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Abstract — Hydrogen energy will be considered one of the most important energy carries for the future not only as raw
material of petroleum chemical industry but also as the fuel of the fuel cell. The hydrogen production based upon the
water electrolysis system combined renewable energy or atomic power energy is being watched as long-term hydrogen
sources. Hydrogen from fossil fuel, especially natural gas steam reforming, is the economical mass production method at this
time. But the cost of CO, reduction is added in the economic analysis of hydrogen production processes. Therefore many dif-
ferent results are suggested from these analyses about old processes, and modified schemes are studying for the efficient devel-
opment. In this review, status for the technology of hydrogen production from natural gas are summarized.
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Table 1. CO,/H, ratio with various hydrocarbon feedstock [4]

CO,/H, Technology
0.25 Steam methane reforming
0.31 Steam pentane reforming
0.33 Partial oxidation of methane
0.59 Partial oxidation of heavy oil
1.0 Partial oxidation of coal

Table 2. Composition of natural gas by region [5]

Region Methane  Ethane Propane H,S CO,
USA/California 88.7 7.0 1.9 - 0.6
Canada/Alberta 91.0 2.0 0.9 - -
Venezuela 82.0 10.0 3.7 - 0.2
New Zealand 442  C,Cs=11.6 - 442
Iraq 55.7 219 6.5 7.3 3.0
Libya 62.0 14.4 11.0 - 1.1
UK/Hewett 92.6 3.6 0.9 - -
URSS-Urengoy 853 5.8 53 - 0.4
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CH,+H,0—3H,+CO  AH=206.28 kl/mol (1)

T2y SMR 3782 Fulle] 778 ] fleke] 57 kA v
2253 A%R o 7o) oz Tastolol s, 34 L7} 850°C
Uil = =31 37 eheo] 20719) o1de] aste] QT EER ofji]
2H]7} s wo] Stk

2-1. thE 37| &l & SH[4]

AA 378 2~"/HA7](steam reformen)E 71502 AT &
A $H7] FHoE vheth AA T 37l 28] (hydrogen
desulfurization system: HDS)$} o[H]7127] (pre-reformer)7} A2 X] =]
1, $A42] 3= 12187 (high temperature shift reactor:
HTS)9} 4281571 (low temperature shift reactor: LTS)$} CO,
272 2} WlekslE 7Y (metanation reactor)©] AZA¥TE CO, -]
ARoE A oE AREE gAY e £8E Fol7] ¢
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=9 57} tiErt o] F3RHE Nio] T3l 28] &
WS WA ST ER G (HDS)A AlAte oF &
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wEH T B4 71 22 Bl wgno vheAdo] AR
SMR Z1fj ¢Jof| A4S WAYAZ|EZ pre-reforming 37514 Al
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o] 25% ool Ni gF= 7K Frf ZdellA 300-525 °C &5 5
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Fig. 1. Simplified process flow diagram for SMR[4].
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Fe,0, F1lE AME-3810] 350-550 °CollA] 233t} tisEaQ) AR 5
o] 3}k AE-L Fe(56.5-57.5%), Cr(5.6-6.0%), C(2-4%), S(0.07-
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Ful| SolM= co9l 18%7H4] AgkEH, Fulli= SslE AdeelA
o] HoH =R qhg7kAef 20 ppm 012 H,S 7HAE Yo ¥
Hatct.

AL Ag-S-S 200-250 °Col A ZZakH, CuO(15-31%)/
Zn0(36-62%)/A1,04(0-40%) 52| FE AREsit, Htell= Al
o] AL Mg Fuz} AL JeE v HA 25 A7 o]
SRR Folok ol W&t ] CO Fas 0.15% olst |
ok 2§ Elo] s Fule] RS S8t 35719 lA
= Zd3tellA WhgAd 2] 6-8ull7F HTh. Al AEE FHull= 279
2A3} BES A g AR DA AT} HoSell <)%
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L& AR5 HyS S5 0.1 ppm ©]3HE F-4]8k= Zlo] H @5}

AEA0 SMR Y olA = A7 HABEE 7 |ollA] L= 22%
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A2 AERES7 ]I = T2l co7l =R 2 o) 0.15% 78
o] covt kA = ATt o E A 3yt A (49}
Weksls g E8lo] wuke- Cogt CO, E=E 1-2 ppm ©J5l2 Ut
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CO+3H, <> CH+H,0 3)
CO,+4H, <> CH,+2H,0 @)

