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ABSTRACT: The real-time assessment and prediction of the
carbon intensity level of the distribution system is an important
part of the low-carbon optimal operation of the energy
flow-carbon flow on the distribution side. In order to quantify
the carbon emission sources and carbon control margins of the
distribution system, a generalized carbon intensity awareness
method for the distribution network based on carbon emission
flow is proposed. Firstly, on the basis of the carbon emission
flow theory, the generalized carbon intensity of the distribution
network considering the influence of active network loss is
calculated by using the operating situation elements and carbon
intensity elements of the distribution network, which reflects
the spatial difference of carbon intensity of nodes in the radial
distribution network. Secondly, in view of the limited sample
size of carbon intensity data and the variability and complexity
of source-load information, a multi-variate Pad€approximation
dendrite net (multi PadéDDNet) prediction model is
established to achieve high-precision generalized carbon
intensity prediction results by strengthening the nonlinear
mapping relationship between carbon intensity-related
elements and model output. Thirdly, the nodal carbon intensity
margin index, branch carbon intensity margin index, and
network-level carbon emission margin index are established,
progressing hierarchically from the key nodes to subdivisions
and then to the distribution network. The high carbon intensity
thresholds of different regions and different particle sizes in the
distribution network are combined to perceive the system
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security situation operational level and dynamic high carbon
risk. Finally, the feasibility and effectiveness of the proposed
method are verified by taking an actual distribution network in
China as an example.

KEY WORDS: generalized carbon intensity awareness;
distribution network; carbon emission flow; multi Padé
DDNet; carbon intensity warning indicators

FHEE : T H 2R GU R A /KT (10 S Pf AR T i S 0 e H )
TR -FRARB AR AIZ AT M E IR T . EEXTE L R G b
TR R R B 48 5 11 B2 A il R, 12 SC 4R HH — o T i HE s
FRTC ERL PO ) SRR 7 V2 o T e, ZEBRFE ISR B R Bkt
FIHER M T SR ER U R A EZ I HRBEIEF Y
DO 4 52 T (14 T L DX )™ S, A% S50 S DR T L TR 4 s 431
A s HIR, BB FHORE A AR S SR AR 7 15 2
K225 Z R, 32 H £ 0 PadéiB T 5P 4% (multi-variate
Padéapproximation dendrite net, multi PadéDDNet) T4

A, i iR FAE DG B R SR R RS U O R,
SRR RET BRI SRS, AR -0 X -E HL Y
2B AR P A T ST H T R A B R AR SRR R
K FEEFR R AN ) 2 B H ISR P TV FR AR, J45 0 F AN [ [X
W A FRORL B ) s A BE, B R AR ESBIBITKF
BN ZS b ARE s B35, SR FH B T it X < B, F, D9 A 491
B AR T H T VR I AT AT A B

KR )RR BRI BRHEEEGR; £ 0T Padéid
IR IL, ;s BRSSTUE R b

0 38

HL ) 22 Gi I Bk 5 £ T R R AR T 280 v ) R %
AU, SEEL XK HARREE RN, B E bRAE



5

B A5 TR HE TR A E R I SO 4 TRk g 75 1903

B (IEA) (2023 45k — AR ) hiEoR,
2023 4, A BRAEIEAH R B AERARICE N 374 124 1,
BT s, FRE AR R K 5.65 12 t,
AR A HEUE IR RO E KA, R
— e FEAEARE, TR TR KA
KA IZH T, 15 BT FE R G o S P e
WK, SMECH M IERIEAT; U7, BLE M
TH I BERAR B 29 R 26 1F T 22 52 R 40 s Kt LR
DI K GRE 155, 3T 51 e X Rk H 22 4 ]
e STk, R EARBRAC HE R S HE ) R Gk
B T SRR, R SEEILAT F AR RV g 1 ok
ST B, ERG, T S R BT AL SR
AR AR W i R LB AR R, (BTS2 A
FEAERRIAR G R R, WU A B OC i R 40
M LUEAL R RGOS AT S IR ACRP Y,
A v T L DR A A D B SR B I ) Bk A2 R A
PERE S, RIS N BES B S W EC H X B K T
FR BT TR 35 B SR 7 1 R DR B B P Y 22 e e 8 TR
KBRS AT, 8 I T B BT I (] RUBE A AR e 35 8
A DU TE /NS EF [) 23 3 22 R SRR HE Y AR R 3
2 DA I 28 R B 35 7K T, R HESE IR IE HE R G e 25
BN AT .

Fict B PO Bk A5 B R i E — 2 I T A 2 ()
N, FIHAMSRINGE . &S, RABEREE
ST J2 0 268 4 A5 A TR TEC FEL DY) SI2 B 58 AT 1 gk
TTor T BRAR DL AR A /K- P A 34 347 T
DT FE, SRR ER R AE 1T )
MR E. HAl, EWNSMEE AR CE R
TFHIBHEZR, KRBT 3 26 s datrit s,
BRI TRINCL, Bt KUY, B3R
THA 5 B0E 1w HEBOR FE S (carbon emission flow
theory, CEF)Zr M3k BT Sl 5 a5 5 > M ik #48
bRy FERERR SRR T R BRI Ak 3 2 7 it
PeA I R B 5 e 7 =1, TR TR
R EENENE R R A =B N SR I RAER & 15|
FIIANHT P A 88 DR 0 o B FA TR TR R R LR
F E AR BT BV P A BRI RS A
5 TR T 925 A2 8 i N SR B 5 R B A ) R A T
B o SCHR[L13]75 e FRN LA R AIE S5 R 1 v DL
WA PR ESORR BE SRS, LA Y i 5 Ak
TR ARG AT TN, AR T 508 BT AL ZH LA
DRRHEGEE . SCHR[14]32 i %E T Dropout Sz [a)4%
7 Ao 22 IO 245 T B DL IO ASE 28, 1 R SIS 7 A T

RGET AR 1, A BT 513 H PSR
TH o B S VPl A2 TR RE W AER R OCRE 38 1Y
RECEBR MG T, VAl AT BE S B Bk PR It
SRR R . SRR A FE AR AT PR vk, 4
B 2 IR 28 PR 5715 Bk SRR A 5O Y A
FEARI, b S | e R R S AT RS R,
RSB RIS B . A A R e A e
515 B R I 451 X % B0 450 19X 2% I 453 44 Ak 3L ) 1Y
2 OTY 2 L LA R R T P ) P 4 gk 343K 5 £ L
R, TR AN [F]5 R AN]SR B 22
FACFFE. B, AT SORFA RIS, 46
TRAFBOR B i 28 70 BT I 22 2% A2 e R AR AL,
X Tt 5 1) 18] 4 52 W0 AR AN A H AL 4L 38 47 o] Tl 75
(R B, R HHOd A I F AR M EE R ) X
TRIBIRFNTTE o AR SCHTHRT7 122 X0 B TE Ha Y sk
TR P 77 B 7R A 58 3

