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ABSTRACT

Achieving carbon neutrality by 2050 necessitates significant contributions from local governments. To accelerate the
creation and execution of local government carbon neutral plans, ongoing research focuses on spatial carbon emission data.
However, in the Republic of Korea, policy-related use of spatial carbon emission data remains limited. This study aims to
develop a spatial regression model for carbon emissions using machine learning-based ridge regression and regional
greenhouse gas inventories to aid basic local governments in their decision-making regarding carbon neutrality and regional
carbon mitigation. Input data were created by disaggregating subdivision land cover maps and facility-level national statistics
to the local government level. Group K-fold cross-validation and area-based scaling were applied to improve generalization
of the model. Two local carbon emission prediction models (the ‘LCE model’) were developed based on regional GHG
inventory in Si-Do-level (the ‘Level-1 model’) and LCE model based on Regional GHG inventory in Si-Gun-Gu-level (the
‘Level-2 model’). The Level-2 model exhibited higher accuracy, with R2 values of 0.84 and 0.66 at Si:Gun-Gu-level for 2019
and 2020, respectively, and at 0.93 and 0.76 at Si-Do-level. The carbon emission maps generated by the Level-2 model
exhibited higher accuracy than the Level-1 model. This study highlights the cost effectiveness of machine learning-based
spatial regression models for carbon emissions compared to IPCC (Intergovernmental Panel on Climate Change) methods and
fuel-based models. The machine learning-based methodology and its detailed emission maps are expected to provide timely
scientific evidence for developing and assessing carbon neutrality plans at Si-Gun-Gu-level, delivering granular information

on carbon emissions down to the Dong-Ri-level
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20508 =7} e+AZ(Carbon Neutrality) 84S 95
=7t 4 AR = 2A7A 2HlET 0 2/d5foF o
th o] & 9%t ©ASEAY Y ¢ g Bt =97t
A AF2](Global)F-E A H(Local)ol] o]=7|7kA 9] ThF
et 374 oA o]FA| AL Uth(Rhoden et al., 2021;
UNFCCC, 2018; Wu et al., 2022). 3], A|9AH 2L i
39 oy i FAR A= Jlon, 2ATFA 3
Sof et AFA & SHFA QAR Y] AARolxt HiE
Hofl gt 272 e dek2 AR 710 ol&9 247t
A IS 5ol 27 g#asd 24 of9 Fa3 8
o2 o] AXTHCastan Broto et al., 2022; Huovila et al.,
2022; ICLEI East Asia, 2022; Li et al., 2021; Park et al.,
2022; Rankl et al., 2023).

S4%Y olgol] tjg AR 7]o]
s A BaFUAY Y 9L 4a7
ofo} ahvi, A% e AYspr] Ut P
L2 gd £F9 BHAu|E FHAE(Carbon emission
spatial product) +=9] WQAJo] FRE 1 At} ErAwuj
& TR T8 HEYY A ¢ HiES StAT(Hot

A BAoltt. B FANHE A BL wek AT &
F0 7 BAH|EA =7} F=E I It Allam et al., 2022;
Kang et al., 2021; Kim et al., 2024). 1]5=& Greenhouse
Gas Reporting Program (GHGRP)S 53] £u] A o4t
Sleta HlEEE AlD &9, F(State) &9, 7Y &9 5
TFSt B2 FEE BESHE AZAAES 55
o, = =7t QMED] AR HiEFS (L

ojA8k= Thssht 3R] A &8 A =2l= of
2 &35k AAo|tkShin et al., 2023).

A FEYEE dASH 292 A5 712ARA
gge grfjstal 33 9 T PE 75 Y ga e
sl kst Qlok A9 FEF gaAES At
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4 $E BE viESETE vrgstr]o] =7F 247kA
EZoA BAISt: F8 HiEHol dijt B RS
ZESHA Fotal om EXuE AE7F vrgEA] o
719 A9 EXo]gAE +Hte] AA S AT Ut

A FaHlEFS SA0R AqS57] A% AT B
% @ws AP 9tk v Vulean ZzAEo}
Hestia ZRAEL 7] BEAR 9 29L 48 4
Fa] W R} 72E SAVA QRS n2A AR
(Proxy data)Z Th&AA| Y™ (Downscaling)dhs= 5F3FA]
RS Fgoto] u]F A TL u]B| B F(State)
9] &4 574} = (Spatially-explicit Carbon Emission)E &
5] =511 JATHGurney et al., 2012; Gurney, Patarasuk
et al.,, 2019; Huang et al., 2022; Khazini et al., 2022;
Patarasuk et al., 2016; Roest et al., 2020). Li et al. (2017)
I} Tsagatakis et al. (2023)2 AMS)-AA|F &4 A=w}
IPCC 2A7IA HiET AHS gamiads 4T
U, EXNE d9E HiEES EdotAY Ad &
HEge 44 Uiz AAstel BanEYe 70K
O, Han ct al. 2018)2 oRHEH 914 FAL 283te]
dMigge 94 g9z wegc $U9Ee dios
ITASA-GAINS (Greenhouse gas Air pollution Interaction
and Synergies)®%d, STEAM (Ship Traffic Emissions
Assessment Model) 2%, GFAS (Global Fire Assimilation
System) & F-2 Al 7|9 RES 285 FH =24
7t HiEEE Hostal olE QIFUEY EXYERS
&9l AAF Gz viEFS Eofioto] A skt A= 7
3% A th(Kuenen et al., 2022). T9k IPCC AFYHHET}
BA 2 A SAARE 75| gaulET AS2 v
719} A9 BAA R, FEE WEA: 2 282 8
Fot7]o] A K29 HiET Aol W2 Abgo] Fojxof
of gitt. R, Wl W (Mapping) 913 =] Hlo]
B 59 2 B4 3PS AR MARLo] ZAI
olg Fusy] Y8 ABALIHE HEslo] mrf HL
Hlolg 9}t 7tk B4 302 EAHEHE &St
AF+E AYE T O (Mardani et al., 2020; Nie et al.,
2023), &2HIEFS FHH R AEoHA LAY IE
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2o d4ge Jusn mx08AY FATe] dA4

