ESTE R
20244 8 A

o [ B, )

ELECTRIC POWER

Vol. 57, No. 8 ===z
Aug. 2024 =

/.

NEFENEFANEIBSRATEMHER

B, W, REE, Kk, F%, §E
EEE WA B ERE¥R, W K4 610500)

0 OE . S Kot R 4 M X R RE AR IR A T R I XU SRk R, R R RT3 A ST A BB EL it ( reversible
solid oxide fuel cell, RSOC ) %5 & & i A8 Y X ) % 4 e M I 20 22 R KOG BEIR , 42 10— Fh U m) 77 538 19 48 rh =X
RSOC HHAMI B RS mMALE E Hik, HAWEE DX RSOCHAM G RALNN, #HVEHRSE . HA
e R G AR s FLUR 5 SRR A b 4 7 RSOC 1 BE TRV R, % pE R o 1 A n A5 5 BE ) R
2B B g 55 i N g ST 4R P X RSOC BUZ 5 MR RY 1 )23 L3 5 Wi 25 & Kok B AR fk RSOC . fif
AEARIE, TRUSGEBARNE N BRMRASEEE T, BER FRALS Cplex K25 3517 5K % o
B BT, S 0E RSOC MM AL &5 T R G LTI KRR a5, TR i £ 9% 52 B0 43 b7 2 B | b B 43r

BREARMARERG BTN EZNE,

XA FrhAREAMS RG; AT E AR R AR EMERE s P RE R

DOI: 10.11930/.issn.1004-9649.202312101

0 3I5

F 2008 4F DAk, [T fE IR A oMk PR &
BT BE PR RS AR 1 AR — (il T KU
T 0 e) 8P 5 U B L e R T PR A LR R
T 37 S AN 0% 58 3 25 I D 245 T RE R R T Al ok B
RIES, FERFEOCREH 45N 8o g
B, T N A AT BE DR O B ik BE TR
I 4 ] R A D7 T TR T ORISR, B
B S BRI, EURERE W AR b A Ak RE R T AR
2 RETREY, s AL FL L S BE 2 A i —
B E A e N TR X, B A Bl R AN 23 A 2T X2
LR BEIR R G IO v [ AT AR B R
g =db” M XOE AR A P OT R, HF R
FOCIGRE N, A b ZWF 5T U] ) ] A A AE
R PR Tt B AR 4R T O R AT P A B R K A
b KO 5 TR T 94 fiE

FURT O T 2 BE A9 W B 9T 2 B2 60, B

M B H: 2023-12-28; BB EM: 2024-06-30.
E2REA: Wi EHEAX AL RFEEFNATAHE
RAFT 50 A K2R B AL X HARH T, 2024YFHZ0104;
“CaaR” BART K ARAE S ik I ANME R A ALK 5
Bl AL 55 4 HOR AT 50 7R3, 2023YFQO0073) o

FF B B B A P e I 3 B AR L Tt L B R
fifg Al LR SE ALY HL AR A (solid oxide electrolytic
cell, SOEC) %%, SCHik [8-9] K & fifi i i H F el IX
ZARERS, LARMENRRELRAKA, &
TAfERE TR B AR, SCHR [10] A4 T —
PR -EIRA RGE, T T AT i b e A 4l R R
HL Iz A7 B9S2 o SR [11] $2 1 — b R [ R 4
T 1ok ML ( solid oxide fuel cell, SOFC) HY¥%
pr O i QOB ) o ) o i U (5 N Y 0 S T R 1
ZHHR MR ARM A S KAERHA2ERS, RiE
PR 2 T M R 25, T ARG TR R k) R
( reversible solid oxide fuel cell, RSOC ) & —FpH.
£ HL-E R e e o O m A RE TR R A, B
AT 1) KR T

A RSOC #F5E & Xt [ X 25 & BE VR &R 58
o B Aok A5 BB A /N 1 1Y 3 B R R 2R
T o SCHR [12] BF 5 3 e 0 5 B 45108 RE IR 4 A 19 3
5, Wit T — AT RSOC By 4 A= A A Wiz 4k
PRRERL . SCRR [13] A48 T — Bl 2 T Tolk bl X #Y
RSOC B/ & 40, ik 18 48 4 A U U 72 A |
HEE S IRV A, T AE 17 far (=i D B RSOC 1y A g
AN FEBE A Ry bl KPR AR . SR [14] 08T TR T
RSOC FMifi & . FF RIR ML 1) SOFC 2 Fifi [l [X.
PR R B R A BT, BT



RSOC i AR i3 FPE . (B R AF 58 4 K #83F RSOC
R REIRE P H %, B
YR 7% 1§ RSOC M AE 2 1l Al H, g % i 38 18 W ] 2%
PR A G K

FT UG, AR SCEE R n) AT Y 4R =X RSOC
HLEUH A RS AEH, % 18 RSOC M Al 2 I 45 5% i)
PR, 0 LR i e o) R AT PR R . i e A
10 RSOC HL A R G L e S 70, SR )5
7. RSOC 1 it % i A 0 J% iy v 308 308 ] P 4% i BE
AN 7 AR 5 3 7 RSOC X2 45 it id
B, b2 s IR ok o HAR ik &
TIELLEE A A AL BAsEALIZ 1T, BB BT
BESLIL 5 Cplex SR 45 EAT SR 5 IR Jm L 3E vl 15
A RE R LT R X AT LB A T

1 &£DKRSOCEBERERE

11 BERERHEM

A SC A $24E v X RSOC L SR A& 2R 48 22 4
BT, FREBAEBAIT. o R 50
DL R A AR BT A . & F BT i T 45 R ik
PR, R D6 A — AT P A AR TR A 4
fE ;AL AR IE) 5% e B0 L RSOC Fil il & M 1%
L, Hr RSOC & —Fp Al AFEHLf# ( SOEC) ik
HL ( SOFC) 2 B 2 22 [ 2 48 11 X0 1) % ek i b 5
B T RSOC ) TAF IR FE 5 & < IR BE B 7E 400 C LA
L AR ER R, H RGN R
HIEEAS B B B A5 i, 8 FH K AR #OE S AR

