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Abstract: With the advancement of market-oriented electricity trading mechanisms, the
implicit costs of grid accommodation capacity for wind and solar power have become
increasingly apparent through significant on-grid and off-grid price differentials. During low-
wind seasons, when wind generation falls below station load demand, wind farms must
purchase high-priced grid electricity to maintain normal operations, leading to rapidly rising
procurement costs. Conversely, during high-wind seasons, wind farms are often required to
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comply with peak-shaving directives, resulting in large-scale wind curtailment or low-price
electricity sales. This alternating operational pattern amplifies uncertainty and economic risks
for wind farm operators. To address these challenges, an economic operation control strategy
for energy storage systems is proposed to coordinate peak regulation with station electricity
demand. A joint optimization framework is developed, integrating grid electricity purchase
costs, wind curtailment losses, and energy storage degradation, while comprehensively
considering grid dispatch instructions, time-of-use electricity pricing, wind turbine output
characteristics, and energy storage operational constraints. Based on this framework, a
dynamic threshold-based charging and discharging decision mechanism is designed. It sets
differentiated charging thresholds during periods of power surplus, informed by peak-valley
price variations, to balance peak regulation capacity reserves with equipment switching
losses. During power shortage periods, an electricity price-driven hierarchical discharging
strategy is adopted to ensure station electricity demand while maximizing high-priced
electricity discharge revenue. Results demonstrate that this strategy significantly improves
energy storage utilization during wind curtailment periods, reduces high-priced grid electricity
purchases, and generates typical monthly energy storage revenues exceeding 10% of the
wind farm's feed-in revenue through peak-valley arbitrage. Moreover, it mitigates energy
storage degradation and extends system lifespan, offering a practical and economically viable
solution for energy storage dispatch in high-penetration renewable energy scenarios.

Keywords: market-oriented electricity trade; on-grid/off-grid electricity price difference; off-

grid energy; station load demand; energy storage system
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Fig. 1 Architectural diagram of the power system
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Fig. 2 Diagram of operational control strategy for wind power over-generation state
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Fig. 3 Diagram of operational control strategy for wind power under-power state during off-peak and flat price
periods
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Fig. 4 Diagram of operational control strategy for wind power under-power state during on-peak price periods
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Table 1 Parameters for wind farm simulation
Z #MH
EREVI UG 25 5 /MWh 27
fifs B K 78 FLBCB T 28 /MW 225
fits B e/ 78 FLDBCB 2 28 IMW 0
fiti it 70T LR % HE 25 5 11 95%/5%
fiti it 7RI ACR % 92%
T W EELATY/(JG/MWh) 600
BHM T HIRAEGE 7 B —UH 3 R fla, 0.1
e EL A S ) i i 76 L — 2 B R B a, 0.6
g EL A 3 ) i TR FE — 2 B R B a, 0.1
A HAN X [5)/(JG/MWh) <100
SFHLR X E)/(JG/MWh) 100~300
U A7 IX ]/ (JG/MWh) >300

B (] FELAPY P PR A, 3K 32 B PR XA (R B AR R H
Mol B . T B, iZAs RO H X
HL7 1] % FEL N 3140.6%10°KWh, i T 47 17 7 SR #5¢
ik, H AGC ¥ £ i 81X 1963.5%10'%kWh, il
I RE RGTE AN BUIRET 7o i, AR R I R
78 AL H DA LR 30k g F FL, 45 SR B R
it & 4 2R it 78 H 119.2x10°kWh,  Jil H, 96.6x%
10°kWh, K L3752 65 1 9 B &l 1896.8x10°kWh,
AL 1 R L 0.36% 10°kWh, A EE XU L3 R 46
Ity W HL & 10.83x10°kWh, 52> 7 10.47%10°%kWh,
KIRFEAC 788 A . Bz i b9 i 43
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Fig. 5 Variation in power output of a typical wind farm during low-wind months
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Fig. 7 Power output profiles of the wind farm over consecutive typical days
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WD M A A X 2] 500 J6/MWh
BF, fi#Be B iH o B E 2 82.4%x10* kWh, 7 H
*=2

HL & 4 103.7x10* kWh,
1882.4x10° kWh.

