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Abstract: The carbon lock-in effect represents a systematic challenge to achieve the goal of carbon peaking and carbon neutrality.
Identifying its spatio-temporal evolution patterns and regional transmission mechanisms is of great significance for facilitating
China's low-carbon transformation. Based on an improved evaluation system, the study measured the carbon lock-in levels of 30
provinces in China from 2002 to 2022. Spatio-temporal analysis method was employed to depict their spatial patterns and
evolutionary laws, and further explore their spatial association mechanisms and evolutionary trends. The results show that: The
national carbon lock-in level exhibits a three-stage trend overall: a slow decline, accelerated unlocking, and gentle fluctuation. It also
demonstrates an evolutionary characteristic of "eastern regions taking the lead in unlocking, central regions undergoing rapid
transformation, and western regions following suit continuously" in spatial patterns. Moreover, a comprehensive spatio-temporal
analysis indicates that the degree of national carbon lock-in discretization has increased, regional disparities have expanded, and a
multi-polarization tendency is evident. Carbon lock-in demonstrates a significant positive spatial spillover effect. The growth rate of
fixed asset investment has a positive influence on carbon lock-in in adjacent areas, while the urbanization rate and the proportion of
labor compensation have substantial negative impacts. The inter-provincial carbon lock-in network interaction shows a three-stage
evolutionary trend bounded by the Hu Huanyong Line and transmission characteristics of "continuous deepening of inter-provincial
connections, significant polarization of hub nodes, and explicit regional transmission paths". The differentiated evolution of
functional interactions between northern and southern blocks bounded by the Qinling-Huaihe Line is obvious. The prediction results
indicate that the carbon lock-in level is under pressure from diminishing marginal returns and faces risks of local rebound. The key to
breaking the carbon lock-in network lies in the provinces with high betweenness centrality.
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Table 1

Evaluation index system for measuring provincial carbon lock—in levels in China
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Table 2 Test results of spatial econometric model for carbon

lock—in level in China

Frs il = i it
LM(error)test 15.1617" LR(sdm sar)test 18.69™
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Rk xR RIRIRTE 1% 5% 10%17K - F 3.

Q)L EERI(1S), LASE — =k~ {E &y GDP 1Lk
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SR 5, A2 G B %) B A R IR X ) Mk T
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(3 % &5 14 (URB), LA B AL 28 R AE IR B A0 0T
T A8 R ) % M A kg A 2 B S S B i R () SR
sk R R T SR 2 B HE 8 3k T R A SR R T
REE B AR 1 B 0T 6 UK R 56 4 3 B0
R X I [

(455 S FE AR K- (WS), LA S5 50 E 4R 7 GDP
1) bb F R AE. 55 ) 3 Hi 9 11 385 K R 4% o) ik 2 (2 7 9%
oK B A P i AR B A 7R 57 ) O i X S Bl 4
BN A T 7 A8 36 T X S8l b [ 98 255 R

(5)4M i $ 8 K F-(FDI), AR e 508 08y GDP
1) bt B R A A R H BE — J Ti n e R Sk AR R
AR, T3 J7 TR W] gk v i M 2 B IR i s
BN 5% ) J) 320 M DX, T SR S 1R 7 M AT S A =X 38 T
S DX S b B e R

AR SRR AL TF 45 B R ) A R R L
T A0 8] 5 A AL oy 0.4511, 5835 0 1E, & 9
528 T T 7K A7 A 25 Tl Al B A b DX e 8
IRV 5% 21 40 30 b DB B 5 7K1 () 1E ) S AR .
T B 20 00 ] 5 2850 WA 7R e ] s 8 7 P S G A R
A LR —-0.0004, 7% [R5 IR ECR 0.0004,78H]
S M ] 5 % 7 0 AR A AR b B 7K, 2 I H

