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Abstract : Hydrogen production by steam electrolysis is expected to be one of the methods to use renewable
energy effectively. In the present study, two steam electrolysis systems respectively using protonic ceramic
electrolysis cells (PCECs) and solid oxide electrolysis cells (SOECs) are designed. The efficiencies of these
systems are revealed under two different electrolysis voltages : 1) thermal-neutral voltage : 2) voltages larger
than thermal-neutral voltage. The results show that PCEC system has approximately 2.0pp higher efficiency than
SOEC system under thermal-neutral voltage electrolysis. Under the voltages larger than thermal-neutral voltage,
the system efficiency is only less than 2.0pp down when proton transfer number is from 1.0 to 0.9.

Key Words : Protonic Ceramic Electrolysis Cell (PCEC), Solid Oxide Electrolysis Cell (SOEC), Hydrogen
production, System efficiency, Hole conduction, Proton transfer number
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WKL DFE L 22D, BIFROIED—D>TH % HllH
¥ (Open Circuit Voltage, OCV) 755 <. SOEC &
i UEMEBORHEIMEL %% L) i H 5. ED—
Ty KRELREDD W EREREN GO, KFRED X
TAELTERLYA, BHEAADZOD T AV F =7
Yhwiikx o, F72. 750 THHE Tz S b SOEC
LI L. PCEC ofiiixii 1% 400 C — 600 C @ i fHisk
ThY Y YRl BRIV 2 LA TE,
Kax MEbWIFFT& %,

AWF5ETld. PCEC OKRZESEMH~OBEHEZ BETT 5
7@, PCEC K. U'SOEC # W72 K FEME I AT L% €
NZENGEEFL. S0PV EBIES XL ORABMEILESLMHICB W
T, 5 COmMARR L GURELRET LV AT LK)
R L7,

2. ftBAHE
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(a) Steam-electrolysis reactions in PCEC
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(b) Steam-electrolysis reactions in SOEC
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Fig. 1 Schematic drawings of steam-electrolysis with PCEC
and SOEC.
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MO O & A ZA5GEDOFfEE OCV & L7z,

FR{EL AR (400 T —600 C) @ PCEC & @it (700 C —
800 C) »@fEd % SOEC & i3 5723, I & KKK
FIHZFEICBITS OCV 2R L, BHEL&FE2R1ICELED
720 2B, OCV DFEMEIZOWTIZ, B A S OPEH A
DFEERZZE L T,

#1 PCEC&SOECOHOCVDETE M4
Table 1 Calculating conditions for OCVs in PCEC and SOEC.

PCEC SOEC

Temperature [C ] 400, 500, 600 | 700, 750, 800

10 — 90

H,O utilization [%]
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Fig.2 Schematic drawing of H, production system using PCEC or SOEC.
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Table 2 Parameters for calculation of system efficiency.
SOEC PCEC
500 ‘C—600 C
1) Thermal-neutral
2) Heat generation ™'

Operating condition 750°C

Electrolytic voltage [V] Thermal-neutral

Production capacity
of H,

Thermal ratio of

300 Nm®/h?®

=90%
heat exchanger °
T f
emperature o) 35°C
Drain
Temperature of o
P 5C

Chiller

80% (At thermal-neutral)

Steam utilization
Parameter (At Heat generation voltage)

Transport number of
proton
TRMEEE  PCEC 0 OCV ey IR U KERFIBAZRD
SOECBEEZMA -EE

- 1, 0.95, 0.9

Ny, No,. Niyo) @ BIE LU 72K, MRFE & REM G KA
A D [moll. AH; @ BRI 03 5 RFEMBEH [T,
AQ ¢ A AUMBE LA B BB [T, AT AL
AW TIZ, KREAT—T 2 YIRS 2 RBEE Y 257
AERME L, BIRRRHIIIS PN S wE LY, &
AR B W TRARKBELXFRZME L. Y AT 20
B WIS B & & ORMFEME Lz RIS
TA=F—mK2IZF LD,
2.5.3 YATLMEHE
IK &R BE B1d i A 58 2 i (Higher Heating Value -
HHV) ZHw, (4 I2& ) AT 28258 L7,

B LT A O RRBES(HAVY)
AT BB

n 4)
n o KERE Y AT LA ORE

VAT AIWELRENL EWE). B ALR e —
Y DB FI—DEINTH b, KFERBEE (HHV) X
25 CHMEZFH L™, ABFETIR. TRV F—IR%E
ERLYEFIT—DAREZEL, K7 - 7ua78)), &
FRAB R R B B A e COBGRL B E B L TV,

