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Abstract: Aiming at the source—load uncertainty problem under wind and solar power output scenarios, the paper proposes a low—
carbon optimal scheduling method for multi-energy systems considering wind and solar power uncertainty. Firstly, considering the
volatility of wind and solar power output, a scenario generation model for the wind and solar power uncertainty is constructed using a
multicollinearity-reduced conditional variational autoencoder (MCLR-CVAE) optimized by a probability distance algorithm,
accurately capturing the spatiotemporal variability of the wind and solar power output. Secondly, combining the spatiotemporal
characteristics of demand response, a multi—energy system model is established. An integrated source—grid—load multi—energy system
optimal scheduling model is formulated with the objective of minimizing the total system operating cost and environmental cost, and
multiple scheduling sequence scenarios are designed for the scheduling resources. Finally, simulation results demonstrate that the
proposed method can effectively achieve low—carbon optimal scheduling for multi-energy systems under wind and solar power
uncertainty scenarios, and the scheduling sequence significantly impacts system performance.
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generation and optimization method

1.1 EFHREBEMRMUAMCLR-CVAE K H A
BARYI7 = A R
38 2o 2 2 i TS FE R 8, MCLR-CVAE fg%
AR 5y 2 S B B2 A o R AR fL#a H, A 4
T ROE— AR 15t

012

Smart Power E3EE87]



2025 £%53% ZT7H1 Vol.53 No.7

Featured Focus 455

LIl ROb#HE % & L&

ROCES I AFAE B VI I 25 R Y 2 [l )
BRI R 2 A2 A H AR AL R BEAR G, 2
L2 E LA G R, A R i A\ K
LMV NEAR N U, AT FBGE IS R .
I, A SO R E 20 ik 7Y 22 H 2 ) DR g
(Multicollinearity—reduction , MCLR ) 14 B iy A B Hi 4
() 22 S L2 M T, (AR L B A8 RS Ve 1l 42 KOG Ko
SRE RN RS | 2 4

WOCH A B 2 P 2R AR B2

¢ oo ¢ oo ¢

€ €14 €in

L @ s ¢ oo @
E - etl etd elD (1)

¢ cee ¢ coe ¢

€r €14 €rp

K ef K B HPEE d REE o B 2000 R AR B
@ e (1, M} A RTEIZE R o] FA= RE VR )y s 4K
W, M A 3 268 R K DS 1 D, T 2 B A 4
FERG], i LR FUNE A B, D = {d]d e Z,1 <
d<365),T={tlte Z1<i<24),7 NEHE,
SR T R B T 2 P R R, AR SO RO B 4R
157 T WAEIH—fbAb 3 .
Ef - Ef
xf = (2)

., min

Kb wf, MR —A0IE 090 B A B NEUR AR
HAIR RAE 5 B . B B AR/ IME

WAE I —Ab ), P st s 5632 H T /YRR 2
K A°H:

A =[ XY, XE e X (3)

b X9, X5 70l A —A0fS 565 d, D R4

XA I — A 2R T i a4 2 Ak 2k
PEHIE . AL BRI

DAREACAR I B B34S o [ RRAE 4R B2 A BCHi
BERA N T 2209 O FRtiEZE 1 BOBRIE = 2041

)V Iy 2 H R X W 5 22 HE MR f 4ot
RN FRAELE T b oa s S i X, 17 22
Var(X,),AEXF ALITR WA FHIELERE AR £ 2
[E P 7 22 Cov(X X)), X, B AL 1) i, f N R AIE
YeE

