Korean Chem. Eng. Res., Vol. 43, No. 3, June, 2005, pp. 331-343

O

M
=

1970t 2=l o3) s AT arde] 91§ do] LA

A2 AF[OMO] 1T 5B U TIOITH Tl

2% - ol
BT ATl

136-791 A1&A] ST 335 39-1
(20051 5¥ 249 A5, 2005 62 279 A

R&D Trends and Unit Processes of Hydrogen Station

Dong Ju Moon and Byoung Gwon Lee’

Reaction Media Research Center, Korea Institute of Science & Technology,
39-1, Hawolgok-dong, Sungbuk-gu, Seoul 136-791, Korea
(Received 25 May 2005; accepted 27 June 2005)

(@] OF
i =

ATAA S} FA4E ARehe AEAA AFAe] 4838 AEiMe 4 398 T4 2Flo] A (hydrogen station)©]
o] Fast A4l FNb]Eoltt, AN O R F24 A o)A D3NS, 7| ANEE (reforming), 37 F~EHWGS)
Hhg Bl AR (PSA) FAE A Az 389 45, A8 9 2l FAZ 78 $4 2] (post-treatment) &
oz FAdEo] Q. # Fof| M= =4 A (hydrogen economy) AFE] 22| XS $laf =2l A S
A 2o gish A 7 S Y-S 1ASIel 28| g 2 9 el 5 Al 7Fs ellviA (renewable
energy) . 02 HE| =2 Faflol] o3t AR Vo] SE] A7 = A ARS] 7 whgo] FAE AlFehE
A0 E ZAoE ket upeba gAARS] G, SAARS] 7 REgel ost £AAIZE, CO TE AthE
St A7 AES 9 48] FEV)E 5 A Aol Agstel] H4El b disk 2] A

Abstract — Development of hydrogen station system is an important technology to commercialize fuel cells and fuel
cell powered vehicles. Generally, hydrogen station consists of hydrogen production process including desulfurizer,
reformer, water gas shift (WGS) reactor and pressure swing adsorption (PSA) apparatus, and post-treatment process
including compressor, storage and distributer. In this review, we investigate the R&D trends and prospects of hydrogen
station in domestic and foreign countries for opening the hydrogen economy society. Indeed, the reforming of fossil
fuels for hydrogen production will be essential technology until the ultimate process that may be water hydrolysis using
renewable energy source such as solar energy, wind force etc, will be commercialized in the future. Hence, we also
review the research trends on unit technologies such as the desulfurization, reforming reaction of fossil fuels, water gas
shift reaction and hydrogen separation for hydrogen station applications.
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LM B A ollvx|FFo] 7119 o qulje]] sjdah= a2l oldA]o]7]
el

[e]
Poll $FYT, Y U 7 A 5 U 0

PN
SaliME Az, A, A7ls, dsdA, ds

9l 70w wid uh glrhe). of%l 44 4] AANE}

A, AREE SHOE AR ] AeAdo] tiFEr] Alatst 7]
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Bk E U713 5] thekst Aq71Ee] o] S| ojof a1
uitof] 42~ Al (hydrogen economy) A}3]el| U|X|= T3 3=

- At AR i Al AR, WA, A fske
B 28 Gl AR Soll FE AREETE HTell=
|24 ARHA As2H(fuel cell powered vehicles)
17]2 ksl A8AA (fuel cell) 7ol thal A7} Gts)
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Y 558 A5AR 9 S Feslsl] flEiMe
A 1zeke] 0] 7P Fask A &
]. Le] aroj=r Fel= 20024 9J3AEE
A}8] (hydrogen society)2] & o1& gafo|H,
3dU AFEAE gl 7P ARAAE Agsbalvks X E
SO [8], =] HA] thEd 2003 =7 Al llA
ATHA W ATHA] ApFat Fofeld AAE 2=
A 718 stk st o], 4 A8

AR 7 AEE =TI 2 9lel TR, olol&ERE, A
vtk & A AAFSZ FaeuA] AARE Jdalr] 913 A5
T theFst e yglo] HAA O R Y HA FAPAAE]Z
9] z18le] 7iAl3} H 3 itk 10-16].

4 2~HloJ 4 (hydrogen station)> AEX] AFgakel 4742 Wid7]
9] g3 f1gk e} 7R ARAA W 4 AsAtel 7
= THORS A THACITH17, 18], 4 OIS A A
7|A| A 3 ofsite)l|A] A|Z=sto] kel <&l 2ukeh 3 A
587 AFAtel]l Fashs WA A onssite)e M A FAE Al
Zajo] kel AE Fgehs WA oE 7 < ). Onssite '
2o ofgh A A0 48] A kAol et Ee) F17] el
(water electrolysis)?} 3127 15 2] 7]2 (reforming)] © & 78 = )
th TSR 4 A A7 SsHl HE A 7Es olluA]
(renewable energy)@ol] &1 FAE AF8kaL Ifo] 3 2121 (pipe line)
of] eJ3to] s FEdhs WAIZ ol R o= oPdErH19]. 1
L ea AAIE R0 A8t S DARA onssitelM] FAE A
Aksto] AR AR ApsAtell a5 sk T 4554 9 HA)
TAE 5] ARAA Apgatel] FEdhs A AHlolAEe] A
=g SHOE 7001 3ol AX|Ho] $-J= 1L Qlrk. of2gh 4
glolMoM= 4 Az, e, A, 25 9 P ol dist A
AT AV o] ZE T Qlrt. o]F Fato] ko r ke A
A Ao A8t W A AN s flgh Qe o
52 ApolA] i AHo] 2] 7 AP & &JH|7T QITH20].
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Table 1. R&D situation of hydrogen station in worldwide
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2-1. 20|39 4 AHOIM T S5t

