hE RIS RS 2026,46(3): 1725~1735 China Environmental Science

F PRI HE, R B B, 5 B T MVMID 43 i (A8 IS il il [3]. vh PRS2, 2026,46(3):1725-1735.
Wang Q R, Liu X K, Zhu C F, et al. Research on carbon emission prediction of transportation industry based on MVMD decomposition [J]. China
Environmental Science, 2026,46(3):1725-1735.

ET MVMD 43 #8432 188 1z 0 sl fae HE AL 70

FRRE LD EE U R B LR S MNASE R R TS 1S B TR HR 22N 7300705 2,25 MRS K 2RSS
frEbe, N 2200 730070)

T A AZ i b B HE O T 70 10 98 ) 1 R e e M S e TR B () 1) R 4 T —Fh S A MVMD G 254 2 S L) L ki
iTransformer F1 SSA B{CUE LSTM [ 45 (1) A8 L2 Fn b Bl S8 HEIIAS AL, 25 58, 5 | N 22 J0738 43RS o e 465 A S BB HEBCHFAE S50 3 510 4k Ay AN ) A3 RS
o, TR HRE ARG 553 1 52 I FEHEAT B Ak, FEARIE /N KI5 S i AT 30— 25 59 A A8 i HEBCRCHE 7 9 F pke 3) PE R e Mk s 8K 5 T SSA-LSTM
BEAT AR 1) I, P24 R0 A, R T ) LSTM NSk 1) i Transfoemer s 22 bl &, 388 G f 5 A 38K T4 85, S ek A AR RS R/ Sk -5
TN ST T (B AT 45 A 5 SR PP I A T I8 4l 2000~2022 AR5 HEBCET AT AR L IEATUOAIE, 45 AL W DT ER A AL (08 s 2 I 7 22
SRR T 43 BEAR ZE 220 10.31x10%. 106.35x10%. 0.97%, #5940 T oAb xof LA TR, B 4IF 17 i SRS 54 () 45 20 .

KR ORGSR 2 RITRAIUE SCWRHE B FEARE: B

PEISHES: X24 XHRFRIRED: A XEHS: 1000-6923(2026)03-1725-11

Research on carbon emission prediction of transportation industry based on MVMD decomposition. WANG Qing-rongl, LIU
Xin-kang'*, ZHU Chang-feng®, WANG Jun-jie' (1.School of Electronic and Information Engineering, Lanzhou Jiaotong University,
Lanzhou 730070, China; 2.School of Transportation, Lanzhou Jiaotong University, Lanzhou 730070, China). China Environmental
Science, 2026,46(3): 1725~1735

Abstract: To address the issue of volatility and nonlinearity in carbon emission data sequences from the transportation sector
affecting prediction accuracy,this study proposes a carbon emission prediction model that integrates Multivariate Variational Mode
Decomposition (MVMD), differential multi-head attention mechanism,improved iTransformer,and LSTM enhanced by Sparrow
Search Algorithm(SSA). First, MVMD was introduced to decompose the transportation carbon emission feature data sequence into
modal components of different frequencies. Sample entropy was then used to quantify the complexity of each component, which was
categorized into high- and low-frequency data based on entropy values, thereby further mitigating the volatility and nonlinearity of
the carbon emission data sequence. Subsequently, SSA-LSTM was employed to predict low-frequency data, capturing long-range
dependencies, while LSTM combined with the improved iTransformer was applied to rapidly denoise and fit high—frequency data to
avoid interference with the primary trend. Finally, the prediction results of high- and low-frequency data were combined using
weights calculated based on the sizes of sample entropy values. The model was validated using carbon emission data from China's
transportation sector from 2000 to 2022. The results showed that the proposed model achieved a root mean square error (RMSE),
mean square error (MSE), and mean absolute percentage error (MAPE) of 10.31x10%, 106.35x10%, and 0.97%, respectively,
outperforming other comparative models and confirming its effectiveness.
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Fig.1 Data decomposition system of transportation carbon emissions based on MVMD
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Fig.2 Prediction model framework of low—frequency components of transportation carbon emissions based on SSA-LSTM
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Fig.6 Exploded diagram of MVMD of transportation carbon emission characteristics
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Table 4 Entropy values of each component sample based on

