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:�-; ��-./. "�# <=3 > 12�8 ?�� �@AB ! CDEF -�� ��� 12GB 600-800oC�� 


	HI9 JK� L�-./. MN"'(O β+ &� PQ�, ���� RST3 6.5 Nm3/h(H2 UB: 74%, F7 �V):WX

Y :Z8 ��� �� 12�� PQ� 12GB ! GHSV[ >� 800oC, 1,950 h−1 :W/. \]� ��� ^_(̀ 3 �

� a_) ,�EFO CO UB9 bc� d-; 2e fg h�i jk 12�(1e : Pt, 2e : Ru)9 _<-.XY, 1eI 2

e 12� 5:� �l7 m(fin) &  no�9 *p-; 1e 12��� q^r[ ����8 GB9 sG(120oC)X� ,

Q S
"t u 2e PrOx 12�� ��vX�w MN ���� x8 ?jky�8 UB9 10 ppm :-� z^ � PW/.

�� �� {|(��} ��8 �~ T/]�� ! ��� ��} ����8 �d~ T�100%)3 � 52% �B�� �@

z3 �:Y :[ ]��  ��) d� �� �� : "�# ��� IB-� q^r[ �� �O-./.

Abstract − Prototype 5 kW-class fuel processor based on steam reforming of natural gas with heat and system integration has

been designed and fabricated for use in proton exchange membrane(PEM) fuel cell with residential applications. Endothermic

heat for steam reforming has been supplied by radiation type metal fiber burner. The performance of the integrated system has
been experimentally evaluated for the reformer temperature of 600-800oC at constant GHSV of each reactor and atmospheric

system pressure. The final product(β+ type) can produce the total gas flow of 6.5 Nm3/h(H2 conc.: 74%, dry basis) under

reformer temperature and space velocities of 800oC, 1,950 h−1, respectively and also remove CO concentration under 10 ppm

by two series fin type packed beds employing Pt[λ(2O2/CO)=2.1] and Ru[λ(2O2/CO)=3.5] catalysts with interstage cooling.

The overall fuel processing efficiency of about 52% calculated by the ratio of total H2 output after PrOx to total methane flow

into the reformer and the burner based upon higher heating values is somewhat lower. This was mainly attributed from the fact

that heat loss from the exhaust gas after supplying heat necessary for raising the reformer temperature by combustion of nat-

ural gas was excessively high.
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1. � �

���� ��� ��	 
��� 
� 
��� ��(carnot ��:

30-40%)� �� �� ����� ��� ��� �  ��!"�# $

%&'� (��(40-60%) ) *+, -./ 0�&123#4, 567

) 8/7	 9:�;, <�: �;(=< ) 9: <>: ?@) AB(

CD- EF G! HI4 JK�L �7� MNO� PQ3# &RS(

H3T, UV 5-10W �X! YZ�= �[I \ ]3# ^_S( H`.

��a\(b� Bcd) ��� `e� �f��(g�=1, h#i, =

jk, l�m, nop G)q �7�� ���� 1rs�! tu�L u

9q vw ) +x�� &12 ��#4, �	 (���q y�� 9:

�, z{�, &D	 |}~ ) �� D� �� �~ AB( vw�7�

��� ]� P��`[1].

g�=1� � �f��! ��� u9/o9-�= =� �� �< u

9 �� ;�#4, ��	 g�=1 ��h �L +x�� �� =<�

� �B �xSI H� ��� H`. ��4 �q u9 �� ;�# �

� ��� 9: Bcd &12 ��� P��3# �JS( H`.

���3# g�=1q �7� u9 vw ��#� u�� a\(steam

reforming), C
 a\(autothermal reforming), �E w�(partial oxidation),

AB( 
E,(pyrolysis) G� H3T[2, 3], � ��� a\��! t�

� ��
� +x�� ��	 -�, ��=D ) ��$D! �� ��

�~, u9vw��! HI4 -��� H`. A P u�� a\ ���

� ��! ��� ��}R= Y/�3# ��4 �� |} =D~ )

�� �� �~� Y/�3# ��  u9vw��(70% <R) _¡!

4 =� �( z���¢# <�: b� =<7 ����q y� u9

vw��#4 �£�3# ¤rS( H� ���� ¥ u H`.

��  ¦§ MNO� PQ3# a\� ¨© �ª «Q�9 ) ��

��q y� ¬�­I® �� a0� /¯�# N°S( H� ±²!

UV ���� �� Y7�! /��� CK�L a\� &12 Ow

� (³�� ´�= &x�`. �q y,4� µM�3# a\� (�

��q y� a\� ¶�=
 ) (�� 
�· �� AB( 
 ) &

12 �¸:(compact) a\ &12 ¨© ��� t��`.

��4 �q y� &¹º3#4 . =�	 
 ) &12 �¸: a\

� &12� ¨©, �¹�»( �	 s�~¼� ½1�¾3#¿ +<

��aM ) &12 ����q y� ¬�­I® ¨© �� C�q ´

��(C �»`.

2. �� ��	(fuel processor) ��

9: (EC����7 a\� +<&12	 ���L J~� �Y

�3# 5=�(ÀÁ/a\/(Â��/ÃÂ��/Mr� w�)	 ÄÅ Æy+

<� c¾ST Ç
 a\��� �¯� Èd� ��+<� ÉÊ 0


���`. � Æy+<! HI4 N°S� Ë� ���? ) 67ÄÅ

! /�� Table 1! �Ì <B�»`.

