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$%675$&7�
%XLOGLQJV� DFFRXQW� IRU� ���� RI� SULPDU\� HQHUJ\�

FRQVXPSWLRQ� LQ� WKH� 8QLWHG� 6WDWHV�� 5HGXFLQJ� HQHUJ\�
FRQVXPSWLRQ� EHFRPHV�PRUH� DQG�PRUH� LPSRUWDQW� IRU�
HFRQRPLF�DQG�HFRORJLFDO� UHDVRQV�� ,Q�RUGHU� WR� UHGXFH�
HQHUJ\� FRQVXPSWLRQ� LQ� EXLOGLQJV�� HQHUJ\� VSHFLDOLVWV�
QRW�RQO\�H[SORUH�WKH�WHFKQRORJLHV�WKDW�DUH�VXLWDEOH�IRU�
QHZ� FRQVWUXFWLRQ�� WKH\� DOVR� VKRZ� JUHDW� LQWHUHVWV� LQ�
UHWURILWWLQJ�H[LVWLQJ�EXLOGLQJV��7R�HVWLPDWH�WKH�HQHUJ\�
VDYLQJV� DIWHU� UHWURILWWLQJ� DQ� H[LVWLQJ� EXLOGLQJ� ZLWK�
FHUWDLQ� HQHUJ\� HIILFLHQW� PHDVXUHV�� RWKHU� UHVHDUFK�
HIIRUWV� KDYH� GHYHORSHG� YDULRXV� W\SHV� RI� EDVHOLQH�
EXLOGLQJ� PRGHOV�� UDQJLQJ� IURP� VLPSOH� VWDWLVWLFDO�
PRGHOV�WR�FRPSOH[�FDOLEUDWHG�FRPSXWHU�PRGHOV���

,Q� WKLV� SDSHU��ZH� SUHVHQW� WKH� GHYHORSPHQW� RI� DQ�
LQYHUVH�PRGHO� XVLQJ� D�*DXVVLDQ� 3URFHVV�5HJUHVVLRQ�
�*35��PHWKRG�WR�DFFHVV�WKH�EDVHOLQH�EXLOGLQJ�HQHUJ\�
FRQVXPSWLRQ�LQ�WKH�SUH�UHWURILW�SKDVH��ZKLFK�LV�D�OHVV�
WLPH�FRQVXPLQJ� DQG� HDV\� WR� DFFRPSOLVK� SURFHVV���
7KLV�PHWKRG�LV�DSSOLHG�WR�DQ�RIILFH�EXLOGLQJ�DV�D�FDVH�
VWXG\� DQG� WKH� DFFXUDF\� RI� WKH� UHJUHVVLRQ� PRGHO� LV�
FRPSDUHG�ZLWK� D� OLQHDU� UHJUHVVLRQ�PRGHO� DQG� WHVWHG�
ZLWK�PHDVXUHPHQW�GDWD��

�,1752'8&7,21�
,Q� WKH� 8QLWHG� 6WDWHV�� WKH� EXLOGLQJ� VHFWRU�

DFFRXQWHG� IRU� DERXW� ���� RI� SULPDU\� HQHUJ\�
FRQVXPSWLRQ� LQ� ����� �'2(� ������� (QKDQFLQJ�
EXLOGLQJ�HIILFLHQF\�UHSUHVHQWV�RQH�RI�WKH�HDVLHVW��PRVW�
LPPHGLDWH�DQG�PRVW�FRVW�HIIHFWLYH�ZD\V�WR�UHGXFH�WKH�
QDWLRQ¶V� HQHUJ\� FRQVXPSWLRQ� DQG� FDUERQ� HPLVVLRQV��
2QH� PHWKRG� WR� KHOS� VDYH� HQHUJ\� LQ� EXLOGLQJV� LV�
UHWURILWWLQJ� WKH� H[LVWLQJ� EXLOGLQJ�� (QHUJ\� HIILFLHQF\�
UHWURILW� GHFLVLRQ� DUH� W\SLFDOO\� PDGH� EDVHG� RQ�
SUHGLFWLRQV�RI�KRZ�PXFK�HQHUJ\�DQG�PRQH\�D�UHWURILW�
ZLOO�VDYH�DQG�WKH�H[SHFWHG�SD\EDFN�SHULRG�RI�FHUWDLQ�
HQHUJ\� FRQVHUYDWLYH� PHDVXUHV� �(&0��� ,Q�
SHUIRUPDQFH� FRQWUDFWLQJ� SURYLGHG� E\� WKH� W\SLFDO�
(QHUJ\�6HUYLFH�&RPSDQ\��(6&2���WKH�SD\PHQW�IRU�D�
UHWURILW� LV� EDVHG� RQ� SUHGLFWHG� DQG� DFWXDO� VDYLQJV�
DVVRFLDWHG�ZLWK�(&0V���

)LJXUH� �� LOOXVWUDWHV� WKH� JHQHUDO� PHWKRGRORJ\�
GHILQHG� LQ� WKH�$6+5$(�JXLGHOLQH�����0HDVXUHPHQW�
RI� (QHUJ\� DQG� 'HPDQG� 6DYLQJV� �$6+5$(� �������
7KH�HQHUJ\�VDYLQJV�EURXJKW�E\�(&0V�LV�HTXDO�WR�WKH�
HVWLPDWHG� EDVHOLQH� EXLOGLQJ� HQHUJ\� XVH� PLQXV� WKH�
PHDVXUHG�SRVW�UHWURILW�EXLOGLQJ�HQHUJ\�XVH��

�
)LJXUH���(QHUJ\�VDYLQJ�FDOFXODWLRQ��0�0HDVXUHPHQW��3�0RGHO�

3UHGLFWLRQ��
�
7KH�JHQHUDO�VWHSV� WR�GHYHORS�DQ� LQYHUVH�EXLOGLQJ�

PRGHO�DQG�HVWLPDWH�VDYLQJV�IURP�(&0V�DUH��
6WHS� ��� 0HDVXUH� HQHUJ\� XVH� DQG� LQIOXHQWLDO�

YDULDEOHV�GXULQJ�WKH�SUH�UHWURILW�SHULRG��
6WHS� ��� � 'HYHORS� D� UHJUHVVLRQ� PRGHO� RI� SUH�

UHWURILW� HQHUJ\� XVH� DV� D� IXQFWLRQ� RI� LQIOXHQWLDO�
YDULDEOHV��

6WHS� ��� 0HDVXUH� HQHUJ\� XVH� DQG� LQIOXHQWLDO�
YDULDEOHV�GXULQJ�WKH�SRVW�UHWURILW�SHULRG��

6WHS�����8VH�WKH�YDOXHV�RI�WKH�LQIOXHQWLDO�YDULDEOHV�
IURP�WKH�SRVW�UHWURILW�SHULRG�LQ�WKH�SUH�UHWURILW�PRGHO�
WR�SUHGLFW�KRZ�PXFK�HQHUJ\�WKH�EXLOGLQJ�ZRXOG�KDYH�
XVHG�LI�LW�KDG�QRW�EHHQ�UHWURILWWHG��

6WHS���6XEWUDFW�PHDVXUHG�SRVW�UHWURILW�HQHUJ\�XVH�
IURP�WKH�SUHGLFWHG�SUH�UHWURILW�HQHUJ\�XVH�WR�HVWLPDWH�
VDYLQJV���$6+5$(�������

7KHUHIRUH��GHILQLQJ�D�EDVHOLQH�SULRU�WR�D�UHWURILW�LV�
HVVHQWLDO�� *HQHUDOO\� VSHDNLQJ�� WKH� WZR� PRVW�
FRPPRQO\� XVHG� DSSURDFKHV� WR� GHILQH� WKH� EDVHOLQH��
DUH�D�FDOLEUDWHG�VLPXODWLRQ��IRUZDUG�PRGHOLQJ���DQG�D�
GDWD�GULYHQ�UHJUHVVLRQ�DQDO\VLV��LQYHUVH�PRGHOLQJ����

2QH� WUDGLWLRQDO� ZD\� WR� HVWLPDWH� WKH� EDVHOLQH�
HQHUJ\�FRQVXPSWLRQ�LQ�D�UHWURILW�SURMHFW�LV�WR�EXLOG�D�
SUHGLFWLYH� EXLOGLQJ� HQHUJ\� PRGHO� �W\SLFDOO\� XVLQJ� D�
ZKROH� EXLOGLQJ� VLPXODWLRQ� SURJUDP� VXFK� DV�
(QHUJ\3OXV� �(QHUJ\3OXV� ������ DQG� H4XHVW� �H4XHVW��
��������WKHQ�FDOLEUDWH�WKH�PRGHO�ZLWK�XWLOLW\�ELOOV�DQG�
RWKHU� PHDVXUHPHQW� GDWD� LQ� WKH� SUH�UHWURILW� SKDVH��
+RZHYHU��WKLV�PHWKRG�KDV�WZR�PDMRU�OLPLWDWLRQV������
LW�UHTXLUHV�GHWDLOHG�EXLOGLQJ�LQIRUPDWLRQ�ZKLFK�LV�QRW�
HDV\� WR� JHW� DQG� ���� FUHDWLQJ� DQG� FDOLEUDWLQJ� WKH�
SUHGLFWLYH�EXLOGLQJ� HQHUJ\�PRGHO� LV� WLPH�FRQVXPLQJ�
DQG� ODERU� LQWHQVLYH�� $QRWKHU� FRPPRQO\� XVHG�
DSSURDFK� LV� LQYHUVH� PRGHOLQJ� ZKLFK� VWDWLVWLFDOO\�
GHULYHV� D� UHODWLRQVKLS� EHWZHHQ� D� VHW� RI� LQSXWV� �LQ�
SDUWLFXODU� WKH� DPELHQW� FRQGLWLRQV�� DQG� RXWSXWV� �H�J���
HQHUJ\� FRQVXPSWLRQ��� ,Q� SUDFWLFH�� LQYHUVH� PRGHOV�
WUDLQHG� E\� EXLOGLQJ� HQHUJ\� FRQVXPSWLRQ� GDWD� KDYH�
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EHHQ�GHSOR\HG�IRU�PHDVXUHPHQW�DQG�YHULILFDWLRQ��DQG�
RQJRLQJ� FRPPLVVLRQLQJ� RI� EXLOGLQJ� SHUIRUPDQFH�
�&ODULGJH���������

