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Abstract — Hydrogen is one of the few long-term sustainable clean energy carriers, emitting only water as by-prod-
ucts during its combustion or oxidation. The use of fossil fuels to produce hydrogen makes large amount of carbon diox-
ide (>7 kg CO,/kg H,) during the reforming processes. Hydrogen production can be environmentally benign only if the
energy and the resource to make hydrogen is sustainable and renewable. Biomass is an attractive alternative to fossil
fuels for carbon dioxide because of the hydrogen can be produced by conversion of the biomass and the carbon dioxide
formed during hydrogen production is consumed by biomass generation process. Hydrogen production using solar
energy also attracts great attention because of the potential to use abundance natural energy and water.
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=, 59} nlFEeE A eoM= ol ZelRle Bl AR 5
Fakal el @A, A AlAIR S 16,000 km ©)/de] Fto| el
o] AX|=o] Qitt. el A EH8-2 10~16 ckWh(3.6~5.3%/
kg Hyolm o] F F22AH]80] 60~80%% 2FA18HH station A%
| 10% A3} 2ol A] v]-go] AR Zlo|t}.
Uxs=gkS A R 3R A T} A4 9L HEEEke] oUAE ¥
oA ol ikslgkael B& WEsHl |t AR AT STt}
AR et o =] AR ofo] Al F7FeEA ti7 |5 o 2 bl
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7] Al Au A AR A @k F oUAE 3EsaA & o)
olell 39 FLELS WiEsHA] o Al disk wilo] A
7kl itk spARe] 7hd 2 AR 7ol Adskal A
o] golaitl= Zlolnt, Ao x e ZRE A= 7
o] Arsid FAeux|7t 711 Qe o] AHEs =58
A= gk 7o) A Qs Nt FAIA| = AEEA] sk Qlot.
A hFE-0) A ARl HATEA A/, AERY
TSN, G, 7kt Falk] Ak L QLo ejekdolt
THE 53 288, B o83 Bo] APEd, AESH, 5714

A7 E2HE T B A |A S o] 8slo] 22 d3tet

AR et GAl, Ak 7kt A 13 olUAIG=R.2] 80% P&
= @dsta 9lom YRl tist MAIA o= T TEY=
7tellM ] o357k 7158k O gtk Y7 o] AlsiA =4
FAE T 203037 0ll= GTL(Gas-to Liquid)°]4+ CTL(Coal-to-
Liquid)9} 32 7|50l /s o] el oldse= dfdatee]
6~13% =5 7T T Us Flola YiE edM=eA IuE
Zoltk, 473 A At Zefle] Tk Alube] 2ol W= 205042
TR 5-E A dEsl ] o HARE AT E s A
85O 12 J=of| vt IA JEFS w2 Flolehs A2 Esit.

2. SPMAZIE

A€l HAA7FA, biomass 5= 700~1,100 °C, 3~25 bar2] Z710l|A
71704, 5704 (dry reforming), F-ATEHR-S 3 CO/COy/
[e)

H, 375 ks 471 WEe-(H,0+CO & CO,+Hy) S ©]
&3l Hy/COS Hl&-& 243t o]& &3l folxl FA7kAE= Zn
W8-S 0]-8-519] gk, DME(dimethy! ether) Fischer-tropsch, H,,
oxoalcohol, 7Hm]At 5-2] Aol ARE-EIT} Table 12> 3P EHF
B FaE LS o) wiEs s 7R i) ol iksleka
9] H1&-E& HoETh Table 1914 B HA7 571 /o] o]
AbslREAE 7P AA viEshE 378 71solH ks o] AdtA

Table 1. CO,/H, ratio in gas products of reforming processes

CO,/H, Reforming Technology
0.25 Methane Steam Reforming
0.31 Pentane Steam Reforming
0.33 Methane Partial Oxidation
0.59 Heavy oil Partial Oxidation

1 Coal Partial Oxidation

O o] W2 oPiklekAE AeHE AS & QT A
£ drES7INAS] AS- 7P Ashe @XM SIS
gto] 2BAR FAE o)FF A9 1 v]go] Frtsit) A4t
100,00092 77 R.2] S71/047] shbE oF 1009 ] A=A =2
Z212 238 5= vk 4 27} odR| 2 AL V], A
bl Ex= oA 7} #iEste] A AAReRE 1.2~1.4409] o]
7} 2Q¥ 3 A6 A 8% HEo] Hlgo] oEL

