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Fig. 1 Basic schematic diagram of solid oxide electrolysis cell(SOEC)®. (A) Oxygen-SOEC; (B) Proton-SOEC
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Fig. 2 Main components of a solid oxide electrolysis cell
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Fig. 4 Factors that influence overall efficiency of high temperature steam electrolysis (7o) by nuclear energy. (A) Effect of

Nt ON Noyer At Various 7,; (B) Effect of 7y, on 7,y at various 7.



%2

S A5 el [ R SR A R A o SECBR R R BUIR i -215-

AR MRRCR I B R, 5 i R MR G 0
FAL i 1 S, 2R i 3% B 500 °C 14 34%42 55 % 1000 °C
(1 59%. Fh T 5L B ey i H A o A R G AT IR —
700 ~ 900 °C., I e b 0V HERK B 1 v ek P A o) &L
ARG EBCRN 45% ~ 55% , 378 155 T+ BB riL At o
ARCE (~27%)7. 5wl S MRS G A i R A
il ARG H A O A A ACR s i A R 52—

AR R 2 e A A B R RSOR L R
B /N A T ROV AG AE Ak B

ijn:-AG (9)
& SOEC PRAHHLff Hi ol E,, T
AG = -nFE, (10)
_AG
E=-7% (11)
TESFHPIRAS T
_AG _ Jwo | p \?
E, =25 =E,-RTin T ( Std) } (12)
Yu,Yo,
E, Ay LAt 4 S fR R aR4A
_ 'AGO
EO_ 2F (13)

SR Y R A o AR R O RS Y, B =
E-E, | {% 3 Ffif st 72 0 A 353 2K, D00 2 o 05 /1N P i
LR TR

L
2

Ono)

E=ErRTIn

o

std

Yu, Yo,
M.+t mg) (14)
Hom, g omg 230 50 S H AR A F A 2 A A A

o AR I RN AL 2% . B TR AR, T

DLf fE B A H A it A A T 2 AT AR B ) AR AR

AR,
Er
M = ‘E (15)

R ACR o W — MR EZ N IE N 865,
A DL HyO By 47 565 4% AL 343 SOEC e T Ha figé
14 S B FL Y0 2503 AT 4250 100%!12,

AT Tl F 6 AN 5] A i ] 0 AR AT 3808 L
BRIV A B, A 358 22 00 Js 27 R R o o A
SRR AR RS, B8 kWh-Nm® 5% kWh-kg',
OB % 2% 1k 0y 3T B R0 Y B A L AR R Y R
THFE oy i T &5 o it
1.4 SOEC #ARKIMH =

5 2 H & R = Fh i i i S 3R (AEC

Alkaling (commercial)

ency

N
el PEM feommercial) and

advanced alkakine (RED)
15}

4+————# Usual operating range of current density

Higher effici
Cell valtage (V)

10 [ 20
Electrolysis current density (Afcm’)

Lower capital cost

[ 5 AN T3] H A ) S BOR FEBOR B R
Fig. 5 Comparison of AEC, PEMEC and SOEC for hydro-

gen production™

PEMEC F1 SOEC) Hf. {4 Ha, fiff b (1) L fige H s 0 HL O
I L R TR U, Nl A [ R % R 1
il P, IS IR D 2 P AR R0 P AR PR BRI 156 T 11
SRR R 5 B R AN (R R TR A IR R R B
F14) 2 P it B T RR ) 7 SR U R R
U T i b B A7 T AR 7 A e ) . AIEL 5 AT
LA JC 18 DA IR IE F il i S R00% 3 S B A6 T AR
PR AT, K SOEC H fi# il & #F H A7 W ik
Ry

F 1 Ry = RhoK AL A B R R R AR TR A R S
FEEREXTRE. ATLUE, RS MEL L AEC
T H AR KB AR, ATk B MW 90 B0,
EPEMEC JF & J7 i, H A & &4 DB il vl #1535
MW [ ¥4, PEMFC 1) 55—t #52& 5 sl il ik |
U I 1 BT e = 2 N S A= = TV
W REM, WML ST s E R R E ST
AEC™). SOEC J2& — Rl HL A7 AR I /& JF& T 5% 11 37 78 /K
L £ AR, {H 5 AEC #il PEMEC # kb, SOEC H fif
1) F AR B G, B Rk A B = SR AR D, B
i3 1 Ak SOEC il &l &R G 78 = A | 1817
B[] 45 7 T AR AE AR 25 00, LS R AR I — &R 5 4
AR L Ay X AR Bk R