MVMD decomposition
B4 FEAS B4 FEASR
IMF1 0.104 IMF4 2.564
IMF2 0.729 IMF5 3.221
IMF3 2.032
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Table 5 Comparison of the results of the decomposition or

non—decomposition model

R RMSE(x10°) MSE(x10%)  MAPE(%)
BP 42230 178336.92 39.86
SVR 316.22 99995.77 27.93
LSTM 205.35 48337.62 13.21
MVMD-BP 244.95 60451.77 14.54
MVMD-SVR 245.87 62030.03 14.87
MVMD-LSTM 201.20 40201.02 12.98
MVMD-SSA-BP 187.67 35218.49 10.81
MVMD-SSA-SVR 141.42 21060.01 8.64
MVMD-SSA-LSTM 129.78 16842.33 7.38

#6 LSTM L5 BB ML R LR
Table 6 Comparison of the results of the LSTM optimization

model

itk BEE RMSE(x10%) MSE(x10%)  MAPE(%)
Transformer 312.80 97843.21 24.37
I iTransformer 282.84 79943.98 19.84
S iXFMR 273.18 72319.55 17.92
Transformer 264.58 69589.96 15.63
LSTM  iTransformer 223.61 59855.47 14.07
Sk iXFMR 173.21 29739.99 8.92
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Table 7 Comparison of excellent models in the field of carbon

emissions
RMSE MSE MAPE  JIZkEnR | -
pid} ik Sty
L (x10°) (x10%) (%) (s) i
AR 10.31 106.35 0.97 1934 AHF5
CNN-LSTM  32.03 1025.47 238 342 [26]
EMD-PSO-
23.89 570.83 2.05 876 [27]
LSSVM
EEMD-VMD-
16.93 286.74 1.52 1253 [21]
LSTM
Autoformer 219.86  48949.97 13.25 234 IR
FEDformer 268.92  70149.76 17.53 267 SRR
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LSTM™!. Autoformer, FEDformer 2547 RMSE 435l
BRI T 67.81%. 56.84%. 39.10%. 95.31%. 96.17%,
MSE 23 5% T 89.63%- 81.37%- 62.93%- 99.78%-
99.85%, UF B A SCHE HH RIS R PR REAR AL
3.6 BEVEALR

R FR Rl v 484R(W RMSE. MSE. MAPE)
& W AR SRS R0 AR 5 1 ) LR 70 LA o A s ) P
H24 T PR BRI P PE B 22 S JF AR HBEALIN 3 S
BASCHAT T 4t W WAL, )2 N T i )
BT LE 5 ) Diebold-Mariano (DM)#; 4 45 B
W% 8 Jro, FIT A R LUASE RS N ) DM G vt 134 4 171