EM o R R

A RETIAX ZERNBIE TN ZFRE [ KEIHSHEETITIRRER

Table 2 Operational analysis of the wind farm and energy storage system in typical low-wind months under
varying trading price thresholds

B (i GRS fiffE 7 HL i M BB fERERIHRE WRE KR G M
HA/(JE/MWh) . . . o . N N
/x10*kWh /x10*kWh /x10°kWh WHUIR /x10°kWh W25/ 78 W5/ 76
100 101.2 124.6 1901.3 64 0.30 399.2 55.3
200 98.9 121.9 1899.1 64 0.33 399.0 55.1
300 96.6 119.3 1896.8 64 0.36 398.4 54.4
400 92.0 113.9 1892.2 64 0.37 397.0 53.0
500 824 103.7 1882.4 62 0.12 392.7 48.6

3.2.2 HEXZEIAY F ) FH Ao

HE R\ 2 5 78 R FEL 3% 5 4 e — A L0 T 7 35
SRME8 IR, WA RBITIZHAL SN S
Fi R ZE254L,  tH7E 40~650 7o/MWh [X il i 5145 4L, ,
SV AN BRI RN S R A TR
Ko MR, 5 ERERERE A A M,
WA 5 iR R k. 205 JME, %I X Z i
AW, KK EEAN4315.7x10°kWh, SZFR
1 X AGC i J& 1 2y 2898.5x10°kWh, 1 HL /1%
BB, A BT 70 149.0x10°kWh, 1E HLA
e I BRI AN R, fif A BT 120.7%
10°kWh, K37 5ERR W L&y 2701.4%10°kWh,
JAHE 3 A 2 AN 4 N &5 365.3 J5 76, RUHLIZ I ]

200

H1 54 0.099%10°kWh,  AH bt JX L 3% J5 46 1 ) H 6
2.8x10°kWh, Jik/> T 2.701x10°kWh, KIEFFEAK T
BE A . R, % RE G R A R IR S A
54.64 7570, XA HLIZE IR 1) 14.9%.

HE X2 i 8 H i 22 it e SOC 24k a8 9 Fio
o TN S L B GRS S UN SRR T )i e
(T7IK)o TAEFAESNE T (a,. an a, P N0), fiEfER
4 21178 H1,155.9x10* kWh, JiH 126.7x10" kWh,
LI SR E R R 2707.4%10° kKWh,  XUHLIZIE
}A EL N 0.14%10% KWh,  JXUHL37 6 FLIS 2 A 367.4
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Fig. 8 Variation in power output of a typical wind farm during high-wind months
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Fig. 10 Power output profiles of the wind farm over consecutive typical days
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BREIZ IR, it Re s A7l L E A, Wl 2 X
Lt 70 A f2 LW ) R A 2 R BT 37 A A ) TR
3K, B, MM HEEAO.
3.2.3  fififie )3 B BB X I T &5 B R

AT ARE X2 ML 8 ) A [R) fig e 78 0 LS 30 4R
DB, B E A e S B EE T R L S i g R Sis AT
W REHFZI .

YA BB P EA A i RE 7R B —2E
SIAE(a), fERE R 78K, B X
W H 9 2701.7x10° kWh, WE 4 FR. La, W0

ZHTIG AN A 0. I, i B B4 VA L > 22 70 UK
W& a, dkS38 I, fERe R B BUE T RsE, (A6
AE K 78 LB AT R /DS, AR L3 52 i JX L 37
bW A R as . BRI, o fEBOR, AT DA
Gt BEATE L Tr) L, (E Sk 95 TR AR, XA
Dpleas TR a fHBUN, ATRLTE 2 KA fERE AR 78
HThRE, EXsl KERMERE, SEHRBA G
BAER . ik, FHEREGHNaH, 51 FMHEE
R e, (R e R e R shE, G
HA5FE, AT+ o IUEN 0.1,
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Table 3 Operational analysis of the wind farm and energy storage system in typical high-wind months under