MJEFR YR, 8 880 w7 & SOEC il &
AP AR A, N7 S R = TR L A2
ok AR A AT A 2 W AE B g 27 A Bl ) 27 D T LG AR
FL i B LA 3. BRIk 2 4h , SOEC i HA7 HA A A5

1) JsoRbdE PR B T L K & SOEC ik
AR LR CO, A HO il 45 & 1 (CO AT Hy) , 5
fIGIR CO, HL Ak 2434 SR LY SR v T o A L
B I R O B MR RS RO, A R T E R
JERE I 25 A ] 1 e SRR k. Fh T fR A 10 BB R B



-216- W,

1

A

= 2020 4F

F 1 AR AR BOAR R h UR SE T BEERE HSR

Tab. 1 Typical performance comparison of three water electrolysis technologies

Technical parameter AEC PEMEC SOEC
LHV/% 65~701 56~60" 96
Specific energy consumption/(kWh-Nm?) 4.3~4.65% 504 3.7
Nominal power/MW 6 1.504 0.150
Load flexibility/% 25~100" 1~10014 -100~100
Hot start from min to max power/min 1~58 <™ > 607!
Degradation rate/(%kh™) 0.25~1.52 0.5~2.51 0.6!™18
Lifetime/h 55000~96000'°! 60000~100000"1 1600017
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Fig. 6 Features and advantages of high temperature SOEC hydrogen production technology>"



%2

S A5 el [ R SR A R A o SECBR R R BUIR i -217-

AR 35 1 % 3h i [ 58 52 95 = (INL) Al Ceramatec 2>
A H TR ) T i SOEC 5 1 Ha ff il &L 52, 1
H 2 E T — AT (NGNP) i 3 2 4l
3. AR AR AEL S D AR S i M 1 1) s IR R AT
R G, % RE v T 78 T A T SR SRR T L gk 3
2y 45% ~ 52%"2. 2007 4F ,INL # 5 T —14> 15 kW
s T A VAL R A — AL R AR, RS T I
PR 2.0 NP« h' 118 7 it 2 VR FL ik a4 7 552 6 36 TE P,
2018 4FJiE, 2 [ INL 402 580 1 25 kW & i %%
R A G2 g, IR TR d I 3R 250
KW 114 73 35 7% B e o) Sl R e B AR,

TERR Y , 2004 4F 5, B2 20 7S HE 2R Bl s3] 1
H Hi2H2(Highly Efficient, High Temperature, Hydro-
gen Production by Water Electrolysis) 1FxC 5 854, &
TSN AL RO AR R BT 5E BT (EIfER), J} 2 1Y
Risg [F 55280 % | Fi BRI AARL I AT 58 52 46 %
(EMPA) Al £ [§] & %5 # .0 (DLR) %5, 2008 4, Wk 9
FH-EHEZR PRI H RELHY (Innovative Solid
Oxide Electrolyser Stacks for Efficient and Reliable
Hydrogen Production) Jii 2fj. [F]4F | KU HA Ak i b
A eI A H LA (Fuel Cells and Hydrogen Joint
Undertaking, FCH-JU), 7£ SOEC %31 5% Ji5 %% Bl
TZAWH , 45 ik SOEC il &0 Fil i i 2 i fif
AT S A A R S, &I T 24
SOEC [/ T A2 H 5,

TEE A, I 2005 4ETF 4R, 1 2R 1 BE 5 BT fE
REORBE ST BE R 5808 3 T 4% AE i il SOEC Hi figf /K
28U R W B, il AV SN M (high tem-
perature gas-cooled reactor, HTGR) #{J iZ i\ H &
HAT 55 PO ACRRAIE 4 570 2 28 0 d A7 Ay B2 7 4 A
MAZRE R ™. B, BAFE A ERPUA 584