Table!4 �Í� Mr� w���� �¯� � Æy+<! 67S�

ÄÅ� ��	 ÎÉ­Ï ��, nop ¸~ AB( f³<�Ð Ñ� /

: wZ+<3#	 �7� Ò�3# a0Ó ��Ô} ©
#4 Õ� �

Ö� Ã×� �¡ ��Ø~� Â��`. ��4 �Ð Ñ� ÄÅ� ��

+Ù}Rq ��¢# t��3# +< &12 CKq ���� &'�

Ú ���9= Û u H`. � ��+<	 �< ��ÂR� 1Üa\�

(STR), (Â�����(HTS) ) ÀÁ ���(HDS+ZnO), ÃÂ���

��(LTS) AB( Mr�w����(PrOx)= �� 800, 400, 200,

150oC <R#4 Æ©�3# �Ï�Ý S¢# �Þ� (Â!4 ÃÂ3

#	 
ßà� ;Øá ³R¥ u HIF �T, � Æ©!4 âãS� ä


� &12 X�!4 CK Çu¥ u HRå &12� ¨©SIF �

`. æ� &12 
�� ç/�q y,4� µM�3# Bcd Ç
�

�! t�� 
;L g�=1	 �9
� Bcd ���# �è�3#

�·SRå ¬�­I® ¨©= �[IéF �`.

3. 
 �

3-1. �� ��

� Æy+<! 67Ó ÄÅ� ÉÊ ��	 YZ7 ICI ©
 ÄÅ�ê

3T, Æ� PrOx +<!4� YZ7 ÄÅ(Pt)Ð ëìë!4 ��� í

î ÄÅ(Ru)q �ï�Æ3# 67�»3T �ð	 Ë� @B��� �

~ ) ���?! /�� �ñ Table 1! È�ò óÐ Ñ`. 

Table 1. Catalysts employed in each unit process 

reaction catalyst composition
surface 

area (m2/g)
main reaction

rxn. cond.

P (atm) T (oC) SV (h-1)

HDS
ICI 41-6 (extrudate/
2.8 mm diameter)

CoO : MoO3 : SiO2 : Al2O3 = 4:12:1:balance 200-220
C4H8S+2H2=C4H10+H2S, 
∆H=−119.7 kJ/mol

up to 70 350-400 500-1,000

ZnO
ICI 32-4 (sphere/
3.8 mm diameter)

ZnO : CaO : Al2O3 = 92:2:balance 25
ZnO+H2S=ZnS+H2O, 
∆H=+62.3 kJ/mol

up to 40 350-400 200-2,000

STR-I
(1:1 mixture of 
ICI 25-4 and 

ICI 57-4)

ICI 25-4
(14×19 mm)

NiO (−10%) on a calcium aluminate ceramic 
support promoted with alkali

<10

CH4+H2O=CO+3H2,
∆H=+207.9 kJ/mol

up to 40 700-850 3,000-6,000
ICI 57-4

(14×19 mm)
NiO on a calcium aluminate ceramic support <10

STR-II
ICI 57-7

(3.2×3.2 mm)
NiO on a calcium aluminate ceramic support 
(designed for fuel cells)

<10

HTS
ICI 71-5

(9×5 mm)
Fe2O3 : Cr2O3 = 90-95 : 5-10 100

CO + H2O = CO2 + H2,
∆H = −41.8 kJ/mol

up to 40 350-400 2,000-5,000

LTS
ICI 83-3

(5×3 mm)
CuO : ZnO : Al2O3 = 33 : 33 : 34 80 up to 40 180-250 2,000-5,000

PrOx

Pt/Al2O3

(3×3 mm)
1 wt% Pt/Al2O3 (Aldrich Co.) 100-150 CO + 1/2O2→CO2, 

∆H = −282.8 kJ/mol
H2 + 1/2O2→H2O, 
∆H = −245.1 kJ/mol

up to 4 100-300 >5,000
Ru/Al2O3

(sphere/3 mm)
1 wt% Ru/Al2O3 (lab. prepared) 190
���� �41� �3� 2003� 6�
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ô(# ëìë!4 ��� PrOx7 Ru ÄÅ� èõ 7ö ¾÷ø(excess

solution impregnation)! 	, ùK! Ew ù�&ú`. µM �JK

(RuCl3ûxH2O, x<1, Aldrich Chemical Co. Inc.)q ;�� \{�(1 wt%)

 ü <{�� �ýu(incipient wetness volume	 1.2â)! þL V J

:	 γ-Al2O3(2-4 mm, Kanto Chemical Co.)q ÿ=�� 1&Ù <R Ö

�&ú`. �q N+ �� �0�!4 uE� ��á ���( 110oC

?��!4 12&Ù ?�� V, 400oC	 +� Ey� �!4 4&Ù D

� 9~�� PrOx ���! �N�»`.

3-2. �� ��	

�Ý 2=�#4, µM �� a\ +<	 «Q�� ¥ u H� u��

a\ ���� �~� �6�� y� ëì�>Ð ë� ��� +< a

0� y� �¸: �� a\ &123# JE¥ u H3T �! /��

	-�3# ���¡ `
è Ñ`.

3-2-1. u�� a\ �� ëì �>

u�� a\ �� �� ëì �>� Fig. 1! È�ò óÐ Ñ� ��

�L (<� ÄÅ���#4 �z� 2.5 cm�( ��= 50 cmL 1½

LB1(SUS. 316) §\	 (<� ���q 67�»3T, ��� Yû

��!� ^
 
�� ´��� y�� �Ø~@\(α-Al 2O3)� ���

»`. u�� a\ ��@L no(CH4)� 99.999%	 (	R ëk� =

1#4 w9 �� ��� �� V ���# +x�»(, ³{� \{ ³

} �I�(É�: Brooks 5850E)q 67�� ���»`. æ� a\��

! t�� u��� �-�3# �ýuq <{�h(426 HPLC pump,

Alltech Co.)! 	�� +x� V, u�� 0v�q �� (Â	 u��

Y3# ���# Ë��»`.