DX ] 7 % 7 5 R R S R A B A S 1 ) R
W2 SR A R R B 0.3869,7 [ i T R 5L
h=0.5512,7% B A Hb 3l A Ak, 264 T2 o ) A e s
SE AR L X AL R TF 4 S SUA MR B E K F
BAR; 55 B0 I L T (1) AS Hh R 00k —0.1476, 7% [A) i
J T ZR BN —0.2377, 3% B 3 v A b RSN mT 11
AR BB, A0S T b X 55 B R I B T ) A b e
SE 7 AR AR 5 I A0 T BB L AN M R B
~0.0113, 3R HAAM 0 51 N\ 23 BRAR A i B 5 [ e % 7=
Erdn e B N ALY AP LN S dn A NN =k I
3 AR R RN AN SB35 B0y 3 R L T R M
FAJ 1) T2 5 TR B 0 4 S 3 PR IR A b 5 5 X 35
i) (R R GV E (3R 3).

T g R R T B e AR S 0 R 24P
e A ENEICVEES (¢ AN gre - 57 S - P ik
(V)98 AR P A ) 2 2% 1) 5 T 0 A T I S 2 S
P P AR A AE EAS ekl L AT B I b
T 5 TR0 o] J) a0 il DX 7 A 0 s R A 5 Bk A A 3
FEAESETH A M B 5 110 ) B, 30 L B R B s L
I 2y ) 3 b XA S o R ) A Y s Bt 7 4 i A
AN TR B PR AR IR 35 A 577 2 5 I T 1) 5 DX 3l HE R
Nt kg Sk 2, U 1 SO ON 8 K R A 1 9
T R AR 0 T B HL A DI M R Ik
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Table 3 Regression results of spatial dubin model for carbon lock—in level in China

Ak F R Wx JER23dA By Jsys
FAI -0.0004"*(0.0002) 0.0004(0.0002) ~0.0004"(0.0002) 0.0004(0.0005) 0.0001(0.0002)
IS -0.0018(0.0012) -0.0055"(0.0031) -0.0026"(0.0012) -0.0107"(0.0046) -0.0116"(0.0051)
URB 0.3869"(0.1229) -0.5512"(0.2616) 0.3494"°(0.1099) -0.6393(0.4010) -0.2898(0.4069)
wSs -0.1476"(0.0627) -0.2377"7(0.0924) -0.1963"(0.0751) -0.5447"(0.2402) -0.7409"(0.3047)
InFDI -0.0113°(0.0066) -0.0281(0.0239) -0.0169"(0.0093) -0.0642(0.0566) ~0.0812(0.0643)
tho 0.4511"(0.0928)
sigma 0.0007"*(0.0002)
R 0.321
N 630

ok kxR RIRIRIE 1% 5% 10%[K7K T B

2.2.2 AAIRERM 2 SAERRRHIE LT 2002~2022
TF) 75 397 2% (] 199 % 530, SR FH 52 0% D9 9 3 A g i it
THEL S . BB L BT AL R R A
O AR bR, 50 A B R BB A 1 A2 1 I 2 Y AR
TR, TR D BEEA 06 0 i R i 59 DX 3R FH 34 B {E
T B A8 SR A S DR IEG I 28 5 73 Ay 3 AN AN [R) 46

2, 4y 9 K 59 9% Bk (0.0001~503.2091) 1 3% Bk
(503.2092~2012.9799) Al 5% & Bt (2012.9780~
86078.3352), 1B FR ik B i A% Lo S K 1) 38 A2 B A (] 4).

M 4 BT LUE HY,2002~2022 4 2 44 B 8 e
7 TR ST 2 S I LA o 2 A SR 2R 06 4 S 5 3
B B s Al 45 (1) G B YT U U (2002~2006  4F):
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Fig.4 Spatial association network of provincial carbon lock—in level in China from 2002 to 2022
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Fig.5 Blocks of provincial carbon lock—in level association network in China from 2002 to 2022
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HIP 5 AT LA A BB B e AR s gt 52 B LA
NRFAE (1) R Bl RE A [ 1. 2 e YHEIRT 2k 14 b 6
DX 265 KR 3 B 5 Ak T s AR, DL R i X AR B
T OUAT ZHE. Q)0 AR A b st Eigss
R AR AR B PRI E T B “ AL TR Rl
W 2% (3) R I I U RE R 28 Al 2 VLY SR AL
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A oA A B In) dad H 5 A TK AL AR  H EE U TE k
P DX 3 i 20 1) DB Ay X Rl “ B A -
O YFE-AE” 1) =0 S IRZ R T X 3k
JRARL 2 S 0 B B 1 3 () SR AR .