Hla A oUA] AR FEE QIS AR ZROFoR
Freedom CAR & Vehicle Technology Program} Hydrogen, Feul
Cell & Infrastructure Program®] DOE®] 5% o] 218) o Qlc}
[37]. 201597F4] G742 ARAA] ek Y3t AA] 2283 2025
QoA AdS HF HEE, 197(2000-2004)004 = 5=
2 AFERFe) A F A} =4 AEo)A ] ASAES WaE]
o, 261A1(2004-2008)0413= -9k - AT Aol AH-E-
< BEZ AT 500t R A AHOAE BT ool
39A1(2008-2012)04+= 783} o AR o4} HEE 9
3 FRe] A AHOIA TS BXE 201297H4] $4 ARsAk
5000012 TFE 5 U= £ AHOAS BYste] £axte] o]
£ Hole wrd AFolt} 20124 ool A AFEAt] Tl
Ak 1% A AL, g 5 g AR S E 9lsh A
FAF AL S WEsto] 4 THEY 25-50% 2] A
A AKE AFska Qlvt. vls N9 4 2 ojgk 54
& 7 e SRR EYY W), A7 SR, 4 AsAt
WS gEle] ARk Hakel st @A of el wet 7] A
Weks JAe)] WAl she A7lks FX18ka ik, wl=
T Ao ApEAt AL FA o ® MYE Ao AR
A 1}E 4] (California Fuel Cell Partnership, CaFCP)S 53}
o] A7REslel o8 A Alxshs Wals F4low Aeay
o} Fof] T2 AAHH 1 gk 53] Ar|xEfole] 4=4x highway 7]
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Nation  Program H, Station Hydrogen production method
USA SCAQMD project, CaFCP & CA, IL, ML, NV, AZ, - Electrolysis, Liquid H,, LNG & Biomass reforming, Photo catalyst etc...
Freedom CAR etc... Eastern etc... (25) - Compressed H, & LH,
- Air Product Co., Stuart Energy Co. etc..
Japan WE-NET Program, JHFC Tokyo & Yokohama etc... - Reforming of Naphtha, Gasoline, LPG LNG Diesel & Methanol, COG Electrolysis, LH, etc...
Project and New H, Project ~ (14) - Compressed H,
etc... - Tokyo Gas, Nippon Sanso, Cosmo Oil etc...
Canada Hydrogenics & Canadian Toronto etc... (6) - Electrolysis of H,O (Alternative Energy)
Transportation FC Alliance - Compressed H,
ete... - Hydrogenics
EU CUTE and ECTOS Projects ~ Framework (FP5) (32) - Electrolysis (4), LNG reforming (3), LH, (2) Alternative Energy, Bus
etc... - Compressed H, & LH,
- BP Co., Linde Co.
Korea  MOCIE, H, & FC Project Goal of MOCIE - Production by reforming of LNG, LPG & Naphtha
MOST, 21C Frontier Profect  1stage (03-05) : 1 - Compressed H,
2stage (06-08) : 10 - SK Co., KIST, KIER, KOGAS, GS caltex
3stage (09-12) : 50
sfetmst M43 HI3E 20054 62
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Table 2. Hydrogen stations in USA [36]
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Location Dates H, Production technique Project

Auburn, CA 2004 Steam reforming of Methane California Fuel Cell Partnership
Davis, California June 2003 Delivered LH, Toyota FCVs

Diamond Bar, CA 2004 Electrolysis South Coast Air Quality Management
Oakland, CA August 2005 Steam reforming of natural gas ChevronTexaco

Riverside, CA 1992 Electrolysis SCAQMD

Irvine, CA June 2003 Electrolysis SCAQMD, Toyota FCV
Thousand Palms, CA April 2000 Electrolysis SunLine Transit Agency
Sacramento, CA November 2000 Delivered LH, California Fuel Cell Partnership
Torrance, CA 2003 Electrolysis Toyota

Oxnard, CA July 2001 Delivered LH, BMW

Chula Vista, CA (mobile station) 2003 Electrolysis City of Chula Vista

Richmond, CA October 2002 Electrolysis AC Transit facility

Los Angeles, CA October 2004 Electrolysis DOE, SCAQMD

Chicago, IL March 1998 - February 2000 Delivered LH, Chicago Transit Authority
Crane, IN 2004 Electrolysis Navy Refueler

Dearborn, MI 1999 Delivered LH, Ford

Ann Arbor, MI 2004 Delivered LH, EPA’s NVFEL, DaimlerChrysler
Milford, MI 2004 Delivered LH, GM and APCI

Southfield, MI October 2004 Electrolysis DTE Energy, Stuart Energy Systems, BP
AZ(mobile station) 2002 Electrolysis Ford

Phoenix, AZ 2001 Electrolysis Arizona Public Service

Las Vegas, NV November 2002 Steam reforming of natural gas DOE

Washington DC May 2004 Delivered LH, GM, Shell Hydrogen and APCI
Penn State, PA 2004 Steam reforming of natural gas DOE, APCI

Fofl wh=Zw 201009714 200712] 4 2Elo)AS Ak AlE
S 7H AL glom, Hels dAxAo® sk 9l FAlolct
[38]. &Al wl=ellA] 7hE Foll A= 4 2~Elo]42 Table 201 73
FATH36].

Ath= A5d1A] 2Rkl FAAR ks sk 318
407 It} 5 50X HeZ 72 (Canadian Transportation
Fuel Cell Alliance, CFTCA)S 53103 41 oluA] 7iiks 2= 31
shal glom 20033 FE ARe] AFH7|Eel thet A T A
A3}= 93t AT A A 7|4 TRAE AKR]S F7 Fof| 9]
TH39). B3] ERZES 407 ¢7]9] G4 Ago]o] 7AEgl o
o, 2 50| A7)Relo] o3t aA WS Aeiskar QJTH40].

