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Abstract

In recent years, energy from natural energy sources such as solar and wind power has been
added to the electric grid, as it is clean and renewable. However, both wind and solar power
exhibit instability with respect to changes in the weather. As the proportion of these types
of energies increases steadily, adequate controls will become necessary to stabilize the grid.
The hydrogen generation systems using solid oxide electrolysis cells (SOECs) are expected as
large-capacity power storage facilities with the ability to stabilize the electrical power supply.
However, there are many problem that needs to be solved to improve the reliability, durability
and electrochemical performance. In particular, understanding of temperature distributions is
very important in order to design structure which have high reliability and durability.

The number of previous studies have been done about the cells to be used as SOECs in order
to use as solid oxide electrolysis cells (SOFCs). However, the effects of the entropy changes are
different for the reactions involved in electric power generation and electrolysis. In the case of
electric power generation, an entropy change results in heat generation, whereas for electrolysis,
it results in heat absorption. Therefore, the temperature distributions will be different between
that of SOFCs and SOECs, and the knowledges about the SOFCs can not be used directly for
that of SOECs. In addition, the studies for the tubular type SOECs were very few while some
studies for the button cells and planar cells have been done. The tubular type geometry is suit-
able for high purity hydrogen production because seal point is small.

Hence, in this study, the temperature distributions and the primary factors of the distributions
were investigated in the high temperature steam electrolysis condition.

Firstly, the temperature changes at the surface of the SOECs were directly measured by the
K-type thermocouples, and be measured with the electrochemical performance simultaneously.
In the previous studies for temperature of SOECs, the mainly method was using simulation,
and the directly measurement of the SOECs surface is little because measurement is difficult
in the SOEC operating temperature about 600 °C ~ 1000 °C. Secondly, the two-dimensional
tubular model was developed to explain the experimental results, and the numerical model takes
into account heat, mass and charge transport and the related electrochemical reactions. By the
model, the primary factors of the temperature distributions were discussed. This thesis consists
of 6 chapters:

Chapter 1 describes research background, previous studies, purpose of this study.

Chapter 2 describes the experimental equipments for measuring the electrochemical perfor-

mance and temperature and the numerical model which can reproduce the experiments. For the
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electrochemical measurements, electrolysis voltage and voltage changes in cathode between
both ends of tube were measured by four terminal method and using additional terminal, re-
spectively. The electronic voltage gradient is a problem specific to the cathode-supported tubu-
lar SOEC consisted by thin materials. The temperatures of anode surface were measured by
K-type thermocouples covered by ceramic electric insulator. For the numerical model, the two-
dimensional tubular model was developed to reproduce the experimental results, and the model
took into account heat, mass and charge transport and the related electrochemical reactions.

In chapter 3, temperature distributions in the high temperature steam electrolysis at potentio
static mode and its primary factors are discussed by both experimental and numerical approach.
The changes in temperature at anode surface and average current density - voltage characteris-
tics were simultaneously measured, and the changes in temperature at each electrolysis voltage
were shown as distributions as a function of position. By comparison of the numerical and the
experimental results, the primary factors of the temperature distributions were discussed. From
the calculation, the electronic voltage distribution, reactive current distributions, electronic cur-
rent distributions and ionic current distributions were shown as a factors of heat source distribu-
tions. As a result, the electronic resistance according to z position affected these distributions,
and current collectors position had strongly influence to temperature distributions.

In the chapter 4, the temperature distributions response in the potential sweep mode were
measured and discussed. For the calculation, the local temperature gradient in the potential
sweep mode became larger than that in the potentio static mode. Therefore, the voltage control-
ling method was suggested in order to reduce the temperature gradient, and calculation results
showed that the method can reduce the gradient.

In chapter 5, for further development of power storage facilities with SOECs, the facilities
using co-electrolysis techniques with SOECs were suggested, and its energy efficiency was cal-
culated by thermodynamic analysis. this newly type systems can convert the electric power,
steam and carbon dioxide to fuel such as methane or dimethyl ether (DME). The co-electrolysis
can decompose carbon dioxide into carbon monoxide and oxygen with steam, and generate the
mixture of carbon monoxide and hydrogen. The produced mixture was suitable to synthesize
the fuel.

Chapter 6 summarizes the results of this study.
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Nomenclature
Symbol Name Unit
A A P& [m?]
5A THUIN X ] 0 i A [m?]
a FIfE 2R [m]
C E)ViERE [mol/m?]
c, £ L LB [1/mol K]
Cs [i] (A D b B [J/kg K]
d FIfEERE [m]
D LINHCE [m?/s]
Dy M HIEHURE [m?/s]
Digudsen 7 * — 2 VHLEUEREL [m?/s]
E, HIEX M 1 OEE [V]
E, HIRE X [E 2 D [V]
E° REHERLEE [V]
Eg Y—F=a— I INVEE [V]
Enemst  FIV VA NEE [V]
AE JEMEL T L ¥ — [kJ/kmol]
F 77T & [C/mol]
AG, FTAOHMT AN F—2AL [kJ/kmol]
AH, VR IILVE—2AL [kJ/kmol]
AH, «  RRIGEEN [kJ/kmol]
he WE L [m/s]
hy BriEHR [W/m* K]
I =R [A]
i R [A/m?]
iy RREY 72 D O BRI 2 [A/m?]
io RREY 72 O D S W i A5 [A/m’]
k BVRE R [W/m K]
L MfER S [m]
Lopoy  HEAATES [W]



Nomenclature

Symbol Name Unit
) A 8 7T A B R [mol/s]
N EILFRK [mol/m?]
n M E)E T4 [-]
p aE [Pa]
P’ BRI (2 B 1) 2 50 [Pa]
Oupply  HEGEE (W]
q B R [W/m?]
qe BVREIZ & 5 Hm AR [W/m?]
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Fig. 1.1 Enthalpy change and gibbs free energy change of the steam electrolysis reaction as a
function of temperature.
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Fig. 1.3 Schematic illustration of the energy storage system with SOECs
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Fig. 1.6 Schematic drawing of activation energy
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Fig. 1.7 Schematic drawing of planar SOECs
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HAES GO IR Mgt c K PRI 2 2 W TEI R 2T VAT LZREL,
ITRNF=RIRIZLTIO%, T LT —8RIZLTIND%2BRINELZHEHLTWA.
¥ 7z, Hikosaka & “7 X SOEC % W 72 /KEBE S 2 T L ORRFHHE Z 1T\, KR FHER
Ex Y AT LN S G I N BRITIXBR AR AT LD T XV F —3KIE 122% %
ZBHEMELTED, BOITRVF—RREEFED. Zoft, T JIFEITME S FREFIH %
ME LY AT L% Fujiwara 5 @ BIREL TV 5.

B LR ERE

SOFC iZ2D\W\WT I, K& RS RI R IR U T B0 ESAF RN 2 12 U 72 )&
MBoT=H, IWEIZRD, BIRUEZZRINVF—3IEROEI RS ERELZFhe LT
IKFR LB T B (18384950 iy > T xT\W5. iz, Ebbesen 5 9, Stoots 5
COUFA Ry 76U 72 A 2L D BHIE#EFE 21T > TE D, Stoots & D Tl 2500 Ffi
HifiE U 1000 RFE T 20% L FOE bR Z#EHK L CTW\W5b. 7z, Hashimoto & ¥ [IAMFZE &
[ — AR D /NI & SOEC 234 & L 7z B R AL FMEREDHIE 21T > T\ 5.

HIERTETILORR

SEMEY SOEC BT 2 BUEAHEET VIEZNE TIZE WL DN REI N TS, Meng
Ni 5 @B IS ARENBELSAFREANG R 2 E 2B T 272D —IRTEDLAE
BMRE T IV ZER U2, 22k D, BIE I L AEMIEDER VI & 5 0 AHEERED
BARANG. 2 BRI D W Cidiam S V7203, BEbkiRE O E M IC 2 2 5 2 5 IR BRI
U CldiEan S TV, Njdozefon 5 O IR X ¥ v )b L IEIX N B /N DR & )V % H
WT SOEC ODELXALFRMEZJE L, —IRICE T IVIZ &K D BELRAFRED BB Z AT
W3, ZDORRIZ, Njodzefon 5 I1&A X ¥ IV CIEEMTIL D 2 H3EE DHIE %2 17> T
By, BEXMERFEEZEE L KHET 2720103 ESMERISCES IREOZ(L 2 HET
LZEDNEHBETHSLBRTVWS., LALAELNS, ZOETIVIKHIE S N-RE %2 BRE

13



Current collector
0 1
Oxygen electrode 1\ 2 | | ,_\L e
]

Electrolyte ——

L
. 3
o
Hydrogen electrode . e 5
S EE—— —_—>
H,0 H,

Fig. 1.12 The current collecting method of the micro-tubular SOECs.

HOBEKE UCHAL T Y, BRAFKIGIZ X 2HEZEIME FHITEZEH D TR,
I, KINER, KT ARESHFEZZRUZ2IRTH 5 WIE3RITE WL DI N
T\ 3% @535 Herring 5 9 13 FARAL SOEC Bt W2 DWW TR E & BB /DA IZB L
T FLUENT % i\ 7z 3 ¥ROtEt 8 %217 o 7z, ¥ 7z Herring 5 X [FRF 12 EAFL SOEC10 & )L-
ARy 7 &2 AWTESLFRE & BB 2 W2 RS iRE 2 J1E L, BUEEHE & g
175 TW5. Udagawa & (& Ni+YSZ EMi XD HiRE SOEC A % v 7 IZE$ % 1kt
BAEETAEE TV EER L, BRALERIEICE U CEIfEIRE & EIREE 2 25 e UTEE
U7z. Hikosaka 5 @7 \ZEUEFHEE 7L % FWCEREL SOEC DBELRALFRMED Tl % 17
W, FEEREEETRETFRET LV, FFRETLVOELSIZDOVTHEWREZ
RUTz. PLED & 5 I FHE SOEC (2B d 2 BUERHEE TIVIE—IRITHh & =IRIC £ ThEA
REDPREINTE 2.

FITHRICE T HHRE

DT, EBUEBEHEET VIR TEREZ R LTE D, EERE BB
USFRICELE U 72 E TIVIBIRE 72> T\ B T O HEITRIRO L MIZEREEHT 5 Z L IFTE
2N (13359 - oK ERR S FF D IR SOFC 125t U CIEE HIREIGE B 217 o 728 D &
HBHD, ZOFETIIKZEMIIZEER FVPHVNSONTWS Z 20 s, BN OB 7B
TEFEBMNLBZ2H5DL LTHH-TEY, BMANBMAMAVIREIMIIRERGELE5Z 5
MfEE VT 25tH e U TIRARES TH L. MERIVIEZEDORIRD 5 HENMAN Y —74
EEMMEZEUTLIZENHL WD, LI ITRTESICHY — KT ) — FOEEAM
ERIERFRE 5 Z DLW, ZD78, MFEARIZHN S BRI & 2 KPUEETE O
Iz & 0 BERALPERED [ EDYHE L WR AR RFD. UL, BusHimt:, ZVEsEmE, 5%
WREAE NI XY — UEHAD R W 5% ORI EE2EL, BEERfINTHS
SOFC IZMfARP ZNIZET 2L DL HEHAINTWS. LA L SOFC & SOEC Tl
HBDBE NP O BEL I NS Y — IVFEEREE EN R >T< %. SOFCIZHWTIEE
COGERBITHEHINR P ZRKEARENE, HUKHKBZHEHINRPo/BEL
EHIZT T R—=N—F =TI X, SOFC OIREMR B0 TEWZHRHI NS Y,
ZDD, WY —=Re7 ) —RNOHAZRHMLUTAL =V ETSDIEK1.13a12RT &S
WZHADMEMIDA L UTHREN . ZOHER, HEOREOADEEINT NS
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Gas seal SOEC
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Fuel ¢> :; ]
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Oxygen
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Source gas [ C———) Storage
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Fig. 1.13 Schematic drawing of sealing methods of micro-tubular tubular cells. (a)SOFCs
(b)SOECs

728, BRI X AZIIHBOE X SaAEBNT I e NTE, SWVEMmMEZ2FEoRET
HbB. UL, SOEC TIEH 1.13b 2R T LD ICERI N AKEBL L OBEILEMED F
BT ARERDH D, CILOAOHROE HITHEEDOE VT A — LR ERX N, FHED
TG HANDEE 2 KN TODH L. ZDFHFEL, SOFC TIIAIEIZE L T RIEDH
EZALTE SOEC TIIEEDN H Z MREM 2R L THB Y, FRIMALNE - FEMEO &S %
BETT BB, BMRRHIIE T SHMBRREEI AT 2HEANBETH S I L 2 RE
LTWa. LaLanrs, ElRod k512 SOEC IZDWTIERZEBLRAEMERED M L2
D DR RMEHER DM EN L H 2 HOTE Y, FMIRIREDEIZ DO W TEHERHIEN T
ONFHEIXIZ L AERW, J1ZA T, SOFCIZOWTTIEH 5, HERIROEILIZOW
T Shimizu 5 ®2 12K 0, FERIICERBESACRESGPFET LI ERRINTE
D, FfEi SOEC IZ DWW T HIMENMMBFAET 2 HetEdid 5. Kz, BUAEIHEIZ - T
SNEREEZERINZH DU HIRIFE A LR, BEINTEZREHEET
NVOZYMERSTZEVHEETHD. 2F5L LT, K LI4ITKRAFUTEEL TT > 2 ER
HZFfE SOEC ICBAN A > - BEEH %2R, I OEETIEIGTEEAN, D DR EE <
THENEETWA. (2, ZOBRANEENHICERT 2 & TSR RE PR ET
HdLEEZLAIND.