/Y ÄÅ#� �� wZ(ÎÉ­Ï, nop ¸~ G)! �7SIÂ �

¸ ÄÅ(1/1, ICI 25-4/ ICI 57-4)Ð ���� &12! �7�� y��

�#� a0Ó Æ� ÄÅ(ICI 57-7) Ê =��ê`. � ÄÅ	 Ø~�q

y� %; ��B#4, µM ÄÅ 25 g(pellet, 3 mm)� (<� ���

! ¤s V YÂ3#�� �Â }Rq 10oC/min# ggá 800oC��

10% H2/N2 Ey� �!4 �Â&ú3T 800oC !4 3&Ù D� %;

�B�» .̀ JK�L �����?3#4 �� ÂR� 700, 750, 800oC,

+Ù}R(GHSV)� 1,000-12,500 h−1 �y, AB( u��/o9 �(S/C-

ratio)� 33# ���»3T, �� ��� 1, 3 �� �?�ê`.

3-2-2. �¸: �� a\ &12(integrated fuel processor)

� &12� ;�:	 
 ) &12 �¸ a\+<3#4 Ë� ßà

R� Fig. 2! È�ò óÐ Ñ`. �¸ &12	 «Q+<L a\ ��

�� u�: �N: ���#4 N+Æ
! 	� &12 ¯�#	 �


� -Æ�»( �6=
 ��	 metal fiber burnerq �7�� a\

��! t�� Ç
 ��
� +x�»`. AB( Fig. 2!4 �Í� À

Á���(HDS)Ð (Â�����(HTS)q D� y>L =� Ï �E

!, A y# ÃÂ�����(LTS)Ð Mr� w����(PrOx)q 	-�

3# â>¾3#4 (Â!4 ÃÂ3#	 
ßà� ;Øá ³R�(C

�»`. ô(# u�� a\� y� +x ;�#4 ��=<! +xS�

R&=1q �  67�»3T, 1Æ PrOx ���! +xS� +�{�

\{ ³} �I�(Sierra 840M)q, 2Æ PrOx ���! +xS� +�

{� #�� ³{©(Matheson 604)q �7�� ���»`. AB( a

\ &12	 !" ãJL PrOx ãJ �E!4 È#� a\ =1	 �

³{� _<�� y, a\=1 P! �§�� $� u��q �%&

& V \{³} _<�(Sierra 830H)Ð '� =1 ³{©(W-NK-5A,

Sinagawa)q ¨>�� _<�»`. æ�, � Æy+< ãJ �E!4	

=1 �~ Ef� y� ()® �L� ¨>�»3T, �%�q �, @

Fig. 1. Schematic diagram of experimental apparatus for steam reforming.
1. Filter 7. HPLC pump
2. MFC 8. Steam generator
3. Check valve 9. Reactor heater
4. On-off valve 10. Water chamber
5. Flow meter 11. Back pressure regulator
6. 4-port valve 12. 3-way valve

Fig. 2. Schematic diagram of integrated fuel processor.
HWAHAK KONGHAK Vol. 41, No. 3, June, 2003
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� ��� V �KEf�q ��� <~ ) <{ Ef�»`.

� ��+<! �NÓ ÄÅ K� ) GHSV� HDS(4 L/340 h−1),

ZnO(4 L/340 h−1), STR(3.3 L/1,950 h−1), HTS(5 L/1,240 h−1), LTS(5 L/

1,240 h−1), PrOx I(1 wt% Pt/Al2O3, 1 L/6,700 h−1) AB( PrOx II(1

wt% Ru/Al2O3, 1 L/6,400 h−1)�ê`. u�� a\, (Â��, AB(

ÃÂ�� ��ÄÅ� �� %;�Bq �� Ø~� è<� �JÓ`.

µM a\ÄÅ� 10% H2/N2 Ey� �!4 YÂ!4 �Â }Rq 50oC/h

# ggá 800oC�� �Â&& V 800oC!4 2&Ù D� %; �B

�»(, (Â��ÄÅ� 400oC, ÃÂ��ÄÅ� 200oC!4 3&Ù D

� %; �B�� ÄÅq Ø~�&ú`. � ��+<* �<ÂR �?

� Table 1! C.�Ý È�Xê`. g� =1	 +x ³{� ¨©>	

100%(76.3 g-mol/h)q +x�»(, u��/o9-�(S/C-ratio)� 2.53#

(<�»3T, �� ��� Y� �?�ê3T «Q ��+<L a\�

��ÂRq 700, 750, 800oC# $z�»� zµ, � ��+< ãJ �

~ $� ) +<	 �<~� �+�»`.

3-2-3. �K Ef

u�� a\(STR) �� �� ëì	 Ef� 
�R ,ã�(TCD)=

�-Ó Donam DS 6200 �KEf�q 67�»(, Porapak N(H2, CH4,

CO)è Washed Molecular Sieve 5A(CO2, o�u9ý) ./� ���

Ef�»`.

�¸: a\� &12	 zµ, 
�R ,ã�(TCD) AB( 01 �

Â� ,ã�(FID)= �-Ó �KEf�(É�2: HP 6890N)� 67�»

(, CABOXENTM 1006 É.�./� �7Sê`. �± 
�R ,ã�

!4� u9Ð +� Ef� �»3T, ñ{(ppm)	 COq Ef�� y

, Ni-catalyst= �-Ó methanizer# �è&3 no�(methanation)&

& V 01 �Â� ,ã�(FID)!4 CO, CO2, CH4� Ef�»`. ë

�# ©w! 	� e4>Ð ë� Ef> Ù	 #-= ÌÙ(1-2%) �§

�Ý ST �� GC �<#-, 5� 6� CO2 7�, uE �%è<!

HI4 CO2	 �� 7,! 	� 8R $�! �L�� ]3# iÆÓ`.