2-2. FEe| 4 AHOIM JHY St

oM E F5A 9 A=) ARE2) 93] (Buropean Hydrogen
and Fuel Cell Technology Platform, HFP)E 3% 4 3 A5
A Aol gk StEVS o] FA7dA Abslel diueh
& Qe 75 g o] ks g Fof Stk 3 CUTE
(Clean Urban Transport for Europe) 2 13- 5510] 74 o/l =
Alell 30009 AFAA] AREARE A 38k /1o 2003 59
271 mlEEex] A AR AsdA] ML 2-3o] FAIE gt
ojo|& 7 == ECTOS(Ecological City Transport System) >~ 134
= &oto] &=e] AR V]S ol gl Ak RES 5
St Ao we} ojol&R = #lo|7h] el 2003 92l ¢
A AbsAt 8e 7B 592 EU oA 71 2t
A X2 WS HYs §1e 7 EIHP(European Integrated
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Hydrogen Project)[41]2} TES(Transport Energy Strategy)[42] ~=
J3E skl Qo A7) 9] el R, A 1
Y1 ARIA7F 35 Fofslar Qlom, A oA ZRE] FA5 A
akekal o] G&H O o]k w3E AElE TSkt B4
o] QIt}. EIPH & 71%(1998-2004)041= Ak Ex0] obdA) &
2}, EU ZRsF R ZAF 28]31 o4 Apeat 591 315 915 7
WIS el on, 4 ARSAHICE & FCV)2l i B
S5t A AHOIA, A4 AREAL, A Full7] (dispenser)) T
bRt A, B3 W 75 S 93 dvh JdE vl
QJt}h. TES T2 132 7|EA 0 g A g 9] JERE A
3 iAo ot 58 AlREE FEshs = A1ARl 2y
w3]5)7] 9J8lo] 2005-2007A7H4] 307042] 4 AHO|AS
3kl 20100d7FA= &<] 7 |slel &k G4 AHoA-& 30070
2 TE3FH, 2010-2015G7F4] Tho]Z glelef] &3t 4 33 2l
x5 st 2 S HEE CEP(Clean Energy Partnership
Berliny’} 75 A%3kar Stk Bk Hdofls x| g4 212
N A Z2AEV) ghiks] Zsgs]o] gkor 4 YAdr|H #b
B2k 9 ARAA AsAHE T Udo® Al st A A
Hol A& Jdsh=dl F40] ik izl Al AF Z2AE
E2= Bavaria A1 2] AEA o]-8 1|17 9 B A 2 73(1996-1998),
Aage FAMAFL AEold A7 T2 7 (1999-), TH2
A 4EFFA VANUIAZ 1, d84%]) 2 73(1999-2002) 2
Euro-Quebec Hydro-Hydrogen = 721(1989-2000) 5-©] 31t}
[41]. A F5ollM 71s Foll = 474 2E|o1AS Table 31 A2
3HATH36].
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Table 3. Hydrogen stations in EU [36]

Location Dates H, Production technique Project

Munich, Germany 1989 Delivered LH, BMW

Hamburg, Germany Sep. 2003 Electrolysis by wind power CUTE

Nabern, Germany 1998 Delivered LH, Daimler chrysler company refueling station
Munich, Germany May 1999 Delivered LH, Munich airport vehicle project

Berlin, Germany 2003 Delivered LH, Clean energy partnership(CEP)

Copenhagen, Denmark 2003 Delivered LH, Berlin, copenhagen, lisbon fuel cell bus program
Lisbon, Spain 2003 Delivered LH, Berlin, copenhagen, lisbon fuel cell bus program
Stuttgart, Germany 2003 Steam reforming of natural gas CUTE

Malmo, Sweden Sep.2003 Electrolysis Sydkraft

Stockholm, Sweden Nov.2003 Electrolysis by central hydro power CUTE

Amsterdam, the netherlands 2003 Electrolysis by green energy CUTE

City of luxemburg Oct. 2003 Delivered LH, CUTE

Porto, Portugal 2003 Excess hydrogen from crude oil CUTE

Madrid, Spain April 2003 Steam reforming of natural gas CUTE

Barcelona, Spain Sep. 2003 Electrolysis by solar Power CUTE

Reykjavik, Iceland April 2003 Electrolysis by geothermal and hydro power ECTOS

2-3. UEO| A AHOIM Tt S5

P& A oUA] AIAE 5 FEte] F7F oflvA] o &
1,2 BAY Al AaAk 9 gdEe] T A AT R
9 g A ow HEA F ol AT =9E 7
tiskar Qloh 53] G4 o] 8- 7IeEA AndA] AsAat 2 A
AZHA 9] &S AARQS HEE Hg7|ut gu], AT HAE
4l Qlsre} g5of F& il St} ©|u] WE-NET(World Energy
Network) T2 739] A0 Z Osakadl] LNGS] A% 7)4def 23t
G4 2~H o4& NEDONew Energy and Industrial Technology
Development Organization) 532 2 >4 ol 3It}H43]. WE-NET
9] & xRl 0" NEDO F#HOE 4K o] & 5 7=
< 7N8H= New H, Project(2003-2007)°14= 5724 57314 #b
TAFE 20059714 APl JYGAZ)7] S1st 7k HA 0w
T AR A, e 9 EF e 913 S Brkeka,
A letel IR 571, 700719H8 A AR B rlo]aE
E47] Foll ek /N A7 28E ot ARl Yitel] AX]
FR1 2> 2~H|o]4d-2 JHFC(Japan Hydrogen & Fuel Cell Demonstration
Program) Project(2002-2004)2] Y+0 2 METI(NEDO) 4t5t2] 133

