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Forecasting Residential Electricity Consumption Considering Climate
Change, Socio-economic and Spatial Factors
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Abstract

Residential electricity consumption is influenced by climatic, socio-economic, and regional spatial factors, underscoring
the need for accurate demand forecasting and effective energy management strategies. However, research explicitly
integrating the combined effects of these factors remains limited. This study examined the key determinants of residential
electricity consumption in South Korea to develop a machine learning—based forecasting model. Using data from 2008
to 2022, a fixed-effects panel model was employed to identify significant climatic, socio-economic, and regional spatial
variables. The SelectkKBest algorithm was then applied to determine the optimal set of predictors. Subsequently, a Long
Short-Term Memory (LSTM) model was used to forecast electricity demand, and Permutation Feature Importance (PFI)
analysis was employed to evaluate the relative importance of each variable. The results revealed that climatic variables,
including the average temperature, heatwave days, and average relative humidity, had the most substantial impact. Socio-
economic variables, such as the electricity sales price and workdays, also played important roles, while the number of
households was a key regional spatial factor. The proposed model achieved a Mean Absolute Percentage Error (MAPE)
of 3.82%, demonstrating robust forecasting performance. These findings highlight the importance of prioritizing climatic
variables while incorporating socio-economic and regional spatial factors into electricity demand forecasting. The results
provide actionable insights for energy management and support the development of adaptive strategies in response to
climate change.
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A F=71AQ1 ol R] &8]7F EAECH Viachokostas and Mada-
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Figure 1. Per capita residential electricity consumption by
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71% dlole= 7143 7|42 Z9(Korea Meteoro-
logical Administration, KMA)ollA HF= 3o, H=9] F
W75 (Automated Synoptic Observing System,
ASOS)llA] =% tlo]& & &-&313irt.

=5 44 HolH s £ HYS 1Bisle] 2 anE
@st7] fl8l LEEich, 28 avgt 54 A, A, ¥
e} AlellA 81742 Q 71 MEoly g ¥3Tt YEh
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KEPCO9| =g AoNA AFE e, olF 3l Al &
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7+ 4= Hlolel= AR (Ministry of the Interior and
Safety, MOIS)elIA] AFE S on, 4 U= vt &
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B, A3} E F3F 20§48 e,
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= ok FA7]20] G35t 12T °J81el E9| & A3t
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o} Rt SR 713 48E Y ol471F WsEA,
747 9 2 P a8 S7AA Y TS B0l 292
2 28 A= st (™ D+ 97 7131 20083+
E 20229714 8. 7]F ¥4=9] FAE e,

AR BAA WeRe 25 99(WORK), Z2UH9(COVID)
4 A9 Sd7HPRICE)E 235t 2F Y= FE40 &
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Figure 2. Monthly trends of climate variables
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off A4 M AMgEF wsh= ok dof whdElE 497t gt
uheba] B Ao o)t X9 IS wHdElr] $13) 27HE
AAE A g3t A9 714l A5, avRE o B
2 £0)7] 913 A A 8L 28} EE TS R Ao 7MY
Eioil=g

A FH WSR2 e, 7 $(HOUSEHOLD)% EAIA 9 ]
&(URBAN)E AMg3H3Lt, 7HF o= 558 Aldi& <Ju)st
o, 71t 7 e A o) A9 avt g bk A
A A= AgEko] Z71E Aoz 7Pyt EAAY HlgS
BT Y mARGoz BRE wao] AH WA 2|5}
£ ueS vehyin, B3} $50] £2,E QZet Y 24 Y
A7t Z71ste] A8 a7 3718 Ao oisit.

(G D2 2 dFoA ARgRE wigee] Ao, o d 8ok B4
22 714 A2 Al Aol

5 24 29

& Aol e FEE A AR o5 Hl8) Al gA12 2
AL SHBIACH 3). A, i 14 83 2FE ARE3}o]
FEE 1Y Aol FFLE vAE 8 84F W $AFL
Z Foljh s AT EA, SelectKBest = A9 7]
HE 2831 S A2 AL ¢ e W 2}E EET)
ALt ol BE RS ARgShe o) 4 HA9 o5 45E
RS o v R AlE Ipgo] WRshy| wiEolot, vpA|gt
o2, [STM RE& &gslo] Feg A8 AL oS3,
PFI 7|02 W59 TR EE WIS

1) i 1 g0t 2%

ad 1y a3 B2 A 9E S5 22 A af §AE
IRQTO =N AA) 7t 2folE FAIBEAL A7l whE A f 3t
E 24T = glen, olF B3 FER HolE ARt 4= 9l
cHHill et al., 2020).

