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NBL @FERREAT I, IRl N7 BER, m ARZEER IR i =4 A

BT N R A 25 AR A RcHE TR 52 M R
BT, ARWFFIR I AR o b -1 R A -SRI T
132 5 %, M DNA B = 2R 5 MM I, Mt
B, s AT TREGEA, R = ETH
WL, FERAMSEE 2GR R LR, Logistic /5 FE R 45
Wi, AR A BT S SEAIE 2 i, DA M DX S B8
A W A AU H A I S SR AR HE AR S Hr

1 ERPIEMRGE

ASCAEIA BRI o Rk R R B, K =T
(] B A AS[F] A SR, B2 25 B K o 22
Tk, 4G LR R/ H 78 55 84k (land-use and land-
cover change, fiifk LUCC) 3&/&KIEMEIE KRS, ¥
T A H R TG N B FER . bR FHb. KR,
T H RN A HBAE 9 16 > — R BRI A Rt . R
Mo bk, HABMRH RN S A% 25 A gk mlsl,
I, EAE RO A 2 ThRetE, F =T Tihes i

MM T FTREBAT ARG, FIF AN EE b 0 & 281,
1.1 o R R R R 2R ALY =R s gy 2oy /U,
R SRR A R T AR T SR RIF 7T 4 SR 0 T SE A AR 1 s,
R CZE mESESIMFBIANNRER
Table 1 Correspondence between spatial classification of production-living-ecological space and land use classification
e S T o I = b FH 28
e Classification of “production-living-ecological” space Corresponding land use type
No. S ZRrE —HE eSS
Primary classification Secondary classification Primary classification Secondary classification
| I Rl Az 7= 2% ) Bt JKHL Fih
- LH A 2% A W2, L. RRAM HoAh 8 A b
) 1525 ] IREEAE VS 2 W) W, TH . ERAM W
- RS ] W%, TH . JE R AT B A
e -~ ARRML VEARMRML, B, HAARHE,
S Pt 6P o P R (I P B
. I “ L W KEEGU . KA R o
oA A ] S A H Vb, JeRE. EREh . BR-bHh. BRUA AR

FeAtbAA T b

Wi BB =4 AR R A B AL,
WRARAL R R I R A N I T R AE R 2 R (=T A
[l > ATA% Sy, T =27 A 1Al G5 A AR A SR N IR
PP AN S A e 3 e PR B A\ 1)
BT RAR, RRE RS A A AR A SRR b A 7 S TR AN W
b o =AY RS SR AT S AL B R I B B R
A A AN A A A A A ERE B R, N PR
M . A, WL =T A R AR
FIAFAESE A DNA SRS KK 2

DNA & —F & B A% 5 B IR, th 2 26
SEAT HIMREIR 2 AL T IR 4 — S g e g5 it 18
AR BB =g, — RETE 4 Rk A R R
BRI T ARG 2 26 R AT A IR i iE i
R o ) (1 S0 B T R SR e 45 4 s =450 (i
FsiH)) 45 DNA XU et — D M e L i =
FeIREE S M 458 . S EL DNA BRI = 450, I
B BREERCS (=4 RN EAT T (- D
—IREER: WAL RN AR RS A
WS =47 BRI ERR, I HMEA RN
SO T B DB I, TSRO N S SR
ARG, A E T =AY A AL S R R T R
W26 —2R “BEEX" . i, (=47 AR AR
WSS AR T A, A7 2 ) A0 A 3 25 1] R AR A
BN D AEAS R R, 2 A A AR i A TR 5K
IR R AR AN T (R SR P R 58, AN

ARG, MR
A 772 R 5

WM Production space and living space expansion
Urban population increase -7

CEAET G
“Production-living-ecological”
space structure

Eitia

Urbanization

A1
Fig.1

urbanization, carbon emissions, and the production-living-

WAL, AR “ZA7 B R AARE ) Z R

The three-level structure of the interaction model between

ecological space
PRIk, =7 3 TR S B 1 R M g e L A 2R 11
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FAARBUCNIREL S =4 AL R R RS
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1.2 1RBME

TEHR T Al b, ASCHE S Logistic (S YD) 4k
JifE . REEEEZEIEVK (environment Kuznets curve, EKC)
il AN A BT v, M. RS =
FHFE A, DR R =328 L.