Table 4. Hydrogen stations in Japan [36]

719 3] PAE 4% FCCI(Fuel Cell Commercialization Conference of
Japan)?} JEVA(Japan Electric Vehicle Association)’} Zrodste] A5
AR ApsAk 9 o] Q) FEE 5 A AEo]d AFE X
ZAETE AT Foll ArH44]. A5 AFEAke] B JEVATE T
#5 GM, Daimler-Chrysler, Toyota, Honda, Nissan2] 571 A&
=} 3JA}2} JARI(Japan Automoile Research Institute)’} 3o3skat §)
o 4 A"l AFol= ENAA(Engineering Advancement
Association)”} 533} Cosmo Oil, Nippon Oil, Iwatani, Showa
Shell Sekiku, Tokyo Gas, Nippon Sanso, Air Liquide Japan 72|31
Nippon Steel°] FofataL glom &4 gl Qsrshu} ol 14702 4
T8 T4 Aol de] A ¢kg e 1A Foll Qlth. 4 AE|o]
Aol S ARlE Fol dofl A== A5AR] AsAke] 29
ek 71 5, o] A7t a9, o4 2oL g AT E
AV AES st 7x ARE AR Stk 4719 g4 A
0]X FoflA Yokahama-Daikoku, Yokohama-Asahi, Tokyo-Senju %!
Kawasakioll x| G4 AEHo]AdS 242 717, V2B LPG 4!
WehE o] A'ANA whgoll o8| A7t AlZE 1, EEFF Tokyo-
Ariakeol] AX]H 4 AHo]Aol= COG(coke oven gas)®] w2

Location Dates H, Production technique Project
Osaka 2002 Steam reforming of LNG WE-NET
Takamatsu 2002 Electrolysis WE-NET
Tsurumi 2002 Byproduct hydrogen produced off-site WE-NET
Yokohama 2003 Steam reforming of Gasoline JHFC
Yokohama 2003 Steam reforming of Naphtha JHFC
Ome 2003 Steam reforming of LNG JHFC
Hadano 2003 Steam reforming of Kerosene JHFC
Ariake 2002 Delivered LH, JHFC
Kawasaki City 2003 Steam reforming of Methanol JHFC
Senju 2003 Steam reforming of LPG JHFC
Tokyo 2003 Delivered LH, JHFC
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AN AZE AL AR T Qlom, G2 Akt
5= ZF2) 30 NmY/hresk 99.99%0]th, A JEoA 715 S0
Q= 4 AFH01AE Table 40 FEEIATH36).

2-4. E|LER| 4 AHIOIM I S5

Ul IFE A4 ARE st ARAAE A5 A7 (fuel
processor) /=2 4H ZAAT A, g 2 7GAE
A Ful, WA A B AR AR digk 72 AT FE
LTt HZoll i AElo)AE 93 947w D AFAK
off Tt A77F AR YA, B3, FAAE 9 FegAlel dist
7158 Adxd=gol] nlal wnjgh gttt 53] 48] 71, a1k
28] A g ] V) g AdEe|n Ax=Ee] 7)EE
e w9 e @ 5 sl

FrerolluA)7 ] AT 199995 E 7H8-8 ARAA] AlE )
o] Ao HATRATE o]8vh 5 kWiel s AA] T
of tigt A5 8N FA 3 NmPhrg ¥} 20 NmP/hra
A AR A2 TeEe 318 Foll QTH4s, 46]. F7t
2FARE 2000958 HAZRAS) TE EA| SR dgtow A
719 A kg 9 s Nmihrd 28 4 AR s
eEsigion, @Al 20 NmYhrg 4 2HoVAE V&8 54 A
Z AAE M Foll IH47, 48], 019)elE LG 5% d7at o
ol 50 Nm¥/hrs 71715 T9l5te] 24 dlolelE oln] &1
3 AFEjo]™[49], CETE= 1.5-3 kW2l 428 7F8€ A8dA A
2ELS QI8 A Ax AHE AL Sl e [s0], A T
TAelM = 7R AR 28] 7V PEMFCSE 7147] 7ol
g A7E 3 Foll ATHs1.

S e AT 199995 E KIST 7138 LA 9] o3t
07 AFAA] AsAE UdAR ZZAA (multi-fuel processor) 7l
ol 3 Q15 S=aEl] LNG LPG 719 Yl miehe-S g%
AMESR= PEMFCE kWa A= 71&71E dsislom(s2, 53], &
3] At FullE Az3t7] Y% washcoatingH [54, 55], NiAl 71
A A8 ATR F1j[56-58], Pt-Ni/CeO ] WGS F1l|[59-63], %0]
=% ©F3}1= (transition metal carbide, TMC)Al WGS Z1H|[64-66] 2
T2 AE PROX Fuli[67, 68] /il #3t A7-ARE 233
o} 7R ] A HES 312 971 %A ¥ (high temperature water
gas shift, HTS) WFs-, A 53712~ %%k (low temperature water gas
shift, LTS) W8 2 M¥} 4] 48INk-g-(preferential partial oxidation,
PROX)°.2 % 713 A8 714 7] (gasoline fuel processor)E 7]
W51 0™ 43 methanol 15718 7] (micro fuel processor)2] 7l
wol] sk ATE 33 Foll Atk B3 LNGE 952 ARSshe
|-gEH1 AT AX] (molten carbonate fuel cell, MCFC)E- 5 Nm/hr -&
ko] MA7E elgion, 25 Nmbhr §32] /A7 |2 Y =
o k.