3) XI5 22 AR AT R AE 2 3 = QAQT, Q
3 BYRHE ] 5 BT 2 R L A DL S R RRIE
X AR G ER X AR A

4) BB TR WU R X™ = XQ,
X NARUEAC S RO SR

5) F 4 R 5 - R B S 0 BOHE A R B R
le'Pm.i - Xij QTO
1.1.2  MCLR-CVAE I v f 7 4
7 RO — P A 370 37 55 A= i i, MCLR-
CVAE 1 D117 s A8 R #2254 Tl S b A2
e KOG EHE Hh 28 & R B 2 v A S BT R D) A=
B HEDBT AT ORI o A DLt B T B S
J 5 43 A B S 3 43 A ABLAR eR B B FEAS
AR R HL S T = {t,,t0y) M2 1 d FPEY 24 h B]
T = {1,y ) HIERE, 7] 1F MCLR-CVAE {12 28
?&P() j‘?
(& X T =
[p (e 2) p(2X™.T) dz
p(x"l",z) = N (="If (22" ),BT)  (5)
s V() Ao i s B 1 s BEFE I | S e S
B f (20" ) B0 22 5 2 DRy B8 Sk ) it 50" SRy (4 B[]
R SR I R sOGAR K v s T 8 4% A 0 Al A2
I ) o, SR A A R
B R WO Y VR 4 A1 B B B, A Ol i XL
6 H I AEAS ) ) 220 R I S ARRAE B2 AN 7 12
1.1.3 MCLR-CVAE 7 %3
e A B A TR 2 01 I 36 40 AT s S8 B v T
Yy E B G . SR, 7 MCLR-CVAE 4244 F,
HW Je W 52 2 By 1z e v 4 25 ) vh o550 02 2R i
ARG BRSO B 56 o3 A e DL B
THEARI [, ROGEHE A 5 0952 20k, an XU &
H 32 XU L AL T T b A S RUHIL AR 45 2 R4S
g SR R LAz S IR L H BTG IR &
TR e 55 2 o0 A8 AR MR , B0l 2080 o
A P B A e ARPREIE S . Il AR S5 | AAS
A3 HE W 77 % MCLR-CVAE #6750 eh (1) )5 36 43 A5 12
113K
A ] — DS B AR 53 53 A g, (2) R
RUAE Tt SE PR 9 J5 30 43 A o 38 H 1R BRUHS B0 o A
YER q,(2) WA R EOB P o 1 i i A8 43 4 Al
q,(z) WA LPRG IR A0 q, (X" T) RCR, — &
Z A KL 85U F .
Dy (q, (X", T)ll p(21X"™.T)) =

f% (lep'“j,T)log(W)dz (6)
e g, (AX™.T) Ry 2 54 19 722 53 I 5 43 Aii
p(AX™T) RBRAS 5 2 B B S5 B 43 A1 5 Dy () N
MCLR-CVAE 1 KL #(J¥ .

(4)

E0EEET] Smart Power

013



R Featured Focus

2025 £Z53% EZ7H] Vol.53 No.7

e /Mb KL BS54 T i KA RS T 5L, BRI,
ARy EWTIY H AR TR AL R IESE T 5 Ly ()

L (0,0) = J'qg, (2IX"™,T)logp, (X"12,T)dz —

Dy (q, (21X™.T)ll p(2))

U [, (2X".T) log py (X™1zT) dz 7 7553
o oA F A R s 5 OE SE R R E
Po (X012, T) 7t I8 S50 0 SHUL IS 1 52 PRAL SR b
B 5-Di(q, (AX™.T) p(z)) A KL HUE T, 2 5448
53 J5 B 43 A W 3T S 96 43 A, b SR 0L B TSI
ZAkEE

/M KL BRE , RIRE 5 2% 04 I 36 93 A HE W e
Akl SET T R SRR Tt
1.1.4 MCLR-CVAE 7 & #AR 44

WA (7) MBS ER o AR X F T Hi
Rz M — At ae S SECH 0 AN 2 5
o XM B — A i i s 2 [F 240 8 T MCLR-CVAE
FIIN 2R H bR R AL, B

Ly (p,0) = J'qg, (21X, T)logpy (X" z,T)dz -

DKI,( qga (ZlXijaT)” p(Z) ) =
Ez~q,(zlx"“xr)( logp, (Xij z,7) ) =

Dy (g, (2X™.T)l p(z))
K B ) () AR

HRAE X (8), s 2 19 Il 2k H An 2 fie /ME ¢ =
{1y, oLy SEALWAE 5 G K530 q, (2X™,T) Je e
A p(2)q, (XY, , o2 50 5]k ¥ (8 ) 5
JrzEm . NSEAI AR5 5 55 50 0 g, (21X ™.T)
HORAE IS RS 2R DI 2k B AR 2 e KAk 0 S50y
SRR R AL p, (X1, T) o
12 ETHMRESELINHERN

h TR B HA RN 5 7 2R IG5
i S TR A A A i o P ) A T
KA. St HI AL AR BE A% 3 1o A FR 1 B 78 47 5 A
WE R e S A AL ARG EE DI AT S50 X — [ >
AR SR S T S IR 8 B A PR 1) i 37 5 1
It s i thidb . BRI

DRIk 5 s, B0 46 3 580 v, HIl U 58 B
e A5 n.