AA7RRolA] FA4E Atk A2 7S S71714, 1
Zul| F2aksl, 2404, o, /N, AR e Herd
S w2 FvpPatel, Sutket Sud, FER kg Sol Q.
Z717149] 7 800~900 °C LEolA A T8 75% &
Q1 B3 FAoIAw AAIZ O R 4007] FT7t e om &
A1 Qiok, FEAERS] A4 1,100~1,200 °ColA] & F7)
&AM A9 NOS sooto] AYE| O] 385 FrakabA| et oA
F&o] 72 7)zolvh. Zekzmt 1 e 79 2,000 °C 2 EollA] &
AL F8-2 95% AER, H/CONto] A1 4283} o5
MJAT AREo] 7Fs3t Al7144) Flo] 5ot}

A AR o2 ke 740 OF 50%E Alxsh= g 5]
NS 7relA A2sha Fig. 13 2ok 9561 AAviiol=
G AAgkslrA s} vk (ppm)e] FelelEe] g gt o]
ARE 7)ol T3] dell 7337382 555 0.2 ppm G2
W37 98 Fasldt 9l Zn0F o83 S57gdo] Fastt vt
22 O/l 350~400 °CS] %9} 44et~70 7]9ke] ZAAoA S8
] S 2 dFuue] 9X]9 Co-MoZt AHE-att. 238794 7
2 Aariaes A7 2 FRYEE 8- gelE T2 Caleium
aluminate ceramic A|X|Alol] BX|F ICI9] UAASES 7|2E)

Raw gas

A

CaHg, CsHg CoHipCs.i Nay €O, HoS, COS,-SH

Hydrodesulfurization

and Absorption

st-treatment conditions: endothermic reaction, sulfer

process compound content < 0.2ppm, T=350~400°C, P=1~40 atm,

catalyst=ZnO

$

Steam Reforming eforming conditions: endothermic reaction, T=700~850°C,

process P=1 ~40 atm, GHSV: 3000 ~6000, catalyst=10~12wt% Ni/a-
Al,O; or CaAl0,

3 1203 20, ‘

Water gas T T RS T T AT

shift,reaction T=175~260°C(CUO/ZnO), T=340~450°C (Fe,05-Cr,05),
$ P=1~40 atm, CO concentration=7~12%,

Gas removal process

CO, was oved using absorbent(MEA or K

methanation on Ni, (0.4%CO + 0.1%CO,)

L 4
92~98% H,

PSA can replace low temperature WGSR

and gas removal process

Fig. 1. Flow sheet of CH, steam reforming process.
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Organic matter/
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Fig. 2. Biological hydrogen production.

okt 7)ol we} of2] 71X 7140] BelA Ik, AR B
tjeket 7|4 5S w- 2hael Jelst Aol Fig. 201th.

Fig. 29| 1¥l A2+ 5% (green algae)’} WS SFslo] E2
FE] oFgAke} AAs Fael s AAkehe A4 278l (direct
photolysis) T4 YER™, 2 H 2= A gl o3t
Ao R B Halste] AkRE dAsk sAledl 37152
olabsletrE 1At FAE ks aAdo] A Kindirect
photolysis or two-stage photolysis), 3 AZ:= F7|EZ5E purple
non-sulfur BrEl|2|o 2] 3330wk of] 2§k A ik (Photo-fermentation),
4 AREE Fo] FAHA & 7oA 871 nld=el <l f7]
XA} eldA Ao ® AFEE = Hael &gt A Ak(dark
fermentation)y2 YERATE, BlS3-E o]83l1 f714 Hirlgozy
B A5 e ¢ ole AR WS AluvAE dake
UE 7IeR B ok B vE S HEE oluAde
Z o] &3lo] Bl e HElINA FAE AT v
= Uitell= AP F S22 il 717t ] i o] glo] o] B

FFAL A7 B st vo| eullA A8 EA O] o

2 Ak Al Al AdE L ok webd G v
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=] Ae], COo, MiEsael we 245 §43} 5o) 7hss
iAol AFER T & AeS & A 0% Ve
ngEe] s sk A2 Lol deiR o vidES
o] g3t 2t 7Fsd el tigk A= 1970 oA 9171 g
w2 07 AlaE Q. AEolu e UiAlE o] Sl 3

71 olal B2 Akash RS M|, o] @) el
o
]

At AE vl R ddekal 270 A oRseARE 1
St FAlol Fd A protonyE AR RIS = Qlrk AESH o=
& A3 AR allhs Hhgelx] Bel 252 A= FAll(photosystem
e} A7 I(photosystem Iye 2kl 2 XA AxPAEAIQ] H|ell =
Al(Ferredoxin(FD))2 A3 44-3}& A~ (hydrogenase)® HAE¥ Ut}
ol A FAE ks 270 3 7142 AR o o
ofub= o R ] 2R Y] 2HdelA A8ehke et
agFe] FAE sk W § TRl Aubd & AR B
drgel g3l ol ikstek A 1ASAA ARARE HIESHA it
253323l o8l EEFE AR YAshE TAstaAE B
el A= Abkel] ofsl HA 1 Be el o] A
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Table 2. The paths of biological hydrogen production