FHtol vl=, A& 9 {7 T AxlFelA A AR
S SIgk 57 njdE EastA UM E AN TR A
o A] AAE] TiEkE SI5E )R] AR, A% 2 o] &l T
3 ZEE]o] A}1(2003-2012)3}, AFAFRS] 4 AR A ALY
(2004-2009)0] Z13 Z=ofl 2ATH69, 20]. F71H5-2] ZEE|o] Al]of| A
= S22y AlZz71E2A 20 Nmbhrd 7k 7o) <3k 4=
2AZ T AEE AR U E 285 5 Nm/hrae] Al2E]

AZs Bxg ala Qrheg]. ok 74 S U Al Y
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jinla)
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3fe} pashas o835t T ATIE o] AN Fell 3lom, kWi
Aid FYMAAAE, F4 1 AA B 4 el deE 5
2 o871 A7 A7 Fell 3lTH20).

ARRO] AR AR ARIeAE 4 Ao e] SAlE 7
%, AFeAk T4 80 kwi PEMFC A RE, A} HEded
(APUYE aARbelE A5307)(SOFC) WAIA 28], Folg 50 Wi
DMFC A28 5o] Jle]l gt 2 A Ed 7]% /) uake] 3
30 Nmh 1R8] =4 2o A4, 250 kWi 8-804 s
AA(MCFC) 23 A28 Bl 78 At Asdx] Al2gle]
g ATAT ARgJol AL QleH20]. 53] 4 2E|o]e] =4k
s} 714 /EARgell= 30 NmPh 55 LPG & Reformer 3 74 &
Blo]ld AAR] S HA 0 SKE), Sy, S
A7 1EAT-4, F=skerelytel gl of2] the} So] FofsiaL 3l
o, &%, LPGE 2970, ade 37 eke Bl I
TarElE 9% PSATE 5o 4 Ravles JNwelal, §F=
A gl 71Ee] FURE S Aol AR s
T7F 573 Soll Atk ool A AEol ] A 9 AT
= Slell, F=7IasARel dAdiabeals 2e s Sl Ak
5 o]8e a4 AEolAE 2006 A1 HAE HRE ATE
& Foll 2lom, GS ZEIAE= 20064 S| 7HA] UZERS o] &
T 2Eo)d AAE HRRE AFATE T Tl UrH20).

f

A

ez

e
e

o

3. =4 Ao TRl SH Tl

3-1. £ AH[OMe] 7
T o] AL FAolA FAE AlxEkaL ApFo R -t
AFs2tel FFBAY FAolM A A5 AFSE F 2

2 TR W o® THE % Uk Onsite W2l 23] G4
HH

y
3o i ?> o

T} OnssitelA] SAAR2] 7hde Q3] T4 AlFshs T4 2H
ol g3, AR9 JdRkSel gt AR 3 (reforming),
A I=F =471~ (hydrogen rich gas) 8 CO §E5 W+
T AAWGS) 374, I5E 74 F2F 1257 (pressure swing
adsorption, PSA), 42 719kslo] Agsl= 54 A4 34 @ o
B4R AFFAtel FAE FHR= 4 (dispensing) 37 TOE
=)o) QITHFig. 1][70]. On-site® T4 AHO|AS A8 LNG
LPG, Propane, Butanes3} 22 714 g9} vk el 71

LPG, LNG

Gasoline, .

Naphtha Air/ HZO

Sulfur WGS Reactor
Fuel Removal | 7] Reformer (HTS, LTS)
25-350°C  230-1200°C 200-450°C
Dispenser Storager Compressor PSA
v o
Exhaust 80%c

Fig. 1. Schematic diagram for hydrogen station.
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&, Kerogen, T 53} & oA AR7F AR8E 5= Sl o5 <
5 7R LNG= =e] Bisen] gl ol x| ofef vjago] 4]
o] Q71 witell LNG] W o8-8k =4 2Ejojde] 1ol 7}
T A ow ek 3 7|ed R e Qs dgahus 7t

ol A4 54 Qlo] 18] FHag BEY Qi LPG, Lk
9 b
e}

7H=9, Kerogen®] 71AS o] 8-3F 54~ Ao 2] o] & Qi)

32, EEUl=

Mo
|
a H

[
£ =0]7] S3lA T2 AREEIL O, FHolle AsadA] el A7
FAE AR T YR AAX I U} 71,72

T 7P ARl 7IE o] 83t 4 AEo ] A, &
23 & SR 5 TS A 7 g Sl
7132 A5AA ] A5 A7 e Aol
| 22 0] DElgdef| ujsh 77 H5H o R QFE
3 AR ARRESO AMSE - Sl B3 IeS AA
&+ (hydrodesulfurization, HDS)¥} 52" (adsorption) 0.2 115
It} AR 1E2 044 37004 7ERoluY tA 59
el o) o] 8H = VEREA, AL FAE AR E3s &
350-400 °Ce] 2ol E3=ulE o]83ato] 7] s H,S
& A3, 3E HSE ZnO7h SR SAgelA A
WHA 0 & Ag-she tiaEAR] 838 S 2= Co-Mo/y-2FH L7 AL
|E L QITHT7L). Htell 7188 @3l Folld HAAEY deep
hydrodesulfurization®] - tjgt 27} Wiy $l © ™ [73-75], T
A76], F27) AR[77] L LPG ol that A2 i 7
of gt A7 ds] X QIeH78-80]. 2L 2006\F-H
A= o721 m|=2] EPA Tire 119] 7|50l 233t njegke] S
o] 33k FAHARAS5 ppm VRhe} ARHA] AFEAE =
FAE AFZE] AT 7SS E3rErte 2= A7 Stk
[71]. B3, D3 WhS-2 RES- 27} 11-20]7] wlit-of] Al (start-
upAizte] A, 7S Sl Alxd 748 Y75 HDS A=
FAIAk k= AR 0] St wEkA FETeS velra
o e GElA A AFsRE FA AEH o Aol= AjtelA] &
< 7)ot

