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Nonlinear discrete spatiotemporal multivariate grey prediction model
and its application to CO, emissions forecast in urban agglomerations
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Abstract: Predicting carbon emissions for urban agglomerations by incorporating spatial correlation relationships holds
significant importance for formulating regionally coordinated carbon reduction policies. A thorough examination of the
spatial correlation in carbon emissions within the Yangtze River Delta urban agglomeration has revealed a significant
positive spatial correlation between emissions across different cities. Given the spatial correlation characteristics, non-
linear temporal evolution trends and regional variations in carbon emissions, a nonlinear discrete spatiotemporal
multivariate grey prediction model (NDSTGM(1,m,N)) is proposed. Firstly, an asymmetric time-varying spatial weight
matrix is derived based on the gravity model, and then the spatial correlation effect term is constructed to extract the
spatial correlation characteristics. Secondly, the time polynomial term with differentiated order is constructed to capture
the nonlinear temporal evolutionary trend of each node. Furthermore, the non-equal order real number domain grey
generation operator is introduced to flexibly extract regional difference feature. Meanwhile, the genetic algorithm is
designed to realize the collaborative optimization of polynomial order and non-equal order generating operator. Finally,

the new model is applied to predict CO, emissions in the Yangtze River Delta region, and the results show that the
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model significantly outperforms nine comparative models under different sample sizes, and demonstrates outstanding

performance in spatiotemporal feature extraction and prediction accuracy. Moreover, the forecast indicates that the

Yangtze River Delta region is expected to achieve the interim goal of reducing carbon emission intensity by more than

20% compared to 2020 by 2025.

Keywords: grey prediction; spatiotemporal prediction; asymmetric time-varying spatial weight matrix; non-linear

temporal evolution trends; CO, emissions prediction in urban agglomerations

0 51 &

IR T R B A R T 42 B 4 K 15 e R 2R 10 3 K
HR, A B HE B0 B 4 v A S B X, Lo sl szl
BT B R SE R W™ B A B B S 1E
FRIMY. < BTS00 908 T A R X o) 5 [ 3 ] el
R E R E . AT, 2 H AR 2 ot B R R
HLgs 2 SRR 50 b T B JF R gt HE R T
WM. BRI, AW FAEAERR & (7T) SuiHE RO Tl
SR S, 2T R HE R A () G BREAE. R, R
G o [ RRAZ SRR AR SR B D s, (B () &
B HETBUGE T S0 388 A O, B 5 RAR X
PR 9tk Ik 6 Z g B el HAE A BRAG B T B A
SETE R G, BT R R HETSI (1 R
TH.

IRETMBER RIK O RFAE RN E ML 2
— US4 R, 2 AT R S HE O B R I I 4
) = 26 P AR A T i 2 8 0 A RS A AT 9. W i 55
N AR EE8 11255 R0 TR 3 R I 20 ) 4 £ A 1™
Ye & N\ 51N R AS I AT A 26 i L4, (B
HATE H T 3RAE 2 IRAEZe 1 5¢ &, Bk = R 1%, Ding
2 NBEHE T BT R B AR v i i Y, B S
T 5 R AR Ab e 4, e DL %1 S B Ak 50 o B
Pr i ARLR PRI TAVRRAE. itk B2 7525 A A5 Bh 2 B
Z 10X AR E R GM(1,1) B2 (9 2K (A i &, %) i
AR PRI TR, SR T, BRI 7T SR AR e —
DX e HE TS AR A 42 1k B TR AR AR 4240, Bk = %60 i HE ik 2
KRB RAEZE. AN AKRY, RETFH
N VRS R0, B HE O 388 T v 2 B ) R S
PN, BT 2 A £ N A TR o 2 1) 4 3 (1 S BB A S
FI A A PR, 580K O T A 2B a1 {5 B4R
FE R PR.

YT, W AT A A T R A R SRR AIE 1
IR TIMIAERY . Wang &6 N 45 5 J& T+ 35 BF 5 (1) 4[]
AU o B s T R EL A R IO, B2 T 5 R A (AR
S f R L TR AL (SGM(1,1,m)!"?, 3 i FH T rh
[ 3548 O B HETBCRE TIN5 38— 2B, % 8 B S i[R3R (1)
YER, Wang %8 N7 1 75 [A)¥i J5 25728 8 K 6 il A
T (SLDGM(1, n))"™, iZ M 78 28 - B YR -1 485 R 4
OO A fE A LR AR e MR B R bR EE B9 41, Zhang %5

PEH T Hh R EE 5 20 T A S A I 2 1) AR A LA
A (A ORI G R, A T 25 8 25 [ U8 2
Ak B B T A B (SEMDGM(1,N, M),
Zuo 55 NK P PE B A6 vE, R T B T H HE R
FNEAR B M2 5 E B9 (0 IR 2 R A 26 46 B, DA ok
SR K HL R TR i) B, Gao 25 A U3 T 4 B AT 12
IR F R T TR AR B, 4 T 2K R s T A Y
(STGM(1,1)), 1HiZABE YA A %] F) 0 2 5 11 e A T
PEAT @A, BRI BARTE T K T ) 23
()R AR A e 0, (HATIAZAE LT = ANl (1) SCHk
[12-16] H 7 [F) A 2 A B 35 5 A W AR VERRAE, AR BE
A K 2 22 55 R P AN KRR S AE B AN A 1) 3 s I 1
FH 58 B R R X AR 5 I AR 15 (2) SCHR [12-16] 1) 5
TV U 23 1] I AR I A S (AR AE, 2R T %
23 1)1 A B 7 4 8 I ) 4 F5E 1) I 2 1 e A s 3
K e SIS 23 RRAE B[R] AR (3) BT R BLHY 3)R FH A%
G 11— B BN AR i 5 R A s 3 AT S A
A Fit e o 5 B ) X 32 Sk, T RE S BOHS 4 8 (AR
IEE %, S0 TR RS FE.

N B ), AR SCAE 25 RECHE R S (A O
TOCRRAE « R 28 P Iy TR 1 34 B IX 358 22 S MR 1
fitkh b, R H R 2 M B O A 2 AR R R A Y
(NDSTGM(1,m,N)). A5 8 38 1 #E 5 T 5] Iy 1Y
(12 18] /F FH 5 B 3208 30, DAL A 85719 A 1 1) X AR
A5 2 B A P 5 RE, SHE 415 s A g Sl e R i 2% 2 ] AL
AR, BT R GUAT 7R 5 TR) OB AR, T i Y
73 () SRIPCRFAIE ; S P B 22 S A (1 B 1) 22 T 2003, %]
) 5 (8] 2 R R GAT AT 5 B AR LR PRI (] Ak
i IR, 51 NAESERY LA R A4 B T RIS R
S (A B 2 A R, AL X2 VAL
J&, G = AR R COL HE R T S 451 56 31 B
A 0Pk, BT S S0 SRR R L S 5
RIS, 6 UE BB TR 1) Rk« R 1 B AR A 11 0 L
1.