1.3.3 “EbRER - KEIHER

SOEC IZMEZA A VEEMRTH S I N5, KEKZIT TR LK EZ Rz
L, KEE BILRKBZBORETNAZERT LI EHAHETHD. T I THERINZTA
AT 2 R LIk R, KEAKBEEB S OEMREGZ2HFHAETEIET, ARXRUPAX ) —
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Anode (active area)

Gas seal (Ceramabond 552)

Fig. 1.14 A crack that formed in the of SOEC during the measurements

W, VAFNIZ—=TIINE WS T2LHRREIZ G TE 2 Z L WREINTHS. Tho DR
BLE RSB FBSETH 0, KEKDERZ ETHAL ENRWESIZT XL F—5hRK
MMETRTZI X, ERATADIRE & E&KIEEDHEEIZ X > TIRKRENIN U EMKX
JERIEEFSTUES L WO RMIIDPEEDD, BHEIXINF—BENEL, BWELPT
WIREHZ AT Z 5 Z L I3 NNTH 5. EFETIE, T OILEMITEIT 2 W8
ZH b, HEMOBIEITRE R &R 2B R FRE 2 JIE U 721 s T h v
% (©0~60)  PAVEEMEIZ DWTIE, Tao SRS =RV FJ 7 74 XN—DFEIHES HLH
ﬁ%ém,E%@ﬁ%ﬁﬁbtﬁn%%iofwé.ﬁECW%@&ﬁXW:ﬁAKOV
TIE, BB A 5 Meng Ni 512 & B ZIRIGfiffr O+ L& S, 58I TV
LN FRINSG. £z, YATLMUIZBLT, T CEREKEMRIC X D BEL 72K
FLMREE L —BAREZERZFERNS, XX VERETD 22 HKE U - filldtBaFs ©®
ETHONTVWEZEen S, HBMREMHA LY AT LANDISHERG EEZ 6505, Ly
U, Z0FEFTYRATLDOEREKRERIZ DOV TORESHEHIITONTE /20, TRILF 5=
WZER U HEG R R I ToNTE ST, vV OB S — 5 TEAN G T
HBIZET2REPEATHWRVWOLEIRTH 5.

14 MRER

141 KEXEMRICH T Z/NEARE SOEC DRE S

EMRBRALYEME )V IZ SOFC & U TOMMAZ XLk e UTHAEPEDONTE 7
720, R AVEREEM D 2 BERERZD D TH D, BXRALFRIGRFOIRE 3R
EERZ O KRB RRIERE UTORMAZEHRICLZE DR >TWz., 2078, SOEC
@%ﬁmtﬁwt%maﬁ5%ﬁ%%ﬁ?5z&vﬁ%ﬁ@%%ni WD T Z DIE Y
HERHOPMZUERNEZBIT 0 ENH L. /-, BEBIZLIBIEANDIRZD O EHF
WRIZE BZR—210— NElgZ2E AL UTE7SOFC &1k Z aab KBGHERJEST &\ o
T ARNLELBFRDOAMEID R 2 & 2 HFF T 5 SOEC 32 FIC AN LET 5
IEFEWNLERAMEEINSG. 20720, FEFEROEE AT IOV TH WO TEM
TEHEBENRDSD. LU, THNFTIZFHONTE T SOEC 12T 2 HF5E 1L EMIERED 7]
EEBRUZMEIRERY, SRR EEZ S EESRMFIINT 2500 ETH - 7-.
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%z Z T, A% TIE SOEC & AWz /KZBLERE i A7 LADFEMAfZHKE LT,
BUHETA. - EEROM 2 6 2L DM AMEREFHEANDRENFRI NS EHREI A &
OZ OFEENZMIAST 5. MA T, SOEC DIEEFIER 2w L, (T 2N
BIEIN T 2IRESAISE I DOWTHET U 72,

142 EHETEY AT LADEBSREE L UMRETE

JeA 5% 404D 12T SOEC % FIH U 72 /K ZHGERI DO E IS A T LD T 3L F —3)=
DEIVRINT WD Z D5, A TIEEIRKEKERO LRI 72 IR E AR
MaEBImo7z. UL, SOECIZ/KELE T TR —MibRELLEMTE /M2
DBLAFETNA ATH D, KEZMAT—BLKFEZFERICERATETHS. £ T,
AL IR O A AT 72 SRR KB OIRE AR A, KREURE I I
HEOX SHRLEHE UCHEREZMH U T 2 VAT LAZHZIIRET 5. A8
NBEHIA R VP TAF N T =TI EMEL, KEEHRLU TZRALVF—EERH N
EXRMGFDA VT T HFHTEZBRENH S, F 72 CCS(Carbon Catch & Storage) Fifli iz
FomEINE N B b FEEFR e UCHAT 228 ThH—RYy 7)) —DRRle 52 L
LRBINTH L. LEDZ &S ARMFETIE, KER— ZBRLRFZDOILEMZFH L 7R
BEK Y AT LADBFEEZEHKE L, YATFLADEARZIHBIOZOMEDFEEZIT > 7.
BT BBHIERTHEH A A > 7 5 LMD D B A X v LR e U TR ARz Y
AF )N IT—F) (DME) D " FiH%Z N4 L UT-.

17



—

28 INEUEHBSOEC DHERITET IV
L UVEREE

g
JdUT

ARETIE, /MEFE SOEC D& ALY - AR TERIE H D B E, /INYFfE SOEC D
71 — R FRERE R O i i E F D BCAR, 3 K OVNELFfE SOEC Dl fE A %
T BAEEIEE T IV OWTHN T 5. FBUEGHRE T VICMHHET 5720 fllE L8
FARER DR E X E T IOVITHEA L, 202U TEMEMT R E b FEE T IV D%
HMRREE 21T o 72,

2.1 BUERRTETIL

ARFE T 2.1(a) 12289 Ni+YSZ X H R O/NUFIfE SOEC Z x5 & LT, -8 -
BAMEE D K BRI ERISZHEE L TS, EEFEBEEIREET VEZMEEL . SOEC
XESE 2mm, 25 S0mm O/NUHERIRTH 5. YSZ BB DFK X 1% 40mm, LSM+YSZ
BROEX1Z30mm T, TNEFTNVESIFZ0.02mmBEETH L. £ HFETH D Ni+YSZ
EIIZEX 02mEETH 5. /INUFE SOEC DML IREZ R 2.1 12F D7, X 2.1(b)
EEBAIZ PR — A MB XU PR ZEEBRE UTHEIVIZED T 72BROEE (c) &5
BB UZBUEEE T VOMETH 5. BUEFHEE T IV TIEK 2.1(a), (b) IZRTH
YIVIZINZ, CILVOFMEOEEB LIOHAY—ILE2HS 5 I v 7&K Ceramabond™
552 (Aremco Products Inc., US)  FFBEFHIZIZEH TWS. z D Ceramabond [§IZ D\
TIFERERERITHL D A U 7/ 5] SOEC D i % 2512 Smm & U, z=2 ~7 mm DT
Y, z=43 ~48mm DIGIZHE Lz, £/2, KAET IV TEELUZBEHRIZOWTH
22 I 2 £ L D7z

Table 2.1 Geometric parameters of the micro-tubular SOEC model

Parameters LSM+YSZ YSZ Ni+YSZ Unit
Thickness 0.02 0.02 0.2 [mm)]
Length 30 30 50 [mm)]
Porosity &, 0.5 - 04 [-]
Electronic tortuosity &.- 1.0 - 4.0 [-]
Ionic tortuosity &on 1.0 1.0 4.0 [-]
YSZ volumetirc fraction ¢ 0.30 1.00 0.55 [-]
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Pt wire

Electrolyte(YSz)

(a) A cathode-supported microtubular (b) The cell and its current collectors

SOEC
rlum] A
Isothermal wall
Air [ > 5000
Gas seal (Ceramabond 552)
f Current collector
Z, Z
/ ! 2 \i 1000
LSM+YSZ | 20
AR
Z////. [0 20
vsz V,LJ Rl
Ni+YSZ A 200
J v
HO [ / > 760
i z [mm]
02 710 40 43 4850

(c) Schematic of the numerical model and the locations of
materials

Fig. 2.1 The micro-tubular SOEC

211 BERIEEZERES LU EREZE

Mz, BOGFER (LSM+YSZ & N z = 10 mm ~ 40 mm O X[E) ZFEI R E I I/ L
T 1/1500 L HENZ E NS EFERB LI OA A VERIZEA[ANZDOAEFEREINDEHED &
IRE L7z, 7277 L, Ni+YSZ NDBEFEIRIZDOWTITEERZ2 BT 5 7201 R
EEINBZEDEUTCEEL. :@%ﬁlﬁl%%lzﬂ_r‘i(@) X 2.7 FOEMEN T
B 2.4 TRl €TV &R, EMANICEIT BRI ERILE _(kjnﬂ’ﬂki%fﬁw‘:.
Z Dt fE T TV ILE TR R & Ao 7kAﬁi%%@ﬁ'%ﬂ%m%ﬁmﬁwfom\t
gz m>TW5b, 72770, BAEES IO A viikld A — L OB WER & &
JEDKRIE DBIfR & 722 B Td 55, KEHUE SR ER & SOt T 3tk D X
(2.14,2.15) 12739 Butler-Volmer DBRAIZHE D IR TH 5. ZOfEEE T NV % —
oG DERD eV E UT, Y — NERE/T /- FOBETEK LD %K 2.5 TR
. EM2512F Y — KRR OV E L TR LVEX FAOBEESADOERNE £ &
7z, BROBCIIPIIRT ESICHY =K ST /) — FABFNEB L IN9 2 Z{M[H]
BrsgE e 5. £, E7EMN GBER) 214 VEM CREF) OENKIGEETZ2 xR
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Isothermal wall (the electric furnace)
A
|
c
N |
Air [ =y
Y =
5 |
[ R e—
Heat transfer = /N
Mass transfer R
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...... Vo7 TElectrofote)” NS
4 Gas diffusion
Heat conduction
lonic & electronic conduction .
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Convection 5o
(IR g
V4

Fig. 2.2 Schematic illustration of the electrolysis reaction and transfer phenomena in an SOEC.

U, ZOfilffEET VE2H WS Z L TREI ARIZFAT ARG AERT Z L HK5.
it,g@%ﬁE%Tw%ﬂ Fa =R a— L EHOFEMEEXE L-2d D %X 2.6 12

RY. BEHFEEEDOET A A VEROMEERN Y 2 NIRRT,
7/ﬂbhowfimﬁ%%mt.
— 1 a eff arle ﬁ eﬁ% .
0= o (0' o )+ 7 (O'e 72 + 1, 2.1
_ 10 eff 57710n 2 eff anion N
0= ror (O-ionr or )+ aZ (O-ion 8Z ly (22)
71— RIZOWTIZIRA & -,
_ 1 0 eff 8'76 2 eﬁane‘ .
0= o (0‘ o )+ p (O‘e_ oz Iy 2.3)
_ 19 eff OMion ﬁ off OMion .
0= ror (O-ionr or ) + 0z (O-ion oz +1y (24)
BB CTIREMRE, KGERPBE LR WORAE HnW:.
_ 10 off OMion ﬁ off OMion
0= ror (O-ionr or ) - 0z (O-ion 0z (2.5)

”iﬁ@6§%SML WS [V], iy I RICEREE [A/m’] Z2/RT. FREE
BALE B DAETERL Rl CTER L.