Zx EPTIR, ASCHR W — P T RO R H
W) B % (generalized carbon intensity, GCI)/E%]
JiEe B, SCETEMKABER. ERESEN
FALTR 0 R SRS B A A7 20T e YR TH 20
B ARG R LIS REEMNIIEE.
TS B TR S HL(micro turbines, MT)H /j4%
WA R E, RO HEZE SRR |, 2R G
FEERRHIR S AL A 7S AR 8 B AR R =
SRR S 2% AR R A8 5 B A DhRAE
s F HL AL B B HETS, TS U5 SRR R TR
SRCTSC R B SRR, 9 L X B A R e it B
A ZE R RSB RS, IR T NG
(] 73 9% 2R A TG FL I s B s PR TR e
PEAR A R, M LU B 35 X H 7 41
TEEMER A 2R, HL 5 52 SR AR S AT ANF E
YR 2 RRHERZ N, RS A B R T
wERE, HABEIIANZIC Padé iE@ix 5,
i 37 Padé iE iT 4 R M 4% (Padé approximation
dendrite net, Pad&DDNet) il &AL, &% -S54
B RE ST, NG L R AT AR A AT R TR TR0+
RIG, NEAEL M2 eI T S HMRF 1T K
WG, DN RS B - X % £ B 0 Sl B8 HE TS R AR T
SRR B S RN X 28 B TBORE FEFR A, BRERTC FRL Y
TRBPZE, BN BE AT R R AR () 22 A v AU, 48T
NBC HLN 22 4 5 i B U R A RO wJE, B
SEBRIC L 2R Gt 9 S HEAT SRR J A, RGN S B
IR 28 AT i A 1R 22 4 e i XU



1904 S N < | R I = SO 3

i 46 %

1 ETHRHURRIBECEM RSB ERE

Bc FL DX R F B B AR SR LR A
= 2 R O A R % Ak AR AR Y AR Bl IR R T L AR
JEZF/NHAI R &5 . KPR A “ AR &, JF
PRIEAT” (R s U, Tt o TR L e B 4 Tt
IR T SR AR ZEALI T L X B, 2 L O 44
RUBRFAFHEE,  JCIZIm MR T FR ) &1 i A )
[B) 22 ek o AR SCHE T AR O BRAS TR A IR AR
B, R H BEAA I 2 () 22 S PR AR T FEL DX T SR 3
Abmo 28T IRHEARES, AT 7RIk 8 S % Bkt 25 5
T RS T R SRR b, BT
W FL R SR K-

1.1 ETHRHEBRNEERBETERRERE S

& G AR B0 B AR T r U B A
TR ZS, T 22 1 DX 7 5 ) 4 e 78 D] % TG A
JE 2 7S BALIR 7 s R S5 ROE B sg e . 48T,
A NAEBOR IS, I H BT % S
A Ty W 457 F G FL AR 4 7 S A B 20 fid S e T R AE
FEL DX i A2 SR R AR i B AR, SICEI FE D B HE TR 54T 59
Mo FEIE ST, ARG ECRIRME . T
P R AR R SRR, BT
HL A K o BB HE ISR & Rl 0, A ik 2
TRV EAL 36 R AR B P R, AR 2 I 5
PRSI 2 FE L bR AU U SR R

1) 3 I SRR BRI

oY S BRI % B (interim branch carbon flow
intensity, IBCFI)Z87EH M BIHIL T, AL A
PN S AL A T 2R B P A R R B HE T, R
K7 kgCOL/(KW-h), FH pinter 26718 o

Aoer = Rinter  Pss 1)

s Py NSCEE T Iifit (A I35 Riger NEFE
DA 0155 5 T B IS T P O 3 S S o e AR
HtHECE, kgCO,/h.

2) TS R .

1Y S5 8% %4 (interim nodal carbon intensity,
INCI) 2 5 7% 18 o 437 I 75 L IO ~1 55 90 6 SR A7 1R B 5
BB A R HETBCR:,  FAAL N kgCO/(KW-h),
H €inter K750

Z Rs,inter Z Ps,zsps,inter
ei inter — = =l (2)
’ P P

Z_EQEF': ei,inter j\jdﬁ)ii i B"]ﬁ(}ﬁ%‘/ﬁﬁ]‘%%’ Rs,intery‘jiﬁ%

s PRI s 1A TSI RN TT 5 i S Bk
B Pozs WX s EUHIA NI pyiner N S
(13 I SRR AR P o X T B A AR AR iy 43
A 2 HLUEAHE T R S AR TR A EE T R €inter
5 b W HEBGRE A X IR HE RO
AR LR HEOGR B AR D, PSS s (IR
Ui I3
3D L L PR A O S T AU
3 B A7) 4 2 i ) 20T Bl i 45 B i A AN
T AU PR o S B U R T e Y T
AHEE, 1B SR R B FE AN S T AR, 53
PR, LB AL, BARHE SRR WA (AL —
(A3)o 7 sk VBT AR FAHE AR T HL IR 4 ot
PENT RERSS, T EIEI SCR w47
T AT R HE AR 2P, BRI R .
1 B sl o A AERE Y N B RE,
Pa2s=(Ppijzs)NxN T80 Ppzs Al LARIRANTT
) :{Pim, i5 A%, Hivmj 3
S (R EE§ ¥ N = B o

A 15 j AN S Py NSO i IE
BUThE . SNATCERNTTRAL, T E. W
2 i=j B, Pij.s 2 0(i,j=1,2,+,N).
20 W50 TN R R e inter BN
T 2 DX i g sk 9 4 R B 35 B R B SR R T AN
Einter=[€1 inter,€2,inter»"**»Eninter] o 25 FEAIUE HH 1 25 HL X Y5t
5 2% 4k AR s BRI . AU S ER iR HE T
545 K 318 AT 7N S A4 A B e AR iR A
SERORARG T RSB A AN
D PossPsiner + Poiei + Gero Esrky
€ = 5L (4)

i,inter
PN

s Pei A i AN SUITIERRIR B2 A SRR A
DI 775 eci J9ER 1 /N1 R BT ide Rl 5 2y A QL R )
WRHEREE, Hodr, AR S E N U T
A LI (AL) s Gsre 7S FRAIR 2 BRI IR 448,
TN T AT Wl ) 7N A R R R A 2 T
SR RIS, B 239005 Egre N TE
R EE R ANFATRE, t; k NS FALETIRE,
FEAF R R L 0.5%.

