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cording to statistics fr(dmAY)he | n;
ough China massgmades $ing miefnieavaarbtl e
, 1t still hda3Bipl y2braedlti A5 % o ff dCshs in
I primary pmevigye lesmainld fwael s, wi t
unting for nearly 60%Wrom 2002 attce o
ecomle@mioovt h rate was the fastest.

unted for 77% of6G tprei martyal enercgy ack

Withi mpeovefméht cainedncp/ol i cy restriction

pansi on, coabe oo gahtigdtilireccre hRadsl 3, but

2D 20, coal demand Alntcreougdai fnosisndr e



continue to dominate, nucl ear power , hydr
renewabl e energy sources have experienced
past dveddnceea,r share in the total demand fo
i ncreased Dbhyiradboadt Wdebkbd|l Erergy Outl ook 20:
I ndicated that wowal d deonmantcidneiags etCduinrt a | 2024,

antdhdecrease[B0O¢m 2025

1.0<10°
—— Coal
8.0x10' }  —— Natural gas
—— Hydro
—— Wind, solar, etc.
v L 1 ’
6.0<10 Biofuels and waste
) Qil
= 4.0x10° F Nuclear
2.0x10"
- —
0.0} = —

1990 1995 2000 2005 2010 2015 2020

Fi gur & heot al primary enesgyrn chegamceh af or di ff

[ 38]

Tabd .elhe proportion (%) DOoér pdi mheyeenergy d

sounome<Lhina frdm8]990 to 2020

Coal Natural Hydro Wind, Biofuels  Oil Nuclear
gas solar, and
etc. waste
1990 60.74 1.47 1.25 0.00 2295 13.60 0.00
1995 62.02 1.44 1.57 0.12 19.60 14.94 0.32
2000 58.92 1.83 1.69 0.23 17.48  19.47 0.38
2005 67.55 2.18 1.92 0.30 9.45 17.84 0.78
2010 70.56 3.52 2.41 0.63 5.25 16.87 0.76
2015 66.65 5.29 3.19 1.64 3.79 17.96 1.48
2020 60.69 7.57 3.25 3.05 3.82 18.89 2.73
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Acciontgo esulOtus WWor | d 4,Giph éagtad pri mary

ener gy C onmscudepatsieony ear .

Il n

2024, t he t ¢

178, 89,9 cloMhl e dacAdcB®uhtTWactedndb2, 970

TWhso |l eamer gy 3r,ladd8addVheenaedgy

TWh as sThadw2a nBn gur.e 2.

Global primary energy consumption by source

Primary energy’ is based on the substitution method® and measured in terawatt-hours?

2

OurWorld

Other
renewables
Madern biofuels
160,000 TWh Solar
Wind
Hydropower
140,000 TWh Nuclear
Natural gas
120,000 TwWh
100,000 TWh
80,000 TWh ol
60,000 TWh
40,000 Twh
Coal
20,000 TVWh
. Traditional
0 Twh | ‘ ‘ : . | biomass
1800 1850 1900 18560 2000 2022
Data source: Energy Institute - Stalistical Review of World Energy (2023); Smil (2017) OurWorldinData orglenergy | GG BY

Note: In the absence of more recent data, traditional biomass is assumed constant since 2015,

1. Primary eneray: Primary energy is the energy available as resources — such as the fuels burnt in power plants - before it has been transformed.
This relates to the coal before it has been burned, the uranium, or the barrals of oil. Primary energy includes energy that the end user needs, in the
form of electricity, ransport and heating, plus inefficiencies and energy that is lost when raw resources are transformed info @ usable form. You can

read mare on the differant ways of measuring anergy in our article.

2. Substitution method: The ‘substitulion method' is used by researchers lo correst primary energy consumplion for efficiency losses experlenced
by fossil fuels. It tries to adjust non-fossil energy sources to the inputs that would be needed if it was generated from fossil fuels. It assumes that
wind and salar electricity is as insfficient as coal or gas. To do this, energy gensration frem non-fossil sources are divided by a standard ‘thermal
efficiency factor” — typically around 0.4 Nuclear power is also adjusted despite it also experiencing thermal losses in a power plant. Since its
reported in terms of aleciriity outpul, we nead te da this adjustment to calculata its aguivalent input valua, Yau can read mera about this adjustment

in our aricle.

3. Watt-hour: A watt-hour is the energy deliverad by one watt of power for one hour. Since one watt is equivalent to one joule per seeond, a
watt-hour is equivalent to 3600 joules of energy. Metric prefixes are used for multioles of the unit, usually: - kilowatt-hours (iiWh), or a thousand
watt-hours. - Megawatt-hours (MWh), or a million wati-hours. - Gigawatt-hours (GWh), or a billian watt-haurs. - Terawatt-hours (TWh), or a trillion

watt-hours

d o, 08 e d

Fi gurd heot al pri marfyr@méfgyedemandr ces

wo r[l4do ]

Tabd2eTha&mo wrt pri mary foergyfdemamid sour

the war 23

2022 Coal

Other renewables 2,414 TWh
Modern biofuels 1,199 TWh

Solar 3,448 TWh
11



e

e

Wind 5,488 TWh

Hydropower 11,300 TWh
Nuclear 6,702 TWh
Natural gas 39,413 TWh
Oil 52,970 TWh
Coal 44,854 TWh
Traditional biomass 11,111 TWh
Total 178,899 TWh
Carbon dioxide is an important medium in

XxXcessive emissions caused by the combustii c

cosystems. Chi nds ilsarcguersrte netmiyt ttenre owo rcladr b o

By t he2(2X2lceorfbon emossitobdr eChdamead 11. 4

b

il 1ion tdamrs,t omaihrel y ndustri al system domir
nd manulff @Uhamr iingcr easi ng enmwvamrmeoament al proe
eutolmadst pecome a cwarsiecoussms r iaend,n g b ut i ts
mpl ementation stil] faces many chall enge

echnol ogy,t hmarsketucn asiagegdndmg hgr oposed
ol ut i ornidu aflo racgabrBbéo ni n En eurdgey: s(uib)st i t uti on an
ransformati on, s uchofasoacmbnomesrecaibarlgyappl i ¢ca:
s enewabl e ener gangr ge p e nedtdflidin)o gEeEmer gy
onservation and|[ £3iissi)om@ aredddownen ¢ oy
ecy ¢ l14i4nnigv ) Ecol ogi cal [ &&\nboonng stehgeune,st r at i o

ubst i tturtd nosnf carnmda cialmen tolie emairgyappr oach.
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of
1.2x10" —— China

—— Australia
1.0<10° —— United States
—— Japan

Germany

8.0x10°
c
2 6.0x10°F
4.0x10° |

2.0<10° |

2000 2005 2010 2015 2020 2025

Figu3@r2b.on eonfi saii fofnesrferndm cdDQOG4rkijee s20 2 2

Sol ar energy, wind energy, and tidal
of renewabl e ener gyCowiptalm eadbdtmdamtadn ¢ 3 @
energy, the development | evehl|l ohgrenew
wi bhoad de vreolsoppededtndio wever , -memda i aamoeewe
renewabl e e ma gyt esonui tamedntt heir out put
fl ucstwiatthe ext er nal energy, resul ting
renewabl e enpdad49T e chinrod mtgiyobenenctitent
ener gy tnoahtahvee ggpra dt on tahnednmewert hegr i d
burden of thawédmighe i dor mal transmission
[ 5.0]Theref or e,s taaottuosCtl i m@gweé ro d rhied, 1t i s
to establish an entelhratys odavmes urpet iporno bd yes
i ntegrating intermittephbl}enewabl e ene

Driven by factors such as energy sec
air quality, the promot i onmnofi nrpeonretwaanhtl
p a roftf Ghiemamer gy fpaodiileiyteatglgo s wmsdt it ut i«
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transf orihd&i ve Yémas Pildew idnerdgy and new
automotive technology as[]5gfhreatplgac emer gi
emphasi zes the need to increansoet eefforts to
| ooavar bon energy investment, and ensure ene
the rapid devel opment of renevwabl e energy
strong driving force fAArccgoghradbalg ¢wowmerdpayt at r .
released by the Internationablt Renewabl e En
end of 2022, the gl obal installed capacity
hadeache@W@&BiThe stock of renewabl e energy
abodutéAh most haiWwfyofnshal hewaisna pAasdiat,y i n 20:
with China conf 538 pwhiismhg fthldICymd@asa monstr at e
effoenspgwviref.onm

Facing the intermittent chall enges of r
scal able energy conversion technol ogies 1is
renewabl e ener gy. fiPSirnicse Agghree esiegét,i n@h iodfa t he
as thé warrlgest wind energy supplier, has

renewablAPecceonredrignyg t o statistics on renewabl

2022, t he newl vy install ed capacity of Wi
generation i n China exceeded 120 mi |l |l i on
hi storivcaal.lUtheeni gbwly install &«d hdapadity of

renewabl e energy was 152 million kil owatts
tomawly install edytpopeveendemnfer 2022 n.t he 1 ns
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capacity of pnapewmdd dsdemreegagled 1. 2 bi l
kil owatt s, accounting for 47. 3% of t h
generation i n Chtihnea,g rfaudrutahl e Iniigiamdsi fcoart m ant
energytewat denambbowenpbdy system

In the fields of i ndustri al manuf a
devel opmemtgenf empdgy can effectively
car bon cont[ai.5dangongasesver si olme techno
condudirwmweetfda it bae emit t éwdo rwkaisnt @@ Bcéalr bboom
Accor diveget oy o htivadbospeodwteg aasn d - g a s
tpoweonversion technology is expected
Ho we vcearr,b o n captunGE&Cpraadhmsaloaogy ef aces
chall engesst csua e slsevd@iagghee s ggsumpti on
and cost of carbon capture] 57 Wsnisnpgort a
renewabl e el ectgysiirctid yudef iuchc riesestrda mi GA s

attraatiivwe gdhlat can pr omdduealt heea rabcohni e

goal

With the continuous increase in the
various countries around the worl d, h
capacity, peak shaving capacity, and
enhance the resili dmse befcomee ocaeerodgy t

probt brense dbse tdoeal t wi t h dur iWigt he ntehregy t
occurrence of various gl obal emergenci
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chain are bound to be 1 mpacted. Ensuring
nor mal o pbeortalt o moomyofand society i1s of ut mo s
Therefessetinaitiadarch for key technol ogies f«
bl ue ®mientp.r omi si ng emerging technology that

significant dr olxe de (eSC®KEQGsr)ol ysi s cell s

2.2 I ntr Gbdadtdi OxitdaeCxeH Il esc t(rSCAEYCs )

2.1ZQconveirsi 8OECs

The mai n technol ogictill izatt es focl ude
t her mochemical conversion, el ectrochemica
convearsghoont ocat al ytic ctosnvmayilbe. mdthlkearmpe,od.
met hanol , syngas, varnetlao,r mo c[g5@@ilcd car bonat e
Al t hough t hese carbon utilization technol
progress in the paath¢éccrhwathemayr s., Amesng are s
these methods of carbon dioxide conversion

the endstci ent aadareec otntours cadnsi dered t he mo

technol ogies to be commercialized and supp
from ffuéslesi i e n e waRbelseu letnitedrgg yflum@medi ct abi |l ity
i ntermittent fe m evm gnedn egreegnye r a bi an energy, t h
genempatwmdy be surpl us. El ectrochemical con
utilize or store excesdeemeogyheéhgtridanno
el i minationfgndarhgey rbhekhgewaast iedealny, they off
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opportGC®i by €&l ecti vel yc acrobnovne rftueed si notro
economi c Vvahbuodi rcetiniox almslgestt yd e @ h d
El ectrochenmninvaelr sCcOn met hods can be f

hig¢glemper at urteemaed atluorwe saw dhmpelradg ur e

~—+

echpotbobbizowgceAC) (&b @80 molstasesl lel ectr

> 400 64 2nsnot been lwae deedshetiosve d el ect i vit

~

—h

otrar get pr odueftfsi,cileoomc yenearngsywhoér tci ent
service i fe. Hi gh t e mp &rnaotwnr ea sr eam c t

el ectrocatalyticwieltlecsolbl gsosi decdihet D

~+

he tchaarte i s cl| ose T hlelceomtnrea duaf arlSs@EAL i1 conns.
arfeast, si mpaed anke 9pta fpirdo,ceeasssy . t o cont
Addi ti onahdeeghi HO&EC F ar abdeacya uvesfef i acfi etnlce |
wor king t.emgeri antdwrseg ri al wpaesrtaet ihrega tc acsatn
wi | | be gr eaantdl yt hreedaoveedal | energy e |
el ectrocatalytic el ewitlrlol pei Blompepaoveds:i
i mpor,t asmdlligeed wsi dms can al so reversibl"
gasdf echafreagregtrieome rasse c®lRISIDsLCe mis o e
promote the congowgamsowegpariactaonomowonfcyc
techndheogaynh e rheeblrye et deenvi r onmeratcdal of
power geamer abwem eneSQE@rsaowphygi des e d.
onethef mosstf feeacdti ve etpetrino npso wipobr3 Fltoonrga g e
TakiS@EG-O*as an @wammilget heofCd @@tr ol ysi
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ters from t h&2OBGrd ehedtgoegodfti on
acwiiachn external DECOCoweoxygeprodose Oxyge
ns are transported from the fuel el ectroc
rough a s @lriodduecdiyaggehr okygytgeo@ evol ution
actiTlhe speci fic reaction equation i s:

Fuel el ectowdeQ Petabc )i o ER. 1

Air el ectrbod®pfcie agdt i on( ER ) 2

Tot al ro®ax O 0 opdgld (ER.) 3

During the opersat¢sssionpifef Hutsleed alseat meldwci n.

ot ect irveev egrasse, wghteevGiSgast soanfwi I |l al so hap
the fuweldeel eatrmradysi s (such as Ni cataly
O 00 Q 60Q 0L Q (ER.)4

When theRW&$Seattobn is | arge enough, the
mor e i ncl.i e edtecwarodsys@G@ reaction. Due
curreheestbéeasmrsea gt iedne,cttrhedf patoent i al
ectrolysis reacti pheelwicstiosphiegg el «Coer t han t
A4]From a thermodynamic perspective, t he
e oper atl ent ol WOBEscomposed of ther mal
ectri,cabprtebwe dgyl by t he astibet eaheanbvironm

ner athed. cheyl |
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3 P=1atm
?300- @H, Tot al Energy Demand
Is)
IS
E PG, Electrical Fne
2 200}
)
aQ
=]
c
£
gloo-
- T pS, He at and
=g
]
c
Lu O 1 1 1 1
0 250 500 750 1000

Temperature®C)

Figuddh2zr modynamic analysis of carbon

reacti on

According to the ther mddymua&mi axs.cal cu
t hreeacttammer ature Iincreases, the tot al
el ectrolysis process remains basicall
ther mal energy demand and a decrease |
becausededhemE®s i thieolno rmgesaettal @otnher mi ¢ r ec
At room temABr athree e(2Ttrical. energy
decomposition reaction accounts for m
demandvhi | eACattph@®p 0 rotfd loenct r i cdaelma@aumer gy
decreases to 68%, and teellydtdcedmall ec
enerAgyhe temper at ueleecimciecegahys eson g thmpt i
during the electrocatalytic conversi ol
conduci vsec dloe lappmlei ctdtwonisal hdat hean be
utilizedntohemaopérmnating temperature of
economic benefits and cost competitive
i mprovame foo@@d!l ect r dbley sriefdauécend

I f the energy demantdhe sf elxlpowissg de q u
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can be:obtained
yO £ (ER .5

whe©Oe& epr etsheentrsever s thkel emi ppna énudbntt @ ratl i a |
required tosprha,ititsianighe COumber of el ectrons
the reaction 2(06o0COredvéejeme@Obar aday
constant (.86d48bdChagot d t hoebtcaailnceud aftriooom r es
thdSC chemistry Ao¥Qiw&h56, Ivotl knis
corresp®ind. tYhValtTe5AYOis o9 3. Md,| kalnd
Ois1. 002 V

Fomreversible processes thadtmtbéenot i n a
revercseivibllea age depends on the reactant par

Nernst equation can becewadldt agpe:cal cul ate t |
—0 e—— (ERQ.)6

wheRei s the grasprceoshesrnttashrs pl Ttne itsemper atur e,

the partialzopredesurcaenantded® parti al pressur e
of CO on tmg nteaatnhsed ep,ar t i al pressure of oxy
anode. When the gas parti al pressure chang
chang® .i nwhen the current iasedds ttohrough t
undergdedcd®mposi ti onefirf ehaetatti oins Jgeomeérated to
compensate for the ther mal energy demand d
can be wuti-ttlemear aitnus lecsegehl s c ttroolayc hi eve hi gh
efficiency. Whbea etchter oVl oylstiasg e nocfr eases t o a
Joul e heat generated by the current can e

required for the electrolysils hre@adadtniggn wi t |

20



and the voltage at this ti[ne6]li s call ed
o L (EB)7

whe Y®i s the total endirigy mpeogCad ued f or
electrolysisOcdcdarcdthent hkd Mmbdbl pputral v
i's the number omeathbBetFamadawncdrmstsant

The progecescst odl yni SsOB€C€adatiiveem by ext
overvoltagedecdMmemosC®i on reaction occ
occurring in the fuel Plr octsuxdhes aasr e r
material adsorption, migration, dissoc
The deviation of voltage from the ther
pol ari z&dli ami dedtsdasgstncseolflg® gener ally be
i neloectrochemi ¢almi go |paorligamrd tznaote notnr at i on
pol ar. zlAawoaurr eenltecdeamsihteyni phay pobdari:

domi nat,i nghirloet eirm emit g &dnecnesnittryat i on pol a

t endsonioh &dERkect r oplmdmirg Zlati on i s mai nl

=]

sufficient catalytic performance of
reacti 6donsdamred onofé hecdasEioedtea c ec he mi c al
pol arization cary umowalflyyi nlge mrad cduc ead Ip
i mproving the mi¢b8GmMmiracipot @ar iofatcieolnl s
phenomemwme el ectrode potenti al devi at
potenti al due to theiceddi sctoanmpoenemft , t m

obe@mm I1Ghwni ¢ pol ar i giast ineani molfy SgOECe r at e
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conduction of oxygen ipansmbierc htuylsee d@lheect r ol vy
el ectronic conductivity of el ectrode mater
el ectrolyte materials. Therefore, it is ne
obxygeneilecsriohyte matemanspsroatsoor desttan
of oxyden dieeamsesase ohmic psoitsafb®ati on in th
Coeatration polarization i s a polarization
charge traaoassf,erwbrcathe si nloenrcenbéati on

react ansuffici ehhthelteoctmaidrEb arcemancttriaotni .o n

pol arization IS determined by t he ma s s t
concentration gradient s, and i S rel ated
temperature, r eedcetcipoonodfeiadey .r aasaulatt and he

solutitoewnresgthen the performance of t he
i ncngaxei concentrati on tohfe rceeal dt7arftrsu cotruroept i |

According to tshethbowerkehgnwvodol bage of S
be expressed as:

w O - % - § - F - & - (ER.)8

wheE@a s t he equi l (YWri ygmanrpdoft eaet itah e
concentratiosofoveepotertitabde and air el ect
— pand pa éaet activation overpotentials of th

el ectrode;— r ersepfeetrbeehvbedlcy over potenti al

2.2ZZ7hBrinciples of SOECs

Anel ecsticsel ¥ is a device that converts el
22



chemicalhoemaebgyjost itrmqgo a@lnalnt ebdesr ol yt
Based on the technological maturity
electrolysis of water, theas&iSf iDegpafbm
el ectrolysis techjn®o1 ppgricetsan ad xkcaH a mgee (i
(PEMY,2]ani on exchange7,3nleamhbhr soé i dABM) de
[ 74]f or reference by industry professi
Solid oxisiesesell sachakbkgdcktbdmphargant ur e
CQel ect,calhy dies ragaededgpdeonmiveh saon
atslolcied ami ¢ Tshtbrauscitcurset. despgne@ofhphe
SOEEGrci spliafyiegdu 5. d8h e . wor ki ng temperatur e
aboveA®B.OOA typical SOEC consists of t
el ectrolyte |fdyaenrk @anr lotyhsea fruedld I gl ect r od e
andmair elec$BSotded(eheder ol pyltaey mahe rrialle
of on transpomrstcssin atchha eevlienggt rtdhley t r ansf e

( © from the fueleleelcetbmadodder tfou ntchtei oani

sepatrhaet f uel el ect r guree iaptightet metxméenrg @If e C
raw parnodduct gases. This requaxtheisbistol i d
hi gh i on ,c oanradutgitarosri tcyonduct ors of el ect

short [c7ibrJcui t s

@IC , "Wt
@ EC TPB Air H,/CO+CO,

oxygen fuel electrode

electrolyte
electrode y

Figubs®cRematic cdehgcamobfyysC® reaction
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S

r

| ecsticsmll wwher eclo@= pc EI€e®@t roni c conductor

The porous fuel el ectrode and air el ectr

o the negative and positive electrodes of

ufficient active sites forxeheaoageochemica
eact i onosf,f earaitichgvb §y 8 f acart iddhnee It @ catnrs@rmos,t i on s,
eactants, and productbeofhEherdfeant ¢ odiet aing |
ir electrodexmetd endr ® nmestandei oni ¢ conduc

ufficient catcakduct xggemnilaggédr oo,

especEtevtel gdsa | maot preie@leas appropri ate porosi

whiemalglasss di f fusion andcteamgporct ainit on, an

tri phabsceund@TBRERS or the el ecetlreocdtersorleyact i on o

c

c

(

esITThe | plhhalseeundariingserdrae e so xbyegtewne einont h e
onductor ¢leéecton| goaeaductor (el ectrode) ,
carbon|[ ddpbbaien the requielede poiveencapaci:t
onnected i nnesleercitesdo dtydtciddolmsat me st ack ar e

onnect edndaemmaaqths , whi cohf asrteat anféteesrs mad e

mat ewi alh -t eimgpler ature electron e€eonductivity.

emperature oxi diand @mn eamtdsg,¢c @SduePpssdtlere | o f
sualplpyi ed

SO€can achieve the required catalyst ac
recious metat Bdmwhiodlreranablveas i abl e feed ¢

uclklt@mnydar bon containing fuel s.
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2.3 h8tructure of SOECs

At t he mahcerroe laerveel t, h rseod ¢SO0 no nt ytphee
mar ket , +#amel y pfllaatarasanghidguzi.@l mhe
most advanced tgubduelveerl 0@@ ibsy IBSaiemens
Power Cor porf[art7]dnm gghS WP &)y mmeendacwmd St r L
t he t ubsulveiritd$OGrechanical strength and
the small er sealing area makes it e as

Al t hough the performance test resul ts

advantageous, t he hewbwrea rcsitsatliriluzcattuicazu nd fe
great obstacl es, such as |l ong current
coll ection, insufficientubacluziahgononos®

