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its driving mechanism is the key to emission reduction. The clustering analysis of the temporal and spatial characteristics and
driving patterns of China’s provincial carbon emissions has important influence and practical support for promoting the
realization and path arrangement of “dual carbon” in provinces. This article used carbon emissions and socio-economic data
from 1997 to 2019 to explore the trend and driving models of carbon emissions in China’s provinces from the perspective of
cluster analysis. Based on the attribution results of the PLS model, the contribution and sensitivity of driving factors of
carbon emissions in different provinces were identified, and further exploration of provincial emission reduction plans was
carried out. The results were found in this research. Firstly, during the research period, China’s carbon emissions increased
at a rate of 499.25 mt/a, showing a trend of low level gentle fluctuation, significant increase, and high level slow
fluctuation. The provincial carbon emissions showed a pattern of high in the north, low in the south, and high in the east
and low in the west. Then, there were differences in the models of carbon emissions across provinces. Beijing, Tianjin, etc
are the low starting point of low-speed development category for carbon emissions, whose trend was flat “S” type. Jilin,
Xinjiang, etc., for carbon emissions the low starting point of high-speed development category, whose trend was rising “S”
type. Henan, Guangdong, etc., for carbon emissions the medium starting point of high-speed development category, whose
trend was expanding “S” type. Shandong, Shanxi, etc., for carbon emissions the high starting point of ultra-high-speed
development category, whose trend was exponential “S” type. Meanwhile, there were spatial differences in the contribution
degree and sensitivity of provincial carbon emission drivers in China. Economic development, industrial structure,
urbanization level and energy consumption had high contribution to carbon emissions, among which regional GDP, per
capita GDP, the proportion of secondary industry in GDP, the proportion of non-agricultural population at the end of the
year, and regional total energy consumption were the main contributing factors. In addition, the sensitivity of carbon
emissions to industrial structure, scientific and technological development and environmental regulation was strong, and the
sensitivity was most obvious in the proportion of industries at all levels to GDP, the proportion of college students and
above, and the proportion of national fiscal education funds to GDP. At last, the differentiation of carbon emission driving
modes was relatively obvious, and similar driving modes were prone to forming agglomeration phenomenon within a certain
geographical and spatial range. Therefore, the implementation of emission reduction strategies by different provincial
governments should take into account the variations in their carbon emissions’ development scale and driving mechanisms.
This necessitates achieving a “dual grasp” on regional development and emission reduction, leveraging regional advantages
promoting resource exchanges and cooperation, strengthening inter-provincial co-governance of carbon emissions, and

further advancing high-quality development.
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Fig.2 Development trend and scale of China’s carbon emission
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Fig.3 Trend and pattern clustering of carbon emissions at provincial level in China
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Table 1 Driving equation of carbon emission low speed development area with low starting point at provincial level in China

1y Llitmip g
Provinces Driving equation

Y=0.021X, +0.03X,~0.002X, ~238.73X, +16.314X, ~26.824X, +1.159X, ~67.696 X, +0.019X, —0.000316X,, ~31.342X , +

v 107.486X |, +4228.065X 5~ 1015.171X,, +102.481

- ¥=0.332X, -0.084X, - 0.017X, +418.047X, +573.247Xs — 13.273X +4.804X, +100.514X, —0.017X, —0.000471X ,, + 124.082X,, -

N 164.508X,,-3225.393X,+7231.179X ,~362.166

s ¥=0.000156X, —0.000436X,+0.000003X ~ 1079.216 X, +57.837X 5+ 14.47X +0.597X, +72.079X 4 +0.022Xo +0.000028X , -

0 262.547X,, +507.783X,,~5210.826X ; +11605.624X,, ~64.385

- Y=0.014X, +0.018X,~0.004X, ~90.623X, + 147.691X, +271.63X, +3.481X, +79.403X, +0.025X, +0.000527X , +427.578X |, +
358.05X,+46.899X |, —4994.601X , ~230.689