£ &0]3A} Luo et al. (2023)2 7|ASHS 7]4to] Ad &
9ol 3% 3]HEE(Ridge Regression)T} EX| 3] E- L oA
FE% ZEA| folHE &85t AAFR FEolA9
A BAHIEFS AMEShal EX N E #3E AUE|eE
T55t] mf SAMERTIA] AScte A4S X5t
Act. s ATolA ZHE3t 7|ASkSE 716 22 AR
g2 dyndo]7]of e} & 7t AaA o
o] go|sto] HH F8Ao] wrh= Aol glon, o
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= ww el

EUAE Wade

el e

3/“7}/\ o1+l qué 323 }oq A4
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Be Mo}oq 4w BYAA wuﬂgxuzg =
shad} gtk BAMEAEE U BaEYEE oA
BAA W A B DA 52 SERE A
R PEkD AT Aol e B8 D A Yo
of ehstel =ostunt steict.
2. A4 Mz A oY
2.1. A7 ChYX]
£ A7 Qe AAE o Sastect St

g =EEAAGA, AR, SEEeR 49 3
Al BPAA w2, F/Ee] s FHoR 27t Sl
20223& 7|ECE =EEARFIAIE F 17K, A
% 22671, S/HE-L F 3,532707F SAFTHMOLS, 2022).
9] 5H9] BT @ Fole A SEE ZESH £
si71°l, & A7olNe FFAAY rrdAe] Ha &9l
& Rt = RS Este] 4dA FEAACTAAAA,
Z1ZARA, S0-E, 5F Ee)E AHsrier, g Al
Aol w2t gamEAEE FEotlthFig. 1).
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=7t 2A7FA QIME Do WEH, 20219%9] #71 &
Hi &S 656.2 MtCO, eq, <BI&F2 618.3 MtCO, eqO]
T} 2023¢ =27} 2A7MA QMg o] w2, =71 FH)
22 2 oF 86.8%7} AR A oA LS o]
o] fjREo] ZFH7] E & AL H98A 5 o4t
d 2 FH, vdFE, s 54 22 AxdorHH
H|ZHE . Flojo] A4 FiE WiEFH7.4%), 54 &
Hi&F(3.2%), H71E F& HHEEO]:(ZS%) +08 7 F
v &l 7]ojsk= Hi7t Ao

2.2 A7 M=

A+ 5= A F7F SRR} SAAE loH,
TR F EXEELe A B4 2 A B B4
AzolA HiEEY AA FE L HiEHe FEE & A
= e s g2 S5kt B X*E‘éo cHaHlE
GEA L AZol| Z-EEom, tdH = 7|2
st 2 sle AAstel 242 E%M ase gw
Jesol ojxe 9o dPuse Beaiq ol
GIS (Geographlc Information System) £91 3-7F%2l(Spatial
Join)& ARSIt
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B, H7IEA AT Zo] B AR H‘:Ol o]
HE ol EXFEEA A AE HAZ i
T2 g8oitt. 29 kg 3 435S AT AEA=m
(Label data)2+= FAARA 7|E 2 712424 71& A
A S QS AT APAEL 3
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Legend
[ si+bo (Level1 division)

Eup = Myeon « Dong
(Level-3 division)

[ si-Gun-Gu

(Level-2 division)
[ peng « Ri Level-4 division)

Fig. 1. Republic of Kore and its administrative boundaries in 4 different levels

Table 1. List of the data

Initial . . Data format
. . Variables produced Unit /
Name Source | information of the Year X for Use
from the data Resolution o
data spatialization
Administrative Boundary Mapp
MOLIT - - 2023 - Polygon .
) (4 levels) -ing
Spatial
L Ratio of 7 landcover
Data Subdivision Area of Input
ME types to the area 1m Raster
Land Cover Map 22 landcover types . data
excluding forest area
. Input
Yearly electricity MWh Point p
Electricity Statistics EPSIS Yearl om
v production ear.y enerey ) data
production per unit
Handbook for Community KDHCA Yearly electricity area 2019 ~|  MWh Point Input
Energy Service and heat production 2020 data
- National Factory Registrati Area of Input
isti ational Facto egistration npu
Statistics v oReg MOTIE| Area of factory site factory site by m? Point P
Status . data
industry
Greenhouse Gas Inventory
Total greenhouse gas | Total greenhouse gas Label
(Level-1 & Level-2 Local GIR L. L. . COst eq Polygon
emission emission per unit area data
Governments)

Level-1: Administrative divisions of metropolitan cities and provinces (si - do)
Level-2: Administrative divisions of subdivisions in Level-1 (sig ‘- gun - gu)
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157]9] JHRS+E A%
FHIZ 3 (Mapping)St
FAARAY 71222
R = 9 Alsto] 37H] P &9
E JIRES FSSIH olo] FAXAA|L 712 AR
o9 JEREE A AL gD HiEgT Aot
o] FARRAL} 7|1ZAAA $FE0 2 FolE H© HolEAl
(Labeled dataset)yS 7-J5t12m ol 222 HlolH 574
7IH& E3f vloled] 2715 3t 5 - 2 B9l AR
79 49, ok 2 A5 A Hdof fJ¥Ho & -9 5
TO 2 SAulEFo] SE= H Z8EHA

dolEAl] APARZE FIXRA 7E 247tA
QA ERQ} T|ZARA 7|E 247HA JAHNER T AR

AHEZ] 7|9t HE(0]5} ‘Level-1 HE”)
719k me(o]3} ‘Level-2 ZE)
= BASH & 2l HF
o= Group K-fold 22} 283} o]T 1=y
2=ol sk FH9 2 29 RS
golo] 5.2 92 sANESES 245t ofg dI&
e A9 BEABAE 71E2E HEE (Dissolve)sto]
4 PAHT DR BANSA =S ATt &
A7) ATABRES] HE 715 A7 18] 20194
7 2020902 AAsHCh