1734 A 46 1
{H, H P{EIY/NT 0.001,3% B A SCHE HY RS20 o Tty model: evidence from American industrial sector [J]. Renewable
N e e - \ E ,2022,181:803-819.
5 R b LT A U, HAX S5 18 7E 99.9% " ;:gi LT T e —
. . e . VLR AR NV A OOUR R S T B M DX R U
E,:J %’fﬁ 7Kq:—FéﬁT/+EIA%A .IZ% l:ﬁ ZKI*%EEF)T,TZFEWJ H:ll [J] ;:P %iﬁ—%l¥’ 2023,43(51):347*356.
E‘]’fj{i%“l‘iﬁﬁ#jk Hﬂ{%ﬁk%%ﬁ,ﬁﬁ%ﬂﬁéﬁﬁ‘% Wang X T, Zheng F F, Xu Y, et al. Prediction of carbon peak in
XJ: E{]F%%MT& Ningxia region under the background of dual carbon goals [J]. China
Environmental Science, 2023,43(S1):347-356.
N [3] AR, 2= B, T4 55, 55 35T Lasso-BP 12 ) 40 A5 (30T g 4Tl
#8 HITEEMMBWER IEWERRAAIEST (7). FRBETRE, 2022,40(12):151-156,164.
Table 8  Statistical Signiﬁcance test results Zhao J H, Li J S, Wang P L, et al. Research on Henan Province's
e DM %t P e ZEi carbon peak path based on Lasso-BP neural network model [J].
CNN-LSTM -8.721 <0.001 i BT Environmental Engineering, 2022,40(12):151-156,164.
EMD-PSO-LSSVM -7.453 <0.001 i SBELT [4] Yang H J, O'Connell J F. Short-term carbon emissions forecast for
EEMD-VMD-LSTM -5.892 <0.001 2= BERT aviation industry in Shanghai [J]. Journal of Cleaner Production,
Autoformer -12.336  <0.001 3 BERT 2020,275:122734/1-12.
FEDformer 13015 <000t K WHLT [S] B0 HG SUMS, 2 52000, 20 0 3t 90 A 0 A0 I8 B A T
WEFE [I]. FREERL244R, 2022,42(4):464-472.
ﬁ%i EF' *@ 5\% E/‘J iﬁﬁiﬁ’sﬁi ﬂj{)ﬂﬂ *Eﬂ/ﬁ\-ﬁ E Hu M F, Zheng Y B, Li Y H. Forecast of carbon emission peak of
ﬁ?{“ El"ﬁ’ﬁ/)ﬂﬂﬁ ﬁ‘éJﬂ{Bﬁﬁ_iﬁ#j—/}:{t{ V. E(J%IEH . ﬂi;’{ﬁﬁ transportation in Hubei Province under multiple scenarios [J]. Acta
. S NTSGSEN ™ NEE o Scientiae Circumstantiae, 2022,42(4):464-472.
FUATA IR T2 T VH SRR DL o S IR, 5N ,
- R % i o *‘ﬂq : ” [6] XU, 1A T8 2 ) A O B 2 55 57
FIEZ S5 Al %%(ﬁﬂ BUR 5 8 RE YA g"ﬁi) PL5E [J]. BRI, 2024,45(6):3421-3432.
ISRk L. Liu H T, Hu D W. Construction and analysis of transportation carbon
emission prediction model based on machine learning [J].
4 i Environmental Science, 2024,45(6):3421-3432.
[7] WG SABEANSCER T AR T L A S0 1k i B e HE TR T
4.1 5IN MVMD %32 2 22 P[RR AE, 4 43 WBRBESC (7], BURBREHA, 2023,60(6):29-39.
iﬁ%ﬁ?ﬂ“%%%mﬂﬁﬁxﬁﬁﬁﬂkﬁi&/ﬁ;%ﬁ%## ﬁ[}‘?ﬁu Zeng H R, Sun W H, He W, et al. Research on prediction model of
. . bon emission from railway tunnel construction based on machine
Y- 4 =1k 7 /}‘3 | \\}"Fﬁ><—‘ / —H‘i\(\/\ﬁ xyu: carl
AT R 00 AR B poC e — SRS ) i 00 learning [J]. Modern Tunnelling Technology, 2023,60(6):29-39.
PRAGAFILAL LSTM BEARLAUHN MSE BRI B 81 wr o w5 0ET SVR X BASTH I
R T 16.83%, K0 1F T 2 il AE $2 B iR A 200k V] ACmiEki R4 LS F K, 2018,18(2):13-19.
4.2 %ﬂzﬁézi—(ﬁ E‘Jﬁj\iﬁﬁ‘{ﬂﬂﬁi%ﬁﬁﬁiﬂ%@ T Chen L, Wang J H, He T, et al. Prediction of regional transportation
. A S carbon emissions based on SVR [J]. Journal of Transportation Systems
}_‘%ﬁu Em Z: IE‘I”LW‘ ‘]‘éﬁg%ﬁﬁ{ﬁ’{ﬂ 2z E—‘K‘AU 7] j‘j 1= }/Fm‘%ﬂi Engineering and Information Technology, 2018,18(2):13-19.
BECH J5 R SSA-LSTM ol il AL 4 s #5, % H (9]  ELIESE MR, Ak S5 0 T HEHLA AR 0 h (5 PM, 5 WK %
g . A e g i - Al 2057
LSTM 454003 iTransformer 32 i ATt 2. 525 WA ()], FREERFE, 2020,41(5):2057-2065.
. Xia X S, Chen J J, Wang J J, et al. Analysis of influencing factors of
12 e 8RB TR (1 15
%%EEJZEE EH%,TEB&A/‘ *ﬁiﬂﬁ?ﬁ{)‘”w&%(RMSE‘MSE‘ PM;5 concentration in China based on random forest model [J].
MAPE)[# 4 10.31x10°. 106.35x10% F1 0.97%, 'k fig Environmental Science, 2020,41(5):2057-2065.
BT AR [10] 4PN, S ek, g2 W,25 55T Lasso—Transformer #1145 b 458 45570 1)
N = . . HERE A A [J/OL). BABER, 1-19[2025-07-07).
4.3 bﬂA%ﬁ{f%ﬁ*ﬂﬁ%u E,:J iTransformer igﬁTXﬂ‘ .{I'n Y J, Jin XJB H[ong )]( M, et alT Carbor[l emissio; ] diction i
i , i R s . ission prediction in
=1 *ﬁﬁ?&ﬂ?% ﬂ E(] ﬁjﬁ ﬁl’g jJ 1% H[x ﬁi”ﬁﬂ\}f’k fﬁ@@%}? Hainan Province based on Lasso—Transformer neural network model
yu E@—Bﬁyl'ﬁﬁj\’/fjﬁifﬁjﬁng‘ Hﬁg Hﬂ‘j&ij]% y\:l ’Eﬂ@j‘ﬁ I%Ei [J/OL). Environmental Science, 1-19[2025-07-07].
W 85 o o IO N A RN 4> %2 1 RMSE. 5 [11] PR, g Th, B B3t 55 2R T LSTM B2 1ty v [ A8 @ 13 b e
/’\ . ) " T TR (7). EEREERE, 2023,43(5):2574-2582.
MAPE 7; ﬁ”lﬁéi&{:ﬂ& T 3659%‘5 8.92%. LiuC S, QulS, Ge Y J, et al. Prediction of carbon emissions from
China's transportation sector based on LSTM model [J]. China
Environmental Science, 2023,43(5):2574-2582.
SE - [12] %4, B, E B, 6 T PSO-LSTM M5 142 el it