&XUUHQWO\��WKH�PRVW�SRSXODU�DSSURDFKHV�LQ�LQYHUVH�
PRGHOLQJ� RI� EXLOGLQJV� DUH� EDVHG� RQ� UHJUHVVLRQ�
WHFKQLTXHV�� 7KLV� LV� W\SLFDOO\� GRQH� LQ� DQ� DG�KRF�
PDQQHU�UHO\LQJ�RQ� WKH�DVVXPSWLRQ� WKDW� WKH�QRQOLQHDU�
HQHUJ\� EHKDYLRU� DULVLQJ� IURP� FRPSOH[�PXOWLYDULDEOH�
UHODWLRQVKLSV�EHWZHHQ�DPELHQW�FRQGLWLRQV��RFFXSDQF\�
OHYHOV�� DQG� EXLOGLQJ� RSHUDWLQJ� FRQGLWLRQV� FDQ� EH�
FDSWXUHG� DGHTXDWHO\�� ,Q� WKLV� SDSHU�� ZH� SUHVHQW� WKH�
GHYHORSPHQW� RI� DQ� LQYHUVH� PRGHO� XVLQJ� D� *35�
PHWKRG� WR� DFFHVV� WKH� EDVHOLQH� EXLOGLQJ� HQHUJ\�
FRQVXPSWLRQ�LQ�WKH�SUH�UHWURILW�SKDVH��ZKLFK�LV�D�OHVV�
WLPH�FRQVXPLQJ�DQG�HDV\�WR�DFFRPSOLVK�SURFHVV��7KH�
*35�DSSURDFK��ZKLFK� IROORZV�D�%D\HVLDQ�VHWWLQJ�� LV�
FDSDEOH� RI� PRGHOLQJ� FRPSOH[� QRQOLQHDU� EHKDYLRU� LQ�
PXOWLYDULDWH� SUREOHPV�� ,Q� DGGLWLRQ�� WKH� $6+5$(�
GHILQHG� OLQHDU� FKDQJH�SRLQW� UHJUHVVLRQ� PRGHO�
�.LVVRFN�������LV�DOVR�GHYHORSHG�IRU�WKH�FRPSDULVRQ�
ZLWK� WKH� SURSRVHG� *35� PRGHO�� 7KH� *35� PRGHO�
VWUXFWXUH� DQG� PRGHO� XQFHUWDLQW\� TXDQWLILFDWLRQ�
DVSHFWV� DUH� GLVFXVVHG� DV� ZHOO�� )LQDOO\�� WKH� SURSRVHG�
*35� DSSURDFK� LV� GHPRQVWUDWHG� ZLWK� DQ� RIILFH�
EXLOGLQJ� FDVH� VWXG\� XVLQJ� UHDO�WLPH� PRQLWRUHG�
EXLOGLQJ�GDWD��

,Q� WKLV� VWXG\�� WKH� SXUSRVH� RI� GHYHORSLQJ�
UHJUHVVLRQ� EDVHG� LQYHUVH�PRGHOV� WUDLQHG� E\� EXLOGLQJ�
RSHUDWLRQ� GDWD� LV� ��� WR� SUHGLFW� WUDQVLHQW� FRROLQJ� DQG�
KHDWLQJ� UHTXLUHPHQWV� IRU� WKH� EXLOGLQJ�� DQG� ��� IRU�
PHDVXUHPHQW� DQG� YHULILFDWLRQ� DQG� RQJRLQJ�
FRPPLVVLRQLQJ� RI� EXLOGLQJ� SHUIRUPDQFH�� 7KH�
SURSRVHG�UHJUHVVLRQ�ZDV�GHULYHG�IURP�*35�PHWKRG��
,Q�WKH�SRVW�UHWURILW�SKDVH��ERWK�IRUZDUG�PRGHOLQJ�DQG�
LQYHUVH�PRGHOLQJ�FDQ�EH�XVHG�WR�HVWLPDWH�WKH�EDVHOLQH�
EXLOGLQJ� HQHUJ\� SHUIRUPDQFH�� FDOFXODWH� WKH� HQHUJ\�
VDYLQJV� DIWHU� UHWURILWV�� DQG� SUHGLFW� HQHUJ\�
FRQVXPSWLRQ�� +RZHYHU�� WKH� IRUZDUG� PRGHOLQJ�
UHTXLUHV� PRUH� LQIRUPDWLRQ� UHODWHG� WR� WKH� EXLOGLQJ�
FRPSDUHG�ZLWK�WKH�LQYHUVH�PRGHOLQJ��WKH�LQIRUPDWLRQ�
LV�XVXDOO\�QRW�HDV\�WR�JHW��$GGLWLRQDO�FDOLEUDWLRQ�ZRUN�
QHHGV� WR�EH�GRQH� WR�PDNH�VXUH� WKH�IRUZDUG�PRGHO� LV�
FORVH� HQRXJK� WR� WKH� DFWXDO� EXLOGLQJ� XWLOLW\�GDWD�� 7KH�
LQYHUVH�PRGHO�RQO\�XWLOL]HV�WKH�SDUDPHWHUV�WKDW�FDQ�EH�
PHDVXUHG�LQ�EXLOGLQJV�DQG�SURYLGHV�UHOLDEOH�UHVXOWV��

,Q�WKLV�VWXG\��WKH�ILUVW�VWHS�IRU�LQYHUVH�PRGHOLQJ�LV�
GDWD� FROOHFWLRQ�� 7KH� FRPPRQ� GULYLQJ� YDULDEOHV�
FRQVLGHUHG� LQ� WKH� LQYHUVH� PRGHOV� LQFOXGH�
HQYLURQPHQWDO� YDULDEOHV� VXFK� DV� DPELHQW� GU\� EXOE�
WHPSHUDWXUH� DQG� ZHW� EXOE� WHPSHUDWXUH�� DPELHQW� DLU�
KXPLGLW\� UDWLR�� VRODU� UDGLDWLRQ�� DQG� WKH� EXLOGLQJ�
HQHUJ\� XVDJH�� VXFK� DV� EXLOGLQJ� HOHFWULFLW\�
FRQVXPSWLRQ�IRU�OLJKWLQJ��SOXJ�ORDG��DLU�KDQGOLQJ�XQLW�
�$+8���FRQGHQVLQJ�XQLW��&8���FKLOOHU��FRROLQJ�WRZHU��
DQG� GRPHVWLF� KRW� ZDWHU� �'+:�� JDV� FRQVXPSWLRQ���
7KH�QH[W�VWHS�LV�WR�GHYHORS�WKH�LQYHUVH�PRGHOV�XVLQJ�
D� OLQHDU� UHJUHVVLRQ� PRGHO� DQG� D� *35�PRGHO�� 7KHQ��
WKH� PRGHO� YDOLGDWLRQ� DQG� PRGHO� FRPSDULVRQ� DUH�
SHUIRUPHG�� )LQDOO\�� FRQFOXVLRQV� DULVLQJ� IURP� WKLV�
FDVH�VWXG\�DUH�SUHVHQWHG��

0(7+2'2/2*<��
7KH�JRDO� LV� WR�GHYHORS� D� EXLOGLQJ� LQYHUVH�PRGHO�

XVLQJ�FRUUHODWLRQV�DQG�UHJUHVVLRQV�ZLWK� WKH�REMHFWLYH�
WR� XVH� WKH� PRGHO� IRU� SUHGLFWLQJ� EDVHOLQH� EXLOGLQJ�
HQHUJ\�FRQVXPSWLRQ�LQ�WKH�SRVW�UHWURILW�SKDVH���

6HYHUDO� SUHGRPLQDQW� LQYHUVH� PRGHOV� KDYH� EHHQ�
XVHG� E\� EXLOGLQJ� FRQWUDFWRUV�� EXLOGLQJ� FRQVXOWDQWV�
DQG� EXLOGLQJ� RZQHUV� WR� FDOFXODWH� WKH� VDYLQJV� IURP�
HQHUJ\� HIILFLHQF\� UHWURILWV�� 7KHVH� LQYHUVH� PRGHOV�
LQFOXGH� FRQVWDQW�EDVH� GHJUHH�GD\V� PRGHOV�� YDULDEOH�
EDVH� GHJUHH�GD\V� PRGHOV�� ELQ� PHWKRG� PRGHOV��
FRUUHODWLRQ� DQG� UHJUHVVLRQ� PRGHOV� DQG� DUWLILFLDO�
LQWHOOLJHQFH�PRGHOV� �$EXVKDNUD��������7KH�GLIIHUHQW�
PRGHOV�DUH�EULHIO\�VXPPDUL]HG�EHORZ��
Constant-base degree-days models 