A

o

H
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T
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2.3.1. BIAHISES=XE 2 DY QaEXg

oS EeAEs BY YRR S8t

=
v o SEA 5] = = = -
HA=H, 442 714 719 S sl Rdo] Agst Az &9 o A4 B9g x| Llste] Azbetact =
] IR e T i e i e o e e e o e S e e T e SR g
1) g Spatial Data - . st GARIGHICE it A S :|
o L 2 Yearly electricaty & heal : =
lli /e ey sy oo | Voot ] rssmaniotet ] wmacrvarucons /|
All and Cover Map pawer p {Community Facility) ghis Dy il
| Geacoding & Aggregate by facilities | \
: U 1100 £/ 11 | L G ———————— N — — i // i .[/ ‘
E | Land based variabl Fa:llhy-baMGvarlabluj == = ‘
Pl i ; - !
5 TN 7| oy nassies /x| ||
o |l v 7 Rice paddy Urban area anergy Total flight Ol industries industries | ‘
c i o Environmental : distance ther H
E [ ] Ranch & farm i production Non-ferrous industs !
A /v / e / wua /[ |
s | _—— . 4
1 A SR b L b B o Bk i A R o T e e AR e S T el et ra s S Er b e et R Bl it M o i S e B P A i
g | R o e e A Carbon Source Data & s - e |
| / Land cover-based carbon source / / Facilﬂy-hased carbon source / }
B i eammar tee T I ™
M ¥ b 24 2 | | / Input variables of dong * ri /
ol Inpust variables / £ Emission per Emission per : Input variables -
B of Level-1 i/ hectare of Level-1 hectare of Level-2 /¢ of Level-2 | | 1
e Il S amy |
: Labeled dataset | gl Level-2 model '
T | of Level-2 | || (B)
R i
A I Data Augmentation l|e | == ‘
:‘ S | ': | [ Emission per hectare X area |
1 | | (s} | f ‘
N N |
G | |
L] s \
(3) |} [ ’: | Emission of : |
w |y i/ (A)Emission per hectare of Level-1 /' (B) Emission per hectare of Level-2  / e | supsmyeon-dong H |
A : i ui | II’ | i |
0 | Group K-fold Validation I all |
A (Both Level-14evel and Level-2-level) | | |
L | |
0
M : / National Inventory of Level-1 & Level-2 / ] | ;
N e e T T ST S R S il S P e e S S R P T

Level-1: Administrative divisions of metropolitan cities and provinces (Si - Do)

Level-2: Administrative divisions of subdivisions in Level-1 (Sig - Gun -

Fig. 2. Flow chart of

Gu)
the methodology
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9o gAAEE 15749 MAE FHEY S EX9E
P13 Heol 3 s B V19 MR FAEE, HAE
o e UjEY] BF FRE FHAOE AT 5 9

L n2) goltt. g WEYE Wl e A4 &
o mIlE P FUS] BANSAEE TEHY
T, SAHEBEAL GIS /¥l THEAF fE8

(Dissolve)& H3T7% %A shape UG 7|EOR 2
ste] HAARA w9, /12ARA B9, 52 99l A4
A2E ARt FAAAL 71 2A4A T U
AEE FAARAG ANZAAA G 2A7A dHE
2ol AYSHA LE WAE BOlUAT gon wupstol
doled Aag FEsoc Y YHtrse B o
&7 A50] AT Fo w9l YARRE BouAT

- X9 - X - 0|2

Categories of CRF Ratio to total
Category l Sub-category emission (%)
Energy industries 0.3622
Fuel combusion Manufacturing industries and construciton 02777
Energy ativities Trasnport 0439
Other Sectors 0:0733 Input variables source data
Fugitive emission from fuels 0.0064 .
< : Energy production
Mineral products 00454
Chemical indsusty O Steel and lron industries
Metal producitan 0.0002 Qil industries
Industnal processes :
Other production Boueo Chelmical industries Statistics
Production & comsumption of halocarbons
00231 -
and sulphur hexaflueride Non-ferrous metals
Enteric fermentation 00072 Metal industries
Manure management 0.007% Other industries
Rice cultivation 00036 i
Airport
Agriculture Agricultural soils 000256
Prescribed buming of savannas 00000 Road
Field buming of agricultural residues 00000 Port
Other 00000 =
Railway Land cover
Farest land
map
Cropland Urban area
Grassland Ranch & farm
LULUCF Wetlands .
1 Rice paddy
Settlements
Other kand nvironmental treatment facilities
Others Carbon sequestration Carbon sink map
Waste (lRES
Wastewater handling 00024
Waste
Waste incineration 00101
Other 00012
Sum of ratio 0:9956

(a) CRF table of national GHG inventory

THA - 0|

Ell

Zoz WBstol 57 w9 ¥iEF o] RAUTHE
(1)), FEAT gL APAE Aol AAA ) AA @
Ao ot $2Y Wy F2 gel wgolt

Value per unitarea, ;, (%) =
Area of Land Cover ;j, / Total Area;