2 Ao B4 232 o3 22 g &4 fAeE w9
A,

Y, = B+ A1 TEMP, + p,HUM,, +B;HEAT,, +
B4COLD, + B WORK,, +BsCOVID, +
B, PRICE,, + BsHOUSEHOLD,, + W
BoURBAN, +u; +c,
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Table 1. Variable definitions and descriptive statistics

Variable Description Unit Mean  Std.dev Min Max
Dependent HOUSING_ELEc ~ Monthly electricity GWh 569305 80535 444577 926903
variable consumption for residences
TEMP Auemgemonthly C 1268 038 553 27.00
temperature
HUM Average monthly relative % 68.05 848 5039 8534
humidity
Climate Number of days per month
HEAT with maximum temperature  days 1.06 272 0.00 16.60
above 33°C
Number of days per month
COLD with morning minimum days 060 144 0.00 10.00
temperature below —12°C
Independent Actual workdays per month
variable WORK excluding weekends and days 2076 138 16.00 23.00
holidays
Socio- Period after the first
economic COVID confirmed COVID-19 case 020 040 0.00 1.00
(0, No; 1, Yes)
Monthly electricity selling KRW/
PRICE pricelagoed by twomonths  kwh 11245 1344 7928 15979
HOUSEHOLD Humberof regeiered count 211e+07 1.44e+06 187e+07 2.37e+07
Regional households
spatial ithi
: URBAN Stxe:ol Ut sa daihin % 1581 016 1542 1599
each administrative district
o : 2) = MEf 7|8(SelectBest)
Analysis Using Panel Fixed Effects Model

o Analysis of key factors influencing residential electricity consumption
o Selection of statistically significant variables

l

Feature Selection Using the SelectKBest Algorithm

o |dentifying the optimal set of features that can improve the
performance of the prediction model, based on significant features
identified in the panel analysis

Prediction Using Long Short-Term Memory (LSTM) Model

o Prediction of residential electricity consumption
o Analysis of variable importance contributing to model performance
improvement using Permutation Feature Importance (PFI)

Figure 3. Flowchart of the research

o, = WL, it ARTE Uehich, Y Al
Zelg HE 8T, B HAASE, ui AP A 2
§o) 14 BNE, ¢, S OJulaict,

SelectKBesti= th¥gt A= A5 L83l Aol Fouigt
AW S 2= BeE AEsH: ZE WA (filter method)2] ¥
T AY 7oz, ALt ulgo] Wa o] HAsItHDesyani
et al., 2020: Otchere et al,, 2022), A4 T 55 H=0)
5 ¥ 19 A4 BAE B8l s FaEE PR
2 Z781%(Senan et al., 2021), & AFlA= AF 314 7Rt
9l f regressiong A4 TE 285190

W7 B SR g o g ookt KekE A4Sy, ZH K
of di8fl k-E= WA} 45L& w6t wat A5 vlolHE
K7le] 4% FEo® Ue §, 4 78 A5 AER ¥idot
AMgSH Rdg T 9 Hrishs WAe® AEaL, Bt
AlF 22HMean Squared Error, MSE)E 7|%22 A5& H
Wi}, HFA o2 MSE7L 7H W2 KatE Aleisto] 2dlo)
A% A& 2 Zslstqrt

SelectKBesti= 9IS ¥} T4 ¥ 7H9] 3414 AB4S
214 Hr9 e 4= 91°] wrapper 4104 embedded A E.C}
231 A2 Q] ¥4 Ago] 753t Bommert et al,, 2020),
olgigt §4Z tfdt diE 2] 384E wolal, Y
tlole g7gofA W= AEe] A8/ w2
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3)LSTM 7|gH 0| & - B2F BN