K% Fotkkm SR R
SOFC =an SOEC i
e &i\m-»@
= E :
RSOC ik TokRH
REAE WA

S EEE Mife:  SlAE A
R BN

B 1 £9XRSOCHERBE RGN
Centralized RSOC electric-hydrogen coupled
system architecture

Fig. 1

o B Ll

#5575

AR BT,

MARG KRB KT IHAGEIIE, L HN
i) FL e 38 i SOEC A5 =X il & % fb o S Be i A7 5 Y
LR ) o R S AN, 38 5T SOFC ik H
WFEHLAE s WHANR HLRE/NER Ay L BRI, K
T 43 38 o 4 v R G G G B B 2% . RSOC TAEY
[7] bof -, e o L = il R R, BE AT H PR R A B
P A A < R R IV S R 50 | N 78 = R e
L BEXEREROE TR R A e, T RS
F B AR AR S Ay, 200G B A KA ) it &
EAEAE, B A TRBI M A BT S, ZRA
OB A B TR e T A AR T
12 BESBERHERNME

1) KHERGHE, REMNEERBEBICNK
PHAEJCAR & M R XU ) & F o DG AR 3R 48 Ty 5 iy A
RINS-16] A HE$5 Ay

Ppy = GsSpynpvns/1 000 (D

AP Gs o B A e IR M i AR A K BH B R
Sev R YCARBIT AR s mpy 9 A FHBE B 6 48 200K
s N ARGRH

Sz KL i 2 AR TR

0, v ¢ (Vin, Vout)

Pwr = PWwN(V=Vin)/ (Vo = Vin), V€ [Vin,vol  (2)
PwN, v € [vo,vout]

X Py WRALEE TN E; v v

SR EEER . VI U R UG

2) A BB, RSOC & RS 0%

%, HRg s fE07 ] RoR N

{M§0EC = P§opcnsoec/Hsoec
Piope = Hsore M opcnsorc

Vout ~ VO%

3>

e Moo Mig o RSOC (el Z 7= & . #E
AR Plope. Piope RSOC Iy ti 2 i fift . %
HLII# s Hsoec . Hsorc A HL MR R U N & LS K1
HL U 40 R B0 msoec « msorc 23 i DA HL Al R AR
KRR,

3) REEERA, fif S EAEO85 RSOC BLE Y
it g, HSER AR KRR N

diy = =0y + [ (nediye —digs/na)de (4

Ko di hy o 2R A R TR EUR A RER
iy T U FE TR 3y il R R




e Fllmpa h FETRRCR

4) Afiftiz KR . SORE Y iz Xk =% Y
75 0 E s i A A R R, B2l i i R
J 31 (R 20 %0 A A SRR as F R ) IR B, B
X 57 4R v A SRR S R G A s AR B Dy

YHZCS-FCEI

365
S _
CH—T—SdHFes (5)
Pc(t)— Pc(t+ Ar)
CI(_:[: eCSSE"'FCCbZ%

K. ywhREQRME A, s H KA
CO R B A CS 5 Ts hy fith &R (T8 52 W 5 du
HARIBHIE; Fes. Fees Feen 70 AL E S
i i RAS LA R A G T PR TR T K
Ay SE o 2t SRR R 5 Po () A i SR o
Z AR R AR

5) AP AR, RSOC B TAF IR E 5K S
T BE I TE 400 °C DL b, 7645 20k H b v 4 SO
A e U8, (R TR BB RE IR & i ) — ML
TOw DX, T XN ER AR B A 2 HOAA RS
R . EARENRA—REZHT AW
BB . BT DL R Tk B A e L R A
FRAAIE S, REE KA RER B, TR
I

Hy _ yH
RSOFC - VSOF

A VI;(Z)FC%J%T%B"J THAER ;5 ngSpe N RSOC 4
FIFHZCR ; AHsorc oA HE L HE BT 2 N B il 40 i

cMsorcAHsorc/3 600 (6)

2 RSOC MEERBERE 5@ EZHREN
ANBEMHERE

21 RSOC kg E&EE

ROSC i TAEMERE S R Gtz 1R & R B
), SR S G R G0 2 B G B 200% B R
BAL . PEREREB R AR, I AT B i B
Tt ZH 90 55 B fhe s A7 e D B AR AL A T 5 SR 1),
RSOC M B i = 22 AL 18 S M IR . )~ b
%787 IR 82 17 87 N

AR S g e 23R 200 e A o o Yt A R LT
B, P AR R R SO PR T 1 90 2 R 7 PR I
T 90 ] P A A ) oL T T 0 B AR AR o ol e BE YT R DT

BXE: NATFEFNETXBESBSREFTEMANEE

T 7 FL b 1 T S8 R T W, 5 R T T o o LR T
RIVAT A i R, AR
Rai = (V; = VR)/ VR X 100% (7

RT
_4 0.5
V,=1.25-2.45%10 T+§Fh(mbP%/Pmo)(8>

VR=Vi— (L1 + 1+ A3)V; 9

. V.09 RSOC By B AR B ih AL [k 5 VR O RSOC
My Sebrm it i TOMRMEREE s R, FAr il
E GRS HEG Py, . Po,. ProZh il hH
HeNFR A R . B KR Ay 2.
A3 RSOC W O A5 . A J) 27 A AL ik i 3 F
S R 2 IR 1k R AL
3R K R, GOUE S A 5 IR AR — 2 A
0 L AT DL F RSOC 1Y H i 5 & HL, 2 i T AR A
G IR W L ), RO 45 R 3 R R A T 3R
Ny
lz{O'ITRSOCs Trsoc=To (10)
(o1=02)Trsoc,s Trsoc<<To