T 2022 A ARG, 20 T I B
BN T AN R P 2 S AT A R 4 PR AR
(& 4), A5 IR T 0¢ R B AT AL G B A T i AT
(K 6).

4 2022 FIREMRPIE KT (8] KB P B AR R 8] i R

Table 4 Spillover effects of spatial association network blocks of carbon lock—in level in China in 2022

B BT BRI ARERIT ARERIV  IRECE SR BB R WP RIH] SEPrpiie R ELG BRI
I 4 3 24 33 9 60 35 0.2759 0.0625 X Jia) i AR R
il 3 23 37 6 12 46 16 0.3793 0.3333 Wi AR Bk
il 5 12 2 2 4 19 69 0.1034 0.0952 MOEY TN
v 27 1 8 3 5 36 41 0.1379 0.0769 20 NAR R

4 o N\
PEERAR 4
SUFH LR (1)
o AN i NI e
PUNL #rE T
Tl =R A
A
it th S F 1
FHE AR (T (e s )b (V)
Ij‘]%ﬁ A== e V\]g{(
. HiF. . N N
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Fig.6 Interaction between blocks of provincial carbon lock—in level in China in 2022
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BELLR (VAT P W LS S VAT i NN A I ) T2
T X Jr) i A, 52 o P 38 5K 3R B 481 (6.25%) Wl #AIK
T B A(27.59%), % B I Dy i LS B A2 HOh 3,
i 0 R E(60) 5 B2k R AL(35) ¥ B, K i 42
B TOPESE 9 AT O AL AR 1EH.
B ER L 743 H A B, S o A 38 06 R B 4610 (33.33%) 42
1 BB A (37.93%), 35 i AH 1 v 3= 5, v HH R R
B(46)imiB R 2 E(16), B F5IL T IHAEZ 124
RE R A8 R B T4 o5 2 B B, 552 B P 38 0K 2% L 48
(9.52%) &A% T 1 22 415.(10.34%), (HFE S 5 R H(69)it
KT R R E(19), b5 B g it Ah
ORISR B e A WA 2 AR B TV 28 20 AR, S B )
5% & LL A (7.69% )G T HH B 4H.(13.79%), 1H 35 467 (1)
fi HH (36) /N TG R & (41), R WA WAV
VA8 3 1E 5 R R Bl ok SR R AR .

BE TR ] SCIE G 28 A4 ) o 2% 5 R B A
BB, e A RS R () e 7 20 5 B AR DR A 5 R A
5 S R O s A B R ABRE Y W S U ORR
(F 5).

RS 2022 FIRERRHE KT = 8 KK W B HIRAY & E 5
PEFN R FERE
Table 5 Density matrix and image matrix of blocks in spatial

association network of carbon lock—in level in China in 2022

A A
ok BT MBIl BRI ARV Bl Bk Ak Bk
I 1 N
I 0056 0028 0667 0733 0 0 1 1
I 0028 0174 0771 0.1 0 0 1 0
I 0139 025 0167 0.1 0 1 0 0
\Y 0.6 0017 04 015 1 0 1 0

M1 5 RIH, A A B 2 B AR AR R T (XX
I i E AR ) H BRIV (2 48 A ARCHR) T 1 f 35 #R W
I SCIRC - 0.733); A IT (it AR B ) 2 IR HH 4
S 1) A RS ORICPE (B JE 0.174); T AR BRITT (4 Wi 2 Al )
T ERAOK BRI BRB0E M CE L 0.771).42
7 WL 1] g ARCBR B 8 0 N ARCER 22 8] A7 A 5K T AR
AT ;3 Hh AR A S DR AT AU (0 SR IR 25
e et R 32 EURHBRBUE RO M s LN
AR B 8] 5 28 A T B R AR .
2.3 JRIFHR B E N sk 7
2.3 Iy IR AT R R ) BB R A