varying trading price thresholds

CERy i G fiEREF LR R L R fitr i LA g %R L,
/(75/MWh) /%x10*kWh /x10*kWh /x10*kWh YHUIR /%x10*kWh
100 129.4 159.2 2710.1 72 0.14
200 128.3 157.9 2709.0 72 0.13
300 120.7 148.9 2701.4 70 0.10
400 67.9 86.6 2648.6 66 0.08
500 445 58.9 2625.1 64 0

x4 BEMN. FRNYERERE—RBINREINBISSHESITEEELE

Table 4 Impact of primary charging activation threshold during off-peak/flat price periods on wind-storage

system operation

T RETT ffRE 7 K B EE 56 2R ) %) L KSRl fEReBeE LM
o /%x10°kWh /%x10*kWh /x10*kWh WHUK /x10*kWh 1Tt Wzl e
0 121.0 149.3 2701.7 78 0.10 365.5 54.8
0.1 120.7 148.9 2701.4 70 0.10 365.3 54.6
0.2 120.3 148.4 2701.0 70 0.10 365.0 54.4
0.3 118.1 145.9 2698.8 70 0.10 364.0 53.3
0.4 116.9 144.4 2697.6 70 0.10 364.0 53.3
0.5 116.4 143.8 2697.1 68 0.10 363.4 52.7
0.6 14.7 141.8 2695.4 66 0.10 362.2 51.5

A B LT R BE TR — 2R 30 2 (@)
I, fERERIHE BN T4 IR, RS PR a0
BIGINA 0.1, SZAEREICAE IR, R A
700K, [FiE, XS ERHEE TR 2 a,M0.138
AN E 0.6, P HI . VLA IYITE] A RECE R A
ANBrgIN, FEERE TSR R R R R EE, TR
KA BRI, SEm R . B, a,
(B e BN T e i S 1) i E TSR A s i+
F: o BN, SEUEMERME IR, SRR
Al a R, 2 FEMEREBOLSZIR, AT IR
R Eiia. Bk, HERESHENoHE, RARE
FE SR LA, Ry i BE A2 R LAt SR A F
HAFE R A, AR o BB 0.1,

ANV B LA SYITA] i E 8 L — 2R 3 R (ar,)
I, AEREIPLIRECN 89K, WK 6 m. a0
WEINE 0N, fHREH L RER F A E T3,
I T HE A A R RE TR LR e AL, W F A
Y01 1) it 9 70 HHL 52 PR O AS I 25 52 i BE 1RO 1R 0 E 0 AN
W A R 2 o, MO TN 0.6 1, filiRE
AT RBOR A 70 K, TR, XA 37 ) B AL s R
FrfaE . Bk, MEXEE a, )& 3B AT RO DL ik
REMMECH L A, A ITH H a, i E 9 0.6,

R, AR TARRH 17— Fh 2k SEm i 5 5
HL I AGC 1 JBZ 45 4 2 it BE R GUIR S 3 & 1 B 1 78
JECHR A A AL o SE A LAY R A N B T F B,
(t)=(a,+1)xPysc(t) U HEL AT I B 78 HEL RUAE £(f)=(a,+
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Table 5 Impact of primary discharging activation threshold during on-peak price periods on wind-storage

system operation

A GRS ffEfETE L A B ke R g oA B, i A fit BB R
% /x10°*kWh /x10*kWh /x10*kWh YHU IR /x10*kWh Wi/ 75 & IAT
0 126.0 155.1 2706.8 74 0.15 367.0 56.4
0.1 120.7 148.9 2701.4 70 0.10 365.3 54.6
0.2 100.1 124.6 2680.8 68 0.99 357.3 46.6
0.3 91.2 14.2 2671.9 65 0.99 3535 428
0.4 84.3 106.0 2664.9 63 0.05 350.3 39.6
0.5 76.2 96.5 2656.9 59 0.03 346.7 36.0
0.6 71.2 90.5 2651.9 57 0.03 3445 33.9