[1] Gao M Y, Yang H L, Xiao Q Z, et al. A novel method for carbon

emission forecasting based on Gompertz's law and fractional grey

IBALERATI [I]. E MR AR (T /R), 2022,52(9):2192-2202.
Gao J W, Jia Z H, Wang X Y, et al. Degradation trend prediction of



EPRA

HL T MVMD J3fiff (R A8 32 S s HE TSt

1735

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

proton exchange membrane fuel cell based on PSO-LSTM [J]. Journal
of Jilin University (Engineering and Technology Edition), 2022,52(9):
2192-2202.

VERUR, R0, A T WOA-BP 4 W 2% [ (G R 4t
JERRFETMALRRIETT [7]. J1%2449R, 2022,54(4):1145-1153.

Wang E L, Tian Y, Liu X C, et al. Prediction model of compressive
strength of ultra-low temperature frozen soil based on WOA-BP
neural network [J]. Chinese Journal of Theoretical and Applied
Mechanics, 2022,54(4):1145-1153.

FELARATE AT 38 X FT, 46 1 SSA-LSTM (14 H S 5 FREE AR
ST [I]. RMHUBEAIR, 2023,54(2):351-358.

ZuL L, LiuPZ, Zhao Y P, et al. Research on environmental prediction
model of solar greenhouse based on SSA-LSTM [J]. Transactions of
the Chinese Society for Agricultural Machinery, 2023,54(2):351-358.
WML TR B R, % 35T PSO-BP #2452 119 111 15 45 ik
T ()] PR TREBOR AR, 2023,13(6):2016-2024.

Yang J Q, Fan X J, Zhao Y H, et al. Prediction of carbon emissions in
Shanxi Province based on PSO-BP neural network [J]. Journal of
Environmental Engineering Technology, 2023,13(6):2016-2024.
TR A REE S IT BWO-VMD-ISSA-LSTM  [{385@ 124
MEBHE ST [J/OL]. VML TR S N, 1-16[2025-07-07].
Wang Q R, Wang J J, Zhu C F, et al. Research on carbon emission
prediction of transportation industry based on BWO-VMD-ISSA- LSTM
[J/OL]. Computer Engineering and Applications, 1-16[2025-07-07].