Consequiesnt btept tteurr-tnu bteo sfitiI#&@0Oc|t ur e

(@

Interconnect (b)
Oxygen electrode Interconnect

Electrolyte Oxygen electrode

Electrolyte

Fuel electrode

Fuel electrode

Oxygen electrode
Barrier layer
——? E Electrolyte
= Active fuel electrode
‘[OOOOOOOOOOOOOOOOG%:: Fuel channel
~_ Support layer

Current collection layer

Figue.®Bhree types of SOC structures: (a

f I-tau b e

The ©planar structureelsectgremleytaeé | ¢yt
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St

abilized zirconia), with shorter current

density. Wi tchelglosodwiftlha igpnleeasssg,r t 9t asctewmbeé e

i nto a stack. Hooveelvles , witthke plramarn i shaltct u

St

0

St

e |

co

s u

ruct baseo mes @ ryoetoemse sol ved. Compared wi
ghly symmetrical tubuelaild ssphlasar@luoa, t he &
ructure | ead-seduwc tpiooonr poexrifddaranedonnc e . Wh e n
ecNrodse oxidizecdc,ndshpamd: | br enmlgr i xaus

ri ous I rreversible degradaEGon. Therefo
opsasre ct seal | &4 ]Jrequirements

SOCs wtttuhb ef Isatr u ctthuer ea dcvoambtiangees of tubul a
asitamr u cctounrsetsit thet if uge | e | eatthriocdke ntahtarninxe.| I n
e fuel gas first enters the channel and ¢
ectrode, making the gas diffusion more
sidsufficient ratdwmgtdiaoseacatsedebyell, an
eat | ystihmpruavid i mgatsi lom afdldadtuiedsnS OC

ercome the problem of poor meschanical str
d scaatnt ey high strengthigleogoperamenés duri
er &tliaam e aSrOe€geadr das t he most promising SOC
rsgeal e i ndusd[r8i%&l] application

SOf€arvesual ly divided into two categories
mponenstulsppos el hg andt i¢gnggfrBhe@el f suppo
pporting types can be deidv88kai rinto fuel
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el ectswppd 89]and el ecé d @Idynt ea ns uepxptoerrtn a |
supported SOC, the supporting el ement
showhi gwn?#[e8.72]Culryr,enftuel ebteéodretecsuppygt
suppa@dtittr ucteuxrteesnsdirvekil ¢d &m adf ceeplp leleedc.t r od
mat eseex alihbigth i on conafucdali velt ¢ ¢cé disd engs u |

strucéamacuce the thicknesandbfedttievelyyoc

reduwlktmi c i mpedealhl®@dTkofadvant age of el e
suppagreti i s in its bett ercame cchoanntirciablu tset
I mprovingetmer edaoayg stabil ity caenld st her mi
However, el eed e tlegitua r ®u pyoa rksiarbgp viee mper

80AG o achieve high power requirements.
requi néemereti negdingm and | owl hemher anteee
of reduci nBgy ecnoehrtibpeyaesuts el e ca d ypilee marmpe or t
popul ar i1 9®RANMadi maomhat | vy, withsthe dev
S 0me speci al structures have al so ap
honey-s bmp[ed3and omd apleddNevert hetll esse

structur es atroea mofeEantdwimaV e xnot been wi

Electrolyte Electrolyte

Electrolyte

Electrolyte Fuel electrode

Fuel electrode
Fuel electrode Fuel electrode

Interconnect

Electrolyte supported Fuel electrode supported
Air electrode supported Metal supported

Figurm®i2ferent types of cell support a
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Accor di relge cttor otlhyet e condu&Di@wni tay smechani s
besepaiatedoxygen i enS @) dBEdtdi comr ott yome
conductsi(BH)[yQpElo mpar ed -@tthe S®OICectrode
reacti o iosf nBor@ep | j c an @ g tsif enr el ectrode
mat ear @l lailnsiot 8MC s suit abl tte mpear anwourrkeisn g
bel oMC5bmevdl opmeht | ag®, benlai md yS@Qe t o
the |agkr ofuebht el ectrodecelalbalopetrateo enab
effectively at nreadti wirme sandAclcow di egipd o t he
reslbwyWobsgavel[r9,eltftrétoem per specti ves of energy, ¢

t heenvi r on m@4yti,ed 8BCer perfo#Hmance than SOC

2 .4Mat eruiselds fSOE Gtslceo mponent s

Thetave fuel el ectrode is, tfid place whe
conversion reactions occur .elTeoctfraccdd i t at e
mat egiealks al lapor sqgusiurcaAirwi deldy frueeclogni ze

el ectrode -YnaZ ec ¢ 2®éNis cNein be used as the ca

mul tiple fuel el ectrode reactions. YSZ inh
a certain extent, and M$Qghpnownidescoamduct
conducti ferp otxhivid@dys Z opsl. ycrystalline cer ami

reduces the thermalt hdewnpdnwileerctc oefef incaitemnti

maiknigb e tmhaetrc h e d healietcht maotl eyGoea s equ @et | vy,
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el edcganrlmar d t oedewmdnemahti gh t enip99 at ur e
100]Compared with sotshuecrh aspsp HRYBBGZ rc@r me t
NtYSZs char acltoemeirz ecdb swi tamd more stabl e
tradi t-Y®hadl edNdt rode sti IFli rfsades 9gevedareal
redox instabowWiidiyzedNit o sMmedy oers pCQ)i al |
at mos.pOxd rdeantaikoens t he fuel setkdthleade ex
generated stressSewjoinbddibtr-¥dkdleeiNid ode
prespmams i s tcaanrchee ptoos i tNii o ® mp ladayseod h e
cataltybkbar bom depasttoaon When CO concen
gas outlestla certain value, the dispropo
take prectehds®atecovel ysi sgenercdatiéodhn and
wi || bl ocso facetlievcetTthgiidtek cikleyo a B a® d
aggl oesmetr alhi gh 4 e mphe rcaht varfef ect s st he ser
[ 1D Neverthalseste most matur-¥SFZuel el e
has been widely r ecogmmazke ddgffofri ciutlst ftuos
find suitable alternative material s.
The air ealmeOEC.,d destod heoygen exchange
reaction, r eqaneld estexnelalodamyge nw iitoyn
surface exchangehd a@defmpieaiad utr,ei wywd al yt i
[ 1083Biedes, t ot eempeurraet uhriegehislt eibni | ekt g ctorf o
materials not only need to maintain ch
higlemperature oxi dati onr ecdoanhdeintiicoanls ,
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compatibility witTheeleeatrrolhytgdh mxtygrinalva.c a
the perovska$€of({LSICY)t brassed perovskite is o
mo s t extensively studi ede baeicrpaasleectr ode m

excell ent caft aCd@hecehot ebva steide ouxsied eosf cCaon

mai ntain bettceft[l pEIHeweran he itmer mal expans
coeffi ctibeanstedofoxCales i s mudbeteorhmagrmer than t
el ectrolyte materi al YSZ, which can easil

durihmg emperatur €éhepehk asgt(BlLNMN Obased air

el ectrode per {88 MGb uwdlel cabavegtic activit)
insufficien7t0Adel We]deh el 885 G0 e Qs

(LSQMmat ewiitaH | ow pol arization resistance, l
perfor mamade,w drheer mal expansi on coefficien
wi dedpatggelntlBER has high comdoeccandi el estric
(8. 0%alncd 280%atS &GOL)2]and high oxygen diffu
propewittihessi oxygled f sl dn coefficient (D*) é
surface excharmegebngbemS| t iagnjdt B¢ ki)0

ST 11at4] ACO resgectiinwperloyv.e chemical and t}
compat |bSCHRud eaelnlhyamcetd gadolpiedi wner i a

(GDC) , anot her popul ar el etheomat e mat er i
exagnsi on coefficient5.(2fiKIdD1 1&flwhl SSChF iiss 14

hi gher than t h%KY[dfl &Wesrze f(olrOe.,7 TLIDCF is usua
mi xed with GDC to decr easreeitnheremel expansi
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el ectrochemik@a] activity

El ectrolyte materials are wusually ma
materi alatnr avlhsgdhrt oxygen ions or prot
el ectron conductivity should be chosel
current[ 1llleBakdietwd ubri te structure is t
el ectrolayte nmdtuedi enFCECsée dansappoetve
di ffusion of oxi de i onrsg wdxygen twvaec a na
defectdhapyddri ving force|[ 1bh8Bhaei dme |
conductivity of YSZ does not show si gl
parti al pressure changes by m®fe t han
content i s hdickn &ombdct¥d,vity and chen
t hhrei gHed20ilmd teemper atur e, fuhSAbomeeds t o
700C 0 egbiobbinti ¢ ¢ oannddu cetlievcitiirgo d loe mianale .
As BoBRBgsstabilizethle zsrcemgtah of dopec
decreases wi bBhcomaeretarsatnigonScdue to cr
di ffeAegnaexsSZuBBtsalkl yaiazaeldt er nati ve el ec!i
mat er6 58 12THe addi exeantmdsiCei ve effect
stability .ofr x@dnpd leg § &N rRepproa vt eadt tanla.t
mi crohardness of ScSZ dopee uwiptohr t@ed i n
solid oxicdoensciedelrsing the medsiO®E to | ow
operating requirements of t lad hrmet al S
el ectwiotlhy tae t éli ectit mgreirc.olfFas k arCealeasyer
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Power rtelpeo tdeesldl r e shwyldtrsogesi Mfaiel for contimr
operation for [mo28drtelbavrer 250®Zh el ectrolyte
exhibits goodssppor tRBultytSO@rcoeditlecsé d by
DLR ugnd@&l@@0 h of swiatbhcéeed8gr bdatienfgess

t han 1[.1524/ ]k h

2.527hHi story of SOECs

The -hemgpherature el eohSMEssi gi neaetcehchol ogy
from the Mars exploratiadompaiSeEOEiCon i n the
reactor to electrolyze the Martian at mosp
supports human | ife activatrieleygy &atly r ese
NASA and Westinghouse. As early as 1970, N
a-nod CICEWcel ectovxygygsn spsyydtuem. ohhe system
can operatewiddnxamamupnln gde cdd adnd 8 1
over 250 anaACaBh7 #airmg ay eflfgioci%®ncy near
[ 12151 1978, NASA repoircseed tchatl dt lper dloe ant rCol
el ectrolysis or steam electrolysis operat.
538 mAl/ b h 1981 -WeSitemgmouGempEaneyct ric
annouabddedde | ectdot gsisol fedroxi de el ectrochem
cel |l i tolbeetr vi ng any per f osrirmagneckel degr adat i
component 12l st AxTxk,s the desigrn and devel o]

temperature steam electrolysis for hydroge
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t hJeapan At omic EndridyWERd 9eatl®h ot ek
solid owede Icevweérdaoged an el ectrolysis t
scale experiments, achieving % &atydroge
95ACAfterwards, JAERI -sappbacteéedr epd an:
el ecsticset gpabdoentofnuousigydmpogemcat a ra
33.6 NmlatAgBLD8After the 19903 eadee to
Il hhe prfiocsess | otffhieeldevel ap maimtwnof SOEC
The I daho National Laboratory (1 NL)
steam electrolysis for h yachrboeggeamn pr o d
c ondutctiabnogr actadreys t ,iwnm t A0 @8 dur dt0i8d®n peri
h . The apeodgetiHon r at e¥ hwa,s wvaibtohuta 1p @
measured val u¥hbDoufrionvgert hSet heNmdée gl ad810i b
was do mitnhaet ecdo nbdye ngseant e tognd eodf g & h.e Af t er 4
modul es 1 anddgdadenpowhfbuethhbhe perfor
3 continued[ 1291d et0e0r8i,0orlaNNLe cooper ated
l nc. to expand eteamt earhpgebrt atod ryesi so Ibiadks
celtllQ) O cel ectrolysis to produce syn:
experiments on-sefaflfiecisgmigaangrilioadmuge i on
buttelhiRs® , WODt acksh) (HdW 1Syst ems (t hr
modul e, { A2®WHeae rewsgddtad detlheec tcrool ysi s
HO/ GCGOo prepare hwdbeaairbloareandpebefic
resi gAASRnt edce ctwadlyossiesr t o steam el ectr
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el ectrolysis, indi ceaetrivie@petamat nseeamteloe gitsn
r eacutnidoenr -ettleecetacm!|l ysi s at mosphere.

Sin2008, due to the neethef ouméerer gy tr an:
i nstitdtaibssugd ya nsd) g @EQ1 alsleyd i mclr edi ng t he
Europeanf obnsetrigtyutRResearch (EI FER) and the
Labor at ofreyc hantt cahe Uni vébD3IU)y AMmomgnmhe i,
El FERIi l4i5z%sdm| i de loxdstdeseslhlg hei r demonstration
product. As early wtseelme@C4,r oElyBER ad@pliravedn
over 9000 hourdegwatat aomi nomuyr 1. 7%/ 1000 |
2012, t é&cdocuagnhe mich an alatylse t, acbdl i mdd e |
fdrhe hydrogen production cost by high temp:
of the electroigeeer malvi heameand el ectrici
whi crhovp dednae rfedrer ehe devel opment and de
subsequent synt ha8Diked gmasn spyrroadclican oamf
Ri sB chTns i dt6edpmcafn ar sedsssicltasntad oikw h a
typical operati-8gdQ elmpRFBCugrorotfed 50 st udy
on the durebetit@dpsds e€ddiocikaed ed . SOEC
The remlawddh d hpassi vatciedwdsr deée weknt Be 22
0. 44 'mvdlevol7d@43 & ol C® anwo L8RV ol . %
COindustri ah@ogdeaedd) rdasie sfetlwe® ® and
500 mA Thcem de g rwaadsaotuinadnmtad nbg caused by the
adsor pitmpownri ibthiee slongaasct [ ¥ 8I1lrs 12 ®X0, DTU
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devel oped nanocomposite stnuesurgdtpedg
t he | agdlefltosrmegaspar ateiloenc tbTyod ytsast | t y
oper atceud raebn0t@ ont4/oocm 600 h with a voltag
approxi mat 1182100 .h%%/ kimstitutions such
St . Andr eesi alndCdImpegd oLdmadcars tmemae on
modi ficati on of feobedttcedde amdtee r i tal asn
commer ci al i -8 atwednr sosft al cakrsg. e

The devel opment of emseS@EC stOChiagea t e
stareedti yeaellsy 200atge@d st i ve irressteiatrwcthi ons
i nclude Fuzhou University, Nanjing Uni
Science and Techaloilaomgyl msft iGhuitnea,o f Ch e
(Chinese AcadgmMy ngboSthnhenceéste of Mat e
and EngiChdaenreisnregq Acade)myhaonfg h@a i elnncsetsi t u
Cer asantifid nese Acad¢g@haofzh8CGi gbces( Group)
Co.,, LHd@EBlank Most reseam acdp bgrraotugprsovi ng
anode, cathode, and electrol yhermater.|
are currently few rG@elrdctireaelfybhgy dur a
storage. Fal i eaxnamprd set,i t ut e of Chemica
Academy o, fSacdwesnesson the modification
2018, it was repopmdreap atrhtaitc | cesp icnagn RyueQ
oxygen vacaboosthomybhemeé b ao t{ IOER)
performan¥8ZoadndB8®dbsequenttrlipphlass enew
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boundaf gumgesner at e -YHZ tahwevelrsdMded wi t h

Aunanoparticles, whi ch I mproved t he oOXydg
per for[mMa3iidjee r esearch group | ed by Prof. L
Uni versity of Scienceopaddnavekhnol ogy

L aS¢ e Nsb Gsu (L SFN) el ectr oxeel efcon mpbusies CO

sy mme tSIOIE@anfdo utnldat t he cur reéfnrtondeinsO3 y i ncr ¢
Al éant BOOt o 1’ab2BG&Nemder tawno letl @ge rofl y2. 0
VI13Bf#diti mamgtlhyegesear chal s1ict hawvteesbeen

dedi cated t o exploring t he materi al mo d i
i mpr ovemezetl ecft r €Oy siRel| er b B3ECEL ¥
structures and operatingalkb3dli3t3i ons are s
14142] As for durability amndllanwaei | ity, t he
SOEC c(f852 dewd INmynwgbo I nstitute of Materi al s
and Engineering, Chi,aebk e taddddex=rnayt i ofn Sci enc
ohigh temmpetacufret ear |l y dez2@0E®d@,t iwint h a
rate of | eBlse ichd@nnv e5r %N &akro r re adit7d¥mint h

an elteied fotyencThiiesf cBulryrdetth ki f engmet of
CQelectrolysis, as [fh4Rfla e siwlaeNd amygtbloor know
I nstitute of Material gChTeketssedé mgyofand Engi
Scienhoedsosn tackling theCQefféctcudbtyseissrehat e
6@xm acgdahsd st Tbkoedasel ear report on SOC s
and systremsesmmer ci aln e rhalrma rals bngg8O0OEC
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fohriglemper axtedieet €EO1 sl ismmat ur e

there i

Tab23eThet ructur e,

s still a long

in China and abroad

way ¢t o

go t

Cell structureFuel gas Current/ Ref
Dal i an Il nt:NIWWSZ| YSZ| LSM/" 0. 74%)lc 1
Chemi cal P RupD 980 23 kiah [
Dalian 1n:\ivsz7|vysz|LSM/ ~95% ,6@,N 2 94Mlcn 4
Chemical P 02 2 \Y
Huazhong ULSFEN
of Sci en GDC/ GDC/ YSZ/GC pure CO -1.52%@2\% [ 13
Technol ogy GDC

35 % ,G6 %0H

KAI ST LSCM| LSGM halflO%z-ZI-O%zN - [ 13
ngygkz'tyLSCMDC|YSZ$¢S190%Zc0% cC1vVv [ 13
UniverAlideg LCMGDC/ YSZGDCN Pure CO 2 32%@20"[13
Huazhong ULSFM 1. 744
of Sci en GDC| GDC| | YSZ} | pure CO A/'é@'zv [ 13
Technol ogy GDC
Nanjing NiYSZ| Y S&g Gald 0.81 A
University cerial| BSFTx 70% 80% C2@1.5V [14

Huazhong U
of Sci enc
Technol ogy

Pt | L GDEN
| GDC| YSZ| GDC| L Pure CO
GDC| Pt

1. 41%@2c

[14

Institute
Engineerin
El ectronic
Academy

Engineerin

GDC@L S GY 53

| yeDc@LscYsg C©OCQ

-1.04
Al c@l. 5V

[ 14

2.6t he@conversion technologi es

BesiuwWsisng sS0OtEICéecomposi tion
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reductiomolafenC@ar bonatMCEdsant rad Isyosibse cel | s
expl.dihtedperating temddsgdaitquhrtel yofl dWMCeErC t han
that of &MOECt he salcdcitsredall ytaer,bootnsaut ael Inye | t

Li, Na and K singliedstdl4tiCao posesecsatse eut ec
abetteabsCd ption capacity aandd husgihnegqg curr e
l ithium carbonate as an el ectcanbgne i s cond
The principle of caiBdomsptaya@di8tei 2n on MCEC

CQi s first c @’nivoenrst,e dwhiinctho aC@afhbomher reduc

on t he Tdeat hgoednaerrbaotne dprcoducts i nclude amor ph
carbomnidabédos spheres. Diffeesnttmonphol og
di fferent conmmedSr]ci al values
st tont Capture: CO, + 0%~ - C0%
‘ ; ‘ Cathode: C0%™ +4e™ > C +30%
Anode: 20% - 0, + 4e”
’ v ‘ Overall: €05~ C +0,
ot ' o General temperature range: 400 — 900 °C

Electrolysis technique: constant voltage or constant current

¢ @ v
c

COy? CO, 0, oz

FiguB& Bchematic of moltenf o®&®lt electrocher

reduftidbh

ComparedCQui€®i ¥ e ahsaimetvi ttho a mel ti ng point
of AC3X3andXBare not ‘wiedalutsreaioddhi gh
melting A@md 8800 Q@h t emperatures can | ead
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cost s and mat eriRelseapncho®»homrMJEDs ues
el ectrolysis i nsttuhhel eiprodairesddesvtauhtt ofeise | d i

datemai nly conductlBadk tonm sd hdalzdhc tarcall yes 1 s

operation, corrosion of el ectrodes anit
and | iquid carbonate, Ni el ectrode | i f
al so be considered. There are current.|

el ectrolysibBesybé¢emetl iecdb pdtysinssscls a9

process design, guality and aemet gy bal
yectomprehensi weiidy ep edflons@enddustri al app
have fhpauenrd

Anotdpetri #nt o useeblwhwskatptrerduct s may
contCO,n HCQCOHOH an dCo:Hs. Comp ar at2ipvreoldyu,ct G
shoul dhhgher amar ket valghebecarwesgyofdet
Bu t accoganceug r eat g:pseduchs KRave | ow
denseshdoorr oduct sel ect irwirtod Mosmpar ed
cat adgoepitedf | ow batteries have a test.i
which is far bel dWwleomgeaest ri apdrst éach dlair fd
key comptflnewtlst bmbeertby ane el ectrode asse
I abo4®0O0wih,h a modi f iaeddd icragtaH oyt 8 f wi t
i mi dazZalnicumonmaej £é6] pol vy

TheéQredox flow battery (CRB) is a rec
Benhandgil4dftlomdsed the concepdomvfemntsi ng
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CQf or el ectrochemicaEl eatenr gryd ascntioicaigse i n 20
arcescriinbed. They ntroduced and demonstrated
bi functional caredycifcommpathdmti on €6@sed

on bimetallic PdmdéEnl nefodaimg | Ad SwhRtss

of CRB exrpeevretatiaguetia k di schargeflpo®er density
mW/ ¢waseached. a2t mAvhemae vol ttariicpo round
efficiency and energy efficiency at peak
respectibhaiedfagsruy pas bed ememegiahdgicobatteries
t hatdbeemr op.oHsoende ver, as of t thesompl eti on
research ad tthden tooptidt@aayedr sor ahess® o resul

on continuity or durability have been repo

(o}
N

86 Q "O0 & ¢8I GR 0606 G 0 R 81 & (ER.)9

mimymun
[mimyman

- X7,

FORMATE
+
CARBONATE  EHECTROLYT

FORMATE
.
HECTROLYT

Fi guPAs2Zhemdt itdreedbiodx f | ow [bladt7t]lery ( CRB)
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Among -@hattt eri es-COagutte®mniseZnexhi bit
CQel ectrochemistry per fcoarrnbaonnc ec hienmi tc e
which are in favor of the dMoradil ity
intriguingly, edbpartedl@ldsdthtzdri @ eNa have
wi de rpamges otheggareous el ectrol ytes enabl
coupled traps4&@Beprdesssthe products s
CQbatteries are mainly ddad tiemrdieisghe d,
Il ssues of masking €£€Qbiaveéeesi eesar &epsema
a catalyst cathodeamrcrbemetldldBdiZé&d anode,
batteried hbelrecdiat ge dlalte.ec@d@eelge miyc alf
mec hamfi stme v e€ Gb atl teerZines i s as foll ows:
Cat hode ole &c t¢Oo Q P 06 0 U (Eg2. 10)
Anode rea@€ttdi’®@ R:0eb O cQ (Eg2. 11)
Totradac:iti ons

00 ¢O o TOP OO0V WEOO (Eqgq2. 12)

ZACQbatteries can generateziente@wtri ci
valaudeded product s, which is completel)
consumiancgon€Or si on techZeC @ baeser iHoswe v
typically operate at |l ow discharge c
mAc® , which |l eadwvif g5105d@enpapeddwct h
rel ati veldiy Na@tartr ¢ er i es, t heZr@é@er gi ng

41



batteries stideptrhegrueisreearfcunr.t her i n

I n bioelectrochemical systems (BES), mi
catalyze oxi dat i oNMoromalrleyd,ucniicorno aregaacnii somss .0
bi odegradabl e sylbmsawatas the {dhmedlangpidea l an
combine with the oxygen reductai on reacti or
cur rTehnts technol ogy is callLloggdotmeindricadi al fue
cathode sealhyadsmsgen evoluti on, are coupl
oxi dation of carhgea napcp |snecadttle roenwi aefhn a | voltag
Thi ssteeyn i s call ed micr oinahlestpeel ceicftircol ysi s ¢
princiiplleusitaFatgeudled TR e concept of mi cr obi
el ectrocatal ytizct ore@urecet imurd t iof ¢c £&Obon orgart
compounds was fi[rkd2 irhvelp orsoesd iwni d201ly0 r eport
being acetate/ acettihteeacsshloownBvgh i Z.hl13under goes
Withexheddgd!| opment of thiscamcbherol ogy, t !
further reduced to nporoeduedesnosnuicchalasy evtah aune
butyrateanaenthhwlha@&.5] Howe vBeEES s still face
chall enges in stabilitikropuesduandssetabtevi
bi ol ogi cal c att dh ojdfies iti tisth sneeacrceashs eadrryd me nt .