3) EFHIR A BIEEE, K@) F osiner BN
Ciinters M LAKE A I sl A AR BE R R A0 T
BRI FE DL (AB)—(A9)




55 5 1] PR TR ORI L T SURS e 7 1 1905
Eier = (Py — Pase) “(PdEg +W, /1) (6) AT (AL —(AL6). FHFE A2, HEik, Y

4) 3 JE B K R (interim load  carbon
emission rate, ILCER)#fi& /2 % &M #ifE oL T,
T D B AN RF ) PN 7= A ) Bk HE R R Y A TR 4y
P o B 0N A b BT A PR O A A RO 2R ] DA
FAAE Th 6 fur T R I 05 B A TR A R R

Ri,Linter = I:JLi ei,inter (6)

U P SR T IR A T T
BT 9 5 BRI AT BRI W] LA R
R = PL Einter (7)

L,inter
2 PN 7 AT AR -

PG IIF T RE T 4 A DR AE T
AR, PRI, B9 R I P S i i R 2 AT
LA BRI 5 IR I R 2 A

BT A8, PRI 5 A8 T 2N AL R
BEAR I3 R 7 A I EL BRI R N I I A B R
A, R/

N
RGT = Z Ri,Linter = RL + RIineloss + RTIoss (8)
i=1

A Rer NEFEBRITF : Ry AN TR E : Rineloss
NEBEATAEIRIT A s Rrioss ML EAF AR -
12 THREEBT XEE

AT YRR % (nodal generalized  carbon
intensity, NGCI)&)™ S BRFHAE T m )z 1 s, H
TREAR T O T B R R B, B R B
2 8% T 7 e 7 7 A AL D I A5 B Bl 30121 R
ST F A R BRI

Pic F, PO e (10 a9 A A Bl 26 T AR IR R

N N
Z Ri Liner = Z Pl (B jner —&in TEiN) =
i=1l i=1
N N
Z PLiAe + Z R 9)
i1 i1

K ein N T T R Ae T AL T
PETT SR A G SR ZEE Ry AR | N TR
IR NIRRT e
FH 3 (8) AT LA £ 2] 2 1% 45 FE B It SR AN AR i 2% 451
FEIM R 2 N
Riinetoss + Rrioss = ZN: PLiAe; (10)
i1
R e T BUE A | HOFTA LB
AR s 2% B Y F B e 2 4% LU AE 27 B i) o P, Bk

RO R XORAR RN
PLAe,

“eop +P (11)

lineloss,i Tloss,i

T2 Plinetossi 29719 55 i RTS8 7™ A8 1) 9 404+
Priossi J9719 5 i (1) LI AR 2% 7= A PR FE s €5 T
RO AT X RS, kgCOL/(KW-h).
1.3 XEREEBS Xk

Y% T R % (branch  generalized carbon
intensity, BGCI) &) SUBk 35 7E 3B JZ THI (AR BE
FH TR T F ) o S B B B I P B, SO T i
W55 7 A B AT Tl B AT e R B2 57 % B AT
e HL P B HE R . BB B X (ALT) — (A20) B2 B
Bl A3 4 ATAT, SO EIR R R S R AR
IEE AR R A Ko 8 SCHE | ST X
KA

Pat 2sA it
o — PZS inter (12)

L,down

s Paigs NECHE | FTE S A DIDIZ: pinter N SCHE
| (P33 S BB 2 L 5 P down A | I R U7 A3
B INE: pg N | ISCET U,
kgCO,/(KW-h).

7 X RBARFR R R B AL s, BARTHE
U3/

1) DN T RAEE RSP I B I B 75 A%
AR, BT0)—2), KIEERE L. B
TS S O Y SR RO T S T RO A )
M

2) WA A W2 #r, FIAH(E)—G)iHHA
FL PR 2 P 3 30 1 A

3) FT 3 (6)—(7) i ik e L X 4 10X dok Y 4 s sk
Ptk — B A ST R SR BRI AR

4) FT (1) —(12), 554 H 9 I B A ik
T AW ST DR BT R R 1 S
JETE SRS

2 ET%jtPadéWRMERIT TN

Pic L RIS AT IR A IO B A B R B AT o ik
5 S FAN R A U8 A B, S A%
258 1 22 100 2% B 2 3T ] U 41 ) i 3 A 7Y )
S RN SR Bl P e s AR B AR, D UL
A, Pk, ARG 2T Padé 5HR LS



1906 SR G I =< T 1 R B = S )

i 46 %

() SRR P 77 o
2.1 BISRMLE

Liu Gang S5t —Fh 1 G 11 1A 5% ) 2% B
%:(dendrite net, DDNet)?, 75 {4 sl 28 % 2% T
o, 2 RGN T 2 R A Sigmoid LA K Relu %53E
LN RO R U N SRR R R . T sk
AR BEEN XK, T DDNet XK H
Hadamard FR % 7 ik 5 B B 2 A e &, B
TAE AR A s AL Taylor 2 =08 T, ML T4%
Gupp g, 2] AELe Tk RE ) TR

— )= DDNet BN S¥ o R a1

Y =WX o X (13)
;Y N DD M S R WO RE; X
NI XA B R ENHAE: o %7 Hadamard FefH,
FoNHERE G R AT .

Ut DDNet £ /), Ul DDNet [\ 5
KAWTR:

% :WI,I—l{__.W L,L—l[___W 2‘1(\N1’0X oX)oX-]o

X}, LeN* (14)
A WETRES L1 BRSNS A BN A
L-1 ZEH ) SUBRAERZFIREAE; | 25 DDNet
M=% Y Oy DD B ZE R X AT SURRSS 2
R,

DDNet # it #0557 SUR 35 2 25 7 Se A i
Kl XA BER BB EATITE . 3 B
DDNet &1 I fft 2(A21).

2.2 ET % Padé BRI ZEM LK

BT L2 e B EIFH) DDNet 5L /&Kl £ i
RiEIEP . EG% Wi 77 S0 T4 s
oA AR B 55 ik 3 B Z A AE A 2 1) R B0E
I RG RIS, HBRSAE X H R 8 T /MEA,
O AN [ I () RS N 8 2 M A TEBE R S
A, B 5 52 BN B /IME S A TR R 152
W ARG, AXHEE—MZIT Padé i
BT AE R R M 2R AT IR AL, P AT
Pad&i it IR 98 f 2% (Pad €D DNet) () Tl # 74 ,
DAFR o A5 20 0] 0 P DX T S 5 o G T R A A s
TR A
221 %t Padéi&il

AT R Cuyt 52 XHIZ o0 Padé
PR g N AT . X TF 0 NBERW
RZ AT AR IR AN

ijj =y ajlmjnxljl---x,{n (15)