Source Method Enzyme Chemistry
Directphotolysis Hydrogenase light O,
H,0 — PSIl - PSI — FD — H,ase - H,
H,O (Istage) H,O — PS — (CH,0)
Indirectphotolysis Hydrogenase

Nitrogenase

/ loght / Co,
0,

(2stage) (CH,0) — FD — H,ase, N, ase — H,

Photofermentation -

Biomass .
Darkfermentation -

light

Organic acid + H,0 — 4~7 H, + CO,
Dark
C¢H1,04 +H,0 — 4H, + CO, + Organic acid

S olgslo] Aislisto] A3 A4S i EAlE
o] ek 3 ejekdvto g A5 ksl = Qs o]l
AR AL 7|20l AWt S&alo} 3 EAlfo] W Fotolrt. 1]
AEo] glkeluvAE HAdlZ wgke 5 e w2 F a8 744
S A B AR Eso] JidE ofof BTt Table 291
A= Fig. 2004 AW vl 7€) AE8H] A8F w215 Vet
o glor 7 3 HAzE A el Agat W = ot

A A AR o RIBIRIAE S AAAEA|IR o] &
sto] BT} FAaRES o] FejE AERE AYPEE V%ot
IHAR 3715 oAt 1ysto] ©rala-s S48kl 297
ol b7 219 Mg xolM FASEAE DTt U
25 AT IL TA] HL oUR)E FaEte] 19AlelA] 4% '
FalEERE g7 Aaary a4 (Nitrogenase)oll 23l 4=
2BAe Sisksh= Zlojtt. o] FAellM 7 5 st R wAE
= A8 A @107 D5t FAStE AT NS 1,200
ToletA Frt. o]3e- Av]eUR|7L vl A A2 AAA Q] RO
2 4EA ot AAAR] A8rbeAS ok EehA] ok Fat
o] gt}

B3I At F Purple non-sulfur BrE| 2ok
o) Wit f7)4ke BAAR o] &ato] FAE ket FEAA

& AA| FEUE o]-8-3) upde] HE Frate] aglo] EA)

sulfur BHElg]ols A A s Arugdasrs o3t 43t
712l o8] AaE Aakshe F Q3 ARl AAl= A7]E]
3 EslshE, AP ARRE At o]
AR 37), s = 9 Agh gLl
o] THE B A 55 FEE = Sl vdE| u
2} 1 HHzHN= 2ozt Qi f718E F

29 2 AT AN R T RS VER) I 7]-ol) 3t
Autelglol= thaA Rl tlekdS vehle] 7] 9 7] 4=
M= AT B & S Qla, Al EEel osiA T aljeko]
7Fssltkal 42 A Stk o2 gt tield ulite] 7)HolE a-8=lo]

"

ok,
g
1o
o

r

£ AT B, ol U 4E A4S 1 WA A
& % gk

= @7 oA vlo] el
ol 2% 7, f718E &
e} oAttt AR, WA E e dEnkE
& 2] R AN, &5 71Ae] Fet ELk,

F71=8) skl ¥ wrom, daigela AAE thikkERl
71} f718mel Qi E ks Wit F7dEel oE 2
=2 A A 4=9] 747t ALk o] A2 glucose 1R
B ksl = QlE 1289 AT 33% JEOIRIRE Al AR
OMAHIO| Exz 38 At 7| - 2A At T Fsdut
Haolel g3l & &2 45 A 5= Qi) o]EF o=
glucose =R HE 12&0] F4E At = QAT A o7 4=
24 SOl BAYSh= AbeEs], 71 A

& FEFS T, AT AF d5E o8 A o529 vgloht
Hg ol AR aFol 2 A9 5 =3 A 89
Qs Frh wEbA VI ZNE AR FAl fU1Ake] F4
< HYsk & 5 ole Rz Az AESE A T
Ao Fageolt).