#Hol Song & AMEL E7|eEA A8 FAdy
(selective adsorption for removing sulfur, SARS)®| AF A& A
g9 g3ly|&gA uldalst o7 B sigl om[8l, 82], Jun 5
2 EXEHAC), BEA zeolite, Fe/AC X! Fe/BEA S2HAE o]g-38t
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Table 5. Characteristics of reforming process and water gas shift reaction
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LNGe| 2337 7475 Laslr83, 84]. B8k, 5797k A
3 3o T A Foll o] S HLSE AAE 9
sto] ZnOE o] 85t AeA] Fatgslagel wst A7 s gl
T}85-88]. McDermott Technology= &= AL/ ARES< T+
= HIAAAES] E37]5S /Helgl 0. [89], U] Osaka Gas
LNGE 8% AMsh= AudA 344 HDSS} S35
ol g3lo] 7o) FAR-S 0.1 ppm 74 AAGR= FREIHE 7N
SFATH90]. o] 9} o] AT AT FHEE ARl EgE
71 Fehs IAFAAE AREste] FAlshs 7S 715
Ae)&S A slog sk, 53] ez Faeshy
FATF AR A oFal Ao A AR B0 B [T71, 72, 81,
FAAE A7 E S AE0)Ae A g|Eole) At
b wehd f7] #akEoly H,SE Ao s AAT 5
e wAAL] o] ArAoR ot

o0

=

R 2 o Ay rlr ni

3-3. AINEDIE

A TRH 07 AREE = AT U AV B2 'l
40 JhAel gl gatE L 9lem, o wlell MerkAst, 7w
W ol ARE L QlTH46-49]. 1Rlu A ARRI7E skl
=, Bk, 38 W A9 22 A uR|2HE A71E A
bsta £o] 7] wElE Bl s Alxshe 3ol eskd
Ao W) T8y ofg] 7HA] 7)) Aok wiitel &
T A d B A Rl OifES 7IE s e §
slo] T Ao whars uf Qlrh91-93].

eksleA o] AR S 57] 714 (stream reforming, SR),
Aks} 74 (partial oxidation, POX) & A+ 7] & (POX reforming,
autothermal reforming, ATR) HH-&-0 2 &-F¥U(Table 5 7x2). &
Al 3P A 07 7 Wol o] 51 QI WS wslrAgl 129
TS7E FrPdolA WhAIA FAs) datslerad] FA7IAE 4
= o] EREgoltt, e fglrae] 3] B ARRE o]
BAL F7NF oletE Tl SHfl Aol WA= AL

7 7571 NEREEE 23t AHd AERES Fol oUAE 4
oFek 4= Qlrh= AHeollx] #H4lo] ok Qlrh94-95].
wheleae] 57] NN (SRS TR 22 WA (De=

CnHm + nH,0 — nCO + (n+m/2) H, AH20 (&%) M

T/ MARESS At 4 | w1t el Sl AR o]

Method Total reaction Characteristics H, yield(%)
SR CH,+H,0 == CO+3H,, - Endothermic reaction 65-75
AH =+49.7 kcal/mol - Indirect heating, High efficiency
- Larger reactor volume, Slow response time
POX CH+$ O, CO+2H,, - Exothermic reaction 30-40
AH = -9 kcal/mol - Direct heating, Low efficiency
- Fast start-up & response
ATR Balance of SR & POX - Combination of STR & POX 40-50
- Direct heating
- Fast start-up & response
WGS CO+H,0 == CO,+H,, - Mild exothermic reaction -

AH=-10 kcal/mol

- Two stage WGS reactor (HTS & LTS)
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CnHm +1n/2 O, = nCO + m/2 H, AH< 0 (£9) )

Wb AR kS-S w719 A AEe] Alsto] glox,

HRG A2 el i Ee] A7 Wayeh] mhEe] whg7] £
I gle:

o] ofrh= wo] slonh, whe71e] AFshrt il 71E AR (start
up time)°| WErhs 28 72 it
B34 0] AFANES(ATR)E HESA] 3)ell A€l nhe} o],

(¢3

CnHm + /2 H,0 + n/4 = nCO + (n+m)2 H, AH<0
et ) €))
7] /WA (SR FAkehks-(POX)2] Hikso® ke 5
of Adet W WkE-S fAIshs A2 T 4 A
| 53]

o}

= o= A=
e 29 AANge) A9 A28 2P B

olo
9
=

W79 AlmdEo] golahe, AR ylollA o] gl Ao
njato] 27| WA sith= o] it
Ankd o &2 g5k JfASZEE Ni/ALO,8F PYALOYF 32
ARGE] I QIEH27]. Y FSui i sS IAT)AL Sl AlxdE
S527] sto] AEE- FHajlel] tist A7t &) XeE L gl
oh v])=e] ti3EAR] ARSI Exxonri= 7R LtE}
o] 571 MNAE 13t Pt-ReAl FvlI[99]9} Chevron/UOP A=
Pt-Sn-InAl & 717} /NASFATH100]. Y- 719} 2558
e TACR oket FRe] ARE JideE] Sl% oy 7
ZHo] M2 /WISt NissanS 7213 T Ao +%7] 714
< 913 Cu-Pd7l F7[101], Osaka Gas= LPGS} Methanol®] <5
7] 7HAE 913 Cu-Zn/ALO; F1H[102, 103] 28] 3L Mitsubishit}F
= Methanol®] %71 NAE $1$t Pd-Cu-ZnAl FullE ZH2} 7t