3. BRBIVUEE

3.1 OCV EEREBES SUKERFAED
E3RES

X 3124 E 2B 1T 5 PCEC & SOEC @ OCV & /K2

SAHFEOREZ R T, (1) W LA KFE D Gibbs

1.2 T T T T T T T T

—A— PCEC 400°C
—e— PCEC 500°C
1.1 —=—PCEC 600°C _

”\\\

0.9F —2—SOEC 700°C -
—0— SOEC 750°C
—0— SOEC 800°C
0.8 s | L | L | L | L
0 20 40 60 80 100

H,0 utilization [%)]

3 &HREICHTBPCECESOECDHOCV &EKZERFAEDRER
Fig.3 OCVs of PCEC and SOEC as a function of H,O utili-
zation at selected temperatures.

£33 BAKETFIARKIZEFBPCEC (500 °C) £SOEC (750 C)
[]e]61Y)
Table 3 OCVs of PCEC (500 °C) and SOEC (750 °C) under
steam utilization.

e oCV [V]
H, O utilization
PCEC (a) SOEC (b) a—b
10% 1.0029 0.8627 0.1402
30% 1.0247 0.9160 0.1087
50% 1.0374 0.9440 0.0934
70% 1.0483 0.9652 0.0831
90% 1.0597 0.9836 0.0761

IANVF—KTIZE D OCV OICTF. (2) KA K
MCEED) AV —F =7 7 — N OBEFEZEOBINC &
% OCV D LS, BAbNL, F72. PCEC O¥h. 54
FTHREIWCKRELRADPEIN TRV EREL TV S 720,
SOEC & W LAREGIEE L LD EWOCV & 7% 5,
CoZkiF, LVEMRBENVSLEIIRLIEEZERT S,
7% 312500 C @ PCEC & 750 T @ SOEC ® OCV J O* &
DEZFLODL, KRELKFHROHEME & b ITKETHED
FEAUNEL 5720, 0CV DEZNEL 552 ED5Ho
72

3.2 BRHPIAEEZMLEPCEC & SOEC
DKFHEY AT LOHEROHEK
RS, 2.5.1 HiTE« LML TR, PCEC,
SOEC & b IZ#H L BIE & L& Is B 5 ¥ A7 24h%
DKAELRFAHFARAFE M 4 1277, PCEC, SOEC & b
WZKAELAHR OB ONTY AT 2T EFAT 5o
CAUSFIHIFR ORI A - THEMAE 2 S PEH S 2 KK
DENPV L B I LI L D, PR DOIMERFZ %
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Fig.4 System efficiencies of PCEC (500 °C) and SOEC (750 °C)
at thermal-neutral voltage.

IZLTWwa720, L) EnILEE b OKEREID Vi
A BB ORISR 26 TH b,

KRAELFHE 30% LLF O#IRTIX, ¥ AT A% OK
THAREL D, FOKELSFHRFEE (PCEC @ >95%.
SOEC : >80%) Tld. Y AT LAEDOLEANKEL 25
CENGDolze KV ATFLTIE, 1) BIFHA S OHPER
MOBEWIIC L o THAR T 2 2 MBL, ARG % T L
L= TESIIMBLTWS, 2) FLYT3HCETH
HTLH ST ADOBERB LTS, IhHTLe—%
DEIEFL U TRBENDHET ZADOBRD, ¥ AT L%)
IR L T b,

SOEC ¥ A7 & L Ii#E L, PCEC OEMETEIZEH VD D
DY AT LRNFETIER 2.0% pt HWZ LG D o720 FHK
AP I ClA AR ARSI LM 2 ) BB AYEAH
T 5720, EEOERRIL 70% ~ 85% D KAELAFFE TIT
bBRBBENLE VT D iy 27 AORROEZ P S H
295720, KAIKRELAFHZB0%IZH1F 5 PCEC &
SOEC Y AT ADIANF -2 F LD/, 4ITRL
XD MY AT AOKFERERIEIF L TH 5720,
IKFERRBEZIZ[E UIC 7% A%, SOEC & Mg L, PCEC Tl
VAT AILERENNID L BB DR, BN
P wEENIX, 1) SOEC KF#E Y 27 2Bk T
HH Y HHEHBIADLEIC R Z L, 2) B EBED,
SOEC :1.286 V (750 C) & PCEC:1.276 V (500 C) &
BRwaerEzohsb,

3.3 RHE
T
PCEC \Z# P BIE & V2, B EMEOME

BEEZRAW/EPCEC Y AT A

& BEE  Vol.20

x4 KERFIAE0%EHFEDPCECRUSOECKTREY X7 A
DEEZDIRILX—
Table 4 Energies of each element in the H, production sys-
tem with PCEC (500 °C) or SOEC (750 °C) at 80 %
steam utilization.

