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ABSTRACT

Climate change mitigation has become a global priority, and the transport sector is a major source of carbon emissions. Although
urbanization is often associated with increased energy consumption and environmental pressure, it may also reduce emissions by
improving spatial efficiency and transport systems. However, empirical evidence regarding this relationship remains limited in South
Korea. This study examines the relationship between urbanization and transport-sector carbon emissions across 225 Si-Gun-Gu
districts in South Korea using cross-sectional data from 2019. Based on the STIRPAT framework, the analysis incorporates population
size, the elderly population share, gross regional domestic product (GRDP) per capita, local income tax per capita, and the
urbanization rate. To address spatial dependence and endogeneity, spatial instrumental-variable models are estimated using
queen-contiguity and inverse-distance weight matrices. The share of parking area in 2009 is used as an instrument for the urbanization
rate. The results reveal significant spatial autocorrelation in transport-sector carbon emissions and confirm that the spatial error model
is more appropriate than the spatial lag and ordinary least squares models. Population size, GRDP per capita, and local income tax
per capita are positively associated with emissions, whereas the elderly population share is negatively associated with them. The
urbanization rate has a consistently significant negative effect across all model specifications. These findings suggest that urbanization
helps reduce transport-sector carbon emissions in South Korea. This effect may be explained by shorter travel distances in compact
urban areas, more efficient public transport, and shared infrastructure. The study provides empirical evidence that urbanization can

support climate change mitigation and offers policy implications for sustainable urban planning.
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Fig. 1. Changes in carbon emissions from South Korea’s transport sector (2005—2019, Unit: kt COz-eq)

Table 1. Changes in South Korea's urbanization rate (%, 2005-2020)

Year 2005 2006 2007 2008 2009 2010 2011 2012
Urbanization Rate 89.06 89.29 89.42 89.33 89.51 89.63 90.08 90.19
Year 2013 2014 2015 2016 2017 2018 2019 2020
Urbanization Rate 90.49 90.50 90.62 90.62 90.74 90.97 91.11 91.22
AJARREEE. ERE A& Q] AR QI o5& 1B, TE EZgoto] TAFEO] R0t R B4 W&
FE AY Y ZARIF = AT § oy EAIRNE ol v A Yette AgEo] #EEY o= o
2 Ho} 371 Ao HQlrh TG Qg gFolu 53 AP @5 S2& Qs 1
TSR g®a wETY TARRE] 20199 DEE R UE ZAS7L APE A oA FFE g vjEo] 4
Ee A9dE A9 AR I FHAES HoiEt Hog e 2 9l9o AAFSH}
(Fig. 2). #55% ©as 54 E= F9A 47 A9
oA =2 “Hﬁ%k— TES ¢ o, 11 99 A HofA 4, A4
= AR B2 HiETo] e ZAoE HQlr o]} v
2,92 ga diEFE 7 A9 B3 FH (93 T E 4.1, Xt2o| WY U 2M A
01 AT = = AoE HRIY o] &9 e EF
BhA HEC Z7hE IFAL 7T %1—‘11 SEERPY A 99 TAgHEo| 4 EE wA Ao ojust A
gﬂl o] Hj&Fo] | uﬁg%k o] 9.oju]gt H|ZL XpA|oH= Aol A ot=A] &Rlst7] o, & AFoAE X934

AL & & ol EASES Sl 9 FIAE FHe
= 5o w2 2ES Ecrl FETE ga viEgH
o BAZ e Aoz Helrk 2y &g 45 A

HRE 2257 A2 A5t 20199 7] AR A
9] & ATt Al FHY FAHFHL 22970, =
STHE 24 W& Iy g2A4E nEstan AFE
HARAZAFA], AAZEA) 9 255, AHAGIA &4
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Fig. 2. Status of Carbon Emissions from the Transport Sector and Urbanization Rates in 2019 (Dokdo is
excluded due to data unavailability. Jeju Special Self-Governing Province, Ongjin-gun (Incheon), and

Ulleung-gun (Gyeongsangbuk-do) are also excluded to examine the distribution of potential spatial

autocorrelation. For regional comparisons of transport carbon emissions and urbanization rates, the
data classes in both maps are uniformly set to quartiles.)