LSTM2 Al A HolE 2] 7] &S Az oz vofd
4 %= RNNQ| 3 FR/E, 7]87] &4 415 7IAdst 10 A
b Bk ARE o & 7198kt AEE 4= ArHHochreiter
and Schmidhuber, 1997; Karim et al., 2018; Muzaffar and
Afshari, 2019). Hlo]&] A]2] IgolA= e WS 03 1 A
ol9] Hol= =437] fI3] Min-Max B3 283152,
ol& B3l M 1t 2AY Aol AAsIaL 2 5o S
EXc E3L 1270 AR AAE HolHE dBes A3y
olF AR AS3IE=S T AA dHolee &9, A%,
HAE AEZ 2asle] a9 Uulst 452 F7I5igen, o
£ 59l TAE UH)si. 29 gk IFollAl= Bayesian
2 A3tE T wiA] 27], o F <, 27] 35 E, ISTM 4 &7,
Recurrent Dropout H|& 59| 8 sto|#uletu|g S F74s}
Qe 4% F0| & Aol 27] £23H: Early Stopping
7|¥H& Agsto] BAE WA, o)2g A W
W& 23l 229 oS 45 FAgelar 4Rk} s e &
B33t

29 dF 4% B7hs B Adl 223HMean Absolute
Error, MAE), %+ A& 27HRoot Mean Square Error,
RMSE), W A 92 2xH(Mean Absolute Percentage
Error, MAPE)E Ah831 =34315itt, MAE: A o3
e Adj &pole] Hetolvi(Rajagukguk et al., 2020), RMSE
£ 9% 22 Algel Batoll digt AlgoltiHodson, 2022).
MAPEE &3 A7 Alel9] HAE 939 Hios
(Morley et al., 2018), 229 of}% HEE 2| WA 0 = ujofs}
< o E&& £

o|% ISTM 24 of|& 235 v 2.2, PFIE 283t 4
9 FREE F7ISIH. PRl W4 FO5EE AFHCR 4

Table 2. Results of fixed effects panel analysis

&3, 9% 4%l 7108k HsE Adshe o &84
(Molnar et al,, 2023), PFI AlAFHPHE- c}ea) 7t} WA 7]&
2AZ HAE AEY iRt d5& 351, 71& MSES 53
ok 2 F 54 Mo IS FERE Al EE dHolHE thA|
d&s}al, A% WS 245 HKaneko, 2022), ©] A& =
+ ¥l di3f XiEshe, Mg A0S U s A 25
24 o] Fag q¥S S A2 75

v, g+ 23
1. I 8 Sat2A Zat

g 24 a7 2y £4 Fiks (& 29 2 gttt a4
7k g A8 o] FAH LR {7t S v|AE= AL
2 219

71% 84 F Bt 7123 Bt AdiaEe B FEE AT
off frolgt Y vetich. Bt 7120] 1T A5 wf 1 A
B2 71.59MWh Z25FATHTEMP coeff, = -71.59, p=0.00),
B 7122 i o s W =88 FVMZIAINL, ddiFes
W2 7] 204 I e A 5t o 24 2Hgste] AR A
g Aol B0l AHE Btk Bt s 1% 571
S uff A AR 51.50MWh S THHUM coeff. =51.50,
p=0.00). ¥ 5= 2= I 8 F7I= A3 A &
7} B S Bk FAYset et 94 A9
ARGl Foldt dFE A FALSTL 85 sold | A
 AREFS 469.21MWh F7ISFIL(HEAT coeff. =469.21,
p=0.00), #HdF7} 37 Sold W WY ALFS
161.75MWh F7FFATHCOLD coeff. = 161.75, p=0.00). =
29l 718 270] A ARgFo] 2 FEE S HolErh

Variable Estimate Std. Error t-value p-value
TEMP -71.69%* 312 -22.96 0.00
HUM 51.50™* 280 18.38 0.00
Climate
HEAT 469217 6.77 69.31 0.00
COLD 161.75%* 11.13 1454 0.00
WORK -295 26™* 13.41 2202 0.00
Socio-economic coviD 628 91 4989 1261 0.00
PRICE =21 474 1.38 -16.61 0.00
; : HOUSEHOLD 0.35™* 0.00 197.78 0.00
Regional spatial
URBAN 55.40™* 899 6.16 0.00

