
 Energy Procedia   63  ( 2014 )  2249 – 2254 

Available online at www.sciencedirect.com

ScienceDirect

1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
doi: 10.1016/j.egypro.2014.11.243 

C

T

Abst

In th
If som
adsor
waste
order
of CO
© 20
Selec

1. In

C
is ex
and
requ
meth
10%
sign

W
spac
conc
Con
captu
Capt

H
num
facil
poss

* C
E

O2 captu

Takeshi Oku

tract

he process of ca
me or all of the
rption process, 
e heat can be c
r to verify the p
O2 from coal co
013 The Author
ction and peer-r

ntroduction

Carbon capture
xpected for tha
membrane-se

uired energy i
hod, for exam

% to 20% drop
ificant reducti

We have been
ces [1]. Using 
centration of 
sequently, we
ured by using
ture system) u

However, when
mbers of tower
lities can be m
sible its applic

Corresponding aut
E-mail address:ok

ure test f

umuraa,*, T

Kaw
K

apturing CO2 fr
e CO2 capture e

because the C
created. In this 
performance of
ombustion exha
rs. Published by
review under re

e and storage
at. Various m

eparation meth
involved in r

mple, because 
p can be assum
ion in energy 
involved in t
this technolo
CO2 (e.g., co

e verified that
g steam at 60
utilized the wa
n considering
rs and compo
made more c

cation to a larg

thor. Tel.: +81-78
kumura_takeshi@

for a mo

Tomoyuki 

wasaki Heavy Ind
Kawasaki Heavy I

om flue gas (co
energy can be c

CO2 is captured
paper, we con

f the adsorbent.
aust gas.
y Elsevier Ltd.
esponsibility of

(CCS) is a cor
methods have b
hod, and of th
egeneration i
steam of ove
med at the po
loss is possibl

the developme
gy as a basis,

oal combustio
t an adsorben

0 °C. The resu
aste heat was e
g its applicati
onents. For th
compact by ad
ge-scale CO2 s

8-921-1679; fax: 
@khi.co.jp

oving-bed

Oginoa, Sh
Tats

dustries, Ltd. 1-1,
Industries, Ltd. 1

ombustion exha
compensated wi
d using low-tem
nduct bench test

The results dem

f GHGT. 

re technology
been develope
ese, the liquid
s one of the 

er 120 °C is re
ower-generatio
le, and the dro
ent of an adso
 we improved

on exhaust ga
t can remove
ults show that
established.
ion to large-s
at reason, we
djusting such 
source. 

+81-78-921-1696

GHGT

d system

hohei Nish
suhiro Higa
, Kawasaki-cho, A

1-14-5, Kaigan, M

aust gas), the lo
ith the waste he

mperature steam
ts aimed at dev
monstrated that

y used as a cou
ed to capture C
d-absorption m
major proble

equired durin
on end. If the
op in power pr
orbent to captu
d the adsorben
as: 13%) and 
e the CO2 from
t an energy-s

scale plants, 
e determined t
h parameters a

6.

T-12

m utilizin

hibea, Yosh
ashib

Akashi City, Hyog
Minato-ku, Tokyo,

owering of CO2
eat, a significan

m, an energy-sa
veloping a mov
t an moving-be

untermeasure 
CO2, such as l
method is in o
ems in CO2 c
ng regeneratio
e thermal ener
roduction can
ure low-conce
nt to use with 

conducted ex
m combustion
aving CO2 ca

a fixed-bed 
that the adopt
as the circula

ng low-te

iharu Nona

go, 673-8666, Jap
105-8315, Japan

2 capture energ
nt energy saving
aving process t
ving-bed system
ed system could

against global
liquid-absorpt
peration as a 

capture techno
n, when appli
rgy can be pr

n be avoided. 
entration CO2
combustion e

xperiments on
n exhaust gas 
apture system 

system has th
tion of a mov

ating volume 

emperat

akaa, Takat

apan
n

gy is considered
ng is possible. In
that makes it is
m suitable for l
d be established

l warming, an
tion method, a
CCS demons
ology. In the
ied to a therm
roduced using

