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Tém tit:

Nghién ciru dé xudt quy trinh tich hop gitta dw bdo phy tdi da khodng thoi gian (15 phiit, 1 gio, 24 gio) va toi
wu hoa dich chuyén phu tai cho nha may DAEWOQO Steel nham loai bé triét dé ro ri dir liéu theo thoi gian.
Tap dac trung duoc thiét ké nghiém ngat tu dit liéu lich s kha dung tai méc dy bdo dé so sanh cdc mé hinh
hoc mady (Random Forest, XGBoost, LSTM va mé hinh lai hai tang). Phwong phéap Conformalized Quantile
Regression (COR) dwoc tich hop dé lwong héa d¢ bat dinh qua khodng dw bdo P10-P90 hiéu chinh. D béo
truée 24 gio sau dé dwoc dwa vao mé hinh Quy hoach tuyén tinh nham phén bé phu tai linh hoat, gidm chi
phi va ha phu tdi dinh. Thuwc nghiém chi ra sai sé tang dan theo horizon (MAE tir 2,690 kWh ¢ 15 phiit lén
~8,000 kWh & 24 gio); mé hinh lai toi wu & khodng ngdn nho phén logi tot ché do van hanh, trong khi mé
hinh phdn vi P50 dan dau ¢ moc 24 gio. Két qua khang dinh tinh kha dung cia ddc trung dau vao va ddnh
gid da khodng thoi gian la cot 16i cho diéu dg nang lwong.

Tw khoa: du bao phu tai dién, san xudt thép, du bao da khoang thoi gian, ro ri dit lieu, dinh lwong bat dinh,
16i wu dich chuyén phy tdi, quan Iy nang heong cong nghiép

Machine learning-based energy consumption forecasting and optimization in
heavy manufacturing

Abstract:

This study presents an integrated framework combining multi-horizon load forecasting (15-minute, [-hour,
and 24-hour) with load-shifting optimization for the DAEWOO Steel plant, explicitly eliminating temporal
data leakage. Leakage-safe features derived strictly from historical data available at prediction time are used
to benchmark Random Forest, XGBoost, LSTM, and a two-stage hybrid architecture. Calibrated P10-P90
prediction intervals via Conformalized Quantile Regression (COR) quantify operational uncertainty, while
24-hour day-ahead forecasts are embedded into a Linear Programming model to optimize flexible load
shifting for peak reduction and cost savings. The results indicate that errors scale with the forecast horizon
(MAE from 2.690 kWh at 15 minutes to approximately 8,000 kWh at 24 hours). The two-stage hybrid model
excels at short horizons via regime classification, whereas the P50 quantile regression performs best at
24 hours. The findings confirm that input data availability and multi-horizon evaluation are critical for
practical industrial energy management.

Keywords: power load forecasting, steel manufacturing, multi-horizon forecasting, data leakage, uncertainty

quantification, load-shifting optimization, industrial energy management.
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1. Dit van dé

Nganh St thép chiém khoang 7% phat thai CO2 ctia hé thong ning luong toan cau, ty 1 nay ting lén
khoang 10% néu tinh ca phat thai gian tiép tir nganh dién, chu yéu do luyén kim va can thép st dung nhiéu
dién nang (IEA, 2020). Trudce ap luc gia dién bién dong va cam két giam phat thai, quan 1y hiéu qua dién
nang tiéu thy da tro thanh yéu cu van hanh cép thiét d6i voi nha may thép.

Hoc may duogc xem 1a mdt phuong phap phu hop dé du bao mirc tiéu thu dién nho kha nang mod hinh
hoa cac mbi quan hé phi tuyén giita dic diém van hanh va nhu cu dién ning. Tuy nhién, viéc tng dung
trong thuc té van tiém 4n 4 rii ro phuong phap luan thudng bi bé qua: 1o ri dir lidu theo thoi gian khi dung
céc bién do dong thoi v6i thoi diém can du bao; thiéu khung déanh gia nhat quan cho nhiéu horizon; thiéu
dinh luong d6 bat dinh; va thiéu két ndi gitra dy bao voi mot quyét dinh van hanh cy thé.