Eq. (1)
i : administrative divisions
J (years): 2019, 2020
k (variables): area of urban, port, railway, road,
environmental treatment facilities,
rice paddy, ranch-farm, and factory sites,

and total energy production

(b) Input variables

Fig. 3. Comparison between CRF (Common Reporting Format) table of National GHG inventory of ROK and

input variables of the model
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A B EXYEAEoA F&51510H s Bl
SUE2 YLE(Raster) FAOE HAHIEEEA L
TZ5t9c}. 22749 mE REFE = 2yl LAJIA 9]
HEZ 9 HE(Sector)S Falolo] vjE&UC R sN=E 4+
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A, SZFAAAY, FIAD, FIAIEAG(S-F
A, 718 "—"—/\]” = AR FEoE, BRI
7b € = ARG ok =2 A = RO
Hasto] MFH0E 79 FEOE AHEFSIH ©4
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sﬁ%ﬁ}uﬂ 01%94 EEE Fuol fE feuszs 2
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AHSBFAEOE HIE FejE BEEUT A
B RO A9, ANBANADY FARIAE B
P 4 glort AT AT LAY B2t obd 719
S92 HuED 9T AR 199 AR A

o MEEe] DA LASA g Ao ol T
FEA el WasEel rese B W
o webd AASAAAR AFFYSSAG] A
¥ A2AY WHOE YUY FBE hAstech. A2
Mol AA wE 127l 2 45 7E0R AU 9
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ZICTE AYEF5Io] ARAL A A7, A A,
WEES AR, 311 A1, 124 A1, Z1E Alo A

Bolslch EA ALl HAAAE ]l AL Aho| XA H
& ol LY== B WA 2 4 JHE §
Eota 3471 HAIE0] QA L AL Yoy AL A

P 4RSS BUBE A%

HAg BT +UE 7
]/H 7]‘1— ]:ﬂ/\‘: O EE]E]
e AsE 2 A

o S Ae ABsge
oA o] F& U dm o4
A REe AHos Aue & JriFg 3).
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2.3.2. HX| SH2RAS HEot XAH| B HAHEF

3

2 A= ARy 719 HA] FHRdo] FFA
AA G D 7 ZAZA &9 oY ARrE A-Eoo

o

9f3t i

L7 EAHERE Sl 9 BRY T 697
A9 gihuEF FHd (|5} ‘LCE ZE" ) F=31%

th 59 LCE 2Eo] 57 &9 dYARE FAUSH
&Y 9 gAuEFS ASok 1 g P8+ A
1§ A&olo] SAHoE FHE T, 7IRAAA &
9, FIAAA =2 FFoto] 49A P ot
gratjE S AREskolh

LCE 4o A&3t 3x] 3FAZDL RSS (Residual
Sum of Squares)o]] L2 TFA|3H(L2 Regularization)S F7}
& Ag H]-&(Cost fuction)Z AR&Ste THEATF 3]
HHo|tH(Eq. (2)). L2 A= ZEo] o] Ao &3t
7FsA 49 Alge] goll vlgste] 7HsA19] 2718 S4
S 5 AEE AU 7HEAY 2717 AdSE Tt
FA Z710] gt A 2t § AR B4l Hot
(Hoetl et al., 1985). o]t 71554] AE B3 EHHS
T HS3AELRE 7R ol ISt AXlE AL 9
w5l o]AFX|(Outlier)of] gt Rd9] HIAEE F:
&K (Overfitting) EAE WA5k= 895 AE &+ 3
= AHL Adth(Duzan and Binti Mohamad Shariff,
2015). o]g|3t EAL WS 7 T AAlo] =1 =gt
9] zko] thr &Rt 54 Y H(Sparse matrix) FEIS
71 A9 dolH g ST & A= BAFH(Overfitting)=
AL & Stk

)

|

RSS, 4, (w0.0) =

Zn:(yi— (waz; +8) ) * Eq. (2)
i=1

b
+A2w?
=1

RSSridge .

w: coefficient, B: bias

cost function of ridge regression

yi: true values, x;; predictor variables
A: lambda (strength of regularization)
i 1,2, >, n
j: 1’ 2’ TN p

SA Sl AR FAAAA &9l E 7] 2R &
g F=H golEd HolHE 747 FYsto] o Ad
HEZH(tCO, eq/ha)S of|&3l= Level-1 ZEi} Level-2
HdS F551%th(Fig. 4). 35 % 452 U Level-1
4 Level-2 HEo] 54 57 &9 dgAEE FYst
of 5] ©9l BT WBH(CO, eqhar oS},
2 Aso] 4YAE A A FHAE F
of 52 U9 FNBF(CO; eqrS AEFAT. 52 &
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698 QM - $HS - XS - DWW - 01QF
g g GHG ¥ Input data
/ Emias;?rlu_gve; :ec:tare / / Emiss‘:?n L;pve;:mzware / / Level-1 / / Level2 / / — /
|
Data augmentation Data augmentation
................................ Dataset of Level-q =g Datacet of dong s i = g Datacetof Lavelka ey
Training dataset Test dataset o Training dataset Test dataset
/ of Level-1 / / of Level-1 / / Inpiikgata ot dong / / of Level-2 / / of Level-2 /
[ |
Scaling by total area Scaling by total area
(except forest land) {except forest land)
Group K-fold Group K-fold
Cross Validation Cross Validation
Ridge Regression Ridge Regression
(Level-1 model) (Level-2 model)
Myt e )
Total emission by Total emission by
dong * ri dong = ri

Level-1: Administrative divisions of metropolitan cities and provinces (Si - Do)
Level-2: Administrative divisions of subdivisions in Level-1 (Sig - Gun - Gu)

Fig. 4. Flow chart of model training, validation, and prediction using ridge regression

[ ] validation set Spatially Split Group K-Fold

- Training set

1 e !