2 (1000 to 500
exhaust gas th
n a fixed-bed
and high-con
(KCC System

the disadvanta
ving-bed syste
of the adsorb

ture steam

toshi Shoji

d a significant i
n our proposed
s easy to utiliz
large-scale plan
d to capture 1.6

nd early realiza
adsorbent met
tration plants.
liquid-absorp

mal power pla
g the waste he

00 ppm) for li
hat contains a 
d bench scale
ncentration CO
m: Kawasaki 

ages of incre
em, for which
bent, would m

m

ia,

issue. 
d CO2
e the
nts in 
t/day 

ation
thod,
. The 
ption
ant, a 
eat, a 

iving 
high 

e [2]. 
O2 is 
CO2

eased 
h the 
make 

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82032884?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2014.11.243&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2014.11.243&domain=pdf


2250   Takeshi Okumura et al.  /  Energy Procedia   63  ( 2014 )  2249 – 2254 

2. T

2.1.

T
sele
syst
con
poin
can

T
100
the 

2.2.

T
and
help
in w
adso
that
in t
adso
the 
rem

The KCC syst

CO2 capture

The adsorbent 
ected because
tem is shown 

ntent is selecti
nt. In the deso
capture CO2

The greatest fe
0 °C or lower 
use of this low

KCC moving

The main equi
d adsorbent dry
p in moving it
which coal co
orbent, and th
t has adsorbed
the adsorbent
orbent with m
adsorbent is 

move the CO2 i

Fig. 1

tem

e utilizing low-

we developed
of its high af
in Fig.1. Dur

vely adsorbed
orption proces
at a high conc
eature of the K
is not used in
w-temperature

g-bed system

ipment in the 
yer. The adso
t forward, and

ombustion exh
he gas not con
d the CO2 is th
t is then deso

moisture conte
adjusted. The

in the exhaust

1. The KCC CO2

-temperature s

d is obtained b
ffinity for CO
ring the adsor
d. The adsorb
ss, when steam
centration ove
KCC system i

n power plant,
e waste heat, w

KCC moving
orbent circulat
d then the adso
haust gas is p
ntaining CO2 (
hen transferred
orbed, and hi

ent is transferr
e adsorbent d
t gas. 

capture system.  

steam

by impregnati
O2, and an opti

rption process
ent can no lon
m is blown th
er 95%.  
is that CO2 ca
cement plant

we can signifi

-bed system, a
es around the
orbent falls do
assed through
(CO2-free gas
d to the desorp
igh-concentra
red to the adso
discharged fro

                           

ing a porous m
imum pore siz
s, when the a
nger capture C

hrough the ads

an be captured
t, or other larg
icantly reduce

as shown in F
ese three equip
own due to gr
h the adsorpti
s) is discharge
ption reactor.

ation CO2 is
orbent dryer, w
om the adsorb

            

�������	�


��
��������

�����

�������

material with a
ze adopted fo

adsorbent laye
CO2 when the
sorbent layer, 

d using low te
ge industrial so
e the energy to

Fig.2, consists
pment using c
avity. The ads
on reactor, th
ed from the ou
Steam is intro
captured from
where it is ve
bent dryer the

Fig. 2. Overvie

�������	�
����

�������	�
���

�������
����

an amine com
r the porous m

er is aerated w
e amount of a
the CO2 is de

emperature ste
ources of CO2

o capture CO2.

 of the adsorp
onveying equ
sorbent first fl

he CO2 in the 
utlet of the ad
oduced to the 
m the outlet 
ntilated with d
en flows into 

ew of the KCC m

CO2

�����

�����

����

��
����

�� ���������

mpound. The a
material. The 
with a gas con
adsorbed CO2
esorbed from 

eam (e.g., 60 
2 generation. T
.

ption reactor,
uipment, such 
flows into the 

exhaust gas 
dsorption reac
desorption re
of the desorp
dry gas, and t
 the adsorptio

moving-bed system

�������
��������
�������

�

�

amine compou
KCC CO2 ca

ntaining CO2,
reaches satur
the adsorbent

°C). Waste he
Therefore, thr

desorption rea
as a conveyer
adsorption rea
is adsorbed b

ctor. The adso
eactor, and the
ption reactor.
the moisture in
on reactor on

m.

���������������	

�������	�


���������	�


und is 
apture 
 CO2

ration 
t. We 

eat at 
rough 

actor,
r that 
actor,

by the 
orbent 
e CO2
 The 
nside 

nce to 

	�




 Takeshi Okumura et al.  /  Energy Procedia   63  ( 2014 )  2249 – 2254 2251

2.3.