Nghién ctru sir dung bo dir liéu Steel Industry Energy Consumption, thu thap qua hé thong giam sat dua
trén nén tang dam may cia DAEWOO Steel Co., Ltd. (Han Qudc), gdm 35.040 quan sat chu ky 15 phut
trong nam 2018 (V. E. Sathishkumar et al, 2021; W. T. Al-Shaibani, et al, 2023). Ttr d6, nghién ctru dé xuit
mot khung dy bao dién ning tiéu thy da horizon (15 phut, 1 gid, 24 gid), tudn tha nghiém ngit nguyén tic
tranh 10 ri dir liéu, ddng thoi gan két dy bao voi dinh lugng do bat dinh va mot bai toan ra quyét dinh van
hanh cu thé, nhim phan anh ding nang lyc du bao co thé trién khai trong thuc té.

2. Tong quan nghién ciru

Nhiéu cong bd trén cung bo dir liéu dung truc tiép cac dai lugng dién do déng thoi v6i bién muc tiéu -
CO2, cong suit phan khang, hé s cong suit - lam dic trung dau vao, dat hé sé xac dinh R? gan nhu tuyét
d6i (>0,99) (Bernardo-Sanchez, 2026; N. Adar et al, 2026)); mot nghién ciru khac ciing dung cung tap dic
trung nay (bao gdm CO2, céng sudt phan khang, hé sé cong suat) véi mo hinh hoc sdu LSTM/GRU, danh
gia baing MAE/RMSE thay vi R,

3. Phuwong phap nghién ctiru

3.1. Khung nghién ciru tong thé

Nghién ctru dé xuat mot quy trinh tich hop giita dy béo dién ning tiéu thy bang hoc may va tbi wu hoa
dich chuyén phu tai trong moi trudng san xuit cong nghiép nang. Quy trinh nghién ctru gém 2 giai doan
chinh: (1) xay dung va danh gia cac md6 hinh dyu bdo dién nang tiéu thu o nhiéu khoang thoi gian; va (2) st
dung két qua du bao truée mot ngdy 1am du vao cho bai toan toi wu hoa phy tai nham danh gia kha ning
giam chi phi dién va han ché phu tai dinh.

Hinh 1. Quy trinh nghién ciru tong thé

Xay dung Dw béo
Tien xtv ly dac trwng L »| Danh gia Toi wu héa
o ea h L da khoang PR ..
div lieu tranh ro ri L. mo hinh phu tai
R thoi gian
div liéu

Nghién ctru xem xét 3 khoang du bdo: H= {1,4,96}, tuong tng vdi 15 phut, 1 gio va 24 gid trén di licu
¢6 chu ky 15 phut. Hai cdu hinh dau vao duoc xay dung dé danh gia vai trd cua thong tin van hanh, trong
d6 Cau hinh B bd sung Load_Type véi gia dinh trang thai tai dugc biét trude. Két qua du bao 24 gid dugc
sir dung 1am dau vao cho bai toan tdi uu hoa dich chuyén phuy tai.

3.2. B§ di¥ li¢u va phan tich div liéu ban dau

Nghién ctru sir dung bd dit liéu Steel Industry Energy Consumption tir UCI hoc may Repository, gdm
35.040 quan sat va 11 bién, dugc ghi nhan tai mot co sé san xuat thép & Han Qudc trong nam 2018 voi
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chu ky 15 phit. Bién myc tiéu Usage_kWh biéu thi dién ning tiéu thy tai mdi khoang thoi gian. Dir liéu
khong co gia tri thiéu, timestamp trung lap hodc khoang thoi gian bi gian doan; mot quan sat cd6 muc tiéu
thu bang 0 dwgc gitr lai do khong c6 bang ching vé 16i do ludng.

Phan tich ban dau cho thiy, Usage kWh c6 phan phdi 1éch va su khac biét rd giita cac trang thai tai.
Miic tiéu thy cling thé hién tinh chu ky theo thoi gian va duy tri twong quan tai do tré 24 gio va 7 ngay, tao
co s& cho viéc xay dung cac dic trung thoi gian va dic trung tré.

3.3. Tién xir Iy di¥ li¢u

Dir liéu duge chuyén sang dinh dang thoi gian, sap xép theo tht ty ting dan va kiém tra tinh lién tuc
theo chu ky 15 phut. Cac dai lugng dién dugc ghi nhan dong thoi véi bién muc tiéu va NSM dugc loai khoi
cAu hinh du bao chinh nham bao dam tinh kha dung cua thong tin tai thoi diém du bao. T timestamp, cac
dic trung thoi gian duoc trich xuit va ma hoa tuan hoan bang:

z, = sin(27r %) (D)

z, = cos(ZHZ?) 2)

trong d6 12 gia tri cia bién thoi gian va P 1a chu ky twong tmg. Do d6 tré 16n nhét 1a 7 ngay (672 budc),
672 quan sat dau tién duoc loai bo, con 34.368 quan sat.
Dir liéu sau d6 dugc chia theo thtr tu thoi gian, khong x40 tron ngau nhién:

Béang 1. Phén chia dir liéu theo thoi gian

Tap div liéu Khoang th&i gian S6 quan sat

Huén luyén 08/01/2018 - 30/09/2018 25.536
Xac thyc 01/10/2018 - 30/11/2018 5.856
Kiém the 01/12/2018 - 31/12/2018 2.976

3.4. Xdy dung dic trung va thiét ké dw bdo tranh ro ri div liéu

Nghién ctru xay dung bai toan du béo tai 3 khoang thoi gian gdm 15 phut, 1 gid va 24 gio, tuong tng
v6i H=1,H=4 va H=96 budc thoi gian. Tap dic trung duoc xay dung riéng cho timg khoang du bao nhim
bao dam chi st dung thong tin c6 thé biét tai thoi diém dwa ra du béo.

3.4.1. Bac trung theo khoang dy bdo

béi voi gia tri can du bao y t, dic trung tré tai thoi diém t dugc xac dinh bai:

Ly=y=k () ‘ 7 N 9

trong do k 1a so budce thoi gian lui vé qua kht. Bé bao dam chi st dung thong tin c6 san tai thoi diém
dua ra du bao, mot dic trung tré chi duoc sir dung khi:

k>H 4)

trong d6 H 14 khoang du bao tinh theo s6 budc 15 phit. Theo nguyén tic nay, cac lag dugc sir dung
nhu sau:

Ngoai cic lag don 1¢, nghién ctru xay dung cac thdng ké truot (rolling statistics) gom trung binh va do
léch chuan trong 1 gid; trung binh, d¢ 1éch chuan, gia tri 16n nhat va nho nhat trong 24 gid. Cac cira s6
dugc dich 1ui theo H trudce khi tinh toan dé chi st dung dir li¢u da quan sat duogc.

Dé khai thac tinh chu ky theo ngay, cac dic trung thong ké tai cing thoi diém trong ngay ctia 7 ngay
trude do cling dugc xay dung, bao g@)m trung binh, trung vi, dd l¢ch chuén va gia tri 1on nhét.

3.4.2. 2 cau hinh dau vao

2 c4u hinh dic trung dugc xay dung dé danh gid vai tro cua thong tin van hanh: (1) cau hinh A: str dung
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céc dic trung thoi gian va thong tin tiéu thu dién trong qué khu; (2) cdu hinh B: sir dung toan b dic trung
ctia Cau hinh A va b6 sung Load_Type, voi gia dinh trang thai tai duoc biét trude tir ké hoach san xut.

3.5. Cac mé hinh dw bdo dién nang tiéu thu

Nghién ctru trién khai 3 nhém mé hinh du bao. Nhém mé hinh co sé gom I persistence, st dung quan
sat gén nhét con hop 1€ tai thoi diém bat dau du bao, cung seasonal I theo ngay va theo tudn; 2 md hinh
theo muia vu duoc bd sung do chudi van con tu tuong quan dang ké tai d6 tré 24 gid va 7 ngay. Nhom thir
hai gdm Hbi quy tuyén tinh, Random Forest va XGBoost. Nhom thir ba 1a m hinh lai 2 ting, duoc thiét
ké dya trén dic diém phan phdi 2 dinh cua Usage kWh. Do ving gitra 2 dinh c6 mat d6 quan sat thdp, mot
mo hinh hdi quy duy nhét c6 thé gip kho khin tai cac thoi diém chuyén doi trang thai. Dy bao cudi cliing
duogc tinh dudi dang:

b :’pt Vosanxuge T (1= Do) Visai thip (5) . . ) )

Cuoi cung, mang Long Short-Term Memory (LSTM) dugc trién khai nham d6i chiéu gitta phuong phap
sir dung céc dic trung duoc xdy dung thu cong va phuong phéap hoc truc tiép tir chudi thoi gian. Toan b
mo hinh duoc trién khai bang Python. Hdi quy tuyén tinh va Random Forest sir dung thu vién scikit-learn;
XGBoost va cac mo hinh hdi quy phén vi sir dung thu vién xgboost; LSTM dugc xiy dung bang PyTorch;
bude tdi uu hoéa & muc 1.9 sir dung scipy.optimize.