'HJUHH� GD\V� DUH� FDOFXODWHG� DV� WKH� VXP� RI� WKH�
GLIIHUHQFHV� EHWZHHQ� GDLO\� DYHUDJH� WHPSHUDWXUHV� DQG�
WKH� EDVH� WHPSHUDWXUH� �$6+5$(� ������� +HDWLQJ�
GHJUHH� GD\V� DQG� FRROLQJ� GHJUHH� GD\V� DUH� XVHG�
H[WHQVLYHO\�LQ�FDOFXODWLRQV�UHODWHG�WR�EXLOGLQJ�HQHUJ\�
FRQVXPSWLRQ� +HDWLQJ� GHJUHH� GD\� DUH� D� PHDVXUH� RI�
KRZ�PXFK� �LQ�GHJUHHV��� DQG� IRU�KRZ� ORQJ� �LQ�GD\V���
WKH� RXWVLGH� DLU� WHPSHUDWXUH� LV� EHORZ� D� FHUWDLQ� OHYHO��
7KH\� DUH� FRPPRQO\� XVHG� LQ� FDOFXODWLRQV� RI� WKH�
KHDWLQJ� HQHUJ\� FRQVXPSWLRQ�� 2Q� WKH� RWKHU� KDQG��
FRROLQJ�GHJUHH�GD\V�DUH�D�PHDVXUH�RI�KRZ�PXFK��LQ�
GHJUHHV���DQG�IRU�KRZ�ORQJ��LQ�GD\V��� WKH�RXWVLGH�DLU�
WHPSHUDWXUH� LV� DERYH� D� FHUWDLQ� OHYHO��� 7KH\� DUH�
FRPPRQO\� XVHG� LQ� FDOFXODWLRQV� RI� FRROLQJ� HQHUJ\�
FRQVXPSWLRQ��

7KH� FRQVWDQW�EDVH� GHJUHH�GD\V� PRGHO� LV� XVHG� WR�
XVH� WKH�GHJUHH�GD\�DV�DQ� LQGHSHQGHQW�YDULDEOH�ZKLOH�
EXLOGLQJ� WRWDO� HOHFWULFLW\� FRQVXPSWLRQ� DV� GHSHQGHQW�
YDULDEOH�� )LJXUH� �� VKRZV� DQ� H[DPSOH� RI� D� FRQVWDQW�
EDVH�GHJUHH�GD\V�PRGHO���

�
)LJXUH���&RQVWDQW�EDVH�GHJUHH�GD\V�PRGHO�

�
Variable-base degree-days model 

,Q�PDQ\�VLQJOH�]RQH�EXLOGLQJV��VXFK�DV�UHVLGHQWLDO�
DQG� VPDOO� FRPPHUFLDO� EXLOGLQJV�� VSDFH�KHDWLQJ�
HQHUJ\� XVH� LQFUHDVHV� DV� RXWGRRU� DLU� WHPSHUDWXUH�
GHFUHDVHV� EHORZ� D� EDODQFH�SRLQW� WHPSHUDWXUH�� 7KH�
KHDWLQJ� EDODQFH�SRLQW� WHPSHUDWXUH� LV� GHILQHG� DV� WKH�
WHPSHUDWXUH� DW� ZKLFK� WKH� KHDW� JDLQ� IURP� LQWHUQDO�
RFFXSDQWV�DQG�HTXLSPHQW�EDODQFHV�KHDW� ORVV� WKURXJK�
WKH� EXLOGLQJ� HQYHORSH�� $W� RXWGRRU� DLU� WHPSHUDWXUHV�
DERYH� WKH� EDODQFH�SRLQW� WHPSHUDWXUH�� QR� WKHUPDO�
HQHUJ\�LV�QHHGHG�IRU�VSDFH�KHDWLQJ��KRZHYHU�WKHUPDO�
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HQHUJ\�PD\�DOVR�EH�UHTXLUHG�IRU�KRW�ZDWHU�RU�FRRNLQJ��
6LPLODUO\��FRROLQJ�HQHUJ\�XVH�IUHTXHQWO\�LQFUHDVHV�DV�
RXWGRRU� DLU� WHPSHUDWXUH� LQFUHDVHV� DERYH� VRPH�
FRROLQJ� EDODQFH�SRLQW� WHPSHUDWXUH�� EHORZ� ZKLFK� QR�
VSDFH� FRROLQJ� LV� QHFHVVDU\�� +RZHYHU�� WKH� W\SH� RI�
HQHUJ\�XVHG�IRU�FRROLQJ��VXFK�DV�HOHFWULFLW\��PD\�DOVR�
EH�XVHG�IRU�QRQ�FRROLQJ�DSSOLFDWLRQV��7KXV��PRQWKO\�
HOHFWULFLW\� FRQVXPSWLRQ� LQ� PDQ\� VLQJOH�]RQH�
UHVLGHQFHV� IRUPV� WKH� SDWWHUQ� VKRZQ� LQ� )LJXUH� ��
�.LVVRFN��������

�
)LJXUH���)LWWHG�PRGHO�RI�EXLOGLQJ�FRROLQJ�HQHUJ\�XVH�DJDLQVW�

EDODQFH�SRLQW�WHPSHUDWXUH�
�
Bin method models 

7KH�ELQ�PHWKRG�PRGHO�LV�EDVHG�RQ�%R[±ZKLVNHU±
PHDQ� SORWV� WKHRU\�� ,W� LV� FRQYHQLHQW� WR� XVH� %R[±
ZKLVNHU±PHDQ� SORWV� WR� GLVSOD\� WKH� PDLQ�
IHDWXUHV�RI�D�VHW�RI�GDWD�DQG� WKHVH�SORWV�IDFLOLWDWH�WKH�
FRPSDULVRQ� RI� PXOWLSOH� GDWD� VHWV� �:X� ������� 7KH�
FDOFXODWLRQ� RI� UHWURILW� VDYLQJV� SHUWDLQV� WR� WKH� HQHUJ\�
FRQVHUYDWLRQ� UHWURILWV� DQG� RWKHU� HQHUJ\� FRQVXPLQJ�
V\VWHPV� WKDW� DUH� SULPDULO\� LQIOXHQFHG� E\� VFKHGXOH�
GHSHQGHQW� ORDGV�� ,Q� D� W\SLFDO� EHIRUH�DIWHU�
PHDVXUHPHQW� DQDO\VLV� D� EDVHOLQH� HQHUJ\� PHWKRG� LV�
GHWHUPLQHG�DQG�WKHQ�XVHG�WR�SUHGLFW�HQHUJ\�XVH�LQ�WKH�
SRVW�UHWURILW�SHULRG��,Q�WKH�ELQ�PHWKRG��WKH�ELQ�PRGHO�
SUHGLFWV� DYHUDJH� KRXUO\� SUH�UHWURILW� HOHFWULFLW\� XVH�
GXULQJ�DQ\�KRXU�RI�GD\�LQ�WKH�SRVW�UHWURILW�SHULRG��DQG�
FRPSDUHV� WKH� YDOXH� ZLWK� PHDVXUHG� KRXUO\� SRVW�
UHWURILW� HQHUJ\� XVH� IRU� HYHU\� KRXU� RI� GD\� WR� JHW� WKH�
WRWDO� HQHUJ\� VDYLQJ�RI� D� FHUWDLQ� HQHUJ\� FRQVHUYDWLRQ�
UHWURILW��7KDPLOVHUDQ�������DV�VKRZQ�LQ�)LJXUH����

�
)LJXUH���%R[–ZKLVNHU–�PHDQ�SORWV�

�
Correlation and regression models�

5HJUHVVLRQ� PHWKRGV� DUH� PRVW� RIWHQ� XVHG�
EHFDXVH�WKH\�DUH�VLPSOH�WR�GHYHORS��HDV\�WR�XVH��DQG�
UHWDLQ� WKH� DELOLW\� WR� FDOFXODWH� WKH� DVVRFLDWHG�
XQFHUWDLQW\��7KH�VLPSOHVW�LV�WKH�WZR�SDUDPHWHU�OLQHDU�
PRGHO��ZKLFK� LV� XVHG� WR� UHJUHVV� WKH� KRXUO\�� GDLO\�RU�
PRQWKO\� ZHDWKHU�GHSHQGHQW� HQHUJ\� XVH� DJDLQVW�
WHPSHUDWXUH��7KH�SK\VLFDO�EDVLV�IRU�WKLV�FRUUHODWLRQ�LV�
WKH� IDFW� WKDW�PRVW�RI� WKH� WLPH�� WKH�EXLOGLQJ�HQYHORSH�

DQG�YHQWLODWLRQ�KHDWLQJ�ORDGV�DUH�D�VWURQJ�IXQFWLRQ�RI�
WKH� DYHUDJH� RXWGRRU� GU\� EXOE� WHPSHUDWXUH�� 6WXGLHV�
KDYH� DOVR� EHHQ� SHUIRUPHG� ZLWK� FKDQJH�SRLQW�
UHJUHVVLRQV� RI� HQHUJ\� FRQVXPSWLRQ� DJDLQVW� DPELHQW�
WHPSHUDWXUH� LQ� UHVLGHQWLDO� �)HOV� ������ DQG�
FRPPHUFLDO� �&ODULGJH� HW� DO�� ������ EXLOGLQJV�� 7KHVH�
VWXGLHV� VXJJHVWHG� WKDW� EXLOGLQJV� WKDW� KDYH�
WKHUPRVWDWLFDOO\� FRQWUROOHG� +9$&� V\VWHPV� XVXDOO\�
H[KLELW�EHKDYLRU�WKDW�FDQ�EH�H[SODLQHG�ZLWK�D�FKDQJH�
SRLQW� UHJUHVVLRQ� PRGHO� GULYHQ� E\� DPELHQW�
WHPSHUDWXUHV�� 7KHUH� DUH� IRXU� GLIIHUHQW� UHJUHVVLRQ�
PRGHOV�DV�H[SODLQHG�EHORZ��
Simple least squares linear regression 

$�JHQHUDO�OHDVW�VTXDUHV�UHJUHVVLRQ�PHWKRG�ZRXOG�
JHQHUDWH� WKH� PRGHO� ZLWK� D� VHW� RI� SDUDPHWHUV� ZKLFK�
PLQLPL]HV� WKH� VXP� RI� WKH� VTXDUHG� HUURU� EHWZHHQ�
SUHGLFWHG� YDOXH� DQG� DFWXDO� REVHUYDWLRQV�� )LJXUH� ��
VKRZV�DQ�H[DPSOH�RI�D�OLQHDU�UHJUHVVLRQ�PRGHO����

�
)LJXUH���/LQHDU�UHJUHVVLRQ�PRGHO�

�
Change-point model 

6SDFH�KHDWLQJ�HQHUJ\�XVH�LQFUHDVHV�DV�RXWGRRU�DLU�
WHPSHUDWXUH� GHFUHDVHV� EHORZ� WKH� FKDQJH� SRLQW�
WHPSHUDWXUH�� :KHQ� WKH� WHPSHUDWXUH� LV� DERYH� WKH�
FKDQJH�SRLQW� WHPSHUDWXUH�� WKH� ERLOHU� JDV�
FRQVXPSWLRQ�ZLOO�UHPDLQ�FRQVWDQW��7KXV��PRQWKO\�JDV�
FRQVXPSWLRQ� IRUPV� D� SDWWHUQ� DV� VKRZQ� LQ� )LJXUH� ��
EHORZ（.LVVRFN�����）���

�
)LJXUH�� CKDQJ�3RLQW�+HDWLQJ�0RGHO�

�
(TXDWLRQ� �� VKRZV� WKH� UHODWLRQVKLS� EHWZHHQ�

EXLOGLQJ�KHDWLQJ�HQHUJ\�FRQVXPSWLRQ�DQG�RXWGRRU�DLU�
WHPSHUDWXUH���

𝑌ு = 𝛽 ଵ + 𝛽 ଶ(X − 𝛽 ଷ) 
–
�����
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𝛽 ଵ� WKH� FRQVWDQW� WHUP�� ZKLFK� GHVFULEH� WKH�
LQGHSHQGHQW�IXHO�FRQVXPSWLRQ�

𝛽 ଶ� WKH� VORSH� WHUP�� ZKLFK� LQGLFDWH� WKH� KHDWLQJ�
HQHUJ\�FKDQJH�SHU�GHJUHH�WHPSHUDWXUH�

𝛽 ଷ�����WKH�FKDQJH�SRLQW�
�����������LQGLFDWH�WKDW� WKH�YDOXHV�RI�WKH�SDUHQWKHWLF�WHUP�

VKDOO�EH�VHW�WR�]HUR�ZKHQ�WKH\�DUH�SRVLWLYH�
6SDFH�FRROLQJ�HQHUJ\�XVH�LQFUHDVHV�DV�RXWGRRU�DLU�

WHPSHUDWXUH� LQFUHDVHV� DERYH� VRPH� FRROLQJ� FKDQJH�
SRLQW�WHPSHUDWXUHV��EHORZ�ZKLFK�QR�VSDFH�FRROLQJ�LV�
QHFHVVDU\�� +RZHYHU�� WKH� W\SH� RI� HQHUJ\� XVHG� IRU�
FRROLQJ��VXFK�DV�HOHFWULFLW\��PD\�DOVR�EH�XVHG�IRU�QRQ�
FRROLQJ� DSSOLFDWLRQV�� 7KXV�� PRQWKO\� HOHFWULFLW\� ELOOV�
VKRZ�DQ�HQHUJ\�XVH�SDWWHUQ�VLPLODU�WR�WKDW�LQ�)LJXUH���
EHORZ（.LVVRFN�����）��

�
)LJXUH�� CKDQJ�3RLQW�&RROLQJ�0RGHO�

�
(TXDWLRQ���EHORZ�VKRZV�WKH�UHODWLRQVKLS�EHWZHHQ�

EXLOGLQJ�KHDWLQJ�HQHUJ\�FRQVXPSWLRQ�DQG�RXWGRRU�DLU�
WHPSHUDWXUH���

𝑌஼ = 𝛽 ଵ + 𝛽 ଶ(X − 𝛽 ଷ) 
ା
����

𝛽 ଵ� WKH� FRQVWDQW� WHUP�� ZKLFK� GHVFULEH� WKH�
LQGHSHQGHQW�HOHFWULFLW\�FRQVXPSWLRQ�

𝛽 ଶ� �WKH� VORSH� WHUP�� ZKLFK� LQGLFDWH� WKH� FRROLQJ�
HQHUJ\�FKDQJH�SHU�GHJUHH�WHPSHUDWXUH�

𝛽 ଷ� WKH�FKDQJH�SRLQW�
���� LQGLFDWH� WKDW� WKH� YDOXHV� RI� WKH� SDUHQWKHWLF�

WHUP� VKDOO� EH� VHW� WR� ]HUR� ZKHQ� WKH\� DUH�
QHJDWLYH�

�
Change-Point Multivariable Regression Model (CP-
MVR) 

7KH�FKDQJH�SRLQW��&3��PRGHO��DV�GHVFULEHG�DERYH��
FDQ� SURYLGH� JRRG� ILWV� EHWZHHQ� EXLOGLQJ� HQHUJ\� XVH�
DQG� DPELHQW� WHPSHUDWXUHV��+RZHYHU�� RWKHU� YDULDEOHV�
PD\� DOVR� LQIOXHQFH� EXLOGLQJ� HQHUJ\� XVH�� $� VLPSOH�
PXOWLYDULDEOH� UHJUHVVLRQ� PRGHO� FRXOG� FDSWXUH� WKH�
HIIHFW�RI�PXOWLSOH� LQGHSHQGHQW�YDULDEOHV��KRZHYHU�� LW�
FRXOG� QRW� PRGHO� HQHUJ\� XVH� WKDW� YDULHV� DW� DPELHQW�
WHPSHUDWXUH� FKDQJH�SRLQWV� �.LVVRFN��������7KH�&3�
095�PRGHO� UHWDLQV� WKH� DELOLW\� WR�PRGHO� HQHUJ\� XVH�
ZLWK� WHPSHUDWXUH� FKDQJH�SRLQWV��ZKLOH� LQFOXGLQJ� WKH�
HIIHFWV�RI�DGGLWLRQDO� LQGHSHQGHQW� YDULDEOHV�DV�VKRZQ�
LQ�(TXDWLRQV���DQG����

𝑌஼ = 𝛽 ଵ + 𝛽 ଶ(X − 𝛽 ଷ) 
ା
+ 𝛽 ସ𝑋 ଶ + 𝛽 ହ𝑋 ଷ +

𝛽 ଺𝑋 ସ�����
𝑌ு = 𝛽 ଵ + 𝛽 ଶ(X − 𝛽 ଷ) ି + 𝛽 ସ𝑋 ଶ + 𝛽 ହ𝑋 ଷ +

𝛽 ଺𝑋 ସ�����
 
Gaussian Process Regression 

*DXVVLDQ� SURFHVV� UHJUHVVLRQ� LV� DQ� DSSURDFK� WKDW�
KDV� UHFHQWO\� UHFHLYHG� DWWHQWLRQ� LQ� PDQ\� DSSOLFDWLRQ�
GRPDLQV��$�NH\�DGYDQWDJH�RI�WKLV�DSSURDFK�LV�WKDW� LW�
FRQVWUXFWV� WKH� PRGHO� E\� VSHFLI\LQJ� WKH� VWUXFWXUH� RI�
WKH� FRYDULDQFH� PDWUL[� RI� WKH� H[SODQDWRU\� YDULDEOHV�
UDWKHU�WKDW� WKH�DOJHEUDLF�VWUXFWXUH�RI�WKH�LQSXW�RXWSXW�
UHODWLRQVKLS�LWVHOI��DV�LV�GRQH�LQ�WUDGLWLRQDO�SDUDPHWULF�
UHJUHVVLRQ�DSSURDFKHV��*DXVVLDQ�SURFHVVHV�UHJUHVVLRQ�
LV�D�KLJKO\�IOH[LEOH�PHWKRG�WKDW�FDQ�TXDQWLI\�GLIIHUHQW�
VRXUFHV�RI�XQFHUWDLQW\�LQ�D�QDWXUDO�ZD\��+HR���������

$� *DXVVLDQ� SURFHVV� LV� D� FROOHFWLRQ� RI� UDQGRP�
YDULDEOHV��DQ\�ILQLWH�QXPEHU�RI�ZKLFK�KDYH�FRQVLVWHQW�
MRLQW� *DXVVLDQ� GLVWULEXWLRQV�� $� *DXVVLDQ� SURFHVV� LV�
IXOO\�VSHFLILHG�E\�LWV�PHDQ�IXQFWLRQ�µμ(x)�DV�VKRZQ�LQ�
(TXDWLRQ���DQG�FRYDULDQFH�IXQFWLRQ�k(x, 𝑥ᇱ)�DV�VKRZQ�
LQ� (TXDWLRQ� ��� ZKLFK� LQGLFDWHV� KRZ� FRUUHODWHG� WKH�
IXQFWLRQ�YDOXH�\�LV�DW�[�DQG�𝑥ᇱ���

µμ(x) = E[f(x)]�����
k(x, 𝑥ᇱ) = E[(f(x) − µμ(x))(f(xᇱ) − m(𝑥ᇱ)]�����
*LYHQ� D� GDWD� VHW�� LI� ZH� H[SHFW� WKH� XQGHUO\LQJ�

IXQFWLRQ� WR� EH� OLQHDU�� DQG� FDQ� PDNH� VRPH�
DVVXPSWLRQV� DERXW� WKH� LQSXW� GDWD�� ZH� PLJKW� XVH� D�
OHDVW�VTXDUHV� PHWKRG� WR� ILW� D� VWUDLJKW� OLQH� �&KDQJH�
SRLQW� PRGHO��� 5DWKHU� WKDQ� FODLPLQJ� WKH� UHODWLRQVKLS�
EHWZHHQ�LQGHSHQGHQW�YDULDEOH�DQG�GHSHQGHQW�YDULDEOH�
UHODWHV� WR� VRPH� VSHFLILF� PRGHOV� �H�J�� &KDQJH�SRLQW�
PRGHO��� *3� FRQVWUXFWV� WKH� PRGHO� E\� VSHFLI\LQJ� WKH�
VWUXFWXUH�RI�WKH�FRYDULDQFH�PDWUL[�RI�WKH�H[SODQDWRU\�
YDULDEOHV��ZKLFK�PDNHV�LW�KLJKO\�IOH[LEOH��,Q�DGGLWLRQ��
*3�UHJUHVVLRQ�LV�D�%D\HVLDQ�DSSURDFK�ZKLFK�DVVXPHV�
D�*3�SULRU� RQ� IXQFWLRQV��ZKLFK� HQDEOHV� WKH�PRGHOHU�
WR�TXDQWLI\�GLIIHUHQW�VRXUFHV�RI�XQFHUWDLQW\�LQ�DQ�HDV\�
DQG� QDWXUDO� ZD\�� 7\SLFDOO\�� WZR� LQSXWV� YHFWRUV�x(i)��
x(j) �DUH� DVVXPHG� WR� EH� FRUUHODWHG� WKURXJK� D�
FRYDULDQFH� IXQFWLRQ�� 7KHUH� DUH� PDQ\� FKRLFHV� RI�
FRYDULDQFH� IXQFWLRQV�ZKLFK�PD\� EH� UHDVRQDEOH��7KH�
RQO\� FRQVWUDLQW� RQ� WKH� FRYDULDQFH� IXQFWLRQ� LV� WKDW� LW�
VKRXOG� JHQHUDWH� D� QRQ�QHJDWLYH� GHILQLWH� FRYDULDQFH�
PDWUL[� IRU� DQ\� VHW� RI� SRLQWV�� )RUPDOO\�� ZH� DUH�
UHTXLUHG� WR� VSHFLI\� IXQFWLRQV� ZKLFK� ZLOO� JHQHUDWH� D�
QRQ�QHJDWLYH�GHILQLWH�FRYDULDQFH�PDWUL[�IRU�DQ\�VHW�RI�
SRLQWV� �𝑥ଵ, … , 𝑥௞).�)URP� D� PRGHOLQJ� SRLQW� RI� YLHZ��
ZH� ZDQW� WR� FKRRVH� D� FRYDULDQFH� IXQFWLRQ� VXFK� WKDW�
SRLQWV� ZLWK� QHDUE\� LQSXWV� ZLOO� JLYH� WKH� VLPLODU�
SUHGLFWLRQV��7KH�VWDWLRQDU\�VTXDUHG�H[SRQHQWLDO� �6(��
FRYDULDQFH� IXQFWLRQ� LV� WKH� PRVW� ZLGHO\�XVHG� NHUQHO�
ZLWKLQ� WKH� NHUQHO� PDFKLQHV� ILHOG�� DQG� LWV� LQILQLWHO\�
GLIIHUHQWLDEOH� SURSHUW\� HQDEOHV� WKH� *3� ZLWK� WKLV�
FRYDULDQFH� IXQFWLRQ� KDV� PHDQ� VTXDUH� GHULYDWLYHV� RI�
DOO� RUGHUV�� DQG� LV� WKXV� YHU\� VPRRWK� �5DVPXVVHQ�
������� :H� FKRVH� WKH� 6(� FRYDULDQFH� IXQFWLRQ�
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�(TXDWLRQ� ��� IRU� RQH�GLPHQVLRQDO� *3� UHJUHVVLRQ�
DSSOLFDWLRQ�LQ�WKLV�SDSHU��

k(x, 𝑥ᇱ) = 𝜎௙ଶ𝑒𝑥𝑝 ൤
ି൫௫ି௫ᇲ൯

మ

ଶ௟మ
൨�����

,Q� (TXDWLRQ� ��� WKH� PD[LPXP� DOORZDEOH�
FRYDULDQFH� LV� GHILQHG� DV�𝜎௙ଶ�� ,I� [≈ 𝑥ᇱ �� WKHQ�k(x, 𝑥ᇱ)�
DSSURDFKHV� WKLV� PD[LPXP�� ZKLFK� PHDQV� 𝑓(𝑥) �LV�
QHDUO\�SHUIHFWO\�FRUUHODWHG�ZLWK�𝑓(𝑥ᇱ)�� ,I�[� LV�GLVWDQW�
IURP�𝑥ᇱ��WKHQ�k(x, 𝑥ᇱ) ≈ 0��VR�GXULQJ�DQ�LQWHUSRODWLRQ�
DW� QHZ� [� YDOXHV�� GLVWDQW� REVHUYDWLRQV� ZLOO� KDYH�
QHJOLJLEOH� HIIHFWV�� +RZ� PXFK� HIIHFW� WKLV� VHSDUDWLRQ�
KDV�ZLOO�GHSHQG�RQ�WKH�OHQJWK�SDUDPHWHU�𝑙��$FFRUGLQJ�
WR��$GOHU�������7KHRUHP���������WKH�PHDQ�QXPEHU�RI�
OHYHO�]HUR� XSFURVVLQJV� IRU� 6(� SURFHVV� LQ� RQH�
GLPHQVLRQ� LV (2𝜋𝑙)ିଵ �� :H� FRXOG� HDVLO\� VHH� WKDW�
SDUDPHWHU� 𝑙 �GHILQHV� WKH� FKDUDFWHULVWLF� OHQJWK�VFDOH�
�5DVPXVVHQ��������

,Q� UHDOLW\�� WKH�GDWD� DUH� RIWHQ�QRLV\� DV�ZHOO�� IURP�
PHDVXUHPHQW� HUURUV� DQG� VR� RQ�� (DFK� REVHUYDWLRQ� \�
FDQ�EH�WKRXJKW�RI�DV�UHODWHG�WR�DQ�XQGHUO\LQJ�IXQFWLRQ�
𝑓(𝑥)�WKURXJK�D�*DXVVLDQ�QRLVH�PRGHO��(TXDWLRQ�����

y = 𝑓(x) + N(0, 𝜎௡ଶ)�����

k(x, 𝑥ᇱ) = 𝜎௙ଶ𝑒𝑥𝑝 ൤
ି൫௫ି௫ᇲ൯

మ

ଶ௟మ
൨ + 𝜎௡ଶ𝛿(x, 𝑥ᇱ)������

𝛿(x, 𝑥ᇱ) �LQ� (TXDWLRQ� �� LV� WKH� .URQHFNHU� GHOWD�
IXQFWLRQ���

K =

⎣
⎢
⎢
⎢
⎢
⎡𝑘

(𝑥ଵ, 𝑥ଵ)        𝑘(𝑥ଵ, 𝑥ଶ)…   𝑘(𝑥ଵ, 𝑥௡)
𝑘(𝑥ଶ, 𝑥ଵ)        𝑘(𝑥ଶ, 𝑥ଶ)…   𝑘(𝑥ଶ, 𝑥௡)

.

.