¢cob ¢O0 9 606 0 U "OcuL (Egq2. 14)
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imz»amzmz
v

r }_‘ e
L4 ‘ Anode bacteria
vethane

M
A
Ethanol
w HE |® Butyrate Gas bubbles
&
H

Cathode bacteria

Fi gurl®Pr2iinci ples [0I52lypi cal BESs

The wuse of nanost  roauacrtruf€ @@ etCwc tciacm |y
reactions i s al soA anew ndvie@lt d nbansaoms appr o
contrtiobupiroidgd@@OH anHowe@er, this foam
exposes the difdactcwdlt yc atf aliyteindci $iyti evg
reac[tlisdénry t hi,s hoeredgearredd nano pdraores Cu s
beerevel bgpsepi.t e t el eompir eavderylv drosi &€€rO, t h e
arseei |l | imitations in the diffusion coc
making it difficult to achieyé&b5m7dpid e:
To avoidrmassfer | imitation iwstsiuleisze an
Cu nanop€ut @6k di nati on numbers and ch
eneoffy NPs are different on the surfac
as wel | as .Thercefyesta,l] phaneRRalcyaini ¢ ac

be changed by adjFausx a mighwedicer ckiizet ed (NP
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surface atoms é&ree fiomr mlagav @ma olfe CfOor wthi | e a
CN > 8 can be used|[fl6@drhiyamtolgy,natth e nmaxi wOn
Faradayi e$ff iHQOGCOWH, 4, &), aGHdo b ai ned fr om
Cubased namaesat ali gt as 9 6 %, 94 %, 7 3 %, 50 %,
respedtlidvdeddy:pr otdsacare f ar from meeting the
application r equCudbeanseendt sn anlonc ad cad iytsit an ,al s o
stability issues, as they may exhibit surf
and structur aler dRROCec¢ 0 n.dCatt 8 @mms aumt | vy, their
|l i fespan rarel[ylGe&]|jceeds 100 hours

The conmhepocafadonver sdn can be traced
1978, afbtseerver al decadesphotfocae aelydo p me nGQ
conversion has not r eacddheydd rtohgee nlagvieoln afn co
both reaction adhiisviitsy naanidn Isye | beeccta wsiet yt he ¢
of photocatal ysis lei miylst @&bhhoet gcea tf aolryntaincc e o
CQconveeancommp asgshees absorption, charge gener ¢
and transfer, @&aAndd howrgfhaca gme ddtciamrns progres
achiiewveadpti mi zing the first few processes,
on i mproving catalytic efficiency, as ef fi
presepcemgfleemggulilel Pusthreatpos eaat 9 all pat hw
f or photCQcadnav gftrt@i aco icau b ont aprnaduwct s,
wheaoa&®r benuneconomical, CO may exist in the
and+p oducts swneh a&d hanbyl acetal dehyde a
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demonstheatheéghest [d6dnomic value

Desorption
C1. CZ- i —_— HCOO i
- 1 0 !
/7 Adsorption Poa co |
70, OH 0: 0 R |
i peenk & ™ C |
1 y ne“+n = |
io«t C : I eH :
! c-0 O O: | _H — CHCEO !
Cé .............. P GHs 2
2 - !
"o t HO-G}, wmmms CH;OH!
02 _I_/ :
' I
cHs 2, CH, |

Fi gurlleP®ssi bl e reaction pathways and pr

conver skloh6 ©f CO

Ot htey poefs t ec hrneodoorgtieeds i n the | iterat
barrier discharges, mi crOewegpVv & earycke aglsi d
devel opment, the energy efficiency of

Combining plasma with catalysis can ac
si gni fhieda grhttlée@@ agnver si on rat e, sel ecti
target produbeet | &6d8e]veXd aompelde a coaxi al
barrier dischargehobBDptbdbyv gmsdiC®Phas ma
i nvestigated the synergistic effect re
and phot dadian d 3, TW0® »COnvelTMhieom.esul t s

pr oved stymeetr gtihsitsgoi €f £ ad thde@c d mwe resaiscerd

rat ei mprdewer gy ef fi ci eAschyfdolagt 126.95 t i me
reported t heompern snuonn CO24. 5%) and ener ¢
us ioMgOssupported 5Fe5Ce, al most twice t1l

10Fe (onHpwe8eB %) bas ed adrnersceuarrrcehn tr el saubl
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t hec@iver sipdmgrimeatteo codd@adyt e csiCon is still |
than 30 %, far | ower t han . Mdragp vefr el ectro
expensitveagoeint slegpwe alh e oml dijemprdt e d
I'ts empenogiem@ |l-pmhsataoc atcad y v eucrsdConb t ed | vy

stnédfdusrt her research.

23Degradation ol BOEC® I iysi €0

The high energy sdfefnied ii dtrhceyii rgafre r SOE C
operating temperatur e, but high temperatur
SOE@Gaterial$ermheelgomagatscansefd dogmmaoa mgent
temperatures is one of tshrceal ke yapfpddtcarts omi n
of E6GODegradation is the main obstruct i n
SOESC and research on the aegrhgaphane mechanr
With | arge active area arefll st ghsopardtiog
i9itu monitor t h eDeagrga daafithieam c opt 0o ocgs sa.nd
di sas heamblbyeen reported.i Thmoet i sf nbhel kiat
evidence that these attenuation parts are
heating, reducti on, testing or di sassembl

dependsatemi akst process anklosospiebrlaet i ng col

i huencing factors during operation include
rati o ofasf uveed U graaessn t density. It has been
el ectrochemical degradation can exi st at t
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fuel electrode and even the interface

NtYSZ cer mmosti Suwdedhaee el ectrode (hydrog
mat eri al . The de griampdtyi arn arsastid iceadn abs n
sul fur poisoning|[ @@L aAfi b adeEng intgi @K
i n al most any fuel el econesdaemadinosphe

aggl omerati on, Ni mi d rla/t4i]Noin aagngdl oNme rgarts

occurs at high temperature,t hehlrimal i s
activation. The particle size after a
temperature and fuel el ectrode atmosph
CQel ectrolyassi sprwittelctii ve gas, t he wate

reactisovm t hepNe¢d dwocleat i Ioe Whi(®©OH)accel er at
|l oss of Ni . Theesgernodbse htnroof e Nobpaotuschs
reactiosthenchemisei ty [n7BEjlsebhr @eh eonr dNd
mi gration basically .Opess®©stwal d woi pnen
which mmagsamMNésaptured by anodhdnedr Ni p
other is to migrate on the [d&r6rliheer and
dri vinfgorf omiogryatcdooome from t heoftobmati on
related to the change[dfli7l8odalr dxyegem s
without dri vi nigndubayecdN, isturifmagyebenergy
There are few descriptiondutdlieMNe gasain
beemntseinsb nc ltutsatont he growth of nickel

early stage, ampaarhsbygrows hdowhward tr
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extensi ¢i7&f] ti me

Oxygen electrode (air electrode) is the
reactiomsoalkuymslyieggthuiel ectrocatal ytic actiyv
porosity, high el ectronic and i oni c cond
expansion[toefiheceenare gbeatt tdhespdeger adat i
mechani sm of oxygen el ectrode, and there |
far. CO&Fod4( £C,0 oHeB) and SM 1(Idn ¢ ar e
common materials for oxygen electrode. The

su&g&hnd of peroivss ktihtee dnealtaemiinmat i on of oxygerl

(¢

ectrolyte i nt exryfgaecne pcaarutsiead bpyr elsisgihr eo ge n

QD
5

ode ovdrl@Adt3enCthieall 18t0ejmdr.t ed t he irreversi
del amination behavior ofA/ édreeadtrroaleyt/i el ect
curdensipywdpokad the infillkeads domeof oxygerl
formati on of man g anndeudcdn encgd toicaman v a&mnandy, str a
LSM parti Glreased s \iBRel delvat the degradati on
bet ween oxygen el ectrodneat/edelbegctrreovieyrtsei bd a
operhetwaen el ectr ol gatdlse aprdi fawied | &€ eil 4 gnordie
to rechargeabl e bat tceornyd u clohiev LiddoQda sc and el e«
much higher than that of LSM. However, bot
with instabiéi inyogbecat ifwictad | yt he

el ectrostatic interacittionofbef evieeins k bhtee cat i

and oxygen vacancy, the enrichment of Sr

‘N
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segregation hinders the eswyugémnguli hada e
decline of the overall elset88&dhemical

A GDC barrier | ayer needs to be add:
LSM or LSCF air el ectr odoei dantdh et hree aycS7z
bet ween Zr and Sr at high temperatures
temperature and htilganae |l geneodtyeéi gocesr .,
grain boundaries of YSZ el ecwhiotlgte cl
may be attridwitend damdtdhreowtlcl @f oxygen
grain boundari p$8c6adaudmserd dtheald.i stri
oxygen electromotidehdyrdehamse xdeggenr O
formation may happen within the grain
mode. The accumul ation of oxygen at t
transport pr etclees selaenadt ri mlcyrteeasreesi st anc
deveaealloojmg the grain boundari esThteo gener
reaction formula for thglB@ftmation of

10 @ O 710 Ccw w Jw 8 wit (Eg2. 15)

As for interconnects, it should be
of ni ckel and chromium component may
collection | ayer of-Ct hal fayl bed 2cd e od

di ffusivity iThenicdlk ®Imipannk oarslimyt.er conne
may diffuse into the nickel fuel &elect
activity of nickel. The surface i n con
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air elpeectseeod asr ma l oxide scale containing (|
whia&lhso | eads to an increase in contact re
stack peAd @ir dmialoygdeu.e t o the strong activit
el ectrode and its continuous exposure to
testing, aofmalhlr ommomntevaporates from the
|l eading to chemical stabg[lligt&9])i ssues of ai |
I n the proceescslalodl as$ aeekabllsi gajjraes sussual |y

| eveyragbdch have advantages such as good w
processing, adjustable composition, and wi
Howegsech malewpmdsues such as brittleness,
t o damage duri ngneasirtmead g ecaycctl i wgt h ot her
componeAl spoot etnhtei al t oxi cimayg aonhagveol ati |l e el
el ectr odeBensa,tdeersn a lhsi.g h temperature and hi
environments, t hnea ys i fl o rcnant aea ttghYeéisgsf Nplh a s e
grain boundari es, t hercedl[yll 90W}fi engt itrog t he du
t ec hniisgsuee s during assembl vy, gl ass seal s
temperature and mechanical pressure, which
fractumeasellecNirodei mgd|[ d2@proositder i ng

di fferent | ecvaell si notfer met hami bet ween the s
component s, the directn iaf ltuleencientod grcirteye po
cellss obvi ousemwamihc [g8 ®ssacnttshe | ow | evel of
commercialization, many current studies f oc
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there is no reliable analysi sboofh mecha
stacks and systems.

So ,fatrhe degradation -tmenplraC@ saime und e
electrolysis operation is not <l ear, a
scale commercial wuse include i nsuffici
of electricity consuangldlinighnnt,e rccommtnaecctt sl o
wel loxagiati on andteocoolstecihs odruci al t
research -toempehrkziguirrgghatchameb ymilngw on
straitmbRel KISOC ttoecshchleMeahppae weslslueads mee

t hdee mand for renewabl e energy consumpt.i

24l ndustriali zation degree and ap

With the continuous growth of energ
emphasis on environmental protection i
recemuamgrcowntries have increasingly at
devel opment of Sapmdr odheaw be merl gya.sed t he
plans in the fieldusifS@EsGdochoygdemgemer gy
production has become a popul ar devel
reported a st-sdwl enSORBE EkEt howatftor thou
stealmect hglhyesni sproducti on, wi t h a mini
degradation [rl®t3dl woof y3Fr.a2%/ Khmt er, the de

of 4lkaWwst eam el ectrolysis hydrogen produ
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which achieved stable operation for 830 h
3. 1%/ khBhHhe | atest r &$ & &Rc letnea dpaglha tsu roef
el ectrolysis fomrsulggedmsattg esni npgrl ced-upciteicoen el ect
supported -GIDECGDCE/NGSc IICBGZ/ @B cm
manufeadc tluyr Ker af ol (Germany) has been stabl
wi thevado | tdeege adat i7okdh TR ) , proving that the
service | ife of SOEC damb5meet commerci al s
Therendnpew repoatdspwinof@ ®dEC stack for CO
el ectroleyeict For y@xampO0 &1 ,FiuTeolp sbeel | A/ S
( TOFC) and Technical Universii9 of Denmar Kk
unstacQ/fiOcel ectrolysis testexcéebhdedl ectrol
1150 h, and the highesOt. 765l %gAclt@téd! ysi s curr e
201,44 arvation wascetldststdaokmiwehgeghOn CO
el ectr-GlA%s/dms 1a%73 0 IR5e y t i ¢ 11 I@lp. carkt ed c o
electrolysis -peirfosmank:@sCONh1 A0Fatibhde
at mosphene¢H®f +6B86CQ+ LOIH,% t he maxi mum
current densBiOtOx/mampl| wiedh wa sc o.nvlelresi on r at e
syngas prraotdeu ca fi otfh.e3 4% tihNw@akt Avasn d n8 00 AC.
201Hal dor Topsoe A/ S suemmaci zeddryisteseianch on
st anksnd{E) andneaksioheed robustness of each
providengraefnerwvalce®r system devel opment a
commer ci &lac&kataiom.si de mbdx k(ifcuaetli osni)deand
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a

P

a

a

mprovemedtfloompevear eBDBOt howyshsCOiI ndi «
ppropriate mh ghbhmalbeaydc¢l icnagl for act
erforfmantcfe 2023 ,[ 20O Vestdalhat eef f ect of
nterconnect +®ilkcwrotlysos oOhewadbdber and

el] | @aednondtthaattewiheh a ri b wiethedftOeb

pti mal perfor mance
Comparcdl Itso wit hsotShedCesd s uséeénseti ve
uel i nMpourreiotvieers,. since there are no mo

xcept for the Bal ancteheofs yPsltaenmt i(sB oePx)p e
mprove reliability &ahd sedesicefwm@&OBECen
l exi bl e, supportismeg amamyt sp owe etveegaarmgaet t f
NEOECsan be instaldtedadament fdaeidc €O0i n
ubur ban2Odélpletre mewecCDY| $EEAELSS not yet
eevm del y das ¢ ,0a nidnsfipée eriefaiscons can be di vi
he fohspwciliggher operating temperatur
orrosion of met al component s, 1 mi t
omponents ibBxctehbasivyttadhle,at(inig)tehred rcool i
sesiitnuathiadng equire rapid tCompdrext ur e
ssembly shirgnanhnufacandi eitgo ctoesthher equi r

ssembl yanpmrassccehs sf or al ttehrameh e vy e rmad red i

economical.ly valuabl e
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25SuUummar y

SOECs are experiencing tremendous gr owth

deemead pasoneer i ntge ammdo lecagmjowainmide ssol uti on

to alleviate lmartleamse mifs suiscamsxe.e seretnari os, S
fuel flexibility and are not sensitive to
economically advanteamgrereowust it theaaan & obnet tl erwi e s

As ¢épnpecgynveefsfiioni encyt emdmuer attourtei gohper ati on
react BOBE&S ien swimgpH o s tp rnood ubcyt elfreora r a
the perspedtimoeptfoft lfecavtiactieu t abiyl ity test re
otel |Ist anmlds are still in the demonstration
higlemperature el ectelonli gSsiosctaupersati anac k
component s, and s e adoinnsge greatpd ridiveidnsgy may f ai |
hi-¢l mperdetguraedmeetcihmami sm iohe SOELHry and
I mportant

There h aprlee nhye s@far c h andonde@€®| opment s
el ectrol ysi ssimastehde opnas$SOHEcade, but mo s t
focused ooel hse sdamthtehbalmand the technol ogical
| afsg eceedlalndd st acks stildl needs -to be verif
performance (SIQGE@c &bk edaltoarotlCyOtl ylse sf wlaln
advanteaxgies toifn gs ucehs oaus cear bon di oxi de, wi nd

solar enemgrye iwmilcihné swith practical wuse
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Chapter 3. Haplkodment al

This chaptteper parcat bes, metsbafb!| y and

cesldand st aeclkectrochemical i mpedance t
mi croscope analysis, gas composition a
analysis and mechanical property test.

3.1 Prepnasaseminl yhe cel l

Af |-tau Bsey mme tsoil ¢ @l o x isdcewed kb e a pfwoiptthe d
Ni3YSWZsad t hei nsgaplher 8f zelwaks661 mm I 63
mm | 4 (6 icredaln)d fdievéledtd Imm3 mm 1 2.7
mm(thin weth)an act(aier ae.le&dltdrba dbBed) c m
wagsed as a current coll ection | ayer

becausghofcomdhiecetes ¥r twalbe emar ke-d as Ni

3YSZ|-ANDZ| 8YSZ| GD@|IEELCF The speci fic
preparation process is as foll ows:

Fir&NtilOy, 3YSZ, PMMA (pore forming ag
ot her 1 wgradirendts iimtgodaryeappong fuel
channel , and AcCal cTihnee df uaetl 1ellOeGcetrreo de an
successivel yupft a cseuepapf nogntld dahyeear een pri nt
and then caACimed 4t hdBheest étld .totbhainn
barri ¢édedwger pomn ndtltessc tarnaday t @ neAlC,at 1250

and ft mailrl yel ectwamsd esgygiemtnedgd cal ci ned a
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1050 t ot dfeudadiNbt ablsyu,r ftatke ebbcahsedair
need o bebrhuasnhde d -porri nstcerdeewi t h a | ayer of LS
whiwditshen dr A@d asterladr asent HegTelrect i on
appear ansceec,samhosns cr ost f utautbuer eSEC t he

I ntr oidieiceuwr.e Th.el mamposiati on and thickness

functi onaill |luasytd ealt leed@eBn elr laé | y hi ¢tkness of
current coilsl ercettihahrfie dt &tywe s eal i ng materi al

Barrier layer
(a) (b) ~_— Electrolyte
2 . 4 cl ele
DO C 00000000 7—& Fuel channel

\‘: Support layer
Current collection layer

.,
e
>
9 Ls

s A o
> Qd At

Ehé[éiectr

A
j' Y ®as

‘Supporting layer
Electrolyte

. Air.electrode’ -

S AE LY 2
$4800 1.0kV x2.50k SE(M)

e

Figur&cBermati c dt lde-ragaime ;8 60 G-a 5
section ithadwmtbat;FOBCSEM | matguebeof t he f 1l at

SOEC

Tab3lePar amet er s of SOEC

Compositio Materi al Thickn

Suppolggyer Ni-OYSZ (3 mol. % ytt2.~8 mé

Fuel el -
Ni®YSZ (8 mol. % yttl520m

(cat hode)
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Electrolyt 8YSZ (8 mol. % yttrile16m

Barrier | a GDC {Ga 1~-Gm
Air el(eacntord L SCEDC ( Fsd0 e Qsi) 1520m
Current lcaoy LSCGAg (. S&Co R) 60 Om

Thassembod ed diteh iodd dtdhhel g le mper at ur e f urn
are staduwgne BaanEaug.e 3Fi2mbs tfluye | tehleect r ode o
cewdisnst al lcd awph ht hel es, andetbedi hbet
bdi xed with staiid esrss wsreeeketimd) oalf bbet
el ectrioiheetgw@en t heclcaemplsi dahedt weth gl
powdBeerf.as 8 e mbllagnrogle anado wearsbmplthdtcek e |
me s(hwi t bk@eeapdstil wistihhe £iw e paaakd ed
bet ween the cover pl ateleuanmrdck ngl eontl rl ecd
ef fi aetnkeismsal | y,antdh etuhtien dstevte piienpset ah d e d
conduct i swe racgloditeadom s & r comp | ettesstSOE @