4. �
 � ��

4-1. 
�� 
��� �� ��

��a\�	 «Q ��+<L u�� a\ ��! /� Y7ÄÅ	

�� Ø~� 9Ï�� y� ëì� u°�»`. �� Y7 ÄÅq �¸

: ��� a\ &12! �7¥ zµ! HI4 ~¼� 6� ^_ iÆ

�� y� ��ëì C�q ´��� y¾�`. 67Ó ÄÅ� ICI ©


	 Ê =� "ý	 ÄÅ(ICI 25-4Ð ICI 57-4	 1 : 1 �¸ÄÅ/ICI 57-7)

#4, �C	 �¸ÄÅ� ��	 wZ+<(ÎÉ­Ï, nop ¸~)!4

g�=1	 a\7 ÄÅ# 67S( H� ]�T VC� ����7 a

\ÄÅ# �#� ¨©Ó ]�`.

µM, u�� a\(steam reforming) ��!4 �I: u H� ��3

#� Ë��L a\ ��è ���L u~=1 �� ��	 2=�# J

*¥ u H3T ���� Ï;Ð Ñ`.

CH4+H2O<CO+3H2, =H=+207.9 kJ/mol (1)

CO+H2O<CO2+H2, =H= −41.8 kJ/mol (2)

Ë��L � (1)� >� Ç
 ��3#4 (Â ) Ã��?!4 <�

�	 N°� ³B�� , ���L � (2)	 zµ Â�� 0
 ��3#

4 �� ÂR= ÃÂ� ± <�� N°� ³B�T ��!� 
U� ?


� ���3#�� 9 u H`.

���� �?3#4 �� ÂR� 700, 750, 800oC, +Ù}R(GHSV)�

1,000-12,500 h−1 �y AB( u��/o9-�(S/C-ratio)� e4�3#

1� t���  �Ð Ñ� �? �!4 ��� N°Û zµ Boudouard

��(2CO=CO2+C)! 	� @µ� v~� ÄNS¢# �q ��¾è

D&! u~=1 ����	 A:� <�� �U3# ³R�� y��

!9� 1.7 �Y� �JST ��4 � �J!4� 33# (<�»`.

Fig. 3� B!4 Cx� Ê =� Y7ÄÅ	 ��ÂR! �� �� Ø

~� DE � ]3#4 ASPEN+ É6Fè(A:>)Ð �Ö�� È�X

ê`. u�� a\��� Q� Ç
���¢# G�á ��ÂR= Y�

¥uå u98R= �=�Ý Ó`. AHÚ ����7 a\ÄÅL ICI

57-7 ÄÅ	 zµ �	 A:>Ð ³6� zU� È�X�  �� wZ

+<! �7S( H� �¸ ÄÅ (�/� �¸@: ICI 25-4 /ICI 57-4)

� `9 Y/�3# �� a\ ~¼� �L`. A �³� Ê =� u�

� a\ÄÅ ÉÊ D��6!4 ��Ó ]3#4 J~~E� �	 �

I��  �¸ÄÅ	 zµ EJ�� 67¾! �� Æy\{ �K Ø

~� �� ±²3# iÆÓ`. LM�¡ (Â(800oC <R)!4 67S

¢# ùKL α-9[ñÈ	 �N¡�� Åµ �Ï4 FO ÄÅ	 ¯N

¡�(geometric surface area)� Ø~(specific activity)! P�� 
U�

ËÝ S� ±²�`.

Fig. 4� +Ù}R(GHSV: gas hourly space velocity, h−1)	 
U� D

Fig. 3. Composition change as a function of reaction temperature. Reac-
tion conditions: GHSV=3,000 h−−−−1, S/C ratio of 3, 1 atm, dotted
line (simulated data), solid line (1 : 1 mixture of ICI 25-4 & 57-4),
dashed dot line (ICI 57-7).

Fig. 4. Composition change as a function of GHSV. Reaction condi-
tions: 750oC, S/C ratio of 3, 1 atm, dotted line (simulated data),
solid line (1 : 1 mixture of ICI 25-4 & 57-4), dashed dot line (ICI
57-7).
���� �41� �3� 2003� 6�
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E� ]3#4 �¸ÄÅ	 zµ ��Ø~� GHSV! ��O�� zU

� È�X� , ICI 57-7 ÄÅ	 zµ, GHSV= 10,000 h−1L �y!4

R ÄÅØ~� �	 A: É6>Ð �I� zU� È�Xê`. �� �

�	 Y7 �¸ÄÅ! ��� ��Ø~� Y/�3# Åµ µu�T �

�4 ��� a\ &12! �¸¾� 9 u H`.

����� ;P�3# ��uå u�� a\��� <�� �U3# ³

RSI ��A: _¡!4� ³B��  ��}Rq �/&'� y�� Y

Z�3#� (��?!4 s�S( H`. AQ�  9: <�: ����

&12	 zµ, =D �<~ ) ��� y�� =¼� � Ã�(3 �� �

�)�?!4 s�¥ t�= H .̀ ��4 Y� ) 3�� �? �!4	 �

��~� DE�R`(Fig. 5). ICI-57-7 ÄÅ	 zµ, ����! �� v~@

�~� �	 �<¾è D&! A:>! S ��4 A 
U� *&¥ u H

ê�  �¸ÄÅ� ñ�� no(�� no slip)	 �~� �=¾è D&!

u9 ) �w�o9	 �~� ÌÙ T9�� zU� �» .̀

�Y	 �� ��ëì Fè, ��	 /: ��)U�! �7S( H

� �¸ ÄÅ! ��� ���� a\�73# ¨©Ó ICI 57-7 ÄÅ�

���?	 $�! �� v~@ �~� A:>! S ¾3#¿ Y/�

3# Åµ µu¾� 9 u Hê3T, �á +Ù}R(GHSV)= 10,000 h−1

L �?!4R ��A:! R·¾� �� Ëê`.