B+
Arb: a, | eRUO: R M2ASHEG xex Wi
s A Ay B A ALY HE g B DR 2K g S
e

P(X) = Ay XM oo Ay XM (16)
Q(X) = By, X" o+ A x™
Wi AR :
(FQ—P)(x) = o(x"M M+ 17)

WFx PIQ N F [I[M/N]Z Padéigilr, HA1, M.
N B, At 0 Am Xl ) Lk
JSBE B TR] P 5 ) Padéf sUiEAT @ T, $e &
AN ES AR Ses 7
2.2.2 PadéDDNet #58 f 4%
PadéDDNet Tl ¥l £ B4 %) ¥y 2 7] LA SR H
Hadmard 3 5 %0 FE X . LLIM/N]FY Pad&i&@ iz A i,
P A LAFIR N
P=W "{IW, 5™ (- W, (Wyig X 0 X)o X ~)o X ]+
[\NzltAPﬂ'M (szé (Wzl,'g XoX)oX-+)oX 4+
vt (Wil p Wil s XoX)oX-)oX]}  (18)
Q IIRAERIRA
QW LMW (-WH WX oX)oX-)oX }+
[\Nzry\gl'N (szé (\Nzly'g XoX)oXJoX]+-+
B2 (Wit o Wil o XoX)oX-)oX]}  (19)
A Wiy o Wi W FERE A 5 A T ffer 54

A YR 775 5 PR 2 A R, ]
S5, aP=MN+M; AP=MN+M-1; aQ=MN+N;

BQ=MN+N-1,
PadéDDNet il 7 2% fr) i 45 R
P
Y = — (20)
Q

Y T SRS S HAH R K P -

2% 5{(16)—(20), it %% PadéDDNet H' M
5 N AT DA AR R R, T 3 20(20) P
Q M4, UAHS A s, 21k
SR H M 26 DL R B BGR FE th & S AT IE T, 1R
e RS B UL R
2.2.3  HEBLTRISS R VR T bR

K H CL R FR R R0 25 R 24T VP4, AHRLFR AR
WR AR



5

B A5 TR HE TR A E R I SO 4 TRk g 75 1907

P H41 2651 1% 2 (mean absolute error, MAE)Emace
WIF:

1 N
Emae = WZLUi - yi| (21)
i-1

s N TS AEG  NEB T AT A ER
TRME s yi AEE | AN SURBEZRLFRME . Evae 18
RE A% S B TO0IN | SR 35 2 B 5 ST Sk
R BRI T YW R

¥ J5 2 % % (root mean square error ,
RMSE)Erwes 41 :

Ermse = 1/%2(% -y (22)

Ermse 1B BENS S BTN T S e 35 B2 3R K00 i 29
LR 1R

& IR ANEE Z B (Theil inequality coeffiecient,
TIC)Tic i -

1y 2 13 2 13 2
Tic= W;(ﬂi_yi) I Wé(yu) +\/N§(ﬂi) 1(23)

Tic 1EREHE S BL T SRR E R 5 1 S E s
WIEFERE . 4 Tic=0 I, FoxT SUBRFHAHHRE 5 F sk
HIETE G TicHBEIET 1, FoR URBE
I 5 B (228K

i, PR - B AR R BU(Kling-Gupta efficiency
coefficient, KGE)Kge i1 F:

Pec =cov(w, y)[o()o(y)]

Br = aly

Ry =(oul @)/(cy!y)

Kee =1-(Pec ~1)? + (B, -1 + (R, —1)?

e Kee B 7T IMEIRZE . LSRN, 5
B R T SRS R 5 S B e 2
cov AT 2 oNTT % m NI A E R
PPy NESEEEEFME: Pec BRI
KEZH: Br UIREL:; Ry AL E . Ko k4%
T 1, BOHITII SO A R s S RS
(CE %NS

3 ECEMI XmHBmE

Pc HL A T 925 U A AR R SR B S 4 oK
FIWTBC HL R BE TS 2 AR AT BEAT U AT SR, A
AT T ARRC R MIZAT RS DL, B E R GUsAT
DU 28 F] BEIE R R B P o AR ST 5 - S -
WA 28 £y P2 0 R Bl XS BRIEL, 45 A G L R 22 4ds

(24)

TR, R SRR TR hR . SRR AR
JEZ A 11 ) 2% B HIF TR BE AR AR X ) S AT 7
A, AT E S5 P ) P L A 3 R ™ R S T R
JEE, DIl THC R IO E 1D v i XU

1) 9 R SRR o

XS RUR AL T mkia AT, ASSCHR Y SR
PARSLARIR . IZIRIREE A58 T LAY mi A IR S 1B
el 7 N 2 N & 1 LV A s e wB = =T
BATIEL. 9 MR B TR AR ] LLROR N
Vi=

1 T N
WZZO'OSPL,ijeup

=l i=l / X
5 )N/n

loss

g2V +[1+sgn(e;

lTN

WZZO'(BPL,UEUP i
=1 i=l )+n(e 1)]

R 2

loss

(25)

[arctan(e, ,

UIow SUi SUup
CRR HU,;>U,,

, U<U

low

R Uy Unow 2 BIFORHUE EIRSHUE IR N
NBCHL T R EH s T NN s Py 5 T AN
R § IS ZIR AT KN ey ATE HE I O A7 B 8
BRI FRRAE, AN FITC L R BB AN R s Ploss
Hic FL IR AT DI A 457

Yy AT(0,1)8F, AT RAEHREBIE: Yy
AbF[Le]i, AT AU T AT A AN BR 1 O
TMMEIRIZATIRA: Hn b T (e, 2], WA T AL
T R AN BRBR I LR SR AT IR

2) SRR LR

X} T 3 AT R A AE (1 Bk PR 5 B 18 4T 1]
N A2 & L X =Y RS L AN= R
WA 75 R PR IO N R B AT B A AE 1Y) e B ds AT B
o SCHBARETRIR AT LR A

el—PZS/Pup _e—(l—PZS/Pup )
E,= P.>P

o el’st/Pup +e*(]_,PZs/Pup) ? s up

P &_1 (26)
E, +% [1+Sgn(pl,g _ZS_pup)]em.g,up P < Pup

N s —

2P
k=1

e Pos NSCHEE I AT DN Pyp N SCEREIN L
BRAEL; Eo S ¥ i D A4 K S Bt BRAEL I 11
TRPRME:  pup JIC LA AAZ AT IR SZ R B 85 J3E 14
FRRfE-

By BT (-1,0)0F, MISZEE | A AR =




1908 SR G I =< T 1 R B = S )

i 46 %

o AL T[0,1]0F, SRR | AL T SRR AR R 1
O MERBISITIRE s My AT (1,400), NS
| 40T SRR R AR PR T 0 T i Big A7 RS

3) MBI R FEFR T o

X0 1 P HL P AT B E R e i 1) R, AR S HH A
EORHEBAG B AR bR X FBAR T LIRIR N

Wo /[(1+A)eup-ZN: PLAt
N

A ANMER; At ARTEREE; We At WHIE
FEORHES .