Kb o o BT RE; Trsoc 2 B TAERL
RS R 25 5 To R TEOM 45 44 1R 4k mT 39 Asf i) | FR o

7 IR A F B A 7 R RS e S T AL
WL, AR R EERIAAESBITR KA
K HL R AERD, AR R

A3 = (03 +04+05) Tsorc (1D

K o3 TG B RIB LR B oy R
IR R o5 A B i R Ak R AL
22 WBEEEFARRE N ERER

e U ) % e T B B2 A A
BRE T, i 37 I 4% 2 T g HE I ke FH LA O
PEE, R B E 2k E T RIE S T Ok
R A T ek A R i R A g 0 kT
PSR RA BT E M, HX RS
YAk B 5 25 s e 34 A RS e, i A e >k
Hi P, A o A N R AT A R R A R

HY T AL AT A% B ) 78 A A M AR
55, HOCT HAMER S MR, 22X HR
FEMEIEAT R, e ) e LA R 4 A e
FEEAFEABIEE DGR T, RIBCH X
FEA AR HEATY 58, 85T 100000 W AFEZE SR AT 1
1 38 ) AL A8 1 I RIS RS A, MR
PRI TR Tl




K, = [(exp(,ur -x)/ (20}2))] / (O’r \/ﬂ) (12>

e g o i R T AR RE P MR, BT
oy 9 i L 3B G AL BE S IR MEZE , B 2.2,

T C12) S8, SR AT ) R 2
SEPERGF 0BT RS T IE BEAT 5 R AR, 15 B
FL 3 G A A S RE T — AR A B, i 2
o X ERSE R R AT RS, Al A5 3
Frh A SME RgaT HIfE e e CEIH 9N
REJT I ER ), R AR O 28 G0 45 R0t fr b AT L 1k
LGRS

e JI/MW

—16:00

: 0800

250" < :

% B0 a0 WA
350 ~00:00

2 BEFHAERMEIMESER
Fig. 2 Sampling results of channel available
transmission capacity

3 BEREGARAFNEMCRERE

3.1 LEEMAER

e X S A R G 1) KRB RE IR K T
U R T N o =y B ICN U RP A S S I
RSOC FIfiff %1% ) 75 4 220

1) Hipm%. LESRLIRS I EHNEKR
el o AR, H AR e& T S

max Fyp = Bs—Cg" —C&* —Cl - Yy (13)

Bs = EQ" P + EJ} P + ER P + ER Py

cv = E™ P(1-Ly)

CS =E W,

Cg =EXPY
Arb: BeA; ey o L CRY AR o B Bt
WA mHERA . FENFOCRA s EP L OED .

14

4

o B Ll

#5575

EQ « EY vl R M v i AR S B v T
i 38 A 2S B . RSOC Ay #4) FH i 25 204 A1
AAE SR P PY . PR PR RSOC
EREAE . R RS E R RPECEASE S
Ty EM RS R LA A, PR i
WRBERE; LRE i PRERER; E™ N
iR as gAY WO R T R
EG ORI RECIET A s P s .
2) AR BRI 2R SRR it

T O A0 2 SRR R P R AR 2 T, DL
20 77 3B BRI AR e s PR 3 B R 29 3R
EE-Z )

1<Ts<30

Ry <<40% (15)

7S, min =7 <7S max
rs = (Piy + P4 + P5) /(uxPrn) (16)

e Ts AR PR TG R0 rs R R i JR i FL
WA A Py 2N RGN T R HL; PR
1 Z) R GE R ORI PN vk Z0#0KE Lt
B 5t D)2 Pra o L E DR e WA
BT RE romax  rs.min 20 A A GE A H R
TR
32 TEMER
TR A AL R A A L R0 AR AR B 1R
wAEE, MERENEBNHERER & NETTED .
1) Hire%, T2 HRECN R/ MERGELE
BA, RN

min Fgown = Cg- +Yu+Chy an

2) ARFANFAAEEXLRMA LR, %
AARGAFHHEAE, [ MEHTFIHYR, &£
RA

PpwG + PeLoAD + Psoec = PnG + Psorc

H H
Psorc = Psorc +dic — dis (18)

Hrsoc = Hr + Hg
A Powg I NFE TR Prroap A HL T i )
#; Psoec M RSOC HLf#TIR; Py NHTHEIR A H
Yj#; Psorc W RSOC & HL I PH . RSOC
PPEAIFE; Pyope I RSCOFERIIH s diy . djigH
i & E FB /A T % 5 Hrsoc M RSOC 7= # & ;
Hr AWM s Ho N REEUNVE




RNEXRARNEEBEITLHR, Hi RSOC )
RN
P tSOFC <X tSOFCP [SOFC,max
Xt Pl . gPt
SOFC” SOFC,min SOFC

P P QL))

t <t i
SOEC “XSOEC! SOEC,max

P

t t < pt
XsoEcPsorc.min <Psorc

t ' <
Xsoec TXsorc <1

A xiope s Xsope M 1 %] RSOC TAEARZERAE 5
Psorcmax s Psorcmin ) RSOCHIK . fe /N LI 5
PSorcmax Psorcmin ! RSOCHK . /ML) 5
Plore~ Piope M 1 ZI RSOC WY& HL . BRI,

RSOC ek £y s 7w Ky
{PRSOC () = Prsoc (t— 1) < Ursoc
Prsoc (+ 1) — Prsoc (t) < Drsoc