WEksl 2|2 = Nio|u RuS o8] 714 AkshEol] @x|at S|
7} AREEIH 320 °C A oA HEgo] o] FoXIk AfE s 7
AF7elM= F579% vstslsd ialel 4-12712) FadEo=
T3% PSA(pressure swing adsorption)d-d-S ARSI S2HA| 2
+ molecular sieves AFHESFH, 400-500 psigd] E37F~ SF0lA
80-92% H,& &It} F&to] ekaw F2A= 5 psigZhA] A
A H, 71A1E AHESE sk Sato] A viEE= 3}
713 28] 7FdRe] As R AREECh Scholz[8[= SMR RF
S71NEe] DE &2 40-50%C1A%L, AL FAA S AX8 A5
SMR 349 A QEEL 8192 T4 AlF 34 = 7P oyA
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222, A2 2T F0i INE SF[9]

ARAA AFEAR AU R] HF A8]A Aol AX|ste] 719}
A& TN & T e 28 A5AA] AIAHCE proton
exchange membrane fuel celPEMFC)0] 7511 Qlt}. o] 7-5- o]
s AR o 757 S Nd 3T deke] dF-E Ay da

AlA BT E ALGS SRR 757] Full RS ARE-
3= autothermal reforming(ATR)&7g0ll 2J8}o] H Q3 45 ¥
T 5= otk WA FAel e 2% EE Fig. 29} Fig. 30l 291
th ATREG NN 27] A4 Fate] 255 1,000 °C AEE =0
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U Sl T 25 800 °CE A8k A4 71319 A s
28-32% % St} 37| TPt 757 ek vlof whek A 7A€
S EERIAINE B718] 0.4, 571 /R 1] 1.50014] dodstA 3
FAEE Jrahd 700 °Coll H,ek CO o] Harx|o HsHA
Ho} Vogel S[1010] A3 428 571 71471E Fig. 40 5.8
th A5l wiga} Fo] g el F{lEle] As ZIAel 25t}
450-600 °CE IH 7FAEHA 57| = drt. olo] Ak Byz
I JAF MRS 7] A Sl S Eaete] A7
AdE F 12 AL A7 [AENES Furt SR S0 S
& A "ok 15715, TR Hl=335, viRk FYEE
1 m(STPyh Z71ell4 |27 ¥lZ 714 5= CH, 3, CO, 122,
CO 9, H, 75.8 mol%©]aL, HTS ¥l%& 7|4 #%+= CH, 2.7, CO,
15.9, CO 3.6, H, 77.8 mol%°|™ LTS "i& 714 5%+ CH, 2.6,
CO, 19.0, CO 0.3, H, 78.1 mol%= -FA1&k3 e}

F
:

temperature/°C
1200 offgas burner

1000

800

600
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Fig. 2. Features of a steam reformer for methane|8].
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Fig. 3. Features of an autothermal reformer for methane[8].



xe]

HAANE o83
flue gas oulet
methane/water I _______________________
(s/c~3-3.5)
— _ heat exchanger
hydrogen-rich
product gas
to HTS
4- .
| ceramic
-4~ | burner
H
methane-air b
mixture :

2nd reform'ing

section 1st reforming section

Fig. 4. Design of the compact steam reformer|[9].

2-3. §2HIS S8 (sorption-enhanced reaction process: SERP) [11]

FAE Fo] 218 52 AALE vigk 557] S A 5}

5287 (sorption-reaction), 74$}-3-" (depressurization), 2~H7J 3} 2!
7+57d (evaculation with steam purge), 712154 (pressurization) © & 7+
t}h SMR 30 AV COo,E AASIE R guk-go] %4
31, SRS SMR W kSRl 47k MBS W Co,
SPEEEEMES-2] A7) HH S o] 83l oA o85S =Y S
374 AHE R 8 4 Qlvhs s 73 Qi