4-2. ��� �� 
�� ��	

4-2-1. &12 ¨© �¹

�¸: �� a\� &12� ÉÊ 3=�(α, β AB( β+:)q ¨©

�¹�»3T ;�: u�� a\ ���= «Q��+<3#4 ¤r

Sê`. �± Ç
��! t�� 
� �6 �
 ��	 metal fiber

burnerq �7�� +x�»`.

��&12� (���S� y,4� µM�3# a\�	 Ç
��

! t�� 
;L g�=1	 �9
� a\� ��� N¡3# �è

�3# �·SRå ¨©SIF �`. �Ð �0I (Â!4 ÃÂ3#	


ßà� ;Øá ³RÛ u H
è D&!, � Æ©!4 âãS� ä


� &12 X�!4 CK Çu¾3#¿ &12 ¯�#	 �ã
� !

9�&V u HRå ¨©SIF �`.

1- &¹ºL α:	 zµ, u�� a\+<� c¾� � Æy+<�

¯�#	 
Wë� !9��� y�� ;�: N+Æ
 ��&12�

�7�»�  )U� �E� �� ��� ¯X3#	 Q�� 
Wë!

	�� � Æy+<	 ��ÂR �I= 0=¼�»`. ��4 �Þ�

²��� ���� y�� a\ ���q �¯� � ���ð� Àû

�-� =¼� EB: Æ
���# ¨© �7� 2- &¹º(β:)� �

¹ s��»`. � zµ, � Æy+<	 ÂR�I! HI4 *`� ²�

�� ?ê�  0
���L Mr� w����q Æ
¾! �� ��

� ÂR �I= Åµ I�Y3T, FO Mr� w� ��� ãJ! H

I4 a\ =1	 �w�o9 8Rq (EC���� 1r �J�?L

10 ppm ��# ��� ]� 0=¼�»`. ��4 �Þ� PrOx ���

	 Æ�� ��� β+: a\&12� Mr� w� ���q 2Æ �ï

���(1Æ: Pt, 2Æ: Ru)q 67�»3T GÂ �Iq y, Z(fin) :

[	 ���Ð 1Æè 2Æ ��� 6�! +\� Z : 
Ö%�q ¨>

�� ��@	 ÂRq ÃÂ(120oC)3# �I ³�&& V 2Æ Mr�

w� ���# +x¾3#¿ !" ��@X �w�o9 8Rq 10 ppm

��# �ã u= Hê`.

4-2-2. ;�: �¸ a\� &12(β+:) s�

�ñ Cx� óÐ Ñ� α: ) β:	 zµ, &12 �Kq <Y s�

Fig. 5. Composition change as a function of reaction pressure. Reac-
tion conditions: 800oC, GHSV=3,000 h−−−−1, S/C ratio of 3, dotted
line (simulated data), solid line (1 : 1 mixture of ICI 25-4 & 57-4),
dashed dot line (ICI 57-7).

Table 2. Variation of product gas composition at the exit of each reactor as a function of steam reformer temperature change (reaction condition : S/C
=2.5, P=1 atm)

Unit process
Temperature (oC) H2

(%)
CO
(%)

CH4

(%)
CO2

(%)Inlet Outlet

STR-I 700 515 60.7 (77.1) 4.1 (12.1) 20.5 (0.6) 14.7 (10.1)
HTS 350 344 63.9 (78.8) 1.3 (3.7) 18.1 (0.5) 16.8 (16.9)
LTS 196 187 64.4 (79.5) 0.3 (0.3) 17.5 (0.5) 17.9 (19.7)
PrOx I 136 163 62.1 0.01461 18.4 18.4
PrOx II 118 132 60.4 (77.7) 0.00067 (0.0) 18.6 (0.5) 18.2 (19.6)
STR-I 750 550 69.2 (77.2) 5.8 (13.5) 11.6 (0.2) 13.5 (9.2)
HTS 373 360 70.0 (79.1) 2.5 (3.9) 12.9 (0.2) 14.7 (16.9)
LTS 195 192 72.3 (79.8) 0.3 (0.3) 10.8 (0.1) 16.6 (19.8)
PrOx I 140 180 65.7 0.0295 13.1 18.5
PrOx II 127 137 64.2 (77.9) 0.00073 (0.0) 12.9 (0.1) 18.5 (19.6)
STR-I 800 580 70.8 (77.1) 8.5 (14.5) 7.8 (0.1) 12.9 (8.4)
HTS 396 374 72.0 (79.2) 2.5 (3.9) 7.9 (0.0) 17.6 (16.9)
LTS 195 195 72.2 (79.9) 0.6 (0.3) 8.3 (0.0) 19.0 (19.8)
PrOx I 140 204 66.7 0.06622 10.3 18.9
PrOx II 120 158 65.3 (77.9) 0.0 (0.0) 9.5 (0.0) 18.6 (19.6)

cf : The values in parentheses are equilibrium composition(by ASPEN+ simulation) at the inlet temperature of each reactor 
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394 ���������	
���
����������  ���������
�� ]� 0=¼�»3T !" &¹ºL β+: � 1r �J�?�  

]&V u Hê`. ��4 B	 ëì�E!4 �&Ó ���? �!4

5 kWx 1r! t�� u9+x� y� g�=1 ³{ 100% ̈ ©>

(28.4 L/min)! /�� s�ëì� u°�»3T A Fèq Table 2!

�Ì <B�»`.

