
����������	
��
��
�	�
����������
���������	�

���
�����������
����
���������	�
�	
������

(� 6DYHOLHYD� $� .UDYHWVNL� 6� &KHUQRY� 9�'HP\DQRY�

9� 7LPRQLQ� 5� $UXW\XQ\DQ� /� %ROVKRY
1
� 0� .DQHYVNL

1,2

� Nuclear Safety Institute RAS, 113191, Moscow, B.Tulskaya, 52, esav@ibrae.ac.ru,
http:\\www.ibrae.ac.ru/~m_kanevski/

� IDIAP Research Institute, Martigny, Switzerland, kanevski@idiap.ch

$EVWUDFW� The work is devoted to an application of artificial neural network
(multilayer perceptron) and conditional stochastic simulations to electricity load
forecasting in Russia. One of the problems is missing data and some important
weather parameters (wind, cloudiness, precipitation, historical information). This
gives rise to rather large forecasting errors with complex statistical structure. Another
problem deals with economic trends in the country during the last decade and its
influence (sometimes contradictory) on electricity consumption. The methodological
innovative aspect of the study is a use of geostatistical tools (variography) and
simulations to characterise the expected variability of the results.

1. Introduction

1RZDGD\V DUWLILFLDO QHXUDO QHWZRUNV EHFDPH D IUHTXHQWO\ XVHG WRRO XVLQJ IRU

HOHFWULFLW\ ORDG IRUHFDVWLQJ� 7KH\ DUH SRZHUIXO XQLYHUVDO QRQ�OLQHDU PRGHOV DEOH WR

LQFOXGH D JUHDW DPRXQW RI LQIRUPDWLRQ FRQFHUQLQJ DQG GHSHQGLQJ RQ WKH YDOXH RI

HOHFWULFLW\ ORDG� ,W LV NQRZQ WKDW HOHFWULFLW\ ORDG LV GHSHQGHQW RQ VHDVRQ� W\SH RI D GD\�

ZHDWKHU SDUDPHWHUV DQG HFRQRPLF DFWLYLWLHV RI WKH UHJLRQ� 7KH GHSHQGHQFLHV DSSHDUHG

WR EH GLIIHUHQW IRU GLIIHUHQW FRXQWULHV DQG HYHQ UHJLRQV RI RQH FRXQWU\ >�@� 6R HYHQ

KDYLQJ VRPH SUHOLPLQDU\ NQRZOHGJH DERXW LQYHVWLJDWLRQV SHUIRUPHG LQ VRPH RWKHU

FRXQWULHV� GHWDLOHG DQDO\VLV RI KLVWRULFDO GDWD IRU WKH UHJLRQ RI SUHVXPHG IRUHFDVWLQJ

KDYH WR EH GRQH�

$Q LQWHUHVW KRZ WR XVH DGDSWLYH PHWKRGV IRU HOHFWULFLW\ ORDG IRUHFDVWLQJ DSSHDUHG LQ

5XVVLD WRR� ,W ZDV IRUFHG E\ VHYHUDO VWURQJ IDLOXUHV PDGH E\ WUDGLWLRQDO PHWKRGV� %XW

WKHUH LV D VWURQJ OLPLWDWLRQ ZLWK KLVWRULFDO LQIRUPDWLRQ� 2QO\ KLVWRULFDO GDWD RQ ORDG

DQG WHPSHUDWXUH DUH DYDLODEOH� ,W LV ZHOO�NQRZQ WKDW WHPSHUDWXUH LV RQH RI WKH PRVW

LPSRUWDQW SDUDPHWHUV GHSHQGLQJ RQ WKH HOHFWULFLW\ FRQVXPSWLRQ� %XW LW ZDV VKRZQ >�@

WKDW NQRZOHGJH RI RWKHU ZHDWKHU SDUDPHWHUV �FORXGLQHVV� IDOORXW� WHPSHUDWXUH LQ

DGMDFHQW UHJLRQV� ZLQG VSHHG DQG GLUHFWLRQ� FDQ VLJQLILFDQWO\ LPSURYH WKH IRUHFDVW�

7KH EDVLF LGHD RI WKH SUHVHQW VWXG\ LV WR DSSO\ DUWLILFLDO QHXUDO QHWZRUN �PXOWLOD\HU

SHUFHSWURQ� IRU HOHFWULFLW\ ORDG IRUHFDVWLQJ DQG WKHQ GHWDLOHG DQDO\VLV RI $11

UHVLGXDOV E\ XVLQJ JHRVWDWLVWLFDO FRQGLWLRQDO VLPXODWLRQV� 6LPXODWLRQV UHSURGXFH WKH

FRUUHODWLRQ VWUXFWXUH �LI WKHUH LV DQ\� RI $11 UHVLGXDOV� 7KH PHDQ DQG VWDQGDUG

GHYLDWLRQ RI WKH UHVLGXDOV IRU HDFK IRUHFDVWHG WLPH ZHUH HVWLPDWHG RQ WKH EDVH RI

VLPXODWLRQV� 7KHVH PHDQV ZHUH XVHG WR LPSURYH WKH $11 ORDG SUHGLFWLRQV� 6WDQGDUG
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GHYLDWLRQV ZHUH XVHG WR LQGLFDWH WKH H[SHFWHG UDQJHV RI HOHFWULFDO FRQVXPSWLRQ�

2EWDLQHG UHVXOWV ZHUH FRPSDUHG ZLWK UHDO GDWD�

2. Description of forecasting method

7KH SUREOHP XQGHU VWXG\ LV WR PDNH VKRUW WHUP KRXUO\ ORDG IRUHFDVWV IRU D IROORZLQJ

ZHHN� :HDWKHU IRUHFDVW IRU WKH ZKROH ZHHN �PLQLPDO DQG PD[LPDO� QLJKW DQG GD\

WHPSHUDWXUHV� DQG KLVWRULFDO ORDG DQG WHPSHUDWXUH GDWD IRU � \HDUV DUH DYDLODEOH�

7KUHH PXOWLOD\HU SHUFHSWURQV ZHUH XVHG DV EDVLF PRGHOV IRU WKH ORDG IRUHFDVWLQJ� (DFK

RQH ZDV GHYRWHG WR D VSHFLDO VHDVRQ ± VXPPHU� ZLQWHU DQG WUDQVLWLRQDO VHDVRQV �VSULQJ

DQG DXWXPQ�� $UFKLWHFWXUH RI DOO $11V DQG WKH VHW RI LQSXW SDUDPHWHUV ZHUH WKH VDPH

IRU DOO VHDVRQV� 7KH GLIIHUHQFH ZDV LQ WKH VHW RI GDWD XVHG IRU WKH $11 WUDLQLQJ�

,QSXW SDUDPHWHUV ZHUH VHOHFWHG EDVHG RQ VLPSOH FRPPRQ VHQVH ± WR LQVHUW LQ WUDLQLQJ

DOO NLQGV RI SHULRGLFLW\ �GDLO\ DQG ZHHNO\� DQG VLPLODULWLHV �DGMDFHQW KRXUV��

6HYHUDO H[SHULPHQWV ZHUH SHUIRUPHG IRU FKRRVLQJ WKH DUFKLWHFWXUH RI $11� ,W

DSSHDUHG WKDW WKH VLPSOH �� KLGGHQ OD\HU ZLWK � QHXURQV� VKRZV WKH EHVW UHVXOWV ZKLOH

WUDLQLQJ LQ D UHDVRQDEOH WLPH�

$OO DYDLODEOH GDWD IRU D VHDVRQ ZHUH VSOLW LQWR � SDUWV ± WUDLQLQJ DQG YDOLGDWLRQ�

7UDLQLQJ SDUW ZDV LQ LWV WXUQ VSOLW LQWR � SDUWV ± WUDLQLQJ �WR DGMXVW V\QDSWLF ZHLJKWV��

WHVWLQJ �IRU HDUO\ VWRSSLQJ RI WUDLQLQJ� DQG D SDUW WR PRGHO UHVLGXDOV� 9DOLGDWLRQ SDUW ��

ZHHN� ZDV XVHG IRU IRUHFDVWLQJ DQG DQDO\VLV RI WKH REWDLQHG UHVXOWV�

&RQMXJDWH JUDGLHQW PHWKRG ZLWK UDQGRP LQLWLDOLVDWLRQ RI WKH ZHLJKWV ZDV XVHG IRU

$11 PXOWLOD\HU SHUFHSWURQ WUDLQLQJ� 7KH HDUO\ VWRSSLQJ ZDV XVHG WR SUHYHQW

RYHUILWWLQJ�

5HFXUVLYH IRUHFDVWLQJ ZDV VHOHFWHG DV D IRUHFDVWLQJ WHFKQLTXH� ,W PHDQV WKDW WKH

IROORZLQJ IRUHFDVW �/t+1� LV PDGH XVLQJ IRUHFDVW REWDLQHG DW WKH SUHYLRXV VWHS �/t�� ,W

FDQ EH ZULWWHQ DV

Lt+1=F(Lt,P)=F(F(Lt-1,P),P),
ZKHUH P UHSUHVHQWV RWKHU SDUDPHWHUV XVHG IRU WKH HVWLPDWLRQ� DQG F LV WKH IRUHFDVWLQJ

IXQFWLRQ�

,W FDQ EH WKRXJKW WKDW XVLQJ VXFK WHFKQLTXH ZH ZLOO RYHUJURZ WKH IRUHFDVWLQJ HUURU�

ZKLFK ZLOO EH SUHVHQW LQ DOO IROORZLQJ HVWLPDWLRQV RQFH DSSHDUHG� %XW WKH SUDFWLFH

GLVSURYHV LW� )RU H[DPSOH� ZLQWHU $11 UHVLGXDOV DQG WKHLU FRUUHODWLRQ VWUXFWXUH �LQ

IRUP RI YDULRJUDP� DUH SUHVHQWHG LQ )LJXUH �� 5HVLGXDOV GRQ¶W JURZ DQG UDGLXV RI

FRUUHODWLRQ LV UDWKHU VPDOO �� KRXUV�� ,W PHDQV WKDW UHVLGXDOV VHSDUDWHG E\ PRUH WKDQ �

KRXUV GRQ¶W DIIHFW DW HDFK RWKHU �VKRUW PHPRU\ FRUUHODWLRQ��

&RUUHODWLRQ VWUXFWXUH RI WKH UHVLGXDOV ZDV DQDO\VHG XVLQJ D YDULRJUDP PRGHO� ,W FDQ EH

GHWHUPLQHG DV IROORZV�

},{)(2 ττγ +−=
WW

�����

ZKHUH Lt LV D YDOXH RI VRPH YDULDEOH DW WLPH t DQG E PHDQV DYHUDJLQJ IRU DOO SDLUV RI

YDULDEOH VHSDUDWHG E\ WLPH GHOD\ τ� :RUNLQJ ZLWK LQFULPHQWV ZH QHHGQ¶W WR EH DQ[RLXV

DERXW WKH VWDWLRQDULW\ RI D YDULDEOH XQGHU VWXG\�

&RUUHODWLRQ VWUXFWXUH RI $11 UHVLGXDOV RSHQV WKH SRVVLELOLW\ WR PRGHO�VLPXODWH WKHP

>�@� $ VLPSOH OLQHDU PRGHO FDQ EH GHYHORSHG ZLWK WDNLQJ LQWR DFFRXQW FRUUHODWLRQ

VWUXFWXUH� ,W LV VXSSRVHG WKDW PXOWLOD\HU SHUFHSWURQ KDYH DOUHDG\ WRRN RXW DOO QRQ�
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OLQHDULW\� &RUUHVSRQGLQJ OLQHDU PHWKRGV �$50$� JHRVWDWLVWLFDO � NULJLQJ� OHDG DJDLQ