12,1 mARALA e oh 25,

55 [ 3k 117 B 24 58 Northam B3 368 i 4 1 #2 B2 7 1)
PSR A K ES M 2L, ZES NI R R —
MNEAE. K. FEEr g, HedEas2iiE—%
BehiAh g “S” Mhgk. R IIE S, Logistic
M AT N T IR R R R 5T . Logistic
B S A F T 008 AL P R S R, 12 1R A 2] 1 3,
AL R R R 5 B8 T SR IR A BT N 1A B 4 U,
BAW IR, N R/ RE . Logistic &
AR K RSB m (D

du, U,

&= (i-%)
K U, Fom ¢ EENOKY s K R K FRRE,
0<K<I1, K{HAHHEITZEA 3 M2, b R SH,
b>0

(D

AE T B B A 25, A U Sk SR B )
X} Logistic HZRAA FAb ¥R 777, Pk (1) &, 153
X 2,

~ K

"T 14K -coemdt
W RORBB A H d Fon A REG AR FUAE
Bl SPSS, # ik KA A 5 7 v R AL A R R K A
P R KT R .
12,2 BRHRAAFALE ) 2%

E % B B O FE R B Yo H A E Ut TR, SR B
HECEAE IR BT B 25 1R R i 2% (EKC) 3R 8 y5 Yef QB
TREAE, AU RIERURE RN B AR R, B
VERIRES R AR &, DL EKC #2832 IA B HE s = b
WA PR RRAE . 256 STk [27-28], A RHE
TRBESR A AR R M A R, R K
y=A+Bx+Cx*+D

2

(3

Ay HERHERE: x ABEAE: 4. B CH Rl
R B — IRTUR IR ARl 240 D NBEALIR 2
W fFfiREA. B. CHFFSAMHE, y 5 xWXRZEBA
. 2 B>0, C<0R, My 5xMRXAMMLEE “U” A
2 B<0, C>0if, Ny 5 xRk sE U~ i,

KT BRABERTE R, 2 18 158 1 AT 3R B DL &
WA ATAT M, ALY T & R (IPCC H K=
SARTE AR PR R BEIR R HE R Bl VAR
FCHE R . TR (4):

Y = ':lE,.xF,. (4)

A YACR SR E Ron el i I 9 s FoR

AN REUER | M HE R E RV B 7 BE RV 2 A BRHE TS -

(LrEReAETHSE I ) (GB/T 2589-2008) #1 (44 24l

FEAMHHTEFE) ORI [2011] 1041 5D FAR

REVR AR AEXE A S R BOR B R 2, Ik 2 Phows.

R2 FERERABHM R

Table 2 Carbon emission coefficients of different energy sources

BEJRMHZE Energy type THE & %L Carbon emission coefficient

JR 4K Raw coal 1.900 3

JRiH Crude oil 3.0202

#EIR Coke 2.860 4

JRELHH Fuel oil 3.1705

KIRR, Natural gas 2.1622

V5. Gasoline 2.9251

45 Diesel oil 3.0959

S5 Kerosene 3.0719
WAL S Liquefied petroleum gas 3.101 3

1.2.3 3RARALE B HEA AR S AE A

R R BRHEBUE S R R R R, AT T
K B . A R R ER AS 1 T B I
Tk Tapio IE#PE R EGE. TPAT 2. H, Tapio
i g R E & T B AL I H N B AL B e d bR, REWE
2 WLTRE fff 10 BE AN AP AT A G R o IR AR B 9T 3% HL Tapio
0 B4 22 5000 FEE SR R S HE AR A R R, Wik (5D
Ay Oy e (35)
AU, (U,-U_)/U,.,
KL RN ¢ R SR B R Ayt
FERHEBGR R ER, AU ¢ IR E. Y,
UGy RS ¢ 4F I BRHE R R EEAL %,y FIU 5y
FIFRE (—1 FERHACE IR R . ARAELEI RN KAy,
AU FIBUEARSL, FERK 8 MR AS (£ 3D,

1,

®3 BRESHRIRE

Table 3  Criteria for distinguishing decoupling state

i e bkl
PRI S Decoupling Coupling Negative decoupling
Decoupling 5[4 55 /i 4 IR RS RS BRI 9547 b4 SRAA L
state Strong Weak Recessionary Growth Recessionary Negative decoupling of ~ Weak negative Strong negative

decoupling  decoupling decoupling coupling coupling growth decoupling decoupling

Ay; <0 >0 <0 >0 <0 >0 <0 >0

AU, >0 >0 <0 >0 <0 >0 <0 <0

I <0 [0,0.8) >1.2 [0.8,1.2) [0.8,1.2) >1.2 [0,0.8) <0

e 1 FORE FERHDE SIRBUL R IR R Ay, WA CEBHERERRLE AU RS c FEIRB RN, N

Note: 7, represents the elastic decoupling coefficient between carbon emissions and urbanization rate in year #; Ay, is the rate of change in carbon emissions in year #; AUt is the

rate of change in urbanization rate in year ¢, The same below.
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B ORI AT, AR N DI AR 2 A T
B8, e R R S 2012 S, EXE
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WL AR, AR R R g R m AR T
AR, ARBTG5 A0, A28 ) A RE RS
M, BTG4, ASWIREM S ™E; E 5 B
(WA EE>T0%) , A= 23 [B R H R — P4 e, ok
MR A, AEERER S, AT AR EE, =
HA AT A