=. u�� a\�(STR)

a\� ��ÂR= �Ï\uå a\ ��� �ûãJ ÂR-= Y/

�3# � ^�� ]� 9 u H`. �� a\ ���= %�U3# ¶

G =
S( H� �
� 	ñ�T A Fè ÄÅ	 ~¼� ��� �K

! _�4 ;Øá 0`S( H� �
� a�`. A ^#4 700oC!4

g�=1	 �%�� A:É6>= 99.4%(?� �K)! ��� ë_>

� 80% <R#4 A:>! YGá ñ·¾� ��K`. AB( ��Â

R! ��4 H2Ð CO	 8R= �O�3# �=�Ý S�Ú �� a

\ Ç
��(CH4+H2O<CO+3H2)� ;Øá �IÈ( H
� 	ñ�`.

AHÚ a\� ãJ! HI4 CO ) CO2	 A:�~� É6Fè! 	

�¡ �� 11.9 ) 9.9%LÚ ��� ë�#� 4.1 ) 14.8%#4 �w

�o9! ��� �w�o9	 �~� �Ý È�b`. �� a\���

�� ãJ ÂR= "* �Ï4 0
��L u~=1 ����(CO+H2O<

CO2+H2)� �u�3# ÄNc3#¿ �w�o9	 8R= �=Ó F

è# d u H`. �Ð Ñ� ¦Y� a\��� ÂR= 700!4 800oC

# Y�¥uå A <R� Ì�S�  ��á �+Ó`. FO a\ ��

� ��� y,4� a\���	 ¶� =
� �� ÄÅ~¼� ç/

�&'� ]� t��Ú �� ��� X¡� �� e" �9
	 Çu

q ç/�&'� y� ¬�­I® ¨©��� t�¾� 	ñ�T �f

& e"	 �<� �9��è �0I (�SIF �`.

È. �����(HTS/LTS)

u�� a\�(STR)!4 âãS� CO	 8R� ���3# Ì 7-12%

#4 YGá �� uK�¢# �q ��� y� ��+<3#4 u~

=1 ��(water gas shift) ��� t��`. � ��� �-# v~Ó

�w�o9= u��Ð ��¾3#¿ �w�o9# �%cè D&! u

98Rq �=&'Ý ST ���� � (2)Ð Ñ`.

y ��� Â�� 0
��(=H= −41.8 kJ/mol)3#4 A:Yu= Â

R�=! �� T9�Ý S¢#(K=4.099g10 at 300oC, 2.359g102 at

200oC), �� �%�� y,4� ÃÂ��� ³B�T ��!� 
U

�� ��`. �Þ� 
��� ��� h�� y� �£�L �ø3#

4 ���q 2Æ((Â��+<(HTS)-ÃÂ��+<(LTS))3# s
�Ý

S�Ú �C� ��}Rq ��� ]� ËÒ��T VC� �� �%

�� i� y¾�`.

�Æ (Â ) ÃÂ �� Æ
���	 �ãJ ÂRq DE�¡ ��

�¸� ��ÂR X!4 ���Ý �Ic� 9 u H`. AHÚ ;P�

3# Æ
��� X!4 0
��� N°Û zµ, ãJÂR= �J!

��� Y/�3# �ÏF ��  �j# ÌÙ �Ý È�È� �³�

���� CK= Â�� 0
��kè D&! ��� N¡3#	 
W

ë! �L�� ]3# d u H`. H2 ) CO2	 8R� ����� ã

J!4 G�á �Ï�T no slip! 	�� 
��� A:�~!� ñ

>� l��  S6>!  S�� eY� È�XT, �� �����

X	 ÄÅØ~� ;Øá ³�S( H
� 	ñ�`.

`. Mr� w����(PrOx)

u~=1 �� ���q ��4 âãS� a\ u9��!� ���

3# �w�o9= Ì 0.5-1% <R c¾SI H`. AHÚ �� ���

� 
ç(Pt)! >�Ý Ç-�� 7m&n3#¿ 1r~¼� Ã�&'Ý

S� �L� Ó`. ��4 6�! u99É{� !9�3# ³��¡4

�w�o9q Mr�3# ���� ]� P��T, (EC����!

HI4 �JS� CO o78R� 10 ppm ���`. p Mr� ÄÅ w

���(preferential oxidation)� t��T, �± N° =¼� w� ��

� `
	 Ê =��`.

CO+1/2 O2qCO2+282.8 kJ/mol wanted (3)

H2+1/2 O2qH2O+245.2 kJ/mol unwanted (4)

�±, y	 Ê ��� zr�L �=� ��3#4 ÄÅ	 �~ ) �

�ÂR! 	�� MrRÐ t� w9{� F<Ó`. ë�# ÃÂ
�!

4� CO	 Ø~�!"�= u9! ��� �� ±²! CO w�= M

r�3# N°Û u H`. AÞÈ ��! �� ÂRY�� �IÈÝ S

¡ CO	 Ø~�!"�= H2! ��� Y/�3# ��  u9	 sR

LC(frequency factor)= Y/�3# ^4 u9= tÝ zr�3# �

��Ý SI MrR= �ÏN`[5]. ë�# CO 8R 1% �K3# Mr

R 50%q =<�� Æ
ÂRY�� J,�¡ Ì 117oC= Ó`. ��

�%� ) MrRq �Ý ³��� y�� ��� ��� ÂR�I=

Åµ P�¾� 	ñ�`.

� �J!4� �w�o9	 ãJ�~� 10 ppm ��# ��� y�

� 2Æ �ï ���(1Æ: Pt, 2Æ: Ru)q 67�»3T ÂR �Iq y

�� Z(fin) :[	 �N ���q 67�»`. æ� 1Æ(PrOx I)è 2

Æ PrOx ���(PrOx II) 6�! +\� Z: 
Ö%�q ¨>�»3

T � Æ	 �JÂRq 140 ) 120oC# �I�»( � Æ! HI4 e

4©u λ(2O2/CO) Õ� �� 2.1è 3.5�ê3T �! �� �%�� �

� 90% ) 95% <R= Sê`.