PCEC SOEC
Combustion heat of H, [kW] 1062.8 | 1062.8
Latent heat of H,O at cathode [kW] 0.0 1.4
Heat Loss at anode [kW] 10.1 1.5
Heat Loss at Drain [kW] 0.9 17.3
Heat Loss at Chiller [kW] 2.2 23.5
Heat Loss of water from Drain [kW] 0.0 0.5
Electrolysis electricity [kW] 915.7 922 .4
Electricity of Preheater [kW] 159.1 170.3
Electricity of chiller [kW] 0.0 11.8
Heat energy taken from environment *"
(kW] 0.0 2.5
System efficiency [%] 98.8 96.5

*"Heat energy taken from environment (BIBEEZE#) | 75—
HOLPS5 CHOHRXE25 CETICMEBEDI XILF — 1T
25 CHIRIED S BRICZIZHDTH 5,

'EQOO T T T T T T T T 1 000 G
= [ Generated heat: i Ll
— L —O— Transport number 1 )
5 L —&A— Transport number 0.95 4900 2
EJ 50+  —O— Transport number 0.9 s
| lsoo £
B

E {800 §
5100} I3
=) r =
5 : 4700 3
EN:
8 50 B Temperature 1600 =)
= [ —e— Transport number 1 S
3 L —A— Transport number 0.95 5
g L —&— Transport number 0.9 o
) 00 I . I . 1 . 1 . 00 =

20 40 60 80 10
H,0 utilization [%]

5 PCECEMERME L HBEDKARHARKEN (BB
#EAORES00 °C)
Fig.5 Generated heat in electrolyzer and electrolyzer outlet
temperature of PCEC as a function of steam utilization
(inlet temperature : 500 °C).

JEASOEC £ ) b/h&nwZ b2k b, 22T, 2.5. 14
TEHRLLZIIE, TROLOBBENFFRLTHLE L
SEMEIREIE SR BT 5 PCEC DY AT AR)FFHE D
1oz 2% 0. W UKEKFHED SOEC O #Hh 7.7E
HE 12 SOEC & 72 2 7 AMKIZ & 5 OCV K4 % PCEC
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B KZELFIH =R & B o 5 Bom BIRE O BR %2 R 3,
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EIR R TR AT 5 Bamd, KEKAHEOWIME &b
WA L7z ZoREE, £3I1TRT LIS, KEGAHH
DOWEIZHEVY, PCEC & SOEC @ OCV O EDV/NEL %2 5
CEICHBRLTWS, 20720, M5 Tid, KELAHH
MEWH, B CRET 28I DL oTwE, Th
& RFESFEDE L & 5128, PCEC OEMET X
B2 LICHRT 5. F72. BEEHMK L 2 2 I12HE W,
RN 2 IR OFEBAG AN L Bl T o5
ML T2, BRI ZGEHIL 2WE. KESFIHE
DB AE R X5 < 2D KESFIH =R 80%
TIZ PCEC @ AT & IO E %S 800 T —900 C %8 .
SRR LR o7z KFERIF L THZHHBOKE W (E
RSOV HNZ R RASD ) KER RIS L2720 TH 5,
F 7o, WAL 2 21V VIEPUIC X % Joule Z4T
FEBGEIIBM L. MITRE R ko7,

WIS, BRSO A %2500 C & L. WIOHEE %
600 CLATF D% 5 & 95 I KAKERFHEL KD 72,
ZOWED Y AT AR EKELRAHRO T T+ ARER
KA Z K 6 1R T, F. R TF—F 2T Ll
R IREN 70 b YR 1 THRELRFH R

lo——————————————————— 100

98

96

94

System efficiency [%]

10 —— Maximum steam utilization
| —9— System efficiency

92

Maximum H,O utilizaiton [%]

" 1 " 1 " 1 " 1 " 1 90
1 098 096 094 092 09
Proton transport number [-]
6 TOMATEFEOBHEL D T LMEOKZTFAERKEME
Fig.6 Maximum steam utilization and efficiencies of hydrogen
production systems with PCEC as a function of trans-
port number of protonic conductor.

