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Abstract

In this study, an artificial solar simulator composed of a 2.5 kW Xe-Arc lamp and mirror
reflector was used to carry out the solar thermal two step thermochemical water decomposition
cycle which can produce high efficiency continuous hydrogen production. Through various
operating conditions, the change of hydrogen production due to the possibility of a dual-zone
reactor and heat recovery were experimentally analyzed. Based on the reaction temperature of
Thermal-Reduction step and Water-Decomposition step at 1,400°C and 1,000°C respectively,
the hydrogen production decreased by 23.2% under the power off condition, and as a result of
experiments using heat recovery technology, the hydrogen production increased by 33.8%.
Therefore, when a thermochemical two-step water decomposition cycle is conducted using a
dual-zone reactor with heat recovery, it is expected that the cycle can be operated twice over a
certain period of time and the hydrogen production amount is increased by at least 53.5%
compared to a single reactor.

Keywords: HA1E ElFE J4E AAH(Dish type solar thermal system), 24 2-E3]
(Two-step water splitting), —’F—i*ﬁ*}(Hydrogen production), $1-& EiF EAPEX|(Solar
simulator), & $]4~(Heat recovery)
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Zirconia ceramic foam

-Diameter : 50mm

-Thickness : 15mm

-Irradiated surface area : 19.6cm?
-Cell number : 10 pore per inch linear

Impregnation of Zirconia ceramic foam

. 7 Into Distilled water

i

|

1

1 | Dropping of CeO, particles |
I Repeat

: several

I times

: | Dropping of DI water |
i

|

|

e ——— -I Drying(Heating gun) |

Ce0,/Zr0O, foam device

20wt% CeQ, on the
Zirconia ceramic foam

Fig. 1 CeO,/ZrO, foam device

Fig. 2 Solar simulator

Fig. 3 Chemical reactor
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2.3 2Isiik37|
sfs} = Fig. 33} Zo] 112 Yg/4o] 258t ¥&F 9] inconel= A6l 354telzo] Z95 of
37 & 7AA B quartz window?] Z2to] golste s Z2|g o2 ARSI N, 7k 9 #5717 =

o
24 Eo| ERLES 2757] Slo] Aol R-type BAS AIUo}o] LES Z4slglct. E, Bk
2 QI9t quartz window 2] ThES- BFZ]6}7] Q5] fete-§-7] AHE ] water jacket-S F2}sto] 10T Q] Wzt
=] ieH

S A HESARFERT 2 A .

Fig. 4= 25A &3tel Rol2<] 7122421 AdAA] 7i2FeS yepd Aol ZA412Q1 A2 N, gas
purging @A, T-R @A, W-D&A| =0 2 A= N, gas purging GAR= 2Feite7] 9 ZF f24 9] ol&
A AA D o] BE 51el5}r] Qste] T-R ©HA| A1ZF A 18], 3087 NS ZE5kr

1. Solar simulator
2. Foam device
3. Reactor

4. Insulation

5. R-type thermocouple 1
6. Data logger °
7. Water trap
8. Gas chromatography ‘

9. Mass flow controller

10. Liquid pump =
11. Water chiller g N2

Fig. 4 Schematic diagram of experimental equipment
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Table 1 Experimental condition

2 -FU=)7] Aol 2.5 kW S]ElE Fall 200C= A sl o™, 1,400 A 3027t T-R BAE i
HleF BAVYAIS) AU Asto] W-D BAkE WASISIE. W-D S Hashs BN,/ 4571E Bl

B!

T ol 2l

7

87]0f40) Aot vl e,

) Testing temperature
Case Redox material
T-R step W-D step Heat recovery
NiFe;Oq4 1,400°C 1,000°C -
2 CeO, 1,400°C 1,000°C -
CeO, 1,400°C Solar simulator power off -
o . T-R step : N, (200°C),
4 CeO; 1,400°C Solar simulator power off W-D step : Ny/steam (200°C)
4, 232 g
A3} 7]450] 248 Dual—zone reactor®] &-§ 7F5-4:& E1517] 91510] Bl kg7]9} Qlp el mAP
A5 olgs14q 1,400°C, 3027 T-R HAIS 385t F AT ZAFER| 9] LS Aidsto] W-D 9A1E 7
FsI3ITt. o171 4] AR e AATRES 7180] AHFARIERS7] o] T-R ©A|(1,400°70), W=D ©HA|(1,00010)

ol o] ‘Avtet v skt

+—o— 1000°C

H—— Power off

H2 production(mlig-material)

0 10 20
Time(min)

Fig. 5 Hydrogen production at W-D step temperature of power off~1000°C (1st cycle)

=]
il
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S5 HhE R Aol S71oHA A, F o] AYAt A2 9R0 & SUSHSITE Power off 2719] 3¢ T-R
A BES 231 1,400°CollA LS 2l Aol Ny/5571E 3ot whiaell 44 HET} X
SAAYAT A o] 42} 38T} 6RO 2 Th2 BhS 2of| HS| WA ZSY =it TR QIFE) BAAIE
3l Ao] FFo] o]Fo)2|7] 37| whEe] ¥Eg-2] F=7t 18~2180f F= = dr.