(20

. H . Ursoc. Drsoc B RSOC - F 3 i K3
& Prsoc N RSOC My #iy W%,

il AR IBIT AR E RN
wmingdﬁglﬁmax QD
H H
ndizsdf-lmin <df—IS < ndiéd;{max
H H
nchz df—lmin <di—IC < Uchz df—lmax 22>

Hy | Hy -
Mo +1gis 1

K dl o 2 SR S Yin . Y WEER
A i PR BRIt Sy i P ) T8 bR
i Rd oI A TR R dl
dly R RE IR R
3.3 EiEk#

SR FHURE - B 40 X 1 J22 A R0 3 47 0K A
3 339 R Cplex 3R fif #% 5K % T J2 4 Ak 32 47 ] #31
LR TR ER AR, FRURARE N H
RO AL /NI T B, IR 1) R AE iR
TTIRDL . WM (E B LR Rs, F 2 LUK 7
AL 40%04 Sy ih BT E R GLis EAER . X
2 O Ak T AR () 3 4 SO 1 SR A R
WE 3 R,

4 BRI

41 EXER
DL S AL n] AR BE DR e B T O MR X &,

BXE: NATFEFNETXBESBSREFTEMANEE

x1 HEEHEXSH
Table 1 Algorithm related parameters

K SOFC SOFC SOEC gl L
o B B bR
BIC M0 RR o i Ay

S0 /N VA R B 44
HWEHHE W1 &

10 20 1.5.204~09 40 025 056 04 098 5 20

BB EE . ST AR SR

Y
| marxsnzmnnsing |

e == .
|| =1, WRRT, R }g:

| S
_______ — 1
*——v—, A
R l !
L et | |
ColeoR i o R T SR | |
* | teEsiEs : :
| R ! '
I SRS ' :
A : |
| |
| ERBRAE |
| |
|
|
|
HHAMEER |
3 N |
|
|
|

i L L4
|
ZE

B3 HERREE
Fig. 3 Algorithm flowchart

TR & L HT 25 B U S 0 L LEE RS, A
O 30 MW OGAR B 51 K BH BB HL T 41 S T
SOMW., REEEARTRFSHCONE2, R4
Bt 18 B 68 IR ATl B T Rl 3K Meteonorm %X
P v OB b DX AR RS B, 38 T K-means R
KEER o 34 B H AT R, Bl 4
LR H R G i 4
42 FEXL

N T R A SR SRR A 5 07 B A e, iR
B AMBTREGX N, 1) REEEL,



o ] BB g57%
r2 FEFRTMIE
Table 2 Prices of main links
RSOC &% WiBsfT  EAUNEE ARE  AflEME ARFIH FEEEREHE
WA BHERA  Hedr Ay A/ BRI A/ (T (Nm?) ) SEass IR/ Wezs/  dEIEA KRS/
(OokW1) (Ortkg!) (OL:(kW-h)') Ot-Nm)') o (Nm)) Ce-kW-h!) GE-kW-hy) Co-(kW-h)")

6000~8000 3000~5000 0.04~0.16 1~1.9  1.2~15 () , 1.145~2.1 (K) 3.5~5 0.14~0.22 0.25~0.4 0.02~0.12
35 X3 4TARIEIRITLE
#l' = EERA, Table 3 Comparison of parameters of four schemes
. FON mEE P P
i i ‘ I = EYTEpTE
' ! e L M X . L, BE
Al p \ *‘EVE%‘EEE: il Wy RSOC/ A BRI FERFCEY ey Iﬁltfﬁz
s |*ee / \ eas it % MW PR ATTE (MW
g ‘. | X &K MW MW EOBAE
£ 20 Y Fai SV
ﬁ B ;/ 1 113 0 0 0 56934 132857 40 0
= - \ & [
15 F \
ﬁ e 3, 3 . 2 0 128 0 64 64845 5683.2 80 7.2
..-. /»\'/ \:,. L 8 ° \\*\ o ¥ -
® 'y :<-:k. ;\;i’,-i’ 30 0 122 51 180225 83044 88 7.6
e o0
st LA T M Iy 4 0 0 146 62 218802 00 91 79
"7t e
0 o \ \
00:00 04:00 08:00 12:00 16:00 20:00 24:00

i %)

B4 BEBFRNE sk
Fig. 4 Typical daily wind power photoelectric
output curve

TR 44, S A E R IROGAE R I TR R 52
PR MLRC b AT G B . 2) T T A T R A A G
HJE, HEAE SN 84E ., 3) Bl 'E RSOC Hifif
A, FRAGmEEITE A (s E R .
4) Wit & RSOC M &UE, % 8 A T 55 1
fir, A Z8 KA DL S BRI ETE 4 T 40 .
HETULLE 4R BB KR E SRS %
R FE A& 5 Fros, MR A9 S50 H L& 3,
WAL F 15 HoAh Oy BT, (AL 5
B HL I i B T R R AR e AIK, B 5 RSOC #H
PCE LT R B AR A LLR ) M R A
A, E HL Y 78 T S I T RSOC 1Y L f# 1)

B2 GESETIR 1°
20 v JT 2R —v- T R2EEE:
& - JFZ3RSOC; -e- JZ3Mfik& ;s 8
e = J7Z4IRSOC; -m- J7 RMEEE
16
y - ®
it " 16 ¥
& I
NW’WV‘V‘WV‘V‘WV‘V‘WV‘V‘V‘W
HE 1o S 5
Q
2 10} . . . . .
0 8 16 24 32 40

IEARINEL

B 5 FREKWEEIERL

Fig. 5 lterative convergence of the scheme

K8 RSOC A LA o A i e He i O =X 42 v H
figt Dy %, S ECE O T 40 BE IR T RSOC; )
AN E HL I A A7 B AR B g 2 BRI ( XD TE A B
RE A DR TL /NS AR 31 A ), FLAZC O T 14T
PR RE ), AR BE D) 3 0 RToR, AAEAE A
AR LR ISR AR B, i RSOC AN i fif
ASE (AMERER LR, A g LR e
JH ) RefE R M IS, T EREE, S5
TR VRGO, Tl b s, KXt
LA TR O AT