FE AR 2 A B A A — A v R R HE
FH 7R VU L 0 1 A =  OKE i SOEC il & & 4t
55 iR R N HER G, T LT A% BE B Y g 4
B, SE A% e 5 SRR B0 R R R T AR R SRR T B
F18 e it P A% T S AT A v iR Al R R T
R A A EmEM T, el T —
FRYVEA [ A= B AZ O H AR 6 B 4 F
K AEH R 28 2o 2035 O 7E X S K Z8 <R
il R PE TR A 5T O A L, SR T B0 o L HE 45
BTt 456 OGS M OBHI 1E 54T T A B, il
5 W) FRHE P B R AR M 1Y 22 TR AR ME R, 2D
BETH R & P AR A0 R A R i s . I A | 3 fi T
TR RV E R G K AR E N R HEE
S SOEC 7 £k 12 Wi 45 XE RS, #3717 ] S 9 ey il 2%
KRR ESITNBITRF, WE 7 gk
KEFRRE S e VR £ AR 5 e B BB F R 5
I SOEC Hi ik K kW w28V il A R 48, 78
SOEC 11 5 A RHIF & J7 18, VE # TR A8 4 7 L i 40
TR BT |5 R IR AR I K | A Rk 3R 5 1R
PR A 7 TS T — ZR 90 i R T[] Py A AF 5T
BUAE , an b0 £ R Eh A 5 BT L R Ak K 2 T
MORHET . Rk BE IR I ) B 5 T A A S ) T
J& T it SOEC il & ML e ox, JFlUE 7 — &
) E L s, 2 b Tk it JLHE R R R,
f5 ik SOEC Hi i il &0 4% A O & Wik h s2 56 %, JF
R 32 205 ] LB AL 7R Y5 B B
3 5im SOEC Bl S+ A mH ik H

2954

HTi SOEC B4 Lk AR LB B, I8
A /N 7R I 5 UE AR AR, RS H AT
K J&1Y AEC A1 PEMEC # A # Lt ,SOEC #£ K (1)

Bl 7 =ik SOEC HiiE K il 4l 3 5t

Fig. 7 High temperature SOEC stack and hydrogen production system



-218- W,

1

A

= 2020 4F

BB R B, FE R E B IE MG, KT
SOEC I iy i HL fiff 1l &0 1% B2 AR 1 #4 % TRL (Tech-
nology Readiness Level) # i 2 5 %54 Rl “#2 40 3
BN BRI e R G, ARG R T R
P, TR T B RS N R AR
13BN UE ", HE— 20 B b A T e AR 2 1
F R G — RN B AR P
3.1 XEMESHE

FPERE . AR E MR MR & & SOEC AR
KM DI E i T 8174 SOEC 4 ok T #
J12E BN I IR E (X AR MR AR
JEVEFIFEA RS 1 B 5 2K, SOEC X Hi4H it
B — R ZOK 5 SOFC AHM, 76 & il T BA b
IR E T R 2R AR e M, A [R) 242 D) 1 AR ik
FEVCEC MR R SRR BAT — o 15 i
BT 68 7, MRS T T AR S AT RE AR A
S C R I SOFC # BHE VT £ J5 1 7] 4t SOEC
T S (EL P 5 I 9 %) A B AT A A DX

JCIeTE SOFC if & SOEC H, Hi i i () 1
TR FEE T, BT Y Bl X H T Y 5
M 4% /N, {H %5 & 1) SOEC Ha fiff il & 7 /i i T is 17
AT G, T A fh A i A R A R E R
SOEC Hi fift il & i B 223 £, H X SOEC Hi fif Jit
3 U Ak 1 32 B 5 5 ) 0 T R AR T Y R AL
PRGN £ T RS ok T A LA BT )2 T LA
HE— 25 U P B RRCARE AL, R B b 4 -
Tl PERE, X T R R B S PR S A RN AR
BLA A B L.