Table 2. Description of variables

Variable

Description

Dependent variable

Transportation carbon emissions (kt CO»-eq)

Vehicle Kilometers Travelled (VKT)-based emissions

Population

Total population of each district

Share of older adults (%)

(Population aged 65 and over / Total population) x 100

Independent variable GRDP per capita (1,000,000 KRW)

GRDP (in 2015 constant prices) / Total population

Local income tax per capita (1,000 KRW)

Local income tax / Total population

Urbanization rates (%)

(Urban population / Total population) x 100

Instrument variable Share of parking area (%, 2009)

(Parking area / Total area) x 100

A2ISoick. W BEL Table 20] AASHOH,
b o2 9 SPNSE AT PHES 44 14
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3220 SHRE T MEFL Fig. 194 AT
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|5 AHFF 718k wiE3F Al VKT (Vehicle Kilometers
Traveled) 7|5t ¥l&FS &3ttt ZAIk: A+-HSTH
EZol&, 1E &5 ¥kE &9 AHY olzrae
AG FPA dF= vHT ol FE| 77 AH[F
o Aol v A4, A7 B8, WA BE 5 )4
[elo] A 7fgolct. olo] & AFtolA= HA nE
408 A7 WSHE VKT 7|5k 2458 bt vjBae
Apggt,

42, SEES MY IH Y NY

4.2.1. STochastic Impact by Regression on Population,
Affluence and Technology (STIRPAT)

H AILo| A= STochastic Impact by Regression on
Population, Affluence and Technology (STIRPAT) @ of
71¥kslo] WHa4E 445}t o]+ Ehrlich and Holdren
(1971)@} Commoner et al. (1971)9] =95 E3f 21914
ol 34 JF(Impact)S 917 (Population) & FAZ FQ
(Affluence), 7] (Technology)©]l 7]8tslo] Argstalx}; 7
e 2l TPATY] &g HEo|th(Eq. (1)).

I(Inpact) = 9]
P(Population) x A(Af fluence) X T( Technology)

IPAT 22 3+ #3to] aRl& YAskste] 7HA75]
48 < ke Aol ST, el ol A
ZF 8919 IAAQ] HEAgS 7T AT &
bl 2, o Aclo] N S7lote BIH A ET N
Z7Fstt = Aotk (York et al., 2003).
STIRPAT-Z IPAT R E9] $HAE &3t XA (Dietz
and Rosa, 1994; Rosa and Dietz, 1998) Z+ 9919] J&&
g4 9 Aoz =A3t 4= 9= mdo|tHEq. (2)).
°l= Eq. (3)¥ Zol 21 FH= HIH AF P2
£ol 7 910 4 4ol AHgHL

_l

=]
=
S

r°l'

A
ai

I(Impact) =

aP(Population)b x A(Af fluence)" x T Technology)%e
(2)

Log() =a+b(LogP) +c(LogA)+d(LogT) +e 3)

g 29 i 80l ¥4t IPATH 55tk Ql7acl
o A B wet AH AT = EX dF AZo

= B HiES| 2 2M:
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e S 831
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HE&S AT & Utk A $89 AF A+ il
w2} GRDP & GDPE P Uiyo] & g s
uRgto 2 7|4 9919 AL YHtH o Z 5 GRDP B
GDPE & #< oy 11 Fe 4 YR 45k
FYst71 = st o] ESF A FF o] wEt 7|e WA
E 18T e 800S YT & ok & AFelA=
S mdlyt A Ato] 7|¥tsto] ZF Q4] EYT &
AL Astlom, ol W& 412 Eq. (49 &t
ZF 8910 AAE WeEo] gt A2 oh2 HojA &

-
el <
Qg &= Qi

Z_'
Al
2
g

Log( Transportation carbon emission) =
a+b* Log(Population)
c*Log(Share of older adults)+
d* Log(GRDP per capita or Local income tax
per capita)
+e* Log( Urbanization rate) +k