WR VHTXHQWLDO HVWLPDWLRQ SURFHGXUH EHFDXVH RI D VPDOO FRUUHODWLRQ UDGLXV�

 
Figure 1. Winter ANN residuals (left) and winter ANN residuals’ correlation structure (right)

6WRFKDVWLF VLPXODWLRQ DSSURDFK SURYLGHV VHYHUDO HTXDOO\ SUREDEOH UHDOLVDWLRQV ZLWK WKH

VDPH FRUUHODWLRQ VWUXFWXUH� ,W DOORZV WR HVWLPDWH IRU HDFK WLPH SRLQW D PHDQ

�HVWLPDWLRQ RI D UHVLGXDO� DQG YDULDQFH �UDQJH RI UHVLGXDO¶V GLVWULEXWLRQ��

$SSURDFK RI JHQHUDO FRQVWUDLQHG UDQGRPLVDWLRQ ZDV XVHG WR JHQHUDWH VLPXODWLRQV >�@�

7KLV DSSURDFK LV DV IROORZV� DOO FRQVWUDLQWV ZKLFK KDYH WR EH UHSURGXFHG LQ

VLPXODWLRQV DUH SUHVHQWHG LQ WKH IRUP�
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+HUH q GHQRWHV RUGHU RI DYHUDJLQJ �XVXDOO\ q=2 ± OHDVW VTXDUHV DYHUDJH�� 7KH

FRQVWUDLQWV DUH IXOILOOHG ZKHQ FRVW IXQFWLRQ KDV JRW LWV JOREDO PLQLPXP�

,Q RXU FDVH DXWRFRUUHODWLRQ IXQFWLRQ ZDV XVHG DV FRQVWUDLQW IRU JHQHUDWLRQ RI

VLPXODWLRQV� 0LQLPLVDWLRQ RI WKH FRVW IXQFWLRQ ZDV PDGH E\ SHUPXWDWLRQV RI RULJLQDO

WLPH VHULHV �UHVLGXDOV� XVLQJ PHWKRG RI VLPXODWHG DQQHDOLQJ >�@� 3DLUV LQ VLPXODWLQJ

WLPH VHULHV ZHUH LQYHUWHG DQG DQQHDOLQJ VFKHPH KDYH FKRRVH ZKLFK FKDQJHV WR DFFHSW

DQG ZKLFK WR UHMHFW�

3. Multilayer perceptron forecasting

0XOWLOD\HU SHUFHSWURQV GHVFULEHG DERYH ZHUH XVHG IRU WKH SUHOLPLQDU\ HOHFWULFLW\ ORDG

IRUHFDVWLQJ IRU � ZHHNV ± WKH ODVW � ZHHNV RI HDFK VHDVRQ RI ���� \HDU �� ODVW ZHHNV

RI $XJXVW� � ODVW ZHHNV RI )HEUXDU\� � ODVW ZHHNV RI 1RYHPEHU�� :H PDGH IRUHFDVWLQJ

ZLWK $11 IRU � ZHHNV� � ZHHN IRU DQDO\VLV DQG PRGHOOLQJ RI UHVLGXDOV DQG WKH VHFRQG

IRU YDOLGDWLRQ� 5HVXOWV RI IRUHFDVWLQJ DUH SUHVHQWHG LQ )LJXUH ��

,W FDQ EH VHHQ� WKDW UHODWLYH HUURUV QHYHU RYHUFRPH WKH YDOXH RI ���� DQG WKH PDLQ SDUW

RI WKHP DUH ZLWKLQ WKH UDQJH RI ���
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Figure 2. Relative errors (in %) of ANN forecasts. November (left), February (right)