AT (0,210, A L & TR AR E AT
M5 4T, +oo)it, IAREC M E T Siikiz 4T
IR

4 BRI XinHB BT ESR

AR ST AR TG H DR T SO A SRR RN 5 v I A
B & AB FT R o

F ™ SURS AN 7 VR BT, TRk
TR HL I SURR AN 7 v BB IR IR

1) BHUEC R M AR . B DS oA el
CEN A AN R R I A IR R E T S
SR

2) iz PadéDDNet A5 845 i FL 9 A T 47 4rr
o3 A 2R YR T B ph b 2% R R A 4 2% i AR
T R B HE SO B AT T, SRENAC F P A SR B
(AR A N A AN LIS 00

3) FHPER 2) TR, @ik A4-d-hr ki
ST H AR RIS BT FL IR S R

4) fEMIs TaE RO AR, SRR LR
P E AR, R A1), 12)1HEARIR
RS B L | SRR o

5) HR4E (25)—(27) 3 i AL B X SCRs 34 il
BFR R C L AR SR I B RS AS AT 1 LA T VR A
SE TR PC FE PO B 4 T L 0B e, SR FL R S
LRI T WS A 2N W T R i = [/ A
W&, DAL, JEREHMEEIRS.
5 Hflath
5.1 EHI#EE

AL UAFR [ 1 X SR AT FL R G I AN B
A 16 N FCHEMDIT A 1 BN R,
WK 5-14 NERZEZE, IEH BT RERHIELT, W
Bl 1(@)F7ms 7719 A0 10 B2\ 300 KW B R S AE L

~1)/(e-1) 7)

MT; 7E77 5 16 A AOGIR PV, 1R suH 1)
BERBEBEMN, WE 1b)Tx. &5 EEA
630 KV-A, NHALIRSNEL) N 2.25t, IR EEE N 0.5%.
= 2% F X g TS P P 2 F X T2 BB AT 1

R
—eo10 _1.0_@
—ell I e 11
—e12 —e 12
—e13 —e 13
AT S N S PR SR
—e15 —=e6 |— 15 —e6 I
——e16 —e7 16 —e7
L e8 T17 —e 8
&,
Y

(@) TR (b) I FEL I
1 SRR ARG HhNE

Fig. 1 Topology diagram of the actual distribution system
5.2 J"XWHRBUE

T BIAST IR SO HIA R, e
72 CF 2% i W B HETBCE EE IS L T LKL 1(a) 5 (b)
b, R SO AL SRR B AT R LG, 5
Hr &t 2R ILBH 18] A7—A10.
53 ET %t Padé M4EAIEDEB ik 25 70 &
mE

3 T o] P R T R Dl g o0 AT 2 U
73 K b % v B R TR0 B A8 T SRR A SR AR
FATRI AT LSRN Z 9 2% AR RIS Z1 B Az AT 5 0«
KR E R HX 2019 42 1 1 HF] 2019 4F 3 H 31
H By s sk 1 8l 5 R 8 AR E s
B C Ha, X 47 7 4 5 2 R XA 2 A AR YT TR Bk
AR . P B KA ERR 08 15 min. HL
80%fE M IIIZREE, 20%1F NIitdE. v T Befg 787>
TS TN B B AR A P B B N ZE R, TR A
RLAE 2 5d 17 52 2 K HAH S R R 3 22 2 il
WA 24 BB E AR DIE . 04 206K H
VAR &z 35 G- SeX Y < B BB GVE it I €/ 11PN
PESEZIT BRI o 5347 SO REAR &L B
R D240, B EFEAEE . R B,
RS ME REE. TS £ 50 Padé
BT R[22, N3 UEAR LTS 30 77 A 2L
P, B9 3 18 B % ) 4% 4% (backpropagation, BP)
M 2%, KEIHIEIZ (long short-term memory,
LSTM)#H 2 W 4% DL K 5edk ¥ DDNet X AH [R] ) 67 fif
HRAE . DO RBOE R 5 B H T80 i i B kAT il
M. K MAE. RMSE. TIC fl KGE #EFsXf AN[A



RS 2T RO RO e fE X SURR A B BN 1 1909

%5
TR (T & SR AT VPl ATt SRt 0.
b 2 W X T HE e TN 25 SR 5 PE A &5 SR L B

K A11—A13 5% A1—A3, EFeEmtss 5,
i Ad—A6. MK A11—AL3 A%, 7ESZRrRD
HL X H, PadéDDNet 58! (1) FUMKE FELE Emaes
Ermse F1 Tic 1845 LT BP M4, LSTM #if
22 2% DL 2 DDNet #4 RN 4% ; 7F Kge PR AR T
STECAA R T 1, U RE AT, B
T EE R EAFENRZE. HIFER Ad—A6 1%,
FEAR IR 7S B e RIS OL T, Ao fider. etk
HH 77 CA B b HE T E (1 T 357 Eb X B ASE AR (1 4% 2
TN, U B TR A W LA 0k AR B U B 1) 5

M), 398 55 TN T 5 A
54 EEMZEHRBMELER

N T VEAS T R T A 1Y) 2 A v S AT KU I
BOAIE BT 3 ) SRS 35 8% 00 7 7% BB A o) T FL I3 AT IR
AT T, ST 3 Rl St ML AT SR
A

Wt 1. AFEAEE). WSS
IR, W E 1) s B JCIE RS L HEA T T Sk
AL STHT o

Yt 2. AFHEMBESENL. A IR,
REEAATPLEN, X 1) Fras KIS I 2 AT
T SRR TR Sy b o Sk IR 285 i o AR DA LE 2543 A1 1 472
wiPsh, YHE ARG S AT 10%, FEZEN 1,
A e S U b B A4 TR

Y5 3: R B EARBR SN o Am Y.
T a . AR SENLH 77 SGARH T3 Tt i
BRI INEE R, Wikt El A15. A16 s
5.4.1 fHECE S IEIRIE

USUETE 3 Ml st ORI =28 1) E B i HE A 5 ]
FERRHECTE, PR AT Bis. HHEER AT B4,
TE Lh P, Bl = A i B R H i A Tl A
He EARSE, 5P A R A S . UEH B
ﬁﬁﬂ%@%ﬁ#mﬁ%#m P 1t I A7 A B
REGHE H S SO BRI .
542 T Xk