*6 IERNHAEEERE —RENHENKEASHEESITHMERLER

Table 6 Impact of primary charging activation threshold during on-peak price periods on wind-storage system
operation
AT GRS fiffe 78 i Rt EIEE R R IATEEER PR Gy S
% /%10°kWh /%10*kWh /%x10*kWh Kok /%10*kWh /3Tt Wi/ 73 e
0 120.8 149.1 2701.5 89 0.10 365.4 54.7
0.1 120.7 149.0 2701.4 73 0.10 365.3 54.7
0.2 120.7 149.0 2701.4 70 0.10 365.3 54.6
0.3 120.7 149.0 2701.4 70 0.10 365.3 54.6
0.4 120.7 149.0 2701.4 70 0.10 365.3 54.6
0.5 120.7 149.0 2701.4 70 0.10 365.3 54.6
0.6 120.7 149.0 2701.4 70 0.10 365.3 54.6

1)%xPyoc(t), LA R U FE AT B B s e R £(8)=(1-a1,) %
Poc(t)1X 3 2 fifh A 78 5L JE 2 0B SR AL I R Si 1
CENASTE” T, BARKEIZELL R =00 R
Wit BEEIE R, AR 2 B AR E 30 U] e R AE R 5
TR TR ST N, R AR R DX P A P
(B3N, WIRSE S R G2 04 SR AR HE
VLRC: =& socZyB NI A%, RIAEH 2 WA
A, DRI Re B AR, SIS PR R
FH T o DLk S i Fe Bl il . I A EL R T A R )
REUSRIEERE B S BRE, RIS 5%
TN BB LR R 37 3t ik A HR S SR (n B XU R B
TNSEILRIGIM), I B B S it BE A7 A A5 R (G0 d
ok 1 R R AR O B RO 133 WK P A2 64 1K), R
TIH RGN, XL TR S E 7
BET AR, BRI TR AR XU RS 37 0 IR A 2 1) s 47K
WE Ja B

4 # B

A TARES AR EES. HNENES .,
R 745 S A BE IS AT I R SR AR I A b, 3R
TR T B A AR A RE TR SRS T Tk 1207

FEERT T GG S, @k B s A B
FeRCE ERE, MUEEAE RE RGN E R, A A K
Oy PR IR SN, SEPL T S 228 5 N KU
W BRI DL S 0t FH HL P U DR B, $2 0 1 XUHE
WIS, BRI TE4EA . RS CIRRBIET
BNAS BB % RE 70 IR IR SR 78, T8 G 1 R
G T L AN E 5. N AGC 1M FE 4R
Ay RHLHE 45 S Re s i A& E, T —
B I Vg 75 5K 5 30k L I D O 4 I AE
B, AR OTE TR T IR I B AL 3l
SBHENLE]: fERGINEITCRMN B, @it RERH
BIE, EARBOEN 7 KRR FR, 52 PRAC T
RE VA O H (i U200 B2 OB 133 T4k %2 64
R), IELE T WA FHFmIFE: £ RFINEAN SN B,
TSR FH FRA BIR B 1 23 R L SR, P e (R B 3 0t B
FHHLRR R, R AE 0 Ha A i) B b Y S I 2
o STUELE RR B, 2SR RS LE H R 3 X 3 R
W, BT A i RE AR RS R 7 XU U EE 1 10%
PLE, DG H B B R I 90% (M 10.83x 10°kWh %
% 0.36x10°kWh), SZHL 1 2 5% 1 5 15 4% fif A PE 1
PAT, v BB REYR I S N g R R AN AT s AT
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