Mion = ¢10n - ¢10n (26)

= e o — P2, 2.7)
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Equipotential (Current collector)

0ne-
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2 Equipotential
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N
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> W s T lonic current
/ 1
> 29 > +~
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—W— Electronic resistance —VW— Reactive resistance
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Fig. 2.3 An equivalent circuit of the micro-tubular SOEC for the transfer of electron, ion and
reactive current

Newc = Pe-c — 27 ¢ (28)

¢ lFEMERL, ¢ FMIETARE, ERREIIE TS PHEMLERT. HAF ion, e
BENENA AV EEBFIZEHTLZILDOTHD I Lka clFEhEhT / — K&V —F
2R

po po 0.5

AG, RT H, Y0

¢e* a— (be* c = F + _Fln % (29)
n n Pio

AREERIT TR D KOk 7.

a_ (Lme)1—w)

o= P 50 (2.10)
£
1 _
= ke L f,g")wrf?on 2.11)

gp IFZERE, ¢ 131 A EEM (YSZ) DEMEIS, I3BHEZ RS, AV —-FIZBIT5
Ne- WX FTRTEHZT=.
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lonic resistance 0%

Electronic resistance e-
v JVAVAV \IA\IA v
,& ‘: E

Reactive resistance
H,0 +2e > 0* + H,

Fig. 2.4 An equivalent circuit of the electrode

Me- = Mion + 1r (2.12)

7/ = RIZBI 2 oy I FRTE R 2.

Mion = Me- + 1r (2.13)

SIS n, 1 IGYE OFE & CHiIE X 117z Butler-Volmer £ 70 @ A% W 7=,

0
RT iy RT (pu, P
N = —sinh“( a )+ —In ;12 0 (2.14)
naF 2, nF Py, PH,0
05
RT » RT p
N = —sinh_l( l- ) + —In % (2.15)
nalF 2ip,) nF Po,

RIFFRMGSAREE [J/mol K], T IZIEE [K], n I ZXIGRIZB I 2BEHE T, o 1TiEHR
¥, F % Faraday 3 [C/mol], p; \&E [Pa], i (AL HERBEYE [A/m’], BATFilX
BfE, caldThEnhY —Re7 /) —RKN&2RT. KHEERSEIXEGEITEED
A% e LT 6, X(@2.16), (2.17) THX/-.

. _AEC
lo, = ycT'exp (W) (2.16)
. _AEa
lo, = YaTexp (W) (2.17)

YIET 4y T4 VTN T A=K [A/m? K], AEIXIEMEALT R IVF — [J/mol] Z2/RF. ZZT
X SCHERE & U T AE, = 120 kJ/mol, AE, = 130 kJ/mol % 5- X 7= 72,
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Fig. 2.5 Schematic illustration of potential distribution through thickness direction and 1 dimen-
sional equivalent circuit of the SOEC

2.1.2 ##gx

B B & U FLE AN O BEIE R (2.18) % B 7-.

OT 10 (5 0T\ & (40T
;kcsat—-rar(k rar)+ék(k aZ)+ST (2.18)

IR [s], ps (ZERDERE [kg/m®], cs IEERD LB [Jkg K], kT IZERBYRER [W/m
K], St I3ERIE[W/m?] 2R3, BREVSERIIN (2.19) DL TEREOEKH L UTEX
7. kK IXEAEE Z B LU MBI OSSR TH B,

T = (1 - gy)k° (2.19)

HAFEAN TIHE BRI &0 7z FA—IRITGOMNR 2 RNz, £725808 9 2 3BT/,
HELZLA JIVZED TN I N S ERZ2IREL -,
oT oT

pa = —PngW_ +ST (2.20)

C
Pe 0z
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Fig. 2.6 An equivalent circuit of the micro-tubular SOEC per control volume

pe [EZARDENVEE [mol /m’], C, IZF5UMRD EIVILE [J/mol K], w i z I OFEHE [m/s]
R
BARIH S 3R 22D Ik b 52 7.

TAS i i
St = ———iy + iy + ——— + 2 (2.21)
nkF O-eIT,e‘ O-eIT,ion

io- [ XEBTEBMEE [A/M?], o T4 VEIREE [A/m?], AS IZT>¥ bo ¥ —24t [J/mol K]
ZRT. STV MR —IT X BRBVE, KISEETIC LR (EHRibox L ¥ —%
mY) W, A A VEREIUC X 2 REIE, B BRI X 2 BBHORAMIZ LD 5 X
2. ZZTT7/—R&HAY—=RENTNDAS OfElE, FESOTEP LSHEREL TV
. URES/ERSTUEIZ 5 1) 2 BUR KR g [W/m?] 358 RICHE L LR 2 E L, BUREIC
05 X7,

ge = h1(Te — Tep). (2.22)

hy (ZBVRER [W/m? K. IRA T e & ch 3T NTNEMKRME & iR Z2 5T,

374 SOEC #hfj & AN BEE ORIz DWW TIE, Rl EMER 02N 25 2, HfE
SOEC IZXf U+ C K EREBE A FFOFEEICE2ICHENTVWEEDE LT, Bl
g2 [W/m?] 2 X (2.23) TH X 7=.

gra = 8eO-SB(T: - T;t) (2.23)

osp 1% Stefan-Boltzmann f2%( [W/m? K*] ¢ I3 R [-] 2R, RAT wIidEEmEZRT. M
f& SOEC WHIZ B 1 B BWESHZ DWW T, LEOMUNXE [ %2883 2 EROBGER g, 137
A ZE P AN DEESHZ DWW TN T WA SCER 7Y TEB I N TV AR Z HWTR (2.24)
THELU .
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Fig. 2.7 Schematic drawing for the radiation in a cylinder

Table 2.2 Physical parameters of a micro-tubular SOEC’s components

Materials Thermal conductivity k° Conductivity o° [S/m]

[Wm K] (Referenced

from®)
LSM 9.6 o = wexp(—%)(”v”)
YSZ 2.7 o5, = 3.34x10%exp(— 120)6327
Ni - oo =327 % 10° - 1065.374%
Ni+YSZ 11.0 _
Alumina 5.0 -

Ceramabond™ 552 treated as alumina

|z — zill(zx — 21)* + 6a%]
[(zx — 21)* + 4a?]’/?

0A;

>k TOsB T,f 1- 02107

grc = + qr side — O-SBT14 (224)

 FEYEM D & OE A FIALE [m], a (FFEERE [m], oz IEBUNXE O1E [m], 6A; IZXE1D
UNERE [m?], qr sige 1FFFERD SAERDOBUNXEANDFEABGR R [W/m?] 2R3, 2T
MEADRENBLIFRE L EL WERET 5 L, FHEXEORENT X CESNRE
Ty EELWHEIZ, EROBOHADNO L5, I Tq g 1T (2.25) DRGNS E
B LUTHAT.

lzx — zill(zx — 21)* + 6a%]
[(zx — 2)* + 4a*]??

0A;

YimosgTs |1 - 82x07

qr side = — + O'SBT? (2.25)

X (2.24, 2.25) THRE U 72 HE RO D FH1EK 2.7 1R BEREMEE, wHe Lz
fEENIET ARZ FEDAKE S HMAEIZOWTEHERIOFENRKE L, HERD
r-0 Wil OIS W2 O MR 2 Wi U7z, R22ICHM T L DEBETEERE &
VEMEiEisk %, ROJICHBCEEL E L DT-.
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Table 2.3 Density and specific heat of a micro-tubular SOEC’s components(Ceramabond™
552 treated as alumina)
Materials Density [kg/m’] Specific heat [J/kg K]

LSM®D 4640 377
YSZ40 5880 500
Ni 8590 561
Alumina 3890 779

2.13 YE&EE

% FLE BN T OGN I X > Tirbihvd & L, R (2.26) DILEGFER 2 i
7-.

r

0C 10, 3G\, 0 (, 9C

E—rar( eﬂ'ra )+0Z(Deﬂ 8Z)+SC,. (226)
DI IXEDIEBAREL [m?/s], C; V3ALFFE § D EIVIEE [mol/m?], Sc, (FWIE A AIE [mol/m?].
PEEUEREL DS 13 Knudsen HEBUEREL & A ELAREEREL D N 51 [F1 % & U TRD 7 HEHUfR 2 7
I VORAHEETIVOEATEBELZEDE HW:.

1 1 1
- = +
Di Dab,i Dknudsen,i
D" = £°D; (2.28)
D, AR QLIRS Dy, 1ZHIHIEHUREL, Dinuasen, 1 15 Knudsen FEBUREL 5270 %
AR RPN O W ik 1 Bk & RIRRIC —IROT O JE IR 2 B 2R AR KD R 7z,

aC; oC;
— = —w— ‘ 2.29
ot v 0z ¢ (2.29)

(2.27)

BLRALF N X O FET LMD ERZEE X7 7 757 —DEHID & A (2.30, 2.31) 2
WTEE5.

Iy

SCH2 = ﬁ (230)
Iy

Scuo = =55 (2.31)

MR A & P OYIE X XIS E R ERE 2 5 X, AN23212 kDKLU

N; = he(Ce, = Can,)- (2.32)
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Fig. 2.8 Boundary conditions of the model

he \IWVEEERE [m/s], N; 13 i OYIE R K [mol/m? s].

2.14 BREMG

HER M £ L D72 M 2.8 1TRT. Tz, BHRASMERE L EMEEZLRE L

T2.9I1CF &7z, BAHIEOBFRM LML £ 12 ASRA CHEEM L LT (2.33)
THZX7-., ¥F/-@EBEIFHAY — K (Ni+YSZ) BROHSREIZE ) 2 E BN % FLUE L
LTOV &EEDT-.

e -0 (2.33)

6Z r=rs,[3<z<ly

nei|r:r2,L6<Z<L = O (2'34)

Bk DELFSAMIZ O WT,  FERED T z ST O GRS b 12 B\ TEH R ISR &

DIRELEIZENE D & L.

or =0 (2.35)
0z r1<r<r4,z=0
6_T =0 (2.36)
aZ r1<r<r4,z=L

W R DELFEAFIZ DWT,  EUAE D T IEEH RIS bR 12 5\ TEHERHISAMNE & DRE
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Fig. 2.9 Positions in the model
AEIZENE DX LTz, A
= =0 (2.37)
aZ r1<r<rs,z=0
oC;
— =0 (2.38)
aZ r1<r<rg,z=L

TREENDIARIZDOWT, 7/ — R (X8 N RE ] 2 5 U 7 FIREERE & — 307
5b0DE L, [UKRRE, SAREIZ—EL Uz, Y —FiRBOHEN (z=Lm) 2BV
T, WRARIZANBE HEAE, REARS L ORELYRZRZ2nb DL Uk,

@ =0 (2.39)
6Z O<r<ry,z=L
% =0 (2.40)
ﬁz O<r<ry,z=L
a—T =0 2.41)
0z 0<r<ri,z=L

Y — FREEAL (z=0) T, #RE, HE, #E-ELULTHR.
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Electrolyte \ , Thermocouple ,Anode , Cathode
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_————

Potentio/ Galvano stat &

;
Voltmeter”
Frequency response analyzer

Fig. 2.10 Experimental equipment for electric and temperature measurements.