4 R [
Overcoupled region (Tapiofit ) 2 %41<0.8)

B A X

A X
Low coupling region (Tapiofiit ) % %1 =1.2)

IW4E AL % Urbanization rate

~
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T
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Production living I
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ST BHE
Cumulative carbon emissions/(10* t)
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Urbanization rate/%
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v

B
Middle stage of

urbanization
R

Developmental epochs

B2 e, BHRE =47 Fied X EHER
Fig.2 Coupled interaction model of urbanization, carbon emission,
and production-living-ecological space

HE T HETBOA 855 2 205 9% b 26 S B A 22 Logistic Hi
2, WA R DU AL KSR I WA B B A bR R opr, =

WAL
Early stage of
urbanization

WAL AR
End stage of
urbanization

A7 EEAR, SRABEIBRHMTERRE (K2,
WA AL 5 R HE Tapio BEE R B RN, Btk
SRRHEBUA IR A R RN 3 M, SR IRERA X
T FE R A XA R A X PO, Tapio i 250K T 1.2 1),
AR AN TACER S X, Tapio B REAE[0.8, 1.2] IX
R, G RRMTEEMA X Tapio i RE/NT
0.8 B, FAKXKRMTILEMEX . Tapio 4 REL
34 5 B HE R 26 B ARHAL, AT SR B HE A it 2 e PR A
BRI E R RN, RSP RAE 2 RR A LR

2 MRESHIELE

2.1 SRR

TEE AT 31°23'N~36°22'N, 110°21'E~116°E, fir
FrpE R, FE R R, R 16.7 77 km?, M3
ViR AR, MU ZES I, MR ET, HRERM
PO AR 2020 4, AEHIX A BAE R 5.49 77
1076, WEMLRIES] 54.43%, REIRTH B EEE] 2.3 14 1,
T BT CR], M X = {EACA 229 1476, WAL E A
14%, BEVETH 2 BUEAUA 3400 /5 t. 40 ald], X/~
SMEREIN 240 £, IR ERIR S 40%, BEVRIY S B IE
K671, EAThEBRY., NOMZFERE, SEEIT
AR, TR A AL AN T POE e, 45K R L
208 B ks, SUtER, AEAIETE M K A WGk,
] = 2 () JR 8 32 B RO #2
2.2 BUBRIRSAE

MRYE CGHREE G %) A AR R Bk R A e IR
FEEE, KA (4 {HHBF 1980—2020 F 7
BEMHECE . R R 1980—2020 1) Landsat 5
G, BB 2B R LUCC 43 284k & 1) £ R
BUIREE J5, s =47 2388 5 R 93 2510
KRR, FIFH ArcMap10.8 Xt L3 F| IS EE 43 2%, 15
F R AR S RS, Wk 4.

x4 AEE =ZE =E@EH

Table 4 The area of production-living-ecological space in Henan
2

Province km
" Az (A TR A A TR AR (A AR

KAl Production s Livi Ecological
Year pace iving space cological space

area area area
1980 108 947 15321 41374
1990 108 770 15409 41430
1995 110308 15806 30448
2000 108 768 16797 40088
2005 107 675 17 569 40416
2010 107 176 18432 40043
2015 106 166 19366 40116
2020 104 747 20392 40476

3 ZR5HH

3.1 WHEME. FHRHENES =47 TEThiEE
FRHE b S A B ] 4531 1980—2020 430 55 44 I 4H
R, BRHER =47 R ES (E 3D,
7E 2005 SF 2/, WA LT IELYIH, WEAE
SHECE S AR R G, TR SN, e
[EJ7E 1995 4RI ZE /M@ NG TFaa RR gD, Az A5 25 (a)
BTG /N 2005 2 05, TR A NS O, AR
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PR AR, 2005 2 )5, AR A AALIE L L
Ny AR A AT A AR B B 3, 1 2R 3 2 E] 2000
ARG, F) 2018 FERIHUNZE, BT RE.

ww AR HE A Annual carbon emissions
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Fig.3 Trend of urbanization rate, annual carbon emissions and
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w
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area of production-living-ecological space in Henan Province from
1980 to 2020

3.2 1AM Logistic HIZEHHR

PUATFE 4 1980—2020 “EIREEAL Z A0 /E R AR 8, 4F
By e EEAERE (¥ 1980 4E ¢+ N 1), iz SPSS #ff, ik
e £ 18 V320 #7059, X Logistic i 28 1 AR 3E 47 IR
B>, WmE s Por.