Waldron 512} A7|22 £F-ollA] 71Edsk= Ul 254 mm, 2
o] 6 me] Whg7]olx] mleke] Askg-5 733t SMR v
9} hydrotalcite”} 371l K,CO, SFsh-g-2HA171 A91% S2H-87]
of 5719k Wgks: 6:1 HIER 57] 2] o FH3E &
25 180 kPa, W3- 490 °CE FAlshaA &9 CO 557}
Agst WMLl o]F wi7kA] W& A|&A1Z1Tk. 73t (depression) s
42 RE3719 FEE A A Sl Sk 71AE
Zohch ~84 st 2 Ak elM = RES719] s 5 psiaZlAl
S Aekekal Adete] 490 °C FE71E ARESE] COoE BEA
21t} 71 (pressurization) 3742 2= 490 °CY] 71155715 AME
3lo] Rk S SERES A7 AR B AloE
2 QAR 630-1,130%0]t}. A 7EA0] HEE = H, 88-95%,
CH, 6-11%, CO, 20-136 ppm, CO 30 ppm ©]3}31. 0 wgke]
82 54-73%°124C}. 180 kPaollA] 450 kPaC 2 9e]S wlto] A
st b o] e gl Zlo= eI SERP &g oM =

52+ T2 &7} 490 °CE SMR &g Blste] il A4 H,O
) R Aol ltk. 1y 55717F A8k 300-500 °C
JoME CO,Z AAE 5 AL PSA oA Aol golah
o] g F2A|e] igo] Fg2loltH13, 14]. Bak S[151

M) 222 A7F 7Rg 3ol viEE WL, olE kS

i

1

T AR V=

r_‘o}_“

3} 347

TGN FARE TR ABATIE AR o] 8 FEE] A AlxE T
“J (zero emission coal process, ZECP)oll AM2-317] $I3tod, A413]4
(CaCO,), 3 E (bentonite), 423 (K,0-Al, 056810,y 33t A=
3§k CO, SR Azl o] F2MAe] #HA S 1 am,
750 °CellA] 0.2 g CO,/adsorbent, 3 atm®llA1i= 0.25 g CO,/adsorbent
o]t o)A AN E S ARESE 7492 0.46 g CO,/adsorbent, 42
A Wle-AS A1E-SE 73-9-9] 0.38 g CO,/adsorbentel] B3t &= W
groluh, Al eto| ES AR A2 E2] &3] 0.16 g COy
adsorbentol] B]3lo1E= Thh & F&7S YER Zlo|t16].

2-4. HIEL=57| HES Z0H2} B EF(17]

SMR FelMe Sall O] gk H Ao ost Full s
7} B4 2ol & olZAteolnt. whebA Bha HAS WAl
sto] #QJo] #5715 FaEete] gt Sl Ao #
& Z2R= el (encapsulating coke)?} EHA L FH
(whisker coke)= AJ/3dct. FrllE Eoi3t vk S0 E3E
S0, B4 e R/ H O] 'hAhe Fu) Alo]e] Bk 7)A|9] o] %
< "o} HEAE I v

SMR 34ellE FERE SFulj= &/do] A artelnz UAd &
w7} o] ARg-EITh, AT Full= vk o] wEARE AR 41
olfE AMEEHA okt YA AAL T} 590 °CRA 7] &
niEg-2] F7d2 5 800-900 °CHEF wEo B obRulue) 712 x|
of UAS A gAsto] ARESIt) Frl WS St v 7}
23} 93-S F2A)717] $)519] KOH, MgO, urania 5-2 71,
0]50] Ao FHSFEZ potassium alumina-silicate & Ej L
calcium magnesia silicate JE|Z 4718}

Trimm[17}> Ni 7]l Pt, Ir, Sn, Pb, Ge, As, Sb, Bi, Ag, Cu,
Zue] H7F IS 2R Ao, olF F550] Nic 845 9

= == —

TS ghdr}. B3] sng 1.75%7HA d7kstol = 457] 4wk
2] Suj| Aeolle dEo] RSH, 0.5% SnS HIElE B
AAE AJG38] FoI5900). 7 A7k ghshyAo] YA s, o
L 757 M S EE WY viA HAS vhet) ujebA
A7 2% H,S/H, H1=7.5%107) Ed F3}=-2 NisE 3
SR Bk HAE Ukt f2lshy, dalEo] i o3l
o Fujje] F/go] wolxit.
Z1] SMROIX & Frllol HHe-E2] HES golsHl sl7] flsto]
FE5Z 9875 AR Lee?l Park[18]2 Ni/alumina, 4] 3]4],
WA AP 52 AR g 27 5 eme] f5 W7ol
2] 600-800 °C 1= Sl ghy} 57 2 T7E5 9832 3 &
71 A B S ST YAF S ARE-SE 800 °C, H,0/
C=2.22-4 %] A8 2719 A HEEL 80% ool ot 4
W FES A B ARE B B )y vE P98 F
3.8, 55 Y8l AL 24, =% A8 A9 097 YERITE 800°C
O] Ff 982 AY 4 A &2 A3 FAd wivk 1.2

