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Ik, R T E K SOFC 72 7 b b 2 A2 of 3 45 AR & By 7] AL

A E A PR HL T MY K e i

[ (% 46 0 1R ) H 1 (SOFC) PR LA 1k ) 3 o7
J (AT A PR R A Y . S, WA R. R
SRR B A5 IR RN A AR AN (B 3 Gl iE SOFC-#%
S ZRIRB A TG A & AR R & 80% LA
MR AT, Az B R E A, AR R R TR A 4
AR 2 R, — B [ PR 2 R B Rl BEBIE 5 1
AP R PR ZER, R RREZAMX,
L R HAS | RIS R i S R AR Ak T
KIARF ST &t &), JiskfERK 5~15 Frp, 2k
SOFC # AR k. HRETHFHIFF &M SOFC 454,
FEAE RGN M. Delta(A)2U S
REDNFEAR PRI A LS. Hop 4830 SOFC T
TO T % B (T AAE R i b AT ) . MERERRE L 12
AT /INB TE A S 3 DR R IR 29 0.1%/1000 h) 55
% AR A5 T 2 B AF ST LG Al B T Bk AR AR
it 50 L BRI A BB A 4 e 8 H i 5 4 v S PR Y
HM, 3 SOFC X 43k I EER S R0 | B 32
FERVFIBHMN 247, By SOFC #RAEIREE 17 Fh IR

& e, BAM BB S5 s . FAE 20
tzg 60 AR, AMTTE It A Tk e il ok i 1 A =X
SOFCP!. & [ il 7 )& (Westinghouse) A &) H 1960 4F
TF IR B T ) Rl A B 48 X SOFC Hu it HE. AT A
Hi, fk 2% <4 U0 FH (electrochemical vapor deposition,
EVD) ik il £ 485 2o 3t ), K B 4R 5 1 R it A B
HPERE. 1997 4E, PHEARIER 75— ik
SOFC K Hi i, Jfmi3izts 1 20000 h LA 11, i A%
HL B N AR 2 32 4T 80000 h LA |, JFSEEE 100 22 Ik A
AR, R ER/NT 0.1%/1000 h'7. SR, HriR
&3 SOFC W Tl A4 miA =, BT T H Rk Ak
PR, PIE R SOFC IEAE [ F IR Jr ] & J# (500~
800°C). A T #ESh SOFC My lkAk, ik ZEF X
il X SOFC 25 T BURMUR, $ARERINT LT, I
WL B T TN B2, i T ss i, AR
SOFC H il it Fliz 5 A, HEsh HA H Sl Ak.

K ELERRIEAA HHEM T T, T 1999 Ry 1
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P A R FR AR R G TT &, BEA KF
KL B = — IR R G R AW FEREIF 5T TAE(EE AL
BB LR 1), fEHF SOFC BRI L& . SECA 4
AV P S FE U R SOFC i B w2 T FL g bk
TR G, S I S 45 2 SOFC iy HAR 2 %0A T
FL(300 kW)BKBIRAEHLAY KRB R L R 4. SECA R T
X B PR RE SR R AL, IR E SR IE T SOFC R 41
WA HFR: 45— W10 $800/kW, 45 — 1 I A $400/kW.
2007 4 SECA SE T8 —M HAR, EXIAFELZEMH