1 JEREEEN =2 B R ETIAERMY

B 5RE
1.1 JEXFRET AR A RN EAERE &

EX 1 &G G, 75 R E SRS



#xH

TH¥ S FERIRETT ST REFMMNAER R L AWRT 2 CO, HAL T HM & &

3

GrfatniE, L, = (long,,lat,) M L; = (long;,lat;) 4>
A7 [T R A g BRI 26 BE AR KR, ;97 [R5 R
22 B M B R S B
G G,
P (1)
NE R A AR, K, d, NIEET 24 M
FIERANTHE R WM ELEE . F AR A
iR G Z RN 5] g, BR8] s a A g 2 18] ) 48 35F
LHBRLE. o By vy BN B IR R B 50 R
$. FERR G RPN RBORISFR G, BOHE R 458
LA SCERAIF 78 N 2%, 28 Al 2 T e iR s il it &
B=r=1,a=2""

AR (1) AT, AT S AN 25 18] 9 05 A 857 28
HRFEANSE, B =F,,. SR, X 28 T “Gur Rk
Hby X3 5 56 o Ath b X B AT B A A A 2 e A7 ) B
e R B AR B2 A TR B AR B R, 2
2 (1) 1 Fyy p A 2 R A R 48 AR A A [ v
S, ME LA S A0S 2 T8 1 A5 SR i e (0 /P R . A
Uk, A SCAE S| AR R EE R b, 5] BT i “5) A
YR RE” MR, AT s i T T S PR AR B 1135
i, AT RS2 B 5] D0 B F O R 5 AR 5]
F; 518 a5 b E I tuAE, B

Fij:

G,G,
;o Ej _ dgj _ Gj
Fij - a - G, - dif] (2)

BT AKX Q), e ansE X2 iR =
AN ] p 2 [ EX BRI A8 25 [a) 4 FH 5 B ) 2Rk 5K
X2 WG, (k) Ml e kA 2
FRFMA, d;; R973 (817 ia A g 1) 2 1) (P Hb B PR 25, AR
£ = G0 i ®)
7R IR R E kIR 20 B 32 21 )9k B 79 R 2 TRl A
SR, Hoh k= 1,2,...,n, n NERIR A,
WA R () R, A RGN
e BB SRR, SLREFEAE 1 A1 2 22
FH 5 B2 R 3R 0T PRAFAE 5 I AR AR AR, AT DA R0 e
()1 R TR T AR A8 243 (] F 8 R

dy  di dio,

0 0 0
D=| . | .

0 0 0
dk)=[1 k ket 1

0
d20

0

% 8 B 22 T i b BRI AR PERRAIL, 4565 X
2, 45 AR AR AN AR 2% (A A EE R A (Y S AT 5, B

0 Ful®) oo Funll)
Wi - fm:() | f2m:<> |
Foa(k) Fonlk) 0

k=1,2,...,n 4)
Ho, mAy s (a4 N E, noA BRI BE, 6,5 €
{1,2,....m}Hi #j.

1.2 NDSTGM(1,m,N) BRI #z

EX 3 WA AN ERGATHNTIN
XO(k) = (2 (k), 28 (k), ...,z k)", K&
750 9 YO (k) = (89 (k), 89 (k), - ybe) ()7,
(j=1,2,...,N — 1), JESER S BRI A4 5T
r, €R, B X0 (k) = (21 (k),
2y (k) o, aGm ()R Y (R) = (1) (k)
ys2 (k) .oy (k) T4 o 28 3 AR5 B SRR K
A R A B T T, Frh

i=1,2,....m,

, oT(r+ k- .

. I(r,+k— o
yo (k) =) F(k(i ppn 1)119()70/_)?;;)(9). (5)
WFRA R (5) 48 DI R 2 (k) A1y (k) e, B sz

HgR (0 R, e A, — RGO.

E 4 Bm AT R RGAT AF
XO (k) mHEEFIIY (k) r, — RGO%ERIFHI
X (k)R Y (k) sE X3 B, Wk — 1) 82 5K
(4) P AR AR I 2 2% [ ASCE AR R, JUJAR

X"(k) = (A +BW(k — 1)X7(k — 1)+

N-1

> ¢, Y (k) + D® (k). (6)

j=1
AR 2R B O S 2 AR R R T A Y, e
NDSTGM(1,m,N) ##4, Hrh, A=diag(a,, as, - .., a,),
B=diag (b, bs,...,b,,), C;=diag(ci;,Cojy--+yCm;)s

D. ®(k)FIW(k — 1) FIsEREE A

0 0 0

d2w2 0 0

0 dpo dy.
ke 1 fem T,



4 # # 5 x K FxH
Wik —1) RV M. T I, 558 A5 8) S — W 2
0 fra(k —1) fim(k —1) ERE N
RSO e R 0% kP (¥~ rp))
. . . . 6ﬁ - 8/3 -
For(k = 1) fra(k = 1) ... 0 —2k"W + 2k Kp. (9)
AR (6)H, A\ B, C;. DA NKEREE | P
et T B SHOERE T
. %2 ] BT R O B[ 26 R A v “T(;
i i) 2 IR HHE BE . BW(E — 1)XO(k —1)A 05 —2Kk"K. (10)
23 ) ST AT, P T 7 0 A I 25 2 ] L \ \
o 2 ST 1, SEATUBIERG L e St
B0 T 0 0 AR O Sl gl e
AR, BLNE, 27 (5 4 1 o € RS ,
ZCYM IV RIPIE R, A g = st e RE g gt =

%Xﬁiﬁéﬁﬁj\j?ﬂ HISR SRR D® (k) N2 i H
A 22 AL Bt 22 T 1) B AR O R s R
() 22 AT, Y LA A 23 1)1 e B8 A 2 1 B[] 5
A FRFAL.

EHE 1 O XOM Y E 3T,

NDSTGM(1,m,N) #% & Z $( ¥I| p = [ay, by, c14s - - -,
ClN—17d107 e 7d1w17 ctcy am7 bm7 Cm17 . 7cmN—17 dm07
s Ao, [N TR A TN
p=(k"r) V"D, (7)
N qj)
kK, O 0
0 K, 0
k= : : : ’
0 0 .
[40(2) . o) (@) al ) |
Fl'/i =
PO LMW N
iz
o )(2) > fij(2)$§'r‘j)(2) N\

xﬁ”)(n _ 1) f: fij(n — 1)x§m>(n — 1) N

Jj=1

Ny o yR(2) 1 Qwi

N wi?(3) g (3) 1 3
) e gEam) 1. e
B % py NDSTGM(1,m,N) B 7 1) 2 %5 %1

i) i, AR B/ RV T S BN T T R R A

R = min||[¥ — kpll} = (¥ — kp)"(¥ — kp). (8)

*E?Ez%tﬂiﬁ 'ﬁ‘%i&ﬁ’]a@%T%ﬂ AP e
%EFGE*—OH_BAEQC%E[E ﬁEE%EKiHT

pr"kp” = ||h||Z > 0. BT Z4 R ESER R E
P E ST, TR, 45 T R R R IR e ST, R
BB T 9 TE 38 FE R
OR
Zi b, é% = Onf, REXASHR/MA, B
_ (¥ —£kp)' (¥ —Kkp)) _
op
—2k"W + 25" Kp.
itk A (1), Arfs

OR
ap

p=(k"K) VKD, (12)
WERARGE. O
EBH 2 WSHEIIMTHEIER 1 R, 4 E Y]

HAAME (1) = XO(1), 2T s Bk 5 s ok
IR R I AT I AR 20, W15
(1) NDSTGM(1,m,N) #5284 fry i [ia] e )9 5K Ay