4. Analysis of the residuals

$11 ZDV XVHG IRU � ZHHNV IRUHFDVWLQJ� 5HVLGXDOV RI WKH ILUVW RQH ZHUH XVHG IRU

FRQVWUXFWLQJ RI D JHRVWDWLVWLFDO PRGHO� 2Q WKH EDVH RI WKLV JHRVWDWLVWLFDO PRGHO

UHVLGXDOV RI WKH VHFRQG ZHHN DUH JRLQJ WR EH FRQVWUXFWHG� %XW FRUUHODWLRQ VWUXFWXUHV RI

UHVLGXDOV RI WKHVH ZHHNV DUH GLIIHUHQW �VHH )LJXUH ��� ,W FDQ EH H[SODLQHG E\ WKH

FRQVHTXHQFH RI UHFXUVLYH IRUHFDVWLQJ PHWKRG�

Figure 3. Varigrams of ANN residuals

7R RYHUFRPH WKLV SUREOHP ZH PDGH VSHFLDO $11 IRUHFDVWLQJ RQO\ IRU WKH VHFRQG

ZHHN� 6R ZH H[SHFWHG WR JHW WKH UHVLGXDOV ZLWK WKH VDPH FRUUHODWLRQ VWUXFWXUH DV RQH

KDV EHHQ PRGHOOHG�

&DOFXODWLRQ DQG PRGHOOLQJ RI FRUUHODWLRQ VWUXFWXUH ZDV WKH ILUVW SDUW RI WKH DQDO\VLV RI

WKH UHVLGXDOV� ,W ZDV XVHG DV D FRQVWUDLQW IRU WKH IROORZLQJ FRQGLWLRQDO VLPXODWLRQV� ��

UHDOLVDWLRQV ZHUH VLPXODWHG ZLWK WKH OLPLW RI FRVW IXQFWLRQ GLIIHUHQFH ������ ,Q )LJXUH

� RQH FDQ VHH WKH UHSURGXFWLRQ RI YDULRJUDP E\ VRPH RI WKH UHDOLVDWLRQV� ,W VHHPV WR

EH SHUIHFW� &RQVWUDLQW LV VDWLVILHG�

7KH VDPH DQDO\VLV KDV EHHQ SHUIRUPHG IRU DOO RWKHU VHDVRQV¶ UHVLGXDOV� 7KH\ SUHVHQW

WKH VDPH FRUUHVSRQGHQFH�

0HDQV RI VLPXODWLRQV SUHVHQW VWURQJ VPRRWKLQJ RI WKH UHVLGXDOV �VHH )LJXUH ��� 7KH\

DUH ZDYHULQJ DURXQG WKH PHDQ YDOXH RI WKH UHVLGXDOV� ,W FDQ¶W EH FRQVLGHUHG DV YHU\

JRRG UHVXOW IRU ZH GLGQ¶W JHW WKH YDULDELOLW\ RI UHVLGXDOV� 0D\EH LW FDQ EH LPSURYHG E\

GHYHORSLQJ DQRWKHU FRQVWUDLQW LQ FRVW IXQFWLRQ�
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Figure 4. Correlation structure of ANN residuals’ simulations (Winter)