X B 1(b) T (A 5 G L R R AT SRl 34 T
I3HT

D A mBRBAR LR -

RYET SUBRA M 5K, 254 R Q25) R Ak
6 h Fc FL 555 s B R AR . 3(25)H ey FEX
B F2 BRI R P BT AE X IR 5, A SCHL 0.7 kgCO,/

(KW-h). 3 Ffig s F7 S A B R bn s R 2
s

Em IR S
27183
]
% P PR
B
15
H‘Nﬂ/ls min
() fiJ)?l
%
gm
& IRk 3 5
27183
R
= PR R PR
i
i
15
ey MIIS min
(b) tmz
L‘é
gm ;
5 i o ot
27183 /
= .
5 1<-.-'--.> SRR
o Oﬁ
= 0 25
P - 0 B
Mg 0 fif []/15 min
(c) %3

2 PRBRBHEE

Fig. 2 Diagram of node carbon intensity margin

TE L 5T BRI FE R AR S 1 T T

O 1P fUBRBAE AR PR U 2@ .
T BCH s, BrA R R ME AN T
1 HI%G BT T AN AR F PR e L 0
T 45 11, FETUN E) B A FEFRE AL T (e,2€],
NIRRT R, BN B S R R AT TR T .
HARTTEIEbEIIAE T [Le], B TR . R
24 b G AR HEIGR EEAE 0.7 kgCOo/(KW-h) LA L
I, ST EAREI Y SR s TR £ BB,
WAL S B R HF R A 5, 56
it F VA K

@5t 2 T RSB LT R A 2(b) s . 1R
5 4 W ZE UREN G, R 9—16 RIfEARE b
T[0,1], Ui IR MEAE N T 0.95, U A H EL S
IR TIEAS 5 . 7258 5 N ZIVIBR sl )im, fabe
WA F(e,2e], RAH ST HERS.

Ot 3 T RBRBA TR WA 2(c) 7.
T 11 ARPME LG IR B U Ab T (e,2e], LIy
T e FEIRE R L MT R K aR F eI
ArF[1e], SRR 11 78 E R BHOGIRHLA £ /Y
T REAE R, LR R TRER T AL BRI, (KR E
BE T LABRART R SO, A7 A T i



1910 S N < | R I = SO 3

i 46 %

2) SCHEBRAARLARIT

A FH 3(26) AT LSRG B BRAAR FE T A - 7(26)
i pup IR 42 IS FEL 19X BT AE DX, A SO
0.7kgCOL/(kW-h). 3 Flz it T BRI S M L AR b
Rk 3 P

l)é
= i
£ (KBRS
=1 S R
-
R
]
15 o 0 5
" : s 10 15
0 I 6]/15 min
() 31
1)(6_
m L
= L (B =AY
&
= 1 S i R BR
o
£ !
™
15 B 0 5
T 5 o -2
0 IS 17]/15 min
(b) 52
L)é
¥ (I 7 e o
4%
%gg 1 SRR
=
® 0
# 15 0 20 25
ey O s
0 5 /15 min

(c) %53
3 XERHEBREE

Fig. 3 Diagram of branch carbon intensity margin

e L I S BRAA FE AR AR G5 1 0 AT 0 T

Ot 1 Kfabsit E 4 R K 3@ . 4L
2 H X B HE IR E R T 0.7 kgCOL/(KW-h)is, B Ay
W EIFRPMEIITE (L +00), AT HRRIEITIRES

@5 2 Mfabrit A R ()R . 7Ed
T Asrshig, SO 2-3. 3-4. 4-5 [FRFRE AL
T[-1,0], LSRR A DR 1 Ol . AR ffar
BEhVIBs e, R R % T IRE.

@5 3 R BRI, F SCHox
UAUBRER s e R H UK, FIRE MT A HRER
HLfAE, B 9-10. 9-11. 9-12. 9-13. 9-14, 9-15
FIFRPRE AL T[01], A& RBlERZITRH, R
R CARDLALRE T “T53E 7 HRg, PR T S
WERRE, HOGRHUAL 75 mT LARS Lk 8673 S B i
TR o

3) L BRHE AR BEAR R -

A (27) SR BUAC HL A Tk 35448 B2 4 b, 4 3K(27)

th A=3%127), 3 Filtiz 5t T 100 26 Tk HEJOHA 2 i A 425 B
K 4 Fiw

13
£ 12

o

> 1.1F

L L L L
5 10 15 20 25
5 []/15 min
(@) il

W0 255 B HE RO L 4R b

5 10 15 20 25

I [7)/15 min
(b) 52

5 10 15 20 25
It} [7/15 min
(c) 33

B4 WEIRHERR B TERE
Fig. 4 Index diagram of network carbon emission margin

e L I [0 28 Bl HE TS BE AR FR S5 18 70 T i T

O¥5: 1 fabait H4 R A 4R,
1 NRGEEFIET, S G ERARRE & T
0.7 kgCO/(KW-h)i},  IEH 4R FRE Ab T (1,400), it BH
e L DR ) B HE TR e, I T iR R S

@y 2 T RAGSTEE), E Ab)Fras, i
)R, BRHIET S, FEFMEE KR (1 40) X
], ACHLRIAL T RmRIs AT IR, KSR .

O3t 3 AR AL R T =G RLALE
BN, BC R BRSO R, FEAREAL T (1, 400);
2 MT S6RHLAIER O, ] RS g
PTG BRI 4R FRMEAL T-(0,1], J& TIRBRIC R ™«
55 SHRXE

B IR HE I 2 3 BUUE IR R
AR AR SRR, RIR T
i AR A A B B IEA R R R .
K 1@FTsBECHE MG, RTINS 12~16h
AbTrEidE R ], — RN R RHE R S )
SRR AN 5 PR o

HI1& 5 AT, | SO BT A RO RS R



B A5 TR HE TR A E R I SO 4 TRk g 75 1911

0.04 ~
<

Jooz §
(=21

002 =
TR

oot B
0.01 X

0 1 il 1 1 1 1 1 I I‘ OOO‘L\
0 10 20 30 40 50 60 70 8 90 100

i A]/15 min
E5 ZSAHRNHIMES BT HE

Fig. 5 Diagram of changes in carbon dioxide

emissions and generalized carbon intensity

Al BT FH RO I, BRI B T,
Ther B RR ) 2~3 £ . 250 HL I BB SR R Gk
KV, FTRESHE N S IR AL L 7y, sei, BCH
W22 0T R STRREM 2 o I “ i 5 00. Bl
e, A 5 SR SEHERR R BRI 580 2
XA BAEAT ISR AT AT A4, b — St
SEHBUKF .
5.6 BCH BRI ME

A HL X 2 ) v Bl U i 5 R D A R
R Fi Tt PTG FEL DR BRI . AR SR A R BR
S AT AOCARIEAN T Z . Gy Hil YA $d e o A
HOGRFEN T 5 AT MR I #0F 4 Foing,
S B TRC HL O o sl L P N, 5 3 P R ) v
T A 2, E R AL7—A20 iz . 24 H B T
T, 4 Fh 7 SR AR H R T I

