OlILA%]|

5t
[T ]

X153 |25 (2006)

Journal of Energy Engineering, Vol. 15, No. 2, pp. 107~117 (2006)

e
fob
lou

Y 24 HE J|E
LS - UFA - 2T - w72
el 2147) Z2eloiald SReluAAR, d3ElpadTn GFA7IEdTY
Themochemical Cycles for Hydrogen Production from Water
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Abstract — The status of water splitting thermochemical cycle for hydrogen production was reviewed in this
article. Mass production of hydrogen could be possible using the thermochemical process which is similar to
the concept of conventional chemical reaction system if the high temperature heat source is available. The
mediators (chemicals and reagents) should be used to split chemically stable water, and should be recycled
in a closed cycle in order to be environmentally acceptable. Though there is no process to reach commercial
stage, IS cycle, two-step cycles based on metallic oxide such as ZnO/Zn, Fe;O,/FeO and the associated
cycles are attracted due to their possibilities of application. Development of materials for high temperature
and/or corrosive conditions during thermochemical process is still important topic in some thermochemical
processes.

Key words : Thermochemical cycle, Redox, Solar concentrator, HTGR (high temperature gas cooled reac-
tor), Metal oxide
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CaCOS}F TIO, Be] E81Eol| A o)A B-gAd o]

HEE 37| 9al 23] Fde Asle] smmé] =
7|2 Wk & 1373 Kol g}, AAdalAellA] CaCo;
E CaOR vl TiOF-2Alel FAF A=W, Cas} Ti
9] E 8= 3: 10 "k &4 F pelletd 3 €O
54E Fslr] 15t 973 Ke] &%) Bz} o] Ca-
pelletAl e o] #olEe] F8 7|&9] shielq.

F| 2ol o] 7]&<l] Hale] Helr|ee] A4l wEhy
E 15~225%%] EEE 7IUE = U ez 2l s
5 Vel Wl Agrele =i 2 Qo

5.2, Mg-S-1 Mo|2
A 3lElr|ed TAeAM 1978358 st Qs
Aol ZZ ofefle} AL 4hA] wh-gelot

SO,+ L+ 2MgO + 61LO — Mgl - 6H,0 + MgSO,
25°C (22)

Mgl, * 6H,0 — MgO+2HT+5H,0  400°C (23)

MgSO, - MgO+80,+1/2 0, 1000~1100°C  (24)

2HI - H,+1, 300~1000°C  (25)

uk3-(22)ell M GEEE Eolv] Ssle B & A
shed @ 3L 7|l sloH, d4523E A8
AFA ez vh847])E Quartzat Pyrex 215 A
93, ddoge Ar|2E o43ln Q.

Mizuta®] 7RI 2] o] A]AglE AR5l
33A|7Fgat AdgA 08 Fabe] Fhsslgl e, RE F)Et
whg-2 ksl AyHT TAE 2P ZE HRE
o] £ $2EA YA DI = A
0.5dm’] 49} 0.25 dm’e] A4} deojgod, uks-
EE9 27 FY#E MgSO, 1.5 mol, Mgl, 1.5 mol,
H,0 45.0 molo]¢}x}. I Mizuta= o] #xje] E4L o}
L3} 7ol gokaigic),

(1) Mg-S-I #fo| 2] A3 7}s4d-2 74 u-E2] o
48 o] 43 X A4S FE AAZ =T

(2) ©] Rpo|F9] dEEL WS (22p) AHH B9 &
wddo] 23] 7HAg YRl A sRIE.

(3) ©] Al2EleMe Hag o) ukdo] ey
Aol AMEI glemz i) 7hsd Zloluth

et B ool gl AT A F5tE Adeoloh

5-3. Mark-13 O[22

GASLolZollr] 8.0 = djile] BES A3 7Zlos
HES 2 9=Wrl 7hE A e] 9lot ool (26),
(28)9] ¥hgollM AAES] HEPt 828 AMIISS
¥} oj2| XA =i EAPe] ik, Euratom®] Ispra
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o
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A

ATl eIA At Aol o],
2H,0+ 80,+ Br, » H,S0,+2HBr 47~97°C (26)
H,SO, - H,0+S0,+ 120, 810°C  (27)
2HBr — Br,+H, 300°C  (28)
5-4. 5l0|=2|= (Hybrid) MO|S
S5 AZaRel e Hek B AN, F2 A

FAE e Aol WL} ¥ FEAF ol

sk 7169] PEE o) FeiA T glet. HEAHS Zow

 RANRAT olgals ulF damaleas) R

SESICES

2H,0 +80, - H,+H,;S0, (75‘_]7]_‘1‘1’_5]]) (29)
H,80, » H,0+S0,+ 120, 800°C 30o)