The assemmeve rcteildabl yhe r easnhtbemance fur

to the speci f7i5 temperature of

57



Figu2As8embly di agrAamembl| 8OBEt hod) of thick
cel( bH) gthemper at ur e f y(rcAypasceemholfe trha tchko dc ed fl
thin( aeggthemperature furnace and pressurizat

cel |

Thassgmbbcesbheiagnhd t emper at urcecelflurnace of
are shbhiwqpuriemanBdd .gluae. s3.ightly different fr
assembly met cedl olbd t thhewdish ixeld from top to
bottom with stainless steel short bolts to
To enhance the pel ftoremaaioréd ablhheectthréoidre c el |
need o be coatAgdl whaAthy LiSuaxethieecti on
| aySeurb.seqthentakgeeidisédced kodi Zonteadl |y
thédhi glempefat paase es h éwg.ei . 2dhd pmptessuri ze
100 (&x@eri en)cteo vemadhueence cseackonbhlgecamaon
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ef fi w@tnTehdesur nace twampeéeasteadiuhe ALmMeé nof 3 ~4

to A50

3.2 Prepadaaseoebhhsht ayc k

TheumBSOELt ack requiredwdaeoamptohsee de xopfe r |
t hree cientler comahuetcwes conduichi eecphme@ts .
i n contact wi thOBS ea adkaothtgaadkse fd fowt tpeat h,
i nt er siomneceacnt act with the anodée (air e
air f bkow hpeantfthe w rcaornen entatdse of ferritic st
manganelal t s p(i(hMiO0fL)Thien®@fr abteuSOEC
st daH | ugthri ggtue.duBi. 8Bg t he tphree psatraactki,o ns iolf
mesh and wieclkefdded hied etchhter ode cont act
anfluel ectrode contact surface of each
col | eecftfieocnt. i vTehnee sai r el ectr owhe |l sor f ace
brushed -WbAoda stLSE@ r rceon il cellcaty Aefrt. er war d s,
ni cckled omi swmi twh rlei gh me onveaina scearlt esd rcem gttf
contact sur f aeé&hibrett ewecdom ntetoen et ilonmme
i mpedance andurviotl ttalgdds sodrhitektel o mi u m
wires under hiegdhidabkeimpexiad anter genaaniprer t i e
rel atively dG.abWmkarsiedf pevan®® 0t har et ack
summariinzacbdB2 Thet awakseal ed with commerci

seal i ngpmatvi dBd hTkeyc Hh ol o g(yNiQog.b,0,,L tGdhi n a
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whi cmaaree No. .Mowaldl Waneditfifnegr epnoti nt s of t h
two sealioagnmaitlut el s0 diefnipeerreanttu rper orciesses e s

and pressureglansr cseat amhd=atipioghkhl

~—+

emperature fluidity and can enhance seal i
Thegl ass seal amtg materi al has a high mel tin

external pressure to be appAgGsécdcwhen the t

tonsleatge aofonMg®t aBdf cCradD as membl vy, t he
Sui taassbsleemb | ys hprud de . Fd ¢ &é p s canmeoducn t

of binder, di s parss angd,ecadas da ddglrgandie ed |
powders to fioewsntsedlifhmgrehetrsodid contents

85%W)hitchen needs t oSeéeeaslpibmdgnogmanuse dt est s

al so be acfomadmis s esbbgdMore i mportantly, to e
el ectron conduction in the stack at high t
seianngat er i al and tchue rtemitclkaodalrse ddifinadnhwedi ng

ni ckel me s h, csuirlrveenrt nceos l )ercag b nafltaggrer dr yi ng
wer e meToa®urntdéd c k nesshso ndbi tf feexr ceenecde AD t & r
seajltiheejack sbsuptresesuri zed and fixed with
pressure plates

Fi nabloltgyta s pi poensd uacrtd vseve cfeiltutnend t o t he
assemibé yswaasc kf ur a heth@ r h-tegmperf atr mae e

for-phessi ngt bureiampiesoetael | Wr aeildt ect i on.
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Cathode lead

Figu3AsS8embly di agr:@anExiferSOELC ¢t fauwcckt ur €

Int er nal structure

Tab3d .eMeansoidhe componersti nlgdleelvolitrmgteh e f

SOEC st ack

Number Uni t Meaning
CVv1i COA1l Cell 1
CV2 Cl1A2 Cell 2
CV3 C2A3 Cell 3
CVv5s AOC1 Cel,l tathode contact
CcCVve AlA?2 Celalndd cat hode <co
Cv7 cl1cCz2 Celalndd ammndect
cvs A2A3 Celalnd cabhodet
Tab33ePr opaagsameters for stack sealing
Ni-YSZ side LSCF-GDC Sealing Dry Dry
side temperature time
1 0.4 mmNiO Wet Glass 90°C 30 min
(mesh+pasfe LSCF+Ag sealant
(mesh+paste
2 0.4 mmNIiO WetLSC+Ag Glass 90°C 30 min
(mesh+pasfe (mesh+pasfe sealant
3 0.4 mmNIiO Wet Glass 90°C 30 min
(mesh+pasfe LSCF+Ag sealanf/
(mesh+paste
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4 0.4 mmNiO WetLSC+Ag Glass 90°C 30 min
(mesh+pasfe (mesh+pasfe sealan
5 0.4 mmNiO Dry Glass 90°C 30 min
(mesh+pasie LSCF+Ag sealant
(mesh+paste
6 0.4 mmNiO Dry LSC+Ag Glass 90°C 30 min
(mesh+pasfe (mesh+pasfe sealand
7 0.4 mmNiO Dry Glass 90°C 30 min
(mesh+paste LSCF+Ag sealant7
(mesh+paste
8 0.4 mmNIiO Dry LSC+Ag Glass 90°C 30 min
(mesh+pasfe (mesh+pasfe sealan
9 0.4 mmNiO Dry Glass 90°C 10 min
(mesh+pasfe LSCF+Ag sealand
(mesh+paste
10 0.4 mmNiO Dry LSC+Ag Glass 90°C 10 min
(mesh+pasfe (mesh+pasfe sealant
11 0.4 mmNiO Dry Glass 90°C 10 min
(mesh+paste LSCF+Ag sealant7
(mesh+paste
12 0.4 mmNiO Dry LSC+Ag Glass 90°C 10 min
(mesh+pasfe (mesh+pasfe sealan
13 0.3 mmNiO Dry Glass 90°C 10 min
(mesh+pasfe LSCF+Ag sealand
(mesh+paste
14 0.3 mmNiO Dry LSC+Ag Glass 90°C 10 min
(mesh+pasfe (mesh+pasfe sealant
15 0.3 mmNiO Dry Glass 90°C 10 min
(mesh+paste LSCF+Ag sealant7
(mesh+paste
16 0.3 mm NiO Dry LSC+Ag Glass 90°C 10 min
(mesh+pasfe (mesh+pasfe sealant 7
17 0.3 mmNiO Dry Glass 90°C 0 min
(mesh+pasfe LSCF+Ag sealand
(mesh+paste
18 0.3 mmNiO Dry LSC+Ag Glass 90°C 0 min
(mesh+pasfe (mesh+pasfe sealant
19 0.3 mmNiO Dry Glass 90°C 0 min
(mesh+pasfe LSCF+Ag sealant7
(mesh+paste
20 0.3 mmNIiO Dry LSC+Ag Glass 90°C 0 min
(mesh+paste (mesh+pasfe sealanZ
Tab3d sa3ummaservesal common assembly sealing
t he stack. afsfsteenbndoegsans!| et lkwafeumnat e test s,
that No. 7dseiahgfnigl ®émiOmuyst ensm f oam ni ckel a
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ni ckel oxppleinsdN6ZNel eact rwadnbdeS-@& @
current c oclolaacetdit dveGCOLGSYRdrect rooadwersedl e ar
wi sh |l verccomssthhmeotsgmpr opri ate process pa
ensure electron conductwadnet etrhnei ntehdi cbkyn
the height diffearnegater balt waéhet hdr gienad
hei ght on t.heJsiunmted rycha ncrkencets ae@gr osni | ver
0.1 to 0.4 mm.

The gas chambers of the fuweéereel ectr
i nstalled and sEoutthéegs f ¢ kveetrbe ml @d ac e .
again wit-menthieomddveommer ci aslThgel ass s
i nsul atwenr@gel giénd ttehse gap bet wamrd sthaeclgas
corteos pr event nghTohret ccoimpclueitte st ack appe

and air side photos hdfigtudriren a@B3ssembl y

Figu4ea)B3.Phot o poftPhSQ@BOC osf( B drt os iodfe

f ugil de
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Ch

Reduction treatment should be conducted
ated to the oper at A@bge ctaeunspee rmitcukreel (iuns utaH
el ewaixnt otwhdedsdt duei ng t he paelplarand on of t
aicrkcapabl e otocdmagl e ztimief bye reducti on,

tBe gaswabigthde itesd byO .iSBLtMK0thoact hg

bétthe ceUsluaandyastgaodokgfht ness requires the
asured at the outSIL&B %t bebkddheanttee)t han
e fuel el wap uoage dofhoarn naetl | east 5 minut es

move air Aifnt etr;h.¢3hsStis:N 6 @&f. a9n¥dp LIM o f

r iwejreecntteod utell @ ct r o cheerlaencdt rtrol®leepect i vel y

emi c k el ox uellee d ma st cheeo mrpel deutceeldy t o ni ckel |,
at i s, w-b e nc uihte voopteenang esntedd®IC¥ ) t he
rformamase dcesldstaeaddneohar gee and charg

r f o rt nesswiecrieen il tyi aple rufsoirnmge dt-lescharge t est
stfedamtMeasur ement and Cwo.n,t riptNd mgbbnpnol ogy
i.naPuring th8OFGsanadt SOECumodes, the gas
el ewaCGc 56L Migaen dv @ BHx>-%Y o ICQr especti vely.
ring the perftorromaemt@chk est he ft dthal gas Vo

ould not be | & é&se nogddet t hree ti mes of
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33. Lnstantaneous

performance

Thensitant aneous
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t he
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k it rhee
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The
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i s, t he
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cl vddeinsgc har ge
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t est

p er fporonadbynoxde a rti ezsatt i ma i

cyr,nametlhyeurwveht age
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pol aritzhmehiep gl eurzat { bhl

i ncr ealde

(I <OFi, gaskis@uwiaene finb®s tur ve

waddhet

under

dbys cthlae geept o
vol hageepdwc s e

I ncr eagd itblee cpao weddmwti it iermeaes e

curr daftt @lrenrsaaoghi meg dt lde cmaex

under

di schar ge upeap mp dbma bdestehrev idiigsc har ge

t he asnalimg heeu di scthadges vby
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setting procedure, dwhe hchéhrege ncoletasge oif ncw
densi ty. Under the same current density, t
better the performance, and the | ess elect
certain amount of fuebe Whererrthenl|l ovadueprt
sl ope of the polarizdatiasesnfoauther sedgénali ynec
Chapt,en ndicating that caomceddtmianaoea ploe ar i

el ectrode reaction process.

33. 2 Durabinlgi ty test

Dur abiil nigsynptoetdota mth a t &leit fees mentVof cel |
ort lcaarreeual 'y usedat o@ao biv@méy evvd Ihtea g e
curr ehhe anwr rveodth dhigtei ons Frteeqdumrraebdi Ifiotry | ong

test are usuahlayvwedburaven.ed fr om

5.0

a b
( )Fuel electrode: 0.45 SLM #1.35 SLM CQ ) 0.3SLMCQ+0.3SLMN, 1.1V

4.5 18F-

Air electrode: no gas
Degradation: 5.65%

Degradation rate: 3.57%

‘\\—_«\J\\J\‘
16k N .

e

4.0F

Voltage (V)
Current (A)

3.5F

3.0F

2.5

A A A A A A 14 A A A A A
10 15 20 25 30 35 0 20 40 60 80 100
Runtime (h) Runtime (h)

FiguéeaB. cur-vei of SO&ERdcsotnasctkant current

charge( odeur veuoficcol@EG Nt Vvoltage charge m

Figurehd8dw6athe variation of the stack vol

the constant curFiegtresh®wehb ct hgsits emddef th
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r etail me el ectrolysis current wi t h runt

el ectrolysis modeepTHeéeied &g rogpgdeadaifolnt hrea t\

cur ve.
34El ectrochemical I mpedance
El ectrochemical i mpedance sspietcut r osco

towdedr characterECi sgsBOREhhedmn8&8Oi on
a b oaulte cdarnaddh e esf 28022&30ur i ng tdies ttwerskh an cae
signalsual |l y cuirarpepniti eodr tvoo Itthaeg @t,e st sy ¢
feedback si gtnhaeb| & Iy etadicaitrie@® ginfadi cat e s
t he | mpetbendmenatese bl océat hgeg etuufeent in
cirwhith is a wsoumllleyx aaxafd ridases edkesa | part
call ed resistance,0bandat hedi magchanygep
exists in AC <circuit, which is wused
i nductance and clappeddrraoe ei Dnuswalrleyntr
t heyqui st di agr &m,gu &@ae Ta8hhlobsrh3o.ws t he
me ansiofg each partThien ilblt®rcepve.bet ween

frequency regi oef atntde tdlemire ail mmped asnc e

intersection between the | ow frequenc
i mpedance (Rt) , and the denmnoteleee nce b
pol arization i mpedance (Rp).

67



Tabl4eT h3e. mesahi @gch part in EIS curve

Ohmic i mpedanThe intercept between
the real axis

Tot al i mpedanthe intersection betw
and the real axis

Pol ari zati on the difference betweeil

05 035
@ ol®
04
£ E o025}
< G
03} ° o020}
e g
S ~ o0.1sf
E g 0.10f
0.1F __.-"""'--. 0.05F
/\/ 0.00
00— 2 1 2 . e
0.3 0.4 0.5 0.6 0.7 102 100 10° 100 12 180 100 10°
Re (2)(q Am Frequency (Hz)
(C) L1 R1 R2 R3 R4 R5
CPE1 CPE2 CPE3 CPE4
FguBéEl ectrochemical i mpedance and anal ysi ¢

diagram; (b) BHRBcdiagraeamuivVa)l ent circuit

Thd str iofretail @ mtianh@ DoRT ) i se mp$ ufgderldy
deconvolution analysis of a single i mpedal
based on the pri no)i pclhee ntihcaatl dpirfofceersesnets (ceolrerc
to different whethxapipd lieoekb vé $ ngui shing
(elogctchemical pr ocystse280 4i]Tnh itsh emeS EOQ@ sc a n
effectively separate thehiogertappl mgi @moce
The f eceqquivealrecnuti t (EEC) can be obtained by

68



specThralef or e, DRT anal ysi sr eoefaaigsirepde danc
a prdentification tool t o soenrbecntats wint act
of DRT and EEC can more objectively
pol ari zatTihcen tpRdcceagect rum and equi val e

ar e s hadwmuThenBi guTce 3.

34. 1 iTeugntder open circuit voltage

The i mpedance testampensuogalrkwi tostat
the EI'S spectrum is recorddd MPBBt he el
20, -LB®igao ¢, SFirnacnecleglb & r ol y sciasn ergauté @ tmle y t
measur e iampcdiatnicen al el ectrpepemi edl w
I n this taee @&l ehsthroall yds ibse Mmddet di sconi
t@onnect to the electrochemical wor ks
el ectrochemi owaal® OAvdmked arntedaasrur e me n t was
per f awwrnmed OCV cownrsdidteitarmyg Tihey foéelr ode
wafsi | | edv owiH+-%hY @ICA% e gas, alnacwaswdair
filled with a certain amounwasdt air.
frdm kBD mHand t he wAaGs saunspelftlyOtuach ¥ .

The anat BRI spedt sesmal |l ytbhas®®Tobhool
b oixn Madlthleamoe gnall ar i zat> bQwifaatssi aa 10
seconder function fThe icampedadmacsohi Of i r

foll ows:
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Y Y Y Y  —Qa¢t (Eq.3.1)

Q prt (Egq. 3. 2)
wh ey,éy, arnrdeprebentot al i mpedance, ohmic i mj
pol arization | mpfadh@ace, thespettxael pyn ti me
frequency, respectively

34. 2 Test with | oading

I n addition to measuring | mple8ance under
can alkecurderi npoadiitn oamaspliommécéxas to that
descr iSeed 4ibmf tdeert t i Nng t he frequency scanni
ampl i tudienwotlhtemagleoaschoul d al so ilmnegg set. The
voltage is usual\V yp olbaraii maude oftrooomu atwhgee |
l i mitations of t he elecallog hesmilealt i wg r K at

corr es ponsunndge rv ofl ~t 1a8g €A .

35Mi croscopic characterizati on

351 Scanning electron microscope

Scanning electroinmang &g oata mpdy e q NSeEtM) r
resolbyt imamn el eTchter cenl ebcetaamon beam i s scanned i
pattaenrdn t hen the correspondiomgiinmaagge can be

t hpeosi ti on of itrhtee bseiatmy wo ft Htnl d¢t lhéhesti sct ed si gr
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mi cmor phol ogy charactsectzaboedodmplheet he
was carSiinoae colkied ed ewietcht rgoodoed waosnduct i v
selected as the fuel e l,iewcawrnondeec ensastaerryi a
to carry oufftipegesBmplfmaxntanad strengt he
conductthhevigampl e onshhel ¢ aim@tlhe i stpastcliea |
conducti velTh&EhVedevyveeesd f omor pmhol @gy

charactwamrcdfdt € lodh e mi $4s8 0oOn, SHE Maaicdh i , J aj

hot fi &lEd QBEMNTA, 28BN MEG00, Zei ss, Ger

35 2 Energy SbPbespeomevey

Enerdgypespsicvea q eadtSr)y i s a power f ul t e
anal yzeIngmd rmtea l c o mp Ofshiktaisa rc @fr i aampl es
analyze the chemical comporsay i @emertdhy oL
spectrum generated by the interaction
sampl e. BEpD Itdeeenk sbtei mat e t he relative a
in the sampl e. However, smane afd peeeernt s
overl appyngmKssihas pélhéesddc agracy of me
componfeontasv.oi,dhies rpagpEeEDSablmmiae¢ yze t he
di stribution of ni ckel I neltelhcet rDUgkLI =
exper,Emeséegregation of the air electro
Thenerdggpespeicte ammetmmert hiwatshBeresk esr EDS

QUANTAGEe r mamnvy)i | abl e with SEMs empl oyed
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35. 3 Reasmaerctroscopy

Ramapectriosscaopyi ght scattakaseg teghnol ogy

sourcédighthntensity | agamrdplad.,esmddte cfurflaee
scatterhaatshéi glatme wavelength as the incide
scattering), and only a sgmaatl |dipfafretr eonft t he
wavel emngddirsdtilneg choemi c al structure of the
scattering). Raman s s phectvriobsrcaotpiyo n d entoedremi 0 &
mo | e cTuhlmesn.ochr omatic |ight sour-ce from a | a
i nfraredl toraviniewmlaent bramdsedr ay s . Raman

Spectruinsg ainsalay snondest r uwitti hvoeu tt erse g wigr itnegc hr
addi tional sampl e pitémariRsmtmaonn soppeecrtartoisocno.p yl
(Reni shaw i nWaasskRedrh &lxywga UKO)n deposition in
t heefl eethmd dtehe ¢ hr oenfifuerc tpoiins oenhienegai r el ectr

CQel ecttre@dntgsi s

36Gas composition analysi s

Gas chromaGO)gr aphgchnol ogy to separate t
i n the umidigfutrder €nhr i butsibeen weemawiher mobi |l e
phase and the statiomerpyr gelaandres.e rT hgea smo b i | e
usually nit whgtéhee ogt ahteimermamshi gphabdei |l i ng

point whigbi @a&ashorbbasd | badc. aaufdief f sirmnc e
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physical and cohfe neiaccahl ,eparmoppoermeaniteci | i ng
and potlhaereit teyn,t iinont tel meh rycmod tuomany a b b
di ff.enenhi s papeal ygual ot athewsasparat e

carried out according to the sequence

flowing out of tRege®éudmn, as shown in
400
H2
350F
300F
Z 250t
g 200f
S
© 150}
>
100F
S0F  co
oL e
0 é llO 1l5 2lO 25
Time (min)
FgurB8Gas chromatogram of fuel electrod

Af ter the assignment of chromatogr a
met hod should be used for quahRoin tative
t hdrsoj e@820 (Shimadzu, China)y8®®&®EB chr on
(Agil ent, USA) gva swetd Hti emathagracpher i ze

compositthieoregdam.ust

37Ener gy conversion efficiency

CQed ectrol ysis ausihn @d1SsO Exhpmearya tt uwor ec o n
el ectoyri cheat energy iwhticép aewmg a a | ener

conversionepfrfocesscy The ubsaaddse mofr et K
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heat dtosoknpbmearnt ¢ he W% at umotihesadtd Hoetir |

el ecsticsmll lys . Efficiency reflects the degree
one of the i mportant indicators that deter |
of the device. I n view of the current inter
It I's nedeepkpityhreeoef f eaerepmyeotsi on and

corresponhbuegcing factors.

37. Ope civealut age

I n t hesiatcuwaufail S\OE C otpheer a ¢ agghnt ,ne s s of
el ecsticsesli g extr emeThyerierhpo rat,rdgbte nspdar
circui ( OColkktedudgneder various atmeFBlpdaeyes
t heoretical siGCVc aoufs d1OB&r ¢ hee of oxygen pa
pressure between the gas elheaotbredde on both

t heelae ¢,t rwhldiech can Boge. Bc2a@5]jul ated by

00w —0 &e—— (Eq. 3. 3)
wherYe & paldd € a) O wetT gmME A L0 and
0 areokphgen partial pressure of air el ect
I n this rasdgaroadhu,cimlgetnmourteneCO uel el ectrode
oxygen partial prescauldesd ocfaltclue at edl bgl & dte
foll owing reaction

60 Q 0"Q U0 Q006 UVQ; Ki(Eq. 3. 4)

60 "Q pIch "Q 6 6"QN Ka(Eq. 3. 5)
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0 e (Eq. 3. 6)
0 & P (Eaq.3.7)

The reacti on esguan thivwoerdeulmc wloamtse ch niy H
6. 0 thermodynamic softwar e, to obtain
purea€Odifferent Chperl atedreecst.r oldre @@ m
wheE®3 . watshe dominant reaction, the oxy
fuel ewacdIroulead3e.d®d btyhi s way the theor
under diffeaeionoble€@/aC@ul at ed.