D 5% 1 RSO PR 2 ik
TR 5 SRR T ACHURRHE IR B, MBI B Ik e
P PR BAR T, 30 24 9797 5 50 P A L A g AR A 45

2) TR 2 R A SOCIRTh AT LUE NS i
HLAES N, ELUIN BT R 4 BE R BuE, B
P AR, SR SRR Z, i
B AT I Tk B

3) Jrge 3 L A HAT IR AR R R ) 3
BRAHRG BRI EE R AT — AN 28 T ik R 4
A BRI S N1 s S ST D SR v N 4k 252 ) 47
&

4) T7Z 4 WA I [E I R IR Th A,
e A 7 7 o I TS5 18 0 2 Bk L 1 P A A B K e 2
B AR X 28 B HE T, 30 24 7 O 50 T 9 i TR ik
L

DNARTT 4 T 7 GEAE S FEL X ek P2 ik ) [ P
X L 22 AT B, R 30(25) 7 i 4 Fh7
ZFNHIT BT AR, AN B A21 R 4 F
TTEBOUT, RSB EIAREIRT 1, SBIpr
& 4 FhJ7 S AT AE DRAIE RS FL X 22 I8 AT AT 0 T 5K

LA HL R BB B o
6 %5t

ASCEIE T SRR TRIFI T, XA R S
BRAKCPHEAT BN, AT DA B R 45 ie

1) T REHEBEREL 1, 2 5 WX far (] Fr 38 97
PR KT HBRAERAEREE, &7
FL PO R il AR 2 B 22 SR I S AR R, R TR
TR, J9BC HL BT R A IS AT R A AR AR S

2) filT# % Jt PadéDDNet #7538 /N FE
AR T FL T A () B ERHAE, AR IE B
a7 B3 A 3 HL IR 55 5 SR AB SR R R B, 6
WA 2812 1T A B B TR -

3) R MBS . SCER A A FE TR
T TR 8% i HE TEORE B2 i b %o TG L IO 98 1 1) 22 4 i
KB DL R e 3 AU Il R AT T, A R0 WL L P
g7 573 A SOGAR H ARG L L X AT IR 2

ARSL TR 7592 e W 4 4 J0 YR TG R I RN A VR TG
HLPI BRI, SR AR ISATIE DL, AT DUONHC HL R 22
ARSI TIR I 5 S% .

S5 3

[1] #eEfE, TR, 7, & BT AN TEREARKHY

B R G0 TN FE /iR 0], oh s L TR A4k
2023, 43(22): 8569-8591.
HAN Fujia, WANG Xiaohui, QIAO Ji, etal. Review on
artificial intelligence based load forecasting research for
the new-type power system[J]. Proceedings of the CSEE,
2023, 43(22): 8569-8591(in Chinese).

[2] IEA. CO,emissionsin 2023[R]. Paris: IEA, 2024.

[81 FRZESE, TV, WG, 5. Hrmdme e R m v v Al

St e mt 7], KA IEOR, 2024, 45(2): 26-31,
35.
CHEN Yixian, JING Lantao, YE Peng, etal. Research
on low-carbon assessment and carbon reduction measures
for new distribution network[J]. Northeast Electric Power
Technology, 2024, 45(2): 26-31, 35(in Chinese).

[4] HEx, TEK, hERE, & B2 B S

REI RN A B, BEANBRART]. b e AR A
%, 2022, 42(18): 6588-6598.
HUANG Manyun, WEI Zhinong, SUN Guogiang, et
al. Review of distribution system situation awareness
based on data mining : modeling , algorithms and
challenges[J]. Proceedings of the CSEE, 2022, 42(18):
6588-6598(in Chinese).



1912

SR G I =< T 1 R B = S ) i 46 35

(5]

(6]

[7]

(8]

(9]

[10]

(1]

M, RN, #HR, & ETRPHENERE
FROTC R Y 22 S B AN T VR 3] b R AR A4,
2021, 41(2): 617-631.

TIAN Shuxin, LI Kunpeng, WEI Shurong, et al. Security
situation awareness approach for distribution network
based on synchronous  phasor  measurement
unit[J]. Proceedings of the CSEE, 2021, 41(2): 617-631(in
Chinese).

RRBEMK, 3, 430, 5. v RBskcHE o BT H
oA U BRI B 7 VA []. R E s TR 4R, 2024,
44(22): 8897-8907.

OUYANG Bin, MA Rui, ZHU Wenguang , et
al . Distributed energy storage cluster configuration
method of distribution network considering carbon
emission reduction allocation[J] . Proceedings of the
CSEE, 2024, 44(22): 8897-8907(in Chinese).
JARA, BRER. T HRAR A B R SR I8
AT IE[I]. A RRBEIR ELEERM, 2019, 2(3): 241-247.
ZHOU Tianrui , KANG Chongging . Research on
low-carbon oriented optimal operation of distribution
networks  based on  carbon  emission  flow
theory[J]. Journal of Global Energy Interconnection,
2019, 2(3): 241-247(in Chinese).

JARE, RER, REE, %, B R/RGEHHBIR S
HRYHRD]. ARG ABME, 2012, 36(7): 38-43,
85.

ZHOU Tianrui, KANG Chongging, XU Qianyao, et
al. Preliminary theoretical investigation on power system
carbon emission flow[J]. Automation of Electric Power
Systems, 2012, 36(7): 38-43, 85(in Chinese).
07—, N, Rk, . BT 2RI SIRES N
DX s A FL B HE TR AL 5 A T2 3] 2 A R RE U, 2023,
45(8): 11-17.

LI Fangyi, LI Nan, ZHOU Yan, etal. Prediction on the
regional carbon emission factor for power generation
based on  multi-dimensional data and  deep
learning[J]. Integrated Intelligent Energy, 2023, 45(8):
11-17(in Chinese).

IAEUK, ARVE, ZaM, 5. B RGEBARS TR
W& 5P FE B TES, 2024, 44(22):
8846-8859.

FENG Jianbing, REN Zhouyang, JIANG Yunpeng, et
al. Committed carbon emissions operation regions of
power system: concept and method[J]. Proceedings of the
CSEE, 2024, 44(22): 8846-8859(in Chinese).
PP, GEME, KRR, & P REXREREGR
F TP AR S T L R SRR LA R B DT VR3] r I BOR,

2024, 48(8): 3217-3227.

LIANG Sigi , BIAN Xiaoyan , LIU Tianwei , et
al . Low-carbon optimal dispatching method for the
medium and low voltage distribution system considering
the aggregated power of station resources[J]. Power
System Technology, 2024, 48(8): 3217-3227(in Chinese).