[T +B wW(w)x @)+

u=1

k-1 k-1

S IJA+B W(u)x

v=2 u=v

X" (k) =

Zc Y (v) + D®(v))+

ZCjYy’(l-c) + D& (k). (13)
(2)NDSTGM(1,m,N) #£7 f) Bk i A

~ Dritk—g) o,
A 21— gr )@
T (k) =
k> 2;
3:50)(1), k=1

i=1,2,. (14)
PEE (1) éuk— 21, 454 A (6) fl (13) 7]

S
nf



#xH TEF ¥ FXBRHREE ST REMMNRA R LAWK T 2 CO, HeALZ N &9 52 A 5
X" (2) = (A+BW(2—-1)X"(2—1)+ 1.3 ETFEAEDN NDSTGM(1,m,N) BSHiii ik
Nﬁlc Y!7(2) +D®(2) = % [& | NDSTGM(1,m,N) 1 [#] r, Ay % 4 7% &,

— w; AR B, A SCK L& TR A AR B SR a8

21 S0 N SE R BT A S HR A HE SR, LU 3 4%

Bk = nif, 230 (13) WAk, AT

n—1

[]A +B W(w)x" 1)+

u=1

X(T)( )

n—1n-—1

> TJA+B W(u))x

v=2 u=v

Zc Y (v) + D®(v))+

Z_ C;Y{"(n) + D®(n). (16)

WHER (6), Uk =n + 1, 7[5
X" (n+1) = (A+BW(n))X" (n)+

Z_CjYy>(n+ 1) +D®(n+1). (17)

j=1

KAz ae6) AL (17), TT15

X" (n+1) = H(A + B W(u))X"(1)+

u=1

i ﬁ(A + B W(u))x

v=2 u=v

Z C,Y (v

ZCjY;”(n—I— 1) +D®(n+ 1). (18)

AR (18) R W, L k=n L, 2 13) 5t
k=n+1tHOL. BRI, A (13) WA k)
JROT.

(2) H I8 2 2 K B A E 7 R R e 4R
RO A A% A S B L AR s o
JSIE A, W BRI SR AR R A [R]T RRIARN

—r;+k—g)
Z:: k g+ 1I(=r)
k> 2

z91), k=1
i=1,2,...,m (19)
WERRGE. O

) +D®(v))+

" (g),

#0(k) =

43 HLi 2% (MAPE) fi/h Ay HARP, @ Sr AR 4 v
Rl AL BAREAR I T

50 () — 2 (k)
minf = Z Z (O) k)
~ (0) o 5,
X = [29K),20(k),...,290k)]"
X" = [ (k), @;%), e (B
k—1
X(r)(k) _ (A + B W(u))X(T)(1)+
u=1
k—1 k—1
> TJ(A+B W(u)x
v=2 u=v
N-1
st () €Y (v) +D®(v))+
j=1
N-1
C,Y\" (k) + D®(k)
j=1
k
F(_Ti + k - g) Eo
2O (k) = (g)
Zl L'k —g+1)I(—r)
mnEeERw €Z
k:2737 ’n7Z ].,2,. 7m

(20)
2 NDSTGM(1,m,N) #&I ¢ i 5 E b I
2.1 NDSTGM(1,m,N) % R
EH 3 % NDSTGM(1,m,N) 1 2 %
HUE, A N4t
MY m=1, w, =0, r, =1# , NDSTGM
(1,m,N) BRI F DGM(1, N) R,

B m=1, w, =0, N = 15}
NDSTGM(1,m,N) A4 T RDGM(1,1) B4,
(3)% m=1, w;, =0, N=1, lelﬁﬂ"

NDSTGM(1,m,N) FHLE 46}y DGM(1,1) AL

4 H4m =1, r, = 1}, NDSTGM(1,m,N) & %!
#:4%, 5 DGMTP(1, N, ) 4%,
2.2 REIERRVPAS N S BED TR

AN N TR FE . BERE D17 W T 45
AR (21)-(24) P VU PP br e, DLVl A5 0
B pe . B AL & 4e X0 [ 4 bR 2 Absolute
percentage error, APE). -3 4 %} 1 43 Hb % 2 (Mean
absolute percentage error, MAPE). 3 /5 # 1% Z (Root
mean squared error, RMSE). A ZE(R?). FrAHh,
7 18 B ALY GRS [R] I 75 21 /> 23 8] 95 A5 1Y) A A%



6 = % 5

xR Ext

R PR 45 AT SR AR P ME. eAh, S
NDSTGM(1,m,N) #57Y ff) i@ A5 B4R

1 O[3 (k) — 2 (k)
APE = — 100 21
m Lo % ey
MAPE =
1 m 1 n A(.O) k o (0) k
il EROREOTI
m < (n—1) — 7" (k)
(22)

: 23)
R S CUORERC)
RE= 3 (1 A ) @)
TGO w) - 70 k)

step 1: Ha S . WOHE &% 2 B0 L R R GAT
NFFIXO (k) Fggma R £ F51 Y (k).

step 2: s b B LT 5w X3, RGZ T AESERY
SR (T AL R R I R 5 X ) (k) AY 7 (k).

step 3: =S FR INF AR 7 B] B E R P A A USCAR &
FHTEAEFERTIG k), SHEL 254
30 (4) o AR TR IS AR 25 ] AL B AR

step 4: A 2 V7. M HE E X 4, 14 NDSTGM
(1,m,N).

step 5: HIZH T, 455 1.3 TELIEL MR
%I, R A FE AT r, 5w, P [F AR

step 6: LS. WP S MBS IR
SRRNAKX (7), RIS ZIEG TS H 5 p.

step 7: LA T 5 M REVEAY . MRIE A (14) i
SREAR NG FITIIAE, fk4E A X (21)-24) PRI
.

step 8:FEA T . 45 & BRAR 151 AR T T
.
3 SIAsEH

Hh B AZ SR B S o, (R N A E A S
TR X2 —, K& = MIRT B 2021 £ CO, HEK
B EEER 13.35%, B = R . N
R KWK B AR, 1% X 3T 2022 S (K = £
A At — Ak R 7 Y X Bk Ve S it 7 52 ), HLAR
H 2025 ik HE IR FE £ 2020 5 R B 20% LA B
H . ALk, AF5F iz ) NDSTGM(1,m,N) 17 Jf f2
K = AR COL HEBCE T, 45 & Pl 45 58, 17
fili 2025 FERRHEBCREE B BRI R T fEHE.

3.1 BIEBESBEFES T

AR AR TN & g hnE. &
BAE AR R, I RE L. TR, Wi, 2
CO, HFI 5 #5200 K] 3% R 4K E AR X SRR E 43 )
T 0.60~0.90, 0.64~0.76, 0.80~0.93, 5 i 2 F .
YT CO, RATHIG SN B =), WOk B X A4 7=
SAEAE R B E AR A 0 e bn. BB TR 1)
CO,HF = B U5 T [ Az S 00 e, FE AR s
T ERg0t )&, @A a5 55 2000-2021 4. A7H
A HH v 7E O BE KL 20 5 e T 3D, AT R
S50 G2 I B AT HARE TRAL 2.