AHÚ PrOx I� �>¡4 u98R= Ì 4-6% <R �Ï��Ú, �

� λ(2O2/CO) Õ� 2(èõ+�� 100%! ,G)# ¨<�� +�q +

x¥ zµ, MrRq 50%�( =<�( ©w� �4� e4>! 	�

¡ +�P	 \9~E! 	� uf! 	�� Ì 3% <R	 u9 8R

= T9�`. AÞÈ ë�# � u>! ��� Y/�3# ÌÙ �� u

9 T9{� ��� �³� a\=1	 �³{ _< ) =1Ef &	

#-! 	�� èõ3# +�= Ë�Sê� ±²3# iÆÓ`.

PrOx II! HI4 λ(2O2/CO) Õ� 3.5 �ê�  � u>� PrOx I ã

J! HI4 �w�o9	 8R ) ³{� �K3# ¨<� Õ3#4

PrOx I! ��� �/>� ��  ë� +�³{� 1/5 <R= +xS

ê3T �± u99É{� Ì 1% <R= Ó`.

MrR(S)� (CO ��}R)/(CO ��}R+H2 ��}R) b� 1/2

[moles of CO2 formed]/[moles of O2 reacted]# <	¥ u H`[6]. A

HÚ ë� PrOx I ãJ! HI4 w9� ,ãS� �3¢# ��� w

9{� 0.64 L/min�( v~Ó �w�o9	 e� 0.64 L/ming90%

=0.58 L/min.� Ó`. ��4 �±	 MrR� 45%= ST PrOx II!

4	 MrR� vw=�# ©w�¡ Ì 27% <R= Ó`.

FO �w�o9q 10 ppm ��# ��� y� ��+<� J~�»

�  MrRÐ Ñ� �� _¡!4� �� u>�T �! ��4 ÌÙ

èR� u99É{� F�c� 9 u H`. ��4 B3# �q !9�

&'� y� !� +�³{ �I ) MrR ) ÂRx� 6� (Ø~	

ÄÅa0� t�¾� 	ñ�`. 

�. �¸&12	 =D�<~

a\� &12	 �� s�! �� � Æy+<	 =D �<~� 9

Ï�� y� �Jq y°�»`. ë�# �� s�&Ù� A¶�3#

40� &Ù <R�ê3T 20�q ���3# &D ) =D<��¡4 ~

¼�~� 9Ï�R( � z� =D&Ù� Ì 1,000&Ù <R�ê`. �

� �}=D s�&Ù� 86&ÙL zµ! HI4 ~¼ �~� Fig. 6!

4 �� óÐ Ñ� � Æy +<! HI4 ��ÂR= �<�3# �<

�Ý ³�c3#¿ �<�L s�~¼� ��( H
� ´L¥ u H
���� �41� �3� 2003� 6�
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ê`. ë�# z� s�&Ù� 1,000&Ù� zµ	 ��~¼R �	 �

I� Ø~� ³�¾3#¿ ÄÅØ~� ;Øá 0`S( H
� ´L¥

u Hê`. u�� a\ ) (Â����+<! HI4 ÂR £-� Ì

{5 oC �X!4 <Y�3# ³�Sê3T, ÃÂ����è Mr� w�

��+<	 zµ ÂR £-� Ì {2 oC �X!4 �<�Ý ³�Sê`.

v. �¸&12	 ~¼A=

�¸ &12 ��� 9Ï�� y�� u�� a\ �� ëì!4 É

6FèÐ ³6� ~¼� È�ò ����7 ICI 57-7 ÄÅq 67�»

3T, ���?3#� a\� �� ÂR� 650oC�T, Èd� �?�

B!4 Cx� óÐ D�� �?!4 ëì� ë&�»`. �¸&12

��� a\� ) e"! R�Ó g�=1	 (y0
{(HHVCH4) ¸

! /� vwÓ u9	 (y0
{(HHVH2)3# <	 ¥ u H� , ë

�# 1r offgasq e"��# §67 �`( =<¥ zµ!� 	u n

o 67{! /�� vwÓ u9	 (y 0
{3# <	¥ u H3T

�3# È�X¡ Ï;Ð Ñ`.

(5)

Table 3!4 È�ò óÐ Ñ� Fraunhofer ISE	 ëì C�[7]Ð KIER

	 ëì C�q �Ö� Fè v~@	 �~� ³6��  +< �� _

¡!4 Ì 18% <R -�= H� ]� 9 u= H`. �� Fraunhofer

ISE &12	 zµ R/B(ReformerÐ Burner! +xÓ no	 �)= 1.33

��  KIER &12	 zµ 1.133#4 e" �E! èR� 
{� +

xcè D&! &12 ¯�#	 
Wë� �� ±²! +< ��� �

� ]3# iÆÓ`. ��4 +< ��� �=&'� y,4� e"#

�� a\�#	 
�· ��� ç/�&'� y� e" ) (�� a

\� ¬�­I® ¨©�� a0� t��`. 

5. � �

� �J� �Ý YZ7 u�� a\ÄÅ	 ��Ø~� 9Ï�� y�

(<� ÄÅ ���! HI4 u�� a\ ÄÅ	 ���� ëì�J

Ð �¸: a\ +<&12 ¨© ) �¹� �� s��J# JE¥ u

H3T �q ��� iIN Ë� Fèq �Ì <B�¡ `
è Ñ`.

5-1. 
�� 
�(steam reforming)�� ����

(1) Y7 �¸ ÄÅ(ICI 25-4Ð ICI 57-4	 1 : 1 �¸@)	 zµ, +Ù

}R(GHSV)q 1,000!4 8,000 h−13# �=&n! ��4 a\ =1

X	 u9 8R� �O�3# T9�� zU� È�ò`. p GHSV=

1,000 h−1 �Y� S¡ ¯� @\�· Ã|� â�Û u H� kinetic

control 
�! H
� a�`. LM�¡ ùKL α-Al2O3	 X� N¡�

(10 m2/g ��)� Åµ �Ï4 X�´w Ã|� *&Û u H� ±²�`.