2) HIWr n* R RT 50, G0 Mgk Ee A 7)5
SR, EWEEHAEI, i a5 s SO

3T S Z AR S d (s,.s,),d NER
A E s, B i N, sjﬂﬂ%] N, Hi

(7)

j#E L= 1,2,------.8,8 NimE R

) TEPTA R ik £ d(S,,,s ) /NIRRT
X 2 A3 5043 ) 3 IR . 19 37 S Ak 5, I B AR A
N s

5) T s RO s ED%E Jﬁwﬂal Fis
WAL BR 4) Hr i N B S s R A B 45 T AR st

6)iR M1 AL 98 2) , Ak Lk k1T KT %%E%H%ﬁ%

PRk 1T AR 2)—5) , HERFE T n M5,
EIRZE SR
Hrr,
d(s;,s;)= 3 ST S, ’
S
Pd(siasj) = d(si,vsj) P
KrP: Pd(s.s;) AR ES ;p AL E R4
2 RE-W-fa—{f 2 R AR5t
HE
21 RgiRE
ARSI T RE R AL L 45 (Energy Hub, EH )P4 g

o0 o P AR PR AT 5 SR A IMES &5 . EH A9 BE IR
i A\ v T R RE oA R IR OXURE K BHBE)

B RKIRR; R IR L e S 7k A oc R IR S ML 2
FEgs RAER Y B S AR 5 T SR e A
far 43 kg [0 2 B fp AP A P2 . IMES AR TR 25 44
Wk 2 Fios.
s || R T D edRit | | o
| S T 1
R o ““C\”fj[% 'l | [
i E I eSS
AREFIERY | | | e
| 1
bkt Pt~ | G
- st |
i | ”ﬁ‘m—| i DR |
3 L ey
i | | RS
R L. !

El2 IMES#EZIZEN
Fig.2 IMES model structure

FEVR B R P AR SR Ok 24 h A LA B T I
A H T OISR , A PR HE S T S BT IS 1 TR
W, S 2 1 B g R B, IR BRI RE RGEBL G, SCHL
IMES #& K121 7 A 5 FREE A S/ Mk
2.2 HirE#E

P 2R 58 BB 1T A FIR 858 A fe /M H
P bR BRI , 705375 58 T HL I B L 1Y) 58 BORLAS T
SOEA | RGBT AR 2 T far 119

014

B2

Smart Power



2025 Z53% ZHET7H] Vol53 No.7

Featured Focus 455

AMEE A TGRS T 1A . HFReRECH -
Ci=Ca+Co+C,+C +C, (10)
Kr: C NRGIR/ A ; C L LR I 85
A HAT W EARR I, HE N AR B CL
TSA ; C,, N RGBS BRIBITHE A C, IR
PESAATAMERLAS  C, RS 2y AR o
C,=C,+C,+C, +C, (11)
Kb C,,.C,.C,..C. o5 Kot AL A5
P BRECHL AR B 1B 4E A
Hrp,

24
Cop= 2 (r Pu(t) +1,P, (1))
=1

24

Cot Co = D (1 Pu(t) + 1, P (1)) (12)

t=1

€= DYraP.0)

e rar res rnr 8RR O R LA SRR
fad RECHL SRR B B A A REG P, P,
PP P AR o B 20K O A AL SRR
BRAHEHL i BB & Y H i 2h

IMES A REVREES o 1 REVR A= 7™ Loz A 2
PRI B Be , LA K 45 B BORH SG B 5 ia 4777 AR Bl HE
e MR AE =X (13) AT RATH5 2R e %0 3019 i Bk HE T
S8

E,=E,+E,+E, (13)
Ao B, B ORI RE IR 04 Al R 4 S B HE R
BGE,E,E, 20 g LRV RE IR A A0k
i HFR A A BRHE AR B it
H1 T IMES P i & 7E i AT B vh 23 7 A ik HE
T2, BRI R HE R 5 ) Z AR AN R DGR
E,=>EP, (14)

X £, o0 CO, B HERCE: ; Q S BB N 5 77 i
WARINAES P, NS L TR
2.3 HREH
231 wHk
L D3 2 o
P,+P,+P,+P,=L,,+P,.+
Lig=Ly.+ Ludj + Ly + Lo
s P, A HL A P S v I e el T A
AL 5B 1 DR8P 5 P, S A BE B o8 1 S8 550 2
L FHONIE R N B L R AT 5 Ly, N
IMES o [ 5 50755 5 L, 9 IMES o 5 F B 6
L, 9 IMES 9 (8 ] ¥ 8 171 47 5 L., 9 IMES H i a]
Il 717

P is)

232 #HZR
I ML FOR -
Que ¥ Qe = Qs + 0
Quat = Qe + Qo + Qe
s Q... 0, FF DR G BRI 4
IR Q. R ABRE B & BRI R O IE {2
TR IR A RN Q0 BT 5 Qs
Q s> Qoo 53900 Ry A T H 1) [ 2 B 467 L AT EAS SR
AR 72 A

(16)

3 BHISH

3.1 RE—R LB R A SR

BT KOG H T 17 s s , 580325 IR AR i 23
P, XA T ZE LS W TR i 2 E L
LTI, AR 8 B G b A i KO B 1 52 290
Fo i DU ST R (LR R S S B A A
ARSI HETSR AR 2 ) I 36 A, W 52 B g i
A e st e RS R BN 1 PR