8

x5 JObCEE FRKESFAERS XUPCECOKREE
O AT LhE
Table 5 Transport numbers of proton, maximum steam utiliza-
tions and efficiencies of hydrogen production sys-
tems with PCEC.

Transport number Maximum steam | System efficiency
[—] utilization [%] [%]
1.00 14.9 95.8
0.95 12.5 95.2
0.90 10.6 94.5

14.9%. ¥ A7 L31%1395.8% & % ). SOEC O #hrf137.
BRSO Y AT 2513 96.5% (80% KAKFIHHE) &
DL o 7z,

LA Lahsh, RERARZ 14.9% L KESTFT
b, SOEC & g L 7= #h 34K F 12 0.7%pt FEE L /M S »
LD ER D, TOMMZ, (1) BEMREIEATLEIIE
PCEC O 434S, PCEC KFZFMOKER LD Rz
D, FLYyBIOFI—THBEII» DA, (2)PCECE
fEAE I IR EE DS AT & 0 B 25, HEF A O E Fv TEL
T X DR R A ZMBATE, L —FIC
VEZBENS LV PR LTH S,

70 b VEEREPRT I A%E. V-7 BRIEH D70,
B CTORMREIILINE 2D, SHITTELHERTS
72, MBEBREGHFT A, ThHhbEKEROENELL R,
RRARELGFHERL WP T 5, 70 b VEEHzT0.90 DY
B, BRICES LR WEN Joule B ), BIRICLE
REDIWIMUL. ¥ AT 2%%I1L 94.5%, % b K&
JAEIX10.6% & S HIHA L7z LA L, 78 b v
B10% T LTH. Y AT 258%IF2.0% pt Kiili O T
THE->TWVD, TOERIHIF, HRETICX ) EMR
~OFAEINIHMT 2 (#i=1.00 : 1016.0kW, H=
0.95:1055.1kW.) A% Y —2Z BHFEHIC X ) BoHigs T
OABILEDHIML, fAETADT L — 5 F AR mAS
B b (B 1.00:92.7kW. #%0.95 : 68.4kW)
72O THbH, —J. GHE, O OB (3.3kW) & &
WFRELREEL R\,

A= WAZEIZ L VRO T R &y e SR T 5 72
00T s AEER R VKRR EE Y 2T Ao
FAZIE, OB MDAN DR L AR TH S,

4. &

|
AiFFETIE. PCEC 2\ 72 KK EMIC & B KEEE
VAT LD R T A 720, SOEC % v 72K 8
WEYATAOMFE I L 720 F720 A= NMEEEZ DT
O b U fEARE W PCEC I22WT, Y =27 EiDO ¥
AT DREANOHBEERT Lz TOMEZUTICE LD
%o
1. SOEC & ki L. PCEC ®7 vV — FHIOEWIKFEGE
W), BRETLIEL. E0ELOBMBEIIHFL
Wb, LeLads, B iEE Ol TIE,
PCEC ®KERIEY 25 5 OBERIREIMLN 20, ¥
AT AL EREINEA R BHEL DR w0,
DL o T,

2. SOEC O #h LA [F] UK 28 SR H 36 ) i) [l i
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BEDAEEMALZEIE (70 bV HE1) OBA,
PCEC O EMAEIIFBAIRIE L 72 5 KELAFMEET
VTR A W E L7245 R PCEC @O ¥ A 7 28313,
SOEC DA BIRLGAT D ¥ A7 2IER L VKL 2o
72

3. 70 b MABEROEED1.0005 0.9 T TRTF LAY
A B OFEEE I %A%, BECHERIC X 5
FEURE OB E BT A DT L — 7 BHEOWEADD
HY. VAT LAREOETIZ1.3%pt TH -7z,

5. SEORE

70 b UEEARICO VTR, BAENEICHE IR T
WAH, BREOWEIZOVWTIZ, WEDAES TIEL
Sy BERNCIZ o TR\, BIZIE, 7 b UEER
BaZrysY,,0513107% S/cm (600 C) Ll o> v vk
L, 7O VEREIBBLFLITHL I EEERAIN
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