AR F HL A T, 2 F 58 7 T SOEC K
T HAR AR & AERRAS LR R SIS T SRR
SRR b T SRR B A R A B R A
IKZEAM & 2 B = T SOFC #2:X, H i A
Ni/YSZ H Al #4 #HI5 il 78 SOEC #5220 T K ifa e iz
7P {H B F Ni/YSZ & A H ke BA e 0 A 4k
W FEE ARG P22 1 ), M HEIT AR K
B OR A I0 I M (BHE 1) U, S AR 1 45 4 2
PEWEIR NI S B RE . B &/ Kt/
EZRRIA NI/YSZ A ik oo, 2R J7 1)
ERAIRAE T B PSR bk Xt
MOBHEAT RAF I S AR e M, OF HLES A A Rk
W EA RIFPUm . PuikPEge. 25 Ni/YSZ #
BHAE LG, LA SOEC HLfif il S0 T 450 11 oL o 25 &
— A AR, H R 2 SR L Ak B 9 SOEC &

HL AR A 2 DL Ni/YSZ kR .

SOEC Ha, fife 7K il & # K 9 A4~ T 1) FE AR | N
BB 7K 1) 30 Dt R BE AR S0 B L HG e o] 24 f i
PERE Y OCHE, E A B b BT & A i A HT Hh R
(oxygen evolution reaction, OER ) i #2 , 48 2, #% ( FH
A ) A X T A R AR (AR ) A T R A et i S oK 2
2 A M A A8 2 R RS, ] X 4R F AR 2R AT R
WAk, DARRARAR Ak 2%, 2 [ PR 44 i 7] 8. (Na-
ture) . {Science) 45 ZF IS CHIE T AH M 7T O,
I B SOEC M98 F 2R M AEIR G 5 -
5 i, 5 4 B} (mixed ion-electron conductor, MIEC).
Adler® MIEC H OER {ifi 14 3 Jin i) i IR A 285 S
MIEC I LUK B B S5 7 396 b DX DA = AH 5 T 7 e %)
A MR ER AT, DA 2 4R 8 - i W DA fin s O-
ER [ . HATHEGE L3 £ 1) MIEC Mok £ 2A £
P PSR A4 1LY . Ruddlesden-Popper(RP) 7Y 2
RS B ER T T SA A ) 5

B T R A R A BT K, I AR B SY R
WY, S i) Al R % A 1 2 P R/ P ST R T T
U LA TEOK 9 DX, R A/ L i o A T ) 400 B 285 4
P14 K A 8 4 B Oy 88 T P AR A A T M AR E PR T —
N E AL John T. S. Irvine W4 %} F SOC Hi )%
A Ko v il /e o B TED A T AR A T — A M Y 25
W, HGN T AR 2SI DL R R 2 A 1 AL
DiRE (& 8).

3.2 SOEC B# K RZGgtiEHlH AR

F M 2 e I P ) SR S % 0, SOEC He
M FR G LT LA 2% H T K R ) SOFC 191K
i, 2 5PRIY SOEC #il A R 44 SOFC # i &
Z%. 7£ SOEC il & M TAER AT, ifF L — e E A
FUKZER RGBS B =Y R ai S gl 4. 2R
1M, BT 75 2225 18 W) S I A (U A oy Fa A T
5 Hy, S0 H K Ry g R (B (9 &1 = 5 O,) ,SOEC
RO U AR B AT L R — i D
A, HAE 2 B 1ENI-YSZ Bl 7 = IR e T A
AL, RIEE 3R P R A R S K
ZE VIR LR IR R AT, K ZR R ik = 23 5%
SOEC Hi, i 1 e i >k W] b 1 170 1 5% o . 81 ot | %
SOEC % 4t H17K 78 Sy 45 Tl & 5% 40 U 458 75 2 i ke
[ — A~ 3E 8. F SOEC 19 I i L IR 5 i< b H,
FUKZER M 3 RO OC, T ZRE s dil R a
TR ZE SN 2 RS E L TE R IR R A R &R
H,0 % 5y V2 6, HoAL By 45 Fn ) i 5 22 2 11 ik