®1 BRENESHILE

Table 1 Scenario generation model parameter settings
ZH Hff BT i
YNCT = I
Y g 9 YRR K 200
ATRSE TR s
) e 2 4 256 HE R SR 600
23] % 0.000 1 ULL“SF;E%%?&/ 50
RN 100

ML 1381 7 an el 3 fros . Horp R Ak b
Yy o, T3l o RUBLHS J7 B s T i) 22 Ak 5
A E RS 7 9:00—11:00 B, XUHLH /7 5
PR b T A 3 2 PR Ay s ] B Ay Rk 3 Ak
F B R ) R . 7 15:00—17:00 B, KL H
3 AR R B 332 BT 5 SR b DX RO I U
55 , K BEAR , S SO 2 R B2 98 . A ]
Y FIRALHE S — i 20 i 22 il . X b =
B s AR e R A T 2R e

300
B @400 500

3 RWLHANEITHS
Fig.3 Operational scenarios of wind turbine output

E0EEET] Smart Power

015



5IHE%  Featured Focus

2025 #53% #HT7HI Vol.53 No.7

Kl 4 Js T 60k D) Bl ] i AR fb A . 7E
12:00—13: 00, ¥ 43 & 5% 6 AR 77 Hh B0 8 i
Bl X AT RESE T 2 J2 4, Al K BH 4 O3 e s /b, &
H|H TR, 7 14:00—16:00, % KA PG A}, 6
MR RIS o 5 LA, A B o A e 8 i e
fIK, Jetk R T 0,

S
B4 RRENEBITHR
Fig.4 Operational scenarios of photovoltaic output

AR ) R GE R T B TSR, AR S
THEAEE B Rk A0 7 S AR SR, AR ARG 600 4>
WU OEH T3 s i e 50 SO AR BLERIE AT
LR S AR OGH T i e A B g 5
IR XL Tzt s st i 5 B 2 R T
U B (10:00—15:00) , S4B 5 i Kb 5 b 2
B B B A 5 R GEAEZ I Bei R AL
i oRIE A RL L .

5 WEREREERNLHKIENEITHS
Fig.5 Operational scenarios of wind turbine output
optimized by probability distance algorithm

PALIE BRI 1ist 7 st aniE 6 Bios.

6 WEREBEEMULNRENETHS
Fig.6 Operational scenarios of photovoltaic output
optimized by probability distance algorithm

1E 6:00—8:00 A PHAE I8 B2 i T+ = A AR
HARB NTEL Y R REE E T E% . 7E 11:00
—13:00 5 B Ao B, AR 50 Oetk )
FA) W LA /N T ik ) (%) B (D S A 25 5%, B T
JE P AR LA 2 ffy 0 b BN T R 2% 52

PROECIR I T IERG R . RGN 2T XLy 5t
it AE 78 5 HC AL E RO B L 91, e R AR T 4R
R LRI R RCR S & 5 .
3.2 fMUEAESRESHT
3.2.1 AR

ARSCLAHE T - 9 i — AL 22 RE R GBS0
g Waetk I i Rl R B A A . I
SEIBAT R U H R s 18] [E] B i 1 h, 23
G0 24 2 A RS HOE IR 2 R,

*2 ®ESH
Table 2 Equipment parameters

5iH IJJiJV:ISE/ Iﬂﬁvﬂiﬁ/ i‘éﬁﬁiﬂi{ 1
[t (kWh)™]
A1 HL 180 0 CERTN
KL T TomE 0 0.55
BIAIN: ] TRE 0 0.73
fitt HL R - - 0.032
R E - - 0.036
FH A0 B H, A7 £ F T H B 7 2 AT RS
PR CTINCIR o AR R T A el N R R o ) R R i}

T2 Pl [ I AT AT R A R AT 1 R 7
4 1

HL I HL A e AN R B B i AT ) 4y s E AR AT
(0:00—7:00) , Mg HLM 4% Ky 0.7 JG/AWh, B HL 4%
4 0.5 JC/kWh; ZEFER (7:00—11:00,15:00—18:00,
22:00—24:00) , I HL A 4% 4 1.0 JT/AWh, B HLHMA%
4 0.8 J0/kWhi; 7ER I (11:00—15:00,18:00—22:00),
WAL A% R 1.5 J0/kWh, BTSN 1.2 J0/kWh, K
IR IPAG I E S 2.7 J0/m?, Horp AR SRR N
9.6 kWh/m®, & L &K N 0.48. F5 HEL Mt 14 78 75 3%
HH 0.9, BRI FE BB W EC R 6 W, AR Ny
0.35~0.95, A AHLIFE R ECH 0.001.