2 ~ | Group Data Augmentation (GDA)
3n i .
Z size, Ck X

.
k=3 .
(]
| @t 3 5 3n = size, 4 fold, & feature values
& number of regions in use for GDA
size; number of the regions in a fold
Spatially-split ——
Dataset S .
| | | I I I
Groupclass 1 2 3 4 5
{Augmented)

CV iteration

Fig. 5. Group data augmentation and group K-Fold cross validation
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Table 4. Coefficients and intercepts of the Level-1 and Level-2 model

Model
. Level-1 model Level-2 model
Variable
Urban area 0.00004034 0.00007561
Port 0.00000606 0.00000507
Railroad 0.00000248 0.00000170
Road 0.00006731 0.00014843
Environmental treatment facility 0.00000000 0.00000020
Rice paddy 0.00000000 0.00000031
Ranch & farm 0.00012016 0.00000000
Airport 0.00000000 0.00000000
Energy production 0.58215733 1.0018809
Iron and steel 0.00812046 0.00000050
Oil refining 0.00482160 0.00000823
Chemical 0.00000000 0.00000474
Industrial Area
Non-ferrous metals 0.0000000 0.00000048
Metal 0.00549156 0.00000099
Others 0.37629577 0.00002736
Intercept 5.2086931 49.259828
Table 5. MAE, RMSE, and R2 of Level-1 and Level-2 model
Model Test dataset year MAE RMSE R?
2019 10,523,878.46 14,647,314.37 0.86
Level-1 Regional GHG
. 2020 16,503,420.96 22,439,346.27 0.62
inventory
Level-1 Total 13,513,649.71 18,543,330.32 0.74
LCE model 2019 1,690,099.73 3,702,103.01 0.75
Level-2 Regional
. 2020 2,121,275.37 5,345,091.41 0.37
GHG inventory
Total 1,905,687.55 4,523,597.21 0.56
2019 8,195,088.16 10,455,690.08 0.93
Level-1 Regional GHG
) 2020 11,940,595.15 18,010,304.72 0.76
inventory
Level-2 Total 10,067,841.66 14,232,997.40 0.84
LCE model 2019 1,568,853.28 2,975,327.91 0.84
Level-2 Regional
) 2020 1,845,196.38 3,952,726.57 0.66
GHG inventory
Total 1,707,024.83 3,464,027.24 0.75

Level-1: Administrative divisions of metropolitan cities and provinces (si - do)

Level-2: Administrative divisions of subdivisions in Level-1 (sig - gun - gu)

Level-1 model: LCE model based on Level-1 Nataional GHG inventory

Level-2 model: LCE model based on Level-2 National GHg inventory
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(both Level-1 and Level-2 model)
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Table 6. Emissions in the level of Si- Do of the Regional GHG inventory, Level-1 model and Level-2 model

in 2019
Unit: tCO, eq
Level-2 regional GHG Level-1 model Level-2 model
Name
inventory Predicted value Residual Predicted value Residual
25,853,156.61 8,978,431.89 8,644,198.78
Seoul -16,389,714.32 -16,723,947.43
(3.78%) (1.25%) (1.29%)
14,736,669.8 11,453,428.50 10,333,370.08
Busan -3,283,241.31 -4,403,299.73
(2.15%) (1.60%) (1.54%)
10,132,888.88 8,775,605.75 8,213,397.22
Deagu -1,357,283.12 -1,919,491.66
(1.48%) (1.22%) (1.22%)
60,978,851.89 66,164,761.27= 52,419,505.22
Incheon +5,185,909.38 -8,559,346.67
(8.91%) (9.22%) (7.79%)
) 5,252,960.67 427,726.55 1,642,148.42
Gwangju -4,825,234.12 -3,610,812.25
(0.77%) (0.06%) (0.24%)
. 5,962,672.20 2,237,987.05 2,759,309.07
Deajeon -3,724,685.15 -3,203,363.13
(0.87%) (0.31%) (0.41%)
45,537,012.44 39,444,895.68 31,198,891.98
Ulsan -6,092,116.76 -14,338,120.46
(6.65%) (5.50%) (4.64%)
. 2,397,493.59 4,201,781.49 4,208,926.75
Sejong +1,804,287.90 +1,811,433.16
(0.35%) (0.59%) (0.63%)
. 79,468,570.15 125,347,147.82 99,666,535.36
Gyeonggi +41,905,518.65 +16,224,906.19
(11.61%) (17.47%) (14.82%)
59,730,504.46 37,210,750.75 42,424,293.84
Gangwon -22,519,753.71 -17,306,210.62
(8,73%) (5.19%) (6.31%)
24,663,728.79 5,286,156.93 15,631,590.08
Chungbuk -19,377,571.86 -9,032,138.71
(3.60%) (0.74%) (2.32%)
153,801,771.80 170,371,067.58 147,023,007.50
Chungnam +16,569,295.77 -6,778,764.30
(22.47%) (23.74%) (21.86%)
20,410,151.23 33,915,242.38 42,211,277.55
Jeonbuk +13,505,091.15 +21,801,126.33
(2.98%) (4.73%) (6.28%)
93,280,112.06 86,737,385.26 89,988,593.03
Jeonnam -6,542,726.80 -3,291,519.03
(13.63%) (12.09%) (13.38%)
18,111,723.39 44,933,592.55\ 41,836,374.24
Gyeongbuk +2,873,822.96 -223,395.36
(2.65%) (6.26%) (6.22%)
59,093,293.54 69,507,469.80 67,523,529.12
Gyeongnam +10,414,176.25 +8,430,235.58
(8.63%) (9.69%) (10.04%)
. 5,173,074.78 2,637,570.13 6,831,462.91
Jeju -2,535,504.65 +1,658,388.13
. (1] . 0 B 0
(0.76%) (0.37%) (1.02%)
712,020,731.12 717,631,001.39 672,556,411.17
Total +5,610,270.27 -39,464,319.95
(100%) (100%) (100%)