AL T 58 2 AU 58 3 AT AL, BT F A
B A AL T RSOC, HAX BC & H i Al H B 5K
PR ) F A, B far B e B G VA R AR R L
FHEMAER B K, BRTE2 WA T HEIL
A, BEIRT FRFEA, BT R 3 B R
25 60%, (HH LM AEHR = RiEW, JFH
Pk Tk R A S A A I RE (A aE
I FH S 2 8 0 2 B R A, DL e KO R
il £ A A WD BB FE A ), AERTE AR K
R AV ) 55 50 5 9% Il e 91U AHH 22 5%, BT LA RSOC
FHE T H F A AT A B R I 398 v g o

Wit x T RIS HE 4, diRE 6 HEMmA
H D2 vl LR, 7 58 3 IR R TE 3k 3% i
J17E B B, AS AT ke s B A R B4
(FBERANTEIHENBEN %) o NEH
KWOESE M, FEIMEELSRBE T RIWK
25 20%, {HEAFET] 454 7 K50 AR 29 400 7,




O H; [JRSOCKHL; [JRSOCHLf#; [ s
O HREIETI H 77 =B REURSEPR i /) a-Slfiki
45 - .

36 w

ol Tl :%qﬂ\\'4
RATIT1 i

- }_ o
A\kA\A}AA L] | [H=
-36 =LHE 11

Nl
>
W
ANt

hFE/MW

45 A 1 ; . .
00:00 04:00 08:00 12:00 16:00 20:00 24:00
I Z1

DWESVELIVIES S

[JRSOC) Hi; [ RSOCHLfi#; [ fif;
O HrREURETM H Fys == HTRBIRSE PR /) A SfilE
45 - -6
36 | e T T

_A-
27 f’( \% A

i

wn

N

>
Sl

w

b
~
=1
S

A
_AX
36 A A a s L L~

745 1 1 1 1 1 1
00:00  04:00 08:00 12:00 16:00 20:00 24:00

i Z1
DWEZVESCv RS

6 EERGNETEHFR
Fig. 6 System power balance in summer

P BT O AL IE K 0.3 4F

MR BTl g, 4 Fh 5 R et 5 5%
WFFICEA KR EY], 43 KNI Bom
W, TR AMETEN R T HAMTT %, A3
fREHEXOCTH AT R T, TR 4 1R800 B L
AT
43 REEBTHERIN

T 5 4 LR F i e R U B AR 1A 7 R
FErR i A RE 1 g 10k 2% £ BT 7 L 0 98 5 BE ) RO 25
PRBL, B e r E T VR AR B ORI . T AN BE
A AT HbS, 7R A HUBE D R T 9A BE T ik
B 22 4% 10 R BB I P AR A R O, S TH AN RE
B, AR RO A B TR O BR AN, i S R
FL Tt A U REFG # L BE . RSOC B AT Y 1 &
GERA IR, TR, a8 B H g

BXE: NATFEFNETXBESBSREFTEMANEE

491 gt 7 490
—— JHYNRE ST
ar o Ehpssy, 1420
35 Seh 1350
28} 1280
; 21 f % 210 o
S 14} Z s oA 140 =
S R i1\ ] =
7 ¢ 70
= 0o =
W 700 dEH 2H AH 1-70
—14f ~140
B 210
5% —280
-35 L L L L L L : L —350
00:00 08:00 16:00 24:00 08:00 16:00 24:00 08:00 16:00 24:00

I %l

E7 ABRHRGFEHOSHE=E
Fig. 7 Typical daily system output and hydrogen
production capacity

BHER

[ B5F RSOC 19 hin A AT LA $2 /&5 3R 4t 119 fig it 1)
R, GE A -E A, KRR R, FOLH R
K, BARRGMRE IR 2%, $275 P 4 i JE el
WEMHRE, B8 ARG —F M5 NI E 5 E
EA RN, FEEENE, FE4Miz
75 RO sE w9, Bl A RSOC J& A B i
FEAEF RGN, Ah TH-S-mEihmdfh R
AReEMAE, FrLLE 8 i A RSOC J5 7 K3t
FACE T R A RE R R

B T AT CEIARSOC),

O FRAFOEZE CRIMARSOC);
O R e FROEIE AT 2 (INARSOC)

Wil

1 2 3 4 5 6 7 8 9 10 11 12

B8 REFNFAXRSEENAR
Fig. 8 System wind and light rejection rate and channel
utilization rate

fBUE R 2B RE R A i AR G AE IR i AT IR A
TRAATE, HANTE B KOL K DR R
BB YT s AT AR, H EOCE A RSOC
Ja Xt RGER AR, kA H TR T AT

BRI o REERI N AR 5 AS . SOEC

7



P2 H A K A AR R AR I Y, AR
Frp A RSOC HLEM S ARG, Wk A EAT
EIEA R RE, N T R A 10 Is AT 4R 5 L
A, i ERA KRR AR . iz 335, iz 7 5Q
EEFZIEFEATIMBE 2 M, mERAE
BETE ZR G N AR A ) SR K B BRI TR LY
AE e 9 8 A 0 o O T H A AR RIS, B T
) 0 5 5% 3k v AR A (R RS, AT 2 AR R
A2 g AR IR TS &

W4 n[H, R —AFn] A pr sl 2y 523 ¢,
15 Y HE B35 7500, GG S RIS B R Gk
SRR 3 RWEA — W AU 9 Ak A 1
BB ) DI R IR SR 2 i R R, O A
AR ORE R K L RE SR A, T i 7
FIERG R e KA, B PLTE S AR BSOS I i 2
LR TRAFRWE B (42-34) , Hik
it AR B

x4 REEEBITXREER

Table 4 Key annual operating volumes of the system

o B Ll

SAME LY 15 YR AR/

(MW:h) Sl Hi/t (MW-h)