T
study

Th
temp
used

In
equi
mad
resu
is sh
ton o

W
ener
the v

3. C

3.1.

T
heig

Th
the 
adso

Th
gas.
10 °

Th
pres
Stea
outs
dow

CO2 capture f

o find the CO
y was conduc
he system use
perature of wh
d. We studied 
n the KCC mo
ipment. In thi
de by our com
lts for the req

hown as the va
of CO2 captur

When CO2 is c
rgy is required
value in practi

T

O2 capture te

Test equipme

To capture the 
ght). The KCC
he exhaust ga
equipment is 

orbent dryer, w
he adsorbing 
The exhaust 
C up to 60 °C
he regeneratio
sure of the st

am could be s
ide air and a c

wnward directio

from a gas en

O2 capture ener
cted for applyi
ed in the inves
hich is approx
applications t

oving-bed syst
s study, we e

mpany, which 
quired primary
alue converted
red, it become
captured usin
d for operating
ice is negligib

Table 1. Condition

est

ent

CO2 containe
C moving-bed 
as from a pulv

shown in Fi
with an adsorb
system consis
gas could be

C.
on system co
team, water-in
supplied with 
condenser and
on, and invers

ngine utilizing 

rgy needed fo
ing KCC syste
stigation is sh
ximately 100
the KCC syste
tem, electric e

estimated the 
generates 780

y energy. The 
d to primary e
s 1.3 GJ/t-CO

ng the liquid-a
g the equipme
ble.

ns for the study an

Productio
CO2 reco
Steam tem
Required

ed in exhaust g
bench-test pla

verized coal-co
g.5. The ben

bent circulatin
sted of a cond
supplied at a 

onsisted of a 
njection equip
a steam temp

d heater to adj
sely each gas 

Fig. 3.

hot wastewat

or the KCC m
em to a gas en
own in Fig. 3
°C. However

em to 60°C ste
energy is requ
electric powe

00 kW of elec
required elec

energy with a 
O2.
absorption me
nt. In the KCC

nd calculated resu

on of electrici
overed amount
mperature

d primary ener

gas by KCC m
ant is shown in
ombustion tes
ch-test plant

ng system and 
denser and a h
maximum flo

boiler to gen
pment, and a c
perature from 
just the tempe
flows.  

 KCC system util

ter

moving-bed sys
ngine. 
. Water is use

r, this quantity
eam generated
uired, for exam
er required to 
ctricity. Table
ctric power for

conversion e

ethod, heat en
C moving-bed

ults for the electr

ity
t

rgy 

moving-bed sy
in Fig.4. 
st facility was
was consisted
a gas system 

heater to adjus
ow rate of 100

nerate steam, 
capture pump
50 °C to 100

erature and hu

lizing hot wastew

stem that utili

ed for cooling
y of heat is us
d by the waste
mple, for the c

capture 3.2 t/
e 1 shows the 
r this system w
fficiency of 0

nergy is requi
d system, beca

ric power. 

7800 k
3.2 t/
60 °
1200 k

ystem, tests w

 supplied to th
d of an adsor
comprising th

st the temperat
00 Nm3/h, and

a pressure-red
p to capture th
0 °C, and the 
umidity of the

water from a gas e

zes low-temp

engine and th
sually discarde
e heat of coolin
conveyer to ci
/h of the CO2
conditions us

was approxim
.4. Converting

ired for use in
ause waste hea

kW
/h
C

kW

ere performed

he moving-be
rption reactor
hree systems, a
ture and humi

d the gas temp

ducing valve 
he CO2 exiting
drying system

e dry gas. The

engine.

perature waste

he water beco
ded as waste h
ing water as a 
irculate the ad
2 discharged f
sed in this stu

mately 1200 kW
g this energy 

n the regener
at is utilized a

d using a benc

ed bench-test p
r, a desorptio
as described b
idity of the co
perature could

to adjust the
g the desorpti
m consisted o
e adsorbent wa

 heat, a feasib

omes hot wate
heat without b

heat source.
dsorbent inside
from a gas en
udy and calcul
W. Electric po
to the amount

ration and ele
as the heat ene

ch-test plant (2

plant. The flow
n reactor, and
below.
ombustion exh
d be adjusted f

e temperature 
ion reactor ou
of a fan to tak
as transferred

bility

r the 
being

e the 
ngine 
lated
ower 
t per 

ectric
ergy, 

20 m 

w of 
d an 

haust 
from 

and
utlet.
ke in 
d in a 



2252   Takeshi Okumura et al.  /  Energy Procedia   63  ( 2014 )  2249 – 2254 

�������	�


��
�����


�
�
�

����	�
�
	�

Fig. 4

Fig.