Mark-13 #}o] 2] 793 Wk (28)S A7| R =. s}
slo|He|Exfo|ZE o]83t 4= 9lor], Ar|Rael FE
35 FAlel gl bR g wslul ui=7 Ro|F
o} it
2Fe,(PO,), + 3L+ 2H,PO, — 6FePO,+ 6HI
eET) (1)
6HI — 3H,+ 3l 300°C (32)

6FePO,+ 3H,0 — 2Fe;(PO,),+ 2H,PO,+ 3/20,
¢d71E3l) (33)

5-5. FELMBIES 0|28 28 ME B Mo|E

5 AR AR el R 7E o Zhel 3]
AellA d3laba] Balo) <& Al 4= 3ot o] ukg
£ ol 83led, Blof ciRE B ABEES] Bkl ¥
g9} ez wgg 4 glon, o]F S a4
= v‘f‘ﬁﬂs}“\fq] )‘}“g‘% ‘/;\‘ 9\1]:}' Fe3O4/FeOE}~‘—:— }‘\l'i}/%
A% (redox pair)e =l 32 Nakamura(1977)%]] J&l] A
=

o] {H-& x|l o2 Blofd A PR E o)
she], ukg2- kM9l 2(9), Al(10)3 Zbo| AlsFic}:

$) MR (9)9 Fe,0, FE3E, B84 F91713101A
308 79 2090 K(=1817°C) o]AFe] o8 Hge 3
ot Tl AATA el Alagl A7) ofe]
At t &Ko), ML FAF £4o] Frldd.

giokolliz] o) 8, = 1gtAlelME  magnetite
(Fe;0.)2] wiistite(FeO)2.2] Q4 F3)7} 2500 K o4}
L9} 17|84l Z=Es 78t Fdubgelo) vkl £
3wkl F A gAlE dodgH o= 1000K o
3] 2xof|A =zt ofo) HisliM= Tophigi er al.?!

ofluixizs M158 HM2& 2006

e b

9 Sibicude et al®o] 2 kW £8F2] BjoFR S ARS|e
Aoz g3t vl ook, 712718100 magnetite
o] dRal= oF 40% ZF=E o, Ar 978kl
AE Hallo| =2sleict. 2100Ke] e dxeElew
w-Zol magnetite®] B-E3NE ol 78 7| Ee} A A
=), o] 3% A7 A wiistite 79 AbAEAL
' A Wl o8 At mdeld v)rlg71ey
&, AAEE WRE] 95k ARNES F99E 280t
Uk Aol waizled, AMAErT Qo ukso] 71
gxoz H1 YLt A Bt H: 29le]
3 4% 9Jr}t. 7n0/Zn A= FEO] FP5AL 2T g)
o}, At M ZnOE Zn(g)d O sk qkeldl &

= 2350 K), Fe;0/FeQ A2l M3 QJAE A=
o] dof} EEAS Ho]=Rc],

ZnO — Zn(g) + 1/20,
Zn+H,0 —» ZnO +H,

Zn0®] Bl FAUECZ (AR =478 k)) Al3§€. 1.
231 2350 K2 2504 AGY] Ftel 0] =23k ZnO
o] A A8 &7} AER] Znd) 7Bl ErrE
E7] Wi Eoll HEPAER] Zn 719 AR AAFS W
A|&7] Hste] Y2 = FelFA el 275k Palumbo
et alZ ZnO/Zn 227 QI E-L 50%F 343}
ol AREEE DA A S Hdeda Xy
sl ol9) A HBEEL] G- ZH O 7no|
2ol F9Eet. Znd] T Bk S AR
AZ H3E FEYZrIEo] EIK. o] A|AR FE A
A2 PSIA ApaEle] QA dFHA Qo)
Lundberg™®= 7z} 1810 K&} 1175 KellM Z7] Sl
Al d¥o2 3= 4 9l MnO/Mn,0, 2 CoO/Co;0,
o] F AbstE el dste] A-g vl vk Mn,0.8
Co:0/c 37189718lelM 22 1810, 1175 KellA 444
22 Falet Zeh) o] 82 47 900K 27
oA 2] 0.002%2} 4X107%l 23, H, $&°) 4
- shol AAA] | 24| E3sinh. L 212 MOox/
MOred %5 ®lof G3le3Ao] azpdos 4457
HaME vlS- 52 728 P82 3o}, Ehrensberger e
al P T FAEINEL] 02 WEel 9o H(iren)
2] d¥-E(Fe,, M),0,8 #Z°] Co, Mn, -2 Mes} 7
< 5@ E AT o Y 2= wXE= g3
< d7sileh 9F A7 of 1000 KolA ZH5EE
ferrite A|2®lol| tlle] 1781900, oF 1000 KollA
F2F AME3le] (NiMn)Ferrite 4+9) 25F £ 2 & Al
HHoz FYs) Hoj=d AFsigicire, sls) 342
1173 K oJAH=1173 K)pll M2 ekel23)e] (Ni,Mn)Ferrite
o] d3jakA A 1073 K ©l8k(<1073 KplAe) oF




gslatd 44

ol2zje] Helo]Eo 2J5t B HelgAlos A= o
i} o] Alaglel|l N HRAYEE She] oke A|FHE I,
I o] B FE7) Hete] Erfjol ] 2R =719 H]
oFEA e oM opr|=|7] wfF-o|et.