SOFC J&/R T AR W/nTE R RS, B8] T AT bR
(<$800/kW). HEI, SECA T H#FE3ss — 1, %
B X TR R RN E— 25 B AR AR (<$400/kW). SECA
ErEH AR MEN TNT R TREEHE T
FUAS [R) BB B 22 A 3 L ol 95 [ A 8 1 RE R
(Bloom Energy)/s F] AR AN SECA i HAH, #1/Z
HTT SOFC  Ha, iy M 25 5al i 78 7 b A fe i s 9 B 6 22
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FHET VM SOFC 454, Hiz A al & T & H ik
LAY 100 kW KL RGERIHE, 2011 AFRZEHLA A F 4
MW  (http://www.bloomenergy.com/fuel-cell/es-5700-
data-sheet/). BRUHMZF SOFC W A& By BAA7 3= 5 M fH =]
i F F %5 (Forschungs Zentrum Jiilich, FZI)#F 5% H.0> |
P} 2 1 FE 35 R (Topsoe) 2~ Fl . faf 2% BE U AfF 5% H 0
(Netherlands Energy Research Centre, ECN) , i -+ ) 75
/K 7% (Sulzer Hexis) 2~ & ML & 3& EH /Y 55 #r 3¢ #r
(Rolls-Royce) F14) B 7 (Ceres Power)A ). X LG &
N EBEE TR SOFC i M & #H 2GR
WF &, BB A S HE LR TR, H o R T
REAL SOFCCSE I A5 | FFA . W REALEA AR 4%
f) SOFC %%t). SOFC 600 %%+ ~1i H. REAL
SOFC(http://www.real-sofc.org) i H % H 1Y A 42 5
A SOFC Ha it HE 119 A5 iy, I % FL oyl AL FHL T Joe Sk
A9 TAE. BRAEFRAS MR A AL I8 IR s 34 25 1
T ESEBBOT NS E BT . 100 WHEFRLL L 0.5%/
1000 h FE W *; SOFC 600(http://www.sofc600.eu/
about-sofc600/) Tt H W & £ %I £ 600°Ciz17H) SOFC
HATHEGY, DA Ay f IR A. A 2008 4FFF
IR, B SUR S T ER-EHEZRITHR, 7R 2008~2013 4F 1],
BRI R4 AR 54 5402 BT, TR bR
T T AR 5.

H A f i F 1974 4291 i SOFC (AR CHF 5™, it
R4 TEON S S ARAFRNRIEAG/E. HALE
BRRE Lt 7 T A 2 B WU AR B A —, HAR W
BOR M ShiE ARE miRiL. BT, HATE E PRk
P It 4000 L T 40U s, A SOFC Rl Ak fe il 3
A E R H AR U RE Tl R 25 A I R LA
(New Energy and Industry Technology Development
Organization, NEDO) N H, M 1989 4EF 4 SOFC iy
AH A 5T FNEE R FF A& (www.nedo.go.jp/english/index.
html). FFEMENE BN FEET FEEALA, W
RN TN A NAR FEELA: HAZEET
P R 224t (Mistrubishi Jukogyo KK) . H AR 5L k2L
24t (Kyocera Co.). HZAH /= H 8 4 #k &4t (Nissan
Motor Co. Ltd.), H AR5 LWk &4t (Tokyo Gas
Co. Ltd.). HAZRFKIHLERHE L34t (Toto Led.) KB
MRS BRI 24t (Osaka Gas Co. Ltd.)%. H A TL4
F AT B (Electrotechnical Laboratory, Japan)T
1986 AEHEFEH 500 W B4 20 SOFC Wi, If-41AL
1.2 kW KHZHE. XVGH J1/8 Al (Kansai Electric