OB B, SA SO PR R E T MIC 454425 ICEEMD-RIME-
DHKELM R SO B OB AL [7]. FRBETRE, 2025,43(4):
46-58.

Zhang X S, Nie D W, Chen Z Z. Prediction model of construction
industry carbon emissions based on MIC feature extraction and
ICEEMD-RIME-DHKELM [J]. Environmental Engineering, 2025,43
(4):46-58.

KBB4 AR TS OIS ZAL S IR SR
BEUR R % T fomr BT (7). s HEBR, 2025,51(7):3488-
3499.

Zhang Y M, Sun M, Ji X Q, et al. Short-term multi-load forecasting
for integrated energy system based on modal decomposition and
multi—task learning model [J]. High Voltage Engineering, 2025,51(7):
3488-3499.

Zhang H, Kong X, Ren C. Influencing factors and forecast of carbon
emissions from transportation taking Shandong province as an
example [J]. IOP Conference Series: Earth and Environmental Science,
2019,300(3):032063/1-7.

Quan C, Cheng X, Yu S, et al. Analysis on the influencing factors of carbon

[21]

[22]

[23

[24]

[23]

[26]

[27]

emission in China’s logistics industry based on LMDI method [J]. The
Science of the Total Environment, 2020,2020(734):138473/1-12.

PR, EARA R E B, % 35T SD-ISSA-DALSTM [HAZilig il
BRAEBCHN [J]. H e B TR AR AR (A R R AE AR, 2025,53(5):
66-81.

Wang Q R, Wang J J, Zhu C F, et al. Carbon emission prediction of
transportation industry based on SD-ISSA-DALSTM [J]. Journal of
South China University of Technology (Natural Science Edition),
2025,53(5):66-81.

R0 P LB D6, 5535 T LMDI Al LEAP BRI 17 4
TBCEWA R 32 S T [0]. R AR}, 2025,45(7):4052-4063.

Li S S, Fei X, Dong H G, et al. Factors influencing and projection of
carbon emissions in Shanxi Province based on LMDI and LEAP
models [J]. China Environmental Science, 2025,45(7):4052-4063.
R AR, I 25T 10-SDA i) 2020~2060 4Frh [H47Mk
CO, HEST 5 5341 [J]. b EEREE R}, 2024,44(3):1743-1755.
Wang H G, Wang Y T, Xiao L X, et al. Projection and analysis of
China’s sectoral CO, emissions from 2020 to 2060 based on IO-SDA
method [J]. China Environmental Science, 2024,44(3):1743—-1755.
IPCC. 2006IPCC Guidelines for National Greenhouse Gas Inventories
[R]. Cambridge: Cambridge University Press, 2006.

SR SRS AR S HE T U5 i 5 MAML-MHA-DELM [Hf
JATAEBRHER BN AEFT [J/OL). 224 HIRBE2AAR, 1-15[2025-
08-31].

Zhang X S, Zhang H W, Nie D W. Research on carbon emission
prediction model of power industry based on quadratic decomposition
and MAML-MHA-DELM [J/OL]. Journal of Safety and Environment,
1-15[2025-08-31].

Mo ORI SRR A5 T CNN-LSTM-Attention [ [ 2 1
ASWISH BTG S [J/OL). 224 HIREAR, 1-12[2025-
08-31].

Yang Q, Jiang Y H, Wu C Y, et al. Prediction of carbon peak in China's
provincial transportation industry based on CNN-LSTM-Attention
[J/OL]. Journal of Safety and Environment, 1-12[2025-08-31].

ik 5 S B ECT 3T EMD-PSO-LSSVM [FIBHE /M i 8 1 il
W5 [0, 5 YR, 2022,37(7):1837-1846.

Zhang W, Wu Z B, Xu J P. Decomposition ensemble prediction
method for carbon emissions based on EMD-PSO-LSSVM [J].
Control and Decision, 2022,37(7):1837-1846.

TEERIN: FOH01977-), &, 7 5 [ 5N, B0%, ik, B TR 7 1

i

BITRGA 5 9Bt 3R 3 20 R55.329046272@qq.com.