¢ (Eq. 3. 8)

60

Il n-GRf uel el ectrode atmosphere, wi t h
wa tgears (sRWG@¢gacti on, the ®qgq&ngd.wWdasi um co
calcul ated by HSC ther Budbywreagmidet sgf t w

content of each componemBlWwas cal cul at

860 Q '0OQ 00 Q 60°Q Ko EF.9

0 (Eg.)0

372Conversion rate

The conversion rate of reactants i s
the perf &OEBEBELNnddeofcal coacloantvieans i ofn €@t e

foll ows:

| —h B : pTITP (Eg.)1
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whene represeoxnctosnvtehes i C®@ prianci (@) e s
measwvuepaktue DIDIFMTCOdeénathekesvalt ue of CO
(SLMOy; represents txhet aadoudeéehdeo ff ud el ectrod
(SLMO  represents thienh haemofumealoadll e€dx r od e
(SLMNot abltyypeoR®er si on rate is equal to the

i n the cdseoedoafctnepribyuced neadthieorlCO2 el ectr
373Energy efficiency

SOEC can beadeemedgwscombabisté iony devi ce.
SOEtCo convert electric energy and heat =ene
be evaluated by the concept of energy conyv
ani mportant parametoel eich,wbhigbpisbeesat od CO
of the output avault akhergperagndt cabheepne:
degree of energy [uad@8]i zation of the device

I n t hitsheepapgy, convewas oho erhdlli actoeech e y
to the exhaust gasi nchoempfogseélt i eheameracde edur
el ect Wobkpw@®sed as the protective gas, the
efficiexxdycdfict o@ed ical cktd .at-EdL1DQ. 17

06O oo Qe"— prmb ( Eq .21

06 @ Qoo o@D i ﬁ ﬁ ( Eq .31
06 '@ A _° : ( EQ 41

h h h
0 i ( Eq 51
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o i ( Eq .61

. i 8 i ° (Eqa .7

Whenwdased as pr ot eocutlhdv ec gglacsul aB GH c

fornewgl.a -F.ql17:3. 21
06 Moo ab ’Q'Q—: pmtmb (Eql8) 3.
06 DR w6 &l B : o — ﬁ
( Eq19) 3.
(Egqg. 3.20)
0 i (Eq. 3.21)
where ECE is the eneQ gys ctohnev é@rgsaito re neefrfgi

is the energy of CO g®nmerfetrisd tbohyethei &

energy that xedrestiimomdgdiyicC@® he compensat
energy required by the system to maini
electrolytic voltage is | ower than th
(1. ¥pa@ meanhbhe enercpymsaimed in the R
reacdisenithe molar volume of gas at ro
preswutle, t hev alol2e4us baMoe;d , W R ,

W ,and j are the vobumeO;ahG@QQuabf H

consumed reBdgectizvedyys 0O 5 and,

0 Foar

e the heat ®CdpasnCieadi rb y(/8He)prect i v el
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0 0 0 O () are the heat capacities of the
withe cal cudfal ¢8,22811183:48637,2.343 & .d4

2245 8.mMmBles pe.YOiYw&dYe notthees heat energy to b
absorbed in RWG&Her eadtcivdidgd ed4 vial umo |

When calculating the energy conversion eff]|

/ outl et of the cell should be calibrated 1

374Generation rate of target product

During the act WBaOECoplee ageonr @afi drher ate cC
target pwassducctul@@ ed from the GC results of
tail gas auntflleohwe raactteu aolf t he fEmel el ectr ode
3.:122

O ; 60 O (Eg. 3.22)
whefOep i s the flow rate of t bl t arget pr oc
represeaoalt sme heoncentration of CO in the ex
el ectrad® (%) ,t hfel otworteaals er ed at the outl et

f uel el ectrode.

38Mechani cal ipmrgpperty test

Af t ert ehmpgehe ape r,& mehet st rcueaitiiigthe of t he
damaged, t bdseucl rtiemsge hiam i c aTo Qurengtly. t he
damagecedtthet ure, the mecchedrdimpdle properti

were measured through t he.Tuhntisvsetrisnagl mat eri
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machine can carry out tensi ke, Thceompr e
mechani cal p ¢ e@dpdenmpt|nee b d © Gvaatrdde det er mi n e
by a -ptohmdae bendhiaptghietserseéct anguwas cel l
supported ,antdhbéonat ehd dedne s mvidtdiience @& a s
force wunThist hd matl iua ddisag rikdbng d 9ael h3e.
mechani cal properties oft htehes tsraangpal e w
curve constructed wusing (tThe dcafplpeoatti osr
used 1 nwa8l mmstand twas ute snunltsoa mp ke
rectanguet tahesa | ength of 40 mm, a widt
of 3 nans sFhiogwm®bel h3e | at i o nsohfi ps tcruernvget h  an

def or maitli lons thri gytu®ck 3.

(a) | o=t | (b) 0 i 17
& A
[ i | 5 \ '
C —qa F
i ' SN
()
120 |
100
3 80
= i
.a 60 /’
£ 4 ===
20 T 2 V
o F——— ‘ . ‘
0.0 0.1 02 03

Deformation (mm)

Figu9.eadSR®hematic di agram of( bhMeehdani cal

sampl e t;¢ clthee It aetsit cerdsohfi ps tcruernvget h and def
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ChaptekFacdarfd ecQG ebgectrol ysis
SOEL

4.1 I ntroducti on

Hi gh tempeelaedatr eoSlOBG s often faced
di fferent environment avli tdddsnpdiotdaieocntsi,v es u
at mosphere. For example, ishorgeaeart ay €a
oxygen on MMare) (hae. been discussed e
advanteagpd oG nags t he fuel electirese red
i mhat it can directly return to the f
Howevaeasr ,i nagvi wabhekéeéhatat al ycsarshonCO pr
deposi tt loéhi stpy bponati on reacodgegnm whic
perfor masfed0de o€l t he obj| gctsiewmasc hof t h
tadanvesthgatper f otrhmbivi82 @ If edcutrritondgeh
temper telbeet i COIHYAFHHCs whfel-taube structure u
di fferehéeéctmweds pdiefrferse aottéa mmeraandir e s
di fferent l badadtgheuohenmedynamic anal
whol e electrolysis systemewasabaeried

for its application in different pract

4. 2 Efsfeeadmianogfr i al

To explore the opti mal sintering ter
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the stack, the NO.7 sealing material with
thrSeWwkS4d4dt ersamhept aced in tsheTlentering f

temperature WE&s ACAD add@ et3P @BeSt0c v e iy n g

to a fixedslpouwlgd ame sfearmtat | east 3 hours b
cooling down. Aft esccwartdes, wiheed dsretad ri m@n mead te
werceut into 1 cm I 0.5 cm forg@aBMzamal ysi s,

I Fi gdl kbt wad hfaceurhd gher the temperature, tF
def or mati on o fWhtehne tihnet etrecnopnenreacttusr e was abov
deliammati on of ddred ind xlriscrmppeat Elde al

sealing materials sinteredhatgotbldee di ffer
dengdint whgthstsheeal ing ma®ashaldesnneetr ed at

while the onACdhimitghtldy ato &0 density.

Fi gdrLMor phol ogy of sealing mAaGCerials after

90AC anAC930

Af tsdrmtnar AG0 t he wamp ¢ daote uwXbed an d
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hydr awgsnt r @fdaurc er e d u catf itcoemondg@\we nt o r oom
t emp e, tateu rseh hicka sdfearb | @bad lyismg . mat er i al

di fferent posi ti onweroe fttaee miocnrdouscttriuvcet

anal ysi s. The r ésgu2sBexraas e hown sitmuc
't mitations, there were differences i
sealing materials at different positio

i n di fferent mi crostrumenteened os adllie
pr obliemg ,etahsei nsgi ntceoruilndg btd ofea eivielng sl o
organic emissions from seAddintgi omaalelryi,ze
sealing materials with a solid content

fl ow channel side.

Figd2Mor phol ogy of sealing mAaCefroral s a

3 h, and rdduction at 750

To investigate the effects of temper
83



sealing materials during the sintering pro
perfor meslanml eslkcertososns sintered wunder four
75M@ kgACAB00 kdR000OKkg, A@dnvd &80 as shown

I Fi guwBe According to the SEM results, pr
I mprdbhe density gf asnedaltihreg sneatl @rnigalmat er i al
conditiomM@00fk@Obasically metThilke sealing
walsecamnsreedsi ng ctoluendiparecses utrree i nterfacial a
andei nfbecseal i nComein dermagce . he strength o
andmeheéing pointsoffA@aahosgn mas etrh@lhi ghest
temper atupre dirnghottr eatwasnts,ealsecdheed00 kg

hi ghest pressure of the stack.

750°C-Okg 750°C-150kg

Fi gd3Mdor phol ogy of adealticn gt ama toenr iaal sdi ffer e

temperatures and pressur es
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43Ef f ect of atnedmpgearsa tvuorleu me

To determine the minimum teepkratur
performance wA§f 6EPt6AM &P TE 05D 0
respectThel yeisup it &#y gt £ ewldts ftohuantd t he
hi gher the temperaturandtlhewabfettOl€ey t he
celfThwamainly because the higher the t
conducafi v¥iBdgr a stackt troesgas@&adurof
i ntcemnthet S,uelwagaats luesaesdt t hr ee t.i mes t h:
Fur tthheer ,charging and di s AaodGag perfo
i nvestigated. THhda gruéssuiidniscsia met akown i n
conclusioncéblk BMitaisni rtdilee t6e5MEBeODELt ur e r a
t he hi gher t he t e rhperahlairr gi,ngt haendb ed it
performance tolietlhewesrt atctke ™Wamai al ycui t
due to tihe ghadte mpbk adatounr et gparnosnpootrét e

electrolytedebaedt acdel elea@&])i on kinetics
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0.8} —— 750 s
S —~—650 % S
= %00 1505
30,7. ~—+—550 @ g
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Fi gd4Rer for mance test of the cell at d

modEeb) SOEC mode

85



35
(@) 3SLMH-9 LM AIr 1% 42} (D) 0455LMH - 1.355LM CQ
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Fi gde.Rer for mance test of the cell wunit n

temperatur es;( b)a)S CGCEFdalad e Cc e

To study

pr swenues ed

f

theeiviape dhamnoe wift h

or i ntseirnngal bef mibnhistt e b
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uni t icrag tceeilni nared cBheneetsul t sFiagruer es hown
46,i ndiimghtae hi gher the temperature, t he
di scharging performance; olflVe cagfrevee spec
an@CV ofcedlderdavaseh i ncreasFngucemper at
shows the i mpedance chaAhAgeacbsigortwhald f er e
I mpedamaorol ari zati on idanwve d dnciencdearse a
temperature.

Based on the charging armdiSdsskcharygirt
hi gher oper atmi gd b dmpearna tllgreedesuet , such

a high temperdaseuver adl socoh ad d lesnges rel a

el ectrode morphological stability, <che
t hermal shock r e€0n8siandgegpdnnfformzrercs or ©@\
sealing performance, and thAGvasfespan

selectetefmrpbeohdegmpanacaetandi sm researc

To study the appropriate gas vol ume

-~

eact vohH>%&Z o0 I COwas selected as the fue

tot al gas vol ume of t he efxwmant hel ectr o
el ectrolytic peDueortnoa nac emalff unrhcet iceen li.n
valve of the air, no air .w&s$eeiunttrso dau cee

presemtigdi7.Pud. t o thenl|l ab& aifrgasest ectr oc
pr eswaloewer anddembleow®GV t han the theor e
When the total dga®smvOlL 6m&EMMnt ine dOB8V SL
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remadboveV.Wheé&nm t hei nfcurdél a sgdalsM6 t he f | ow
rate difference kéewetexceade M uevihi @amd air
mi gahftf ect tnhaek itstegmn | O @\ , VaMhew @ h& t ot al gas
vol ume increased from O. 6vdlLivdgedhe. 8 SL M,
el ecsticwllly showed a sWhghttdewhwantd gmendol u
of the fuel el ectrode increased to 1.06
el ecsticwllly recovered and al most overl|l apped v
i n ctunrer ent-5@ ansg0e nX/ €mnsidering fuel utiliz
cost, 0.6 SLM was chosen as the total fuel

Ssubsequent experiments.

1.4F

=
)
T

—=+— 0.6 SLM
—— 0.8 SLM
——1.06 SLM
Fuel electrode: 25%}-75%CQ,
Air electrode: no gas

By,
By

Voltage (V)
=
o

0.8}

0.6

1400 1300 1200 1100 0
Current density (mA/cm?)

Fi gurlT.Bhel.ectpeo®dfyadnmance of SOEC under diffe

f uel vol umes

44Ef f ect of pypeteantert gas

44, 1 El ectrochemical i mpedance and DRT anal
Fi guBaed el i ntehaet ersel ati onship between the ¢
pressure of the fuel el ecAQ oldte iashn dwd rhteh gas
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noting thatf draeHdt w@adaée mo 8 & s i dMhreini cCO

content in the feed dd@s boft ht leen dfsu e@If ¢ Ih«
a greater change in the oxyg&asparti a
obserAvedr diEmg,3tBhe | arger the change
pressure of the fuel el ectrode, t he m

CQcontentl gtavwakheet weren 0. 25 and 0. 8, t h
oxygen partial prewamuehods| e wer f uBhe ed
parti al pressure and OCV wundesartwo kin
shownTab#k where tbhemaitmdhdestent wi t h
reported i php2@a&d]l i terature

Figu48e i | | usttheat esist antaneous2 perfor
el ectrdalhtewos fual el ectThedexpwvamsmp her e:
carried out mai ntaining good air tigh
vol tagedliinceamalsgg with the increase of
current deedh B et gr r edoecfhilnewalause t he | i mit
dengil4dpBlt he ovsesehaagpé yr and conceadrati on
domi natoll M-%% 01 C@a n28 .vBo | CA@B1 .v7o | C @b
di sptagedame oxygen pvaoltHi-%d olpQ@ssur e,
and ¥46lC@®%3v>dI Cexhi hihteedsame oxygen p
pressurelJhareatgocdhre.mi cal performance r
oxygen partial pressure anmanmdi ffdetredt
that when t heofvohwyae®pesac 5i066n and 75 %,
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| i mhdgur r enitecsfl es@Diagct welr-$50 s mMA/4 80

mA/ é¢m an5d0 mA/ ¢ ms pe dMhiivel wsing CO as the pr
gas with 23. 8%, 4 61 17 &c, tainameshdyui rhietrvto | u me
densastcrde as8e0 nmPA4 L, mA/ndAM@ 0 mA/ wii ch

welt ewer than the criCGadamno scpuhrerreent |die rgseinteyr ai
t he ilncgmi t ent a@G@®nai mgtsepnideertdleotver b é han t hat

i aHat moswihethe same oxygeAl spah,et halgQhpressur e
t reati o of reducing ngasrenhtjeddd8plsvetrythe | i m
212]

According to the HFISg48gp did@@8¥e spectrum
state, ohnmiemaanpmdatnctehe same in the two f
at mospheres, but waggludrtiez atitihGe@ Cr@empge d d mc e
reducing at motsipdreriempsidgmaafaizcant |l y hi gher t
that under t hEhips ghtee crteiloant eodf tHh t he adsor pt
di ffusi emnpdgeocdwd prot Aatoitvher ati mpophaeames .
facwaoshat br@QQdathmodHphere, the eldectrolysis r
towards the equilibrium of RWGS reaction wi
to reduce the 2elvVecppdedHsial of CO

To determine the basic electrode reactio
reduci agmpoassit hieonsn,f It heakt kb pamwfasr mance
anabgpntdhe di stribution of FKFied@®&eati on ti me (
and egelrettBhe t wdifgdgdasrheosy IDORT anal ysis of
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di fferent reducing gas, i n which the u
the same coordinate axibaneafHHAVGlI gh fr
related to chaogdet samfhemna@acto amr ol
the YSZ eaviddhter alryetae | m etshpiosgadr epeoohange
i n gas concentration. Compwasognd he wup
that whesnsed as protecthchargaseribeiar
i ncrdaasleestho fhi gh frequency. Th4 medi urm
neatHze®@hi bbvedus response t ¢Fitghuer et ype
48 , whaisc hattohbébut eadctsii sitheea tRWESB,r eact i
woul d not occur when usi3nRgea@®A®dDs t he
represents the process of oxiygefmuelkcha
gas, the areane cfmatitHerpe dlhe Rwevarf r eque
109Hz r ept lmysaesntdsi f f uisiponops obmeesreerfioarle

t he petakndeadkiaatmo |me under the same oxydgd
The charact dat 8HZ co lpwiaku soyd ®c d rhree s pypred
and concentratiidn uosfthregbitamedcd ti e tga st, h e
di ffusion rate in the fuel devli ¢ hiter ode,

gas concentrati onf 2d2Md3nmeadl Geact umoasrp hweerieg ht
the ambwasbifghtly WwWaevemsi wtherth wi th t he
r estuhlatt RWGS r d@maelt amminz ateidur ei mp’edance p
transpowdmso Tshiegrnei f i ¢c adwh edaicfo-fnecreenrt ac e tii o n|
chasmgebut-COa moG@ plh dhaelear act er i sdtwias peak
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| arrowédr mbBahhat

adsorption

t h

wasignificantly

Plprocess

e kinetmicghtdftbet he

react.i

and.ldi 9 ss0aimgptoirad ralparfotc@Ersot e

t hat

(0]

di fferen€Qi nt hteh eartewao oaft mo s

correspowamsmunagh tloargget hde i & ru sti loant

H-CQ at mosphewasa!l sThi sonsi stent tiweth

mol ecul ar weight determines t
14 ( a) —=— 76.29% CQ-23.8% CO(this work)
-lap 1.6, —e— 53.3% CQ-46.7% CO(this work)
—+— 28.3% CQ-71.7% C k)
—v— 50% CQ-50% Hy(pr K)
16 L 14 L 75% CQ-25% Hy(pre !
S
£ -18p <
g 212
= 8
O -20 o
o > 1.0F
[=2] |
o 1
= 22} .
o8} o !
1 \ !
24} -550-480 -415 -2501:220
" " " " " " 06 i . e e i i i
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P(CO,)/(P(CO,)+P(reducing gas) Current density (mA/cm?)
0.4} (C) 0.3} (d)
+ 23.8% CO-76.2% CO ' 23.8% CO-76.2% CP
c + 46.7% CO-53.3% CO o e 0.2 + 46.7% CO-53.3% CO P5
G502 s TL7%CO-283%CPO ,E\ + T1.7% CO-28.3% CO
' o (\g 0.1 P2 p3 P4
EO.O " g0.0
No4 |_" 03 + 25% H-75% CQ
~ + 25% H-75% CQ ' Pl . 50% H-50% CQ
£ * 50% H50% CQ e 0.2 + 75% H-25% CQ
o2 T5% H25% CQLureaae ., 0

o
o
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Re()(@ &m

Fi gd8Ehe

perfor ma@@an o OB u e |

DRT ., 2&m
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(&Oxygear ti alvaprydiatsg@den t(e M ;c s0 v e

CQel ectrol ysis e %eladlddBnfhhge pN\Nryeqwii osuts

di agram of i mmaddnmge DRFgeCliaaadr- £

CQat mossaliero€CcV A@I( ®RT di agram in two r

at mossphere

To summarize the three reaction proc
i nt hEGCQ at mos wradraer ger ngol etlde decrease
i nstantaneous 2pke ¢ Dhoea yasreesaosfS@O® iPd and
much | ar gesef 2t am@Bitshuggdstadhel and PS5
el ectrodeoplkeddhkessvbo®l e el ectrolysis rea
undteh@OGCQat mosphelmpeoctelsese Rttri buted to

domidtahtee whelcée eadei on.

Tabl el hde.olr.e tpircaaclt iacnadl OCV under two red

at AGO

Ratio of content Velocity Theoretical  Theoretical Actual
ratio [O2)tuel ocv ocv

(SLM)
PureHz 100 0.6 / / 1.111
H2/CO:2 25/75 0.15/0.45 1.76 10%° 0.917 0.894
50/50 0.3/0.3 2.20 10% 0.963 0.935
75125 0.45/0.15 2.75 10% 1.009 0.975
CO/CO2  23.8/76.2 0.143/0.457 1.76 10% 0.917 0.90
46.7/53.3 0.28/0.32 2.24 10% 0.963 0.945
71.7/28.3 0.43/0.17 2.69 10 1.009 0.990
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Based on thieg48&e ulhtesidjwrfmietntwacksensi ty
| owetrhCecO@Qf uel el ectrode at mosphnegre. When re
current densi ty, t he a@&mmceddmianatoen tplod ar i
el ectrod@hadiefafcd viodrie acft ant s barnodu gphrtoduct s
abocuwtncentr at i.®ne pdoil fafrusziaodn caonfd.Caddsor pti on
I n the por owessel @olweat rtoll@@ ¢gedmeéirnat i on
el ectrochesni ca&lsudeaantgi om t heat otwbe concent
t ripphlacse boWwAmdsadray ge number of mol ecules pr
reacctoulnth enoefl @ats eaiino ¢d h otchceu pacetdi ve sites
of TPB ,t aéé6imhtgme el ectrolysis reaction. Ac
theoreticalt heamwmrad g/rsti rsatarfo nr epoltahreidz ait m o
l iteraturnegurthbhetl demnsi ty i s also related t

boundary | ayer and gas disf 2®€i8dn channel 0 |

N
©
T

N
IS
T

-+ 100% H,
75% H+25% N,
50% H+50% N,

N
=)
T

-m@) (@ Am

o
[
T

st
o
0 A il A A A A A A
00 05 10 15 20 25 30 35 40
Re2)(@ &m

I
IS
T

Fi gd9.Bhe el ectirmgéerccamcali n OCV state under

fuel electrode atmospheres
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Whencewaisn a high temperatsheusdat e,
be i sforlcamh etdh e nitcok eplr eevieenctt rtohdee oxi dat i
el ect rbdreaducionign egradsh glmalmd go od. cThod c e
i mpedancermd gbha haeef f ect ed by the type of
To i nvestigate t heawnaweklati stad xeptltaerntgp e d a |
Il mpedance underFiQO9xhkcadinwnsgi t h®@enEu®Sdenur v
10Wo0 Il H,% WHI H-R5% ol N2&n d v 6 DH2-% & o | N2Pbu e |

el ectt mdse plhheer ersesutdtisati nals cahe hydroge

decrdeatsbke total i mpedance gradually in
SOFC Mode SOFC Mode
0.40 1.0
oasp® (b)
os}

£ 0.30f 100 mAfend % —— 100 mA/en?
< 150 mA/ent —— 150 mA/en?