“4)
4.2.2. Q7 w2, QI HIE

A% 9 27F WRoIA QA77k S7K5HE olof wE of
A AH] 2712 Q] =& "j&sko] Z715HK(Shi,
2003). L&y Q1Zke] o710l whet o A] 4] P
7b wskstng ol du AZo| wel BAsRA s
A|Z=7F 1 0 W(Zhang and Tan, 2016), 7|8 A% A=
Hlgo] s Hl&Ho] 2] T2 dmAel Yrks Aol
g2 v 9k AAFSQIT(15 ~ 644 ThE A A
ol Bls g2 5T 4 Avjete 540 Qs A
9 b G4 o)F v FHe wa e 57
o Aol SI%k ol G2 ALATO-144), 19
T(65H] o) AT JHHOR He BFF AR
Sloll st =971 ZASto] B4 & 749 JTA o]
Q= Ao &F UEPATH(Zagheni, 2011). E3] I FHALS] 0
AT 0] AGAE 654] o4 AT AZ] Z77t
Okada (2012)] Aol A UERd B} Zo] wE Hofd]
EtA A AT AHo7 Holth B i F
9 AR sk @A) A nEste) Ao
srgsly] 9o ATFaAS A THAT HlE
Sttt

ol

ol

4.2.3. 1012 X| L SMAHGRDP) U 1915t X[HAEA|

STIRPAT E%l_g AFE3H EEL YUk oz 2o
AA4 £2E 119 GRDP E& GDPE 43t A

o AR AL HEE 2ol st a0los 48
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now, 7ol o wet 719 FAZEOl
14 730l izt oFgaFol 57t 4= Q7] W&ol
. 13 Lohwasser and Schaffer (2023)0]|A] 815 % H}f
o], 7kA&5°] GRDP, GDPETH A4Sl £44
FR9] 7|8to] Hu, 4H| P& Z2Gst= H4 81lo]
H71% gtk ol 7149 o]& H|Fo] FUIeHHA
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A% 24, 109 Aga
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T, AR AFNAE UY 22 AAY
7holA = FA7| o2 e WA o] g 247t
F7ksto] 2ol AAET e & F2Y= &
517X Stch(Lau et al., 2014; Nasir and Rehman, 2011;
Yao et al., 2019). Thgh, 20199 9] $H=2 o]u] A 2o
AYRAGE H, B A7t Yo BAS AgAThe
A& st 84 F2u= 34 SlE g A T

2 EYahA] gtk

e,
o 1r

foto Lok ok

iy

0|

424 TANstE 3 E7H(2000E FAEY HA HIE

A9 EAIREE A A=A QB =AIA ) o
H] ZAA Y QIS Uittt & Aol s 2ASRES
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o, $X 9 145 7= O]ﬁ ElA 2712 A9l
& 5 o= 23 E3 A 3h(Poumanyvong and
Kaneko, 2010). o]= ZAYE XY oA g &3
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%71 7A93tH(Taniguchi and Thompson, 2015). H&
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(Acemoglu et al., 2001; Nunn, 2008)°f 7]¥tslo, 1A
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Table 3. Descriptive statistics

o B2t ERee B2 833

Variable Mean Star.ldérd Min Max Coefﬁ.ciént of
deviation variation
Transportation carbon emissions (kt CO»-eq) 447.223 422.268 38.590 2414.291 0.944
Population 227,327.5 222,482.8 16,993 119,4465 0.979
Share of older adults (%) 20.963 8.227 7.550 39.940 0.392
GRDP per capita (KRW) 37.961 35.008 9.590 419.030 0.922
Local income tax per capita (KRW) 289.291 539.960 62.046 6,589.243 1.866
Urbanization rates (%) 75.072 26.817 19.420 100 0.357
Share of parking area (%, 2009) 0.062 0.109 0.00002 1.113 1.776

Note. The discrepancy between the mean urbanization rate and the figures in Table 1 stems from the exclusion of specific administrative

districts—namely Jeju Special Self-Governing Province, Ongjin-gun (Incheon) and Ulleung-gun (Gyeongsangbuk-do). Additionally, while the

national urbanization rate is defined as the ratio of the total urban population to the total national population, the data presented here reflects

the average of the urbanization rates calculated for each district.