- Y=-0.01X, +0.009X,+0.001X,~31.937X, +255.642X, +324. 166X, +6.223X, +257.641X, +0.007X, +0.000177X,, + 116.558X,, -

i 884.029X,,+5899.185X,,-4589.306.X, ~288.649

- Y=-0.01X, +0.006X, +0.004X, —101.991X, -88.703X, —67.178X, —0.474X, — 144.604X, +0.026X, +0.000027X ,, ~53.884X , +

‘ 650.043X |, - 1302.22.X |, ~2855.328X , +118.477

- Y=-0.059X, +0.008X, +0.016X, ~82.797X,~99.295X;~99.534X, ~3.46X, ~ 173.798X,+0.02X,+0.000326 X, + 157.461X,, -

m 63.496X,+682.671X,,-3928.414X,,+175.638

it Y=-0.051X, -0.002X, +0.023X, - 883.019X, + 17.241X, - 497.384X, +7.063X, +5.745X, — 0.008 X, +0.000382X , + 380.225X,, -

i 3214.393X,+12178.513X,3+11658.646X,,+325.671

o Y=-0.031X, +0.007X,+0.01X; +76.717X, +525.784X, +761.272X, +4.158X, + 10.499X, +0.028X, +0.001093X , — 889.217X,, +

= 1371.422X , ~4755.418X ;—9598.849X |, ~591.769

- ¥=-0.026X, -0.005X,+0.017X, —516.079X, ~408.005X 5 —296.255 X, — 13.74X, ~792.526 X +0.035X, —0.000245X ,, — 503.222X , -
1379.759X |, ~2135.332X 3 +6769.059X |, +676.092

— Y=-0.043X, +0.037X,+0.005X, — 116.458X , +22.422X s +68.424X +5.965X, +116.4X +0.013X, +0.00135X ,, ~329.472X,, -

T

604.182X ,+4255.805X ,,—422.499X ,, -92.035

Y MiHER R X, MK GDP X, NHIX GDP 3Nt X, A GDP X, AE—= L 5 GDP, X5 A% 7=k 5 H GDP, Xy NEE =7k
dit GDP X, AT FAREE KR X NIRBEAR AR AR T L, Xy S X REVR IS R BB, X o & R R HE A3, X MRS R B2 8
N B, X, Ry B R B SE 2297 5 e GDP, X 3 o Tl B SRR 2 AT 2% A b7 te GDP X, i Tolb KA #1247 9% F o5 He GDP
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Table 2  Driving equation of carbon emission ultra-high speed development area with high starting point at provincial level in China

