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Spatiotemporal Transition and Driving Factors of County—Level Carbon Emission
Efficiency in Shanxi Province during New—Type Urbanization Process

Zhang Kunwet, Zhou Jing, Zhang Zhongwu, Wu Lei

(College of Geographical Sciences, Shanxi Normal University, Taiyuan 030031, China)
Abstract: [ Objective] Counties are key spatial units for implementing the new-type urbanization and the "dual
carbon" strategies, and their spatiotemporal evolution and driving mechanisms of carbon emission efficiency are
crucial for addressing the green transformation challenges in resource-based regions. [ Methods] Based on multi-
source heterogeneous data from 102 counties in Shanxi Province from 2012 to 2023, this study employed a Super-
SBM model with undesirable outputs to measure carbon emission efficiency. It then integrated the Dagum Gini
coefficient, exploratory spatiotemporal data analysis (ESTDA)D, the XGBoost-SHAP interpretable machine learning
model, and panel quantile regression to systematically analyze the spatiotemporal patterns, regional disparities,
dynamic transitions, and nonlinear driving mechanisms of carbon emission efficiency. [Results] 1) Spatiotem-
porally, carbon emission efficiency exhibited a stable distribution pattern of "high in the north and south, low in the

central" with phased increases, with high-efficiency areas gradually agglomerating in the core zones of urban
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agglomerations and areas along the Yellow River. 2) Regional disparities primarily originated from inter-group
differences and super-variable density, exhibiting a fluctuating process of "divergence-convergence-re-
divergence", with persistent spatial imbalance. 3) Global and local spatial analyses indicated that carbon emission
efficiency had significant positive spatial autocorrelation and path dependence. LISA time paths and spatiotemporal
transitions revealed that southern and southwestern Shanxi were active zones of local structural changes, showing
evident signals of state transitions and restructuring. 4) The driving mechanisms exhibited significant nonlinearity
and quantile heterogeneity. Economic density and land use efficiency had positive promoting effects on carbon
emission efficiency with threshold effects, while population density and fiscal expenditure intensity generally acted
as negative constraints. The positive effects of new-type urbanization and industrial structure upgrading were more
pronounced in medium- and high-efficiency counties. [ Conclusion] The study reveals the complex adaptive
mechanisms of county-level low-carbon development in resource-based regions. The spatiotemporal heterogeneity
and threshold effects of the driving factors indicate that future efforts require the formulation of differentiated and
precise emission reduction policies to synergize high-quality county-level development with the "dual carbon" goals.
Keywords: new-type urbanization; county-level carbon emission efficiency; exploratory spatiotemporal data

analysis (ESTDA); XGBoost - SHAP; Shanxi Province
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Fig.1 Overview of Shanxi Province
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Fig. 4 Temporal changes in county-level carbon emission efficiency in Shanxi Province (2012—2023)
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Fig. 6 Temporal changes in Gini coefficient of county—level carbon emission efficiency and its contribution rate in Shanxi

Province (2012—2023)
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Fig.7 Temporal changes in Gini coefficient within group of county-level carbon emission efficiency in Shanxi Province

(2012—2023)

http. // stbexb.alljournal.com.cn



4 3]

KA A B TR B A AR P o T A B B R R I s BR T R TR S R A 245

2.4 LA B RcHE AR R B S BT AR AE

241 AkEEAak k20 B HE R
25 ] DG HR M H B A W AL RR AR, A SOR IR R P B =3
Bl 7 B (ESTDADHESE , 42 J5) Moran s 45 B B¢
T HE TR 32 1 23 o] DGR PE AR AR . 2012—2023 4F 22 Jm)
Moran’s ITE UK I 2080 PR HE R 2 HIh
1, 2% B B 3 HE il R0 R A AR — E B Y OE ] &5 [A]
H A G, B OO #5058 B el e 25 ) b i 1) 1 AH B4R
FOF R AR, BRWF , 2012—2018 4F
Moran's I3 24 1F H i 1 i 25 P 56, U BF I B B 2L
Sl e HE K A Y S [B) AR RRFAE O R E o 2019—
2023 4 235 [A] AH 5C Pk B B ik 2h I 4 BB Be 1 e 55
R SR AT 3R B Ry TF ) DG K o 3R WL Bl e HE O 0T
Ak 7 G A, TR AF R 2SRRI 5 A0 i R0 5 T8
2% ] 4 5 0 I TE AN [A) I B A7 TE A2 Ak, AT e 5 7 Mk 45
i A | DX IR O A Y 28 S AR el R A BB
R ST S

F2 20122023 F L AHEEBHMHESLF Moran ' s T84

Table 2 Global Moran's I index of county-level carbon
emission efficiency in Shanxi Province (2012—2023)

FAhy Moran's I z P

2012 0.092 1.850 0.037
2013 0.119 2.246 0.015
2014 0.124 2.259 0.019
2015 0.148 2.712 0.006
2016 0.117 2.360 0.021
2017 0.098 2.018 0.034
2018 0.087 1.913 0.047
2019 0.062 1.397 0.081
2020 0.028 0.681 0.184
2021 0.067 1.411 0.089
2022 0.086 1.714 0.045
2023 0.083 1.481 0.069