TR Oy 2R G 2 e R B B R 7K~ 1 I T 3 2 R
R SR IR €8 B 2K T SR ABE Y AN s A R A TN 4
Pl AR A MR A I B R R AR 5 GM(1, D
PN 5 IR AT IR AS IE, 5 il PN
Kl T B AL MR R AU i 7L W ) 00 H AR
S A 1R o 3 S 4R (AL I P 4 58 Ao

%6 ZERMHEKTERIERBIREX
Table 6 Comparison of simulated values and relative errors of

national carbon lock—in level

GM(1,1)BERI(1) GM-Markov fi%(2)

2[R A

T ko g TIVE g R
%) %)

2002 0.67455 0.67455 0.00 0.67380 -0.11
2003 0.67526 0.70277 4.07 0.68075 0.81
2004 0.66313 0.69041 4.11 0.66878 0.85
2005 0.67033 0.67826 1.18 0.67751 1.07
2006 0.66739 0.66633 -0.16 0.66559 -0.27
2007 0.65984 0.65461 -0.79 0.65389 -0.90
2008 0.64985 0.64309 -1.04 0.64238 -1.15
2009 0.64831 0.63178 -2.55 0.65141 0.48
2010 0.64063 0.62066 -3.12 0.63994 -0.11
2011 0.63318 0.60974 -3.70 0.62868 -0.71
2012 0.62920 0.59902 -4.80 0.61763 -1.84
2013 0.60830 0.58848 -3.26 0.60676 -0.25
2014 0.59467 0.57812 -2.78 0.59608 0.24
2015 0.57411 0.56795 -1.07 0.55015 -4.17
2016 0.55019 0.55796 1.41 0.55734 1.30
2017 0.53808 0.54815 1.87 0.54754 1.76
2018 0.51494 0.53850 4.58 0.52163 1.30
2019 0.50592 0.52903 4.57 0.51245 1.29
2020 0.51266 0.51972 1.38 0.51915 1.27
2021 0.49133 0.51058 3.92 0.49458 0.66
2022 0.50769 0.50160 -1.20 0.50105 -1.31

KRB B W 715 5y AT B — B B R T
2002~2022 FFEFCA HEAT (AP TI00, B 7550 U A (0
IRBERAE RN R E A R g ). 35T GM(1,1)
LIRS0 4 R B B K P R AT RS0, 45 SR Wl 7 B
B SR AR 2 TR A7 AE — 3 i 22,350 23 4 3 TR AR N 13 22
I 4%, 38 B S — I R e A e i i B vk g i
AEAE S PR A 4 v FOUIN K 52, 2 FE 2L i) EE e e 895 7K
SERI 3 ol R BE[-0.0480, —0.0167]. &5 [-0.0167,
0.0145]. _71(0.0145, 0.0458) 3 FluRAs, IF LAY
GM(1,1) T AT 18 1E 45 B K €8 By /R R} I 0l 45
G 6). BT SAI AT 15 22 IR 2o 2 FR bkt b
GM(1, 1) I A 8 By 7R I ABE R 1 F0l R4, 2K €
IR BIRAE AR 220 0.95%, 281K T GM(1,1)# %!
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() 2.27%, KA IR BER AR RS B2 GM(1, 1) B2
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FERE R0 AUF SE Al b, 28 B Bl RS R R
R P A SR T AR A A AT M, 2R 5 R AR
TRBE RGN 7 AR . RS A L E IR
BRI FR A REEGR 7).

RT 2002~2022 F £ EREHEK TR BEE UM HEER
Table 7 Prediction probability of evolution trend of national
carbon lock—in level from 2002 to 2022

i H 1 2 3
WIMIRAS 0.2857 0.4286 0.2857
1 0.8333 0.1667 0.0000
ZHRAS 2 0.1250 0.5000 0.3750
3 0.0000 0.5000 0.5000
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Fig.7 Vulnerability assessment of carbon lock—in network structure: response characteristics of efficiency and connectivity
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