(2) ����7 ÄÅL ICI 57-7	 zµ, +Ù}R(GHSV)q 3,000!

4 12,500 h−1# �=&ú� ±, ��ÂR 800oCq �K3# u98R

= Ì 70%#4 $�= �	 ?
� ��ËT �±	 no slipR �	

0%�`. �� �C	 Y7 �¸ÄÅÐ ·B ÄÅØ~� Y/�3# �

Ï4 ��}R= Åµ �}� ±²! �ñ ��A:Y[! H`( d

u H3T +Ù}R(GHSV) 10,000 h−1 <R!4R A: É6>Ð �

I� Ø~� È�ò`.

5-2. ��� �� 
� ��	

(1) u�� a\�(STR)	 a\ ��� ��� ¶�=
 ) (��


�· ��è ¾u�©= H3T, �� 
+x e"	 �<� �9�

�è �0I (�SIF �`. 

(2) (Â ) ÃÂ �� Æ
���	 �ãJ ÂR� �� �¸� ��

ÂR X!4 ���Ý �IS( H3T Æ�, ãJÂR= �J! ��

� Y/�3# �ÏF ��  �j# ÌÙ �Ý È�È� �³� ��

�� CK= Â�� 0
��kè D&! ��� N¡3#	 
Wë!

�L�� ]3# d u H`. �¡! H2 ) CO2	 8R� no slip!

	�� 
��� A:�~!� ñ>� l��  S6>!  S�� e

Y� È�XT, �� ����� X	 ÄÅØ~� ;Øá ³�S( H


� 	ñ�`.

(3) CO 8Rq 10 ppm ��# ��� y�� 2Æ �ï Mr� w�

���(1Æ : Pt, 2Æ : Ru)q 67�»3T ÂR �Iq y�� Z(fin)

:[	 �N ���q 67�»`. æ� 1Æ(PrOx I)è 2Æ PrOx ��

�(PrOx II) 6�! +\� Z: 
Ö%�q ¨>�»3T � Æ	 �

ηeff

nH2
HHVH2

⋅
nCH4 re f,

nCH4 bur,
nCH4 offgas,

–+( ) HHVCH4
⋅

----------------------------------------------------------------------------------=

Fig. 6. Dependence of each reactor temperature upon time on stream.

Table 3. Comparison of process efficiency between Fraunhofer ISE and KIER system

Reactor
Fraunhofer ISE(Germany)* KIER**

STRoutlet HTSoutlet LTSoutlet STRoutlet HTSoutlet LTSoutlet

CH4(mol%, dry basis) 3.0 2.7 2.6 4.51 5.27 5.80
CO2(mol%, dry basis) 12.2 15.9 19.0 9.36 14.88 17.55
CO(mol%, dry basis) 9.0 3.6 0.3 12.18 5.08 1.62
H2(mol%, dry basis) 75.8 77.8 78.1 73.95 74.77 75.04
Efficiency with HHV >70%*** >52%

*S/C ratio=3-3.5, R/BA=1.35, VCH4,ref.=1 m3(STP)/h 
** S/C ratio=2.5, R/B=1.13, VCH4,ref.=1.7 m3(STP)/h 
*** S/C ratio=3.18, R/B=1.33, VCH4,ref.=1.33 m3(STP)/h

 AR/B : The ratio of reformer methane flow R to burner methane flow B
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���
����������  ���������

and

n-

of

uel

ec-

o-
JÂRq 140 ) 120oC# �I�»( � Æ! HI4 e4©u λ(2O2/

CO) Õ� �� 2.1è 3.5�ê3T �! �� �%�� �� 90% )

95% <R= Sê3T !" CO� 10 ppm ��# �ISê`. MrR

(S)� (CO ��}R)/(CO ��}R+H2 ��}R) b� 1/2[moles of

CO2 formed]/[moles of O2 reacted]# <	¥ u H�Ú PrOx I� 45%,

PrOx II� 27%q È�Xê`. FO �w�o9q 10 ppm ��# ��

� y� ��+<� J~�»�  MrRÐ Ñ� �� _¡!4� Ï

Ë �� u>�T �! ��4 ÌÙ èR� u99É{� F�c� 9

u H`. ��4 B3# �q !9�&'� y� !� +�³{ �I )

MrR ) ÂRx� 6� �� (Ø~	 �#s ÄÅa0� t�¾�

	ñ�`.

(4) a\� &12	 �� s�! �� � Æy+<	 =D �<~�,

z� s�&Ù� 1,000&Ù� zµ!R �	 �I� ÄÅØ~� ;Ø

á 0`S( H
� ´L¥ u Hê`. u�� a\ ) (Â����+

<! HI4 ÂR £-� Ì {5oC�X!4 <Y�3# ³�Sê3T,

ÃÂ����è Mr� w���+<	 zµ ÂR £-� Ì {2 oC�

X!4 �<�Ý ³�Sê`.

(5) �¸&12 ��� 1r offgasq e"��# §67 �`( =<

¥ zµ!� 	u no 67{! /�� vwÓ u9	 (y 0
{3

# <	¥ u H�Ú ¦§� 52%<R= Ó`. �� e" �E! èR

� 
{� +xcè D&! &12 ¯�#	 
Wë� �� ±²�`.

��4 +< ��� �=&'� y,4� e"#�� a\�#	 
�

· ��� ç/�&'� y� �<�L e" ) a\� ¬�­I® ¨

©�� a0� t��`.

� �

� �J� è���� O=�<�Jë 6Z	 �J� �;! 	��

u°Sê3T �! T6f~­`.
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