i
A
MR
0.252~0.779
[00.779~1.503
Il 1.503~2.551
2 551-4.612

0 50km
{—

2.4.2 LISABERZ R LISA B B4R 7, A
FRXF B il S 3 Jr ) 34~ 4k JE 20 A LA
Moran H 5 H ) B3 A8 1k (B 8D, DA 4 7 B 3 ik HE
JHRI R Sy P 43 (6] 25 44 1 sl A AL AR AE o DAFH XK B
g P (T == (= = W TR S N KGR N S
B, FREA T E - U R 0 S AR o IR
- R A U KB T AR E L BE B R S
o A B L 22 V3 k- 1 0 - B RV e 14 58 B i
SpopAn, T IHGE O 228 —FOR T BT R S BT A
Pl R S A S E s S — 2 S P R Ll -3
A AR Pl PR R S H E R R B, 52
AEXTE 38 b B 2R 4 B AR - P A R B R T2, 3R
B A Jag 8 43 ) DG B 2K AU AE FE AR I Y A G e . Sl
JE A AR AR T - P R R R R
TR 25 B2 i A A R
JE B A 5 i 3w AR B B A A ] AR A S,
YRR 32 3k - I Uy 8 R T B R P e A — 2 B s S iy
JEE A v T A e b A e B S gl R AT, 2 B AR
BOH 5 mE BN RE . WS - P AR
T i) 45 ) AR Ak B, HL AR Ak T 1) BB 2R 5 IR
B P DX A 5 0 P9 0T A8 (] B AE AR 7l 25 4
4 BB VR A 7 S A B U s S 2 P sh A
AR R, rh b B ek 3 A S A SR s 1] 4
T F 0 i HE R R AL B R A RRE A . A
Bsh A, 22 80 E UG Oy ) R — E 1 — 3
P S G S o AR B A ) R — 4 BR A B
B, B 2 M DXL B HE RS 1Y Sy T 2 ] 45 4 Y8 Ak
AE A e [R) s B 55 R 0 RS A 4B I 1 . 5 e T
HEAY 2 3 A - VG P B A0 AR e BB R Ty ) 26
RTONR G, S Z I IR SR o 3R W HE L
R Je 8 A ) 45 A YAk EL A AR TR ) B R SRR
- VG R A TR K X T )RR AR R S 22 5 i R S5
FA, RS SR R FRE X A i o AR

=] 1 i
HE =y ; a2n
B SR Y, e iy
= 1.187~5.790 s S WR(0°-90%)
5.790~12.949 | S W(90°~1807)
[ 12.949-29,251 I = R (180°~270%)

. 29.251~66.578 I 11 5 (270°~3607)

8 2012—2023 F 1L 7 & B F Rk HE A 30 Z LISA B (8] B 12
Fig. 8 LISA time path of county-level carbon emission efficiency in Shanxi Province (2012—2023)

http. // stbexb.alljournal.com.cn



246 KRR

840 %

2.4.3 LISA B & kiE  7E LISA B [a] 45 %1 m )= 55
25 0] ¢ & Bh A A iy B il b i — 20 R H LISA I =3
BR AT 7 3 TR A 408 B B EL ) 35 s [ DG 1Bk 2 AR 1Y) A
R E (I 9) o MK ESTDA (9% JH i BEHELE | T 5
BRAESRAE H B 5 286 RORFF AR "R E 9 E ;s 1l
R BRAE B 5 B Bk A AR AR T 9K B i) 28 AU 5
o5 1M1 BRAF F 22 2 ke 408 duf A% 855 A8 Ak " X AR BL 3 5 B
FEAVY A ] i IV B R A N [ B 5 A ]
AR SE R AT A SRy R S A4 R TSR 1 AL S

AR S F , 2012—2015 4F L 2015—2018 4E |
2018—2021 4E 5 2021—2023 4E 4 MWy B $ LA T 0
F 5, F WP B S HE R R Y SR A3 ] O HE 45
Foy B A 3 ) I AR O S5 M ok 4 JR) Moran s T

(a) 2012—2015% (b) 2015—20184F

B9 2012—2023 F 1L P& B3 f HE AL LISA B S 3K iE

i N S NN TR I ae £ S B i 1 e N i
B BRI 1 & AR RS 55 2 [R) 4 v R R T R Y B B 2
5o 2012—20154F BT ELas AR X o &2, H7E 4
55 V4 R EB T BT 2 M AR R A, 3R W% M ) B
(4 JR 5 25 0] O& & Ab T B0 B R A R . 2015—
2018 4 IR A A 1 BV b AR I BR A JE 22, IF AR R
B Sk B B — g B Y SR 4 A 5 2018—2021
A BRAT A S, (H AR 4 S5 S A bR DX I % b SR
T ATS AT W %K B 7 B2 AT 5 B 2021—2023 4F , R B s
PE— 20 0 OF T & B AR, A8 1) 45 #4450 E ) AR X
R o BRI, AT R 5K £ - JE TR AT I B Y
TR AT AR U B B S R B A 1] SC B 28 I3 b AH X S
SR 1) 445 A ] B 1 e B 1 B B L

(c) 2018—20214 (d) 2021—20 ;

234

s
=23

i #E BRAE e B
13

o

e

(R

.V (2)

Fig.9 LISA spatiotemporal transitions of county—level carbon emission efficiency in Shanxi Province (2012—2023)
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Shanxi Province
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Table 5 Regression analysis of dominant factors of county-level carbon emission efficiency in Shanxi Province at different
quantile levels

g qmyE!
A5 b ] 72 57 A
I3 i %2 0.25 I3 i %2 0.50 532 0.75
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P ZE A s Al 0.002(1.220) 0.002"(2.340) 0.002"(2.859) 0.001(1.245)
LT R IR 07(11.462) 07(38.214) 07(39.566) 07(26.426)
N H ALK S 07(—2.600) 0"(—22.862) 07(—23.765) 0"(—13.923)
TR AL ) 3 —0.1817(—5.586) —0.1397(—20.243) —0.1397(—14.700) —0.155"(—10.210)
AR 0.0247(2.796) 0.006"(6.532) 0.0087(8.355) 0.009"(7.958)
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R’ 0.485 0.359 0.407 0.460

oo TR AAE 190 KOF I W3 5+ R R AE 5% K 1 W3 3% 5 EUE R e it e
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