R-squared 0.60
Ad). R-squared 0.59
#0<0,001, #p<0.01, *p<0.05.
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APR7EAA 84 ERE A8 ARGl fold 9% viHh
T 457t 3H sofd o) A AN 295.26MWh F43)
ATHWORK coeff. =-295.26, p=0.00). = ZEAEC] +5Y
of 9 F o= A3 7ol = Alte] EolEHA A &
8|7} Zashs S wHgsit 229 7)ol AE AR
o] 628.91MWh F7FFATHCOVID coeff. =628.91, p=0.00).
e o2 gk AR A Agtat A2 ) 74y 8 AN
F 37IE ol AES AR, Y By 1Y Asd o
A8 ARFE 21.47MWh Z43HACHPRICE coeff. = -21.47,
p=0.00). 8 717 AFzo] WY AE-S A= adE 7HIg:
€ HE HAE,

A FH] 84 AA) FEE dY ARGl folt 9FE U
ERt, 7t 471 & 7 3718 ) 9 AR 0.35 MWh
27Vt tHHOUSEHOLD coeff, =0.35, p=0.00). 7t <= 57}
£ QI3 A9 407} w2 =w] AA 28)7h sous ZFe] B
o, EAA S vl&o] 1%P S7Fe o] A8 AR 55.40MWh
Z7FIATHURBAN coeff. =55.40, p=0.00), A2 &8]7} $2
A 27t ARt EAX HoA iAo 52 4] FA
o] Uyt

2. SelectKBest &A1 21}

g 17 a3 248 B3 BAAHCE foRt WeE =%
H, SelectKBest 71'E 2-8-510] A AMGEF 3o F88 ¥
& Al (A" 9+ A" W Jleo] ©E MSEY
WSl Hojirt, W= At 71l et MSEZF 82k A
atod e ol AT} SHEE A S U 4 9l

opeFet K 4k vlagt A3, K71 9% uwf MSE7} 242,5592 7
7 2outt, olF B3l wig BAA =9 o7lle] W BF
s Ao| BEl Ae-S AAS= d] 7P AU #
a3t

242 559
254311

256,192

291,670
288,783
392 237

387,534

K
- N oW B oG ® - & ©

386,410

200,000

250,000

300,000 350,000
Mean Square Error

400.000 450,000

Figure 4. MSE changes with number of features

3.LSTM 7[dt ofl= & He SR M 2t

1) LSTM 0iIZ &5 F7t

SelectKBest 7|H 2.2 ATEHE 97]j2] M5 Bl o2 [STM
2EE shgdto] FEIg HE AMEE A&t (& 32
ISTM 29| o3 A5 H71 A5 vehdch &3 AEA
LSTM 2&-2 MAE 184.97, RMSE 238,51, MAPE 3.35%2] 4
T Boln, A o2 ShGE| S-S U 4 Sl

A% NES 9 dips A w2 YAEE BSoH Y
5). A% NEoA MAE= 155,95, RMSES 203,50, MAPEE
2.66%51.0-H, tiREe] 717 oA ofSgho] AAgkel A8
t}, o= 2] glolE 9] 8 AIE F AL HolE
o}, ok, AF 1 780l diSgho] AR ot A o
Zo] WA}, ol= TH oA 9EE 8 5% HEE
wdo] 7sHA| shgdt AR SfAdct, 2y T A1E A

2 ojd 2] F5HA g%l ol Qs YRSyt i
&3l g3t ALE Hlr},

HAE AEAE AR sjglo] Yepgti1d 6). HIAE A
Eof|A] MAEE 263.72, RMSE+ 346.76, MAPE 3.82%2 3

Table 3. LSTM performance metrics by phase

Phase MAE RMSE MAPE

Train 18497 23851 3356

Validation 156.95 20350 266

Test 26372 346.76 382
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= —— Actual
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g

g 7,000
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Figure 5. Validation result: predicted vs. actual consumption
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Figure 6. Test result: predicted vs. actual consumption
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gEon, Bdo] 22 glojE M= PgAQl oS e
AR BUT 4= A, o7 A= LSTM Bdo] 53t
g AIAIE glolgofirie ExpA oz HES ShEsial, AR}
AR ASEE AT e AR T, AR AR
A St ARk Aelel F3iet 27t eyt 20201 9
At 20224 8¥ofl= Aol ojlH oz FF3gon, 2d
< OF 33| WHgskA| H3l T oS0 WS 202019 9
o] AP diSgk AARET Wokon, o) F 7oA 9
o] A2 A= AREE Ao Rdo] SE37] e
o2 #ehET 20221 8EoE AA| 287} 2 FELE BF
StRoL A5k A F& WEPA] Xan. ol & T
ZhollA 687E] HRIZR] s BF0] olofA|aL, 78 8 Aol
AT 48| ST RERA 0 R yERd vhE, 202230 697t
| 28171 A H 78 271 3%, 8HolE ol F 0] A
S8 Ho| 9= € A= FAdnt, BE2 wEFo|n HY
A9l =8 Wsl= AR, FAsAL o2)2el WEele
Ao 2 4 32 AR,