By URKEh
Provinces Driving equation
W4 Y=0.058X,-0.011X,-0.052X,-1828.76X,+1047.695X5+335.092X +6.067X;-1068.43X; +0.019X, +0.000432X,,+116.881X, -
- 6400.979X |, +17329.782X |, +8632.733X,,+198.158
- Y=0.199X,-0.044X,-0.066X;-2513.391X,+555.262X 5 -2707.266X  +91.074X, +8676.258 X —0.081X,+0.011727X,,—
175.378X,,+24463.156X,, +4813.562X ;- 139721.543X ,, —2283.268
®3 PEAEBRHEMRERSEXRRENLRE
Table 3  Driving equation of carbon emission high speed development area with low starting point at provincial level in China
By KB
Provinces Driving equation
- Y=-0.029X,-0.016X,+0.011X;-273.315X,~-180.886X5+238.933X,-9.066X,-2955.97X;+0.024X,-0.001223X ,, -
" 1159.404X,,-594.884X,,+4111.903X ;-51456.564X ,+1716.21
— Y=0.004X,-0.008X,-0.001X;-285.264X,+135.961X5-309.53X;-2.505X, +218.976X; +0.011X,-0.000704X , - 235.806X, -
1183.722X,+432.704X 5 +566.799X , +151.746
s Y=-0.024X,+0.055X,+0.007X5+177.431X,+578.393X5+219.838X,-0.692X, +90.361X; +0.017X,-0.001452X , -612.081X,, +
> 3537.691X,,+3108.547X ;+3226.739X,,-483.791
et Y=-0.008X,+0.005X, +0.004X; - 17.103X, —226.623X5 —283.931X, - 0.563X, +31.65X; +0.03X, +0.000128X,, - 154.538X,, +
< 3189.116X,,+11933.625X ;+2162.714X,,+89.179
—_— Y=0.051X,+0.011X,-0.033X;-215.352X,+516.712X5+215.164X4+9.29X, +301.634X; +0.015X,-0.000180X , +403.119X, -
1799.627X,,+589.855X ;+16907.547X ,—377.751
o] Y=0.068X,-0.009X,-0.052X;+1326.688X,+1606.025X5+916.845X( —6.386X,; —246.659X; +0.018 X, +0.000695X ,, -
1536.966X,,-1936.73X,,+16218.209X ;-9532.12X,,-1161.438
p— Y=-0.033X,-0.007X,+0.014X;+1265.881X,+1152.061X5+1062.604X,-10.185X,-377.133X;+0.014X,—-0.005402X ,, +
P 267.637X,,+1086.156X,,-6358.719X 3 +5627.605X ,—991.096
i Y=-0.004X,+0.004X,+0.001X;-4714.992X,+60.134X5~7.197X,~7.888X,+15.41 X4 +0.02X,—0.000204X ,,—461.879X,, +
3818.598X,,+4000.702X ; +6224.606X,,-50.729
et Y=0.004X,-0.015X,+0.001X;+1180.029X,-106.546X s —487.958 X +25.946X, +2898.377X5-0.015X,-0.002339X,+227.37X ,
+2341.193X,,-48244.553X ;—16241.128X,,-860.685
x4 PELAEBENPERSEXRRENFE
Table 4 Driving equation of carbon emission high speed development area with medium starting point at provincial level in China
“in UKzl 5 e
Provinces Driving equation
—_— Y=0.016X,+0.003X,-0.011X;-80.679X,-1428.336X5-2815.352X,—-30.633X, +193.399X+0.016X,-0.000189X ,, +686.631X ,
Ml
/ +2814.394X,,+6433.202X ,+29154.523X,,+1775.648
_— Y=-0.169X,-0.002X,+0.071X;-1194.931X,-430.965X5-921.943X+11.873X,+2876.56X;+0.015X,+0.00147X , -
= 418.150X |, +2329.765X ,,~2101.121X,;~3332.015X |, ~806.87
S, Y=-0.049X,+0.015X,+0.039X5-711.192X,-761.01X5-524.886X,-0.139X, -263.175X3 +0.014X,+0.000181.X,, +372.999X,, +
e 4578.564X ,+3000.655X 5 +17037.387X,,+703.234
B Y=0.016X,-0.005X,+0.004X;+3631.72X,-975.748X 5 +33.576 X —48.747X, -319.725X +0.059X, —0.009275X ,, —948.667X |, —
5 8686.854X,,-2341.554X ,—144418.091X ,+164.891
T Y=-0.134X,-0.029X,+0.051X5 - 1543.266X,-197.057X5-241.147X;+15.263X,-1643.663X 5 +0.046X ,+0.0001 1.X,, +
et 2093.278X,,-1117.843X,,+3770.092X 5 -18702.661X,+1022.514
- Y=0.024X,-0.001X,-0.017X,-86.271X,-50.69X5-26.037X,—8.428X,-557.513X4+0.041X,—0.000083X,,+293.406X |, +
‘ 326.855X,+2465.298X ,,-3463.844X,+314.721
o Y=0.115X,+0.013X,-0.126X;-5166.861X,-738.04X5-50.278 X, —20.465X, - 1648.247X; +0.05X,-0.001231X,,+3780.621X, +
h] A
‘ 9962.066X ,-6240.13X ;+229609.891X,,+1109.61
. Y=0.014X,-0.006X,-0.014X;+376.913X,+493.774X s —249.307X;—11.371X,-249.581X; +0.008X,—0.000017X,,+567.208X | -
R

936.781X,, +56382.688X, ~38500.602X ,, +217.505
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Fig.5 Classification of driving patterns of carbon emissions at provincial level in China
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