7

4
= Vet AR LS 5ol 290 084tk ] ek,

¥

o

3. OABIEM THE! X (carbon dioxide
reforming: CDR)

gkl o]absleks A RFS-(dry reforming) 19201t F1k
Fisher$} Tropschell &J3l 25 AT7= 1 0m, EZAQ] A= 1980

Korean Chem. Eng. Res., Vol. 43, No. 3, June, 2005



348 EIEEE

Foll AFESAEH19]. ©] RES2 2 (5l B tiZ =2

CH,+CO;~>2H,+2CO AH,=247.44 kl/mol )

aksieks Sl 2 AAEO] dojA| o Bha FAE SMR
SRl skt wehA olaksleA Ad 379 SMR FA KL} of
YA 2R7E Juv, A3} 71AR1 CoE AESth= A9 4
sHd37gdolut dFetellgA] Z<A) 28l (chemical energy transmission
system) 5ol -8 4= Qlth= Helx] 1 FaAo] Faf 2=
AUTH20].

oPitsiRrA: A WEgelli= YA gl Rh, Ru, Pt 52 AT
|7} AREITE AT Sulls 0] a vk HEE 22U F
Slo] feElsit, rlo| B R AdA o 2= ARgE] o Hk YA &
o] TS BeEl7] 91819 Chang S[211 A2Tlo)E T
K, Ni, Ca& g=Igt S 7 E3t3ict. Moon 5[201 SMR
£ A8l 57) NANES olatslgka A1ENES-S Blwsi).
o|xksleka ANENES-2 27e] gk ojatslgbae] Hgkgo] 247}
53%3} 67%°13 2, S0AIZE 7] 2d8FA 43%9) 56% = Ao
AskE] et whde) 571 MARESelM= B4 At v
oFottt. o5 o|akslekA T WESolA] Fullol 'hArt HAEY
wlizo|t}. Osaki 5 [22]°] Aljket 2 (6)2] ¥ HIAUSS B0
2yl gkt ATk @430 Sk el Al &

¢

(¢

1

o ©f

I
|
]
]

ool

R4 = O H hl
CH(a)?} O(a)?] &% B 37} hae] 23 &4 Aste] 2 o
&=+
CH,~CH,(a)~C(a) (6)

olelo = AAEFER dl7] HES<Q! 2 (7)2] Boudouard W5l <]
SloIM S BhAe] FHo] dojudtt.

2C0(a)—>C+CO, ©)

wEbA] bk gk A4S AAIsH] 91519 wet reforming®lA]
 olitEiRk s} S 15 Fol A ()M wRk) whgAIXITE

2CH,+CO,+H,0—~>3CO+4H, ®)

53 S AAY Sshd SulE ARSI dith2s3). S 5
ylell co o] o™ wha 3#o] wo] Frk. Fig. Selx] B vt
o} o] Whg pAe] 9% el 257} vk oo 747}
AT, e 2ol FaAs S AAE] Ssie co,E
W oz FYstofof skt ol uA] Fawe] wWolA 1 g
H-§5 o bITH4].

4. 224 SH(POX)

k] Fataksl 342 Wigs A5 AsAA $A7EAE A
ZatkeE ot ouvA] v)8-& 4% £Y F Qv TIS
o], CO:H,2| En|7} 1:22A] wgkE E/doli} fischer-tropsch
34 ol vz o] &8 & U= o] ok FEH FiAaksl
S Fu| FtAikst 3R s ¢ Qo FS5u) FaRaks)
TS HE THY @354 E Y8R AT 4 9leH, 30-
100 atmefA] AFAE ATSHAI R Sef 1,300 °C o/de] ateefA] vt
AT

=

30

L
25 ] COy/CHyratio= £ 8 4 4 />

Pressure (bar)

650 750 850 950
Temperature ('C)

Fig. 5. Carbon formation regimes during the dry reforming of meth-
ane with CO,|[4].
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