Fig. 63} Table 2i= W-D ©@A] 2210l Tk Ce0,9] 1~3 #olE 5] o4 it Baf 4 Alke

<]
N

Uehd Ao|t}, T-R @A |9 W-D ©HA2] Hke- 2. & 71 Z¥2F 1 400°C, 1,000°C Q1 A& 7120 2 Power off &
719] 749 1.52ml/g—material 2 23.23%9] =4 AARF 7HAE-5 Bt ol=T-R ©@A19] §Rg-25¢1 1,400C

oM LS ATt FAIO No/57 15 3Eol37] tieell 27] 227 ohe vhg 2 Hot w1 We7| W

0] 2192 Qlsfe] aAAlo] YA 7Hse A0 2 )

H, production{mlig-material)
|

Cycle number

Fig. 6 Average of hydrogen production in the W-D step at power off~1000°C

Table 2 Evolved amount of hydrogen at W-D step temperature of power off ~ 1,000°C

H, production W-D step temperature
(ml/g-material) Power off 400°C 700°C 1,000°C
Ist 1.37 1.58 1.86 1.86
2nd 1.60 1.51 1.86 1.88
3rd 1.59 1.67 1.84 222
Total 4.56 4.76 5.56 5.96
Average 1.52 1.58 1.85 1.98

Fig. 7:¢ T-R ©HA|9] HES 252 1 400CE 143l W-D T ¥he 252 1,000°C, dal4t gl=
Power off, @345 283t Power off 27102 WHIIAAZIH CeO,0f gt &3}t o] 22 4343t Zlo|tt.
Power off®] 7% 44 HAESAE U FaA30] W-D ©HA ¥E8- 25 1,000°Co] v]s) w2 A Adsl= 2 <

]_

Z
4= Qit}, TS dolprt HEE A9 SR CeO,9] U Ny/45719) 45 712 Q5] 454~

H— 2

t
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&—¢—¢ T-R:1400°C/W-D:1000°C
@—@—® T-R:1400°C/W-D:Power off
A T-R:1400°C/W-D:Power off_Heat recovery

0.8 —

0.6 —

0.4 —

H2 production(mlig-material)

0.2 — * *

Time(min)

Fig. 7 Hydrogen production depending on W-D step condition (1st cycle)

Table 32 W-D @A Z270f| k2 CeO,2] 1~3 Mol S 5t =4 Aitgat Pt =4 Arteks vepd A
olct, T-R @A W-D ©A|2] HF2 2% 7} 7F2F 1,400°C, 1,000°C el 248 7152 2 Power off Z712] 7%

1.52 ml/g-material 2 23.23%29] 44 AAF 7HA8-S Bl o, d34rt 285 Power off £712] 74
2.65 ml/g-material 2 =4~ AJAFFo] 33.83% F7Fst3itt. o= T-R @19 §hg- 2591 1,400C oA ¢S
2Pt Al N/ 5715 B5ot37] whzell 271 257t &0, 3] ofsf) == CeO,0] Yol 5
T¥oto] 27] i Aol AA S71st517] whzoleh. webk] d247F 4-84H Dual—zone reactors 0185
o] F3}e} 25HA] ol MolES Jaotale vl T BRS¢l Hlsh 4 ATt Bt 28] Kol 25 -8 4
AU 5 AT F 4 53.53%%7 1 A0 2 oAbt

Table 3 Evolved amount of hydrogen depending on W-D step condition

H, production TR : 1,400°C TR: 1,400°C T-R: 1,400°C
. W-D : Power off W-D : Power off
(ml/g-material) W-D : 1,000°C . .
without heat recovery with heat recovery
Ist 1.86 1.37 2.63
2nd 1.88 1.60 2.81
3rd 222 1.59 2.53
Total 5.96 4.56 7.97
Average 1.98 1.52 2.65
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Table 4= 2 ¥8-7] ®FA Dual—zone reactor B, G3l4~ 71&0] Z-&% Dual—zone reactor H419] 4=
A A B IS flote] ZF 249 ARG 4 ARAERS UERd Zlott, =88 3 Kol 29] it A YA
D al]

Soflo] A7ke mEato] A7He Sed AARRS AtelSLT,

It

o2

Table 4 Hydrogen production rate

Case Redox pair Reactor W-D step temperature ~ H; production (ml/g-h)
1 NiFe, 04 Single 1,000°C 1.50
2 CeO, Single 1,000°C 1.98
3 CeO, Dual Power off 3.04
4 CeOs Dual (h;‘t’vrvefozfefry) 53

Case 12 AYPATL=EH NiFe,04/ZrO, 5 S54SR 2 o] 85 Tl HES-7] HEA © 22 T-R ©hA|@F W-D o
Z} Z7904 CeO, 5 EE48H=
2 o] g5 duk-e7] HhALS- LFERA Zloltt Case 3= 254eE 2 CeO,5 ©]-85F Dual—zone reactor B

=
o], Case 4= Tt &IPS o1851e] Eel4 70| A8+ Dual-zone reactor ¥4} LERH Zo]t.

