steam Methane Reforming Using
Li,ZrO5 Sorption Kinetics and
Reactor Simulation”, Catalyst Today, Vol. 106,
2005, pp. 41-46.

“7L_]_

74

Yoon, Steam  Reforming

"Sorption Hydrogen

as Sorbent:

11