Table 6. R&D trends for reforming reaction of hydrocarbons

Hlode] A7

5 4l w93 e 337

BHATH 104]. Idemitsu KosanAR= WRZERS}E LPGE] AFARESS €
3t RwMnO, Z11E 7IE51ITH 105]. Haldor Topsoe A/SAR= LNG
o] AAukS-S 9% Ni-Sn/GeAdl =19} Methanole] F--AHseES-
< 28 Ni-CuZdl Z|E 22} 78191 2.1 [106-108], 2] Qilu
A3l YazEke] 571 S 213 Ni-ALOAl FvlE 3
&-3l3kATH109].

el 7, LNG 2 LPGE] 7] aHkS-S 913 Nizll Zv)
kol #et A7) Serakely e AT [110-113], Bellu=]7]&
AT-[45, 46] E FHTIFAHAT, 4815 FAOE AN Foll A1l
w, Wazeke] AR wkgoll tidt Fujsake GS ZEAE S
o7 2249 o4o|tH20]. Moon 5-& 712 Add W A8
M W35 218 NiAl vk Full& 71dsi3iom[110-112], LNG
9} LPGO] AF&E/NA T ~=/NAS $18F spe-Ni/Mg/AlAl Fll[113]
E M ol Qlet. ghslras) AR NES A Az
£ 71 Fufe] s A3E Table 601l FElSHAt).

3-4. 27N MEMES T|E

2712 ABH(water gas shift, WGS) ¥H-3-& 7ZINES- F ol 4]
AAE A4 F571~ (hydrogen rich gas) &¢ COE 57 vt
SAIA CO8t AR sk HHEO R NEEA] (4)ell A8 wket
o] YR = girt.

CO+H,0 — H, + CO, AH20 (&9) @

A S0] 4 0]87|ERAN FAARIA] Hols B2 oy At
itorlA] il tist oot Sk whitel] WGS Whg-2 7
A7 20 4 £EE 20]7 C0Y FEE U Q3 318
FHOF A E 3 QIrH27]. 53], WGS HFe-S A-8-E7elA
29} dEYokE AxsAY T 7F (syngasyE AHESHo] THE
bulk 3}3tE-S A=l ofF T 238 vkgg7gdolrh. Unkg oz
Fat welrad] A8 JERESoL Fataks) vk-gol o]stod A|
ZHn FaE2A Be ko] Co7t I FAETE BAE A A
A COE =738 #A4v Do g i B ks B4k
2 Agstr 53] Yol ATl E ot ISuE
H5A7]aL, =78 FAVF F QR e aitAl Aed A5
(PEMFC) °|1= Pl anode A=EFWE I EA17| = JES 1=

Nation Research Group Fuel Reaction Catalyst
USA Exxon (TX) Gasoline, Naphtha SR Pt-Re-based
Chevron (CA), UOP (IL) Gasoline, Naphtha SR Pt-Sn-In-based
Japan Nissan (Kanagawa) Gasoline SR Cu-Pd-based
Idemitsu Kosan Co., Ltd (Tokyo) Naphtha ATR Pd-Ru/MnO, (MnO)
Nissan (Tokyo) Diesel SR Cu-Pd-based
Idemitsu Kosan Co., Ltd (Tokyo) LPG ATR Pt-Rh/MnO, (MnO)
Osaka Gas, Fuji electric (Osaka) LPG SR Cu-Zn/Al,O4
Osaka Gas (Osaka),Nissan (Kanagawa) Methanol SR Cu-Zn/Al,O4
Mitsui & Co. Ltd (Tokyo) Methanol SR Pd-Cu-Zn-based
EU Haldor Topsoe A/S (Denmark) Methanol POX Ni-Cu-based
Haldor Topsoe A/S (Denmark) LNG ATR Ni-Sn/Ge-based
Korea KIST, SK Co., KIER LNG, LPG SR/ATR Ni-based
KIST (Seoul) Gasoline, Methanol SR/ATR Ni-based
KIST (Seoul) LNG, LPG SR/ATR spc-NiMgAl
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oz A Qlth114, 115].

WGS -2 3H-g-0]7] wiitof] Aol 337 88 (equilibrium
conversion)> St WERA A3 vESES AASH] 9
3to] WES7] AFole) inter-cooler’} F-2E F 7ie] ©d wWGS v
715 Mgz FElE AAAA ARGt A WA RES71= 350-
500 °Ce] WEg =W QoA ek 112 737k %k high
temperature shift, HTS) ¥+-3-7]0]a1, = W4 ¥1-3-7]%= 200-300 °C2]
W 22 QoA A== A 57371~ A3 (low temperature
shift, LTS) ¥-&-7]o|t}. “-8-27dollA Cr,05-Fe;0,= HTS S0l =
33 Cu-Zn/ALOs= LTS Fvll2 ZH2F AREE] 31 QITh{116-118].
744 HTS F1ll= 8-12%2] Cr,057) E3HE Fey,0,71 SUlE AMEE
T 8le™, Cr055 I-2ollA Fe;0,2] 4 (sintering)©] Lot
T5 8hH Fedl WZo] fhabE As WAXA F= TS
ot WGS RESollA wgke] 87, 3ol tigh i7" B 71413
Fol| thek Ae S 3kka]7)7) 98kl HTS Zulje] MgOLF ZnO
7} A7kEE A AEEITH119]. LTS Fvls 2 Cu-ZnAlZ
TAEo] glom, AnkA o & Cwzn] YAH]7} 0.4-200 Adeh=
metal nitrate®} sodium carbonate®] gAML ARE3l] FHHO R
Az}, 1l <)) 7k 28 LTS Fol(IC1-52-1)7= Cu-Zn/AlLO;
AbslE ZU 24 30 wi% CuO, 45 wt% ZnO 1231 13 wt% Al,O,
2 AE] Qo) Ad)e] Ag- HTSS LTS FuiE A5 7/Rar]el
7 g - WGS vEV1E AR /Y] Ry, A 9 71HA 9]
1730 3] vl 1% WGS Su/ae g a7 1 4
& AEHOlAE AgslshEtl 7P T8k 47l 120-122].
Moon 5= Cu-Zn/Al,057 -8 LTS Fvlli= Akste} skl 291717}
A= 7] (thermal cycling) 2274 Fulle] v]&Ads17F 47
ey a1, sk 250 °C o)) 2ol BAEE:9] sintering®]
Al dofutr] ol tigk v5/gdo] ekt who] qlokar dasigich
[64-66]. WHEbA] =4 2Hlo]A 9l AR AT & A-g8lsl] S8
= akskse} SHdEl7E v Aol Fule] vide] f-41=
a1, ol th3t S B8 LTS SR} g4o] woldt LTS of
Ag 135 WGS Full9] side] 22 o® 27Frh Moon &
&8 LTS St} 457] 9 3o dijgh vl7do] 973t Pt-Ni/
CeO Al vl [59-6312F Mo,CAl Svll[64-66, 120, 13115 22 71