Power Co. Inc). A5t /A w](Tokyo Gas Co. Ltd.)
5 R B 2 7] (Osaka Gas Co. Ltd.)ZE Bk I M 5 [
ViR BN T 51E 3 #1125 kW R4S SOFC Ha b Mk
AT . HAR =288 Tk #kaUa 4T 1984 4G
i % SOFC AR, FEH S T4 SOFC it HE K K
YRR B RG], A5 B )1 /A F](Tokyo Electric
Power Co. Ltd.)5 =22 & T A 1EHRMS T it RN
35 W HLE i, RORHR Ak 3] 58%. 1987 4E 7 H,
HL, T & Bk 2241 (Electric Power Development Co,
EPDO)INASAE, JF& M 1 kW B4 SOFC Hi th HE,
JFEELERIZE TR 1000 h, FAHH DR A 1.3 kW, =
T F 1991 4E /R 1 kW SOFC HLjth e, 847
A E 1000 h; 1993 4B 7R BT A 1| kW SOFC Hijih
HE, BATIFE] 3000 h; 1996 AEWFHILY) 10 kW H &
SOFC, #4517 5000 h. 1998 4E 3 H, =ZE#H T 5
T R A E, e s 10 kW 2
SOFC. Hi il PH R by S8 Ak B/ 48 Ak 52 e e 1 S A
(NiO/YSZ), # Ky LaCoOs, ik HIZ5A 21 kW,
BHBORHA 35%, ARHFIHR R 75%. 5] 1998 4%
i, BIETT 4000 h, T RGE, PERER R
H 1%~2%/1000 h. JT4FHK H AT L H AR
SOFC #rL et 28 48 Jy e AS % 2h, © 1R TR H
700 W X SOFC # A Bt R 50 MR R MRkt
o). HASEBH S H A REIEA A (JX Nippon Oil &
Energy) T 2011 4 10 HmigifEt 700 W IR H
SOFC Bt R G, HEHBYCRN 45%, HACFEN
42%, BERCRIEE) 87%. XFhFH SOFC #HLEX It 2
DL R KRR IR, KRS m i A fA Hy
1 CO, i SOFC & Hi, JEIMSLMLLS 8% S H T
POK, A% K2 270 J5 H oG, R E LR
F A B R 50 32 2 HEF T3 e R R ) H b
HE(PEMFC), H & BRI 37%~40%, f#H SOFC
Lt E A R PEMFC W] i & R CR$E 5 5%~10%, H.
HAGWRFT /N, (HRGHE s E A 50 min 4E
KN 130 min. L, i SOFC HA AL R
ST R 24 h#ESE TAERI, 1 PEMFC 19 &
geal DL om A Eal TAEREES. iZ RS Bl 2011 4F
10 A~20124F 3 A&55 R 700 5. 7£ 2012 4F 3 A 13
H, HAKBMEA A F](Osaka Gas Co. Ltd.) . Z{5H
HlL(Aisin Seiki Co.). F ¥ . KJF#il{ENT (Chofu Sei-
sakusho Co. Ltd.)Fl1=E [ (Toyota Motor Co.)5 /A Fl
XHANE AT, ] 700 W SOFC i Hi B {1k 22 45 “ENE-
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FARMtype S”E AT & T, 53] T 48k /K F
) & AL (46.5%), IFF 4 AR T3, Mgk
2554 275.1 J5 Hot. Hth H AR BB ALK R 1 T K A
KR SOFC WA & F % . A 2 4 % Tl 28 A
(Sumitomo Precision Products Co. Ltd. )T 2013 4F#
LKW IE ARG 10 kW MTH RS, =35
TR 2013 FIFRERTI %N 250 kW B9 SOFC
R HETT B, Gl SRR A, TR RGN LR
ORI B 55% 4. =3 B Tk iHRPK SOFC 544
SEEHLRZR R A, el 800000 kW A HL &
4, P T0%LA Y K AR,

AN, INE K Versa HiL I % 4t (Versa Power
Systems) /A F) B K F] 1 B K B HL i (Ceramic
Fuel Cell Ltd.)AR]%F7E SOFC HLHME 2 & L R 58
T A & B AR, BHFLEE TR
SOFC % .

rb [ B 2 B Kz Ak 2 BRI 5 B (TR K1k )
FIT) T EEME A BHAR S )4 5 SOFC r . K fk
Wy BT 1) = IR SOFC I 58 40T 3kl i T+ FL 4% 45 1 SOFC
H b 3R L B D032 A7 TN DL b, SRl SO &
3 kW 25 SOFC HL e, S5 it D336 2] 2900
W, FER R AE] 2200 W L F, 2 E N
YR B9 SOFC H k. E Al K2z db =) I
Je T30 SOFC S A4 b} Ko BB = #4845 =X 5 i otk 1Y)
WEFE TAE. H T e F AR T T i & R I IR e 45
AR HTHUS T R0, FF & 0Ok & 8 Ak B 56 B %
RIRBeLE BT 2009 4 7 i i T HE AL+
RYEE, =R BRESE & WAOK S 48 AL B P e 3k 3
B PRI SRS, SR FH IR 0t - B 4 R 7 TR S - 45 b
SRR EALES (LSM-YSZ) Btk | il %5 LSM-YSZ BAK
INREZ . YSZ O fift A NiO-YSZ B i, 2
1250°CHehesh, ST MM ECE L, HAE Y
JFEEHE(OCV)E T 1.0 V. A TR T4 B -
FRIREE AR T BHAR S #4520 SOFC 1yl B2
HEGE R Y, UL T 11 A HEAS 28 SOFC #
Pt 2L S 1) L b, T DA R R b TR, R