BT, B A DUROUZE K = M X 41 NIk
CO, HE T Rt GRS 58 2% (A1 AH DG 14 . 3k 1 22 1) 2 W
22 T 25 DX 3 5 A A s 9 5 7 7 R O M 1 R I
F5I N 95% B S HHE FT Pearson AH < 2 Eu | i £ 45
FEE. 52 2000-2005 £E DL & 2020-2021 4 H T £ 45 =
HERR MR, £ 1 A H 2006-2019 4 1 2F (8]
ARSI A SR BB E 1 Fs.

%=1

Moran's T Zf3%> pli
0.2327 2.5593 0.0105
0.3222 29127 0.0036
0.3015 2.7300 0.0063
0.2934  2.6123 0.0090
0.2844  2.5463 0.0109
0.2647 2.3760 0.0175
0.2879  2.1709 0.0299

FEEFERZEHITELER

FEp 7435 pla
2007 29752 0.0029
2009 2.8254 0.0047
2011 25128 0.0120
2013 25517 0.1017
2015 2.2399 0.0251
2017 19394 0.0525
2019 24887 0.0129

F
2006
2008
2010
2012
2014
2016
2018

Moran's I
0.3099
0.3137
0.2807
0.2857
0.2471
0.1914
0.3179

FHE 1 A, 2006-2019 4K = M HLIX CO, HEik
BAEERRE R E IR B AHGOC R, AR, B 1 B
- IX 35 (7] CO, HER Y Pearson AHI< R EI KT 0.85,
Ui B & X 3 CO, HE i & B A P [ AR AE . LA A
B A4 EAARY, i — 0 R & X IR CO, HE MR £ 2%
(4 b [R50 AH DG, BEAh, =X AL B CO, HEK
B EAEIR, % X8 CO, HE i & 20 14k
2 T I D) Ak B A ORI X S 22 kL g5 b, R LM
1 JL[REGIE T COL FF B H s 1 25 [ A G dE
LI [R]VE b 35 b X 38 22 S AR AL, 95 B A SO
B K.

3.2 AEE AR R BT

AN 4y AR (DE). i i A0 4k 592
(WOA). ¥ T B AL S (PSO) 1E nt b5, bk
ANEEARIRECT & HE M B MAPE 52 1T B[],
DLV GA FERIPL . SL58 K H 80% MFEARER
WIEREE, 20% FIAEAAE IR 4. X B 23 BT 45 S 0L
*2.



#xH TR¥F % EXBRBRE T LT 2R EFNEAR R L AEWT #H CO, H3k 2 N 69 & F 7
=3 =3
N R

=3 ) i

R o =~ 500}

fast X i) ]

i B = iz 300}

= = N 7200t

% 100} 1s® 8 S 1ok g 1007

S o — ’ e ! e Lo 1

o @“ﬁ@@%@}/@%@“ ﬁ NN = AN % RO

4y Tk co, HEcE/ EHm T i Cco, HEcE:/ H i Lifg Cco, HsE/ G5
kg Co, HgE - xR Pearson’s R=10.92197 = Pearson’s R=0.879 35 Pearson’s R =0.852 68

= : CEAREHE BIERER 95 % = - ELREAE  BEHEE 95 % = CEARHEE BIERER 95 %

=3 o Pk N YSIe =3 2 ik

~ 180 o : 125 =52 500 ~ 500 ,

I8 160 ~ 15 & 400 1§ 400r

b\140 ]ﬂﬂﬂ téf = 300 %300 r e >

2120 B 15 B 5200} =IO o
SR ()] S S — S0 s O 100 i S 2 I
A0 0 (@ o ® O m%“%@é&“%@%s\g@“ A 5 o® g OO P

s co, HeE / T A

Pearson’s R=0.92197
CEIREEE  EASHEE 95 %

. e sk
=

Fhr

L7 CO, HEj- -

i

5]

~ 180
160}
2140
120t
S 100 |
:1@ \QQ’LQQ";QQD(QQ ‘)QQ

WL CO, HkE/ | m

Pearson’s R =0.879 35
SRR EAERER 95 %

£l ' '

#S \QQ%QQ%QQ&QQ ‘)QQ
TR CO, HERE/ H I

Pearson’s R=0.951 16
CREGHEE BRI 95 %

rH co, HewdR:/

Pearson’s R =0.969 50

CRGAEEE EASHER 95 %
WA HL%

=i

=L CO, HEMUE/ H M
Pearson’s R=0.951 16

CEIREEE  EASHEE 95 %

MEHE

=3

8

50@\0 ﬁ

1 ~ 1

30% X

10 &
---?--10@<8
) y O O O O

A WL CO, HElE/ B Jim

— WL CO, HEf R - 2 fh Pearson’s R =0.903 93

2 B R 95 %
=3 EPES maTiL - maTiL
R = =3
il N 2 25
X800F HI[500 d m400' d =
T 600f g 400 AE mﬁy)o- 113 @
Sa00t & =300 A 200} ° Vs
O ; |200p * 20007 ¢ £ |7 SRR
S0k A L, e A I 3'100¢ L LY N
g Q QO R © ’ O Q. R, QO O Q. o Q.o Q o & Q
RASNENINAN RASNENINAN 2 OONR S 9 %Q%Q%Q\%Q\g@
2 CO, HEmE/ B im G Co, HiBUE/ BT R % co, HEkd/ | A
Pearson’s R=0.852 68 P, son’s R =10.969 50 Pearson’s R=0.903 93 e BlrE - .- ARfY 2
B B 95 % CHUEOR B 95 % B BB 95 % RMCO, IR - R
etk AT BT
1 SXEHETHEB S X EHEEMEFER
2 TRIBEMCEENMREXTEE 57
o GA DE PSO WOA
IEARIREL - - N -
MAPE(%) I E] (s) MAPE(%) I IE)(s) MAPE(%) I E] (s) MAPE(%) I IE)(s)
50 0.1892 21.798 02180 22,984 02243 13.450 02522 13396
80 0.1887 32.697 0.2064 35384 02183 20256 02971 21.694
100 0.1876 37.359 0.1973 44.868 0.2001 28.190 0.2907 27221
200 0.1724 57.096 0.1903 94.105 0.1759 57.259 0.2482 61.700
P 0.1845 37.238 0.2030 49.335 0.2047 29.789 02721 31.003

H 2 2 WA, AN FEREARRECN, EH TR &G4
=M GA BIEY RS 5 L 1Y MAPE {8, H-F
B8 47 I 18] B IS = T WOA Fl PSO 53k, (HEi &g
7 M B8 B DE SE 0 S0 B B (K T GA &
w5, H P B AT I ] (49.335s) f K, RUCR BAK;
PSO BiEF- 3538 4T I [R] B K, 9 29.789s, {HFE 2K
f; WOA E 3% 1°F 1) MAPE {8 &% & T H e ik

Sk, FKEE 2. 45 b, GA HIEAEA L NDSTGM
(1,m,N) #E RS AR v e e AL, REAE A RT3 0 RS
3.3 BEBUEEREXT LAt

Nt B NDSTGM(1,m,N) #7145 25t A/
T U SR AR AN IR A 43 0 4% HE“90% FH 10%” DA K
“80% F1 20%” 1 LI FEAT AR, Hh Ak, AR SCE T T