# 3 HH T AR IMES W K i T RETR K Bk
HET R B T R A Hop il A2 By B B 0.16%
107 Jo/m’, Bl A7 X BL v(v=1,2, -+ SRR
Bl HE R 0 A ER 218 0 25% o SE bR AN, B HEL
B BN RS R T X FRR AT

3 BHHABREFAEY
Table 3 Carbon emission factor and quota factor

LN N N 1303.0 798.0
PR N N N 564.7 424.0
etk N N x 154.5 78.0
Mg Y N x 43.0 78.0
fitifi N N x 91.33 0

016

Smart Power E3EE87]



2025 Z53% ZHET7H] Vol53 No.7

Featured Focus 455

322 WGELERW
PEAR T e (A P A 22 Pk H | 3R A Ay o0 A A E]
7(a)—& 7(d) s

LB e T 3 /K

0
00:00 0800 1600 2400 0000 0800 16:00 2400
Lipdl iy Z
(a) PRACHTZRAE: L B4 - (b) Pt Sk b i
i

200

AT /KW

0 0
00:00 08:00 16:00 24:00 00:00 08:00 16:00 24:00
% i %]
(o) P A T A S (d) {RALJF Ttk St

7 BB HRAGEI
Fig.7 Comparison of electric and thermal loads before
and after optimization

Wl XF R 7(a) 5 (b) AT LUE BT FE RS 6 fr
IF Be i AR 1 4 A3 5 4~ A8 11: 00—
15:00, 18:00—22:00 Bz 7 fuf & A= I, HH BLAE R
Hri g

L ARG fr A AR A 2R an il 8 o o X AR
AT 2 m] A, DU AR AT L PR T 8 2 S A
ZERR ARACSS , H AR Ay ) DG A 2 B 2 /DN R 0
55 A8 B R BRI 4351 A 19.23% Fil 34.88% , 47 3L
EN T i ) B A Tl R SR il W N
XTELUNER 4 PR .

400
350

= 300
x

o

250
E
& 200F
2 150

100

12:00  16:00  20:00  24:00
I %)

8 fLILET/E R H T 2k
Fig.8 Electric and thermal load curves before and after
optimization

=4 MUER

Table 4 Optimization results

50 ! L
00:00  04:00 08:00

B 45 22
B BER  THRm | BRI
RIA) 7520.5 230 120
fletb)s 4211.8 168 106.5

t 2% 4 WAL kR RERIE 1T AR DA 7 520.5
JCFRES] 4 211.8 JC, FEIR T 43%, 827 T R &
ot

H, 7 far - 40 18 9 () BT 7R o H A7 fr 32 22 Fl XL
S T B B H e [ A o A A - T
B 9(b) IR o R ECHLAE R 25T F) B pit T 32
PR . 7E 0:00—4:00,5:00—9:00,22: 00—
24:00 S5 P A KA B B, 5 HVRE 38 a WSOk < gt
BL™ AR 1 22 2 B0t 5 I 0 A7 ke ok 5 3 1) 35 il
SR B SR R G A ROT 30 3R 0 o U 3
MR .

_200 1 bR J 750 1 1 ]
00:00  08:00 24:00  00:00  08:00 16:00  24:00
g %)

(a) FLAA T (b) # S T4

9 HAAETTE
Fig.9 Electric heating load balance

e oy (A SN CR WA 10 Bios. S
28 5y AR Z2 18] S22 30 AT S 38 1% B () A9 o 1 e
fiE + #£ 00: 00—10:00, 15:00—18: 00 Hi fr 73 if B,
158 Gy BUAS AR X 388 e 5 FL A B BE e 38 Gy LA FAH XoF
BAR. ULET B i R, R G FEEAKHARE |
SR S5 T P A BE TR S AR A EA IR M ), A AR AR T R

Rel

IS R

4 —— ity 18
7 1.6
147
1R g =
25 12 i
= 10
x4 B
3 08
B &
2 06 =
1
0

1 | ) | | | o
00:00 04:00 08:00 12:00 16:00 20:00 24:00
I %)

10 HREBMEAERMNKE
Fig.10 Relationship between carbon trading cost and
electricity price

HL 5 R 5E 5 AN B P R S PR B« A
[l G Ay K- T, 22 BB EL AN iR ) 3 Y AL ) A A S B
BB/ Bk RE DR A DC S IR RE o ANEIIE T 22 R RE I
e B 253l P A MR A B0 B T SR
SRBRE AN R GEDHER B R

E0EEET] Smart Power

017



R Featured Focus

2025 £Z53% EZ7H] Vol.53 No.7

AR SRR R AN 1 i U X — faf —
Ak Z A RGN AL T B 5 s i 2 T
S A B RS B R G . F A4S
wr:

1) 3t FHER I 2 8 1L 1 MCLR-CVAE 1 X%
—RACBEAIL I 5 A Ry i At 22 T AR AR M
TH B 0 ) T2 M T, (e A 7R 2R A 1 5l 1 DG A
FEAE RS A B OB TP i 2 R R e R L A
BAF A SE R T30 0 KO o A g 5

2) T R SR B 5 K M by AR 3 2k X [ R B
of F A G or 45 F R RE B 240 345 TR RO AS E
TFAT B TH T R G RE A) Z2 T6 4 R P

3 PR F A A A e 2 2 B R MR B3R AT, A 8K
P T o ey 2 i B, FBH T AT R BT UR X
R AT R B AR A E

MHTE I AT R 2 ) B ROEE VA, Je S TR 1k
BET7 A, DAY /N JRUE U 3l 5 i B8 0 40 %2 5
K AAL AR = i

(1] TERR, b e, 5 HRbs 45 2T 20l WCVaR (9] REEARRR S
TR IRk SR, 2024,39(5) : 102-111, 128,
SHEN Yu, HAN Zhongkuan, ZENG Zhensong, et al. Low—carbon
economic dispatching of power systems based on fuzzy WCVaR[J].
Journal of Electric Power Science and Technology, 2024, 39 (5):
102-111,128.

[2] sk¥e~, ELHR L AR, A XU B AR TRk EE G BRI R S
R CHEH A B PR 700 R 58 A BME, 2022,46(8) : 189-207.
ZHANG Shenxi, WANG Danyang, CHENG Haozhong, et al. Key
technologies and challenges of low—carbon integrated energy
system planning for carbon emission peak and carbon neutrality[J].
Automation of Electric Power Systems,2022,46(8) : 189-207.

[3] AFENR, Bk, 40K, 4 OC T REURIL B A0 AT AT IA (— ) B Y
BRI ) R G ABhE,2018,42(9) :1-15.

SHU Yinbiao, XUE Yusheng, CAI Bin, et al. A review of energy
transition analysis part one elements and paradigms[J]. Automation
of Electric Power Systems,2018,42(9) : 1-15.

[4] LIN S, LIU C, SHEN Y, et al. Stochastic planning of integrated
energy system via frank—copula function and scenario reduction[J].
IEEE Transactions on Smart Grid,2022,13(1):202-212.

[5S] ZHANG D,ZHU H,ZHANG H, et al. Multi-objective optimization
for smart integrated energy system considering demand responses
and dynamic prices[J].IEEE Transactions on Smart Grid, 2022, 13
(2):1100-1112.

[6] XU, ERGBL, XIFA, 55 25 IR -ERIEAE by 15 1 SR Wa L B 275

ARG AEEFR IR L)), H0 )5 SR M BE, 2024,26(6) - 8-15.
LIU Tao, WANG Ruiqi, LIU Song, et al. Collaborative game
scheduling of integrated energy systems considering carbon—green
certificate trading and demand response[J]. Power Demand Side
Management , 2024,26(6) :8—15.

[7] S50 JEES AR, 48 5 BB HE A - 05 SR e L A H T R

GEPIH B AR EELD]. ) LRERER 2024, 43(5) :81-90.
CAI Xinlei, DONG Kai, CUI Yanlin, et al. Two—stage optimal
dispatch of power system considering carbon emission fiow and
demand response[J].Electric Power Engineering Technology, 2024,
43(5):81-90.

(8] BRERMG, W1 R, MRFEUE , 55 . 5 JE B BB Bk 58 b 5 3t s R XL

Wi 17 19 545 RE IR AR GE A AL IR B2 (0], W L TR AR, 2021, 47(9)
3094-3106.
CHEN Jinpeng, HU Zhijian, CHEN Jiabin, et al. Optimal dispatch
of integrated energy system considering ladder—type carbon trading
and flexible double response of supply and demand[J].High Voltage
Engineering, 2021 ,47(9) :3094-3106.

[9] AR, W, SR, 45 R AC 5 BT & OB AR I
L1 R GEOCAL TR, v 0 &R 48 A 31k, 2014,38(17) :91-97.
LOU Suhua, HU Bin, WU Yaowu, et al.Optimal dispatch of power
system integrated with large scale photovoltaic generation under
carbon trading environment[J]. Automation of Electric Power
Systems,2014,38(17):91-97

[10] FhIR, i 5% , B, 55 . 25 B A Rk 58 S AL A R 1o 9
BB R OLAIR L (D). v ) RGE Ok S 42, 2023,51(10) : 22-33.
MA Yue, MENG Runquan, WEI Bin, et al. Two-stage robust
optimal scheduling of a microgrid with a stepped carbon trading
mechanism[J].Power System Protection and Control ,2023,51(10) :
22-33.