0.25k 200 mA/cnt = 06F —— 200 mA/cnt
o 0.6 SLM H;-3 SLM Air = —ocv
=0.20 )
Q 60cnf, 750 '_, 0.4}
£ 015 x
- a

0.10f 02f

0.05F ook

0.00

02 03 04 05 06 07 08 09 10 10° 102 10' 100 100 1 16¢ 100 10°
Re(2)(q Am Frequency (Hz)

Figdr@The el ectrochemicabOF@Gpmaddce and

di fferent curr(em)t sDRT agurEMeSs cur ves

El ectrochemical I e idbg n edensstpreuccttriovsec c
technique that can quickly ©provide a
i nformation while maceki@ithiktdvbpadmern nt e
measured under OCV <conldaadcionmgslj t mae n swe |
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Conducting i mpedance (fceistriem@g cwirutlhdod t agrst an
more accurately refprecke nnsé slceeelltildh@t r oc he mi c e

Figut@e Bl Sundeve SOF€mamadared to compare th

effect of different applied discharge curr
SOEC Mode SOEC Mode
0.7
(@ osf(b)
0.6 ~——— -100 mA/cnt
= -100 mA/cn? £ oah Py -150 mA/ent
%0_5  -150 mA/cr? e -200 mA/cr?
4 -200 mA/C"? = ol 25%H,-75%CO-Air
8,0.4- 25%H,-75%CQ-Air = : 60cn?, 750
— 60cnf, 750 . =
No3p S — 0.2}
£ o s ox P
To2 oo &) ‘P
Ny 0.1F \ PZ /\
| P. o
0.1p | N 3
o.of L/
Y| e 1 ettt it
0.1 02 03 04 05 06 07 0.8 09 1.0 1.1 1.2 10% 102 10* 10® 100 1® 16° 10* 10°
Re(2)(q A&m Frequency (Hz)
SOEC Mode SOEC Mode
0.7
C osp(d
0_6_( ) S —— -100 mA/cn?
= -100 mA/cri £ — -150 mA/ent
E o5} . -150 mA/cnd & 04} —— 200 mA/er?
A0 s -
200 mafent Z oal 23.8%C0-76.2%CQAIr
30-4' 23.8%CO0-76.2%CQAIr o 60cnt, 750
@0.3- 60cnf, 750 N }_ ozt
I o
- | [a]
02 01}
0.1
0.0}
oo M
0.1 02 03 04 05 06 07 08 09 1.0 1.1 1.2 10° 102 10* 100 100 1® 16° 100 10
Re(Z)(q A&m Frequency (Hz)
Figdr¥he el ectrochemical i mpevd amce and DRT

di fferemhdcoimeeéntsd ect r(oade Bl hSHOEBsup hveerse s
atmos;pber &®RTi ne-GHDaemos;fleer €' S curves in CO

CQat mos;fpldér ®RT c tCrQwad snoismp h@O e

DRT re&fubus eriddv.etdlilzetd compared to EI'S unde
conditions, the i mpedance of each part dec
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current. The curren{ 00r anfAdncpmalsieddt il en  wi
effect on the I mpedance resulwas which
small dandt ha tchbreanger s hon rDautee toof tthhee
di ffusion i mpedbaenicnegc bf s ma b,k etr hveh ppaena KH a't
aroundwdada®i (Hdei ficantly reduced compared
| arger the | oadi0ggeneranhed thetmer éu
whi ch &« aslsieglht decrease of the gas dif
el ectrode and porousngsatramtuimbedh.e oWhen
di ffusion char actfeareiguteincc yp edekgavbine dtelce €
mi gthg¢ due to insufficient decompositio
mu kitmpedance anal ysi s.

Similarly, samde [ERTS weureveanal yzed 1in
explore the effecticuof e rdtifeflaencdinrto deel e c
at mospRiegedkled Fi gudlet andabl eshMow t he
i mpedance cdhiafnfdearselnutred erod 3 pldeer es and di
applied electriody.giwibbhueelr eé ertct dedei tat ma
(COQanadCB)appetame@edsame oxygensalpaawn i al p
i mabl g dm@ appl it éecd releenca hraosifiyseedtdy
t 00 m#Al/luad mng. tThhee meeesst Gitelsaste das ttihe el ect
current densobphtnyi ci nicmpeeadsaendd ena ohieed h @l mo s
unchanged, whi |l e pol ar i-fzrae q wern ciympreamm
i ncr eansiefd caing | vy, a nad stocatr salesmathkedd ryg e
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whiich di fferent from SOFC modwit hhere total
i ncreasing Eiugulematnkld go s édisplhay DRT
anal ysidd foaedehéctat mossphame di fferent curre
densiTheescktesmdn stthratt etdh e mpetdaunsdebd P1)
22l ncrdenpsd significantly with the increas
i ndi cati ngadsihfaftugdih®ends pceaddcterss! tse@p t hat res
the performance of the cell. Il n addition,
[ 222 D]f t he futerliptbdsa@®u m damd es he oxygen
exchange reactioh 1 mpedanmc2l74R2d ode
i ncrdewas @ the inctriemseent, eieditcatiyng an in
pol ari z dtniden Itdses .f uel el ewvtol @@e at mospher e
76vBICQ when the | ad&doeloturAr/ tmt2 0dhange
mA/ ¢émtheot at almaedramtceeo m q&.M8 ® 61 . 3
cWhileder the fuel el eeotl HFBeo latmMospher e o
CQ when the | dfidoeloduwr rmBanec® h A € me
topal ar i mpae drannkceco mq@ M8 4 54 c th

Comparing ohmic i mpedance Fagdr eol ari zat.i
4 . laln&li gur e 4whEhcthe electrolglsi® current d
mA/ ém ohmic i mpedwmamateanrgerdai ni ndi cating t he

el ectrochemicalareadomiomape ocles sSOEQG perfor
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SOEC Mode

@

‘Mm@ (@ Am

o
[N}

= -100 mA/cnt-25% H,
e -150 mA/cni-25% H,
-200 mA/cni-25% H,

-100 mA/cn?-23.8% CO
-150 mA/cn-23.8% CO
-200 mA/cn3-23.8% CO

Fi gdz

OC i g i i i i i
0.1 0.2 03 04 05 06 0.7 08 09 1.0 1.1 1.2

Re(2)(@ cm

2ZThe el ectr ochemi

SOEC Mode
05f(b)
Py —— -100 mA/cni-23.8% CO
£ -150 mA/cn?-23.8% CO
G 04F
-200 mA/cn?-23.8% CO
—— -100 mA/cni-25% H,
g o3}
= —— -150 mA/cn3-25% H,
=
= = -200 mA/cn}-25% H,
[
o P,
[a)
o.1f
0.0f

10° 102 10' 10 10

Frequency (Hz)

c al

¢ 100 100 10

| mpedance

di fferentfeelrreh¢éscst aode ;@) moBRTher es:

Tabl2eTh4 mpedance

10800

mA/uament

23vBIC@®6VAICM

var

i at

on

of e a

dems | H>xfoyond@ana>s

Reducing Current Rpd/q Redq Redq Redq Res/q Rpr/q
gas density cm? cm? cm? cm? cm? cm?
-100
, 044 0.12 0.04 0.13 0.11 0.84
mA/cm
-150
25%H, , 0.6 0.12 0.4 0.18 0.13 1.08
mA/cm
-200
, 0.75 0.14 0.06 0.27 0.13 1.3
mA/cm
-100
, 0.49 0.1 0.03 0.10 0.14 0.86
mA/cm
-150
23.8%CO , 0.58 0.1 0.4 0.14 0.15 1.02
mA/cm
-200
, 080 0.10 0.07 0.26 0.12 1.36
mA/cm
Figul2ankdi gulBBprdovi de a mor e |

EIl &n d

DRT raensaul hytlseirs s i X

99

di fferent

and

(

ch part

nt ui tiv
f uel



at mospheresr evidteh arle swn d esr the same oxygen
pr es s sraanea racpupr!rieanpdidsi ftf hpeed iaa niznaptei doann ¢ e
P1li COCQ at mos pwhaesrlea ghtly greabh€@® than that
at mos.p hTehree digfadse f & pod €aa in nznapt ei dbaentcwee e n
t hese two pr amee catp pvaer egnats eass btedcenl oad curren
Figul®B 4.he P4 char act etrriiplaeoeupnedaakrsy r el at ed
reaction of thedifgeifetectraodief shewces when
wabkess-l60amlA/ dwmasai nly because under | ow ¢
oper at RWG3 etbkier o | H%5 ol CQat mosphere
tendedmionate the fuel idl3evBtICAAE. 2 eaction,
vol C@&at mospher e, t he fwedoneilneactterdo dley r eact
el ectrocbhbemiheebmypesebhsitrhnaegd t he | mpedance
changes in SOFCwamge pS8O®ECe moda SOFC mode,
i mpedancewdebréeaseeasing current, whil e it
i mpedancewiitnhc riemcsree a s iISTOEBodweh emt COl n t he
wassed as a prgoatse ¢ fuee ovpgspndebed due to
the diffusion barriteratiplio  C@®@&EGodeg gr eat er |
withasHthe prP4eocdiedeatr@dednge ghhea due t o
the presence of thet RANGISmpedhdandeonataflfewt | ¢
current.

Tabl sh4w3d tsbke vmpedance of each part of t
coul cdabeul ated in OrigkFingurTewe4 . &IRZT cur ves
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i ntedgomabbtain the Asalobsxsumfe daa csha mee alu.r

density, t heswienwgeedyanciemiviapuw® the CtOi am.d F

442Car bon deposition

Ni chebdys a catthadOydi sproperitmbhbdeati on
car lWemposn é¢aotnitohr@GC @ h u e | el echepde atm
(Eq.).. 1When the ther nioodryorkamifcoammemn diotni o
reachleelar bon dregpaocttietidootcu228he coke
generated by dviadempo oaitiedoaoalt édotyit v e
si ttéa,s rteldeu cciantgal ythNeY SZc £l e ctttye ddee laln d
perf or maneclee cofr oCQ si s . Consequently, tt
should be considered iindi cthhetibheety eccQ r ol vy

proporkdtrmadtnant s and products shoul d

equilibrium value of carbon deposition
o 0% 6 00 (& 4. 1)
Considering thermodynamics, t he crit

content during carvwemea ldeploatidd oanc d @ dnial
reaction equilibrium coiab b3as o wast di ff

the reaction eq0-90A&ti uann ciomAs@ rawnd ls aft

Tabl3EQqdu.i | i bri um c o nrsetaacntti oonf aBhodu dcorui atridc
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equilibrium value of CO content at differei

Temperaturé 650 700 750 800
K(F |=0 F F|= 3.138 0.998 0.356 0.140

Critical equilibrium value of CQ%) 42.73 61.84 78.21 88.91

The equilibrium composition of the react.i
to obtain BoudouaFridg uddeu i4lTihker iaurne ac uarbvoev e( t h ¢
Boudouard balance curve repceuehnts the car
seen FfigwiBat Mat t he higher the reaction t em]
the critical equi librium value of CO conte
corresponAl¢ naCa AROBD ASWOLE . 73 %, 61. 84 %,

78.21% and 88.91%, respectivel®. To put it

as the protective gas, the content of CO f|
decrease with the decrease Iintoehkperature.
pl ace, with theiciurareenas edemnfsielyegcttrhel ywonver
CQand the content of €O Tihditsot Haeee mpew duct i n
probl em: i f Q@ uil nh etnhber apnrsgpdowrctted t o t he out |

el ecsticmllly i nwdulbneki,s CrGoporti onate on t he Ni
form coke, and occupy micgheéducreeatche on sit
el ectrochemical AcecaocrtdrFionggu eohfeocmanc e .al
equilibrium vawa®8.oXl % &Cib o750 mMteor et i cal
resgpgdwesri denc €Ot bant ent at the reaction si

el ecwalpadwer t han this val ueagwsnclarkbedny deposit
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toccHiowever, the | mfalsuemmde cofnsp atee retdi a li
calcul atjomangr acnaxeyg the action of oV
deposi ti mingbnee gcrtowiboeened d i tCiOvaamdded 1 nto

the inlet component of the fuel electr

(@)
—

I tical v & licauer roefn twe ddedca sriratd ydyu c e d . The r

etdhatnh with t he tiicmecrrreeanste doefn seil teyc,t rtohl eyo
content of COdprlofdutckee i micakalsGomponen
the content of CO tentdle aBloelbe tfou ele aelh
critical equilibrium value of carbon d
As s hownguit3e, 4atAC7 5 Gaas el i near relatic
bet ween the CO content in the fuel el
with the increasé¢e etfmp®Od® ecnatn toefn tt hien ftuhed
the relationship curve betweemd ocCO cont
the | eft. I n other words, to reduce tF
the CO content in the inlet component,
current denskFitgul3AcatACHIMeg ¢oi tical eq:
val ue of w@a@8c @wiléoeceatr b on dset @md victciuan
When the vol ume ctobnhtee nitn Ioéftri@iOmsnapdbd ¢ d oimn
0% to 23. 8%, 46. 7% and 71. 7 %, t he max
chang4@®2%o MA7/1c3m mA-4 & & mPa/neBny mA/ cm

respectivel y.
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o
o

(@) (b)

@
(=]

60F

@
(=]
T

a0}
% CO

3.8% CO
6.7% CO
1.7% CO

IS
=)
T

20F

CO equilibrate fraction (%)
CO equilibrate fraction (%)
~N BN O

N
(=]
T

87 414 71 102

%OO 3;)0 400 5;)0 600 700 800 9;)0 1(;00 1100 9200 E) 2:)0 400 GEJO 82)0 1000

Temperature (°C) Current density (mA/cm?)
Figul3ga)d .Boudouard epg(lu) | Edui luimb dii @am@r &aimagr arm
of current density @wd tchardbonf edeepnas iCtO on a-

contents

44. 3 Met hanati on reaction

When, whsupplied as t he protective gas,
t hermodynamic c ocnoduibbtei odvisr, e crhd tyh afn@r me d by
met hanati onzamaadiOe ebnadoefd H at al ysts. As shov
Eq.24 . met hanation is an exothermic reaction,
at | ow tsevinpg éar aat Tdraet arlieyssuty. Blai Mdidc at e
thwhen theCQ &iwia81 @af most compl ete methanat
occwehde!l owA@ OWhi | e Aad otvhee 3wtadkai cniid troend
accoutnthe odomi nati on of the RWGS reaction,
moves towards the d({EmgedWhHiBem tole CrOatfioa maft i o
CQ bW s 3:Wwarsd hrmatehane fA@Gmdt abovat @666 the
CO sel ecteideli mystr Elh@Meéot or e, to achieve a h
sel ectioziltexctiBro Lg®@fa 8Gid e c proes sAnbdl & .h e

operating temperat A€e should be at | east 5
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60 O0OQOBH0Q 00N YO pe@aéa
YO pp@aé cafpi (Eq. 4. 2)

56°Q '0°Q0&060Q 06Q YO t@Wata

e, TN r \ v
YO ¢ uljaé o ¢ uppo (Eqg. 4. 3)
80
_ @
o
£ oo}
E 3 8 lemw}mema in the system —COyg)
o at the beginning
E 40} H,/CO=25kmoli75Kmol=1/3 H;0(0)
< o Cco(g)
g 30k Ha(9)
£ — CH,©)
2 2}
g_
8 1o}
o._____——‘\\~________

0 200 400 600 800 1000
Temperature ( )

Fi gut¥eMas.s bal ance diagram: (#AMW Mass ba

= 3/1

444Shotregrm stability

Thehdaretrcmnst ant current seli @ d ol ysi s
mA/ @00 nmA/ @h@0 mAwecrme carried out at
[ kucioncentwiathasdhs he reducing A otect i
[ kumas control lcodnplwift htehrei nfludile el ect r
stabil iansehowrnv e@a 15a Tode.v al tulag ei nf |l uence
di fferent types of prloe eC@ItO®D spher en
wi ahhi gh @O cr/ddmat§e%utsed for tbempastsandw
7TYolH-Z%Y 01 COA&at mo s.phhes rrege s s h oFwng uilsie 4 .

FoH-CQf eed, thbherekaBbDéctyol ysis under
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composaitsthoonwsrFi gm d5a. 4Wi t h t he i ncrease of a
el ectticaod ryent , t he sviostl lageéaofexpectted.|l vy

2.0 20

@) (b)
1.8p = 71.7% CO-28.3% C!
—=— 25% H,-75% CQ, 18 o 75% H-25% CQ ? /
—e— 50% H,-50% CQ é

S16f —+— 75% H,-25% CQ, Si6 . ]

5] o - ...
EM' 14 . /
s S ;

12k -200 mA/cn? -300 mA/cn? 12 Fooommet 300 mAend

-100 mA/cnt Y ' -100 mA/ent
1.0$ I
0 2.0 4.0 6.0 8.0 0 20 4.0 G.O 8.0
Runtime (min) Runtime (min)

Fi gul5eS hdtretr m stabil ity curves under vari ous
of pr ot ec tti vceu rgvaess: u(nad)e n\f(eb@pfnipearre nsto nH
oft Vcurves under different protective gas
Tabl4eRed .ati onship between electrolytic volt

75MCn different fuel el ectrode atmospheres
H2/CO: 25/75 50/50 75/25
Electrolytic -100mA/cm? 0.969 1.008 1.055
voltage(V)  _200mA/cn? 1.037 1.078 1.147
-300mA/cny 1.108 1.163 Not stable
Polarization -100mA/cm? 0.075 0.073 0.08
voltage (V) -200mA/cm? 0.143 0.143 0.172
-300mA/cm? 0.214 0.228 --
CO/CO2 23.876.2 46.753.3 46.753.3
Electrolytic -100mA/cn? - - 1.093
voltage (V) -200mA/cn? - - Not stable
Polarization -100mA/cn? - - 0.103
voltage (V) -200mA/cm? - - -
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The relationship between the stable
current density urnadsroft hZz55ev\daduLd HGONo s
50 void5.0% vid l2a Pod CD5 261 v ewlo2H@e €O nb e d
Tabl4eWhde-t 00 m?e/lcenctticand yentwad@msiiteyd t o
the <cell | titvdoe twaagfe.cA6r9 | VY, 1.008 V and
respectively, andwa@.e0 P> | \ar i0z.a0t7 30 nV vaonl (
respectivel y. tWwemnm etnht e dehizsiat rym’priecant h e
the polarization voltagesweDetld8 WVhree
0. 143 V arnads p0e clt7i2v evl y .

In Il ow electrolytic cur 20t midrcsm ty (
the el ectrol ytditca bvioel tiang et hree mahirnee at mo
when thetiecbecenypl|l feas®aB8@ mA/ ctnhe
el ecttipewd fyor mance>dA,m V2blavlod C®O #0601 . % H
vol . YaC@Qospeen@mdgrener al ly stablta,c and t
voltage edboréspoéd8dVvV and 1.163 V respec
CQelectr@3l0PsimA/ngati 5 &1 v l.id omE&€Op her e
becamebl e to mdgHAingtuath®) 4s.t abi | i ty

Based on ftihnedi aalpe¥ et onc ltuhdaetd when an

el ectticot wamgppl i ed externally, the pol a
cel | dwctt heeser®fa e et eccutrrroelnyt density
constant fuel ateodphbeeeentewenet he p

|l oss under differ emdudaedttidregnotaipduter eod
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the | osdwiithcnemmasease of the protective gas
fuel el ecntirgdndte .bekChmius e of the concentratio
caused by the i nsaffiincitemeg irrelactt ahusel ( €EDe
componenwaalwho cohne owh @t1Cheel ercetasodinyss i s

not remainhiaghabéeducti omi tait gnflo sgilheca ter @alny
current density.

FiguibSecampares the effects of different
el ectrolytic stability under the same o0XYVy(
suggeshtaeted t he el ect h@®C/Eatsmovsopllatesargee i n
slightly highe€Qahmosphate i at ttilte same el e
current déemhet el eandwasyotriec dvdiftiacgud t t o hol
st eadhCOC@®at mosphere.

I n s ummcaoruy & dcliond bendbr e r ead umwismpd er e
contribut etdhd op olegabnsidzsattg nocnetgheen dr € n mi t
densitthy@Qeefl ectr ol ysilso asetahcet g iomst aanntdaneous
performance of electrolysis reaction. Howe\
reactant s, thefallkedm obyyabby.prdolcesasaf or e, h
i mpr,dvhenstantaneous performance, t he oper

el ectrolysi sceéketcit,nieetmficsybseofi CWOesti gated furt
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445Pr oduct analysis

Figurle@dedpitchtes GCangaysi pr olfgatthe

compo Piltoitared taigmaei nusntd errunconst atAat curr e
200 mAVi @ BvB8ICAB6VAICAandv @BH>%Y ol . %
CQ The rasamsulptsviesl t bvadsswehdemsH t he protec
the yC@bbt afnedd®@ omposition reaction
reacweirlogh. 6 81 % anWwhe2l3w@BAH5&d as protectiv
t hGO content wa23drd3dB3s CORGFTedcde

conver sbpwaslofdhGg@hye r .

o 23.8%C0-76.2%CQ,

20

N, co,
" N

2506H,-75%CO,

(=]

N
o
(=]

N,CO Cco
LR 2

2506H ,-75%C0,-OCV

Voltage (mV)
g

N
So

=
o
(=]

co,

o
|
T
5
=z
(@]
o)

o
(S}

10 15 20 25
Runtime (min)

Fi guleGashr omat o gaCgdp hayn 210WYs im¥c/oanfrs t a n t

current electrolysis in difAfCerent fuel

Tablbeded.i nehaeet ecsomposi tion of product
di fferent fuel Bheseetthede amEMOotfbadres.

Eq. ,3.tlhfe energy comder siloe pfdiecenacy

109



protectwiawseal ga¥Wmeedcal cul ating the energy
efficiency, the fl| owfruaetle edte catdrl@dienlodt t/heo
should be calibratedantdhe edameelsthloevnf | ow r a

i mMmabl6ée 4.