A 9E|¢l o, ojuff YAHE S=49] 9F2 2.25 ml/g-material 2 A|7F 44 ABAabES 1.50 ml/g-h2 UER T
Case 2+= Case 1] H]ol 1 #o|E-& F/doh=t] 30420] BS54 6079] AlZto] Q%30 ARk 44 A
A2 1.98 ml/g'h2 Case 1] H[8]| 43.18%5 71 =4 AAES UEHILE ol& Foll 1 Rol23 =
At NiFe,Ou/ZrOy7F XA A o4 Aite] o] &2 CeO7F IR E2tot 20+ &7l Aol
of o Aght A= o & Qlk
Case 3= 1 Aol 2T 4> AAFFo] 1.52 ml/g-material 2 7]&2] @ §EZ-7]of| B WA A7 23
O ol Z-& AL 7 §lo] 3.04 ml/gho] H| w2 =2 AIRTS 4 AAtES Bl o™, Case 4= 1 A2
H

i YA AR e ABAYREO] Z42) 2.65 ml/g-material ¥} 5.30 ml/g'h 2 719 © Y Wh-g-7 o] v 5

B~k
o

il

ot

& AollM= Q1 Bl BAF A E o851 CeOy0ll HiRh 28HA] Bl F3et #olE A=
ot o) 710] 284 Dual-zone reactor®] 2-8 712 &1517] floto] Tl BES719F QIS E1Y AL
FAE ol g3t om Aelrvt fle 7189 A= vlastalnt. -] e vt 2

AN
(1) Dual—zone reactor®] 28 7F542 akelshy] ¢Jste] T-R @A) B 255 1 400C=2 A4Skl
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W-D @A §Fg 255 thFeHA FISAA7FH CeO,0l Higt 82 [Ex=

Z719] 739 T-R ©AY] 8k 2221 1,400°ColA ML Ahdshart SAloll N2/4-5715 5351371

Thzell 4> At ] At AlRlo] 242t 383 670 = ThE Wi 2o Hlsf w2 A 1138 = e,
(2) Dual—zone reactor®] -8 7+s/d= ERI517] 913t Power off Z2719] 44> AJA4FES T-R @A W-D

A9 vk 2 -7 Z17F 1,400°C, 1,000Cel AL 7|&o2 1.52ml/g—mat€riali 23.23%2] v A
e RAYEF 74488 BTt

1N
rlo

ES

(3) 434 7]20] A9 Dual-zone reactor] & 7F5A] 9 S4 AATEFo]| n)x]s 9Jeke BA5H A
d35]2~2 293} Power off ZA2] -9 W-D ©H HES 2% 1,000°C o] B3] ¥ke-Ea A Ho] Ast
AR Z A AT A Q] 24 AARS. Z7)51 9Tt

(4) T-R ©HIet W-D thAle] vk e57} 717 1400°C, 1,000CS] 2748 71Z08 dslr} 4w
Power off 2719] 739 2.65 ml/g—material 2 44 A4FFo] 33.83% &7ttt

(5) © ¥k 1A Dual—zone reactor B4, G3]4> 7]40] 21-8% Dual-zone reactor HHA]2] 44 A4
& S Qlote] ZF 24 AR o4 A3AEFRS B4R A3} Dual—zone reactor B34S @R Case
3= I RolEd o4 AJAREO] 1.52 ml/g—material 2 71&2] ©d §EZ-7] o] Hof] ERt]gh A7 23] 9]
Holgs FaL

01 3.04 ml/g-h®] BlW 2] &2 A A AitgS HloH, 437t 218
Dual-zone reactor JfA1-2- 1 Kol 2T o4 A4ttt AlTbe a4 AJAteFo] 22} 2,65 ml/g-material 7

530 ml/ghiz 71E2] B §Eg71e] vla] 3712 24 HlekAC

& A7 AVE 7IREe & 9% Aol 7]me] A tlEe] A AR HYE AlLEeE ol 87t A
& ofalAh gtk TRt Tl Wig7]of Hlsh 549l seagite] 7HsRt Dual—zone reactorol] =417 A7A]

s HolE o= TR A ariitEre ST AR,

o ERE 0I3E BRSNS AR FIATARY ARL Wol FH Q7Y
(No.2013R1-A2A2A01014903).
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