.
𝑘(𝑥௡, 𝑥ଵ)        𝑘(𝑥௡, 𝑥ଶ)…   𝑘(𝑥௡, 𝑥௡)⎦

⎥
⎥
⎥
⎥
⎤

������

�
𝐾∗ = [𝑘(𝑥∗, 𝑥ଵ)        𝑘(𝑥∗, 𝑥ଶ)…   𝑘(𝑥∗, 𝑥௡)]������

�
𝐾∗∗ =   𝑘(𝑥∗, 𝑥∗)������

6LQFH�WKH�NH\�DVVXPSWLRQ�LQ�*3�PRGHOLQJ�LV�WKDW�
WKH� GDWD� FDQ� EH� UHSUHVHQWHG� DV� D� VDPSOH� IURP� D�
PXOWLYDULDWH�*DXVVLDQ�GLVWULEXWLRQ��ZH�KDYH��

ቂ
𝑦
𝑦∗ቃ ~𝑁 ൬0, ൤𝐾        𝐾∗

்

𝐾∗    𝐾∗∗
൨൰  �����

7� LQGLFDWHV�PDWUL[� WUDQVSRVLWLRQ��7KH� SUREDELOLW\�
𝑝(𝑦∗|𝑦)�IROORZV�D�*DXVVLDQ�GLVWULEXWLRQ��

𝑦∗|𝑦~𝑁(𝐾∗𝐾ିଵ𝑦, 𝐾∗∗ − 𝐾∗𝐾ିଵ𝐾∗
்  )������

7KH� EHVW� HVWLPDWH� IRU� 𝑦∗ �LV� WKH� PHDQ� RI� WKLV�
GLVWULEXWLRQ��

𝑦ത∗ = 𝐾∗𝐾ିଵ𝑦������
7KH�XQFHUWDLQW\�LQ�WKH�HVWLPDWH�LV�WKHQ�FDSWXUHG�LQ�

LWV�YDULDQFH��5DVPXVVHQ��������
𝑣𝑎𝑟(𝑦∗) = 𝐾∗∗ − 𝐾∗𝐾ିଵ𝐾∗

்�������
�

Artificial Neural Network (ANN) Model 
7KH� FRQFHSW� RI� $11� PRGHO� LV� LQVSLUHG� E\�

ELRORJLFDO�QHXUDO�QHWZRUNV��7KH�$11�PRGHO�FRQVLVWV�

RI� DQ� LQSXW� OD\HU�� DQ� RXWSXW� OD\HU� DQG� KLGGHQ� OD\HU��
7KH�LQSXW�OD\HU�UHFHLYHV�WKH�LQIRUPDWLRQ�IURP�RXWVLGH�
HQYLURQPHQW��DQG�WKH�RXWSXW�OD\HU�VKRZV�WKH�UHVSRQVH��
7KH� KLGGHQ� OD\HU� ZLOO� ILUVW� QHHG� WR� EH� WUDLQHG� E\�
WUDLQLQJ�GDWD�VHW� WR�DGDSW�LWV�VWUXFWXUH� WKDW�UHSUHVHQWV�
WKH�UHODWLRQVKLS�EHWZHHQ� WKH� LQSXWV�DQG� WKH� UHVSRQVH�
GXULQJ�D� OHDUQLQJ�SKDVH��1HXUDO�QHWZRUNV� KDYH�EHHQ�
XVHG� WR� PRGHO� FRPSOH[� UHODWLRQVKLSV� EHWZHHQ� WKH�
LQSXWV� DQG� WKH� RXWSXWV� RU� WR�ILQG� SDWWHUQV�LQ� GDWD.�
<DOFLQWDV� ����� DQG� .DUDWDVRX� ����� FRQGXFWHG�
VWXGLHV� IRU� DSSOLFDWLRQV� RI� XVLQJ� $11� PRGHOV� WR�
SUHGLFW� EXLOGLQJ� HQHUJ\� XVH�� )LJXUH� �� VKRZV� WKH�
JHQHUDO�VWUXFWXUH�RI�$11�PRGHO�WR�HVWLPDWH�EXLOGLQJ�
HQHUJ\�XVH��

�
)LJXUH���$11�PRGHO�WR�HVWLPDWH�EXLOGLQJ�HQHUJ\�XVH�

�

&$6(�678'<�5(68/7�$1'�
',6&866,216�

%XLOGLQJ� ����� DV� VKRZQ� LQ� )LJXUH� �� EHORZ��
ORFDWHG� DW� ����� 6RXWK�%URDG� 6WUHHW� LQ� 3KLODGHOSKLD��
3$�� LV� PDQDJHG� E\� &XVKPDQ� DQG� :DNHILHOG�� 7KH�
EXLOGLQJ� LV� RYHU� ���� \HDUV� ROG� DQG�ZDV� RULJLQDOO\� D�
0DULQH�EDUUDFNV� DW� WKH�3KLODGHOSKLD�1DY\�<DUG��$OO�
RI�WKH�EXLOGLQJ¶V�PHFKDQLFDO�V\VWHPV�ZHUH�XSGDWHG�LQ�
������ 7KH� EXLOGLQJ� LV� FXUUHQWO\� XVHG� DV� DQ� RIILFH�
EXLOGLQJ�� ,W� LV� WKH� FXUUHQW� KHDGTXDUWHU� RI� WKH� 8�6��
'HSDUWPHQW� RI� (QHUJ\¶V� (QHUJ\� (IILFLHQW� %XLOGLQJ�
+XE�� 7KH� EXLOGLQJ� FRYHUV� ������� VTXDUH� IHHW� RYHU�
IRXU� IORRUV� �EDVHPHQW� WKURXJK� WKUHH� IORRUV��� 7KH�
EXLOGLQJ� RZQHG� E\� WKH� 3KLODGHOSKLD� ,QGXVWULDO�
'HYHORSPHQW� &RUSRUDWLRQ�� KDV� EHFRPH� RQH� RI� WKH�
QDWLRQ¶V� PRVW� KLJKO\� LQVWUXPHQWHG� FRPPHUFLDO�
EXLOGLQJV� �KWWS���ZZZ�HHEKXE�RUJ�SURMHFWV�OLVW�QDY\�
\DUG�EXLOGLQJ��������

�
)LJXUH���%XLOGLQJ�����LQ�3KLODGHOSKLD��3$�

�
:H� KDYH� WKH� GDLO\� PRQLWRUHG� EXLOGLQJ� HQHUJ\�

FRQVXPSWLRQ� GDWD� EHWZHHQ� 1RYHPEHU�� ����� DQG�
-DQXDU\�������$�IHZ�H[DPSOH�GDWD�SRLQWV�DUH�VKRZQ�
LQ�7DEOH���� ,Q� WKLV�FDVH� VWXG\��ZH�XVH� WKH�GDWD� IURP�
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1RYHPEHU������WR�2FWREHU������DV�WUDLQLQJ�GDWD�DQG�
WKH�GDWD�IURP�1RYHPEHU������WR�-DQXDU\������DV�WHVW�
GDWD��)LJXUHV��������DQG����EHORZ�VKRZ�WKH�RXWGRRU�
DLU� WHPSHUDWXUH�� EXLOGLQJ� HOHFWULFLW\� FRQVXPSWLRQ��
ERLOHU� JDV� FRQVXPSWLRQ� RYHU� WKH� PRQLWRULQJ� SHULRG��
)LJXUH� ��� LOOXVWUDWHV� WKH� GHFRPSRVLWLRQ� RI� GLIIHUHQW�
ORDGV���

7DEOH���([DPSOH�PHDVXUHPHQW��GDWD�SRLQWV�IURP�%XLOGLQJ�����

�

�
)LJXUH����$QQXDO�RXWGRRU�DLU�WHPSHUDWXUH��

�

�
)LJXUH����$QQXDO�EXLOGLQJ�HOHFWULFLW\�FRQVXPSWLRQ�

�

�
)LJXUH����$QQXDO�ERLOHU�JDV�FRQVXPSWLRQ�

�

�
)LJXUH����%XLOGLQJ�WRWDO�ORDG�GHFRPSRVLWLRQ�

��
�����)LJXUHV� ��� DQG� ��� VKRZ� WKH� OLQHDU� UHJUHVVLRQ�
PRGHOV� IRU� WKH� KHDWLQJ� DQG� FRROLQJ� VHDVRQ� WKDW� ZH�
GHYHORSHG�IRU�WKLV�EXLOGLQJ�LQ�WKLV�VWXG\��

�
)LJXUH����/LQHDU�UHJUHVVLRQ�FRROLQJ�PRGHO�

Y = 0.17x − 0.96�

�
)LJXUH����/LQHDU�UHJUHVVLRQ�KHDWLQJ�PRGHO�

𝑌 = −0.23𝑥 + 18.5�
,Q�)LJXUHV����DQG�����WKH�EOXH�OLQH�LQ�WKH�PLGGOH�

LV�WKH�PRGHO�SUHGLFWLRQ�YDOXH��7KH�EOXH�PDUNV�DUH�WKH�
WUDLQLQJ� GDWD� SRLQWV�� 7KH� EOXH� ERXQG� LV� WKH� ����
FRQILGHQFH�LQWHUYDO�RI�WKH�PRGHO���

7KH�*3�UHJUHVVLRQ�PRGHO�LV�VKRZQ�LQ�)LJXUHV����
DQG����EHORZ��

�
)LJXUH����*3�UHJUHVVLRQ�FRROLQJ�PRGHO�

�
)LJXUH����*3�UHJUHVVLRQ�KHDWLQJ�PRGHO�

,Q� )LJXUHV� ��� DQG� ���� WKH� EOXH� VROLG� OLQH� LV� WKH�
PHDQ� IXQFWLRQ��7KH�EOXH�PDUNV�DUH� WKH� WUDLQLQJ�GDWD�
SRLQWV��7KH�JUH\�DUHD�LV�WKH�����FRQILGHQWLDO�LQWHUYDO��
ZKLFK�HTXDOV�WR�[𝜇 ± 20%𝜎]��

Date
DHW gas use
(MBTU/day)

AHU electricity
(MBTU/day)

Lighting
(MBTU/day)

CU elctricity
(MBTU/day)

Total building
electricity

(MBTU/day)

DHW gas
(MBTU/day)

Boiler gas
(MBTU/day)

1-Nov-11 0.10 1.78 4.62 0.05 6.45 0.10 7.02
2-Nov-11 0.10 1.78 4.65 0.05 6.48 0.10 5.55
3-Nov-11 0.12 1.83 4.52 1.12 7.48 0.12 5.63
4-Nov-11 0.10 1.98 4.36 0.05 6.39 0.10 6.89
5-Nov-11 0.09 1.94 3.43 0.05 5.43 0.09 8.83
6-Nov-11 0.08 1.95 3.31 0.05 5.32 0.08 8.44
7-Nov-11 0.09 1.98 4.41 0.05 6.45 0.09 6.87
8-Nov-11 0.11 1.91 4.67 1.75 8.33 0.11 4.93
9-Nov-11 0.10 1.88 4.67 1.92 8.48 0.10 3.62

10-Nov-11 0.10 1.87 4.69 1.28 7.83 0.10 5.87
11-Nov-11 0.11 2.10 4.31 0.05 6.47 0.11 11.22
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)URP� WKH� )LJXUHV� ��� DQG� ���� ZH� FRXOG� VHH� WKH�
SUHGLFWLYH� TXDOLWLHV� RI� WKH� *3� PRGHO� DUH� VWURQJO\�
LQIOXHQFHG�E\� WKH� UDQJH� FRYHUHG�E\� WKH� WUDLQLQJ� DQG�
WHVWLQJ�GDWD�VHW��$V�VXJJHVWHG�E\�WKH�VWUXFWXUH�RI�WKH�
FRYDULDQFH�IXQFWLRQ��DV�WKH�GLVWDQFH�EHWZHHQ�WUDLQLQJ�
DQG� WHVWLQJ� VHWV� LQFUHDVHV�� VR� GRHV� WKHLU� FRUUHODWLRQ��
DQG� WKH�*3�PRGHO� LV� UHTXLUHG� WR� H[WUDSRODWH� RXWVLGH�
WKH� WUDLQLQJ�GRPDLQ��3RRU� LQSXW�YDULDEOH� VFDOLQJ� FDQ�
OHDG� WR� ELDVLQJ� SUHIHUHQFH� WR� FHUWDLQ� YDULDEOHV�� 7KH�
UDQJH� RI� ���� FRQILGHQWLDO� LQWHUYDO� LV� UHODWLYHO\�
QDUURZ� QHDU� WKH� WHVWLQJ� GDWD�� 7KH� XQFHUWDLQW\� RI� WKH�
SUHGLFWLRQ� LQFUHDVHV� ZKHQ� WKH� GLVWDQFH� EHWZHHQ�
WUDLQLQJ�DQG�WHVWLQJ�GDWD�VHWV�LQFUHDVHV��

�
Model validation 

7KH� PRGHO� ZDV� IXUWKHU� YDOLGDWHG� ZLWK�
PHDVXUHPHQW�GDWD�DV�VKRZQ�LQ�)LJXUHV����DQG�����

�
)LJXUH����9DOLGDWLRQ�RI�*35�FRROLQJ�PRGHO�

�
)LJXUH����9DOLGDWLRQ�RI�*35�KHDWLQJ�PRGHO�

�
7KH� UHG� PDUNV� LQ� )LJXUHV� ��� DQG� ��� DUH� WKH�

WHVWLQJ� GDWD� SRLQW�� :H� FDQ� VHH� WKDW� PRVW� RI� WKH�
PHDVXUHPHQW�GDWD� LV� IDOOLQJ� LQ� WKH�UDQJH�RI� WKH�����
FRQILGHQFH�LQWHUYDO��
�
Model comparison 

)LJXUHV� ��� DQG� ��� VKRZ� WKH� FRPSDULVRQV� RI� WKH�
VLPSOH�OLQHDU�UHJUHVVLRQ�PRGHOV�DQG�WKH�*35�PRGHOV��
7KH� UHG� OLQH� LV� WKH� VLPSOH� OLQHDU� UHJUHVVLRQ� IXQFWLRQ�
DQG�WKH�UHG�DUHD�LV�WKH�����FRQILGHQFH�LQWHUYDO�RI�WKH�
PRGHO�� 7KH� EOXH� OLQH� LV� WKH� *35� PRGHO� PHDQ�
IXQFWLRQ� DQG� WKH� JUH\� DUHD� LV� WKH� ���� FRQILGHQFH�
LQWHUYDO��7KH�EODFN�GDWD�SRLQWV� DUH� WKH�PHDVXUHPHQW�
GDWD� RI� WKH� EDVHOLQH� EXLOGLQJ� LQFOXGLQJ� WZR� KHDWLQJ�
GRPLQDWHG�PRQWKV� �1RYHPEHU� DQG�'HFHPEHU� ������
DQG� WZR� FRROLQJ� GRPLQDWHG� PRQWKV� �-XQH� DQG� -XO\�

�������,Q�WKH�FRROLQJ�PRGHO��ZH�FDQ�VHH�WKDW�ZLWK�WKH�
VDPH�VHW�RI�WUDLQLQJ�GDWD��DQG�VDPH�OHYHO�RI�DFFXUDF\��
WKH� *35� PRGHO� SURYLGHV� D� QDUURZHU� UDQJH� RI�
XQFHUWDLQW\� LQ� WKH� XSSHU� ULJKW� SDUW�� DQG� WKH� PHDQ�
IXQFWLRQ� RI� WKH� *35� PRGHO� FDQ� EHWWHU� H[SODLQ� WKH�
FRROLQJ�HQHUJ\�EHKDYLRU�RI� WKH�EXLOGLQJ�� VLQFH�ZKHQ�
WKH� WHPSHUDWXUH� LV� EHORZ� D� FHUWDLQ� WHPSHUDWXUH�� WKH�
WRWDO� HOHFWULFLW\� LV� D� FRQVWDQW� YDOXH� ZKLOH� WKH� OLQHDU�
UHJUHVVLRQ�FRXOGQ¶W�UHIOHFW�WKLV�SDWWHUQ��,Q�WKH�KHDWLQJ�
PRGHO�� ZH� FDQ� VHH� D� KXJH� GLIIHUHQFH� EHWZHHQ� WKH�
XQFHUWDLQW\� UDQJHV� JLYHQ� E\� WZR� GLIIHUHQW� PRGHOV�
ZLWK� WKH� VDPH� VHW� RI� WUDLQLQJ� GDWD�� 7KH�*35�PRGHO�
FDQ� SURYLGH� PRUH� UHOLDEOH� DQG� UHDVRQDEOH� UHVXOWV�
FRPSDUHG� WR� WKH�VLPSOH� OLQHDU� UHJUHVVLRQ�PRGHO��:H�
FDQ�DOVR�VHH�WKDW�WKHUH�DUH�VRPH�RWKHU�YDULDEOHV�RWKHU�
WKDQ� WKH� DPELHQW� DLU� WHPSHUDWXUH� WKDW� FDQ� DIIHFW� WKH�
EXLOGLQJ� WRWDO�HQHUJ\�FRQVXPSWLRQ�VLQFH�DW� WKH� VDPH�
WHPSHUDWXUH�� WKH� WRWDO� EXLOGLQJ� HOHFWULFLW\� DQG� JDV�
FRQVXPSWLRQ�DUH�ZLGHO\�GLVWULEXWHG�LQ�)LJXUHV����DQG�
���� �)XUWKHU� VWXG\� VKRXOG�GHYHORS� D� KLJK�GLPHQVLRQ�
*35� PRGHO� WR� FDSWXUH� WKH� HIIHFW� LQWURGXFHG� E\� WKH�
RWKHU�LQGHSHQGHQW�YDULDEOHV��

�
)LJXUH����&RROLQJ�PRGHO�FRPSDULVRQ 

�
)LJXUH����+HDWLQJ�PRGHO�FRPSDULVRQ 

�

&21&8/6,216�$1'�)8785(�:25.�
,Q� WKLV� VWXG\�� ZH� XVH� ERWK� WKH� OLQHDU� UHJUHVVLRQ�

PHWKRG� DQG� *35� PHWKRG� WR� GHYHORS� DQ� LQYHUVH�
PRGHO� IRU� D� FDVH� VWXG\� EXLOGLQJ�� )URP� WKH�
FRPSDULVRQV�� LW� LV� FRQFOXGHG� WKDW� WKH� LQYHUVH�
PRGHOLQJ� LV� D� UHDOLVWLF� DQG� HIILFLHQW�ZD\� WR� HVWLPDWH�
WKH�EDVHOLQH�EXLOGLQJ�SHUIRUPDQFH�LQ�WKH�SRVW�UHWURILW�
SKDVH�� 7KH� *DXVVLDQ� 3URFHVV� DSSURDFK� OHDGV� WR� D�
KLJKO\� IOH[LEOH� PRGHO�� ZKLFK� FDQ� HDVLO\� FDSWXUH� WKH�
FRPSOH[� EXLOGLQJ� EHKDYLRU�� ,W� FDQ� SURYLGH� PRUH�
UHDOLVWLF� UHVXOWV� FRPSDUHG� ZLWK� OLQHDU� UHJUHVVLRQ�
PRGHOV�� 7KH� SUHGLFWLYH� TXDOLW\� RI� WKH� *3� PRGHO� LV�
VWURQJO\� LQIOXHQFHG� E\� WKH� UDQJH� FRYHUHG� E\� WKH�
WUDLQLQJ�DQG�WHVWLQJ�GDWD�VHW��)XWXUH�ZRUN�LV�WR�DSSO\�
FHUWDLQ� HQHUJ\� FRQVHUYDWLYH� PHDVXUHV� LQ� UHWURILWWLQJ�
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WKH� H[LVWLQJ� EXLOGLQJ�� XVH� WKH� *35� PRGHO� IRU�
SUHGLFWLQJ�WKH�EDVHOLQH�EXLOGLQJ�HQHUJ\�FRQVXPSWLRQ��
DQG� FRPSDUH� LW� ZLWK� PHDVXUHG� EXLOGLQJ� HQHUJ\�
FRQVXPSWLRQ� LQ� WKH� SRVW�UHWURILW� SKDVH� WR� FDOFXODWH�
HQHUJ\�VDYLQJV�DV�D�UHVXOW�RI�UHWURILWV��

$&.12:/('*(0(17�
7KLV� ZRUN� LV� IXQGHG� E\� (QHUJ\� (IILFLHQW�

%XLOGLQJV� +XE�� VSRQVRUHG� E\� WKH� 'HSDUWPHQW� RI�
(QHUJ\�XQGHU�$ZDUG�1XPEHU�'(�((���������

5()(5(1&(6�
$EXVKDNUD�� %�� ������ ³$Q� ,QYHUVH�0RGHO� WR� 3UHGLFW�

DQG� (YDOXDWH� WKH� (QHUJ\� 3HUIRUPDQFH� RI� /DUJH�
&RPPHUFLDO�DQG�,QVWLWXWLRQDO�%XLOGLQJV�´�,%36$�
&RQIHUHQFH� 3URFHHGLQJV�� 3UDJXH�� &]HFK�
5HSXEOLF��

$GOHU��5��-����������7KH�*HRPHWU\�RI�5DQGRP�)LHOGV��
:LOH\��&KLFKHVWHU��

5DEO� DQG� $�� 5LDOKH�� ³(QHUJ\� 6LJQDWXUH� 0RGHOV� IRU�
&RPPHUFLDO�%XLOGLQJV��7HVW�ZLWK�0HDVXUHG�'DWD�
DQG� ,QWHUSUHWDWLRQ´�� (QHUJ\� DQG� %XLOGLQJV�� ���
����������������

$6+5$(� ������ $6+5$(� *XLGHOLQH� ����
PHDVXUHPHQW� RI� HQHUJ\� DQG� GHPDQG� VDYLQJV��
$PHULFDQ�6RFLHW\�RI�+HDWLQJ��5HIULJHUDWLRQ��DQG�
$LU�&RQGLWLRQLQJ�(QJLQHHUV��,QF��

$6+5$(�������$6+5$(�+DQGERRN�)XQGDPHQWDOV��
$PHULFDQ�6RFLHW\�RI�+HDWLQJ��5HIULJHUDWLRQ��DQG�
$LU�&RQGLWLRQLQJ�(QJLQHHUV��,QF���

%DVV� $EXVKDNUD�� $Q� ,QYHUVH� 0RGHO� WR� 3UHGLFW� DQG�
(YDOXDWH� WKH� (QHUJ\� 3HUIRUPDQFH� RI� /DUJH�
&RPPHUFLDO� DQG� ,QVWLWXWLRQDO� %XLOGLQJV��
%XLOGLQJ�6LPXODWLRQ������3�����

&�(�5DVPXVVHQ��&�.�,��:LOOLDPV��*DXVVLDQ�3URFHVVHV�
IRU�0DFKLQH�/HDUQLQJ��WKH�0,7�3UHVV��������

&�)�-HII� :X�� 0LFKDHO� 6�� +DPDGD� �������
([SHULPHQWV�� SODQQLQJ�� DQDO\VLV� DQG�
RSWLPL]DWLRQ��QG�HG��3XEOLVKHG�E\�-RKQ�:LOH\�	�
6RQV��,QF��+RERNHQ��1HZ�-HUVH\��

&KULVWRSKHU�.�� ,��:LOOLDPV��7KH�+DQGERRN�RI�%UDLQ�
7KHRU\� DQG� 1HXUDO� 1HWZRUNV�� 6HFRQG� HGLWLRQ��
&DPEULGJH��0$��7KH�0,7�3UHVV��������

&ODULGJH��'�(���-��+DEHUO��0��/LX��-��+RXFHN��DQG�$��
$DPHU��������&DQ�\RX�FKLHYH������RI�SUHGLFWHG�
UHWURILW�VDYLQJV"�,V�LW�WLPH�IRU�UHFRPPLVVLRQLQJ"�
3URFHHGLQJV�RI� WKH�$&(((�����6XPPHU�6WXG\�
RQ�(QHUJ\�(IILFLHQW�%XLOGLQJ��

&KULVWRSKHU�.�� ,��:LOOLDPV��7KH�+DQGERRN�RI�%UDLQ�
7KHRU\� DQG� 1HXUDO� 1HWZRUNV�� 6HFRQG� HGLWLRQ��
&DPEULGJH��0$��7KH�0,7�3UHVV��������

&ODULGJH�� '�(��� ������ 8VLQJ� VLPXODWLRQ� PRGHOV� IRU�
EXLOGLQJ� FRPPLVVLRQLQJ�� ,Q� ,QWHUQDWLRQDO�
&RQIHUHQFH� RQ� (QKDQFHG� %XLOGLQJ� 2SHUDWLRQ��
(QHUJ\� 6\VWHPV� /DERUDWRU\�� 7H[DV� $	0�
8QLYHUVLW\��

'HSDUWPHQW�RI�(QHUJ\��������%XLOGLQJV�(QHUJ\�'DWD�
%RRN��

(QHUJ\3OXV��������KWWS���DSSV��HHUH�HQHUJ\�JRY��
EXLOGLQJV�HQHUJ\SOXV��

H48(67��������KWWS���ZZZ�GRH��FRP�HTXHVW��
)HOV��0���������35,60��$Q�,QWURGXFWLRQ��(QHUJ\�DQG�

%XLOGLQJV��9RO�����SS��������
)UDQF�6HYHU��.HOO\�.LVVRFN��'DQ�%URZQ��(VWLPDWLQJ�

,QGXVWULDO� %XLOGLQJ� (QHUJ\� 6DYLQJV� XVLQJ�
,QYHUVH�6LPXODWLRQ��$6+5$(�������������

.DUDWDVRX�� 6��� 6DQWDPRXULV�� 0��� *HRURV�� 9�� ��������
0RGHOLQJ� DQG� SUHGLFWLQJ� EXLOGLQJ
V� HQHUJ\� XVH�
ZLWK� DUWLILFLDO� QHXUDO� QHWZRUNV�� 0HWKRGV� DQG�
UHVXOWV��(QHUJ\�DQG�%XLOGLQJV�����������

.LVVRFN�� -�.��� +DEHUO� -�� DQG� &ODULGJH�� '�(��� ������
'HYHORSPHQW� RI� D� 7RRONLW� IRU� &DOFXODWLQJ�
/LQHDU�� &KDQJH�SRLQW� /LQHDU� DQG� 0XOWLSOH�
/LQHDU� ,QYHUVH� %XLOGLQJ� (QHUJ\� $QDO\VLV�
0RGHOV�� $6+5$(� 5HVHDUFK� 3URMHFW� �����53��
1RY��������

.LVVRFN�� -�.��� +DEHUO� -�� DQG� &ODULGJH�� '�(��� ������
,QYHUVH�0RGHOLQJ� 7RRONLW� �����53���1XPHULFDO�
$OJRULWKPV�� $6+5$(� 7UDQVDFWLRQV�� 9RO�� �����
3DUW�����

0�� <DOFLQWDV�� 6�� $NNXUW� �������� $UWLILFLDO� QHXUDO�
QHWZRUNV� DSSOLFDWLRQV� LQ� EXLOGLQJ� HQHUJ\�
SUHGLFWLRQV�DQG�D�FDVH�VWXG\�IRU�WURSLFDO�FOLPDWHV��
,QWHUQDWLRQDO� -RXUQDO� RI� (QHUJ\� 5HVHDUFK�� ���
��������SS�����±�����

7KDPLOVHUDQ�6�DQG�+DEHUO�-��������$�ELQ�PHWKRG�IRU�
FDOFXODWLQJ� HQHUJ\� FRQVHUYDWLRQ� UHWURILW� VDYLQJV�
LQ� FRPPHUFLDO� EXLOGLQJV�� 3URFHHGLQJ� �����
$60(�-6(6�-60(� ,QW�� 6RODU� (QHUJ\� &RQI��
���±�����

<HRQVRRN�+HR��9LFWRU�0��=DYDOD��*DXVVLDQ�3URFHVV�
0RGHOLQJ� IRU� 0HDVXUHPHQW� DQG� 9HULILFDWLRQ��
(QHUJ\�DQG�%XLOGLQJV�9ROXPH�����2FWREHU�������
3DJHV�±���

�
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