Tabl5eExdh.2wsats c omp-@DHi0t imeronesft ant current

CQelectrolysis in different fuel electrode
Fuel electrode composition H2 Cco CO2

23.8vo0l.% CO%-76.2vol.% CO:2 0.14 44.30 51.71

25v0l.% H2-75vo0l.% COz2 10.09 34.9 49.3%

25v0l.% H2-75v0l.% CO2 (OCV) 6.64 20.38 67.03

Tabl6eCad.cul ati on of ener@YWOcotAvemsi on effic

el ectumddgififer ent gas components in fuel el
Gas composition ECE ECE (exclude Q ECE (exclude Qur)

23.8v0l.% CO-76.2v0l.% CO2 23.8% 171.0% 81.1%

25v0l.% H2-75vo0l.% CO:2 33.3% 130.00 81.6%

A5Summar y

I n ¢ hapgtthéet-tau BOE Qv rues e dc adrorry iClg o ut

el ecttegbyasnd t he per tYoSZmaelcec torfo dtehef oMi CO
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el ectrolysis undearndt CO pwacst escttuidoine daf T
showed that under the same oxygen par
denseost @0 ectwei550 snPA-48 M mA/ @m0

mA/ eéwmhen the vabibsnéeh ffauadt ieve@d Lop de
50% and 75 %, respectivel y. As for CcO
currentadsmemesad8edd nfAoh T mAa/nd@m@ 0 mPA/ cm
with 23.8%, 46.7%farmdtivimédde &@rv olhame
the curteoal deapn dtye antnidenm. HEI S anal ysi
I n -C®gas at mospher e, pwowbh&iignafi emant Imy
greater thaGQf halt ehet¢tthreodai aat mosd tgehrt e
i ntthe voltagre, delgegatdradliysi s tests und
densiti ev0| MAZS5ho IT®Rand wdlLC/G8vdIl . %
CQwer e ca.rrrlieevderosuitbl e degradati on occu

density30@amchAmdnbIH 5 0l CQ while in 71.

volCe&®28.vdI C& h® same irreveomebbr dec
happen2e0d0 ama/cccnro mpani ed with cell crack
detachment. The thermodynamani hesat gdi s

that whe/ndr aiwea8CO, nogened hamaedceacti on

pr ocwistshe CO sel edtOiOWdnt yt hree ap@toCc ess of
mA/ €émonstantent el ectrolysis, t he hi g
efficiendcHylWe@tihemegagrydicmgrsumpti on for
gas) and 81.6% (disregarding energy <co
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Chapter -the;r nLopregr f or mance and

mechani sm under coxerdstcamtol gysrir
5.1 I ntroduction

The key to achieving tcsemakedrucriinyg us e
high tewmperditswmd |y, air i ®liect oodeced
bal angeathleeart t han np earlteicairpbltewaygeeact i on
i ntroduoacmgmaakegy consungetnieoscmgyamrcdnvedsa.
efficieney%y Whe®% air fl ows out from
el ectradéarge amduntb emvi@ghaadesd ng unev
temperature sdidesslrTobuadownr at el y under s
degradathani sm of wh@emwdi tr hacepraercgti rnogd e
researchesrngabhdv @ edvéaocri nauds elxp r0ilmMent s .
Mahmoud 2e2%®]mbnstrated using Mossbauer
courledd uc etdhpdemae m bk € d Vg lhoecot ahedIrfad j i e
in9@athd esnh the same yedr,3ilauyzedi hhet
di ffusion and accumul ation of cobalt i
of el ectimipbypheviegtthe | oss of Sr in

anodi c pollnar2@h%, ofh 8fid uentd at-bhaaste dSr O

compomingaspgpear in the air electrode dur
The asbtowdeir es al | basadrompatgkehgi with
el ectrode. However, whengaGOQ thies fuuseeld a
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el ectrode, there may be extreme working cor
as ana swkeemp exxanpl(ea, Mo s expl oration devi c
NASA) was reported to achitevextyhengoal of
the no air enjv2 3@Yyarntehnetr noofr eMa risfant he air el ¢
mai nt ai n s twablheo uap earna toixo ndea thieoant aetnneorsgpyh er e,
required can be greatdtyr ereglftuiceerdi,agtanlus si gr
efficiency of the el ectanddeptsedphecess. The
prot gaadasn vtehe f uel |e@ @ecltercotdrepnayisdt sctaaly i ed
ouwi t haonuyt oxi di zing at mosphere on the air
signifioahgefoot i mprovingsinhexserwmece | if
envir elninkgdteatt of Mars, but also for increasi
the electrolysis process on the ground.
Duringelroongperation, the selection of fu
i's al so crucNée&la.s eAdls ctart aad iytsitesnalr e prone to
reducing at mospherei,s swswalalsy CrOe cganidr eHd t o |
stabili Nyel @efctHOWve® e , the introduction of
at mospheviet alsloynec puBndd emsa napd dei a fitohne
Ho pr ot ectiincersegnaee di fficultyelodctgepaer ati ng

prodiuhcet si ntroductionpobdm@€PPepaotemul atei gas

of carbon in the fTteé¢l, dteldeaaddaydssacel er ati n
above i ssues, dthh e -tledi@gpe leerc terxopllyosries under
physical pressurewamsded when t het reoqguen i br i
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component of tThhee ffuuetlureel edceweoldoep ment t
maybe to atcehrinevaepelroantgi on without pr ot e
el ectrode, whi ch a snew preed ear ctho dpirroevcit

transi twesttadr @@imor ki ng car bon

5.2 -Ltengn performance with air 1in

5.2.1 Stability test

The cells uswemametdhiCel tbafptecCel |l 5. 2
Cel |l 5. 4, Fiersspte,cttilveelcyhar ge a@abldi scharg
under SOFC / SOEC Mmoeledi ssehar gnpeapenr fear i
tested witzh nO.téheSLiMiel el ectrode and
el ectThedel ectrol yt ieexx apnewnfeahr ma.nk% SvaM H
and 0. 45%i B8LMhE€Ofuel el ectr oldectarnade, SL
antdhe resul tFsi gabrrddiwgytben vira eistrehnet sc o mpar i son
of-V-B curves under SOFC motdeerOnd ef or e a
el ect,roFy@gbbisdlib s ptlhaey sc o mp &r icsuanw esf uhder
SOEC mode beforteerammde laefctTenre | heaxmpg@ r i me n
resuvevetahatd aflbhegedmEC@®Cctrol ysins oper ¢
Cel ) 5the maximum discha4@0®. Powwrcmecr e
311.1 nWWwiémh a degrad2apB8The ehatetobl pabi

vol t a0 am’A/nccrn e a sle dl 8f9r ovm a » n & r @fa s ¥,
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11
15F(b) —=— before test
a . J ( efore tes
:'g.___)-. 0.6 SLMHASLMAI ™" 400 N — e after test
EI] 750 .2 60 M € 14} 25%H,-75%CO-Alr
., Cell5.1 o 5
T A 3005 70 , 60 cm
S 09 ._:"H.,H ﬁnﬂwnﬂm@ z S8 Cells.1
< £ 2
) > o
= e, 200 12
S o8 b ., c &
S o ""H._ -, L o
> EEEEE@ . e 0 >11
- 100 ©
0.7} . 2
nﬁﬁaﬁﬁa —=— Voltage before test S 1.0}
o —— Voltage after 471h tqe.\'s'r-..h H'"H. o
0.6 EED —na— Power density before test ™, = Jo
: —o— Power density after 471h test 0.9F
0 100 200 300 400 500 600 700 -300 -250 -200 -150 -100  -50 0
Current Density (mA/cm?) Current Density (mA/cm?)

Figur@ompdri son ob6bf pEevibdmiaamces n the | ong
term opeDbiastcihoanr:g e( ap)er f or mancebpefore and af

El ectrolytic performance before and after t

Toexpltdhree ef fect of air addition on the s
CQel ect CoBlywkissed ftoer moenlgeict hod ymi st ur e
of 281@@6vaAICABupplied to amESLIMuel el ectr o
air supplied F ogthseh sawhre -tailesssd t @ loadet.r ol yt i c
vol tageelfeoat rColO ysi s hvetlhl awars poupregriantged f or
h, wi t ht eadrelgocmaglat i abouf@a% 4hoéf t ot al
degr adoaft i €ewad $u T h hi ghérdegrhadcati on of
instantaneousshpemfiag Bbamcdwapr obably
becaubBestiant aneouswapertfteswead ¢ e el H
at mosphepres eaioe o t hemi ggnevehéeécexocessi ve

accumul ation of @nghbkedeartaeedatli pmr.essur e
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16F 23.8%C0-76.2%CQ
-200 mA/cn?

14L 750°C, 60 cnf Degradation: 24.41%/kh
S
S
g 1.2
o
>

1.0}

0.8}

0 100 200 300 400 500
Runtime (h)

Figur¥t 5di2agreamectoC®yd  $h air in the

LSCGEGDC aligctr ode

5. El2ctrochemical i mpedance and DRT an
Il n dureabi | it yt itneestv,oltthaeg er enaaEsl Sr e c or d €
was measured at i ntervals wwitthh tahe el

freqguency osfwe3edpOkrhefitimee E1 S amualvez evdh sand
fitted -wabh s&ftwar e, wi t h an equi
L1R1(Q2R2) (Q3R3)( Q4R4PBi(gUBrReS ) § h @asf isthtoewt
cursegerehednt i ncr eashmigc taredh dp olfarpi zati on
anmgol ar i zat icoha n gmpaewvdaabngefer e guency.

For analyzing the trend of pol ari zat
EldGata was run in MaDRA®O prlogrmaensul ts a
Figur eThbe 3ol ari zati on 1 enlpattchbeecels P33 a
el ectreacde i omnetn TRBnNshpeor ¢ | idrodt r eoadsee d
significantly aedéhel shhrgehiocheéeplt aioh)

t hat Foquaentnigheg pol ari zati on wviamwpieaduasn c e
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el ectrochemical prhieRe€sdeagriammenddeaks i n
i nt egmr a®readgi ho obtain the paRppThexi mate valu
aea specificwaeasliculaamtceed (PAYSRt)he f ol |l owi ng
0YY w 00d0 (Eg. 5. 1)
wheWVei $she electrolytic voltage ;before i mpe:t
OCVi st he corresponding open circuit volta
measuremeepr @shented ectr(@) ytic current
0.8 0.40
0.7 -(6.) 0.35 -(b)
£ 06 on 97h E030 A Oh 97 h
' 202h - 298h |G o T
<L?0.5 - 400 h 471h LS ) igch E 4213?:
50.4- 50.20-
So0s F 0.5 {
I 0.2 . -A"fé“’“ N DD: 0.10} ? P3 P‘{
"ll::‘;' L / P2 1
0.1 /2 0.05} /X
oot 000 » \_JA\/A )
0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 102 10t 1¢® 10t 1¢ 100 100 10°
Re(2)(a  Am Freauency (Hz)
3.0
= R, ® Ry
2.5-(0) A Ry Re,
R, < Ro '
€ 20} > Roa ® ASR °
O . .
15} *
) N > >
1 of : « < <
0.5p L4 ® ° ° :
0.0 A i - iy
0 100 200 300 400
Electrolysis time (h)
Figurlempe®dance and DRNhtofolQ&SILIMyalrwhen
t he IGPCFaliect(raiheéei mpedance wr)ve versus ti
DRT di;adgdmmendancsefvaleéd r egitoitna we t h el ectr ol

The
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summar Rzgérc@8nidabl &Si5n.cle t hi s trpgodaer ch ai
intbe trend of Il mpedance wvariation, r
I mpedawapermtssi ble to integrate the

I mpedandet heakbkee oDRTSmafile®r cal cul ated r ¢
mani febBaedt he i nmirgtsneean at elAISRdegr adat
Compagcaheudlaatieng 6ric8nTdabl ¢ &8f 1E€EO 471 h

electrolysis with 5 tSieMcre mddhfm, R he air
R, sRerRpRprR amme Be 78c5H0. §t MO .14 c rh

0. N0cmO0. Nicm 0 4@ cHO.2 crhand .4 cm

respectively.

Tab3lel mpedance valued . vdifblreSlcMugpiarng of C

47H t est

Impedance O0h 97 h 202 h 298 h 400 h 471 h
Rs/q cm? 0.2 0.31 0.33 0.33 0.35 0.39
Rey/q cm? 0.49 0.52 0.56 0.59 0.62 0.60
Reagq cm?  0.08 0.08 0.09 0.10 0.10 0.12
Re3/q cm? 0.10 0.13 0.14 0.17 0.19 0.21
Redq cm? 0.11 0.12 0.12 0.13 0.14 0.25
Relq cm? 0.78 0.85 0.92 0.10 1.05 1.19
Ri/q cm? 1.07 1.17 1.25 1.32 140 1.59
ASR/g cm? 1.64 160 1.76 1.84 2.06 2.3
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5.2.3 Conversion rate and energy conversi o

For the situation t hadelwxitiagp lepdesssi ve a
oheaenemgghdomedmed heatT mer ghhwer emnierr gy
conversi ofEEEJuUbled erady ul atEq3 .aécBcdor di ng t o

Eq3 4l 8ect i B[nB3B3]

Tab32eResul ts of tail gas composition and en

of Cdlulrd ngl €Ot rolysis with 5 SLM air in th

CO% in CO generated in  Electrolytic

Runtime ECE
the outlet the system Voltage

44.07% 20.27% 1.269 V 259 h 25.33%/89.32%

Due to t hevcodIteacgter oleyi ng | ower than the
vol tage, t he compensation energy requirec
tempecatubdeniognored. Similarly, due to the
air, the energy consusngd mede ntioce qpiweurse d t o h e

but t hi sh epaotretw goyrh eloefg | ii g c b tbked c ombi ned
wi t h i ndustri £Llonsviadeérei nhgeat wo application
cal c (EICEt ever e( 2bn 3i3derame a8 ¢ yahdower )

heat cons)umeelspgcthivedlyl,e as. Zhown i n
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5.3 Ltengn performance without air

5.3.1 Stability test

To verify the i mpactcedfl ablidtig@iyspnct r od e
CQel ectegpegsiwvmacearsri ed out sV p,plowyt an
utiliwoeblfrom thenamed Galch. 2 and C
respectCelell . 2 usicedr rag2n0td | eiést/moionl ay f u e |
at mospherveol €97 B2 1BCQ% avads compared wit
Cell 5.1 to idegsbdfa€E®richaendeglsli ai rl ess
condiGélolnmah wdectr ollt8.c8 Cmmdcemt 2 @ f
volCBolCO uellecarmadepher et hendaeno uwmhi c |
of dCOner dathed fiurlwashevh as®©perfot ddtee d
pur pwasseo demonstrate tdauldeapracdu ety ede dwy
SOEC systems

Fi gur esanfdcsd owa-Pde st barges of Cell 5.
Cell 5.3 befortecer@ég@dl edttreal ylso nsg |t was
constant cururechdr er e cdiirmoploygssensd igtniionsc ant
i mpact on the instanthne@abkl 8i 8chafuger
of 2€Dectrol yssuppMiyt htoou tt,haat maei rOGM eocft rtol
celédcreased from 0.99 V to ASBR)V, t he
increaseddciit omaO6MmBs| ope of pel,arainzdat i o

the maximum di schlaercdd meow&85 0420 snW/ ¢ m
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203. 2 MW cQel | 5. 3, .xflteen r®I Fnslicsoft®e@®i ng
air condihtei ®O€¥d dbdr eadheed from 1.1 V to 0.97
maxi mum di scharge power dersbtg68elreased
mW/ é&m Tdlreegr adhat OGW and dimis gbhed rcgaeu speodw ebry

carbon deposduriiomgeftnmntheest i ng.

400 15
—o— Power density before test (b) e .
1.0 .(a) e ; 1350 *— before electrolysis test
- Power density after lOOOhDDID%Qgﬁ@H?FteSI 14 ])'1 —+— after 1000h long-term test
L —=— Voltage before test _ 300 < §|>| )
i\_‘ ", —*— Voltage after 1099W7Dc?ng—term test g 1, 25%H,-75%CQ-Air
< N, e, D”Dnnunoe SLM H-Ai =3 Mg 7500 760 cm
2 p T ’ HoAIr E2 "y Cell5.2,1070h
® ™, e, oo 750 2 60 daw > g L2f 3,
208 " e o, Cell5.2,1070 h B 2 g
g Si‘dj " 150 § 2 q4) T,
S B, ", ag” ™y
> i ., | P A |
0.7 # ", ", g 10} ™
& Ly -, 2 S,
& ", ", 45 © o
. . H
|+ " = “ 0o iy
5 L N
0.6f . L [ : e
L L L L L PR 0.8 L L L L L L
0 100 200 300 400 500 600 -300 -250 -200 -150 -100  -50 0
Current Density (mA/cm?) Current Density (mA/cm?)
T T T 600 I o m
—=— Voltage before the test
1.2 L
(©) Yo e e S - Volageater e s
1.1fF y,  ——Power density before the tegfs g 13 3.8% CO-76.2% CEB SLM Air
—o— Power density after - 400 § . < Cell5.3, 858 h
ST ' E2
< = 1.2
o 1300 = &
g8 0.6 SLM H,-2 SLM Air 2 g
5 Cell5.3, 858 h 2008 & L1
> 08 T >
5}
o7l 100 2 1.0
o]
o
0.6 0 0.9
0 200 400 600 800 -600 -500 -400 -300 -200 -100 0
Current Density (mA/cm?) Current density (mA/cm?)

Fi gu4@ompari son of ofelCelples.f2ramach ckesl | 5. 3
wi t hosuu p pahi yt htee rl @ nogp eDiastcihoanr:g e( ap)er f or manc e
Cel J(BbE)2ectrol ytiocf peg(ldssmhmacege perfor mance

of Ce(ldE)5e.c3t rol ytic p8&8rformance of Cell 5.

Figuresamddhotwet betpol gtizati on curves o0
Cell 5.2 and Cell 5:x4rmefedrdetanotiyaveema | ong
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stable state of OCVs ia taetanwasamoéanto
i ntroduced during the instantaneous p
degr adamaioml vy r ef Ilwha ttenhdsretdn o@CV0,. 873 V t
0.846 V, and the changemsaotn AISRn idfuirc amgt
Cell 5.3, therdcegwasdmmheasyraintiaoagotics el ec
performance and ASR, withicvohé agenst a
correspo2@®@iOongmAif @ar easing from 1.022 \
(@app macx i Bokh).

The dur xbesllli syaonf i mportant par amet el
gual ictetpdeparati on and testing processe
tested for 1070 hours deredgr@&@ddé&atbBeunons re
8. 37%/ kh and 1Q %/akh ,sthrogwmnpheshbived war ds
the experiment warsd manalad ch 3d gwmo pfherd a
degradati oof meempksi sneint sGDMEt BcLISECEHFe s
wi t hoaurmeoai ©c o mimatrdh,e mec hcaenils nd egyfrialdlat i on
needs further exploration. For Cell 5. 2
Vt curve during the early st agvhs cthf el
mi ghhéedue cebtti vatdi ®ent raonddle reacti on equi
depl et i oinaprrcauxirmat eluy i 4G fmogt €ctrol y.
anaontifnaadut OuNSCleasewsp eld After 470 hou
t hcehangedégr adat eecodb@® nglt abi |l i ze, t he vol
i ncrdeaasrdledrhadat eonnach e@etldles .d&3egr adati o
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rat e wansa esdtdathilveat i o nwgh e mismetmwoedr v e

and t heraec wddeumrtisriophtghrem oper ati on

2.4
—— Cell 5.2, 23.8% CO-76.2% GO
2.1 —— Cell 5.3, 20% CO-80% CO
60 cnt, 750C
1.8
b
L 15F
8
=
> 1.2 [
a
0.6}
0 200 400 600 800 1000
Runtime (h)

Figub¥t 5di ageadam5CR whal®ti r i n-the LSCF

GDG@Gierl ectrode

5.3.2 Electrochemical i mpedance and DRT an:
Dur i nlgo#tghrem durabil ity test, the i mpedanc
and Caelelrnmee &8s u rteidmentter val s, anwdast he i mpedar

anal yzed and -l faibft ttogriley €. T@gh eECequi val ent

circuit di agram usedwas faolrso fitting
L1+R1+Q2/ R2+Q3/ RI4+Q4dMRaANgQRB/IRB. i mpedance du
| ohgrm el ect rdoelryisviesdmmahael y nt er medi ate fre
foll owed by the gas diffrfeugsuieonncTgi nrpeegdiaonnc.e 1 n
anal ydet ahkedt rveanrdi aatfi omol ari zati on i mpedan
progranmn mwhbhewietdhh e original i mpedance dat a

regul arizati ofmhtaceosulRFfgua.@e 4dhown in
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For Cel |l 5.a2erl evhieaeedd tnte s @appl ideud i wigt h
electrolysis, the variation of gas dif
wasery ascntaolrlidihreg itmped.dmee chas alct ®€r i st i
P2 -LtA@Wz)el ated to t heeaocxy gennGaEX cLhSaGF e
I ncrdeaansde esdih iofwtar ds -ftrheequbngf 2 3Bé@i on
characteristic pteraipphlBe8oeu i deepar getsigonnt iantg 1t0
19HZ 223 ahd the polariza*Hzdnriempeeadnt e
tranppBa3stB83 Al so edhisbhbimi | ar trend to P2
pronoadoBAThe above retsluat st mesggast ddf
pol arization i mpedance RP&dad fmodthe fL
unchanged duermgelbetldohgsgsdprabessty
Cel IT5h.e2 i ncrease in polarization i mped:
exchange reacti on-GOE t®he msdudcfhahcee thfe L S
air el ectwassduep prreeascsteidon and atell ee cmhircordoes t r
wadamagad addiet? itorma,nsport wabicedsr d RP4)
possibly due to the |l oss of nickel | e
pat hways.

To guanti fy t he pol arizati on i mped
el ectrochemical p r occoensdsuecstheedp®WRIKYV essp | i t t
to obtain approxRkRmhéat e ASR|I was achl KRPIlat
formula 5.1, and Fhgumreashd BlceWax .83 s howr
the extentserom nigdtshieo ntgot al i mpedance of
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fromclmt7o Bc®m9 mainly due to the contributioc
to oxygen exchangei paidwleda cthhe@ doem wenpe dance
nosi gni fi cainmhmeltanigneepsedance Rtserdnuring the
electrolysis process of 1070 was indicating
i ntact, and t hel ecmmald®t# $hibee scveernsad npHeat e
suffiDespnte this, mangt uhe&dmHtomegl abl e f act
term oper adeslplnsathl asgeneven pore distribu
di stribution, uneven current andtribution,
gradual sedlsiomn o gf ad dsidiheeeveintta bilny sroemseu |l t e d

di fferences i n Hompedalnlc®. 3v,artitaeg i ompedance
tredmuding t hweasfiimdtar723® ht hat of Cell 5.2, bu
at 8dbi8sphaayedcrease in gas diwadssion i mped:

mai rbleyc amwadrebomsidepon at t he efdgastk el ectrode

transport.

o
o

0.6

b) —96h
(@) . - ( ——120h
oh 159 h o

——287h ——386h

o

o1
o
o1

E 540 h 683 h % oen
L 863 h 997 h 0.4F
0.4 P1 P1 525h
1070 h -
g o3}
=03 e
= P2 P4 =o0.2
0.2 g
o P3 oal
0.1 N\ /"\
7 / 0.0
Ll SN
102 100 1 100 10 16 10 10° 102 100 1¢® 100 1 160 10° 10°
Frequency (Hz) Frequency (Hz)
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3.0 16
o
25 (CL Rs R;——Rp, \-/1‘4-(d)
° ——Rp——Rp,——R
% P, Ps Py © 12
2.0} ©
=
8 15}
c
©
©
8 1.0}
E
0.5
0.0 F . " " N ool — 4 .
0 200 400 600 800 1000 100 200 300 400 500 600 700 800 900
Runtime (h) Runtime (h)
Fi guBRB.and i mpedance values of Cell 5

oper at i(EDRT i onfe ;CEIRIT5 02 ;Cenipledd.a3n c e

values dfdpngedbbc?2 values of Cell 5.3

According to the I mpediagureacn@l edl at
Tabl g 8ud8hi®) ohegr meCOBctrolysis, the tot
of Cell 5.3 i ngaratacs effc 43 dnya HaOBtH 9
cmThe polarization i mpoeomtnocefcifn8cr eased
i .bey. ab.ou@MmMOver alwvhevmsat ri nf oo dtleorang
CQel ectrolysis, odaenidcnaidbnapsea cdcaan d ey aufn cthhaen

but the air electrode i mpedance increa

Tabl3evay.i sotfi dammp e d sonfTeel |lvba.l2u e

159 287 386 540 863 1070
Impedance Oh 683 h 997 h
h h h h h h

Rs/ 2 0.38 0.36 0.37 0.38 0.39 0.36 0.41 0.43 0.42

Re,/ 075 058 070 075 069 079 079 087 101

Red 0.2 014 019 028 016 011 014 0.20 018

R,/

P4

q
q

Ry q° 020 014 021 012 030 043 053 054 064
q
q’ 014 011 011 011 012 015 014 019 024
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Rp/ q2 1.3 157 121 127 126 149 160 18 2.07

R,/ q 170 193 158 164 166 185 201 224 2.49

ASRI/
) 1.86 160 168 1.74 1.83 1.92 212 232 250
cm
Tabl4evahy.i sotfi ammpedance3val ues of Cell 5.