22 EBESRitFAIES LUHRBE SOEC RERERIE

221 AERHE

i/l L7z SOEC I3 BUHETE TR & U7z 2.1 2 AWz, KEME X 1ZHEAME 2 mm,

A1V —REX02mm, EFEES, 0.02mm, 7./ — FEZ0.002mm THH, FHEHS
MEXIEHY =K 50mm, EFE 40mm, 7/ —RF30mmDbDEHN-., ARGH
FRIZ7 /7 — FREME UCTEHR L. K210 IFESLAMERES L OEE 2 JIEIZBb 5
HRCBVEN OMERBRZ R L2, B (H8#) % SOEC IZHLY 1T 2BRIiX, #Re
B Z HE&R—A b CHEE UEMIETOEEZ 7> T\W\Wad. BEIFERZIKTXETH S
7/ = ReHFAROMD A Y — REIHFEIZLODHETEE, &, 7/ —R&HAAM
HZRETAHE O_XKEZHEL -, ZHIEHEEGRIZEN S EROEEIZE D, &
V—RKDODAOHMOTEELERIRNDS Z VRTINS -, MfEGDEE % JE USE
R EITS-OTHSDH. X2.11aZiF/NEFE SOEC % 7V I S EHE T 5 5
HERUZ, HfESOEC ZIAOHIIZ TV IFFa— T2 NFTNEEL, HEIIZER
HAZRUAA TS, HERIVIZHITIG D025 Z 212 X B2 < 72 A
DFa—=T%, N—7Fa—TIZL0 OB SZ THEMEEZEHOTWVWE., ZOBRFa—
7"& SOEC DR A & FORI A A D372\ & 5 12 Ceramabond % 4 A Y —)Lkf & U CTHW
T\W5. Ceramabond ZBERK 3 AR 1%, IVKREICHE L ZBKIR ENRMNET 2D %
CTDIZHRY AT Lo THELZ 12L/min it L TW5A, X 2.11blk2.11a THE U 7zt
SOEC 2 EBXHNICEA LT 2R L TW5,. 2 ZTiE SOEC HHLD 13T d 2 FkH 2
DY L WATIZ, 22 DFREE & M ANREMMR AN R 2L > TWD. Ak, ZEKMIER
FZEBRDADVRKIHE LTI 5728, ELRPMEOMGEZ LEL Lnnwhy, KRERIZBW
TIEERBRECB VW TERFNORWEMICEROBEN LTS Z 25 Z 2%,
I3 ROEFE TR ZE U & 72D 5 72 Ceramabond DEH 72 ¥ 53 SOEC RIANIZHERE S 5 Z & 2B
Q’K%EMKLTW AR LTWS, B, EAHEKEE SOECIETIVIFFa—

WZELNTWS, M2.11c3HEEERADIETH S, BLIOMDIE L 72 5 KKK
i,mﬁ#:/bu—»éM%Ma% FOKFERINET S Z & TREL2FHEL B
L7z, ZOKELZ 2B T IBOEREME LT, Ni-YSZ EiZ SiRERiE T a0k
KJUICBFET 2 L Ni DB, NIOWERI NS HETEMPHEELTLES. 207~
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O, EHuHle UTKEZEAGLTWD. g2 6 N LYy GRIBEDHEHE) x ToOE
IFRFERDEME I L DIRBEPAZEZR B <72, VARV e — X =12 X D BRUREL EIZR7=0
TWa5.

, 6 alumina tube L~ 10 half alumina tube

e I
T T —_—

Air Gas seal material (Ceramabond 552)
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H,0/H,

- Electric furnace

-~ Thermocouple for control of the furnace
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N —— T Aaaaaaaaaaaaiaaaiaaaaaaay
S s e e S
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‘ Flow meter
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e = >
H,/ H,0
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Fig. 2.11 Experimental equipment in relation to gas channels.
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222 EEREE
INEYA SOEC ~DEERE Y 13

%ﬁﬁﬂb@%*i!2ULrT$9L,L%ozmnwaé74% EEZMNITIT-
TW5. £/, FEEIIBIT2ENMNEEI2TEH2L®, ALTA VY —DOFECEAR Y
2R Z t%ﬁ%abféﬁ XEIZIZHS =AM ZBMA L7z, AESRX—A M, Hilt
- BEIEEE % 100 °C/h & L, 900 °C T 0.5h Dk %17 - 7=.

Fig. 2.12 Micro-tubular SOEC with platinum current collectors

N SOEC DREBADEBAS L UREXNDIRY 115

HEEARZID 1172 SOEC 1X[X 2.13 D & 5 1Z Ceramabond™ % F\WT 7 )L I FiIEKIZ
O A3 72, BV I ¢0.1 mm D7V A JVER, 70 X VERDOFEGE ARy MAEIZ X -
T UBREER U7z, B W-BERE, SOEC MHHIFIZ )L &M % it 2 BIH
BEN A BBT A LIZEBIZ L BB HADHE L 72§78, Ceramabond™ 552
WA LB K% 21T o 7.
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Half alumina tube

Alumina tube as electric insulator

K-type thermocouples with Cerama bond™ 552
Ceramabond™ 552

Fig. 2.13 Micro-tubular SOEC with the gas flow channels and K-type thermocouples.

hY—RKRDETT

ARFZETHW Tz SOEC 1d 47 Y — RHPEHZ NiO & YSZ DIE&HM B2 H L TW\Wb D3, &
L[AOREITOBITIENIO ZE T U NIWCTE2HENRH S, UL, HEEEZICEWTKE
ERAWZEITCEITD L, MIGHEEHHE < SOEC 73 NiO DRIt IZfE 5 R LIz & b itiE
SNTULESBNDD D, ZD720, BERIFREIRED 400 °C DB T —RHIC AR %
1E®, 1%-5%EEDEIREDKFZIZ L BB TLET>72. ZDHK, KEE 10%IEEIC LIS,
IR F CORBEIT VRN SRITLEIT - 72,

FimiTiE

IR SHIERE F TOFRIBITFEIL SOEC NDEVEE %5} 5728, FIREE % 20°C/h
Tiio7. FRIZER?SHRO —EHEETITOD, £ I YK FOPEED 72012 93deg,
T1h, 260°C T lh FiE% ILDEEZ —EIZHED. TOH, EdOL>1IchY — DR
TLEAITD 7212400 °C THUERZFIEUVEEZHERT 5. OV TEEHOABSR—X
NEBERT 572012, 900°C TOShiEREL, TOBKMTHEE L CRIE L. WEZTS
FCIRRERNE CRMEMELEL) ©, /K#ESmL/min, Ard5SmL/min DH A THERELZ. 22T
IKZDAE Z R T 2 DIL, BILUZNIODPBHBILINEZ LIZLB 2 VOWIEEZE 72
OTHbD.

223 EERiEER

Potentio stat

BRAL R R e H O E R Z €L EIFRIZ 1% Solartron #1# Electrochemical Interfase SI
1287 #fHFH L 7=.
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Fig. 2.14 Potentio stat (SI 1287, Solartron inc., UK)

F—40H—

BIES K OTERIE 12 1% Keyence #H8 F—& o —  NR-1000 ZfH U 72.

PR ©Ji Gl ey

 ——

"
gt

Fig. 2.15 Data logger (NR-1000, Keyence inc., JP)

AR

TIVA AR E 70 AIVEEDIEREZ 1T Avio 3§88 E A B HEIR NRW-DC150, A
T TTYTRIVAST-U200 L oty MINY RE— A NA-58 Z{HifH L 7=.
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Fig. 2.17 Handpiece for welding machine (NA-58, Avio inc., JP)

EXUF

SOEC I S | : A R A B B DA i & FE AU 2 B L 7.
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Fig. 2.18 Electric furnace (ISHIZUKA DENKI SEISAKUSHO., JP)

JRve—4%—

FREREIZIIIR O EEREES VR e —&%— (100Vx 100W) 2l U7z, F7-EE
THEE IR A S/ OB 7 7 1 >3 —F DG2N-100 Z# L 7-.

Fig. 2.19 Temperature controller (Hakko Co., JP)

o

ZERARY T

Ceramabond™ 552 Bk FHDBRIZ W2 28GR > 7 1% Nisso #H# CHIKARA«@1500 %
fFHEL7-.

35



224 SRERITE DIREREMNT

AEITIE, TIVA I T X )VEER &2 W2 IR EHIE 2B S B AR 24T S . TR
W, BRI U727 — & 1 4 — (NR-1000, Keyence, JP) DRk, BERURBEIRE +1 °C,
K BIZVEE OHH IR O E FR RS £(0.05% of rdg + 1 °C) T B. F 7z, class 1 O K RIZLE
ﬁ@ﬁﬁmﬁﬁi+1vc%b<jm4%dMg?%50mcmm1%$ 2T, ko
RANIIT T AN B ANE U TR ZZ D A5 TS T 5 & LU, ERTERI N LA ITRM
m%&bf&j.ktb,%ﬁﬁhmﬁ WZOWTIEY—IAXDORNY 7 b 2FEL 0.1°C
DEREENEEND B D LT 5. K REGE OMMES LI = EF AR R
ERMARANEENT VWD L LT, BARME R E=12L UTEIHRTS. £7/z, B
SOMHATDRY 7 M EEZEUMAREZIZELD 0.1 °C DBARBEAERDHLHEDE LTHS.
PAE& D, MRERIE DR Z AR R 2 WETR T 5. JIESR D rdg 1348 R
FETH 5 850°C & U7z, BAEK 0IRENIE DR IMiEE R O, BERREE,
BENORE DGR _F gL, A TiEI NG 7D,

2

850 x 0.05\’ 850 x 0.4\’ 12
T _ 2 i 2
30 JO.I +( 100 ) +[O.1 + \/( 100 ) X 12+22] (2.42)

X517, AlETIRHESEOEEZZHELTWS Z o R L3E LT rE—
HT, BREAIIERET S, LoT, HIEBREIIRATHEIN, £15°Ceib. £/,
HIEMAEIZ OSDEHX B & U, EHFEAED —f2e L.

6" = Vaoi? + 40t = 1.5 (2.43)
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Table 2.4 Experiment conditions for the estimation of the electronic tortuosity.

Cell Parameters Values Units
SOEC operating temperature 1123 [K]

H, flow rate (based on 298.15 K and 1 atm) 40 [mL/min]

H,O flow rate (based on 298.15 K and 1 atm) 40 [mL/min]

1 Air flow rate (based on 298.15 K and 1 atm) 300 [mL/min]
Leg 40 .0 [mm)]

dout 0.200 [mm]

din 0.152 [mm)]

23 HEREFTETIVICHAVWDZTHIETE

231 HY—RICBIT2EFEERKOREE

X 2.20 IZARHICHEHT 2 EEREEDOWIKN 2 /R U7z, £-BHEHEICHWS LD
M AR BT A AR E fiad U 7=, HIE FiRiFum k2 A U, HIE X BN E &R % it
URA S, EAHEIIZBRALUCELEZHS. HHiEOHEIX, X244 2ZHVTHEAIEIN
TR SRk 72,

Anode Cathode
Electrolyte . ! 4

\ ,/ ,/
\ // I,
o Y - al
_—

_____

A
A
]

I
O
:
]

]

_____

Potentio/ Galvano stat

Fig. 2.20 Experimental equipment for measurement of Cell resistance during the z-direction.

Leff 'fe‘
Afoe (1 - &) (1 —¢)

( o — di) (2.45)

HESMITER 24 1T D, JWERV iaﬁ’*ﬂ: PEREIRE & [FRRIZ 7L X e ic &
WlEEL, BRALFEMEREHIE DB IS TIT - 7.

R = (2.44)

R

HEERA2R2512F 7. HPUTBE L BROMEBEZB/N_FIEZHWNT, 0428
W BEMMTIEL UKD, R, %R#izonmﬂ%ﬁ F7-ZOFEERD S A (2.44,
2.45) % W TR 728 Tk R O JR X 3.13 TH o /7.
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Table 2.5 Result of the experiment for the estimation of the electronic tortuosity.

Current [A] Voltage [V] Standard deviation [V] Standard error
1.00 x107! 2.04 x1072 1.58 x107° 5.26 x1078
2.00 x107! 4.11 x1072 9.82 x107° 3.26 x1077
3.00 x107! 6.21 x1072 4.61 x107° 1.53 x1077

—1_ = . =
232 RMERBE

BRACEOGIZES BEEE2FE L TSR 2.14, 2.15 THVW O N ZBEIREE i) 136
R DIHIAE S DR AR Z 2 ETH D, EBRP O IR L OHINER &2 12 &
HRIGHDFAIZED, A—DRILTH->TH—BNLMEEZHVEZZENHL W, 2T
AL TIHERFIMEZHEE L THOWT WS, SBERBEOHEIZI, BREERMEL
XN 5 — I EBLR RV OMEEZ R TIHEEZ WS, 2k, AINEEICS L TH
RGERE D 72 0 IZ 8N I DOEBR 2N TE L 0DHBETH D, BLXIDHLMIZBENT
EEIINEE S 72 ) OKFZEDOHEREIZWIET 5. ZZTIHELEE XU E, DFEERE
ERAFMEDFERZ W 5.