3.6. Hudn luyén va lwa chon siéu tham sé

Dit liéu dugc chia theo thur ty thoi gian va khong xdo tron ngﬁu nhién. Siéu tham sb duoc lwa chon
bang tim kiém theo ludi trén tap xac thuc véi MAE lam tiéu chi. Sau khi lya chon siéu tham sb, cac md
hinh dugc huén luyén lai trén dir lidu két hop tir tip hudn luyén va tip xac thuc, sau d6 duogc sir dung dé
duy bao trén tap kiém thi.

Toan by qua trinh sir dung gia tri khoi tao ngau nhién ¢ dinh nhim ting kha ning tai lap két qua.
Nghién ctru dong thoi thuc hién bude kiém chimg doc 1ap bang cach tinh lai cac dic trung truc tiép tir
chudi Usage kWh géc, nham xac nhan moi thong tin dwoc st dung cho du bao tai thoi diém t déu nim tai
hoic trudc thoi diém. Bude kiém tra nay gitp phat hién va han ché ro ri dit lidu theo thoi gian (temporal
data leakage) trong qua trinh xay dung mo hinh.

3.7. Dw bdo xdc sudt va dinh ligng dp bit dinh

Bén canh dy bao diém, nghién ciru b6 sung du bao xac sudt nham biéu dién mérc do bat dinh cua két
qua du bao, dic biét d6i véi khoang du bao dai. Phuong phap hoi quy phan vi (Quantile Regression)
v6i XGBoost dugc sir dung dé wéc luong 3 phén vi P,,, Py, P,, thong qua ham mat méat phan vi (pinball
loss). Cac phan vi du bao duoc sap xép theo thir tu khong giam dé xir Iy trudng hop céc phan vi giao nhau
(quantile crossing).

Khoang du bao thu duoc theo cach trén thuong hep hon mirc can thiét, nén nghién ctru hiéu chinh lai
bang Conformalized Quantile Regression (CQR). Cac mé hinh phan vi chi huan luyén trén tap huan luyén,
con tap xac thyc gilr vai tro tap hiéu chinh. Voi mdi quan sat I trong tap hi€u chinh:

Ei = max(P,, (x) = yi, i — Pgy (X))
E'= 0. ({E}) (6)
C@=[max(Py, (x) ~ E"0), Poy () + E'] 7

O day E* 1a mtrc néi rong, lay tai phan vi 1 - a ctia cac diém khong phu hop, con C(x) 1a khoang sau
khi da ndi. Can dudi gitt ¢ 0 vi dién nang ti€u thu khong nhan gia tri am.

3.8. Cic chi so danh gid

Hiéu ning cua cic mo hinh du bao dugc danh gia trén tap kiém thir bang cac chi sé MAE, RMSE,
SMAPE, MASE va R°. Trong d6, MAE la chi sb chinh dé so sanh md hinh; céc chi s con lai cung cép danh
gi4 bo sung vé sai s6 16n, sai s6 twong ddi, kha ning giai thich bién thién va hiéu qua so v&i phuong phap
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tham chiéu. Trong do, y;, y,, y lan luot 1a gia tri thuc té, gia tri duy bao va gia tri trung binh van la ) quan
sat trong tap danh gid. MAPE duoc tinh dé tham khao nhung khong ding lam tiéu chi chinh do nhay véi
cac gia tri gan 0.

3.9. Téi wu héa dich chuyén phu tii dwa trén két qui dw bdo

Du bao 24 gio duoc st dung lam dau vao cho bai toan tdi vu hoa dich chuyén phu tai. Gia su ty 1€ a cuia
dién nang co thé dich chuyén gitra cac khoang thoi gian, phu tai nén dy bao duge xac dinh béi:

6, =(l-w)y (7 i i

Goi x, 1a dién nang linh hoat dugc phan bo vao thoi diém t, p, [a mirc gia dién va C la gidi han tai. Bai
toan t6i wu hoa tuyén tinh duge xay dung:

min, Y.p. (b, +x,) (8)
vOi:

tht = Elinh hoaj (9)
0<x,<C-b, (10)

trong 46 Ej now 12 tong dién ning co thé dich chuyén.
4. Két qua nghién ctru

4.1. Hi¢u qud dw bdo theo khodng dy bdo

Sai s6 du bao gia ting c6 hé thong khi khoang du béo kéo dai do lwong thong tin kha dung suy
giam. O khoang ngan (15 phat, 1 gio), mo hinh khai thac hiéu qua tinh lién tuc cua chudi thoi gian va
cic quan sat gan nhat. Nguoc lai, ¢ bai toan 24 gio (96 bude dung chung mot mée du bao), sai sb ting
dang ké do khong con cac quan sat tirc thoi. Pang chi y, thit hang mé hinh thay doi ré rét: mé hinh lai
dan dau & khoang ngin nhung khong gitr duoc wu thé & 24 gid, nhuong vi tri tdi wu cho mé hinh hoi
quy phan vi P50.