8 # % 5

*OR

FxE

IR A TR - 28 T T - 3% 2 217 22 ) B M e
FUAE 2R, BRI Sy 5 25 ] R0 1 2 AK€ Foit
iR SEMDGM(1, N, M) Wi £ 1 3R 3 14 [ i
8 22 A5 B R A TR AEGM(1, NYPY, LR MAf1 %%
FIIR A TR NGBM(1, D, 2748 8 K 4 U

MGM(1, n) Sz ¥tk 28 Bl 5 7 K £ T 0 A R
RDGM(1,1), 2 [ # J5 1 78 SAR™, # & % 57
9 [\ AR ARIMAPY, S [ 4 46 o 28 () 2% 45 70
BPNN'2L 8] 25 B K 48 3 12 M 4% K 7B GON-
LSTM™, i LA A g 4 SR 3 o,

=3 NDSTGM(1,m,N) #& 8 53fbb A8 R Y AR 4

i £zt NDSTGM SEMDGM AEGM NGBM  MGM  RDGM SAR  ARIMA BPNN  GCN-LSTM
MAPE(%) 0.1613 0.4644 03280 15350  1.6758  1.0427 34777 04746  0.6042 0.6484
MAPE,..,(%)  0.1244 01203  0.1743 13977 12400  0.8002 34412 03452  0.5768 0.3534

MAPE, (%) 0.5116 3.7335 17883 2.8393 58159 33471  3.8246  1.7043  0.8639 2.8602

10% i £ RMSE 0.9078 50476 22690  7.9209  11.2723  7.1339  14.9597 37136  2.6710 5.5294
RMSE, ... 0.5898 0.6079 08712 57133  7.0056  3.6941 143626 15645  1.5638 1.8721

RMSE, 2.0855 162131  6.6768 154173 27.4916 187787 162487 10.5270  5.6265 14.9962

R? 0.9909 0.8243 09182 0.7930  0.6955 09059 —0.3129 09710  0.8353 0.8868

MAPE(%) 0.1724 0.7982 02599 19076 23448  1.0147  3.6239 07146  2.2470 0.7763
MAPE,,...(%)  0.1153 0.1168  0.1546 15257 12279  0.8431 34182 02714 22360 0.3193

MAPE,. (%) 0.4147 3.6940 07076  3.5304  7.0918  1.7440 44981 25982 22938 22614

20%3 A4 RMSE 1.0645 72154 17271 120271 165357 63716 160360 63123  12.8613 6.3402
RMSE i, 0.5571 0.5121  0.7669  7.4542 67247 35959 139740 12307 103173 14512

RMSE,.,, 1.9774 164771 34593 214861 339536 11.7657 18.7468 14.2075 15.1872 12.7260

R2 0.9919 -0.2531 09869 0.8286 02243 09121 —0.6265 0.8042  0.7103 0.8265

i 3 7] %0, A& 3¢ NDSTGM(1,m,N) 7£ i 25 il
KA T A SR MAPE 5 RMSE ¥ & 8T H et
EEAR Y, HOXF R TR 23 1l 38 2] 0.9909 #110.9919, &
I SRR 0L R B 3 — 2D LB AN [ S L
AR, B0 KGN, 22 Hon U AR 2 B B
FF, M NDSTGM(1,m,N) T 4 G (R A0 X A2 e, 4
LR SR AL RE 1 5 &R, £ b, NDSTGM(1,m,N)
REA S Z1 1 CO, HER M) 25 8] RHRRFAE « FE 2R PRI ]
AR R Xk 2 S v, T 5% 38 $R T I 25 R 68 T
DAL B o
3.4 NDSTGM(1,m,N) tREUF [ 1404

TN N B R T N R B AT S
R 1" 79 5 THD e A B AR g PR VP A . B 5 A S A 1Y
I oF [ L3 50 B B 3 2 I FR 4 T P e LB, R
R ISAR Y 22 ML IB AT T i 5 SR I — 2.

3.4.1 RS T RS T

AR R GG R b o3 ) 28 s v 22 D B i 5
[ 0.001 0.005+ 0.01 FI¥AME Jy O = 7 g i,
SR 5E A2 B 100 2H 7 R ESCHE . 38 VR A AS [R] R R i B
T NDSTGM(1,m,N) #£%4 ¥] MAPE 73 i, 7 #1 HAE
FARI BN T &M MAPE 24 15 0 an & 2 FiR.

WS 2 I, 24 A 5 B2 AL 0.001 3 %2 0.01
I, PSR A & LR i MAPE th 7 % i BT &
0.22% F1 0.30% 7 A7, 22 WY 3G i e 7 i F5E 2 52 W) 453
BT B . AR T, B A LR A X v [ T R K P

(0 = 0.01) F, #% MAPE F A7 £ 515 T 0.30%, H.
MAPE 73 A KA M X S . B SR MAPE (138 30 3 [l
I e 75 e 5 348 o7 S A O, (E R R R B0 T
(12 R B s A R e L%, R B A AL HE 5 AN
i VEERBEAL R Zh B R B A ST TR 1 S & k.
342 ERFRTHREEST

BT RER A S/ A B AR A A R L A
Ak il BRI B REALIED, s AT B B I A S 5

0.35
[Jo6=0.001 CJ06=0.005 ] o=0.001
0.30 | |
025+ ! N
0.20 | %l %I
0.15 %
0.10
0.001 0.005 0.01
Wk 75 58 o
(a) 10% MR HLL
0.50 f s=0.001 |:|n:0.005|:|n:(1.001
1
0.40 | ?
| i
0.30 AN —FE]
p T
0.20 | %& :
! / |
0.10 : : ;
0.001 0.005 0.01
M P 5 o
(b) 20% MiAEE AL
El2 =MIEREEE THEESER



#xH

THF S SRR S TS REFNRA R L AT 2 CO, HAHZ MM 49 5 F 9

OB B TN 25 S v AN Ak, AN T e S
RIS EE SIS SRR, LA NDSTGM(1,m,N)
LAY (P Fe e M. 25 R 30 i PR 1, AT L 10% I
AR TR A N (1 T 45 SR D9 49 147 W 26 % B Ay
R 3 s,

i 3 15, A& 3 NDSTGM(1,m,N) #5784 ¥ A Py
TN ARL PR 2 2 R ot R 3h) e T R, N R R
S LT se 4 E A HUknl L, NDSTGM(1,m,N)
R B FRE S 05 I T e
3.5 JHELSER

AN R ARG A R AL B
TASERRAE 2R B HUK IR (DGM(1, N))
(LRl HEAT AL, # DGM(1, N) A3 fil Sz 56 1) 5t
TR, SEIS S5 IR N3k 4 FroR. 23 (B ORBR AR N T, 22
AL B HT 7] 22 150 2 TR A5 i S 08K AR R
For At N AL By C B, NDSTGM(1,m,N) #ic
N M-ABC.