o 5o K

N

Table 7. R&D trends for WGS reaction

Catalyst

Pt/ALO4

M/ALO;, (M=Ti, V, Zr, Mo, La, Ce)
M/Ce0,, (M=Pt, Pd, Cu, Ni)

Univ. of Michigan 1 wt% Pt(or Au)/CeO,

ANL Pt-based catalyst

NexTech. Ltd.

EU  Engelhard Co.
(Germany)

Nation Research Group

USA LANL
Sud-Chemie Inc.
Pennsylvania Univ.

Ceria based catalysts

Mo/(AL,O; or MgO), Pt/Al,O4

15 wt% M/ZrO,-CeO,)M=Pt, Pd, Cu, Ni)
Japan Matsushita Electric Co. 1 wt% MATiO,-ZrO,)M=Pt, Rh, Ru, Re etc..)

Univ. of Tokyo 3 wt% M/(ZrO,-Al,O5)(M=Pt,Rh, Ca, Y,
Cr, La, Ruetc..)
Korea KIST Mo,C-based catalyst

Pt-Ni/Ceria catalyst
M/(TiO,, Ce0,, Al,05, ZrO,)
(M=precious & transition metals)
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3Tt =elelA= LTS s dixlsh¢lgt 135 Pl WGS
Zulj7} B ¥ Q) 0 1[123-126], CeO,Z AAAZ AMESH= WGS
Zullol] tigt A2 EEEQITH127-130]. SulS]ellx] wars
WGS Fule] 7 §5-e Table 701 23t

3-5.PSA 7|&

T7 s ASESS AR 4TI~ (hydrogen rich gas)Z 5
B F4E 2 AAsk] feike 1] A el 7]l
sl 7] Agake 4 P VlERe A5, T
H 83 FEH(PSA) 5Ol Itk S22t AR 3
E5hZof thet 2%o] (phase transition) §10] F2ldh= oflUA] Aok
37golw, e} 3lE Al e 4 Al v e Fol
[132]. 3, S22 AR S2kAe] 7182718 eAelE
S Il A Rt 7hed 3 oR g ds A
o] &2 07 ool 4= Q7] whirell Aqtiel thitki
gell o277k tieketAl A8 = ks dAle] ok 53]
SA 3782 A ox dulgo] Adstal x2to] (kdah ¥
49] 2ks3} golatrhs 54 wiiell 74 Ek=] Al
ol A AAA o7 vekst FAdo] Ad8shE o] 4 AFo]
| g% QJeh133].

1]=2] UOPAR= W25 W41 2] Polybed PSAT7Y-& ©]-8a}
o IFe] FAE ek glom, AlgElo]EE ©]-8-8 Lindox
JollA] AkAE Eelskarl QATH134]. L¥2] Showa DenkoAH=
3EA AT AU S ofgato] AALE AAtkekaL glom,
Misubishi T&<> 7150 45 21719 40%E a3 S
25 &4 Foll Stk o] 9ol wl= f719] th=2] 71901 Air
Products and Chemical, Air Liquide, BOC group, Messer Griesheim,
Praxair, Aga, Linde 5~ A7l 7} A1) 70% old= sk
e, el whE ueFet 3s Jidstar, duA] ARE HA
3}e = Sl FREE S L Tl ok

IUlell A= UOPS} Sumitomo &) PSA 3785 E=4ste] i
28} AAE B AIskaL, COG(coke oven gas) % A13-3)8F
9] IFE FAE FHAAIBRE 3l ARgSkaL Qi
~Holdel 284317] 913k PSA ¥ F=elr)&d -, o
oX7|EATd 9 STk~ FARIA LNGE| AR A7 =5
B FAE 358k PSA 388 7 Tl 9leH 20, 69, 135, 136],
F=ael7]ed 3} Atk LPGE 2| 7 w3 WGS
W75 AR 4 FHVIAERY Isle $AE S AlE]
Ak 2% PSA 33 AT FHAE ek AoE T8k
SItH20, 137-138].

T FTHIIARRE 15E 54 BEls T2 pSAVF viEAE
3oz RaE g ot AN R AThs Wjo] itk whebA
T4 AEOlAE AEsRl] Sl 7158] PSA SR A
O] TFE7} A2 28 PSA 341 1495 FEA L] Afdo] Hes).
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PSATZeNA wElE TEEl] i 457, AR 9 4
712 A A4 3HE AR F A5dA Asatel waEh
st AF871ell 714 Ao AE 350 718 oo Skt
of &) AAG uR] deE FTA FAE Ashs 71E0]
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