Level-1: Administrative divisions of metropolitan cities and provinces (Si - Do)
Level-1 model: LCE model based on Level-1 Nataional GHG inventory
Level-2 model: LCE model based on Level-2 National GHg inventory
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2023; Luo et al.,, 2023; Zhong et al., 2021).
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A=

LCE 29| &g og L5743 JAAA &4
HER T 171 QAREAEAA W 7T 4 @919l 54
SR E FAARA G gauET FEE
Ao g AFet. olHe SRS B9 viETel o
St 3tA I (Hotspot) ZFE=AIH(Coldspot)S W ASEIL of
2 SR oA HAaMEESE SHoE HYEYT
4= Qltk(Olawade et al., 2024). BtABESA| 9] 4 JfA)
9l 5] 9o Gt Ao B WAL 535 kn'
oz @4 728 wavEs THREe AT 100
m’of| 4] 250 km® AtolQl A& TS o, TAMEF
42 98 FE5] FEet = ACE AlgEHT
(Gurney, Liang et al., 2019; Gurney, Patarasuk et al.,
2019; MOLIT, 2023; Patarasuk et al., 2016; Roest et al.,
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2020). B0l T AF Ao ARYRA A12-4
AF % AAH B0l FAo] B AGE] YAl
o 7|2 AR} Bigk HEO] oA S S 9

71, -2 Aol HjEF B wE S4] gt PR
T A SaFYA Aad 3 B8Y A% A9

EX|o] &A1}l AAAof 7]oqT 4= UTH(Kallushi et al.,
2012; Lee, 2023; Seto et al., 2021). T Uo}7} BtAH|&Z
5 @A SUolA A Sl AP 7R sAag
o2 Azt A2 &Y gASSA et AA S, A
= BAPAAE FF0] 7Hest ol ©AaFHE A
= 55 EAS BT BASEAE g

GaAgAEY o he FAAZ 5 9k #
Q.

al., 2017).

ohat, AR Level-2 HEO] 7F5X]7F A5 A1} A]7]
oflgt HAz=o] glow EX|uE 7|vt vjEHoA] Hf
EF dEoA ¥ H5S Btk I Yol gxy
o] YAY EAT e AE, 2A7IA QW ER]
W 2%, 45 gaEde] £ 50| UAth(Gurney et
al., 2017; Hogue et al., 2016). °o]&3t A HS H &5}V
A8l FE oA AAES SFSHAY HAE 39
vd 2o MY 2YE 7T Bt Ack 2R v
SUEF 2740 o] WB QAN A8 WHn g
geisg Heatd AANEE 5T A% 4
HEg Folu HEo] Bk AL LA A HETE &
2 = & Aojth. E3h A gHavEA E=
AR &7 otyZlel, 9 99 5 ot 33 FEE
ol g FAsHA &8&st= d A A% o=
T dAEA Am T 22 AA &9 ARE T =
I FAAES] T4 &9 A=
3t 5= &0 gaulE IR &84S Ftte

But, 247k b
S9 79| AlFAT ol gt BPETT BARE R
oA & AFolM AAsE BFAe S5 Al 24

=

[e] RS
7 dhEe] 1Y 4ol 5L, A9 el o
£FH A s Aol § 47 ojRod = US A

o gAY Y 35 23



AR BASEAIR XIS 2ot XY

o 2AZEA HiEFol 't A&EAQl AlSHE 4 4
HEE & 7 Qe A F=F AAE vidsfjor & Ao
T}(Bistline, 2021; Feng et al., 2016; Fong et al., 2014;
Gurney, Liang et al., 2019; Gurney, Patarasuk et al., 2019;
Kongboon et al., 2022).
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N mRuch NgEIH PHOR HaEFS F7
ket 5 oS YA ok FF B} BEE B
VA ZIe SAE oS BY AL IR A%
o A7t WAL AN G B AT PEG

AA SalE B4 B2 3
A gaEEAY 49 L WS 49T & 9
obje} 34](Top-down) 2 454 (Bottom-up) 2}
g 349 97149 Al 7eig 4 e Aoz Ay
sie. Eg 247k QMES ) uieiE Fa uEYs
o 924 U EANEARE vestdrld] 7124
H23UAY ° EA0|8AY T AAME Bt &Y
Z,:

A

FAAY) HAEATE BEY A9, Y AGY B
ANE 9 BUARE 37408 A5t RES Bt
2 FFL kg 02 ARt

ARAL

E ATE 202W% RS HREAR)] AY
o2 FFATA Y] 2 YNRF-2021K1A3A1A78097879)
I WSRO YU E AT AU o} 4=
g 71247 AgedY SEAT4 Lot o4
2142 AA AT YA(NRF-2021R16A1A10045235)9] A L<
o} Y H AF T

References

Allam Z, Bibri SE, Chabaud D, Moreno C. 2022. The
‘15-minute city’ concept can shape a net-zero urban
future. Humanit Soc Sci Commun 9(1): 126. doi: 10.1057/
$41599-022-01145-0

Bhatt H, Davawala M, Joshi T, Shah M, Unnarkat A.
2023. Forecasting and mitigation of global environmental
carbon dioxide emission using machine learning techniques.
Clean Chem Eng 5: 100095. doi: 10.1016/j.clce.2023.
100095

Bistline JET. 2021. Roadmaps to net-zero emissions systems:
Emerging insights and modeling challenges. Joule 5(10):
2551-2563. doi: 10.1016/j.joule.2021.09.012

http://www.jccr.re.kr



=
=

Of>

fon

710 39H -

Castan Broto V, Westman L, Ruiz Campillo X. 2022. The
role of local governments in international climate policy.
Oxford research encyclopedia of climate science. doi:
10.1093/acrefore/9780190228620.013.842

Duzan H, Binti Mohamad Shariff NS. 2015. Ridge regression
for solving the multicollinearity problem: Review of
methods and models. J Appl Sci 15(3): 392-404. doi:
10.3923/jas.2015.392.404