&R Pl AlokcttERlol, A7) W dasd vl
go}E ARgshEt 2ol T asd BhelgolE o] 8-
7FsAdo) 7V 31 71 A¥R= Table 3014 2 ®.oI5=31 Qlt}. Table
32 ] 7] AEEE AL 7]eE o] 83l] s F e T
AR S5 JER T 9low o Havt TP =& A &
T8 HATE A8 & 4 ok =3 o 2 B g s T Al

.

folBe= AAR R AT FaA 8-S TN

ol

Itk WA )4 ulello} TR e ARG 2 dEr
2-g 8l Bafeka T WA W7ol B utlopt o)

¥

TR A3 At Fig. 32 o]} 22 sfo| B = AlAEC] )
WERA, WA wAZ2R7E ol gste] olitslatas 1dsiA st
FAE e o] Hlo] @ BAS whgsh 4yt BAshe f714k
5o] WA Hid MR ZEEEe] PR Hula B
T3k F a7 At Ak

AEA FaAte] ATASS Aun the ) 2t Ao
A= 1991~1999 0]l #2314 FaA % 715 7i(NEDO)°] %!
=3 7] 9 Gt okE o] 88 f71H7 1 BR R E A4
S ATt AT A3E2 Ishikawajima-Harima 53,
Kubota Corp.ollA] 71917152 Axe] 9l G824 wa, Jv-e7|

Table 3. H, production rate of bio-H, system

H, production rate

Bio hydrogen production (mmol /L h) (/L)
Direct photolysis 0.07(1.56)
Indirect photolysis 0.355(7.95)
Photo fermentation 0.16(3.584)
Dark fermentation 8~121(180~2,700)
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Carbohydrate synthesis by CO, fixation - Hydrogen production by fermentation > maximize

hydrogen production using photosynthetic bacteria

Fig. 3. Hybrid system of Photo- and dark fermentation.
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kWhnZ HEEh v 5eA &= DOEA A QS ¥ national
renewable energy Lab., Oak Ridge national Lab., Hawaii T8} 5-ollA]
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3] -9 1 bard] oA oF 64%2] HEEE FA4E
Sick. A aEae] A w2 2w EAlIAN 17
olgloltt. B3, Hy0,7k E9E ] Jlo] Mgty &
o] &3t & a7t Q=] Aol gigt $HA wiitel] 717k
el BAGE BF71 ok AR AR} s Fants J
el 9 Aol gt “ﬂlﬁ & ] flal T kS ol
g o] AskehrolF OlﬁEPO% ERHE FAE AR 9
ok A3kt Aol S4 o] £ 413}, gl wkgo] el Eo]
dojrpr] wigel] A} Ata 4 e Rk g i
o] Z2 BatE wlad w2 £55(1,300K)9] sehikgE
T35 HAE o2 H Aol (close cycle)®] F=F FAE ] Q)
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fou b LR A& 5 UOTR 1967 ©1F- 200707t
= Aol Ak 3T
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Fig. 4. Thermochemical cycle.
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5 e,

2H,0 + Solar energy(thermal energy) — 2H, + O, (Net reaction)
M,O, + thermal energy — M,0, , + /20, (AFA=2H4Y)

M,0,.. + zH,0 - M0, + zH, G*2484)

Fe;0,/Fe0(>2,500 K)1} Zn0O/Zn(>2,273 K)& 4t3}, g o=
o] &gk dslshuo] 2o A4 Ads] & L57F 8753l ZnO/
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Zn Ao)F9] FEELE 45% A rolr 35S o644 ok A9 F
o 29% “g5=oltt. ZnO/Zn A8 =2 ollUX| g} oA 54
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Table 4. Efficiencies and properties of three electrolyzers

s Alkaliaqueous ~ Polymer High
Division h temperature
solution electrolyte
water vaper
Operation temperature =80°C =80°C 700 °C =
Current density <03 A/m? 1 A/m?< 1 Alem? £
Energy Electricity Large Medium Small
consumption Heat Small Small Large
Price Small Large Medium
Credibility Large Medium Small

J. Korean Ind. Eng. Chem., Vol. 19(4), 2008, Jaeyoung Lee
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Table 5. H, development programs and the nations

Hydrogen development Program  Related countries
DOE Hydrogen E. Program
WE-NET

Euro-Quebec

USA, In some European countries
Japan, European countries
Canada, European Union

IEA-Hydrogen Program USA, Japan, Canada, Germany,

Annex-1-15 European Union
Norway-Germany Norway, Germany
HY_SOLAR Germany, Saudi Arabia

Space-station Multinational Program
German Hydrogen project Germany

WWW.EHIP.org/European Integrated Hydrogen Project

Table 6. Estimated H, cost at 2030

H, production method Supply Cost (US$/GJ)
Natural Gas with CCS 7~11
Coal with CCS 8~11
Biomass(gasification) 10~18
Onshore wind 17~23
Oftshore wind 22~30
Thermal solar electricity 27~35
Solar PV 47~75
Nuclear 15~20
HTGR cogeneration 10~25
Gasoline/diesel(conventional) 6~8
Natural gas(conventional) 3~5

B. Kroposki, NREL Technical Report(2006)
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