1 4 n 0, 75 9 2RIRER 5 LR, S E A
RACELEL AL B, C ¥RE R E A BAIPERE, H Y AL
B. C =ML E R AZAE, BIF]FH A5 NDSTGM
(1,m,N) AR, A5 2 P B8k 2 B A, Lo 19 20K
£ 5 ILF 1 MAPE 23 31 % 42 0.1613% £ 0.1724%,
RMSE {4 0.907 8 1 1.064 5, KAIE T A SR AL
1) B

*T_EK —NDSTGM(L,m.N) I} *g‘ %' ﬁ'
L 7 NDSTGM(1,m,N){L75 7! oyl o
0.8 ﬂ —NDSTGM(l,Z,N)ﬁng‘ +)ﬂ_‘i<: ;Ik:
== NDSTGM(1,m,N) % 55 : @u
1
0.6 i
= |
K :
B 04t ,
= |
1
]
0.2+t :
1
i
0 . L L 1
100 300 500 700
W RS o
(a) 10% MRER HEL
& = NDSTGM(1,m,N) g & 1l =)
1 NDSTGM(Lm. YT 3] 21 X X
1.2} Z|—~psTam(mniT S i g
5| == NDSTGM(1.m.N)%fi ;3! e »:n_l
: ;
X J :
e 08 ,‘ :
= : :
1 i
0.4} ] :
|
]
1
0 : i ' :
100 300 500 700

WA PSR o
(b) 20 % Mi4E 5t
B3 10% M & S THHERRNTUNLE RBERZE 2%
1HER

*4  HRSIEELER

HRI 5y Eizton M-ABC M M-A M-B M-C M-AB M-AC M-BC
0%l MAPE(%) 0.1613 70555.2939 36.8406 0.2833 0.2905 0.2184 0.2575 0.1854
‘{‘ :
ke RMSE 0.9078 1044244.3679 400.2723 24333 1.6406 1.3945 1.6394 1.0430
N MAPE(%) 0.1724 23886 1.3953 0.3091 0.2751 04715 0.2370 0.1963
20% R4
RMSE 1.0645 21.0591 13.8570 1.9467 1.8411 46719 1.1682 1.1843

3.6 K=AWHECO,HE N

M _E R NDSTGM(1,m,N) #5784 5 52 F A 784 )
PEREXT L2 AT R {1 70 A DA SV AL S B i 45 2R, &
B A 3C NDSTGM(1,m,N) 455 4 75 347 38, 17 5 CO, H
R 2 T B R R ) R e bk, AR /N
DL NDSTGM(1,m,N) 15 Y g B filh, &5 & 87 BR A6 A
R K = A 3 T B 2022-2026 £E (1) CO, HE & T
. AR 8 e T 2000-2021 4F 508 0
2022 [ CO, HE B E; BE 5, 541 F% 2000 41 CO,HE
TR, I 2022 5F 1) CO, HE i E BlE, 5T 2001-
2022 4F [ 4 B 2023 4 1 COL HE i &5 DAk
e, B EER ) o s, B A3 2026 41 CO, HE
TR TRIAG . et 2022-2024 4F 1 5 R 3 B 524
CL 5N, AR 1 s e R 25 TR [F) R 45 & T BRAR

WHE AR, SR Verhulst #5884 3E 47 Fill . 2022-2026 4F
K = AIRTTRER CO, HEBCE T 25 F W% 5.

=S 2022-2026 FR=AWHEECO, HIME TN R

A 2022 2023 2024 2025 2026

Li(E/IME)  157.5007 1551700 155.1417 158.0757 157.5125
BB %) 23519 -1.4798  —0.0183
TLIR(ETIME) 6729879 678.8939 683.8482 680.8300 681.8817
LA % (%)
WHL(A ) 5507211 566.8165 5763721 571.0286 580.5200
WHLAAL (%)
ZR(EWE)  429.8557 436.7242 441.8482 4514593 446.2055
THAANE®%) 35637 15979 1.1733

1.8912 —0.3563

0.5629 0.8776 0.7297  —0.4413  0.1545

4.6980 2.9226 1.6858  —0.9271 1.6622

2.1752 -1.1637

WELH 5 KIM, 2022-2026 4F il CO, HEM & 2
WL Eh AR A, YEJ5 WL 228U COL Hl R ) 5 31



10 = % 5

*

R FXH

ANTE BT E . TR 2026 4F, B TLIR. 2L
WV DY Hh 1) COL FETBCE 43 I8 21 157.5125 H J3
681.8817 T JMi. 580.5200 1 J3 Wi, 446.2055 1 Ji
W, bAk, PP = A H X R A RE Ik 2 K = A
RS BRI AN R R 7R IX Bk Ve S it 7 8 ) BT
P& K 1) 2025 SFhHEBOREE T B B bR, AR E
2022-2025 5= 1) CO, HE 55 & TR, v 5 ik HF 0%
FE. G5 R EW, B2 2025 45, Bl TTI5. WL, %
TRODY b X B 858 B2 4 23 0l P 42 0.002 7. 0.004 6.
0.0060. 0.0080 T /3Mi/AZ.7T. [FIRF, 2025 FFHK = F
XA B B HE T8 B B 22 0.0052 T AZ T, 5
2020 (1) 0.006 7 AL, T FEIE A 21.848 5%. iX—
SRR, K= MM AESLI(K = MAESSE—
A e 7R Y DX B S W S it 77 8 D 8 H ) B T
FREEEE 2020 AE R % 20% LA B BIR Bt H AR,

4 & #

ASCARVY T HE T 5] S48 B AT FR A8 2 B AL
AR PR R v, Wit TR T AR R AR A ] A
R O P 2 1] D B A8 01 LA R s 5 ) SR BRARRAIE, 51N
B 25 222 S A TR B 1) 22 T QI R AIE &% 15 m ) A 2 M I
) Ak R 35, I 4 G AR S5 B SEBOUK 60 2 U TR
BAL g8 — b R0 BT ORAZ I B0 7 2 1) X e 22
SRR, R A T AR BN S 2 AR R K
5 R (NSTDGM(1,m,N). 1% A58 Sz 3 7 #4815
FI B 2 R AE 0 B R AR 3 T K = A I T B COL HE
TR PR S5 43 AT 2 B, AR SORE AR AE TR RS 2 5 78 e
PEJT TS E T I 3 28 9 A& STt A 2. it
SRR, B 2026 4, B2 B CO HEUE ¥
SR RS, T8 AT CO, HE R 3 K R IE
ISR, HAh, FEF 2025 AF 1R HE R T 45 SR 1t
SERRCHERUR S, R IR = A 2% DX 8 ) B s 0
R R, H AT HE SO B TR 2R 0.0052 B 5
MG A SEBL “TRHEBGRE #2020 45 FFE 20% LA
BT BB H bR, AEARRBIBE T, K — R
BT LRSI IR 2R 1 A (A0 A8 FLARRAE 5 AR R R IR B G R,
NI RG] 3 AR it B R A B T AR Y,

SEHK (References)

(1] F U, arbk, Do, 55 B = 30 i A i ik g PR A
FAFFE[T]. B 224K, 2024, 79(11): 2895-2914.
(ShiCF, YuY, Yao X, et al. Carbon peak prediction for
Yangtze River Delta urban agglomeration based on
spatially embedded GA-LSTM model[J]. Acta
Geographica Sinica, 2024, 79(11): 2895-2914.)

2] RAFE, HEFE, WL BT STIRPAT B 1L
ok T k32 U6 TN 5 SEEIE: DL EE PR T B ], PR
Fla%, 2025, 46(7): 4052-4064.

(3]

(4]

(3]

[6]

(8]

[9]

[10]

(1]

[12]

(Liang L J, Ma M Z, Feng J L. Prediction and
demonstration of carbon peak in mountain cities based
on the STIRPAT model: A case study of Chongqing
data[J]. Environmental Science, 2025, 46(7): 4052-
4064.)