1E 800 °C [y H T # w034 421.4 mW/em?, (RFRI) R %
JEIRE] 0.9 Wiem®. FEBASS D, BibdELE 10
ARG PRI 6 A R AR R R Y. A A X PR S 1A
ALK FH R 4 3 U2 e 0 R Oy vk i 4%, HL I
R AEBGRE T 2A880 s— Lo Rm,
7 I 2 8 T TV R A A D i A T A o S
PERERYAER 20 SOFC. M i B A e v T 25 il 4% B e 4
3 SOFC L HL L 7E 800 °C 1Y LR % Ji 155 35 900 mW/em?,
FH 4 A PR A AR L T E D) R B 3.4 WL AR
b T 2% 1 25 B A X B R S 3 A A A e o i b
AE AR K™, HAEAEFLBRIE N 30%~40%, Al
L AR AR AR TR R 20 AT 50°C1),

SR, FRE SOFC £ A K5 kik Bl R LR
K2R, 1995 4F, LEVIEARISEEIKETT T 25 kW
B30 SOFC /Ry A H RS, 1998 4Ei517 T H T L
(1100 kW)E =0 SOFC /mit kL 248, i E| Haum ik,
K EPE X SOFC %k HL R Gk b F L RRAF 5T B L.
2 N HAT &Ik E KM X AE SOFC 408 (1) £ AR K-

2 EX SOFC HLHER B AR BLIR

SOFC HybHER & A 1930 4ELCK, BT £
Fhep s e A BT . AN 1960 4ELLE, HijthHERY
Wt EBE D TR XA ZE . 48 =
J& SOFC FirkifA Mgty HAE X 0k, anjs
TACH FE IR L | B AR RS L Rl R R R R
Pt 2540 R P o r v M 25 4 119 45 5 SOFC H
MEeEMA LREET TZ288 TRARSE, FU
R IR e v, T HOR B 22 AN TE T R
% il A . PR 4 2 SOFC H it i Xt Lt L
& 3. &5 SOFC nl it W EE L5, Mo
WU TE; AR A U TG ik [l e e 5 A A
ZIATE IR N R B, s mhE S
AR A L e, T LAGE B AN 0 2 U 4 A R
Sk B YL 22 ] P AR TP K ek 3 ) 2 fef
FE A 02 i v i A 420 Tk A A0 ok %) v AR 4 8 4
HATEEHL.

F2 REERMXFE SOFC S8 ARk F

5 M 1X EJE| EJE| i ERN

P 250 kW 30 SOFCHAAEHL 100 kW FA L SOFC KHL RIS MEEEL, 50 kW FHt 350 kW 4530 SOFC/IRFEHL
KA RS R SOFC 1 i} AR

il 1 7 Vi FREVR R G0 T A1 £ HRE VR 23 7] TR W55 s SEET
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%3 TPHRAEER SOFC B b it ae

ZAl (E5:N P
I 3% (W/em?) 1i£(0.2~0.35) #5(0.6~2.0)
PRER I R % i (kW/m”) i (~0.1) B (0.2~1)
AL i Y BHL(Q cm) i (1~10) %(0.1~1)
il 1 AR ($7kW) 5 (~1000) 1i%.(400~600)
PEBE (/1000 h) 1% (~0.1%) =i (19%~5%)

2.1 A SOFC Huiih 7y

50 SOFC EZALFERAM, . MM . BHML . % 45
A H R AR AR 5 AN, b AR RN B AR S 2 AL
Ghk, A N SRR T R S RN A Ry B
TR, R F) B A SR AL SN s R DA B H IR AR
&2 SOFC MR 4 H A JiT | FHAR AN BH AR 1) 2 A& 7 XA K
F Tt 45 A8 T S AR A2 RS, AT Aok SRR S R T
W SCHERVRI AR S KRR X SOFC E 2R ]
AR S FE RSk 4, i/ B4R 1 28 SOFC £ % FH FHA
SCHERIZERY . R A A6 X 3 B X SOFC 1 & e
RIEATAAH.