6WDQGDUG GHYLDWLRQ VKRZV WKH H[SHFWHG UDQJH RI WKH UHVLGXDOV �VHH )LJXUH ��� ,W FDQ EH

VHHQ WKDW WKH ODUJHVW UHVLGXDOV KDYH QRW EHHQ FDXJKW LQ WKH UDQJH RI ORZHU DQG XSSHU

ERXQGV� 7KH SRRUHVW UHVXOWV ZHUH REWDLQHG IRU QHJDWLYH UHVLGXDOV ± WKHUH ZDV IHZ RI

WKHP� WKDW¶V ZK\ WKH\ GLGQ¶W JLYH VXIILFLHQW LQIOXHQFH RQ PRGHOOLQJ�

Figure 5. Results of the residuals modelling

5. Conclusions

,Q WKLV ZRUN DQ DWWHPSW WR IRUHFDVW WKH HOHFWULFLW\ ORDG ZLWK RQH KRXU DKHDG� 3RRU GDWD

VHW RI DYDLODEOH ZHDWKHU SDUDPHWHUV FRPSOLFDWHV WKH VLWXDWLRQ� $11 PRGHO FRXOG EH

PRUH VWDEOH ZKLOH XVLQJ LPSRUWDQW� EXW DEVHQW SDUDPHWHUV� ,Q WKHLU DEVHQFH $11

WUHDWHG DOO HOHFWULFLW\ ORDG IOXFWXDWLRQV FDXVHG E\ WKHP DV VWRFKDVWLF� ,Q VSLWH RI WKHVH

SUREOHPV VXIILFLHQW IRUHFDVWLQJ UHVXOWV E\ $11 KDYH EHHQ REWDLQHG�

'HWDLOHG DQDO\VLV RI $11 UHVLGXDOV KDV EHHQ WDNHQ ZLWK WKH KHOS RI JHRVWDWLVWLFDO

WRROV� ,W ZDV VKRZQ WKDW WKH UHVLGXDOV DUH FRUUHODWHG DQG FDQ EH PRGHOOHG E\

FRQVWUDLQHG FRQGLWLRQDO VWRFKDVWLF VLPXODWLRQV� 7KH PHDQ RI D VHW RI VLPXODWLRQV ZDV

DGGHG WR HOHFWULFLW\ ORDG IRUHFDVWHG E\ $11 DQG ZDV FRQVLGHUHG DV D ILQDO IRUHFDVW� ,W

LV DFFRPSDQLHG E\ YDULDWLRQ RI ILQDO UHVXOW�

7KH ILQDO REWDLQHG UHVXOW LV WKDW IRU WKH PRVW SDUW RI WLPH SRLQWV VRPH LPSURYHPHQW

KDV EHHQ DFKLHYHG� ,W LV GXH WR D JUHDW QXPEHU RI SRLQWV ZKHUH $11 JDYH

XQGHUHVWLPDWLRQ� 7KH SRVLWLYH DGGLWLRQ RI VLPXODWHG PHDQ LPSURYHV WKH ILQDO UHVXOW�

7KH GHYLDWLRQ RI VLPXODWHG PHDQ DOORZV WR HVWLPDWH WKH UDQJHV RI ORDG SUHGLFWLRQ�

7KH SUREOHP GHDOV ZLWK $11 RYHUHVWLPDWLRQV DQG KRZ WR RYHUFRPH WKHP� 7KHUH DUH

IHZ RI WKHP DQG VR WKH\ ORZHU DIIHFW WKH UHVXOW RI UHVLGXDOV PRGHOOLQJ� ,W FDQ EH

H[SHFWHG WR ILQG DQ\ EHWWHU FRQVWUDLQW WR PRGHO UHVLGXDOV VR WR LPSURYH WKLV VLWXDWLRQ�
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$OVR WKH VLWXDWLRQ FDQ EH LPSURYHG LWVHOI E\ LQFOXGLQJ DGGLWLRQDO ZHDWKHU SDUDPHWHUV

LQ $11�

)LQDOO\� LW VHHPV WKDW DSSOLFDWLRQ RI WKH JHRVWDWLVWLFDO WRROV �YDULRJUDSK\� DQG

FRQGLWLRQDO VWRFKDVWLF VLPXODWLRQV FDQ LPSURYH ERWK SUHGLFWLRQV DQG GHVFULSWLRQ RI WKH

DVVRFLDWHG XQFHUWDLQWLHV�
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