Ren F, Long D H. Carbon emission forecasting and
scenario analysis in Guangdong Province based on
optimized Fast Learning Network[J]. Journal of Cleaner
Production, 2021, 317: 128408.

Miao A K, Yuan Y, Wu H, et al. Pathway for China’s
provincial carbon emission peak: A case study of the
Jiangsu Province[J]. Energy, 2024, 298: 131417.
T, SN E, BRI, A TR A T A
RIS ) [X I PM, 5 fi B RS A 5 DR 2R3 0], 9%
il 5 ¥k, 2025, 40(3): 899-908.

(An Y M, Dang Y G, Yang D L, et al. Identification of
regional PM, s health risk factors based on panel data
grey dihedral angle incidence model[J]. Control and
Decision, 2025, 40(3): 899-908.)

HNL, RABRS, B, 5. 2 UG B R R
IR AT € PR AR R R FLS2 [0, 424 5 1R 3K, 2025,
40(4): 1163-1171.

(Gou X 'Y, Mi C M, Zeng B, et al. Seasonal mixing grey
prediction model and its application under collaboration
of multiple frequency information[J]. Control and
Decision, 2025, 40(4): 1163-1171.)

F2, FE, ERA. KO R LR 1],
P 5 P 5k, 2024, 39(6): 2060-2068.

(Wang A, Dang Y G, Wang J J. An optimized grey Euler
model and its applications[J]. Control and Decision,
2024, 39(6): 2060-2068.)

Pk, ARG, WS TR IR K € Bernoulli 4
Y J KA S5 R 57 75 i TR #4820, 1) 55 3R
2025, 40(9): 2833-2840.

(Yang L, Xu Q H, Xie N M. Physics-perserving
nonlinear grey Bernoulli model and applications to
fatigue life prediction[J]. Control and Decision, 2025,
40(9): 2833-2840.)

Ye L, Fang L P, Dang Y G, et al. A novel intervention
effect-based quadratic time-varying nonlinear discrete
grey model for forecasting carbon emissions intensity[J].
Information Sciences, 2024, 675: 120711.

Ding S, Shen X G, Zhang H H, et al. An innovative data-
feature-driven approach for CO, emission predictive
analytics: A perspective from seasonality and
nonlinearity characteristics[J]. Computers & Industrial
Engineering, 2024, 192: 110195.

B2 VLA, BRGS0 2 IR A
T AR A TR A B HE TR v B L P 0], 2 45 R,
2026, 41(1): 143-152.

(Fan X X, Jiang K S, Qin S P, et al. An adaptive grey
prediction model driven by fractional-order polynomial
and its application in carbon emission forecasting[J].
Control and Decision, 2026, 41(1): 143-152.)

Wang H P, Zhang Z. Forecasting Chinese provincial
carbon emissions using a novel grey prediction model


https://doi.org/10.11821/dlxb202411013
https://doi.org/10.11821/dlxb202411013
https://doi.org/10.11821/dlxb202411013
https://doi.org/10.1016/j.jclepro.2021.128408
https://doi.org/10.1016/j.jclepro.2021.128408
https://doi.org/10.1016/j.energy.2024.131417
https://doi.org/10.13195/j.kzyjc.2023.1748
https://doi.org/10.13195/j.kzyjc.2023.1748
https://doi.org/10.13195/j.kzyjc.2023.1748
https://doi.org/10.13195/j.kzyjc.2023.1748
https://doi.org/10.13195/j.kzyjc.2022.1772
https://doi.org/10.13195/j.kzyjc.2022.1772
https://doi.org/10.13195/j.kzyjc.2025.0015
https://doi.org/10.13195/j.kzyjc.2025.0015
https://doi.org/10.1016/j.ins.2024.120711
https://doi.org/10.1016/j.cie.2024.110195
https://doi.org/10.1016/j.cie.2024.110195

#xH

TH¥ S FERIRETT ST REFMMNAER R L AWRT 2 CO, HAL T HM & & 11

[13]

[14]

[15]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

considering spatial correlation[J]. Expert Systems with
Applications, 2022, 209: 118261.

Wang H P, Zhang Z. A spatial lagged multivariate
discrete grey model for forecasting an economy-energy-
environment system[J]. Journal of Cleaner Production,
2023, 404: 136922.

Zhang X, Dang Y G, Ding S, et al. Multi-output discrete
grey model tailored for electricity consumption
forecast[J]. Applied Mathematical Modelling, 2025,
139: 115822.

Zuo Z Y, Xiao X P, Gao M Y, et al. Mixed-frequency
fusion grey panel model for spatiotemporal prediction of
photovoltaic power generation[J]. Renewable Energy,
2025, 248: 123055.

Gao M Y, Yang H L, Xiao Q Z, et al. COVID-19
lockdowns and air quality: Evidence from grey
spatiotemporal forecasts[J]. Socio-Economic Planning
Sciences, 2022, 83: 101228.

JA R, WA EE, 2RI BT 5] IR A T A
GrREE 2 43 i [J]. T RHBOK 22 4k, 2024, 53(1):
129-143.

(Zhou T H, Han X P, Li R Q. Influence analysis of urban
external economic environmental based on gravity
model[J]. Journal of University of Electronic Science
and Technology of China, 2024, 53(1): 129-143.)

Yin F F, Zeng B. A novel multivariable grey prediction
with  different
performance comparison[J].
Modelling, 2022, 109: 117-133.
BB, HN, R T G RO T =
SRR BOR IR J N ()], 12 % S
2022, 31(7): 119-123.

(Li H, Zeng B, Gou X Y, et al. A three-parameter
discrete grey forecasting model based on unified grey

accumulation orders and

Applied Mathematical

model

generation operator and its application[J]. Operations
Research and Management Science, 2022, 31(7): 119-
123.)

B, B, . & T Simpson 2 & & i 1Y
FAGM(1,1) B¢ B Je e B I BIF 76 (0] v [ 8 B R} 272,
2021, 29(5): 240-248.

Xia J, Ma X, Wu W Q. The improved FAGM(1,1)
model based on Simpson formula and its applications[J].
Chinese Journal of Management Science, 2021, 29(5):
240-248.)

LEREE, HIH, E& K, 55 8BRS — B0 B B ik
GM(1,1) B Je N7 [T]. #2441 5 v 36, 2024, 39(12):
3964-3972.

(Shen Q Q, Cao Y, Wang L X, et al. New information
priority conformable fractional discrete GM(1,1) model
and applications[J]. Control and Decision, 2024, 39(12):
3964-3972.)

Zeng B, Duan HM, Zhou Y F. A new multivariable grey
prediction model with structure compatibility[J].
Applied Mathematical Modelling, 2019, 75: 385-397.
W, AR, X, SR G BN 5 K G Rk
BTG — R R LB 5 SRk, 2021,

[24]

[25]

(27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

41(10): 2710-2720.

(Zeng B, Yu L A, Liu S F, et al. Unification of grey
accumulation operator and the inverse operator and its
application[J]. Systems Engineering —Theory &
Practice, 2021, 41(10): 2710-2720.)

Zhou W J, Ding S. A novel discrete grey seasonal model
and its applications[J]. Communications in Nonlinear
Science and Numerical Simulation, 2021, 93: 105493.
LiY, Ding Y P, Liu B. Multi-variable DGMTP (1, N, a)
prediction model with time polynomial[J]. Journal of
Grey System, 2021, 33(3): 100-115.