w2

S A5 el [ R SR A R A o SECBR R R BUIR i -219-

&l 8 (A)ASIR] HL AR b RE T H 28 B R 5 (B)-(F) 43 01 36 7 42 8 (M) 5 A1 (F) VES k07 (P) XUES 2K 67 (DP) FII RP 7R 44 1 1 & 4 45
T 5 (G)-() 73 3 3R B 1 - IR (IC-EC) Z A& il R A 7 8 T AR (MIEC) AR i AR 8 7 ik -IR 6 i+
B2 (IC-MIEC) & & HU FIR & HL 7 58+ S iK1 7 3 R (MIEC-EC) & & HL I 5 (K)-(N) 2 7% A Ak 70 A0k 40 55 119
MIEC Hi#% MIEC & B 1 IC HLHl [EC il MIEC i # 9 IC HL B LA K MIEC 04 Ak UKL 2 5 /9 EC H A1)

Fig. 8 (A) Schematics of three key functionalities that electrodes should exhibit. (B) Crystal structure of a metal M. (C) Fluorite

(F) crystal structure. (D) Perovskite (P) crystal structure. (E) Crystal structure of layered perovskite. (F) Crystal structure
of'a member of the Ruddlesden-Popper (RP) phase. (G) IC-EC composite structure. (H) Single-phase MIEC electrode. (I)
IC-MIEC composite structure. (J) MIEC-EC composite structure. (K) MIEC with dispersed catalyst particles. (L) IC coat-
ed with a percolating layer of MIEC. (M) IC coated with a percolating layer of EC and MIEC. (N) EC coated with a per-

colating layer of MIEC and dispersed catalyst'®..
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Fig. 10 Novel micro/nano honeycomb HE-LSC oxygen electrode™. (A) Sketch of chemical impregnation method; (B) Vertical
sectional SEM and HRTEM (the inset) images; (C, D) HRTEM images of LSC nanocatalyst coating loaded inside of
YSZ; (E) Nyquist Plots of HE-LSC; (F) Arrhenius plots of four representative samples; (G) Variation of polarization re-

sistance (R,) with porosity; (H) Comparison of large-current performance curves for HE-LSC and conventional TE-LSC

electrodes; (I) SEM images of HE-LSC before and after large-current performance measurements.
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Fig. 11 Development of highly efficient electrode material with Nd,sSrsC0055/Nd,sSr;,C00,,; hetero-interface™!. (A) Schematic

of the process to obtain hetero-interfaces with a comb-like mask using PLD; (B) Sputtering of a select area using ToF-

SIMS, and the corresponding electron micrograph and O intensity mapping; (C) Schematic of the thin films and testing
configuration; (D) EIS results of various film electrodes and (E) the enlarged plots; (F) Calculated % of various thin
films; (G) Nyquist plots of NSC214/113-17L at different oxygen partial pressures (the insert shows the plots at an en-

larged scale); (H) "O tracer depth profiles of 90 nm epitaxial NSC thin films.
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Fig. 12 Segregation induced self-assembly of highly active perovskite for rapid oxygen reduction reaction?. (A) Diffraction pat-
tern and (B) TEM image of surface island at perovskite; (C) Cross-sectional TEM image of LSC thin film; (D) TEM im-

age and (E) diffraction pattern of surface outside of the island area; (F) Schematic illustration for improvement of ORR

performance.
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Development Status and Prospects of Hydrogen Production by
High Temperature Solid Oxide Electrolysis

ZHANG Wen-qiang, YU Bo®
(Institute of Nuclear and New Energy Technology, Tsinghua University, Beijing 100084, China)

Abstract: Solid oxide electrolysis cell is an advanced energy conversion device with high efficiency, simplicity, flexibility, and

environmental friendliness. It is currently a research hotspot in the international energy field. This paper introduces and analyzes the

basic principles, key materials, system components and developments of solid oxidation electrolysis cells. Furthermore, the recent

research progresses, challenges and future development directions in solid oxidation electrolysis cells in the field of high-efficiency

hydrogen production are summarized and outlined.

Key words: solid oxide electrolysis cell; hydrogen production; electrochemical energy storage; high temperature electrochem-

istry
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