[12] KPR, 4, PRGN, & JET5 S5 B i w43
A 2GR B2 HEms [0]. R ROR, 2023, 49(6):
2318-2328.

SONG Zehao, FENG Hua, CHEN Xiaogang, et
al. Low-carbon scheduling strategy of distributed energy
resources based on node carbon intensity for distribution
networks[J]. High Voltage Engineering, 2023, 49(6):
2318-2328(in Chinese).

[13] XA, F4RGF, #5544, 5. T Bayesian Opt-

XGBoost FIE LA BARE T B[], b E AR
2, 2024, 44(1): 417-426.
ZHAO lJinghao, WANG Nana, JIANG lJiaming, et
al. Prediction of coal-fired power units carbon emission
factor based on Bayesian Opt-XGBoost[J] . China
Environmental Science , 2024 , 44(1) : 417-426(in
Chinese).

[14] T RE, Wle, fharte, . ETMEMKRHEI RS

FF L HERR TIN5 [I]. TR, 2023, 36(10):
2-9.
YANG Yuyao, PAN Feng, ZHONG Lihua, etal. Study
on prediction method of node carbon emission factors in
power system based on neural network[J]. Guangdong
Electric Power, 2023, 36(10): 2-9(in Chinese).

[15] 475, ZR@F, R0, S5, TR BECo T B X dsk L Y

B FEIE J1ATAG ] o B F L AR 24k, 2023, 43(4):
1281-1289.
XU Jing, LI Yan, LIU Yiming, et al. Assessment of
low-carbon development potential of regional power grid
based on relative off-targets distance[J]. Proceedings of
the CSEE, 2023, 43(4): 1281-1289(in Chinese).

[16] £2R, 2, KR, . Bl RGBT S
HHAL]. HITE SRS, 2024, 44(9): 114-120, 128.
WANG Guo, LI Lanjin, MIN Yongzhi, et al. Identification
of key carbon emission nodes in power system[J]. Electric
Power Automation Equipment, 2024, 44(9): 114-120,
128(in Chinese).

[17] FERERE, PREE, SCmfe, 5. WO RGAFBGREIR
BEE5e[I]. MR, 2022, 46(5): 1683-1691.
WANG Chaoqun, CHEN Yi, WEN Fushuan, et
al. Improvement and perfection of carbon emission flow
theory in power systems[J]. Power System Technology,



5

B A5 TR HE TR A E R I SO 4 TRk g 75 1913

2022, 46(5): 1683-1691(in Chinese).

[18] #h¥T, WAGRER, RKME. HEE N-1 HENIAMEC HL X 5 43

i A REICE BRI [I]. o E syl TR 24, 2021,
41(13): 4390-4402.
LIN Zhe, HU Zechun, SONG Yonghua. Joint planning of
distribution network expansion and distributed energy
storage systems under N—1 criterion[J]. Proceedings of the
CSEE, 2021, 41(13): 4390-4402(in Chinese).

[19] AR4K/E, FAimBk, skid. 77 RRUEAN R ) RGTHK L IE 4

Az i A IR S ERIR ] oh FE L TR 22 4R, 2025, 45(4):
1323-1342.
ZHU Jizhong, ZHOU Jialin, ZHANG Di. Review of full
life-cycle carbon footprints accounting of clean energy
and power systems[J]. Proceedings of the CSEE, 2025,
45(4): 1323-1342(in Chinese).

[20] RAFF, RREIR, R=E1E. REABGEE R K

T HE O B 7 i AR IR D). [ HL LR 540, 2024,
44(S1): 1-18.
WU Xingping, KANG Chongging, YUAN Qiheng, et
al. Areview of the impact factors of carbon emissions and
the accounting methods for electricity carbon emissions in
China[J]. Proceedings of the CSEE, 2024, 44(S1): 1-18(in
Chinese).

[21] FIR%, FEEER, 1o, 5. B RGHHAR AT
SOTRAIR]. RS E 3, 2012, 36(11): 44-49.
ZHOU Tianrui, KANG Chongging, XU Qianyao, et
al. Preliminary investigation on a method for carbon
emission flow calculation of power system[J]. Automation
of Electric Power Systems, 2012, 36(11): 44-49(in
Chinese).

[22] LIU Gang, WANG Jing. Dendrite net: a white-box module
for  classification ,  regression , and  system
identification[J]. IEEE Transactions on Cybernetics,
2022, 52(12): 13774-13787.

[23] PR, XBKMT, T, BT EHTR I M2 ) Lk R

PESEIF TR E]. I AL TR AR, 2024, 44(19):
7503-7515.
MA Qing, DENG Changhong, LONG Zhijun, etal. A
real-time calculation method of voltage sensitivity baesd
on white-box dendritic net[J]. Proceedings of the CSEE,
2024, 44(19): 7503-7515(in Chinese).

[24] CUYT A A M. Multivariate Padé-approximants[J]. Journal
of Mathematical Analysis and Applications, 1983, 96(1):
283-293.

[25] XURLE, ZE4Ridk, M), 5. WMEEE RS AR

a: BUR S AR [T]. B 71 R4 E Bk, 2019, 43(19):
9-21, 51.
LIU Quanying, LI Jun'e, NI Ming, et al. Situation
awareness of grid cyber-physical system: current status
and research ideas[J]. Automation of Electric Power
Systems, 2019, 43(19): 9-21, 51(in Chinese).

[26] SR, VRARSE, PhEOR, 5. BhaHLE ST

FC HL IR IS AT IR D). L D FE 2% 4k, 2025,
45(8): 2855-2865.
SANG Linwei, XU Yinliang, SUN Hongbin, et
al. Carbon-aware distribution network operation approach
via fusing learning and optimization[J]. Proceedings of the
CSEE, 2025, 45(8): 2855-2865(in Chinese).

[27] 5, Bk, BRIR, %, SRR TR R
SRR FLSEIR[T]. B AR, 2022, 46(11): 4305-4315.
MA Xiping, JIARong, LIANG Chen, etal. Review of
researches on loss reduction in context of high penetration
of renewable power generation[J] . Power System
Technology, 2022, 46(11): 4305-4315(in Chinese).

(FES
http://ntps.epri.sgcc.com.cn/djgexb/CN/10.13334/j.0258-8

013.pcsee.242069

It HHA: 2024-08-28,
TEZEN:

wiy M43 (1985), 5, W, B, ¥

- BRI 0 R Gk . 8 R 8
1745, tsx396@163.com;

LelE#E(1999), 5B, WitarRd, £

B s i e A 38, mikejhz @

163.com;

MRS fF(1968), 5, A,
BiZ, EEFRITTHNEI RS K
FIRBIFPBEAR B ity B R et 45
mfudong@126.com.

GBS & W IE N