# 5 Logistic IZIBFESIIEHR

Table 5 Logistic curve saturation value and fitting effect

WAL A e REL Pl
Saturation value of Coefficient of P value
urbanization rate/% determination(R?) valu

75 0.937 0.001
80 0.941 0.001
85 0.949 0.001
90 0.947 0.001
91 0.947 0.001
92 0.948 0.001
93 0.949 0.001

LA R AN N 93% I, Logistic £k (L&
&K (RPN 0.949) , HBE B FEEHRE (P<
0.01), HIER, 93% i F 4 Ik 1k 7K F Logistic
M FIRAME . P 93% 19T B 48 AL 7K F Logistic
B B, f5B) SPSS AR AT & Bl =54 (Bl 4,
[FHRECH 0.945, HHANK (2) 7715 1980—2020 4
TR A AR AL R ) Logistic #2, Wk (6).

93
U= T8 4630w

AR (6), AIXFIFE 4 2021—2030 £F ¥ 3 AL
AKCFREAT T, 45 0% 6. 20Hr % 6 KIL, Logistic f5
R E T RS 1980—2020 SEIRAE AL 7K FE -5 WEIIAE 1
PR T Ay LR 22N 2.4%, BRI A ORI, I H.

6)

Logistic I 2.5 A0 i 2 2 A5 (P<0.01), FELAH
TP A8 B 1 AR AR T & Logistic 2k,

S I 27

= | Actual value

E45F _ Logisticil & iz
40 + Logistic fitting curve

1980 1985 1990 1995 2000 2005 2010 2015 2020
A4 Year
B4 T4 1980—2020 FmALE Logistic w &K b A
Fig.4 Logistic curve fitting diagram of urbanization rate in Henan
Province from 1980 to 2020

i 6 ml 40, 2025 F1 2030 477 1 44 R AE Ak K T
43 IE 58.42% 1 64.94%. BT THAE, 2021 FEET, HE
AP IRy 1.04 DNF 73k, 2021—2030 4R, 4P
WM 1334 E s, HULRE, A W
2021 BIRFEFEZE R T, 2021—2030 4F, I G 44 i
ST, 5 Logistic KB,
F= 6 AEAEELKFERRTUN

Table 6 The prospect prediction of urbanization level in Henan

Province %
T WAk WIE || 5 WAl S
Year Fitted value Observed value || Year Fitted value Observed value
1980 10.47 14.00 2006 32.97 32.50
1981 11.00 14.20 2007 34.20 34.34
1982 11.55 14.40 2008 3545 36.03
1983 12.13 14.60 2009 36.73 37.70
1984 12.73 14.70 2010 38.02 38.82
1985 13.35 14.80 2011 39.33 40.47
1986 14.01 15.00 2012 40.66 41.99
1987 14.69 15.10 2013 42.00 43.60
1988 15.39 15.30 2014 43.35 45.05
1989 16.13 15.40 2015 44.71 47.02
1990 16.89 15.50 2016 46.08 48.78
1991 17.68 15.90 2017 47.46 50.56
1992 18.49 16.20 2018 48.84 52.24
1993 19.34 16.50 2019 50.22 54.01
1994 20.22 16.80 2020 51.60 55.43
1995 21.12 17.20 2021 52.98 —
1996 22.06 18.40 2022 54.35 —
1997 23.02 19.60 2023 55.72 —
1998 24.02 20.79 2024 57.08 —
1999 25.04 21.99 2025 58.42 —
2000 26.09 23.20 2026 59.76 —
2001 27.17 24.43 2027 61.08 —
2002 28.28 25.80 2028 62.39 —
2003 29.41 27.20 2029 63.67 —
2004 30.57 28.90 2030 64.94 —
2005 31.76 30.65

3.3 WENESHRAMIEREI S

ZH1I R 1980—2020 SRR HE R 5L R B S
Bl 6t (3D #HTENAINZRAG SR, ikl 5 B, B
(FeE 280 R7=0.973 8, LRMEAAR [P RE R=0.949 1,
F W RS AL L 2R AR R O B RO T A, SRR AT R
BIHEBCE SIRELR 2 AL L R .