2) B ZQE BN

(¥ 7)2 PFL &4 408 vtA 202 Yepd Ao}, &
A 4y QY Bt 712 22 FE G & 58
g Hglon ol STAQ 7I1F 270 AY £8 % 24
9] el Fa% 71F2 84YE HoE, 449 Fa% ¢
& ZHYF7T 486,622,499, Ht 7120 180,786.67, Bt Fh
%7} 151,857.212 YT, fHa= 60,533.702-2, T 7]
T gbof vle] AddjFoR Y2 FREE Bt o) gl
7HHE 71§ MR 29 45 g 719 383-E Qulgi,

v, AR AA 9 A 37 el A wojdrl, 25 9
7, AR, 71 4=, BAIA Y HIE-2 715 HeRTh AF o
2 W32 FAEE Hd o8 Fak 2 A dojdrt
37,653.33, &5 U< 16,563.37, LELH9 1,631.53, 7H- 5
28,578.30, AR HI& 1,024,082 UHEFSITE

ol&gt k= ABIAA B X9 FHH 8450] oS 29
A5 ol 7198k BTt ddiH o8 Weks-& AR, A
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T
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Figure 7. Permutation feature importance (LSTM)
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g gofld7s A5 AR oy 85 AAo| net A 713E A E]
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A0 M, 25 daee AL 29 VIR F2E
EEHSE, F 8 UE 93 9¥E & 5= A7)
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5 452 FEE7ols T UNE Aoz Bl I=119
€ 43 A 7i Hieg, B4 Ao -8 el 9%
< vlFeu 8 71t Qlefle el gAY vlujste] Bdlo] &
Qujgt sl o2 shgdirlols AdAo|NE AL FAH
RHH, EAR G vlgR 7 e BT 299 By a1y
A AE2, ¥g}t Fo] Zal L33 AFA oY F714S B
Al ot AAE E M2 BE5P7] o= A7 AME A=
wehE

Vs

Y
rhu

£ A = U8 A8 AN g3 & BEHoR &
th, ol & 3l 713, AR AA, A Y U 84 FTUHCE
A8k, dd B4S 59 S8 AY 2Ho 9§ v =
HEE =551 ©0]o14] SelectKBest 78-S 2-§3to] o
2 o] 71k ¥ 2FE AR, o HECeR
LSTM 28 5310 ule] He AN A3t vpA]et
52 PHI 7| E831] Wi SRS YA Wrgtoz
A, g2 249 5ol 2 9FLE VA= F8 84F st

g 84 A, 7|1 &, ARAAE, Y 373 840 &3k
cheFet M) g A AR Ak AR Yt
it 712 A2 ALE P 8 Ao wRio] leH(pil-
li-Sihvola et al., 2010), °l= 7|2 4522 gt ¥ 22 F
ZhEct Wl s Gt o 27 2g-8k7] diiolct, Bt A
FE7h oA ARt 2571 AFsste] W o |2 2H7E F7t
B3l (Rastogi et al., 2021), FH L} A7} SoldS
B A gzt et i 71719 ARgol BE Fkst e &
47} S5%HZuo et al., 2015 Kim et al., 2022 Afel et
al,, 2017). oJEd EX A& AREC] Foll viFe At
o] ZojA|aL, tFt A7) 71719 AMgol SojubAl AE 4]
7} #2712 Z7HHGuo et al,, 2018),

NERAA 84 F 25 e A9 ASHE S0l 8%
Z g5, 2F 47t BEE 7Pl A AN
ZAGHLOrinez et al,, 2021), $HH, F21H9 7|7kofl= 2
o578 8% 1R U3 8 A A A 718
tHKrarti and Aldubyan, 2021), E3H A9 ot Ak
H 28R A7|8go] RS =703 ol vR] Hoky 7HAIE
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A 94 5 A8 gl 71t ¢, TR e Yo 22
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