[11] ANERAE, RS2 . & ML B R B L SRS R LRI 1T [0 B
SEHAR S TR, 2020,20(12) :4754-4759.

SUN Jianmei, GENG Liyang. Optimal operation of electricity—
natural gas coupling system with power—to—gas technology|[J].
Science Technology and Engineering,2020,20(12) :4754-4759.

[12] T4k, Wds , RO, 55 2% IO ARIR A TR IS 20 I B A 1R
A TR 2 5 (). B S 7, 2024, 52(6) :92-99.

WANG Jinhao, YAO Lei, TIAN Ying, et al. Demand side energy
dispatch strategy considering load state extraction and time—of-use
tariffs[J].Smart Power,2024,52(6):92-99.

[13] AT IEXR X5, XU 6 , 55 . T FH W IR A s AT 4 M 1 R B2 F

AL EEL)]. L3800 1%, 2023,31(3) : 145-149, 154,
HE Zhenghuan,ZHAO Ying, LIU Jingna, et al.Optimal dispatching
of household load based on the operational characteristics of the
electrical equipment[J]. Electronic Design Engineering, 2023, 31
(3):145-149,154

[14] UIBH , 2= 240 , BRAETT , 55 . T B2 il B0 o8 5K i B, fry A el 066 pf

AR LA L)), R B BB, 2023 ,44(4) : 349-358.
SHI Yang, LI Hongwei, CHEN Jikai, et al. Optimal scheduling of
thermoelectric interconnection virtual power plant considering
incentive demand response[J]. Acta Energiae Solaris Sinica, 2023,
44(4):349-358.

[15] WANG S, YUAN S. Interval optimization for integrated electrical

and natural—gas systems with power to gas considering uncertainties

018

Smart Power E3EE87]



2025 £%53% ZT7H1 Vol.53 No.7

Featured Focus 455

[J]. International Journal of Electrical Power and Energy Systems,
2020, 119, 105906.

[16] BT, Wi, dk R AL, 55 s ) ek 0 A R BE I SR 2534 ). B T
R4 A 21k,2014,38(20) : 127-135.

WANG Ke, YAO Jianguo, YAO Liangzhong, et al. Survey of
research on flexible loads scheduling technologies[]J]. Automation of
Electric Power Systems,2014,38(20) : 127-135.

[17] WEI Y, YANG Z, LIU H. Optimal dispatching strategy of load
aggregators  considering peak load shifting[C])//2019 IEEE
Innovative Smart Grid Technologies—Asia (ISGT Asia). Chengdu,
China:1IEEE,2019:2661-2665.

[18] W45 1547, o . 75 1B 22 ZE A SR wa B Ay L - BB 5 R 2
it ] FUE R 2 1. K PR R0, 2021,42(10) : 282-289.
YANG Dongfeng, XU Yang, JIANG Chao. Multiple time-scale
coordinated scheduling of combined electro—thermal system
considering multi-type demand response[J]. Acta energiae solaris
sinica,2021,42(10) : 282-289.

[19] B, TP, y5 4R 3k, 45 . T T B H Bl 28 R e 1 qof 1) Bl el
I RELEIRIEZLT]. oD RGEAR I S 45, 2023,51(17) :69-79.
YAN Xiangu, WANG Qingao, LU Junda, et al. Microgrid energy
scheduling with electric vehicles and flexible loads[J]. Power
System Protection and Control ,2023,51(17) :69-79.

[20] 47 [, RS, B {25 BT Y W 0 SR T WA i I 0 9 82
TRRSEL)) BEUR T2, 2022, 42(3) : 83-87.

FAN Guoqi, WANG Qiushuo, HUANG Jian, et al. Research on
coordinated dispatch method of source—load-storage in new power
system[J].Energy Engineering,2022,42(3) :83-87.

[21] RIGEIE , 23T, JA 5t 2 Bk AEZy LR 31 2 P2G K By 52

PR B9 (IR A% 28 7 8 2 [J]. 1L D5 483, 2025, 62(4) - 3443,
112.
SONG Xiaotong, LI Wenbo, ZHOU Jinghua, et al. Low—carbon
economic  dispatch considering P2G and load flexibility
characteristic under carbon trading mechanism[]J]. Electrical
Measurement & Instrumentation,2025,62(4) :34-43,112.

[22] ZEM2 2B, MRBEAT 55 2% BB 07 AT S 2 e R 1 RNV

G UG B et L. A HL L 2024, 41(3) :61-68.
LI Bin, LI Yuexin, LIN Yixuan, et al. Optimal scheduling strategy
for residential small micro—loads considering dynamic response
characteristics of loads[J]. Distribution & Uilization, 2024,41(3) .
61-68.