M 5 AT W, A AL R SRR 2 2
DU U BICR, TR A WAL R KT R R F
—EREEE, SRR S KGR EER . BE
2020 4, VAT TG AG M A I ok AT E QL VR IR ZR I P L, 4
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B b SO SRR R R KT BT, 2 I A ARk B
70% I, ] B A8 P PR 2R O i Aok BIA s 5, BRIV 2026
SV R SEDUBRHEBOA I, 8 Jm R HE N BRIRHERT B o

27000
1=376.01x-198 8.5
22000 R=09491 _-
(=} e
<
= & 17000 Ry
%2 L8527 =-5.964 15+759.63x—6972.2
o' g 12000 - ’ R=0.9738
L o
e} o SZPR{H Annual value
o 7000 - —— KRS Quadratic model
- - - ZE RO Linear model
2 000 L L L L L ,
10 20 30 40 50 60 70

LA
Urbanization rate/%
B 5 T4 1980—2020 R F 5 B HAN F b 25
Fig.5 The fitting curve of urbanization rate and carbon emissions
in Henan Province from 1980 to 2020

R 7R AR KPR PR 55 75 THT RS2 e, ) I A A
RUTHAF I 1980—2020 FEFAMER 2L (R D,
T A 0] e 48 428 1 3 B 7K ST E N B D HE B B e 7T 4T
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Analysis of the interaction mechanism of urbanization, carbon emissions,
and production-living-ecological space in Henan Province of China

LI Xiaoshun'?, LI Zhixin?, XIE Xiaotong'**, LIU Xizhao'?, CHEN Jiangquan'?, LI Yifei'?

(1. Research Center for Transition Development and Rural Revitalization of Resource-based Cities in China, China University of Mining and
Technology, Xuzhou 221116, China; 2. School of Public Administration, China University of Mining and Technology, Xuzhou 221116,
China; 3. College of Resources and Environment, Henan Agricultural University, Zhengzhou 450046, China)

Abstract: Carbon emissions in the process of urbanization are usually analyzed using industry, population, and economic
factors. It is a high demand to consider the coupling space-time change of "human-land-carbon". In addition, the land can also
serve as an important factor of production, leading to great impacts on carbon emissions. This study aims to explore the

Al

interaction mechanism among urbanization, carbon emission, and the " production-living-ecological " space. The spatial
structure of the DNA model was first selected. The three-level structure was then taken as the theoretical basis. The spatial
coupling model of urbanization, carbon emission, and "production-living-ecological" space was finally established using the
environmental Kuznets curve and Logistic equation. The mechanism of interaction was also proposed similar to the molecular
structure of DNA. Taking Henan Province of China as an example, the regression analysis was carried out to construct the
curve of urbanization rate, carbon emission, and the curve of "production-living-ecological" spatial area change during 1980-
2020. The Tapio decoupling coefficient and correlation test were used to analyze the quantitative relationship and correlation
degree between carbon emission and the space area of "production-living-ecological". The quantitative relationship was
verified for the environmental Kuznets curve between urbanization and carbon emission. The mechanism of action was also
achieved among them. The results showed that: 1) Population and land urbanization induced the imbalance of ecological,
production, and living space structure, leading to the quality of the ecological environment. There was a serious negative
decoupling between urbanization development and carbon emission level. The spatial layout was coordinated to gradually shift
from the serious negative to moderate coupling, particularly with the advancement of urbanization upgrading, production, life,
and ecological space in the further suitable integration. The optimal coupling relationship can be expected for the "man, earth,
and carbon". 2) The empirical results showed that there was a significant inverse U-shaped curve relationship between
urbanization rate and carbon emissions. The decoupling state showed a strong stage, indicating the overall characteristics of
"negative growth decoupling to strong decoupling, intermittent weak decoupling, and growth coupling". The carbon peak was
predicted in 2026 and then entered the stage of carbon emission reduction. 3) The comprehensive analysis showed that the "
production-living-ecological " space shared a trend of the orderly reduction of production space, steady expansion of living
space, and stable development of ecological space. The correlation analysis showed that the contribution rate of production
space to carbon emission increased, whereas, the contribution of living space to carbon emission decreased, and there was a
stable contribution of ecological space to carbon emission. Therefore, the space layout should slow down the expansion of
living space, and then increase the proportion of ecological space and carbon sink, finally reducing the carbon emissions
generated by production space. The finding can provide quantitative reference and decision-making on regional urbanization
and dual-carbon strategy.

Keywords: land use; function; ecology; urbanization; carbon emissions; production-living-ecological space; DNA models;
Henan Province
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