447.22314 & %—ﬁd
E5ih o= IF AHoA =2 ’“24 HH%O] E4S
AAFSHCE. T3t 2|4:71(38.590)1) | Agh(2414.291) 71+9]
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At gAY 7|8t ISR ELE ThESE o 2 7t
FAE FolstH, Z2H o] 7|8t IS E S 54
o] o] tisiArt 7HFAE REFEE

TEHSY 0 2L IX Wl%%‘%"ﬂ 7|55}
A 5H4S AF7HEE She Moran’s [ A4S &5
A8 4= SIth Eq. (52 o] gyl 3|HEA AE 71
< o, Moran’s Ii= °F Eq. (6)°+ Zo] £F 4 Ut

(Anselin, 1988; LeSage, 1999).
y=Xp+u (5)
n | (y—y) Wiy—y)

s (y—v)(yv—v)

= The standardization term,

1= (6)

x

w

W = The spatial weights matrizx,
n The number of observation,
s The sum of elements of W

ojuff, Moran’s 19] 4 EXL = EEYFELY 9
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SFELE(Cliff and Ord, 1972), o2& Eq. (7)S &-&3lo] 4
TatE AEE ol HEE AT 5 Aok

I— E(],
- .
A, AR DL S 1dF 55 282 9 &7
& & Aok ol ISR EY Fodol wet st
A} H Q(Spatial Error Model, SEM) % Z7HARIEE
(Spatial Lag Model, SLM)Z 28 5= Qlt}. 7% Ao
et FTAEEL2 A\ (FTEAA )] {FAT AL,

o

TAHE
AR p(FLHAAA )R] Fo08 Fe=E &
F $ otk £ AFoAE 20199 4 Hat FPAE
ol 38.5kmZE(Korean Statistical Information Service,
2026) 7]1&C.2 St JA 2| (Inverse distance) 577 FSHE
3}, g 2] ARYL 1A AQueen) FHY B
WAEYEL FESY o, BEIE PPFos AP
At ol Bof ] FYH SERE T w29 A
9 ARYL BE WGste] Bt ANY FHS AWS
A G} o)F FEE FHERL Justel g1
JE4e AR, A4 Ane) vt =92 AR
s,

y=pWy+XB+u (8)
u=AWu+e, €~ N(0,6°L)

n

NEEERIEE

A =
PE Qmet St 4TAEste] 2

A7} S 7lsAlo] ZAsith E35], wE Qlxalst
A-d 7hs/do] woH,
Alo] S A9 9] HEHE T4 HlE o TS

= Stk olH% FHFA BAe F4 A €Y

Table 4. Spatial autocorrelation according to the
spatial weight matrix

Spatial weight matrix Moran’s 1 (Chi-sq)

Queen 103.203***
Inverse distance (34.65 km) 85.403***
Inverse distance (38.5 km) 107.537%**
Inverse distance (43.35 km) 117.106%***