HEfA U 72 JFORE AT A O R F R AMEN IR FE D B I B T A M 1 202 R VR G b D R B
JEE MISEEEIZ LD PEINS. ULHAL, SRE U2 VORI OWTIE, &1
R EPTE £ 1 A VEHPUIREIC A LN TV AHEANFHELTE DY ZZ Tk
KPUBET OHEE D BE L\, BLRETUIME OREEIZ L D 2T 2 EHEICL->TH
ZALT B0, TNIETTITBRZE BV EBRIZEDHEEHEATHS. DX 0, REHEICH
WCIXEREERE 2 EREBUHGRT - REIE5 22T, NBEEE2 —HIE-DL
[M#FHTH 5. REEETIVCIEREIREE D AN KINEET D FHEIZ B W TARIAZREK
THhdD, INE2EHL L TCEREBLRE 26082 2 & TRIBBEBREE 2 HE L 7.
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Table 2.6 Calculation conditions of base case (case-A0)

Parameters Values Units
I 4 Io ¢ (at the 1123.15 K) 1.60 x 107 [A/m?]
Ye 543 x10° [A/m® K]
Va 1.58 x 10"  [A/m?® K]
H, flow rate 40 .0 [mL/min]
H,O flow rate 40 .0 [mL/min]
Thermal conductivity of cathode 11.007® [W/m K]
Thermal conductivity of electorlyte 2.76G478 [W/m K]
Heat transfer coefficient of anode surface 2.00 [W/m? K]
Thermal emissivity of cathode surface 0.507 [-]
Tortuosity of electronic conductivity 3.13 [-]
Tortuosity of ionic conductivity 3.00 [-]
Bragman'’s coefficient 1.5 [-]

RLERBEAEICAWLEESRMY

F26IZAETHAL, HBOHESRMEZTRT. SBEREEOMEIZOWNWTIE, e
LTOEEMEMBE T LIZRLTWS.

EERSIFOXRMEREEHEERR

Z ZTIXEHFREIEE SmV/s CEEZBIRIE? S 1.4V £ TR SE, BRBLRM %2
HELTWS., X221 IZXHEREE ICL 0V ERELEET 2 EREFETEDLEHER
ZrRS. T2 TIREMERE 112315 KIZB 1) 3 EHEREE i) 2 1.9x107 A/m® & L 7-.

Experimental-E; ——— Simulation-E;
Experimental-E, - —— Simulation-E,

1.40 T

1.20 e

1.
00 7/

potential [V]

0.80

0.60

0 1000 2000 3000
Current density [A/m2]

Fig. 2.21 Comparison with the calculated voltage curves as a function of average current density.

39



53% /NEIABESOECOERERE DT

ANy

AETITEFIREIZE T B /N HE SOEC DR E /345 12 DWW THIE Tm U 7= BUE R
ETNVEHVEIEZITY, CVARESGEZHSPMTT 2 & & HIZIRE N A OFE LK
DWW TEE - R HICDO M 6 FR 27D, 72, [KUEGEN % 72/
M4 SOEC RiEE ) X0 TMHE® GO A Y — NEFEMAE ] OFERlZFFRIZTV,
BEFIRE L iR L T 5.

31 BEXLZEMES S UREEE DS RREERE

FHEAER E OO DI NHE vV OEREERES LT ) — RREREDE
BN ETo7-. FHEMER LY, BV — FAOBMSGEIRESGORIZFLELTWDS
ZENRBINT W78, T OHERD 72D & O i £ 12 12 DWW CEAHENE %
7o 7. IRERIREIZ1Z Ceramabond™ 552 17 & 0 2 s¥l % #ufauli B & v 7z K BUEVE %
W7z,

3.1.1 SEEREH

WL, K31ITRUZ, BIEMMONER, RiRE, fH2LVTHE Sz, EXML
ZHEIXEERE X 017V, BEDIRE ZFD-OELEDHNN% %% E T — &R
FeU7z. 72, BEEZLHTORESREVERMEIHELZ G A TVWRWI L 2HRT 5720
2, FIINEIEZ 1AV A S 14V £ TOIV I OMME TV LM EFMELEE 01V
DA EIE TV M 2D 2 HlE L7z, HIEIEE -0 LZHWTITbN, FEER1
OFRfT 1 EIH, 2EH, E20HT1EIH, 2 HDIETIT -7z, MEXHERE LR
3212 &7~

Table 3.1 Programs for the measurements of steady state characteristics

Experiment 1 OCVv—- 11V—- 12V—-> 13V—> 14V > oCcv
1st . . 5 min 30 min 30 min 30 min 30 min 25 min
ond | TOCPME L s in 60min 60min 60min 60 min 25 min

Experiment 2 OCV—- 14V—-> 13V—> 12V 11V ocCv
1st . 5 min 60 min 60 min 60 min 60 min 25 min

decreasing ) ) ) ) ) .
2nd 5 min 60 min 60 min 60 min 60 min 25 min
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Table 3.2 Experiment conditions

Parameters Values Units
SOEC operating temperature 1123 K]
H, flow rate (based on 298.15 K and 1 atm) 40 [mL/min]
H,O flow rate (based on 298.15 K and 1 atm) 40 [mL/min]
Air flow rate (based on 298.15 K and 1 atm) 50 [mL/min]
—_ T — T, Ejm == Ep= == | —_— T T,—T, Ejmm== Ep= == i
12.0 T T T T T T T T 1.6 12.0 T T T T T T T T 1.6
10.0 -t 1.4 10.0 1.4
1 1 1 |
——" belnlnlnle I
8.0 r—1 i 1.2 8.0 — I 12
%3 I I < € I— : <<
S 60 ! 10 S8 60 + 10 S
g « IQJ" EE _g - LY. 22:
o 40 08 Z2 o 40 0 22
5 ™~ 58 5 52
% 8% 8 gt
[}
g 2.0 0.6 § g 2.0 0.6 §
[ [
0.0 . 0.4 0.0 W—QR 0.4
.")w.' ' Dl T T
20 IR : 0.2 ] TP . 02
Py . A vER s A .
. ITrTerYy) .
40 A SRR P 40 RS s
-30 0 30 60 90 120 150 180 210 240 270 -30 0 30 60 90 120 150 180 210 240 270
time [min] time [min]
(a) Cell-2 Experimental-1(ex-1) 3rd (b) Cell-2 Experimental-1(ex-1) 4th

Fig. 3.1 Temperature change from that of OCV during step changes of OCV — 1.4V — 1.3V
— 1.1V = 1.1V — OCV (Experimental 1).

312 RERER

3.1, 322K 33 IR UK TKELKEMZIToBORELLEZRT. REL
fEIZEEBRIZDWT, EEAIAENT 5 2 HHE U 72 B R & OIS E DS 0 6 D2 AhE T
H5. £, FHNTITEITLEE, E, LEHEREE i O HEETW5. X &0 HNE
D11V ORRIZIE, 320182 T Z2REFEEDPRLETCVWEZEDRRATHNS. £/
FIINEBEDY 1.2V 925 1.4V DEMHFIZ DWW TIFBED ERITEWVRENR ER L TEY, YO
ERFERIZOWTEEHRIZ—HLTWS, UL, EBREERED? S ERIZHEWEEZEIIZ
X9 B ERMEDMEIIRD U TE O EREIME T L TWAZ R RTHNS., ZOFHKD—D
LT, WY —=FRMEHZHHINTWED =y FIVKRFOFEEIZL D, KEKEMRD KIS
BTHAHZMRAEPBD L2 R EREZOND.
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—_ T T, T, Ejm==Epm == | —_— T T,— T, Ejmm= Epm == i
12,0 16 12.0 1.6
10.0 : 1.4 10.0 : 1.4
[ M— | M—
8.0 1 1.2 8.0 1 : 12
< NE < e o o NE
S5 60 10 285 60 . 10 9
£ y =5 2 52
o 40 08 £2 o 40 08 £¢2
g 228 22
c c
g 20 06 78 & 20 06 8
5 25 3
[ b~ ©
0.0 0.4 0.0 0.4
2.0 [T 0.2 2.0 . 02
2. L . -2, aCTrr— .
v ’ Iradny y=wm=
-4.0 ‘ Ll 0.0 -4.0 L bl L 0.0
0 30 60 90 120 150 180 210 240 270 -30 30 60 90 120 150 180 210 240 270

time [min]

time [min]

(a) Cell 2 Experimental-2(ex-2) 1st (b) Cell 2 Experimental-2(ex-2) 2nd

Fig. 3.2 Temperature change from that of OCV during step changes of OCV — 1.4V — 1.3V
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Steam was consumed with electrolysis reaction.
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Fig. 3.6 Relationship of a reactant concentration distribution and a reactive current density dis-
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Electronic current through z- direction was
consumed with electrolysis reaction.
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Table 3.3 Calculation conditions of base case (case-A0)

Parameters Values Units
I a» Io o (at the 1123.15 K) 1.60 x 107 [A/m?]
Ye 543 x10° [A/m?® K]
Ya 1.58 x 10"  [A/m® K]
H, flow rate 40 .0 [mL/min]
H,O flow rate 40 .0 [mL/min]
Thermal conductivity of cathode 11.007® [W/m K]
Thermal conductivity of electorlyte 2.76G478) [W/m K]
Heat transfer coefficient of anode surface 2.00 [W/m? K]
Thermal emissivity of cathode surface 0.50 [-]
Tortuosity of electronic conductivity 3.13 [-]
Tortuosity of ionic conductivity 3.00 [-]
Bragman’s coefficient 1.5 [-]

Table 3.4 Calculation conditions to compare the experimental and numerical results for
Experimenta-1, 1st

Case | iy . & ip, [A/m*]at 1123.15K | y. [A/m? K] v, [A/m’® K]
1.1V 5.00 x10’ 1.70x10'° 4.95%x10'°
1.2V 5.00 x107 1.70x10'° 4.95x10'0
1.3V 4.50 x107 1.53%x10'° 4.45%x10'°
1.4V 3.00 x107 1.02x10'° 2.97x10'

48



Table 3.5 Calculation conditions to compare the experimental and numerical results for
Experimenta-2, 1st

Case | iy & ip, [A/M*]at 1123.15K | y. [A/m’® K] v, [A/m® K]
1.1V 2.50 x10’ 8.48x10° 2.47%x10'°
1.2V 2.50 x107 8.48x10° 2.47x10'
1.3V 2.00 x10’ 6.78x10° 1.98x10'°
1.4V 1.60 x10’ 5.43x10° 1.58x101°

Table 3.6 Calculation conditions to compare the experimental and numerical results for
Experimenta-2, 1st

Case | iy & ip, [A/m*]at 1123.15K | y. [A/m’® K] v, [A/m® K]
1.1V 2.30 x10’ 7.80x10° 2.28x10'
1.2V 1.90 x10’ 6.44x10° 1.88x101°
1.3V 1.80 x107 6.10x10° 1.78x101°
1.4V 1.60 x10’ 5.43x10° 1.58x10'0

Table 3.7 Calculation conditions to compare the experimental and numerical results for
Experimenta-2, 2nd

Case | iy . & iy, [A/m*] at 1123.15K | y. [A/m* K] v, [A/m? K]
1.1V 1.90 x10’ 6.44x10° 1.88x10'°
1.2V 1.60 x10’ 5.43x10° 1.58x1010
1.3V 1.30 x10’ 4.41x10° 1.29x10'°
1.4V 1.10 x107 3.73x10° 1.09x10'
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Fig. 3.15 Temperature distributions of each voltage Experimental-1, 1st
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Fig. 3.25 Heat source distributions for the potential of 1.1 V.
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Fig. 3.27 Heat source distributions for the potential of 1.3 V.
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Table 3.8 Calculation conditions to compare the effects of thermal conductivity