(1) Sc#Efh#Em SOFC.  HE 20 4 70 4
RULHT, EEMVETTF-TIRA R M H AR =35H T
I W R AR AR S B2 e 1 SR Y (Ca-FSZ)AE S 1k
1 % R F AL 2% S AH UU AL (chemical vapor deposition,
CVD) ¥k il £ FoL fife Jo e AL, 5 2 R FH Mos 9 4 R e
Byl g T AR R 9 28 SOFC™. Tk Fh S 4
PSP R4S SOFC i th D 2% B I, A
. AR, TR SRR R A4 S SOFC B
HIERERAE . TR B B A S, R IR
F, YL 47 T ek o R P 3 WS DRI A e i, 0 g 5 S0
ST w454 48 X T HE RSP R K b HE 25 A R
M R Z AL PSR (MgO+ALO;), TEH A S H#
A 138 3k 22 X B R A ) J 3 B B B A S 7 A R A
X SOFC, XFhehia 17 EX 5L L AR SOFC
AR T B i) H PR R A LR AR R R i RS E ML it
AN, g K EF W22 51 2 (National Research Council,
Canada, NRC)7E Hif i al T A il 7 B = 4 J =2 4% H b
H S R T & s 4 X SOFC, I AL i 7F
600 C il e KT BE ik 5] 165 mW/em®, P BEFE 5,
FN 2%/100 7,

(i) BAM Z#EE X SOFC. i SE RS i %
S B S 15 S5 R AR T SN SR AT AR Ak, R R R

P 74550 SOFC M PERE. 20 42 70 R4 AR, EE M
P P-TE R A A& T L LSM A . YSZ hy L fiff
Ji  Ni-YSZ A BHA 4 B 2 #4545 X SOFC, &) s o) 4
S T I /R, BEGEITEOT /N, Hod RS
JE N T ELRR IR Y T B, Rt TR A4 34 2 mT DA
B 4 Ja MR IR R AU SE B, HLMERE T I
WL AHSE, HRIAS TR EVD iR EY B, S EUH]
F AR BT, 287G 1 98 [ R IR R T E B R
Al Ak 48 B ($400/kW), ME DL SEELRT ML AR HE) . H A,
XFf SOFC FZM P[]+ A RS K.
£ SECA &, VI F- RN IEFELET
TF &P TR A5 X SOFC, A4 i 4 X AR
ghEMy, DLBAMR N S A, B 4TI E N 1000 °C [ &
800°C, LAMAHE Dy % B | I AL AR. 2005 AF4F:
JE I PEAL 45 BB, H SOFC 75 A b i A ik 3|
SECA 5@ — BEAs. K 1 s EH L RFEAER)
W% ) SOFC BRI S 45

(i) PEM SZ#E45 = SOFC. % T F#% LSM #1k}
B R ARG, DL LSM 50 B fi b R YSZ Y
T R 6] S N7 IR R (B T 1250°CHY, =k AR RO
A AL F 31 LayZ,07), RZ 22 FH F 5 AL XL
AT Ni-YSZ P #4558 SOFC pm &Y. S H
BT J27 ] £ e 3 B IR AR T 2 BRAR U X SOFC,
LA A7 VR AT LA 2 750°C. RN Al s
SOFC 7fEPEREZ I i B 43k %] SECA M35 4r,
H G A A Bl S R AR 7E 2005 AFAR RS (T4l 45 S 22 1]
Hi¥ KR53 SECA — W Hr.

2.2 A SOFC HuL bRl H AR

H AT F5c i FH 2 i i 2 iy BE AR R0 BF A A 23 )
7 Ni-YSZ Fil LSM. Ni-YSZ BHA 7678 B ot #2 v,
B Ni ) EAL-E RN, 2 2%~2.5% B R FLAR

g
1 9
i
.