117864.5 523.7 75243 14641.2

248 La162 BUE AT TG
439.2 A/ T3 TG
24745 440 1 AR RS/ T T
14 L 25/ 73 765
659.5 SEHA I Tt
641.2 T TE AR FH YRR/ T TG
AR/ 76

9 REFWHESHAE
Fig. 9 Annual revenue and cost of the system
JA RSOC J& & G MW it 32 28 S 950k HEL Tt 184
REE PR . REE SR . OB AR A
P i D R i G ) R W i o RGP i S A A
A WA 5 BN, AR PR 32 AW AR
5538 T8 ) I A o 30 G ) P WA A AL A R AR AR
ik, EHRS RS S L. i & 9 7] 1 RSOC
I 25 2 58 5 4R R B ¥ A 2 2 700 T3 0T,
i RSOC A4 ¥ 2% F £ 22000 J7 76, R 40 $ %% Iml
W JE 91 2 8 4F o il DAL A Al LA HE 2R T RSOC
ARG ER A ERAA T, JRE
AR BT R AR WAT BF R PRI 5

8

#5575

44 RPEDH

1) 48 9% R WO Ao DLBCTE [ S04 Oy A
HERfE, S50 RSOC W B A | 8 BUAS |
Wi sh (AR EHEBEEZRN) MRS
BATEE R MW . 2 3 I A A 4 A
+10% . +20% 7“2 AL, #8511 45 2R A8 Ak
10 s .

00 o B - EERA -l 9.69

HeE [l /4

-20 -10 0 10 20
AR/ %

10 EYCHA R 8B xTEE
Fig. 10 Payback period sensitivity comparison

1 110 TN, RS aR S D 2 A oG
W T 20%, LSO 4 562 9.3% . %k ] i 3 e
TR 5 e TR RO A T A, T LA SE B RSOC
A v SR 198 S B 30 J2 2 3 2k 0ROk v S 5 M ) A
REF &SRB S A, FRHTREZ ™ 2E K,
5 DO AR B A O U, Rk
ZRE M A% ik BCA R A # M, XT RSOC 1Y
N HHET WA+ B AR -

2) FERFOEREE B . T IR A
MRGAVFE S ES R MK R, HFELEA
R S PR 2, G AR 5 K SO A AN A
B A R A A, HEAT I KU O R Ay
Mr, S5RWE 11 R,

B 1L AT, BECE ST A% 0 T, T 4G
RRR R LIS EESIME R on, FohE
W E AR R, A B 5 RGOk PR A B
ToREFEUH, RAERERBSERKM. HE
T AS bTb, R B R G ok ok e 5 KO I 4
RSOC AHIEE B4 15 MW I, it B 45 5] 523
WA G, P THAE T A AS TS5 ) e 2 2R
(LT B 235 SR I AN 2 i 25 48 50 A 6 A 4L s T e 49
K, FNHEEFRFOERME D, R A8/
KEEW L, BURE T &S5 S AR .




161 «rsoc: DA 16
14 14
S
S 12 12
] ¢
= &
Q =
Q 4H 4
~
2 {2
0 1 1 1 1 1 1 1 1 1 1 0
0 01 03 05 06 07 08 1.0 20 40
AN /(T (kW h) ™)
1M1 FRFAETNEREEISEE
Fig. 11 Comparison of price sensitivity for wind and light
abandonment penalties
S 4515

1) 4R xd g arm, MsLhs TRz
TTRERE, LofEae IR e 58K
-, AR TE RS AS B DL 4058 e R
Hi%, RSOC HLAM G REHA W BALH

2) NRG BB TEM Aol OB S,
A RSOC TG J 48 T R 4 340 A2 X R 2% 11 g 58 41 2
TR, JF B EA R 0TS e Wi HERCR

3) REE SN BHAREMERELEN
F2 R R U A W AR A, T DA AR EE
MR B AT AR #E AT & R s, I H
Fr JRUFF A T4 A% T T 4 SR ) R R R 2 R 1
KB, 76 e 50 KGR 5 5 i 2 iU ] 20 AR 45 5
Bl LA G o

] B AE B R RN BF J2 10, AR A i i 58 2L
AR BORT 5, HAR B R BN TR
BER), BESMMARECAH R, If
H Bl A G RN 8 M, RMBEHI . 4. i
AR A BN R, A SCHBER TAET Ak
£ A RSOCHEM A RE L BRME—E M,
Xf T4 U RSOC G faf i 8 K AL J v T 8 4t . 9]
WERETT, A TFEIRAAR

SR

(1] A, FET38, 5, 45, P EDH AR IR SRR R 3 AT SR

73 [0 L T, 2016, 49(9): 7-12, 159.

BXE: NATFEFNETXBESBSREFTEMANEE

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

ZHOU Qiang, WANG Ningbo, RAN Liang, et al. Cause analysis on

wind and photovoltaic energy curtailment and prospect research in
China[J]. Electric Power, 2016, 49(9): 7-12, 159.

LIN X, LIU W F, HE J M, et al. Research on medium and long-term
new energy consumption in Shanxi Province[C]//2021 6th Asia
Conference on Power and Electrical Engineering (ACPEE).
Chonggqing, China. IEEE, 2021: 1700-1704.

XN, XK, 5F, &5, iHRES S0 RE BN A B L AL 4 I SREms (7).
HrEHL Y, 2023, 56(3): 137-143.

LIU Liantao, LIU Fei, JI Ping, et al. Research on optimal control
strategy of energy storage for improving new energy consumption[J].
Electric Power, 2023, 56(3): 137-143.