120 185 258 362 525 593 691 773 858

Impedance 96h
h h h h h h h h h

Rs/ 2 (019 018 018 019 017 016 021 022 019 0.20

q

Re/ q° 1044 043 055 046 048 053 057 055 059 0.60
R,/ q° 1008 007 0093 009 010 014 019 025 023 0.28
Rey Q° 1007 007 008 009 010 011 012 011 015 021
R,/ om 011 012 010 011 016 019 013 013 019 018

Rp/ q2 (070 070 083 075 084 097 1.01 104 117 128
R,/ q” ¢089 088 101 094 101 113 122 126 136 148

ASR/ 2q 080 08 089 093 099 105 109 118 129 1.47

5. xohversion rate and energy conversion ef

During -ttéhrem| eolngctrol ysis test, the exhau:
Cel waasbkal ygethta®tr val s, and the energy conve
wacsal cul at edEga.c 2 drhckiamgglstue vt antsapar amet er

or ganifadd5Wi%t.h the extension dfictesting ti
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vol gag@euatlrgases, and the CO content i
el ectdread,e nveldi ch directly |l ed to a dec
ef fi ciCGeclyecotfr ol ke sOGCY ek mtuhrd ng t he

l ohgegrm el ectremas nguipise atbhdhdeaar ease of

ECBvasot cawsead RBRyaripdluirmrei.nar washatpi ci on
mi cr os torbwsd triwnmcdtlehce f uel or air el ectrod:
of electrode reactions.

Tabl5eRe5s.ul ts of energy conversiton effic

teC@el ectredtysi s

Electrolytic ~ Gas flow rate at  Electrolytic CO% at
ECE (%)
time (h) the outlet (sccm)  Voltage (V) the outlet
100 651 1.185 44.55 82.08
190 646 1.216 43.65 78.16
353 628 1.221 43.43 77.65
523 653.5 1.239 40.02 64.16
625 660 1.25 39.56 62.34
863 667 1.29 38.42 57.83
960 685 1311 38.68 58.86

5.4 -Lengy performance without prot

el ectrode

During the opgertabeiagepl|afcal30OBpG scenar.i
t hfeu el ed acn@ioadieedc by greessias cd e wi t h th
the over at ¢slale & ad dhoexg saiffa bt he t fyuel el ect

very | nrpp@mthamichiengseal ing and oxidation
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el ecsticwtl iy, s masiemaprcdhv e mecred 8 r 1,0 tgulhaes s
seamang,riand assemislpecpfceedbd s lynes bewas
reduced from 4.6 mm to below 3 mm, and sho
were used to phystldail mprpvessheizealkt heg and
bet weleencd raomdde er.Dpt ahg@ operation, the extern

of the pr eswab0i0z edy ocuad,| ubmriat &L G4 0

VvolNb xtwaiseat roduced into thxredause! el ectrod:¢
the equil i bri ugadgiafsf usbe higdampoduan @asf u e |
Theemdnufactured accordi wgsamed he I mpr ove

Cel | 5.tdhjenianidal charging and discharging pe
Sshowhi gnrBh@CMV¥nd maxi mufte plwsd4€ 057

V and a®8dér WO »f6u &IL Me IHe ct raomdce 2aat SnoM p her e

el ectrodeUatmosphteine me s p hSevlfog Ho@f5 2

volC® the maxi mumwameaached detnsapgpr oxi mat el
500 mA/ comrrespondi ivgp|lttom gen odl eamtprrmlxyi mat el y
VBased onetkRretpeoi yo adoa h e etfivool wpd g e

1. 1lwas sel ehlecetdg frmrentC@esk atircesiysis

After 100 hours of operatstomppetdh,e aenxdper i me
i nstantaneous <charging and discharging per
agaticmompare with theAcoort dliahgcpteosfeorimance
Figurnethe8 starting currenivo!| ev@dgieng current
cal cul aothetdaai h o u rdreegmrta draadtieon o f approxi matel.y
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3Yy%h Compared with the igbsetfarmnrtea naenodu sa fpte
|l ohempmotentC@sltacti col ywsaiss ,t hen dnatx h antu m
di schargecpdgdasoend 18. 6 W to 13.4 W Th
el ecttivanll tgda g @ n teita ct eiOy onPA/ncm & r e md

1.176 V to de@oadate@ekhh2a

1.2 T T T T 25
.6 SLM H;-2 SLM Airr, 60 cnt
(a) 0 M Ir ¢ ( —=— Voltage before test
1.1f —— Voltage before test Laf —— Voltage after test
. Voltage after test 420 9 .
", —o— Power before test __oncfsg, 0.15 SLM H-0.45 SLM CQ-3Air

o 1ofe ., Power after test_co® °
2 e, o 5% Z12}
o Mo, pug
2009 p g &
= i T = 8
S e ., 0d =
> o7 bl a3

08 o ' 1.0

o7 1
o [ |
e
0.7 o "
Jag 1
. II 0.8F
0.6 o o A A 0 i i i i i i
0 100 200 300 400 500 -700 -600 -500 -400 -300 -200 -100 0
Current Density (mA/cm?) Current density (mA/cm?)

FiguTlendtantaneoof$ gLofeff®orwammna after |

t er m @)es ¢ hpaerrgfeo r(nb&maregeer f or manc e

sk 03smcg+o3sIMN
< . Degradation rate: 3.57% .
2 ‘\\'—'\'\\J\___‘
fg A -
S 16k- ',..MMW
> _ f .

14 L L L ) L L

0 20 40 60 80 100
Runtime (h)

Figu8lodger m per fCoerlnia®n ¢4l No-%& ol . %

CQf uellectrode at mosphere
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5.Analysis of degradation mechani s ms

After th€R@edtrgtirestysi shewatcseomderdat ur e
fromATS® room temperaR2urAcCfamtrn duraher of 1

di sassembly analysis.

Figu9®Madro moofkeolladdyr durability test

Figur@Max.ro morphol ogy of Cell 5.2 after dur
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FiguXleMaxor o mor phol ogy of Cell 5.3 after

Fi guX2eMax.r o morphol ogy of Cell 5.4 after

Figures.Fhow the macroscopcéel Imor pho
aften empghmature testin@eld.l”RmCeinl @ hem, t
stkhégood cootnheea ct e lwe d¢ thr cder emmdpd amag e
caused -tbheympreirgaght ure testitmge wamzmardd §cove
struct ureel ldfhet He agment ati ovmamamnnt e si
caused by vVvi oFRemtCdli lsim.gsshetudid treedduci ng
t he fuel|l ®€hecicnebnditie ritenlelt Weismdyan oxi di z e

st dtgag een owhlidre)n ptahtee a didnlgeut waa ot
133



on

ofr €®Oct

t o byhhéeQer edurcol pai

due

I di zed

0 X

=

nlet

L1
.

;

.

2 |
A I"F‘_,°.,.Ce'll

s Kadod
\Htrﬂn_
aﬂ.:

3

f,
Y
=
=

1

Céll 5

49 s “go

,w._ﬁ

ul anbSn ~a
.?(J. ”

ctrode

Electrolyte

134



IN
o
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o

(i) Cell 5.1 (J) Cell 5.2, no air in LSCF-GDC electrodq

A —

—— ref
——ref —=— inlet
—s—inlet —— outlet
—— outlet

w

U1
w
1

w
(=]
T
w
o
T

N
U1
T
N
a1
T

n
(=]
T

Content of Ni (%)
S

Content of Ni (%)

=
Ul
T
[
a1
T

=
(=]

i

o

o
o

5 10 15 5 10 15

Distance from the electrolyte (um) Distance from the electrolyte (um)
40
(k) Cell 5.3, no air in LSCF-GDC electrodf
35k
\O\f/zo [ ‘\/
Z 5t —=— ref
S —e—inlet
IS —— outlet
5 20F
s
O 15
10
5 N N N
5 10 15

Distance from the electrolyte (um)

Figur &EM Photos of the test(ead) cel |l s an
Ref erence cel J( bt ed ubo flic@ue |l b&hiel lyp)s . 1

(dnl e€Celoff(5e0u2t | €€l p(BiNR e€Ce IBf(GOut | et of

Cel J(5hn3 et o;f( Ng@lInltzind di f f sofenCelrleyi dDn

()NiContaetntdi f f so e n€Ce(rkiFo dtnetntdi fferent

regsiodn Cel |l 5. 3

To quantify the cphearncgoel atnNintghceNma nmau n ti
the fuel el ectrode was <calcul ated. St a
andftuekbectsl o depe atve desi gmeé danal yzed, a
the propenrtciod & togrtiitg aNrie &) wias @&adfiltul at ec
with | maglkd4@dnfstivda@irenangges pr ovamed by S
3D str uchteurfeuedf ehecpraodtdecl edisdoze i n S
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match tmbdtaaotndiahn@geed as a reference. To
randomness, mul tiple swedrse odel mictreas cfoqri c
c al c utl haet ianvge rFa ggeu rvesahn siveh ¢ f e&all.ldlfst e r

471 h el eiciwgi d By il s .rteflsdtd t dt hantdi tcfae el os s
oppercol aticwmigih Ni he am eaawayh aftr obm t he el ectr ol
wi Nh content beingeg@o@&@55%4a02%het i nhetoutl
reg.i ochowever, I n gmhawagcdmadmatdae, el@ctrol yt
wabigher than that The tafulgteds&eyr®nce cell
revetaH e dNi t bfeuteelnteliencit.m®adewerf Clkah t hat

of the untested reference cell, especially
As refewasceeskeéed, Ni cocbehide gpder da ef er ence
as theord&dticanhteafamaawdtrhoen arheea el ectrol yte
the inlet, S5t&2edotuh ¢ etvedotd €@t €22e87%, 22. 7%
and 26.15% respecti edlhy, |wksidcitgfu ruei tctkeerl .c onf
511lkevédlxdlonntaendi fferent, srasgiecqinSfEoMo mC & lhle5 . 3

i magheé€ nickel contenwasatgntihfel ciannltelty al nodweoru ttlt
t hat rceff etrlreéibe kppdarsc aifiadc k enlg particles at t he
and out ICetlilghde3 rel ated to the decrease in
OCVsuch theatl edkueede edfedit roedtee¢ gglaasf f ect
struacft uCedolnbp.aBghe trend of nickel mi grati on
Cell 5. 2, it wiask éloumidg tCé th iit dennltlieerde ntdo obfe
mor e obvious
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The nickel panbtilg|l €ed ilabed ,ti e CrédSfl.e3r e nc e
cel |l were also calculated wusindg the segme
analsyosfitswar e, and further ip@rca@@ea.omsed by desc
The statisticalFiges2ss bedatkesbelwhsi were ope
under high temperature for a | ong ti me, ni
occuwadt t he i5nQed . la2nfd Cell H &i. Bd vmiconues
Ce3 .IThins gbhet because t lbewamwsdh tliameg eorf tChed n
t hat 5o0.f1 ICe ], @etlhle p eprecrecnot|aagaer nbigectNeese n
0. in*0s.e>’decreased by abbuifd ndo%,crvehisleed i n Cel
by 3AY %. or thGe lplesr.c3e,nt age bet we.ierk e | particl e
0O.ea enly decreased Thhey pahbeonuctmeh.oh4 % f ni cke
aggl omewamodi oabvi ous, but Firgur2gg h®e. Inor phol o
ni ckel mi g rbaetciaminer iacmdsmli gWissloci at ed wi th
fuel el ectrode he x il Modrteeroovneltueeget o t he sl i ght|l
hi gher operating current lodraUerirlemmt3 compar
and more severe electrahecpel amigatitom@nf ur
These meaemsiuflelsdaedwi t h t htehfeoeturerleercdaea odte
reacti on, niacnkdeilc medg a atetrivemam gl ved in cell
degt ada, andoftnmiegchhdpgndoepemd hmaed

el ectticaor fy@ @214 2 |
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Fi gurdeRaSmalpectrum of d45hel,o wbt.l3etanadf Cel |

To furthedarhleeoalf i car bon IdeetpgrsitCON du
el ectreoddymsplsed . df €ell 56wl e prepared al
the flow direction of the fuRBlwe gtas f or
the higher CO contelhlc aathbotnwade@puwesli éti oof
l i kelyther@dbeukbéofepmsueni ng Raman ana
the outl ett edofie stalmexr @ sessar vy .Brad eidmpaor tt ehret
resuFiug ei3di gnalappeaki3mhdcmead cm
both the bHbull aendlofCel@keflati ng ocatrhbhen dej
fuelectrodes,5. .26 1 eodutior t IC@, i lclalr 7b0o nh
deposwatsiommd at the outl et. Local car b«
the fuelmighecomedef t hien arechasgendad dtoiromn h
rate S.fl Cerdd Cdl Istholul d be noted that
Ced.11 andva@elt| 8a8sed by the addition of
't t hwaspfeocruel at ed that | ocal CO concent
mi gehxtceed the thermodynamic critical v

139



OpOIII[A [oNn]

esl ‘I
— e !
cl o
-t o
o o)
<3
a s
o

OpOIIID 1Ty

FigurdeMix.rlo mor phol ogy and enteersgtyeds pectr um

ekl (a0b)anGet) 5and ;(d) &€edl 6f2 Cell 5. 3

Subsequently, the interface characteri st/
CQel ecttitrecodty were analyzed. To increase the
results, 5he, t€s@dddlvB&red |f i | |l ed with epoxy
i n vacuum, cut and polished,esandt st hen cl| ea

the micro morphol ogy aarde esnhtaiugrye isrpectrum a
514Several Sr enri ched5.p2h aasnedd iGgeeklrle5 .f3ound i n
510danHiug 814 . waspecul ated that strontium z
strontium oxi dmi ¢ heftcoobredeadr yd upeh asoe st he hi gher
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parti al presoiCed .12t ahteChdludibee 8], ower
concentration of dSwy@reec ivpmictaatcii ers. ilInti t
noted theaesDCt ebet6Chide T @edeaechl wasexpos
to the | ab environment, amidguatdy rgmal |
an oxygen exchange reacwhoomowoblbed LS
i nhi bited with the 1inc[r2eda2sle of oxygen
There was no obvious %.(Beingeunr4dn |5 .slegr e
but severtahleSCEBCKkali ¢t rode wewaes obsery
reasonabl eatoomnfempéhature ex-cess ai.
temperature furnace through the air in
temperature. Because of t hteerpen dteudr ée
furnacwaas ttheemper ature difference bet we:
the ouhS@HEC,0fresulting in uneven distr
The wuneven distributi odaangfe tthoertmad ait

el ectrode structur e.

5.BuUmmary

In thidlw@abaeteol i ds oceshdeer ee | eencpdl rooyl eyd
investigate the effects of different f
at mospheresareleeac¢t ool yoltageson htehe du
degr adnetcih@ami sihulodé $ 1 maascdtuurrien g S Both g

el ectrol ysibsy wa = taredloypxzee mi c al i mpedan
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chromatograp®Hy,anIEMRamaD Thee otpread sad a ;yg.
condi tidemgs a@dad eoduring tided exgearodtyisams afn CC
t he ctedatrter ganifiadd6eT hSse. degradati on reasons of
cell smmazere Bablve 5.

Tabl6eCobmpari son of operating parameters of

Runtime  Fuel electrode  Air Current / Degradation
electrode Voltage rate

Cell5.1 471h 23.8 vol.% CO- air -200 24.41%/kh
76.2v0l.% CO, mA/cm?

Cell5.2 1070 h 23.8 vol.% CO- - -200 8.37%/kh
76.2vol.% CO;, mA/cn?

Cell5.3 859 h 20 vol.% CO-80 - -218 10%/kh
vol.% CO; mA/cn?

Cell5.4 100h 50 vol.% N2-50 air 11V 35.7%/kh
vol.% CO,

Tabl7eDebg.r adati on reasons of tested cell s

Runti nDegradation reason

Cell 5.471 h Migration andnaggkkomechest
el ectrode, carbon deposi't
Cell 5. 1070 hLoss and aggnioarkeea tattii mlne so
el ectSrodgegregation in air
Cel 1l 5.89 h Losxniacfkaerdticles in,Srheefgu
in air electrode, carbon

Cel |l 5. 100 h Oxidation of fuel el ectro

Thr ougrormptoesmh anal ysis, the following rest
(1Dur i nlgottghrem opera&t iecnh rof yAde SOEL,f | at

a | arge amount of awascetntccan duwcitvhe tad rt hed
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| ovgegrm oper ati ovmama@af ntl lye beelaluseThihe ir
of a | arge afbminttatoifoncsolodn aegxrperi men:
i ncrdeadsel ocal temperature difference
d amalghee t ot atlitceme c b fwd®e71ll 5h,1 and DRT
resul tesdt hef Ideeqggtr adati on of fuel el ec

ti Mmee&eCE al c ulhatoeudlgh GC results was ab

SLM of air was introduddhed SgEMt o t he
characterizati on, irte awamu dflomualde ¢ thraa d
degradatshenmi gration and | oss of nick

(2Under -CBHEUuE€D el ectrode at mosphere, tl
el ectrolysis experimdmnt hiemaai coaldect e
Cell 5.2 ran s28abl yWAfaemdl1Ce&0I1B. 8t ran
8Bh &t18 n?A/ oviie dir ad attiesn bel Diwe 10 %/ kh
i mpedance amndenmRTsStthreattielgtsadatt be air
el ecwaene of the i mpdhamdlalntdeaBywasdatsi dn
cal cul e&tCiEnhgr oQubgelte sul t s, it was found
conversion efficiewcyhountraasesduppl pV
el ec.tMr ode s tcrhiaatawcrt perrd zemd ti otnhe mai n ¢ at
aierl ecdegdadavasihen f or mati on of stront |
bet weerfGDICS@F r aenlde ctIS&ocd.er ol yt e

(3Under t heofcloeedf uee bmeeilnegc t v ooldted en t a
reducing atmosphere, CHyl Spotyismgrad V&
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sealing perfChremarcdtt pdamicahlsleeved for about

100 h, wastt ittHerae ri sk of oxidation of t he
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Chapter -téer nLopnegr f or mance and
mechani smebéctCGiOnl yaantser mi tt en

renewabla&ssesoneirgtyed scenario
6.1 I ntroduction

The transesktopesmgpgalwecéadr boni zation are
measures t o mitipaz4eedddl] Wnatdea pailwaemg e
phot owmll taaa nade loltsher new somd gy heomosés
i mportant <cl ean ehectgusheeo onficsensa.t cHo weevt ev
new energy poweerx i safimges powdert heri d, i
power exchange between-sccadieoren,eragryd stt o
equi pment , the abandonment rate remai |
share of new ener[gy4sH06 wWremd mgigr at i on
phot ovol tmpa xsseesnsengy r amdiomtheasd | i ght

rapidly change accortdii mgi rtgne s@ o, clam

fluctuations in the oufpai]Thewenxieoefinmn
power grid system is more siutiht afbilxee df or
power generation, s uxrhduacd etalre rpmpaMe rp qwe
For nonlinear wind and sol ar power ge
intermittent . Therefore, combining or
systems is the key to improving the e

generati on.
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Thel ectr ochemofcalSSrEés popoenseompl et ed al mos
i nstantThree edlodrse bietenyprepesaed hlers for eff e
management of inter[nRif2% Ejompaeredwabl et baprer gy

types oficeelld stsc &ShOEWI t hst and a wider range

capable ottnsbabbeetand nonlinear electricit
power into fuel and -tad dvihteXemalf epsodwct s. [
various chemMmi2c205 1 ]pr okdecemns) year s, many r es

haveported on theel epcrtagrlieysssi sofbgCPr epare CC
SOEBC 25254Llompared to usingsaoasehdrs tfyopes of ¢
CQreduction, the reaicsi machcsiympieg {60SOE
CO+14)20 wiothhvea scon rate of over 50% and a
selectivity.

Due to the high oper at idnegg rtaednipteiroant ur e, t |
SOESC s o mmblowever, most studies on the degr a
of celll performance are mainly carried out
as constaemtonsuaneéen2p3d3kd e haomdihew reports
exiosnt the direwttrleomivabbaei emeirgy power Wi |
periodic PRPdmicddiasgtairemer eonft t he ofmain modes
periodic fluctuationswhiimalt esewkwabwea aser gy
puldser rAd nth.culgEharleess ef f ectdcvuer riemder pul se
conditions, some r eseadcauharemnthavaen prmpp osved
stability and][ E&bBthadragf erieh,p cteheinsoyt e mpt ed
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Si muéh@d ntermittent renienmadll eendbwnetrgiyalp o
applicatiwnilsiczinatpedaSOELtudy tdhe cycli
current betedt ool spreparati on, and
performance delgaagmesih@amds ms under this
cond.iTthieormpur p s @eswapsp otra&a f or t he adapt a
of @0ectrolysis for renewabl e energy

under fluctuating operating conditions

6.2 -Leng performance wi t h I nt er
energy
6.2.1 Stability test

Theepdeparati on process and assembly
det aChaptneThe3.ilni ti al per f Gaebrlalree t est
showRi gar.en 6difisec madged. 6 oé&6dM H. 5 SL M ai
werientroduced to the fuelesgleg€lhtervedeg tF
vol aade proavlsaute AO .i i tveenwvead ar ded and col |l ec
t he plddetal a a\ 8P c uAfvteer complhestiamg ané@eus
di scharge test in SOFC mode, the int ak
wersevi tcdhed mi xtvwrl EQEY IO and 3 SLM
air iwdg oidrutceedt he air eceélecddcheai caflt er
equilibri um, i . e. ttehred esdp ethoalcidzne ui t Vo

el ectrolweadtsaadThoeH\Ver el ati onwde Ipt aciumrevde
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Figureh6wtathe instantantebSaGF Q emofdoer mance c
bef ore tahppdida®nt reent et g CAS od bysad r8veeBd ,

hour ¢ 10fL cycles) testing, the maxi mum powe|
271.8 “mW/ cln82.38 mwWdcmhe OCV decreased from
0.99 V, adnadmacgaet gtatgi g mteness ofCeblst ructur e
Figur esht.twhklke i nstantaneous CekRlriftnor mance <cur

SOEC mode befoderuramantad bt et mpall si s

Figur@om®pdri son of instantaneous perfor manc

cycliogiesgt h@Egectr ol ysi s

Af t&08oulr (@aD1 cycl es)watse ssi ggi f itchaenrte
fluctuation in the instantaneous perfor man
(area specifie rcagivet amace)e asfedt,heandd t he OC
from 0.90 V to QGQ.hf@lé&dviVoudccesdanght owhen wu:
vol >%5Hvola$% €Cloe fuel el ectrode atmosphere
CQel ectrolysis under the samnlenosxiytgyen part.i
as this work, the discharge power and OCV

downward trend after 100 cycles of el ectr
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