Case Thermal conductivity Units
A0 11.0 [W/m K]
Bl 6.23 [W/m K]
B2 20.0 [W/m K]
B3 40.0 [W/m K]
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Fig. 3.29 Cathodic heat conductivity dependency of temperature, potential and average current
density
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Table 3.9 Calculation conditions in relation to thermal emissivity

Case Emissivity Units

A0 0.5 [-]
C1 0.3 [-]
C2 0.7 [-]
C3 0.9 [-]
C4 1.0 [-]
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Fig. 3.30 Cathodic thermal emissivity dependency of temperature, potential and average current
density
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Table 3.10 Calculation conditions in relation to heat transfer coefficient of anode

Case Heat transfer coefficient Units
A0 2.00 [W/m? K]
D1 1.00 [W/m? K]
D2 20.0 [W/m? K]
D3 200 [W/m? K]
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Fig. 3.31 Anode heat transfer coefficient dependency of temperature, potential and average
current density

71



AV —RSHEDOBHE: HY—NIBITEHALEBIZOWT, AgecldEhEz
T VDRAEETIVESEIZERED 1S5FTL L. 22Tk, HEiE2ZERED
1S AFEI TS ETHEEZHBRUZ, FREZX33212R L. ERE2S, A0
T BEWEIHRKTH E3IB1T2 001 CRMTHDIFAL EEVIZRONGEN 722
NI KR K E DY 40mL/min(298.15 K, 0.1 MPa £:#6) THZ D2 LT, HEL 2K
ARE1F 2,45 mL/min & JFRIRIZLU TR 62% BN EWHRATH 5. (HE L - KRLKE
X 13V IZBIF B HIINER TH % 1700A/m> 25 OfEE.) 7=, FEMEEIRA 200 ym & &
<, HEHEHIAUNS WZ L HEE L TW5,

Table 3.11 Calculation conditions in relation to tortuosity of cathode mass diffusion

Case Tortuosity of cathode mss diffusion Units

A0 1.5 [-]
El 1 [-]
E2 2 [-]
E3 4 [-]
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Fig. 3.32 Cathodic gas tortuosity dependency of temperature, potential and average current
density
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Table 3.12 Calculation conditions to evaluate the effect of electronic tortuosity

Case Electronic tortuosity Units

A0 3.13 [-]
F1 2.50 [-]
F2 3.50 [-]
F3 4.00 [-]
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Fig. 3.33 Cathodic electronic tortuosity dependency of temperature, potential and average cur-

rent density
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Table 3.13 Calculation conditions to evaluate the effect of ionic tortuosity

Case Ionic tortuosity Units

A0 3.00 [-]
Gl 2.50 [-]
G2 3.50 [-]
G3 4.00 [-]
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Fig. 3.34 Cathodic electronic tortuosity dependency of temperature, potential and average cur-
rent density
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7z, z=15mm 2BV T-033°C DE LB A LN, MEOEBMNE ZDAIcEWTZ
LBAEIZELERLT W, ZHUTSDE WL, X3.35¢ IR U EHEREEDOE
Bizk2HDT, EHERBED LRIZA—LDFEANHES E, DBFEE T 2RESE5.
Z I BE DA AHAHITIREBEIMEL o TWBH Z L 2R L, FERIIZHEE DD
WEDREIMETFTLTWS, — AT, EEMTIXEREE OB AIZ X D KINEFRHIE X F
BENPHABY, BEDOLEFIZORIE>TWS, &EE E, IXHBEREE ORI LT
RELSEMALTWED, ZHIHY — K1 A oEthEDGE & Rtk EEEREEZEAL
WZHESHDTHY, E,—E, 2 PHERBEIINTLIELE L TESRXD L 0MEELHE
MRCRTZ N TEL-D, KHEREE CIX R NE#MAmOBEIICEEINTVS Z
ENRbhnb.

Table 3.14 Calculation conditions to evaluate the effect of exchange current density

Case | iy & ip, [A/M*]at 1123.15K | y. [A/m’® K] v, [A/m® K]
A0 1.60 x107 5.43x10° 1.58x101°
H1 3.00 x107 1.02x10"° 2.97x10'
H2 4.00 x10’ 1.36x10" 3.96x10'
H3 5.00 x107 1.70x10" 4.95x101°
H4 6.00 x107 2.04x10" 5.94x10'
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Fig. 3.35 Exchange current density dependency of temperature, potential and average current

density
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Fig. 3.37 Effect of geometry for the temperature distribution
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Fig. 3.38 Schematic illustration of a microtubular SOEC
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Table 3.15 Calculation conditions for comparison of geometry effects

Parameters case0 casel case2 case3 cased4 case5s
Diameter d [mm)] 2 4 4 4 4 4
Length L [mm] 50 100 100 100 100 100

Thickness of electrolyte z. [mm] | 0.02 0.04 0.02 0.02 0.02 0.04
Thickness of cathode ¢. [mm)] 0.20 0.40 0.20 0.40 0.80 0.40
Thickness of anode ¢, [mm] 0.02 0.04 0.02 0.02 0.02 0.02
Flow rate of H,O/H, [mL/min] 80 320 320 320 320 320

Table 3.16 Calculation conditions for comparison of geometry effects (Expressed in magnifi-
cation with respect to case 0)

Parameters case() casel case2 case3 cased case5S
Diameter 20 2! 2! 2! 2! 2!
Length 20 2! 2! 2! 2! 2!
Thickness of electrolyte | 2° 2! 20 20 20 2!
Thickness of cathode 20 2! 20 2! 2? 2!
Thickness of anode 20 2! 20 20 20 20
Flow rate of H,O/H, 20 2? 2? 2? 2? 2?
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BHUREEDO KD EREEDMHDIFE D IZD7H3D, case | Tldcase 0 & D HLIRE DA
fi-o 7zAERMB/FOoNT VWS

M HIZBEE X A ?5(“(%5 case 1 & case 5 DEWI DWW THEE . ERfAVERE IR
FEMPE NG (0.04 mm) THB caseliﬂcaseSJ:D%EKQO’C\/\?:. 9, MR
OB ET LA A ke, &y, KcEio=fFEHIza0onsd. Zho o
W, €428 IOEBTOHREEGUTEMAELS R2IFERELRD, HEDKTIZDRA
LZHEFZTHY, SHOMEALIZHTHD. — AT, RIGHEIUZIDWTIE, BEAEL L5
e THEYMKIGEGDP LR URBATOEREEMME NS 2 Z & THEELNH LI 2 W8 E
5. SEIOMEDEWNE, THZH case 0 IZEWTEMPHET 722 & THORMNEHN
MR TE T WD 5727280, BFEMEZEL U Z & TRIGEVIEK UiEEEDMK NIZD7%k
NoTWz, HEAHELTASD Y, A—EBEIZL2FHEICEWT, EERVPERSZ
EDOSFEBIZED D ST, HREDE W case  ITBWTHRARENEL RoTW5.

MHHAEIZ 7}<?§$ﬁf?§®?}7§>ﬁ§ﬁf%5 case 2, case3, case4 DEWIZIDWTELT S, &
fRPERE & LTI, case2 BV BHK<, case3 & case 4 D TIE R ERELIZE R 72, —
KT, WESHEUTHASE, case2, case3, case 4 DIEIZIREDHE DD DK E L Ao
THEY, BEAED RS B X NWER A E I TIRES AN case 0 L BT L > T W
72Dld case 4 THh o7z, SLDERLFAMKICHAER A ROE Xkl z % 2, 2ILVBIR
D OE A OE IR0 R ZHINT 5 &, case 2 TIHKEMOBHEA B &£ 2.11 £5,
BIN200f512725THED, ZOEGUF 095512725, case 3 TIHERICMATIES N
case 0 D25 7> TW\WAB 7, WAL 4.00 51272 0 EHTIL 0.5 F%5125. case4 Tl X
6&%@%E<@Dmm0®4ﬁt@ofwéﬁ@ W R IE 7.1 51272 0 #iH113 0.28
fGECTNELKIpo7z. 22T, MiAMOBFEYUC K 5 BELEZ A ROEST L MERE
DRETELT 5 L, EFHIEDMEETE % case 0 I1ZHi A 572121, B AMRIZTIRN D FRET
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% & BRI D WE T L case 4 D E case 0 LR BIE L, DDINIWVWI AN D
ZD7=, case 4 TIXNMISEIRAA D case 0 IZHB L R D, MIRTCALEIZN T HIEE D
fidcase 0 LILWIZH 2T WA, Lo L, KEMZEL U7z Z & THEELA A DHLEEEHT
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DML, KIGEBIZ BT 2B FIERENE case 0 IZHAKL o T Wz, £/, 2D L
Mcase 3 & case 4 DEMMUREDENDN/ NI VWERIZE R >T WD, cased Tldcase3 £ 0 H
Bl G MO TR NS K 2B — 1T, T APEEETIOBEINZ AW NEHTA K & <
2o T\ 7=,

PAED & 51z, SMetiEE T AR MR U TEM L Ga, BihmOEFRu#
BIEERIZ D & D ITKEMDEX 25T 5 Z & TRIRGEALE I T B IRE DA HEWIE
LB EWRINTZ. 2720, KIEMPEL 7252 & THHBERHIVNE KT 2 &0 5,
S FRFAHNZ 31 B FORL A AJRE AYE T U Butler-Volmer DR (X2.14) 12 & D KISi#E
EOHMZ &I L, BHRUREOIK NIZORN 5 ageMEDnE 5. F 72, case 3, case 4,
case 5 D & D IZEMMRENIE L, KISHBEIZAT B PR BELELE L WFREITBWT D,
A M OMPLUAE LN RRDGEITRES AN RR S TVWE I LEERENP ORI N,

3.2.7 SOEC DEEICR T 5ER

AEITIZ, KEMSZERL D& SOEC 128 W TR /KEM O P & 5 1m0 & FH i
KU 728 F PR IRE DA ORI K E R 2 RS, 5V TIIEEMEIRE D
IWBEG R EBUEHEDN SR U, ZDI 21X, SOEC 2 A X v 7T BB
TAIKIZERE T 5 Z & T SOEC DIREAM 2 /KJE T E 5 a2 R L TW\W5.

ZZIZFDO—ERT. 1ZUHIZ, KEEDEIIFH S AT L2 SOEC 2 # 3 5B
X, TZFXTHEMLTCE/ME SOEC e L 2 BEBEE LA Ry 7 LIRIEh 5
ERHWSZ 125, HlZE, ZZHNNT =Y AT L XOFFL T W5 HfE SOFC O A
Ry JREER G0 (345) 25BI2T 5 L3466 DL IT RV ERET DHEERENE R
ohd. ZOBRIZ, TNoDRIVOEEZM 347 ITRT &S REMHEEE 75 2 & T
BT 52 VRELOREN G2 RIS, ARZ Yy 27 & L TORENZBENTE 5 A gD
H5b. TITIESOECHDEEAER, EREMo LY a— VR L2 T3V F—HE
IS 97260, EIEE Uflz R U 7=,
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Fig. 3.45 Illustration of the tubular SOFC stack of Mitsubishi Hitachi Power Systems, LTD®?
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Fig. 3.46 Schematic illustration of the tubular SOEC Stack.

Temperature distribution \

Gas flow —

Electron current

Fig. 3.47 The example of the current collecting method to reduce the temperature distribution.
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33 B=FDFEH

AFETIE, NUAE SOEC Bt )L & H\WT, KAKEMIFOBRELRME, Ni+YSZE
MRS 1 35 1) 2 BT EALDE, KISEBD R s K MG D 3 sl 1) 5 EZ L% [F
WCHIES 2B AT o7-. £72, EEAERITIE _H TN UZBUERT R E T VI X 55HE
AT\, MG OE FEAAES XK CIREAROFEZERIZ OWTHE L7z, A
T, BUEHEET LV O#EAFRETERIZE L T, 8- YWE . S - BRI ICE D
LEEEREEASED ZETHENMB L OBLSLENEEICS 2 5528 % ERMIRGE
L7-.

RERIER

L1V, 1.2V, 1.3V, 14VIZBIF5EMAED S, /NIHE SOEC DAY — K IO
U I EEBARZ D (T 72 RICBWTIE, EEBMRELS DAY — NETFBEAICL, FfES
MIZB I 2BTEBANEL RDZ 2R U, 77, 1.1V E 1.2V O 5 TIEHE
PRI & U CTIREME T L THE D, ROWEEHMRII BT 2 RBAT R Z2HE L. 1.3
V, 1.4V ORBGMTIE, BEZZEBERMORKIGHIC TR ZIPKE S EEEKD
HIEIMBIZONTHREZALNE LSBTV Z e E2R L.

