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Abstract: In the context of the “dual carbon” goals, estimating carbon emissions and simulating peak scenarios has significant importance. However, accurately identifying the factors
influencing carbon emissions and scientifically predicting the peak carbon emission time still present considerable challenges. This study focused on 30 provinces in China (data were
not available for Hong Kong, Macau, Taiwan, and Tibet, China) and utilized the IPCC carhon emission coefficient method to estimate the total carbon emissions from 2000 to 2020,
while also depicting their spatial and temporal distribution characteristics. Furthermore, various machine learning algorithms were employed to construct and select the optimal carbon
emission estimation model, quantifying the main factors influencing carbon emissions in China. Finally, considering different development trends across the country and regions,
scenario analysis and the carbon emission estimation model were used to predict changes in carbon emissions nationwide and in various regions over the next 15 years. The results
follow: @ From 2000 to 2020, China’s carbon emissions exhibited a “rapid then slow” growth pattern through time , with a spatial distribution characterized as “higher in the east and
lower in the west, higher in the north and lower in the south.” @) The main factors affecting China’s carbon emissions include total energy consumption, energy structure, resident
population, urbanization level, and the advancing industrial structure. @) Under baseline, low-carbon, and high-carhon scenarios, carbon emissions nationwide and in various
regions are projected to show an “increase then decrease” trend from 2021 to 2035. Notably, except for the northwest region under the high-carbon scenario, all regions are expected
to achieve their carbon peak targets by 2030 under the three scenarios. This study provides valuable insights for formulating and implementing comprehensive control strategies for
regional carbon peak emissions.
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Table 2 Factors influencing carbon emission
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Fig. 1 Total carbon emissions in China from 2000 to 2020
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Fig. 2 Spatiotemporal distribution and temporal trends of carbon emissions at the provincial scale from 2000 to 2020

I L3k 54 50 R AR M B g A i — 2508 - (RMSE 4 0.02, MAE 7 0.01, R>=4 0.99). [ i 2% 1&
W T 45 AL 2 2T 45 1R ARG T A AL i A S 880U A R A F] Light GBM A5 7 75 135 50 R T F 34 BB 45 7 1 aY 48
Wi (£25). 45 2 B, LightGBM #5558 4 % B 1 A6 fic BRI, AT LLBE TR TE R R REVR 45 A A

HEFIR https://www. cnki. net



6102 E78 5

[ 46 &

%3 Lasso@JIyTE0HE"
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model based on LightGBM at the national scale
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Table 6 Projected average annual growth rate of total energy consumption/%
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2031~2035 -0.992 -0.876 -1.104 -1.054 -1.102 -0.951 -0.748
2021~2025 3.677 3.793 3.565 3.615 3.567 3.718 3.921
TR 2026~2030 0.745 0.861 0.633 0.683 0.635 0.786 0.989
2031~2035 -0.192 -0.076 -0.304 -0.254 -0.302 -0.151 0.052

R BEIREE M E HIGE TN E /%

Table 7 Projected average annual growth rate of energy structure/%

it 5t AEfy 4 k]t Ak AR PR L] B[4
2021~2025 -1.750 -1.520 -2.106 -1.744 -1.986 -1.748 -1.667
SRR 5 2026~2030 -2.422 -2.192 -2.778 -2.416 -2.658 -2.420 -2.339
2031~2035 -2.757 -2.527 -3.113 -2.751 -2.993 -2.755 -2.674
2021~2025 -2.150 -1.920 -2.506 -2.144 -2.386 -2.148 -2.067
IR 5t 2026~2030 -2.822 -2.592 -3.178 -2.816 -3.058 -2.820 -2.739
2031~2035 -3.157 -2.927 -3.513 -3.151 -3.393 -3.155 -3.074
2021~2025 -1.350 -1.120 -1.706 -1.344 -1.586 -1.348 -1.267
TRV S 2026~2030 -2.022 -1.792 -2.378 -2.016 -2.258 -2.020 -1.939
2031~2035 -2.357 -2.127 2713 -2.351 -2.593 -2.355 -2.274

RS EHEAOFEHGETME %

Table 8 Projected average annual growth rate of resident population/%

1 5t Ay o S ARk AR R (i) [iiE]4
2021~2025 -0.043 -0.123 -0.377 -0.001 0.007 -0.023 0.014
HE i 5 2026~2030 -0.138 -0.218 -0.472 -0.096 -0.088 -0.118 -0.081
2031~2035 -0.162 -0.242 -0.496 -0.120 -0.112 -0.142 -0.105
2021~2025 -0.143 -0.223 -0.477 -0.101 -0.093 -0.123 -0.086
IR 1 5% 2026~2030 -0.238 -0.318 -0.572 -0.196 -0.188 -0.218 -0.181
2031~2035 -0.262 -0.342 -0.596 -0.220 -0.212 -0.242 -0.205
2021~2025 0.057 -0.023 -0.277 0.099 0.107 0.077 0.114
TR 2026~2030 -0.038 -0.118 -0.372 0.004 0.012 -0.018 0.019
2031~2035 -0.062 -0.142 -0.396 -0.020 -0.012 -0.042 -0.005