*p < 0.10, **p < 0.05, ***p < 0.01
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OF 7he A9 7ol fFARRE HiE 5S Hole 3
A $3 @io] EXTE 9ujgitt. o 2
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Table 59} Table 62 7} FH AL (SEM)I 57t
ARFEF(SLM)S o835t 3t IV 7 ZIHg AAg
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Table 5. SEM IV estimation results
Queen Inverse distance
Variable SEM SEM SEM
SEM
(34.65 km) (38.5 km) (43.35 km)
. 0.944%** | (.9]8*** 0.932%** 0.898%** 0.940%** 0.913%** 0.944%%* 0.917%%*
Ln (Population)
(0.054) (0.055) (0.053) (0.053) (0.053) (0.053) (0.053) (0.053)
-0.258%* | -0.334%** -0.294** -0.362%** -0.306%* -0.378*** -0.302%* -0.380%**
Ln (Share of older adults)
(0.124) (0.123) (0.123) (0.122) (0.122) (0.122) (0.123) (0.123)
. 0.147%%* 0.139%** 0.139%** 0.139%**
Ln (GRDP per capita) - - - -
(0.043) (0.042) (0.042) (0.042)
Ln (Local income tax per 0.089%*** 0.075%* 0.077** 0.076%*
capita) (0.035) (0.034) (0.034) (0.034)
L -0.479%** | -0.562%** -0.469*** -0.510%** -0.495%** | _(.558%** -0.503%** -0.576%**
Ln (Urbanization rates)
(0.179) (0.187) (0.170) (0.178) (0.172) (0.178) (0.174) (0.177)
Int . -3.206%** | -2.285%* -2.967*** -2.104** -2.922%** -2.034** -2.935%%* -2.003%%*
nterce
P (0.956) (0.913) (0.951) (0.896) (0.945) (0.901) (0.954) (0.908)
Obs 225
A\ 0.253%%* | (.263%** 0.361%** 0.361%** 0.441%** 0.435%%* 0.463%** 0.449%**
(0.060) (0.063) (0.075) (0.075) (0.091) (0.093) (0.097) (0.098)
Wald test of spatial terms 17.71%%* 17.41%%* 23.53%%* 23.12%%* 23.33%%* 22.03%%* 22.60%** 20.96%**
Pseudo R-sq 0.882 0.873 0.883 0.877 0.882 0.874 0.881 0.873
Wald Chi-sq 1,444.75 | 1,333.12%%* | 1,498.76%** | 1,422 47*** | 1,410.56%** | 1,320.39*** | 1,044.44%%* | ]307.48%**

Note. Standard errors are in parnthesis. *p < 0.10, **p < 0.05, ***p < 0.01
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Table 6. SLM IV estimation results

Queen Inverse distance
Variable SLM SLM SLM
SLM
(34.65 km) (38.5 km) (43.35 km)
. 0.912%%%* 0.891*** 0.927%** 0.890%%** 0.924 % 0.891%** 0.928%%*%* 0.893%%**
Ln (Population)
(0.050) (0.051) (0.052) (0.052) (0.051) (0.052) (0.051) (0.051)
-0.223* -0.326%** -0.235%* -0.311%** -0.230%** -0.314%%* -0.240%* -0.320%**
Ln (Share of older adults)
(0.114) 0.114) (0.115) (0.114) 0.114) (0.114) (0.115) (0.114)
. 0.144%%* 0.143%%* 0.145%%* 0.144%%*
Ln (GRDP per capita) - - - -
(0.042) (0.042) (0.042) (0.042)
Ln (Local income tax per 0.071** 0.069** 0.070%** 0.070%*
capita) (0.034) (0.034) (0.034) (0.034)
L -0.348%* -0.457*** -0.406%** -0.437%** -0.376** -0.424%** -0.407%** -0.445%**
Ln (Urbanization rates)
(0.156) (0.165) (0.154) (0.164) (0.151) (0.163) (0.153) (0.159)
Int . -3.351%** -2.207*** -3.211%%* -2.260%** -3.212%** -2.193%** -3.129%** -2.148%*
nterce
P (0.887) (0.838) (0.900) (0.842) (0.895) (0.844) (0.906) (0.848)
Obs 225
-0.023 -0.023 -0.028 -0.032 -0.048 -0.055 -0.042 -0.048
P (0.022) (0.023) (0.036) (0.037) (0.049) (0.051) (0.051) (0.053)
Wald test of spatial terms 1.12 0.97 0.60 0.73 0.95 1.17 0.68 0.83
Pseudo R-sq 0.889 0.881 0.886 0.881 0.888 0.882 0.886 0.881
Wald Chi-sq 1,797.92%%% | 1,661.41%** | 1,752.58*** | 1,666.90%** | 1,768.28%** | 1,669.27*** | 1,751.49%%* | 1,660.42%**

Note. Standard errors are in parnthesis. *p < 0.10, **p < 0.05, ***p < 0.01
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Table 7. Instrumental variable regression results

St HESO| T A 7t TRe B2 837

Table 8. Supplementary tests for the exclusion
restriction of the instrumental variable