EPA (United States Environmental Protection Agency). 2022.
2022 greenhouse gas emissions from large facilities.
[accessed 2024 Mar 5]. https://ghgdata.epa.gov/ghgp/
main.do

Feng S, Lauvaux T, Newman S, Rao P, Ahmadov R, Deng
A, Diaz-Isaac LI, Duren RM, Fischer ML, Gerbig C,
et al. 2016. Los Angeles megacity: A high-resolution
land-atmosphere modelling system for urban CO,
emissions. Atmos Chem Phys 16(14): 9019-9045. doi:
10.5194/acp-16-9019-2016

Fong WK, Sotos M, Doust M, Schultz S, Marques A,
Deng-Beck C. 2014. Global protocol for community-
scale greenhouse gas emission inventories: An accounting
and reporting standard for cities. Washington, DC: World
Resources Institute.

Gurney KR, Liang J, O’Keeffe D, Patarasuk R, Hutchins
M, Huang J, Rao P, Song Y. 2019. Comparison of
global downscaled versus bottom-up fossil fuel CO,
emissions at the urban scale in four U.S. urban areas.
J Geophys Res Atmos 124(5): 2823-2840. doi: 10.1029/
2018JD028859

Gurney KR, Liang J, Patarasuk R, O’Keeffe D, Huang J,
Hutchins M, Lauvaux T, Turnbull JC, Shepson PB.
2017. Reconciling the differences between a bottom-up
and inverse-estimated FFCO, emissions estimate in a
large US urban area. Elem Sci Anth 5: 44. doi: 10.1525/
elementa.137

Gurney KR, Patarasuk R, Liang J, Song Y, O’keeffe D,
Rao P, Whetstone JR, Duren RM, Eldering A, Miller
C. 2019. The Hestia fossil fuel CO, emissions data
product for the Los Angeles megacity (Hestia-LA).
Earth Syst Sci Data 11(3): 1309-1335. doi: 10.5194/

Journal of Climate Change Research 2024, Vol. 15, No. 5-1

. _2(_319_ . x|

kT

EN]

essd-11-1309-2019

Gurmney KR, Razlivanov I, Song Y, Zhou Y, Benes B,
Abdul-Massih M. 2012. Quantification of fossil fuel
CO, emissions on the building/street scale for a large
U.S. city. Environ Sci Technol 46(21): 12194-12202.
doi: 10.1021/es3011282

Han J, Meng X, Liang H, Cao Z, Dong L, Huang C.
2018. An improved nightlight-based method for modeling
urban CO, emissions. Environ Model Softw 107: 307-
320. doi: 10.1016/j.envsoft.2018.05.008

Hoerl AE, Kennard RW, Hoerl RW. 1985. Practical use
of ridge regression: A challenge met. Appl Statist 34(2):
114-120. doi: 10.2307/2347363

Hogue S, Marland E, Andres RJ, Marland G, Woodard D.
2016. Uncertainty in gridded CO, emissions estimates.
Earth’s Future 4(5): 225-239. doi: 10.1002/2015EF000343

Huang C, Zhuang Q, Meng X, Zhu P, Han J, Huang L.
2022. A fine spatial resolution modeling of urban
carbon emissions: A case study of Shanghai, China.
Sci Rep 12(1): 9255. doi: 10.1038/s41598-022-13487-5

Huovila A, Siikavirta H, Antufia Rozado C, Rokman J,
Tuominen P, Paiho S, Hedman A, Ylén P. 2022.
Carbon-neutral cities: Critical review of theory and
practice. J Clean Prod. 341. doi: 10.1016/j.jclepro.2022.
130912.

ICLEI (International Council for Local Environmental Initiatives)
East Asia. 2022. 2022 annual report. Seoul, Korea:
Author.

Kallushi A, Harris J, Miller J, Johnston M, Ream A.
2012. Think bigger: Net-zero communities. Proc ACEEE
11: 115-127.

Kang HS, Park JS, Im ES, Ahn YH, Jo MS, Yoon EJ,
Lee YJ, Park JH, Hong NE. 2021. Greenhouse gas
mitigation strategy in the unit of local government and
in spatial unit. Sejong, Korea: Korea Research Institute
for Human Settlements. KRIHS Issue Report No. 51.

Khazini L, Kalajahi MJ, Rashidi Y, Ghomi SMMM. 2022.
Real-world and bottom-up methodology for emission
inventory development and scenario design in medium-
sized cities. J Environ Sci 127: 114-132. doi: 10.1016/



RIRHH| BASEA|

jjes.2022.02.035

Kim JS. 2022. Engagement of local governments into
carbon neutrality and their action plans. Climate Change
and Carbon Neutrality 23: 26-35.

Kim TH, Lee JY, Song SK, Song JK, Kim G, Kim T,
Kwon Y, Hong S, Neubert M, Wolfgang W. 2024.
Integrated management plan for local government land-
environment planning considering carbon neutrality.
KEI Res Briefs 12(1): 3-9.

Kongboon R, Gheewala SH, Sampattagul S. 2022. Greenhouse
gas emissions inventory data acquisition and analytics
for low carbon cities. J Clean Prod 343: 130711. doi:
10.1016/j.jclepro.2022.130711

Kuenen J, Dellaert S, Visschedijk A, Jalkanen JP, Super I,
van der Gon HD. 2022. CAMS-REG-v4: A state-of-
the-art high-resolution European emission inventory for
air quality modelling. Earth Syst Sci Data 14(2): 491-
515. doi: 10.5194/essd-14-491-2022

Lee WK. 2023. Climate smart forestry in the era of
carbon neutrality. Seongnam, Korea: The Korean Academy
of Science and Technology.