Ferrite?] Ak 23RS 1000°C ojAlAM E£H22 3§
A=, Fe,04/Fe0 Hete &35l A& T4 o= 3
I 3)eh NiFe,0,2] 7% Ak Wl "bg-o] A& S0
A A= EIks BEE ol AREETRE 0.4%
Axe] Balslx]at 1000°C F22] 2xox gAdsis)
Al g A}, 1100°C FToll A AbAe] whaje] Ho]
=, 700°C F-ZollM B2 Faf] uheol wE i A
o] A7}, o] Holo A y|&d FEHAEE A7
e I P lE- ol L2

5 AR AA Ax 71 sl AR £
sl 280A A 2A, F-AkEEe] Alx E o4 A
E wHlol} v Aze] sl Holeld). sgle]E &
FEAEE AR Y7} Ve AAc e 2 FA
= glort, Alzte] o] A8

Al2E13) gl A2 7)g 9lelME dAlle B AL
oA Atzlgle] o] Foix= B 3] Y7 ATE F
Aoz AAHLZ o] FolA T g)om 7l7l-g Aol
FAE o] 83 AFE AA A3} s Ao
71}, eofd AdoldR] Alagle) §828 Bab A&
A2 AAEY Teo M 7fEx TEE AN AL
of ojgt Y&AL ARt 600~1000°C] TeANME F
Guks-2- o] 83le] TE3 ol A/ElEoA] HEkS Hs)
+ dlolli= 300°C H9] A5 T3] g 2= W
el AA o= Ax vhg-g 2Esle] Hdei S T
el A2 Zgtst "ol ik a3t Alg]o] 7he]
uig} QoW oux] £AS duht WEEr) e
Ae Az ATE AT HoAlo] it guid &
&o] 15% o]Afo| =, gl FHAA| 2" AAE 5 )
+ 7)€e] € Aeld.

GelealolZel hE FAH< FEeATE= IEA
SolarPACES(Solar Thermal Power And Chemical Energy

Az 71e 115

Systems) Implementing Agreement®] Task IIol Solar
chemistry research?} 3107, of7|A d3}ehd Az
o] A= gl

TEA-SolarPACESE Algeria, Australia, Brazil, Egypt,
European Commission, France, Germany, Israel, Mexico,
Russian Federation, South Africa, Spain, Switzerland,
United States 5-°] efFol| X /L 9l e ==
J;oR 9 TaskZ FAH ok

FEABIES o83 A8t eAAIAES Task 29 solar
chemistry research -0l 43} ©}A] Task 2.19] solar
production of energy carriers % Hydrosol} SolZinc
T =2 o f9Ee] A ok A= 9
2x] Hydrosok ferrited] 99 F4AEES o83 2-
step 284l 8 WE-7](model reactor), B, FH,
Alzgleol digt d-e) 71eA, A 7EE SR sl
21 SolZinc= beam downd A3B7|E o83l ZnO
£ gdsh= w1500 kW) 3¢} steamE o83t
A A oL} Zn/air Fuel Cell(10 kW)l 2-8517) £t
A7} A 2ol 9J.2m solar hydrogen production via
Zn0O/Zn Thermo-chemical cycleS 2$]2olx)Ade] S
I slol] A= gl37, 7 Hloll Metal oxide reduction
for hydrogen production program¢] NREL, GM, GE,
F22}% )8, Pinnacle West/Arizona -Public service2]
FHod3lell 2-step(Zn0O), 3-step(Mn,0,, NaOH)®] 48
Abel] gle] uhg7], Alawl, B MBSl digt Agde] Al
] Fo| 9lo}. =3t Solar hydrogen production via
thermo-chemical cycles programellA] i3}, GA,
Sandia Lab. NREL, Z-ZetEe]gte] Foslel] & 71x)
2&52] solar thermal energy collectorol|A] =& 71538k
2o AA7ER] AgkEl A8 7HA] g3kt HolEg
o]t AiAke] FE AV Nk ITE Alsigic).

" =2 20156 7bA] 3L eekEE o83t dakE
A EFS 3 USSke-H,2 A3 A&l A7)
g 713 Folrt, FEaEE e} A9 ETC) 3
592 “Manganese-based solar-driven high temperature

Table 1. SolarPACES Task2.1 programs supported by EC.