LIU J Z, WANG Q H, SONG Z Q, et al. Bottlenecks and
countermeasures of high-penetration renewable energy development
in China[J]. Engineering, 2021, 7(11): 1611-1622.

TR, FRIRIG, AHENE, 45, 18716 i L] o] PEA RER L ) R GERY 55
TEEHELRA SR G (], TR SEA BiME, 2020, 44(19): 194-207.
JIANG Haiyang, DU Ershun, ZHU Guiping, et al. Review and
prospect of seasonal energy storage for power system with high
proportion of renewable energy[J]. Automation of Electric Power
Systems, 2020, 44(19): 194-207.

IR, BN AL, Eh i, S5 YT 2R A e R T AR e R eI
R gsid (0], W A ahikik s, 2017, 37(8): 3-11.

XU Guodong, CHENG Haozhong, MA Zifeng, et al. Overview of
ESS planning methods for alleviating peak-shaving pressure of
grid[J]. Electric Power Automation Equipment, 2017, 37(8): 3—11.
WEOCHE, ER, skox i, 5. 1wl s LL el n] 1AE BRI IH 4N 1Y iy BB UR
ARG [I]. LR G Ak, 2020, 44(23): 1-10.

PAN Guangsheng, GU Wei, ZHANG Huiyan, et al. Electricity and
hydrogen energy system towards accomodation of high proportion of
renewable energy[J]. Automation of Electric Power Systems, 2020,
44(23): 1-10.

RETAIE, MR, AR, 4. 5 IS AR A R P R Ik P X 25
AE TR 3 40 AUk RE AL AL IRE & (90 W0 A Bk 45, 2021, 4109):
31-38.

XIONG Yufeng, CHEN Laijun, ZHENG Tianwen, et al. Optimal
configuration of hydrogen energy storage in low-carbon park
integrated energy system considering electricity-heat-gas coupling
characteristics[J]. Electric Power Automation Equipment, 2021,
41(9): 31-38.

AT, MRk, IR, 2. T o) kAR B RE 1 2 Fl X L2 S RE R 4


https://doi.org/10.11930/j.issn.1004-9649.2016.09.007.06
https://doi.org/10.11930/j.issn.1004-9649.2016.09.007.06
https://doi.org/10.1016/j.eng.2020.08.016
https://doi.org/10.7500/AEPS20200204003
https://doi.org/10.7500/AEPS20200204003
https://doi.org/10.7500/AEPS20200204003
https://doi.org/10.7500/AEPS20200202003
https://doi.org/10.7500/AEPS20200202003

[10]

[11]

[12]

[13]

[14]

[15]

[16]

10

ZEHRLRI [J]. S EHIA, 2022, 48(7): 2534-2544.

LI Xiaozhu, CHEN Laijun, YIN Jun, et al. Capacity planning of
multiple parks shared hydrogen energy storage system for low-carbon
energy supply[J]. High Voltage Engineering, 2022, 48(7):
2534-2544.

A, BRRAE, WRIGEGK, 45 B T A3 T S ke i K- R A REL A ki
FACCACE [7]. T A ks, 2021, 41(10): 3-10.

SI Yang, CHEN Laijun, CHEN Xiaotao, et al. Optimal capacity
allocation of hydrogen energy storage in wind-hydrogen hybrid
system based on distributionally robust[J]. Electric Power
Automation Equipment, 2021, 41(10): 3-10.

NE, BRERK, TR BB, 4. JE T3 MA Y SOFC 1k =k ity
BHREVE R G H BT BE I B (7] b B AL TR 244, 2022, 42(21):
7775-7783.

SUN Wen, CHEN Ziwei, ZHANG Yugqiong, et al. Economic day-
ahead scheduling of SOFC-based integrated tri-generation energy
system using dynamic programming[J]. Proceedings of the CSEE,
2022, 42(21): 7775-7783.

AR, A5, B, S5, BT [ AU i b vl SR A T
HL ) 4 A i JE TR 8 B S (0], P E AL DR AR, 2024,
44(13): 5169-5185.

LI Yuanzheng, REN Xiao, GE Leijiao, et al. Research for entire
lifecycle planning-operation of electric-hydrogen coupled microgrid
based on reversible solid oxide cell[J]. Proceedings of the CSEE,
2024, 44(13): 5169-5185.

BUFFO G, FERRERO D, SANTARELLI M, et al. Energy and
environmental analysis of a flexible Power-to-X plant based on
reversible solid oxide cells (rSOCs) for an urban district[J]. Journal of
Energy Storage, 2020, 29: 101314.

GDF A, EGM B, LM C, et al. Comparative life cycle assessment of
two different SOFC-based cogeneration systems with thermal energy
storage integrated into a single-family house nanogrid[J]. Applied
Energy, 285: 1-20.

TR, TRARIG, 220, 2. BB ARk XOL R LR B RER R L ]
JBERBHLAE PR (0], I SCIE R 4R, 2024, 58(6): 881-892.
FAN Hong, XING Mengqing, WANG Lankun, et al. Multi-time
scale probabilistic production simulation of wind-solar hydrogen
integrated energy system considering hydrogen storage[J]. Journal of
Shanghai Jiaotong University, 2024, 58(6): 881-892.

IS, KRB, AN, 55 XA ME I TE AR BRAGH HE )1 A A & L)

FHUETT (0], B THORR, 2018, 33(14): 3342-3352.

o B Ll

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

#5575

QIU Gao, LIU Junyong, LIU Youbo, et al. Adaptive support vector
machine estimation for total transfer capability of wind power
exporting corridors[J]. Transactions of China Electrotechnical
Society, 2018, 33(14): 3342-3352.