Li Y, Chen M, Montero D, Abraham B, Jin Z, Akagi J,
Kang S. 2021. Comparative study on low carbon city
development in China, Japan, and the Republic of
Korea. Incheon, Korea: UNESCAP-ENEA (United Nations
Economic and Social Commission for Asia and the
Pacific East and North-East Asia Office). NEASPEC
North-East Asia Low Carbon City Platform.

Li Y, Qian X, Zhang L, Dong L. 2017. Exploring spatial
explicit greenhouse gas inventories: Location-based
accounting approach and implications in Japan. J Clean
Prod 167: 702-712. doi: 10.1016/j.jclepro.2017.08.219

Luo H, Li Y, Gao X, Meng X, Yang X, Yan J. 2023.
Carbon emission prediction model of prefecture-level
administrative region: A land-use-based case study of
Xi’an city, China. Appl Energy 348: 121488. doi:
10.1016/j.apenergy.2023.121488

Mardani A, Liao H, Nilashi M, Alrasheedi M, Cavallaro
F. 2020. A multi-stage method to predict carbon

dioxide emissions using dimensionality reduction, clustering,

o
Pal
10
mjo
40
7ol
Rl
e}

TFE BAIEERE VY H 28 Ut 711

and machine learning techniques. J Clean Prod 275:
122942. doi: 10.1016/j.jclepro.2020.122942

MOIS (Ministry of the Interior and Safety). 2022. Administrative
division and population of local governments.

MOLIT (Ministry of Land, Infrastructure and Transport).
2023. Emission/sequestration estimation methodology. Carbon
Spatial Map System. [accessed 2024 Mar 4]. https://www.
carbonmap.kr/methodology.do

Nie W, Ao O, Duan H. 2023. A novel grey prediction
model with a feedforward neural network based on a
carbon emission dynamic evolution system and its
application. Environ Sci Pollut Res 30(8): 20704-20720.
doi: 10.1007/s11356-022-23541-4

Olawade DB, Wada OZ, David-Olawade AC, Fapohunda
O, Ige AO, Ling J. 2024. Artificial intelligence
potential for net zero sustainability: Current evidence
and prospects. Next Sustain 4: 100041. doi: 10.1016/
j-nxsust.2024.100041

Park JK, Kim HH, Lee WD. 2022. Measures to strengthen the
implementation of local governments’ policy towards
carbon neutrality. Technical Report 2022-08.

Patarasuk R, Gurney KR, O’Keeffe D, Song Y, Huang J,
Rao P, Buchert M, Lin JC, Mendoza D, Ehleringer
JR. 2016. Urban high-resolution fossil fuel CO, emissions
quantification and exploration of emission drivers for
potential policy applications. Urban Ecosyst 19(3): 1013-
1039. doi: 10.1007/s11252-016-0553-1

Rankl, F, Collins A, Tyers R, Carver D. 2023. The role
of local government in delivering Net Zero. London,
UK: The House of Commons Library. Debate Pack
No. CDP-2023-0122.

Rhoden I, Vogele S, Ball C, Kuckshinrichs W, Simon S,
Mengis N, Baetcke L, Yeates C, Steuri B, Manske D,
Thrdan D. 2021. Spatial heterogeneity - Challenge and
opportunity for net-zero Germany. https://www.helmholtz-
klima.de

Roest GS, Gurney KR, Miller SM, Liang J. 2020.
Informing urban climate planning with high resolution
data: The Hestia fossil fuel CO, emissions for Baltimore,
Maryland. Carbon Balance Manag 15: 22. doi: 10.1186/

http://www.jccr.re.kr



o
o
Of
2t
fon
el
Ol

712

$13021-020-00157-0

Seto KC, Churkina G, Hsu A, Keller M, Newman PWG,
Qin B, Ramaswami A. 2021. From low- to net-zero
carbon cities: The next global agenda. Annu Rev Environ
Resour 46: 377-415. doi: 10.1146/annurev-environ-050120-
113117

Shin DS, Jung DJ, Kim HS, Hwang JW, Park JH, Shin
YK, Bin EM, Choi JH, Kim JR, Lee MN. 2017.
Guidelines for local government greenhouse gas inventories
(Ver.4.1). Incheon, Korea: Korea Environment Corporation.
K-eco(2017)-RF10-21.

Shin SK, Son JS, Lee DY. 2023. Improvement strategies
of urban space policy for the fulfillment of carbon
neutrality. Sejong, Korea: Korea Research Institute for
Human Settlements. Land Policy Brief No. 919.

Tsagatakis I, Richardson J, Evangelides C, Pizzolato M,
Ben R, Hows S-M, Pearson B, Passant N, Pommier
M, Otto A. 2023. UK spatial emissions methodology -
A report of the national atmospheric emission inventory
2021. https://naei.beis.gov.uk/reports/reports?report id=1112

UNFCCC (United Nations Framework Convention on Climate
Change). 2018. Paris Agreement to the United Nations
Framework Convention on Climate Change.

Wu X, Tian Z, Guo J. 2022. A review of the theoretical
research and practical progress of carbon neutrality.
Sustain Oper Comput 3: 54-66. doi: 10.1016/j.susoc.2021.
10.001

Zhong S, Zhang K, Bagheri M, Burken JG, Gu A, Li B,
Ma X, Marrone BL, Ren ZJ, Schrier J, et al. 2021.
Machine learning: New ideas and tools in environmental
science and engineering. Environ Sci Technol 55(19):
12741-12754. doi: 10.1021/acs.est.1c01339

Journal of Climate Change Research 2024, Vol. 15, No. 5-1



	지자체 탄소중립계획 지원을 위한 지역 수준 탄소배출모델 개발 및 활용성 평가
	ABSTRACT
	1. 서론
	2. 연구 재료 및 방법
	3. 연구 결과
	4. 고찰
	5. 결론
	References