IR T A K AR SCER [ 49 ] TR0, R 3k T Ak oK
SEAE 2021~2025.2026~2030 1203 1~2035 4[] 19 4F 34
A 9N 1.402% . 1.432% F1 0.837%. 1 — 4, 4% Hiu
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Table 9 Projected average annual growth rate of urbanization level/%

15 5% AE 4 s[4 il IR R L] B[4
2021~2025 1.402 1.335 1.289 1.333 1.428 1.603 1.552

LA 2026~2030 1.432 1.365 1.319 1.363 1.458 1.633 1.582
2031~2035 0.837 0.770 0.724 0.768 0.863 1.038 0.987

2021~2025 1.202 1.135 1.089 1.133 1.228 1.403 1.352

R A 5% 2026~2030 1.232 1.165 1.119 1.163 1.258 1.433 1.382
2031~2035 0.637 0.570 0.524 0.568 0.663 0.838 0.787

2021~2025 1.602 1.535 1.489 1.533 1.628 1.803 1.752

e e 1 5t 2026~2030 1.632 1.565 1.519 1.563 1.658 1.833 1.782
2031~2035 1.037 0.970 0.924 0.968 1.063 1.238 1.187

P 2 A s Ak AR SCER (51 ], e
b 45 ¥ 7 94k 7E 2021~2025. 2026~2030 Fl 2031~
2035 4F 8] B9 4F X 3G 3 4 i O 2.203% . 2.295%
2.305%. #—, K HIX 52 EE 5 a 094 B3 2
{EL 43511 4 0.454% ,—0.249% .—0.146% .0.185% .0.027%
F10.065% , H1 A5 21 FE 15 50T 45 b X7l 25 44 5
AL AR AL A (3R 10). B , M SCRik[ 52 ] A1
WE ARBTG5 55 8 B HE NG S 7 2 N SR R
435 RIS 0.1%.
2.3.2 G HERBCEI 53 A

FESEUE AR B R AR BT, 3R e HE S 2 B
e B TR R R <R U R ) AR AR R AE (1 4) B
K UG 15 1] Rz W AR 43 591) A 2027 4F K 772 652 77 t., 2026
4E % 755 248 T3 . 2028 4F K 794 415 J7 .tk o] LA
R EE 3FPE S T B RE L ik g B bR L AH LT
FEVENG S TEARAR NG 50 F B ik W B (B BT T 1 a, U
B FEAR T 2.25% ; 76 R B 1% 5 T, Bl 3k W B[] 428 5
La, WE(EIE N T 2.82%.

ARG 5T, 25 b X Bk 3 06 B[] R U 1 [m] A A7
1 3 25 5 (B S). 78 FLfE RIS IS = T, 25 b X 11
B 35 U I 1] 4 FR 7E 2025~2030 4F , I 437 T 67 423 T3
~214 960 J7 t Z ], 45 b [X KRB fE 0% 42 ff- iy S B4 16 1
H R 5 T 7E = B 37 T, 45 ML DX 114 il 35 06g R (1] 4 Hp 78

B4 FAEMEBETARFRL5a(2021~2035F) P EKRHAMTHES
Fig. 4 Trends in national carbon emissions over the next 15 years

(from 2021 to 2035) under different scenarios

2025~2031 4F , WEAE A T 72 535 J7 ~221 272 J5 1 Z [a]
VU Jb Ml X JE 25 78 2030 4F Fif S8 Bk 0 H AR . AH T
FEAENE 5o, AEARBRIE 50T, 25 b X1 i 3k e Bsf 1] °F- 1
PEHT T 0.67 a, W {H 7 BIBEAR T 3.42% ; 75 = B 17 5t
T, 45 b DX B 3k W ) []SF- 24 AE 5T 0.83 a, IEE P
PIsm T 2.71%.