E1 HEFLREATOPEE SOFC REE
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£k, 24 DL BB RS2 AR I 45 5 7 PR AL /R A o B T
FEARE KR F1, T8-S B0 i T R A i 2 AL
B 5B SRR Ak, 4l Rk SRR
SOFC A I H i E Ay, 7EBAM I, REZ & Ak
P ) LA SO, ABAEFERR SERR B EE S S . £
Fh 2B s g 7= A AN TR) ) AL, AR 2% 5 7 BH A R
BT 1) b3 R 3 AN 34 5, G e 1 AR BH A AN AR
FE 5250 P B R B B IR A B R e B LAY
R AR B FEL A2 T B RG2S 0T . R T B AR R R S
N T, BHAR b B R N e B AT A, T LA A
FrRLL, 5 8 SOFC A, PR Z# % SOFC
LS RS E M SRy o A . SR, TR
YSZ R 23 Tk A v G R 7 B 1300°C, A B
23K 1400°C LA 1), 1AM LSM #1855 41k 55 25 L
(L AE YSZ R AL Bika e 1Y AL B (SeSZ) 7R = T
1250 °C i A7 I e 45 i 25 & AR AN R B AR 8] e 2, A
1 R 5 53R f A R s/ A B T R TRD A, L it
DAY REL 3 177 28 AR FhL 9t R A2 B, (S B A 32 SOFC I
F, i 3 R HG At 3 A 25 T2 2 B BR R, 7 R
7 S EN DR R 5 NN = 90 O N =197 N
i T8 R A | 45 —18 SOFC #il45id Ferh % 1Y EVD
AP, TEE . AR R, BT RAE LA K N K
il 3 BAS, O T IR R BHR AR E EVD Hik
il £ HL Tt G, AR R S 4 R T AR U T2
£ 10 kKW 20 SOFC & HL &% T 1998 4E1E H
AR = TG R, S PRE AT, FRE RN
TAERRE MO Ik vl S0 PR AR . A5 F i IO ) T
FARWAT TR B IR, KRB AR FmiR
(atmospheric plasma spray, APS) AR, {# B SZ #£45
2 SOFC A LA ISR B9 1000 $/kW R 2 670 $/kW,
{HES SECA Hl7E Y 400 $/kW HIRDAL HARMEA Bk
ZHE. EEA TSR SOFC HIHIERA, &ixfh2k
Al SOFC Wit HE ML AL HE) ™ () 3 EE e fig. L 5T,
A )5 5~10 4E¥5 2 SOFC # [a) 5 AL iy EE w1, I
el e T2 FRARAIAS | £ 5 H it R i 2 L3R A5
7 FH A B LR, e RSP SOFC il Ak 4 i) 6 sk
FEAE. [N ANBHIFILRG B 22 % SOFC F, fif Ji 1 A 114 41
FHAT T T Z W5, W R A T2 3 gk T 4y
VIREY

(1) SMUUREAR. TR FY LRI
MR, XEFEAATER RIS, H
TS 24045 EVD £R ST (physical

2040

vapor deposition, PVD)Fi AR | et i) EVD £ R DL K
i CVD B4
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The progress on research and development of tubular solid oxide fuel
cell stacks

SONG ShiDong', HAN MinFang' & SUN ZaiHong®

! Union Research Center of Fuel Cell, School of Chemical & Environment Engineering, China University of Mining & Technology, Beijing 100083,
China;
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Solid oxide fuel cells (SOFCs) are electrochemical reactors that can directly convert the chemical energy of a fuel into electrical
energy with high efficiency and in an environment-friendly way. SOFC technology is most suited for applications in the distributed
power generation and combined heat and power system, which has been regarded as one of the most advanced power generation
systems in the near future. The tubular fuel cell stack fabricated by assembling the bundles of tubular single cells is a special structure
for SOFC compared with other types of fuel cells which nearly all apply planar structure. Tubular SOFC stack can be easily sealed at
cool end and thereby have very high long-term stability. It has presented the best long-term stability within all types of current fuel
cells and thereby has been one of the most important highlights in fuel cell fields. However, it also has some disadvantages such as the
high cell ohmic resistance caused by long current route, low power density, complicated fabrication process and high fabrication cost.
In this paper, the recent progress on the research and development of tubular SOFC stack is reviewed including the structures, designs
and fabrication techniques of the stack. The state of the art technologies and up-to-date achievements of the companies and institutes
which represent the leading technologies in SOFC fields are introduced as well. Finally, some key issues needed to be addressed for
promoting the commercialization processes of tubular SOFC stacks are put forward.

solid oxide fuel cell, stack, power generation system, tubular type, hydrocarbon fuels
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