FUGEEES

BEHBEET VIERBERBEZ 74y T4 VI NRITA—RE UTHWAZ LT, &Eift
BIERMEZ R<HBTAZI LR TETED, INzElIEE UTEHE L ZRE S & EHl
SNZRELDEITHRKRTIS CRETH 7. BEFE»S, FEEBIIZHIESI Nz
P £ i i 58 0D # - R A7 7 ( F fT il 5 Ml D B i ik IR LI R R 92 Z LA S TR o 7z
E7z, WEIMMOREERITE TR 1 4 VIEPIRE - OO HEEHE - = b
E—RED 4 DOBERIZH T iEim a7 o7z, TORE, SEVERERNDOSMIEHATY — RO
B PHE RGN U TH 0 BB E IR UZZE, BESMMMPRELTWDE Z LW
BMNTIR o Tz,

BEDTICHEESZP2ER

SOEC it Bl DBV IR E DA IZ 2 5 2 5 —/1T, AGHEOIRELRLHEHMIZE
WCIFESMAEREANG R DB IINS W RS TR -T2, 1Y — NPy E ik
EHUC 8 e 52 5 JEMhEE, FRRHREMEN &, HEMRE < £ 2 OHLHEE
PIAVNS W e oEDNE IRE, BRAAMRIZEBITRE LS AT\ ok,
TR 12 B0 S BRI & A A VAR, 2L O NERIEST ORI 5
52 PSR REEZMCIEOHEZ S > THEEZ G X T\, L, BFED
JEHIEE A A VRO T h & 3R 20, BREEOMAEERICRS L2 EX L
D OIRED DRI E 2 5 A T\\We, BAMIZIXE FIEOEIMEINE {7515 E
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FOERIZ V2R TH—IZRD, YVAREARPNS K 8E I RS NTHR o7,
RIFETEE 1L SOEC DK HBEITICEDL 2 EHTH 0, FHIFAEREZEIZNT b8
MREDo7z. Fiz, PHERBEOEKIZA —LDEANZ & O 7Y — RNE T % 4k
KEH & WG 2R E AR DOFEIZ DD 572, PAED & 5 1IZE % - BRI
BB 28NTTRT, PHEREBEIHEL2 5 2R L CHEmWOE FEMEB L O
BESRIZHHELE X T\, R LA A Vit milE s X OB iR s e 1L E T
RPN DB S EREE O 2L A P& T S FEAL 22 N B % 5 2 T\
72Dz U, BAHEREEDRHIE D AN Y — RNB L IRPIAN DR E L VB RE
FEDWHE D & DFEE % FF> T\ 7z,

BEATRBEDHICEZ 2HE

Ff4 SOEC OMESTE (MEMEB K ORE) 27 AT MNEEHFF L TEMIZ LY
&, KERBOE G BT R & (3R 0 BT 5 Z 2T, MIRICALEIT N T B IE S
HREWEE LB Z PRI N, ZThix, MfE SOEC DIMEE K E L T 2IZITFAE%:
AEHEDRERE D, KERMLERIZU BRI IILTEROTE ST 20E M — 8 L 742
WZEZRLUTWD, 72720, KEBHVEL 22 Z L THEEERIIDEAT 2 Z L0 6 Kb
BEIEOHEMEZ S L, EMMEREOETIZORNLHRENELES. £72, HUMEST
®E (HfEMME, BT) z28b, PHEREE -RERELEWVEZ L 5V E2&REI Lz
ULThH, KEMOEIANERRD, WiAMOMIIREENRRE5E51E, B2 BEIH%
R AREMEDGHE N SR I N, 2D Z 2IX, BIZIXEMR LI ORERZ RO /NL v )L %
FIFHL T SEAIIBWTh, BMIZT AR LARIZIME X W2 2505 1L,
BRALFEREZ G- UTHEA M OE TP % Rl 2 72 1 NIXEBR O IR E 54 %2 41
ETHIEIFTERNWIEEZRLTWS,
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245 /PDNEHBESOEC DI EE R RERE

ANy

ARETIE, BHIBUIER U TR FE O H 12282 fE W SOEC IZIEE IS E
RDHND T & & E U THBUEMHTHIZ /NI fE SOEC IZ Ay 7 FIRO BN, &5
WiE—CHETHNEFE 2 2SI EEE0 v VREREN G2 FELE., HReLT,
—ERECTHMELE 22856, ERRETERNG P> ZIREARL DO ¥ — 27 3%
ELTWBZ DRI N. ZORERAEDFKE L SOEC DOiif AMXFHMEIZ D h 5
e H B, 2T, ZORELABOERD/-DIZ, —EEHEDEBLLILE ZT v Tk
OEEHMZMAGOE G ZIRELEBEREEZTo-DOTHET 5.

4.1 EFXERBIZEICBITZER EEAE

AETIXFEEERE, 1.4V, FREEEDOIEIZRELERM%Z SmV/s Tlagl LU 72 OER
HERMEZRIE L 2.

4.1.1 =REREMH

Bl & 2 a5 & LT 1.4V £T5mV/s CEIE E, 251 L, ZD#& 1.4V 2 56K £
T-5SmV/s TG 217572, FEEREMIIFR A1 IZE L7z, BEHIMO GENEL S R
PREBIIE=2LFAETH 5.

Table 4.1 Experiment conditions

Parameters Values Units
SOEC operating temperature 1123 [K]
H, flow rate (based on 298.15 K and 1 atm) 40 [mL/min]
H,O flow rate (based on 298.15 K and 1 atm) 40 [mL/min]
Air flow rate (based on 298.15 K and 1 atm) 50 [mL/min]
Potential sweep speed 0.05 [V/s]

95



4.1.2 ERER

HIDIZHE BTN LU, BENEOMNES X OCEEORIEXEZ £ & 7L E
(X2.10) 22Z07=DICHDHTH 4.1 & UTRT. HEMBRIIR421Z=M0%2F LD
TrRUz. BREERMER, T XRTORFIAVWTEZRICBIT S EFREBOEL & ARk
W E,>E, OBMRIZH o 72, IRERMIX, FT2TORMEIHWTT,, T, T3 IZHED
IWEBENE BN AT ) VARKNT W, 72, IBEIZEDEMETE 1.1V THME
B o DIRERTARAL 2 >TED, 1.1 VIUERTIRE TORE T ESMEEICEED TV
7. BHEIED S OREZILIZREADE & TWAIREE T S hRENREN T VRN —
JiT, 1.25VUBETIET, Z2FR< T3, T, DIEZED 0K ZBAKBTIE LU TW5S. HE
EEEEIAESICE D RRD LA VEETIE T, > T, > T, & 7Y — REBERIENT Y
Hhr o 7.

Electrolyte \ , Thermocouple ,Anode ,Cathode
Nt T ST ’
\ 1, 2 y 3

H,0/H,

Potentio/ Galvano stat &

Voltmeter”
Frequency response analyzer

Fig. 4.1 Experimental equipment for electric and temperature measurements. (the figure is same
of fig. 2.10)
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Fig. 4.2 Voltage and temperature characteristics as a function of average current density by
potential sweep method
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42 FERREDHNESE

ARIHTIZFARIMEIE, 1.4V, BIEEKELDIEIZAEER%Z 5 mV/s TRl U7ZBRDER
BIERE & IR IZEE U TBUERT R 2 17 VW SR & Lk %2 17 5 7.

42.1 EtEZEH

BEGFHRILERZ HHR T 272012, F5#EE% 5mV/s & UTHRE, 1.4V, FERED
IEF BT E, 22 b X B 72, GHESME, SEERFER & iR E2 1T 5 BUCIE, EIREERE
EEBERE ADOEERI2DEMEEZH N, — 5T, EHFIRE L IEEHEIGE T OEE D
ADHEIZDWTIE, B EORESRM 2 AW TRA3IDEMGZMAL 7-.

Table 4.2 Calculation conditions for comparison of experimental and numerical results

Parameters Values Units
I 4 Io ¢ (at the 1123.15 K) 1.90 x 107 [A/m?]
Ve 6.44 x 10° [A/m® K]
Ya 1.88 x 10"  [A/m?® K]
H, flow rate 40 .0 [mL/min]
H,O flow rate 40 .0 [mL/min]
Thermal conductivity of cathode 11.007® [W/m K]
Thermal conductivity of electorlyte 2.76G478 [W/m K]
Heat transfer coefficient of anode surface 2.00 [W/m? K]
Thermal emissivity of cathode surface 0.507 [-]
Tortuosity of electronic conductivity 3.13 [-]
Tortuosity of ionic conductivity 3.00 [-]
Bragman'’s coefficient 1.5 [-]
Potential sweep speed 0.05 [V/s]

422 EEHFR
THERBEICHT 2EE EELIL

EERIZEDYE, KA2DFMBTEHEULFERZMN 43187, B RHIIBIT L EHIRGE
CRIBRIZ, TARTOHERXMICBWTELE, XE XD KEDr o7z, F72EEIZERDH
EREBADETORUVAEZERIZBWT L1 VAEIZEWTAD AAIZERKR LR D Z PRI
REDEIIIED AINIZEL U, ZOEE, Ty & T IZOWTIREREROEXEIZE W
TT:>T, &laoTW=.
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Table 4.3 Calculation conditions of base case (case-A0)

Parameters Values Units
i a» 1o ¢ (at the 1123.15 K) 1.60 x 107 [A/m?]
Ve 543 x10° [A/m?® K]
Va 1.58 x 10" [A/m® K]
H, flow rate 40 .0 [mL/min]
H,O flow rate 40 .0 [mL/min]
Thermal conductivity of cathode 11.007® [W/m K]
Thermal conductivity of electorlyte 2.76G478) [W/m K]
Heat transfer coefficient of anode surface 2.00 [W/m? K]
Thermal emissivity of cathode surface 0.507 [-]
Tortuosity of electronic conductivity 3.13 [-]
Tortuosity of ionic conductivity 3.00 [-]
Bragman’s coefficient 1.5 [-]
Potential sweep speed 0.05 [V/s]
i S
6.0 : 7 1.40
5.0 A~ 1.30
% 4.0 l//’/ 1.20
g 3.0 / 110
g: 2.0 // //? 1.00 Eﬂ
g 10 090 =
:_.E? 0.0 J 0.80
-1.0 0.70
2.0 0.60

0 1000 2000 3000 4000
Current density [A/m2]

Fig. 4.3 Voltage and temperature characteristics as a function of average current density by
potential sweep method
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423 EBREREBEFEOLE

PIERE R & BUHFH R OFE R &2 BT - IRE L MMOERBELIINT 52 ULTH4412%
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Fig. 4.4 Comparing i-V curves with SmV/s simulation and experimental
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B _RmOERIRESMA L FARICRERTPRD KEW L1 VALEIZBEWT, FHE ERE
0.5 CHEETE>TWz., BEMIZIIHRAT£05°CDOEVYEH L —FT, REZELN
BOHBICRKIZEDEEIFZRLS —HLTWS, TL,I1IZ2WTIE, BEZI 0K & 725 H
30, FEBERENTNIIDOWTEIEREE & LTI 300 A/m?> FREFENERLD B
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Fig. 4.5 i — AT characteristics for each measured point
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Fig. 4.6 Comparison of experimental and numerical temperature distribution responses of a
micro-tubular SOEC
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TD” L7 &, 14VPSHERETD” FOIZHTRIATITR Uz, 72, IKRD7ZH
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Fig. 4.7 Temperature distribution response of a micro-tubular SOEC for potentio sweep method
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Fig. 4.8 Temperature gradient response of a micro-tubular SOEC for potentio sweep method
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Table 4.4 Operating methods

Case Intermediate voltage potential sweep speed
1 OoCVv 5.0 mV/s
2 1.1V 3.3 mV/s
3 1.2V 2.2mV/s
4 1.3V 1.1 mV/s
5 Only step input of 1.4 V

Temperature [K]
Voltage [V]

Case 1: OCV>1.4V

Current density [A/cm?]