����
��
�

��


�

��	�
� �




����
��
�

�

4.  Appearance of

5.  Flow of the K

� �

�
�

��

���
�
�



��	��
��

� �

�
�

f the KCC movin

KCC moving-bed


�	��

�
�����	�

�

����

������
�

�� 
�

�������	�

�

����

ng-bed bench-test

d bench-test equip

��

�

��

��

�

plants. 

pment.

�
����


����

!
�
��

!
� �

������
��

�	��
 

��	��
 

���

�



 Takeshi Okumura et al.  /  Energy Procedia   63  ( 2014 )  2249 – 2254 2253

3.2. Test conditions 

Test conditions are shown in Table 2. The flow rate of the adsorption gas was 250 Nm3/h for a CO2 concentration of 13%, and 
1.7 t/day of CO2 were contained within this gas. The steam temperature was selected to be 60 °C. The adsorbent completed a 
cycle within the equipment in a period of 52 min. The tests were performed about three cycles, and the flow rate and temperature
in the system had stabilized during this tests.  

                                              Table 2. Test conditions. 

Adsorption gas flow rate  250 Nm3/h 
CO2 concentration of adsorption gas 13 % 
Adsorbed gas temperature  35 °C 
Steam temperature  60 °C 
One cycle time 52 Minute 

4. Test results 

Fig.6 shows the CO2 concentration in the inlet and outlet gas in the adsorption reactor and the amount of adsorbed CO2. The 
horizontal axis is the test time, and the vertical axes show the CO2 concentration on the right-hand axis and the amount of 
adsorbed CO2 on the left-hand axis. The CO2 concentration in the gas is 13% at the inlet of the adsorption reactor and 1% or less 
at its outlet, from which we can see that over 90% of the CO2 gets adsorbed continuously. The amount of adsorbed CO2 in this 
case was 1.6 t/day. In a moving-bed system using an adsorbent, it is possible to adsorb at least 99% of the CO2 by setting 
appropriate values for the adsorbent layer and the circulating adsorbent volume relative to the CO2 concentration in the exhaust 
gas and the flow rate.  

Fig.7 shows the amount of CO2 captured and the CO2 concentration in the gas at the outlet of the desorption reactor. The 
amount of captured CO2 is 1.6 t/day. This result indicates that the total amount of CO2 adsorbed in the adsorption reactor is 
successfully captured in the desorption reactor. In addition, the concentration of the captured CO2 can be maintained at 95% or 
more. The remaining 5% included in the captured gas can be considered from the composition, mainly as air due to leaks in the 
adsorption reactor and adsorbent dryer. By devising a good connection between each of the towers, it should be possible to 
capture much higher concentration of CO2.

Fig. 6.  CO2 concentration in the gas at the inlet and outlet of the adsorption reactor and the amount of adsorbed CO2.
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Fig. 7.  Amount of captured CO2 and CO2 concentration.

5. Conclusion 

Our findings can be summarized as follows: 
• By blowing coal combustion exhaust gas through the moving adsorbent layer, it is possible to continuously adsorb CO2.
Moreover, the adsorbed amount in this test was 1.6 t/day. It indicates that over 90% of CO2 contained in the exhaust gas has been 
adsorbed.  
• By moving the adsorbent adsorbed the CO2 and by introducing steam into it at a temperature of 60 °C, the CO2 can be captured 
in high concentration. 
• In this test, the 1.6 t/day of all CO2 adsorbed in the adsorption reactor was captured at desorption reactor, and the CO2
concentration of the gas was 95% or more. 
• The required energy for a KCC system to capture CO2, using steam generated by the hot wastewater from a gas engine as the 
heat source, was the electric energy of 1.3GJ/t-CO2 in feasibility study. 
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