4.2. Anh huéng ciia khd ning nhén di¢n ché dp van hanh

Loi ich ciia mo hinh lai 2 tﬁng phu thudc truc tiép vao do chinh xac cta bd phan loai ché do van hanh.
Bang 6 tong hop hiéu ning phan loai va so sanh sai sd giita mo hinh lai va XGBoost don 1¢.

Bang 2. Danh gia b phén loai va so sainh mé hinh lai véi XGBoost

Khoang dw bao Do chinh xac phan loai MAE M6 hinh lai (kWh) MAE XGBoost (kWh)
15 phut =99,0% 2,690 2,785
1 gio ~96,7% 4,359 4,512
24 gio =87,0% 9,621 8,214

O khoang ngén, trang thai van hanh co6 tinh lién tuc cao giup bd phan loai dat do chinh xac gén nhu
tuyét ddi, tir d6 gitip mo hinh lai cai thién sai s6 3-5% so véi XGBoost. Nguoc lai, 6 24 gid, dd chinh xéc
phan loai giam xubng ~87% (tuong duong baseline chu ky tudn). Phan loai sai ddn dén viéc ap dung sai
md hinh hdi quy nhénh, lam ting sai s6 dang ké.

4.3. Du bdo xdc sudt: ty I¢ bao phii va d réng khodng dw bdo

Phuong phap CQR gitip cai thién do phu thuc nghiém ciia khoang du bao P10-P90 tién gan mirc danh
nghia 80%. Do rong khoang du bao mo rong manh theo horizon (tir ~10,2 kWh 1én >26 kWh ¢ 24 gio).
Viéc khoang du bao qua rong & mdc 24 gid phan anh mirc do bat dinh 16n khi du bao xa, khién thong tin
dinh lugng bi suy giam du ty 16 bao phu dat chuan. Phan tich ndy bd sung cho quan sat [15] vé su suy giam
d6 phit & cac ving tai dinh, dong thoi khang dinh gidi han cta dy bdo ngay hom sau khong thé duoc mo
ta day du chi bang mot chi s6 sai sd trung binh don 1é.
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5. Két luan

Nghién ctru nay da hoan thién mot khung phuong phép luén tich hop gitta du bdo dién nang tiéu thu da
horizon va tdi wu héa dich chuyén phu tai cho nganh san xuat thép cong nghiép nang. Két qua thuc nghiém
khang dinh sai s6 du bao gia ting c6 hé théng khi khoang du bao kéo dai, kéo theo su thay doi vé kién tric
m6 hinh t6i wu. Cu thé, mé hinh lai hai t?mg thé hién sy vuot trdi & cac horizon ngén han nho kha nang
phan loai chinh x4c trang thai van hanh mang tinh lién tuc. Nghién ctru ciing chi ra ring viéc suy dién ké
hoach san xut tir thoi gian lich khong mang lai nhiéu cai thién, va phuong CQR cho théy d6 bat dinh m&
rong dang ké & bai toan ngay hom sau. Pang chi ¥, viée dua dy bao vao mé hinh Quy hoach tuyén tinh
chtig minh ring do chinh xac dy bao chi thuc sy chuyén hoa thanh loi ich kinh té khi két hop voi co ché
biéu gia cong suat dinh va du dia phy tai linh hoat pht hop.

Tir cac phat hién trén, nghién ciru kién nghi cac co sé cong nghiép nén wu tién tich hop truc tiép dir liéu
ké hoach san xuét tir h¢ théng MES/ERP vao md hinh thay vi dung cac bién thoi gian tinh, dong thoi sir
dung cac khoang dy bao xac suat dé quan trj rui ro vuot céng suét dinh. Hudng nghién ctru tuong lai cin
tap trung cai thién thuat toan nhan di¢n ché do van hanh dai han, danh gia do bao phu co diéu kién tai phan
doan tai dinh, va nhung truc tiép cac khoang du biao CQR vao cic bai toan tdi uvu héa ngiu nhién nham tbi
da hoa do tin cay trong diéu do ning luong m
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