An'Y M, Dang Y G, Wang J J, et al. Mixed-frequency
data Sampling Grey system Model: Forecasting annual
CO, emissions in China with quarterly and monthly
economic-energy indicators[J]. Applied Energy, 2024,
370: 123531.

T, ZRORIE, R, AF. BT E RO K R
By TR AR TR e %ok Tk R T B 0[], P ) 5 ok 5
2023, 38(12): 3409-3417.

(Xu N, Qin Q H, Wang T Y, et al. Grey rolling model
based on self-adaptive adjustment and forecasting
tendency of carbon emission[J]. Control and Decision,
2023, 38(12): 3409-3417.)

TEBE, SR, ERA. W2 5 ukah i B &N 2
AR B R 0 TIN5 R % R [0]. v [ BB 22, 2025,
33(12): 185-199.

(Ding Y P, Dang Y G, Wang J J. Adaptive multivariable
grey prediction model driven by Euler polynomials and
its application[J]. Chinese Journal of Management
Science, 2025, 33(12): 185-199.)

Zheng H H, Li Q, Wang Z X. Predicting the capital
intensity of the new energy industry in China using a
new hybrid grey model[J]. Computers & Industrial
Engineering, 2018, 126: 507-515.

REPEIE, R FRAE, MBI, 45 K MGM(1,m,N) #7Y
AR 3 e HAE 55 58 TR Hh O S (D). R TAEHR S
SERE, 2020, 40(3): 771-782.

(Xiong P P, Yuan W Y, Ye L L, et al. Construction of
gray MGM(1,m,N) model and its prediction application
on haze[J]. Systems Engineering —Theory & Practice,
2020, 40(3): 771-782.)

Sen P, Roy M, Pal P. Application of ARIMA for
forecasting energy consumption and GHG emission: A
case study of an Indian pig iron manufacturing
organization[J]. Energy, 2016, 116: 1031-1038.

Li X Q, Zhang X X. A comparative study of statistical
and machine learning models on carbon dioxide
emissions prediction of China[J]. Environmental Science
and Pollution Research, 2023, 30(55): 117485-117502.
Wei F L, Li X, Guo Y Q, et al. Flow direction level
traffic flow prediction based on a GCN-LSTM combined
model[J]. Intelligent Automation & Soft Computing,
2023, 37(2): 2001-2018.

Wang J J, Huang W Y, Ding Y P, et al. Forecasting the
electric power load based on a novel prediction model
coupled with accumulative time-delay effects and


https://doi.org/10.1016/j.eswa.2022.118261
https://doi.org/10.1016/j.eswa.2022.118261
https://doi.org/10.1016/j.jclepro.2023.136922
https://doi.org/10.1016/j.apm.2024.115822
https://doi.org/10.1016/j.renene.2025.123055
https://doi.org/10.1016/j.seps.2022.101228
https://doi.org/10.1016/j.seps.2022.101228
https://doi.org/10.1016/j.seps.2022.101228
https://doi.org/10.1016/j.seps.2022.101228
https://doi.org/10.12178/1001-0548.2023022
https://doi.org/10.12178/1001-0548.2023022
https://doi.org/10.12178/1001-0548.2023022
https://doi.org/10.1016/j.apm.2022.04.031
https://doi.org/10.1016/j.apm.2022.04.031
https://doi.org/10.16381/j.cnki.issn1003-207x.2018.1093
https://doi.org/10.16381/j.cnki.issn1003-207x.2018.1093
https://doi.org/10.13195/j.kzyjc.2023.1486
https://doi.org/10.13195/j.kzyjc.2023.1486
https://doi.org/10.1016/j.apm.2019.05.044
https://doi.org/10.12011/SETP2020-0370
https://doi.org/10.12011/SETP2020-0370
https://doi.org/10.12011/SETP2020-0370
https://doi.org/10.12011/SETP2020-0370
https://doi.org/10.12011/SETP2020-0370
https://doi.org/10.12011/SETP2020-0370
https://doi.org/10.1016/j.cnsns.2020.105493
https://doi.org/10.1016/j.cnsns.2020.105493
https://doi.org/10.1016/j.apenergy.2024.123531
https://doi.org/10.13195/j.kzyjc.2021.2137
https://doi.org/10.13195/j.kzyjc.2021.2137
https://doi.org/10.1016/j.cie.2018.10.012
https://doi.org/10.1016/j.cie.2018.10.012
https://doi.org/10.1016/j.energy.2016.10.068
https://doi.org/10.1007/s11356-023-30428-5
https://doi.org/10.1007/s11356-023-30428-5
https://doi.org/10.32604/iasc.2023.035799

12 = % 5

xR Ext

periodic fluctuation characteristics[J].
317: 134518.

FARAS, 2880 B, 45, T nr SR H i K
OIS [ AR S o [ K LY 2R OB TE ). o A PR
Rl 2023, 31(5): 279-286.

(Zhou W J, Jiang H M, Cheng Y K, et al. Forecasting
Chinese hydropower consumption forecasting by using

Energy, 2025,

[35]

the repeatability fractional grey time power model[J].
Chinese Journal of Management Science, 2023, 31(5):
279-286.)

fE& Y
TIHEE (1997-), &, W+, FEB TR NK O RS

PG, T, E-mail: dingypl127@nuaa.edu.cn;

ORI (1964-), 53, #0%, @4, 18 A4 G0, 25T
Tila N K R G s . B 4T, E-mail: iamdangyg@
163.com;

FRA (1988-), 5, RIFR, Wi+, W+ A T, 20t
7 [ N e UR R B A . & BE WU, E-mail:
wangjj@nuaa.edu.cn;

T (1993-), 2o, 1 AR, 3 BRI S5 R O P A
2. EEZLGF, E-mail: 210407011003@zufe.edu.cn;

MIEAs (1965-), 53, 8%, @&, WA R0, 3 EHT
Tila AR BB KO RS H IR, E-mail:
yyang@dmu.ac.uk.


https://doi.org/10.1016/j.energy.2025.134518
mailto:dingyp1127@nuaa.edu.cn
mailto:iamdangyg@163.com
mailto:iamdangyg@163.com
mailto:wangjj@nuaa.edu.cn
mailto:210407011003@zufe.edu.cn
mailto:yyang@dmu.ac.uk

	0 引　言
	1 非线性离散时空多变量灰色预测模型构建与求解
	1.1 非对称时变空间权重矩阵构建
	1.2 NDSTGM(1,m,N)模型构建
	1.3 基于遗传算法的NDSTGM(1,m,N)超参数优化

	2 NDSTGM(1,m,N)模型性质与建模步骤
	2.1 NDSTGM(1,m,N)模型性质
	2.2 模型性能评估准则与建模步骤

	3 应用实例
	3.1 数据收集与数据特征分析
	3.2 不同智能优化算法的性能对比分析
	3.3 模型性能对比分析
	3.4 NDSTGM(1,m,N)模型稳健性分析
	3.4.1 数据扰动下的鲁棒性分析
	3.4.2 重复实验下的稳定性分析

	3.5 消融实验
	3.6长三角城市群CO2排放量预测

	4 结　论
	参考文献