IV (2SLS)
Variable Coefficient Queen (Obs: 225)
. 0.948%** 0.916*** Variable Coefficient
Ln (Population)
(0.078) (0.084) . 0.276%** 0.063
Ln (Share of parking area, 2009)
Ln (Share of older aduls) -0.278* -0.356%* (0.036) (0.040)
n are of older adults
. . 1.159%**
0.153) ©.151) Ln (Urbanization rates) -
. 0.139** (0.137)
Ln (GRDP per capita) 0.058) - \ 0.406%%* 0.413%%%
. . 0.071%* (0.084) (0.084)
Ln (Local income tax per capita) ° (0.043) Wald test of spatial terms 23.39%** 24 4T***
L (Urbanizat ) 0.543%* 0.594%% Pseudo R-sq 0.356 0.504
n (Urbanization rates :
(0.262) (0.261) Wald Chi-sq 59.49%** 148.55%%**
2 902 -1.964% 34.65 km (Obs: 225)
Intercept (1.230) (1.140) Variable Coefficient
0.295%** 0.064
Obs 225 Ln (Share of parking area, 2009)
— (0.035) (0.041)
F statistics 422 35%** 424 36%**
- — L 1.163%**
Kleibergen-Paap rk LM statistic Ln (Urbanization rates) -
) . . 23.020%*** 25.312%** (0.138)
(Underidentification test)
" . . A 0.340%** 0.364%**
Kleibergen-Paap rk Wald F statistic
- g,d e 69.932 66.989 (0.094) (0.092)
(Weak identification test) Wald test of spatial terms 13.16%*** 15.66%**
- 1t 0
Stock-Yogo critical value (10%) 16.38 Pseudo R-sq 0356 0504
TV-First stage Wald Chi-sq 72.98%+ 163.05%%
Variable Coefficient 38.5km (Obs: 225)
0.101*** 0.101%%* i i
Ln (Share of parking area, 2009) Variable Cocfficient
(0.012) (0.012) L (Sh - 2000 0.284%%* 0.049
Note. Robust standard errors are in parenthesis. *p < 0.10, **p < n (Share of parking area, ) (0.036) (0.041)
0.05, ***p < 0.01. All IV first-stage regressions include Ln o 1.186%%%*
(Population), Ln (Share of Older Adults), Ln (GRDP per Capita), Ln (Urbanization rates) B (0.139)
and Ln (Local income tax per capita) as control variables. A 0.406%** 0.445%%*
(0.097) (0.094)
6_ 724% E':I EQ_' Wald test of spatial terms 17.40%*** 22.58%**
Pseudo R-sq 0.356 0.502
_ _ _ _ _ 1- KKk skskosk
A QAR o5 7|35} sl thist o] Wald Chi-sq 63.41 150.90
_ 43.35km (Obs: 225
Apgfo] obdl 7} S7te] o Ago] 54 olet. 71%s) . O
N Variable Coefficient
e WAsks Abdo] ok, WA AWEol 6 7t T e
= = = = Ln (Share of parking area, 2009
£35}z]o] 2FA} Q17 Abglof oy °J‘*—° n)d Aoz HQl ( pariing )| 0036 (0.041)
t}. olo]] & AFofA= 7| TRt Aste] Ugko A BhA o 1.200%%*
_ Ln (Urbanization rates) -
20 B2 HEL AAGE FERE Sb HET £A 0139
_ _ ®kk *kk
5}2.0] IAZ A5 7|29 A7 TAA4E 9 A A 0.407 0.471
- (0.107) (0.100)
N 7 A oA EA SEHE BA 7S Q5
JE’] U . i?’ = HL Wald test of spatial terms 14.41%%% 20, 12%#%
oL A U ek TEu B wiE] FAA HE o 0356 o502
A+2] B} ofof Z|Rigt 719 s} &4} F A 7of| o Wald Chi-sq 64.55% %+ 151.80%**
Il

3 =0l BEGH o Helth olo] E AToAE
23iel £A29) A7 WA WA olo] HE SERE G

Note. Robust standard errors are in parnthesis. *p < 0.10, **p <
0.05, ***p < 0.01
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