AN TR 08 2 FR AT 550 £ 5 T 45 b IX R ok 1) R e
A, JU X AR L P R M XA S e AR (R 1),
AH LG T R S5, 78 = g R, 2021~2035 4F AL

R10 LT RN E B ETNE %

Table 10 Projected average annual growth rate of advancing industrial structure/%

1 3¢ Ay 4 [ el pi| AR R Ti B[4
2021~2025 2.203 2.657 1.954 2.057 2.388 2.230 2.268

A = 2026~2030 2.295 2.749 2.046 2.149 2.480 2322 2.360
2031~2035 2.305 2.759 2.056 2.159 2.490 2.332 2.370

2021~2025 2.303 2.757 2.054 2.157 2.488 2.330 2.368

R A 1 5% 2026~2030 2.395 2.849 2.146 2.249 2.580 2.422 2.460
2031~2035 2.405 2.859 2.156 2.259 2.590 2.432 2.470

2021~2025 2.103 2.557 1.854 1.957 2.288 2.130 2.168

= A S 2026~2030 2.195 2.649 1.946 2.049 2.380 2.222 2.260
2031~2035 2.205 2.659 1.956 2.059 2.390 2.232 2.270

https://www. cnki. net



RRE PRI

10 4] AN A FE T LG 2 > 0 v FERR A O M) PR 3R 53 BT 5 38 W 158 S A 41 6105

El5 FAEBETHRNK15a(2021~2035F ) KX i ia s

Fig. 5 Trends in regional carbon emissions over the next 15 years (from 2021 to 2035) under different scenarios

£ 20212035 FRUMRE . BHRESBRBLEFRH
BN RETL/%
Table 11 Changes in cumulative total carbon emissions
of regional low-carbon and high-carbon scenarios

compared with the baseline scenario from 2021 to 2035/%

BN 5t Bk HE S R AR | S ik 5 B aHE s R AR 1
AEAb b X -2.23 AEdLHL X 2.38
AR IX -6.00 ARt X 3.02
B IX -2.18 LR IX 2.85
AR b X -2.00 AR b X 3.60
T4 e i IX -5.10 T4 e i X 3.75
Vb X -3.30 Vb i X 3.35

VG R DX SR e HE O 5 43 3035 i T 3.02% Al
3.75% ; TEARBRAE 56T, 2R AU RN V5 g 4 X0 2R 0 Bk HE
LA AR T 6.00% F15.10%. vl LA H %t
TAAC Y pg b DXL B R R R LR R S A
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BRI IR T 5% v T B R I A . FR ) B TR T B
SOV T 2012 4F 18 402 138 J7 t/NIE BE K 2 2020 4 1Y
498 314 J7 t, AFE MR AV 2.72% ; ¢ 5 AE IR TN 2%
B e H 2012 4E 1Y 68.5% & A F B & 2020 4F Y
56.9% , 4 ¥ [ I35 2.29%. RE TR 9% A it i 4 2R 4%
551 VR 45 0 0 HF 22 A Ak, A sl )T Rk HE Y
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B 3G LI 6(b) 1. SR T 4F ok 52 21 & % 10 Lo B
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MBA BT F B3R E A AN B AU H 2012 4R
126 743 J5 A /NI 3G K 2 2020 4E 19 141 212 07 AL 4
I H8IR A 0.48%. N 10 315K (e 92 0 ] 1 A0 e TR
TH 2 A (3, (A5 A T AR R I 2 o X e HE Y
BN AE 5 .

55 = R EN FI T AR D, I T e R
R PR AR B S AR ) et TR E T Ak
7K S i 2000 4F 1 36.82% e i B K E 2012 4F (1)

53.09% , 4 8 W 3K 3.10%. W T AR A ok T A A
2% B R Tk Ak KT, S SO0 B VR 1Y 7 5K I 35 18
[ 6(c) ]. BRI I AF ok B % 3 I T AR ER A R A
55 2J) 7 1) 398 T A RS 1 S A e 2 S 43 el v A
BT N FAM RS L 3R T A KA 2012 48
19 53.09% /IMig 35 K 2 2020 4F- 19 63.91% , 4 3 38 7 4
2.35%. 3T AL A T R L E — o AR T R
TORE TR T SR A HE

SO, TR A Tl 5 =l B T AP AR
FpR AT ERHE R B AR b B g AR
vt & b 25 4 9 Ak A T 2000 45 1 0.80 /N i
B K 2012 4F 19 0.83, A ¥ IR AL 0.37%. ££iX — K
W1, FEE R E — 77l w55 7l AER =l i
RS = P 5 5 P N Y EAE P 25 4
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PR AL TG0 1 5 AT 55 AR it , B 25 2 T4 —
b i) 55 =Ml A R LR 7l 5 A R G Ak e 2012 4F
() 0.83 Bt 3 M9 K F 2020 4F 4 1.43, 4F 2 14 IF ik
6.98%. &5 7= M H 5L AL v Ak HE 5 B A
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REARC AT ) T s HE il rry 38

E6 20002020 FFEBHIMEESEFEXMEFHETHESR

Fig. 6 Trends in total carbon emissions and main influencing factors in China from 2000 to 2020
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Fig. 7 Importance of features in the carbon emission estimation model based on LightGBM at the regional scale
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