Fig. 4.13 Schematic illustration for operation of voltage
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Fig. 4.14 Voltage response for each operating method
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Fig. 4.21 Temperature distribution response for case 5
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Fig. 5.1 The hydrogen generation system with SOEC“®

118



512 KES—ZEIERFRHEFEDOFA

MUED &S IZT XN F—EWGED O ERKEKER S AT LA ERE I
AT LTH5. LA, KEFRBOMHEY AT ADEIKTOEMIZEH OGS A M
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RERBHEA A VEERTH D, —BLKFEZHETE LI L 2FHAL LD RRNLY AT
LEMRETT B, KRS bR R % AR B 5 iR IT LA (Co-electrolysis) &
FEENTBED, AXUPRIAF NI —TIVOEKRREITH 2 — bk FE L KEEBLILS
Pl ARpICBETE 5. 72, ~BURBIZ BRI L R TRISELRE W & oM
BlEER & U TR AMMIED S, AETIRZOEEMEZFH LU 2T 2V X Y AT
Ll IR E T 5. SidE I NizkR e — bR R IZREI O G KERETH 5728, SOEC
A By 7 RBATIRRNG O O il A F D T Y) I8 - JEJNICE BT 5 Z & TKES - =
BLIRE  REIEIN SRR VR VA FINT—F IR Y 2 SRR BN AT L%
M TE 5. 7z, FREE UTHWS g bikFEIT CCS HAiMT & b FEAT R L H 6 [FX
SNZEDEAVSEZ T bRET ) —DREIZELZ L HAEETH 5.

INETICH, BEESHEIE LT 710y oy —bu 7Y 2k @z X 2 AbKERBREG
BIEDH D, KFE .~ bk EHERE L LT SOEC ZMHARAATL Y AT LR EIXREX
NTWVWBED G ZDXRIE SOEC NEIZ B 1T 2 BN R EMMRED R OTH DY, VAT
LRERZBLUZTRIVF —5hRIZ20 U TR BN T -85 id 7w, 22T, AET
TR ORI E X REN L 2 ZR UV AT AR 2L L, REHCY 1 2 VEEIC X
DITANF—hRE2HHLZOTHRET 5.

52 FHBEFEBLUVVRTLEBHRER

ZZTRYATLEERSRICIET 2 ETFIECHEBERIZOVWTE L H 7.

Y 2AT LR
VAT LEIRIZEI L 2 RR O RBEE e I L -2 2L X — kTR L, X (5.1) &
Dkd7z. FHEEIX SN FEEE (HHV: High Heat Value) & U 7z.

Zi _MAHr ist

¥ =
Lsupply + qupply

5.1

Y YATLDIZINF =K [-], AH,; o \ZHFBA A L BRFRDYRBEEN [J/mol], ri; 13 IRFH]
72 0 DA AT A DREE [mol/s], Lsupply (EHFETETT W], Quuppry 1FHEFREE [W] 2R 7.
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SOEC B E#EE

FEMHIZ B 5 Mok, KEKRE IR FZD B TH 5K (5.2), (5.3)IIZMZ,
RGAHITRTAMEY 7 RSO ZFEEO KISHHE Z 5 L E L 7=,

H,0 — H, + 10, (5.2)
CO, — CO+10, (5.3)
CO + H,0 «— CO, + H, (5.4)

TN XD ILEMD Y — MU O AT A IIKZE - — bR E - KEKDREEGH A, 7T/ —

RO A A IR E L 72 5.

2T, ZFEEOEMMICHHEET 2RI B W RS EE PTEM LT 2L F—D
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(AL o THRETBERYOED, VVHOIZEWTIET7 777 —DERNIZHED L
B5EOTH5. ZOEIITEMREESIZOVNTOHMERT —XBPARELTWBE I oA
FHREICBWTE, TNEBETHI DTSRV, U UKIEY 7 b OGN
TR E TET 2 LAE L TWAARGHETIE, SR A AMAIEA T AR -
LAl E (BRERE) - BETHIRESZ 21220, FR T A DBMES IR RIZ
FREL R,

BFEILIIY —E=a— b I NWELEE LT, RGSH»roB8HE Lz, LEMRTIIELRSD
FRI SN Z KM S 7 MRS RBSIGTH 5728, T U THIEEBEBLED 4% HH
FATEZ RN 5. N (5.5 IZEF NGB L B FEE BRI AL S B D
DEW, HLEMEORENIHIFF S NIBMELZRL TS, BREREIIFEFARZ
80%2 LTRG.O)DOHFHELM. £/2X0G.S5 THW & LFEREI DTy X)L —Z{L
RGOV EHRLZ.

IEy = Z Hiou iAH; — Z Hin ;/AH; (5.5)
! . .

ﬁ = Us (mHZO supply T Mco supply) (56)

AH;:&Hf+j}%ﬂT (5.7)

LIERET [A], Ey FEMEE V], AH FTY ZVE =24k [J/mol], FIE7 7 77—
R, A FEEHEA R T > 2OV —Z4E [J/mol], C, I3EELLE [J/mol K], Uy 1344 A
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Fig. 5.2 Model of the methanation system with SOECs using co-electrolysis
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BRI NTWE., KV AT L TIREMKIGIZHE D BEBIER A XV HERRIAE S FEE F]
LT, LEME AU SOCE OEEDRI- DG RoTWE, SIRE LD ED L7
B, BREIRBZE L TEEROHERER A X VEROKIGEERHTE Y AT A28 L
Tz. BERIT A LR OMEGHIS O IR W B OFEE - JE X R EITKAE T 5 DS T I3
AT EERA Z L IFH L. T DD, ARinSCTIXHEAN W B D T b BB K 1372
WEARE L. Y AT LADBE#Z %2 FillRT.

Xy v ERNER

AR VHEHERTIER (5.11) DA X VAEBRIGE R (5.4) DKMED 7 b RO ADHETTT
HEMRE U=, 77, MISIZED FEII T RTRA R VAERRSR AL D H AT EY K25 DB
FHEeUTHMHEIN, KIGEIREIZ400 CIZEZnbE0E Lz, ZOTRLF—I1K
I (5.12) TERINS.

CO + H, «— CH, + H,0 (5.11)
100 °C Tuap
Ometh + Oshite = Hlgg (f Co m,00dT + Gren,0 + f Cp HZO(g)dT)
25 100 °C
+ L (5.12)
Tm
+ I’i’lci C ,dT
Zi: ‘[]:in m ’
Ometh = _mCH4 methAH; meth (5.13)
Oshite = —Hico, shift AHy shife (5.14)

Oumen 1F3X (5.11) 12 & BT8GR [W], Quire 13X (5.4) 1T & 2 TR (W], rhg, (TAETERRZ B D
IKDE IV [mol/s], ritcn, mem 1EA R ¥ EIRRIGIZ & B A R > DERKFE [mol/s], rico, s
KM 7 N ROBIZ & B AL SR D A R [mol/s], G w0 (/K DR [J/mol], L, 1%
B2 TR B E R BN B SN > TGS AR D 2 MO EN (W] 25RT.

qEEL

AHRSMFRREIZET 26 D2 R5.11Z, TSN ERS2IZE LD, AXVDEK
HLEEIX400°C 2 LT, RRIEIZBIT ARV EREREL .

532 EIERRBLUER
7 2K

FIEIRE % 800 °C & UL72BRD, V1 ZINVEEOKERZX 5.31ZRY. 72, X5312%
HERmNAIMEZENILTE LD, EREMADTIEARSRHOICEWTERZDIRS
HAD 5% % HIEER I, 4DDBETLHAZEU T AR I N TWE Z bbb, HE
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Table 5.1 Calculation conditions of temperatreus in the methanation system.

Locations Temeprature [ °C]
Supplied gases 25
Co-electrolyzer 800
Methanation reactor 400

Stored gases 25

Outlet of drain 1 35

Inlet of drain 2 110

Outlet of drain 2 35

Outlet of chiller 5

Table 5.2 Calculation conditions without that of temperatreus in the methanation system.

Parameters Temeprature Units
Temperature efficiency 90 [%]
Gas recirculation ratio 5 [%]
Supplied gases utilization 80 [%]
Supplied CO, flow rate 1.0 [mol/s]
Supplied H,O flow rate 4.0 [mol/s]
Coefficient of power 1.0 [-]

FEFEH I AN 19% D KKK EZEATVWEN, AXVERBAOTIERL I IZEDZOD
T4T7%IEL D BRI T WD, A R VERSGHOTIE, XX UG (R (G.11)- ¥ 7 M
Jo (NG IZE D ERINIZKELAD MBEENT VWSO, AR VDHRIZI6%IZE
EEoTWwWad., LA2L, WEATBRIZB T 2HmHIERIZ L D KELKDOLEERE2 19F TRIFZZ
Y CTHRARINZIZIKFE 28%- A XV 64% % &8 H AR X 7.

Table 5.3 Results of gas molar fraction for SOEC operating temperature of 800 °C

Location Co, H,0 CO H, CH,
Source gases 0.20 0.80 0.00 0.00 0.00
Inlet of the electrolyzer 0.19 0.77 0.01 0.03 0.00
Outlet of the electrolyzer 0.01 0.19 0.19 0.61 0.00
Inlet of the methanation reactor 0.01 0.06 0.22 0.71 0.00
Outlet of the methanation reactor 0.04 0.44 0.00 0.16 0.36
Stored gases 0.07 0.01 0.00 0.28 0.64

ITRILF—INZT

FEORE, BMEEFIX1.35V, BFEERIZTIKA 720 T LF—5RIZX (5.1) &
D8T.0%EHHINTZ., M54 A NF=INTE2FLDETTT7%2R3T. LEMEDIR
FEHERIZ BV A BN Y L WY — a2 — NI LNEBETCOREME2C L0, &
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Fig. 5.3 Result of the cycle analysis for the methanation system with SOECs using co-
electrolysis
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Fig. 5.4 Energy balance of the methanation system for SOEC temperature of 800 °C
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Fig. 5.5 Energy efliciency of the methanation system for each SOEC operating temperature
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Fig. 5.6 Model of the DME system with SOECs using co-electrolysis
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MEWE INTWDS ), DME Gl#r DT —EILRTNEEDE LT,

TRET DD L L.

2CO +4H, «> CH,0CH, + H,0

3CO + 3H, «— CH,0CH, + CO,

Qioss pme = OpMe + Oshift

O pme = —tiipmeAH, pvEe

FSEUE SR

(5.15)

(5.16)
(5.17)

(5.18)

Opwme 1Z3N (5.15) 12 & B FEE (W], Owmin 12 (5.4) 12 & B2 FKEE [W], ripue 1< DME &
Rz & % DME O 4 iR & [mol/s] 2 md

542 EHEZRHG

HELMIZEEIZET 202K 5412, TNUNERSSIZE LD,

HRESESMPalz 817 % DME O &k ZRHE L7z,

Table 5.4 Calculation conditions of temperatreus in the DME system.

Locations Temeprature [ °C]
Supplied gases 25
Co-electrolyzer 800

DME reactor 250

Stored gases 25

Outlet of drain 1 35

Outlet of drain 2 35

Outlet of chiller 5

Table 5.5 Calculation conditions without that of temperatreus in the DME system.

Parameters Temeprature Units
Temperature efficiency 90 [%]
Gas recirculation ratio 5 [%]
Supplied gases utilization 80 [%]
Pressure in DME reactor 50 [atm]
Supplied CO, flow rate 1.0 [mol/s]
Supplied H,O flow rate 1.1 [mol/s]
Coefficient of power 1.0 [-]
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Fig. 5.7 Result of the cycle analysis for the DME system

Table 5.6 Results of gas molar fraction for SOEC operating temperature of 800 °C

Location

Co,

H,0

CO

H,

DME

Source gases

Inlet of the electrolyzer
Outlet of the electrolyzer
Inlet of the DME generator
Outlet of the DME generator
Off gas

Stored gases

0.48
0.45
0.03
0.04
0.44
0.56
0.00

0.52
0.51
0.17
0.05
0.01
0.00
0.00

0.00
0.02
0.44
0.50
0.14
0.18
0.00

0.00
0.02
0.36
0.41
0.16
0.20
0.00

0.00
0.00
0.00
0.00
0.25
0.06
1.00
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Fig. 5.8 Energy balance of the DME system
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