T HYDROSOL SOLZINC
717}¢ 36 months 48 months
o -1} 2,634,300 Euro 3,018,632 Euro
- Center for Research and Technology-Hellas/Chemical Process Engineering : CPEIIR(S(;}_II\;I P(FR)
Research Institute (EL) - ETHZ (CH)
=77 % - Deutsches Zentrum fuLuftund Raumfahrt e.V. (DE) - WIS (IL)
- HelioTech Aps (DK) - ScanArc (SE)
- Johnson Matthey Fuel Cells (UK) - ZOXY (DE)
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thermochemical cycle to split water” projects- 2005
FE 2009970 Aol F2 A7 8- 3-step
ubse] Al2'l g AdA eF AAA 7}, 3% NaOH
271E7 e, Al A W pa g AY, E R A
L 3k e} o] A7 Sturzenegger et al?e] 2
3 A=l e o] A o] uke-S B £ e
£ @t

(1) Mn,O; — 2MnO + 1120,
reduction step (~1835K in air)
(2) MnO +NaOH — NaMnO,+ 1/2H,

H, release step (=1023 K)
(3) NaMnO,+ 12H,0 — 1/2Mn,0;+ NaOH
water split step (=373 K)

20054 GA, vvlel, F=2etx, steo] g, Sandia
Lab. NRELe] %13t Solar hydrogen generation research
(DOEpPI 21311 ¥ 71| dsstgAdedl dist H7E
35l o]F AAA, HEANM gt IHe efefdol
4 G35 AR 3R gt gAAE B
o). 2010474%] 6USS/kg-H,, 40%lIViR] Eo] 7)%4)
3ol 20159 3USS/ke-H,, 45% oA F-8&o] 7]
=¥ f22 4Askn.

2004 High Efficiency Generation of Hydrogen Using
Solar Thermochemical Splitting of WatereF= project’}
AP =it

6. fE|Liatel AT HHE

Felvetl ] dsfelnto]Fol 23t B Fal A
Z A3 19899 A FHEr|eAe] Adez 3 3
A= gz [Ed oM AlRlslget. 224 5
Ao} ARAE AARSY] A%, A2 Aol s T
A sl gaztfollA] H o[BS ARl o
25 2= =28 2ESE RolF TR o
Z2 S o] 43}e] 22 x| v #AQ] s} Ao
25 Hglon, o]F Ro|Fe] FlsAE ol 98l
o] WhgAdell WEt 7|ZAY S Ao,

o Hofo] = g5l Fk AEE Qlozl, 2000
U= 9 FEpr|ese] FAA LR TESSAA AL
dte] 5 Aoz Azsby, JEIHE o F3lshH
53 FaAz upel Wg A7F ARl |72 10
g9 Fxsled e, 2003 1096l A2k Saellu]
A Z2ejo] Algje] . 19 ER E83T
ATHE-E ZEefo] AR Al FIs= Ao
2 gk

OolxIZer M153 HM25 2006

Photo 1. Experimental apparatus for thermochemical
hydrogen production using solar simulator (Source:
KIER).

FAAGeA FUL AT o AL 7)F A
£ A% AAE sletol e Ash-atle] S S
71e okttt QA= oG uie) zho], FAo] ot
Sao, Ade] Aol Solshm, e o] gl
3 AR ARAZE o148 4 ek ol ¥
7] ot

o) k] 7147 T e oA 24 Hokel %)
4, 900°C o5k} A2 x ol 23} A3 8kl
43} 714 e FESITOIE 2T Holof e}
E ook Al2aml Hefoll M2 ARSHER WA A& &
HHoz wab wme Arst] AolZ AZE B2
Tl W) AATeH 4] FEAEES o
£qo2 WA § Y ol4 S TR Ala) AP
o w3t FQ3id.

A7 AT e sle] 92 A G953 2o
fop 5 gle,

1) NiFe,08 MnFe,0= <F 1050 K W 2jol|A A=}
Axl'—/l\—-o’] 7} uA 6]'134, MnysFe, sO/Mny sFe, 50y 475 o
sfetatol o] 75 100% 4 3|47} o] Fo) ek 55%
9] oA EES zZHe 7oz AalEo

2) Mn, Ni, Co-FerriteellA] 0.1-0.5 cc/g-material®] 4=
S el o, nE 23 sete|Ert Al &
AR Bel, 2102 ER AS HPAAH W
3ol 49L& 5 e

ZEelo] ARl M A ubgvl| A4 Ao} ds}s)
WhA| 2wl ol FHskn gle)

7. OFx|SHAM

A 13 2 ASIPIE AREN B 978 B
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