[23] EME, BREE, 2208, 45 3 IR 22T A I R S0 )02

RAIZFTI] 5103, 2024,61(11) :31-39.
WANG Hui, CHEN Pan, LI Naihui, et al. Double-layer optimized
operation of virtual power plant considering source—load multiple
standby[J]. Electrical Measurement & Instrumentation, 2024, 61
(11):31-39.

[24] A, BN, LR, 55 BB R 50 5 T 25 R IR AN A e Ak
1 fff fE UL AL TIC (D). W0 ) RS AR5 45 L 2023, 51 (1) 2 101-
112.
HAO Ting, FAN Xiaochao, WANG Weiqing, et al. Optimal
configuration of energy storage considering the source-load
uncertainty under ladder—type carbon trading[J]. Power System
Protection and Control,2023,51(1):101-112.

[25] Fobhabh, #/e L B SO, 25 BT PCA-OLS Y1) 32 45 45 01t

e TR )], ) R G R H A A, 2024, 36(6) 1 101~
109.

YU Linlin, JIANG Xiaoliang, BA Wenlan, et al. Medium and long-
term prediction of system equivalent inertia based on PCA-OLS
model[J].Proceedings of the CSU-EPSA ,2024,36(6) : 101-109.

[26] fl8E,JR3L , firfhi , %5 . 3£F WRSR Il BOA-Cathoost (1 B 3 i 7
Sy PAETIIET]. WiTTHL 77,2023 ,42(5) : 76-84.

ZHONG Zan, XING Yi, YU Wei, et al. Research on a power user
classification model based on WRSR and BOA-Cathoost[J].
Zhejiang Electric Power,2023,42(5) : 76-84.

[27] BB&ERA , E S0 45, s, 45 BEHLIK S X3 1 F T el s 2 fk
ZI BN w3 AT ) AR R, 2024,43(4) : 116-126.
YAN Chengyang, WANG Lijun, ZHANG Wenzhe, et al. Dynamic
response analysis of transmission tower line system under random
fluctuating wind field[J]. Electric Power Engineering Technology,
2024,43(4):116-126.

[28] Ak, hR e, 27 Fi, 5 LT DU 5 R A S S A R T
AL RS W] WD R SR B B S ka4, 2023,35(9) 1 137-
144.

HUO Hao, MA Tianlong, LI Ningrui, et al. Transformer fault
diagnosis based on the combination of bayesian and deep learning
[J]-Proceedings of the CSU-EPSA,2023,35(9) :137-144.

[29] ZEF% WG I, 225750 46 T RN MRS B T TS Ak
WA W T, 2023, 44(4) :29-36.

LI Dexin, ZHENG Taoyue, JIANG Qirong, et al. Day—ahead
optimized market clearing method considering r enewable energy
absorption[J].Electric Power Construction,2023,44(4) :29-36.

[30] 5K db s, MR, WEORE , 45 11 B MO B8 IS 2 A 1) e S L (R

RO TL )], H J7 S BT, 2024,45(3) :347-354.
ZHANG Jingjing, CHEN Jun, CAO Hui, et al.Capacity optimization
configuration of stand—alone microgrid considering uncertainty of
wind and solar resources[J]. Power & Energy, 2024, 45 (3) : 347—
354.

[31] Eifde  m W], BN, 46 T RO T R A RIS
St RE 000 IR E 2  SEmS SR 0], o 1B 77,2023, 56(7) :43-53.
WANG Jihua, YE Xiaming, QIN Ruyi, et al. Research on
coordinated control strategy of hydrogen—electric hybrid energy
storage microgrid based on exponential-function—based droop
control[J].Electric Power, 2023,56(7) :43-53.

[32] BhAE, I, 5 R, 55 . 5 IR B R L AR B A8 B BB AE IR R
A48 H AL L], PR S R, 2024, 40(1) : 130-136.
WEI Wei, YE Li, FANG Yi, et al. Day—ahead optimal scheduling of
new energy power system considering carbon emission quota
andcarbontrading[J].Power System and Clean Energy,2024,40(1):
130-136.

(FAE%4 A F)

s B EA:2025-02-17; &2 A A :2025-05-08

PEZ AT ARAG3C(1992) 5, HRSCE N, 24, LR, NS ) 3R

GARALIS ATy 1 AOFSE TAFE . E-mail: 1099503101 @qq.com
VLY (1989) , 2 SBAR AR BEPUIE R -1, = 20 T AR, A

FH) RGBTSR AR LAE . E-mail: 794008584@qq.

com

E0EEET] Smart Power

019