B, A, PR ST AT A (A4 A H Tt i R — A AR IR
SRR [7]. b E LT AR AR, 2022, 42(17): 6155-6169.
GAO Ciwei, WANG Wei, CHEN Tao. Capacity planning of electric-
hydrogen integrated energy station based on reversible solid oxide
battery[J]. Proceedings of the CSEE, 2022, 42(17): 6155-6169.

GIAP VT, KIM Y S, LEE Y D, et al. Waste heat utilization in
reversible solid oxide fuel cell systems for electrical energy storage:
fuel recirculation design and feasibility analysis[J]. Journal of Energy
Storage, 2020, 29: 101434.

NAEINI M, LAT H X, COTTON J S, et al. A mathematical model for
prediction of long-term degradation effects in solid oxide fuel
cells[J]. Industrial & Engineering Chemistry Research, 2021, 60(3):
1326-1340.

HAGEN A K, BARFOD R, HENDRIKSEN P V, et al. Degradation
of anode supported SOFCs as a function of temperature and current
load[J]. Journal of the Electrochemical Society, 2006, 153(6): A1165.
CHEN Y R, WANG M, LISO V, et al. Parametric analysis and
optimization for exergoeconomic performance of a combined system
based on solid oxide fuel cell-gas turbine and supercritical carbon
dioxide Brayton cycle[J]. Energy Conversion and Management,
2019, 186: 66-81.

PR, 2R, TRV, S5, BRI RS PER SOl R
PRSI PMIRBE T 7k (). mUERIR, 2022, 48(6): 2054-2064.
CUI Yang, LI Chonggang, ZHANG lJietan, et al. Coordinated
scheduling method in heating season of concentrating solar power
system considering flexibility of HVDC tieline[J]. High Voltage
Engineering, 2022, 48(6): 2054-2064.

RN, XIS, MR, 45, LA RRIR R AU MRS TP A R gk
SR )], B, 2018, 42(6): 1697-1708.

ZENG Ming, LIU Yingxin, ZHOU Pengcheng, et al. Review and
prospects of integrated energy system modeling and benefit
evaluation[J]. Power System Technology, 2018, 42(6): 1697-1708.
NUGGEHALLI SAMPATHKUMAR S, AUBIN P, COUTURIER K,
et al. Degradation study of a reversible solid oxide cell (rSOC) short
stack using distribution of relaxation times (DRT) analysis[J].
International ~ Journal 2022, 47(18):

of Hydrogen Energy,



https://doi.org/10.1016/j.est.2020.101314
https://doi.org/10.1016/j.est.2020.101314
https://doi.org/10.1016/j.est.2020.101434
https://doi.org/10.1016/j.est.2020.101434
https://doi.org/10.1149/1.2193400
https://doi.org/10.1016/j.enconman.2019.02.036
https://doi.org/10.1016/j.ijhydene.2022.01.104

BXE: NATFEFNETXBESBSREFTEMANEE

10175-10193.

[25] EIZKREUER. 2019 4FRG =ZREE KB IFFEZFTHE L [R]. L5 2019. @A
[26] CHU W J, ZHANG Y J. The efficiency and economic feasibility B3t (1999—) , B, MEHRLE, ANEFBIABLLE

study on wind-hydrogen system[C]//2020 IEEE Sustainable Power &AL R A A, E-mail: 1501699446@qq.com;

and Energy Conference (iSPEC). Chengdu, China. IEEE, 2020: M (1990—) , %, @fefed, al#d, AFer

18,35 FAMIIAE, FZARBAAFA, E-mail: yangwei scu@
- . S 126.com.
[27] HERGIER. “ KOG mE TR FT eI aug s «
BRI [R]. JL3C 2013 (wHERE FE7)

Capacity Optimization Configuration of a Bidirectional Reversible Centralized
Electrohydrogen Coupling System

FENG Xing, YANG Wei, ZHANG Anan, ZHANG Xi, LI Qian, LEI Xianzhang
(School of electrical information, Southwest Petroleum University, Chengdu 610500, China)

Abstract: In response to the problem of wind and light abandonment in large-scale new energy power plants in areas with abundant
wind and solar energy, a bidirectional reversible centralized RSOC electric hydrogen coupling system capacity optimization
configuration method is proposed by utilizing the reversible solid oxide fuel cell (RSOC) combined with the bidirectional conversion
characteristics of hydrogen energy storage to absorb excess wind and solar resources. Firstly, construct a centralized RSOC electric
hydrogen coupling system architecture, and establish models for power generation systems, electric hydrogen conversion systems,
etc; Secondly, considering the characteristics of fuel cells, establish an RSOC performance degradation model, and generate typical
scenarios considering the uncertainty of available transmission capacity of ultra-high voltage channels; Furthermore, a centralized
RSOC double-layer capacity planning model is established. The upper layer optimizes the capacity configuration of RSOC and
hydrogen storage with the goal of maximizing revenue during the operation period, while the lower layer optimizes the output of
each equipment with the goal of minimizing comprehensive cost. The solution is solved by combining particle swarm optimization
algorithm and CPLEX solver. Finally, through case analysis, it was verified that the addition of RSOC improved the system's
economic and environmental benefits. At the same time, investment sensitivity analysis showed that the unit capacity cost of batteries
is an important factor restricting the economic operation of the system.

This work is supported by Sichuan Science and Technology Program (Research on Key Technologies for Coordinated Planning of
Charging and Swapping Loads and Distributed Power Pources from the Perspective of Low-Carbon Economy, No.2024YFHZ0104;
Research and Demonstration of Key Technologies for Planning and Collaborative Optimization of Water, Gas, Wind, and Solar

Energy Storage Multi-energy Complementary Energy Base under the "Dual Carbon" Goal, N0.2023YFQO0073).

Keywords: centralized electro hydrogen coupling system; reversible solid oxide fuel cells; capacity planning; hydrogen energy

storage; performance degradation
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