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7KLV� SDSHU� SUHVHQWV� D� PXOWL�HQHUJ\� PRGHOOLQJ�
HQYLURQPHQW� GHYHORSHG� WR� VLPXODWH� DQG� RSWLPL]H�
XUEDQ�HQHUJ\�VWUDWHJLHV��ZLWK�D�IRFXV�RQ�XUEDQ�HQHUJ\�
LQIUDVWUXFWXUH� SODQQLQJ�� $� PXOWL�VFDOH� DSSURDFK� LV�
DSSOLHG� IRU� PRGHOOLQJ� XUEDQ� HQHUJ\� QHWZRUNV��
FRQVLGHUHG� DV� WKH� EDFNERQH� RI� XUEDQ� HQHUJ\�
LQIUDVWUXFWXUH�� 7KLV� LV� FRPSOHPHQWHG� E\� WKH�
PRGHOOLQJ� RI� HQHUJ\� GHPDQG� WR� FRQVLGHU� WKH� FRVWV�
DQG�LPSDFWV�RI�GHPDQG�VLGH�PHDVXUHV��7KH�PRGHO�LV�
DOVR� OLQNHG� WR� D� VHW� RI� RSWLPL]DWLRQ� WHFKQLTXHV� LQ�
RUGHU� WR� SURYLGH� DQVZHUV� WR� XUEDQ� HQHUJ\�
LQIUDVWUXFWXUH�SODQQLQJ�LVVXHV���
7ZR� FDVH� VWXG\� DSSOLFDWLRQV� IROORZ� WKH� SUHVHQWDWLRQ�
RI� WKH� FKRVHQ� PRGHOOLQJ� SULQFLSOHV� WR� LOOXVWUDWH� WKH�
W\SH�RI�DQVZHUV�WKDW�FDQ�EH�SURYLGHG�E\�WKH�SURSRVHG�
PRGHOOLQJ�DQG�RSWLPL]DWLRQ�DSSURDFK��

,1752'8&7,21�
,Q� WKH� EURDG� FRQWH[W� RI� XUEDQ� HQHUJ\� SODQQLQJ��
LQIUDVWUXFWXUH�SODQQLQJ�GHDOV�ZLWK�VWUDWHJLF�GHFLVLRQV�
FRQFHUQLQJ� WKH� FKRLFH� RI� HQHUJ\� FRQYHUVLRQ� DQG�
GLVWULEXWLRQ� WHFKQRORJLHV� WR� VXSSO\� D� FLW\� ZLWK�
HOHFWULFLW\�� JDV� DQG� KHDWLQJ�FRROLQJ� VHUYLFHV�� 7KH�
PDLQ� TXHVWLRQV� WR� EH� DQVZHUHG� LQYROYH� WKH� W\SH� RI�
ODUJH�VFDOH�HQHUJ\�FRQYHUVLRQ�WHFKQRORJLHV��WKH�PDLQ�
HQHUJ\� YHFWRUV�� WKH� GHILQLWLRQ� RI� SULRULW\� DUHDV� IRU�
GLIIHUHQW� W\SHV� RI� GLVWULFW� HQHUJ\� LQIUDVWUXFWXUH�� WKH�
QXPEHU�� W\SH� DQG� ORFDWLRQ� RI� GLVWULEXWHG� HQHUJ\�
JHQHUDWLRQ� DVVHWV� DQG� WKH� WLPH� DW�ZKLFK� LQYHVWPHQWV�
ZLOO�EH�SHUIRUPHG��*LYHQ�WKH� LQKHUHQW�FRPSOH[LW\�RI�
XUEDQ� HQHUJ\� V\VWHPV� DQG� WKH� UHODWHG� FKDOOHQJHV� IRU�
GHFLVLRQ�PDNLQJ��WKH�SODQQLQJ�DQG�RSHUDWLQJ�RI�XUEDQ�
HQHUJ\� LQIUDVWUXFWXUH� UHTXLUHV� WKH�DSSURSULDWH�HQHUJ\�
PRGHOOLQJ��VLPXODWLRQ�DQG�RSWLPL]DWLRQ�DFWLYLWLHV��
7UDGLWLRQDO� DSSURDFKHV� DSSOLHG�PDLQO\�E\�PXQLFLSDO�
HQHUJ\�XWLOLWLHV�DQG�SULYDWH�HQHUJ\�VHUYLFH�FRPSDQLHV�
DUH�XVXDOO\� IRFXVVHG�RQ� WKH�VXSSO\�VLGH�DQG�D�VLQJOH�
HQHUJ\� GRPDLQ� DSSURDFK�� 7KH\� UDUHO\� FRQVLGHU�
SRWHQWLDO� GHPDQG�VLGH� DFWLRQV� RU� IROORZ� D� PXOWL�
HQHUJ\� DSSURDFK�� PDLQO\� EHFDXVH� WKH� DLP� LV� WR�
YDOLGDWH�D�EXVLQHVV�FDVH�ZKLFK�PLJKW�RQO\�EH�UHODWHG�
WR� RQH� HQHUJ\� YHFWRU� �H�J�� IRU� SURYLGLQJ� KHDWLQJ� RU�
FRROLQJ�VHUYLFHV���+RZHYHU��LQ�D�³VPDUW�FLW\´�FRQWH[W�
�+DVOLQJHU�� HW� DO��� ������ DQG� LQ� SDUWLFXODU� ZKHQ�
FRQVLGHULQJ� WKH� OHDGLQJ� UROH� RI� ORFDO� DXWKRULWLHV�
FRQIURQWHG�ZLWK� ORFDO� FOLPDWH�REMHFWLYHV�� WKHUH� LV� DQ�

LQFUHDVLQJ�QHHG�IRU�FRQVLGHULQJ�WKH�FRVWV�DQG�LPSDFWV�
RI�GHPDQG�VLGH�PHDVXUHV��H�J��EXLOGLQJ�UHQRYDWLRQ�RU�
WKH� LQFUHDVLQJ� SUHVHQFH� RI� HOHFWULF� YHKLFOHV�� DQG�
KDYLQJ� D� KROLVWLF� ORRN� DW� XUEDQ� HQHUJ\� V\VWHPV� �L�H��
DSSO\LQJ�PXOWL�HQHUJ\�DSSURDFK���
7KH� PXOWL�HQHUJ\� PRGHOOLQJ�� VLPXODWLRQ� DQG�
RSWLPL]DWLRQ� HQYLURQPHQW� SUHVHQWHG� LQ� WKLV� SDSHU� LV�
FXUUHQWO\� EHLQJ� SURGXFHG� ZLWKLQ� &LW,Q(6�� D�
FROODERUDWLYH� SURMHFW� ILQDQFHG� E\� WKH� �WK� )UDPHZRUN�
3URJUDPPH�RI�WKH�(XURSHDQ�&RPPLVVLRQ��,W�LV�EHLQJ�
LQWHJUDWHG�LQWR�³$UWHO\V�&U\VWDO�&LW\´��&,7<���������
D� QHZ� GHFLVLRQ�VXSSRUW� VRIWZDUH� GHVLJQHG� WR� KHOS�
ORFDO� DXWKRULWLHV� LQ� WKH� GHILQLWLRQ� RI� VXVWDLQDEOH��
UHOLDEOH� DQG� FRVW�HIIHFWLYH� XUEDQ� HQHUJ\� VWUDWHJLHV��
DQG� UHOLHV� RQ� WKH� FRPPHUFLDO� VRIWZDUH� SODWIRUP�
$UWHO\V� &U\VWDO�� DOUHDG\� XVHG� E\� PDMRU� HQHUJ\�
XWLOLWLHV�IRU�WKH�RSWLPLVDWLRQ�RI�WKHLU�HQHUJ\�V\VWHPV���
$IWHU� GLVFXVVLQJ� WKH� VWDWH�RI�WKH� DUW� LQ� WKH� ILHOG� RI�
XUEDQ� HQHUJ\� PRGHOOLQJ�� WKLV� DUWLFOH� SUHVHQWV� WKH�
PHWKRGRORJ\�DGRSWHG�IRU�PRGHOOLQJ�HQHUJ\�GHPDQG��
IROORZHG� E\� WKH� PXOWL�VFDOH� DSSURDFK� FKRVHQ� WR�
PRGHO� HQHUJ\� SURGXFWLRQ� DQG� GLVWULEXWLRQ� LQ� XUEDQ�
HQHUJ\� QHWZRUNV�� 7KH� PXOWL�VFDOH� DSSURDFK� PDNHV�
XVH�RI�GHWDLOHG�QHWZRUNV�PRGHOV�DV�ZHOO�DV�PRGHOV�RI�
WKRVH� VDPH� QHWZRUNV� DJJUHJDWHG� DW� D� ORZHU� OHYHO� RI�
GHWDLO�� PRUH� DSSURSULDWH� IRU� PRGHOOLQJ� D� FLW\� DV� D�
ZKROH�� 7KH� GHYHORSPHQW� RI� WKHVH� WZR� W\SHV� RI�
PRGHOV�LV�LOOXVWUDWHG�LQ�WKH�FDVH�RI�WKHUPDO�QHWZRUNV��
)LQDOO\�� WKH� SDSHU� SUHVHQWV� WZR� FDVH� VWXG\�
DSSOLFDWLRQV� WR� H[HPSOLI\� WKH� W\SH� RI� DQVZHUV� WKDW�
FDQ� EH� JLYHQ� ZLWK� WKH� SURSRVHG� PRGHOOLQJ� DQG�
RSWLPL]DWLRQ�DSSURDFK��

02'(//,1*�35,1&,3/(6�
7KLV� SDSHU� SUHVHQWV� DQ� LQQRYDWLYH� HQHUJ\� V\VWHP�
PRGHOOLQJ� PHWKRGRORJ\� IRU� RSWLPL]LQJ� HQHUJ\�
LQIUDVWUXFWXUHV� WKURXJK� GHWDLOHG� VLPXODWLRQV� RI� ORFDO�
HQHUJ\�JHQHUDWLRQ��VWRUDJH��WUDQVSRUW��GLVWULEXWLRQ�DQG�
GHPDQG�� LQFOXGLQJ� GHPDQG�VLGH� PDQDJHPHQW�� $OO�
HQHUJ\�YHFWRUV��HOHFWULFLW\��JDV�DQG�KHDW���XVDJHV��H�J��
KHDWLQJ�� DLU�FRQGLWLRQLQJ�� OLJKWLQJ�� HOHFWULFDO�
DSSOLDQFHV� DQG� WUDQVSRUWDWLRQ�� DQG� VHFWRUV�
�UHVLGHQWLDO�� LQGXVWULDO�� WHUWLDU\�� XUEDQ� LQIUDVWUXFWXUH��
DUH� FRQVLGHUHG� LQ� RUGHU� WR� GUDZ� D� KROLVWLF�PDS� RI� D�
FLW\¶V� HQHUJ\� EHKDYLRXU�� 7KH� SURSRVHG� DSSURDFK� LV�
EDVHG� RQ� WKH� 7UDQVPLVVLRQ� 6\VWHPV� 2SHUDWRUV�
VXSSO\�GHPDQG� EDODQFH� PHWKRGRORJ\� DQG� KDV� EHHQ�
DGDSWHG�WR�D�PRUH�ORFDO�FRQWH[W��
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6WDWH�RI�WKH�DUW�
6LQFH�HQHUJ\�LQIUDVWUXFWXUH�SODQQLQJ�KDV�WUDGLWLRQDOO\�
EHHQ� D� WDVN� RI� HQHUJ\� VXSSOLHUV� DQG� QHWZRUN�
RSHUDWRUV�� WKH� WRROV� VXSSRUWLQJ� LQIUDVWUXFWXUH�
SODQQLQJ� WDVNV� KDYH� EHHQ� WDLORUHG� WR� WKH� GLIIHUHQW�
VXSSO\� GRPDLQV� �HOHFWULFLW\� VXSSO\�� JDV� VXSSO\��
KHDWLQJ� DQG� FRROLQJ� VXSSO\��� 7KH� UHVXOW� LV� D� VHW� RI�
WRROV� WKDW� KDQGOH� WKH� VSHFLILFLW\� RI� HDFK� HQHUJ\�
VXSSO\�GRPDLQ�DQG�WKDW�FDQQRW�EH�HDVLO\�FRPELQHG�WR�
KDQGOH� PXOWL�HQHUJ\� LVVXHV�� 0XOWL�HQHUJ\�
LQIUDVWUXFWXUH� SODQQLQJ� TXHVWLRQV� KDYH� UDWKHU� EHHQ�
KDQGOHG�DW�D�VWUDWHJLF� OHYHO�ZLWK� WKH�VXSSRUW�RI� WRROV�
VXFK�DV�0$5.$/�7,0(6�EDVHG�RQ�*$06�&3/(;�
�0HQGHV��,RDNLPLGLV��	�)HUUDR���������
+RZHYHU��ZKHQ�LW�FRPHV�WR�VLWH�UHODWHG�LQIUDVWUXFWXUH�
SODQQLQJ� TXHVWLRQV�� VXFK� VWUDWHJLF� OHYHO� WRROV� IDLO� LQ�
SURYLGLQJ� WKH� DQVZHUV� H[SHFWHG� E\� WKH� ORFDO� HQHUJ\�
SODQQHUV� HPSOR\HG� E\� WKH� ORFDO� DXWKRULWLHV�� 7\SLFDO�
TXHVWLRQV� DUH� UHODWHG� IRU� LQVWDQFH� WR� WKH� FKRLFH�
EHWZHHQ� HQHUJ\� GLVWULEXWLRQ� QHWZRUNV� EDVHG� RQ�
GLIIHUHQW� YHFWRUV� IRU� WKH� VXSSO\� RI� QHZ� RU� H[LVWLQJ�
XUEDQ� DUHDV� RU� WKH� VHOHFWLRQ� RI� WKH�PRVW� DSSURSULDWH�
W\SH��ORFDWLRQ�DQG�VL]H�RI�HQHUJ\�FRQYHUVLRQ�SODQWV��
7R� DQVZHU� WKHVH� W\SHV� RI� TXHVWLRQV� DULVLQJ�ZLWK� WKH�
HPHUJHQFH� RI� LQWHJUDWHG� FRPPXQLW\� HQHUJ\� V\VWHPV�
RI� LQFUHDVHG� FRPSOH[LW\�� WKH� SDVW� GHFDGH� KDV� VHHQ� D�
YDULHW\�RI�DWWHPSWV� WR�GHYHORS�GHFLVLRQ�PDNLQJ�WRROV�
WKDW� FDQ� DVVLVW� FLWLHV� LQ� GHYHORSLQJ� XUEDQ� HQHUJ\�
VWUDWHJLHV�ZLWK�D�IRFXV�RQ�XUEDQ�HQHUJ\�LQIUDVWUXFWXUH�
SODQQLQJ��(DFK�GHYHORSPHQW�KDV� W\SLFDOO\�RULJLQDWHG�
IURP�D�SDUWLFXODU�GRPDLQ�DQG� WKHQ�EHHQ�H[WHQGHG� WR�
RWKHU�SDUWV�RI�WKH�XUEDQ�HQHUJ\�V\VWHP��
6RPH�WRROV��VXFK�DV�&LW\6LP��5RELQVRQ��HW�DO����������
RULJLQDWH�LQ�WKH�ILHOG�RI�EXLOGLQJ�VLPXODWLRQ��&LW\6LP�
LV� FDSDEOH� RI� VLPXODWLQJ� WKH� HQHUJ\� QHHGV� RI� XUEDQ�
GLVWULFWV� DV� ZHOO� DV� WKH� GLVWULEXWHG� JHQHUDWLRQ� RI�
HQHUJ\�IURP�UHQHZDEOHV�DQG�ORZ�FDUERQ�WHFKQRORJLHV�
LQVWDOOHG� ZLWKLQ� D� GLVWULFW�� +RZHYHU�� LW� GRHV� QRW�
LQWHJUDWH� \HW� WKH� FRPSOHWH� VHW� RI� HQHUJ\� GLVWULEXWLRQ�
DQG� FRQYHUVLRQ� WHFKQRORJLHV� WKDW� LV� DYDLODEOH� WR� WKH�
XUEDQ�HQHUJ\�SODQQHU��2Q�WKH�RWKHU�KDQG��D�IRFXV�RQ�D�
GHWDLOHG� FDOFXODWLRQ� RI� HQHUJ\� QHHGV� LQ� EXLOGLQJV� LV�
EH\RQG� WKH� VFRSH� RI� XUEDQ� HQHUJ\� LQIUDVWUXFWXUH�
SODQQHUV�ZKR�DOVR�QHHG� WR�FRQVLGHU� WKH�FRPSOHWH�VHW�
RI� XUEDQ� HQHUJ\� HQG�XVHUV� �EXLOGLQJ�� WUDQVSRUW��
LQGXVWULDO�DQG�XUEDQ�IDFLOLW\�VHFWRUV���
$V�D�WRRO�IRFXVVLQJ�RQ�HQHUJ\�LQWHJUDWLRQ�WHFKQLTXHV��
(QHU*,6� �*LUDUGLQ�� 0DUpFKDO�� 'XEXLV�� &DODPH�
'DUEHOOD\��	�)DYUDW�������� LQFOXGHV�D�*,6� LQWHUIDFH�
DQG� FDQ� EH� XVHG� IRU� WKH� SODQQLQJ� RI� GLVWULFW� KHDWLQJ�
QHWZRUNV� DQG� KHDWLQJ� SODQWV� �H�J�� JHRWKHUPDO� KHDW�
SXPSV��FRPELQHG�KHDW�DQG�SRZHU�SODQWV��EDVHG�RQ�D�
FKDUDFWHULVDWLRQ� RI� WKH� KHDWLQJ� GHPDQG� LQ� WHUPV� RI�
SRZHU�FDSDFLW\�DQG� WHPSHUDWXUH� UHTXLUHPHQWV�� 6LQFH�
WKLV� WRRO� IRFXVHV�RQ� WKHUPDO�XUEDQ�DVSHFWV�� LW� FDQQRW�
EH�FRQVLGHUHG�DV�D�PXOWL�HQHUJ\�WRRO�\HW��
,Q� WKH� ILHOG� RI� HOHFWULFLW\� GLVWULEXWLRQ� QHWZRUN�
SODQQLQJ�� PRGHOOLQJ� DFWLYLWLHV� DUH� DSSOLHG� WR� HQVXUH�
WKDW� WKHUH� LV� DGHTXDWH� VXEVWDWLRQ� FDSDFLW\�

�WUDQVIRUPHU� FDSDFLW\�� DQG� IHHGHU� FDSDFLW\�
�GLVWULEXWLRQ� FDSDFLW\�� WR� PHHW� WKH� ORDG� GHPDQGV��
1XPHURXV� FRPSXWHU�EDVHG� PHWKRGV� KDYH� EHHQ�
GHYHORSHG�WR�DGGUHVV�GLVWULEXWLRQ�SODQQLQJ�SUREOHPV��
7KH\� DUH� XVXDOO\� IRUPXODWHG� DV� GHFLVLRQ�PDNLQJ�
SUREOHPV� ZLWK� UHVSHFW� WR� WKH� LQVWDOODWLRQ� RU�
UHSODFHPHQW�RI�QHZ�IHHGHUV�DQG�RU�VXEVWDWLRQV��L�H��DW�
WKH� PHGLXP� YROWDJH� OHYHO�� 2SWLRQ� YDOXDWLRQ�
WHFKQLTXHV� DUH� XVHG� IRU� WKH� RSWLPLVDWLRQ� RI�
LQYHVWPHQWV�� RI� ZKLFK� RQH� RI� WKH� PRVW� UHFRJQL]HG�
ZRUN�RQ� WKH�VXEMHFW� LV� IURP��&OHZORZ�	�6WULFNODQG��
�������ZKHUH�SK\VLFDO�DVVHWV�DUH�UHSUHVHQWHG�DV�D�VHW�
RI�ILQDQFLDO�RSWLRQV��7KLV�DSSURDFK�DOORZV�RSWLPL]LQJ�
ODUJH� SDUNV� RI� HQHUJ\� DVVHWV� EXW� ODFNV� D� UHDOLVWLF�
UHSUHVHQWDWLRQ� RI� SK\VLFDO� DQG� RSHUDWLRQDO�
FRQVWUDLQWV�� )LQDOO\� WKH� 3RZHU� 6\VWHPV� /DERUDWRU\�
IURP� (7+� =XULFK� KDV� GHGLFDWHG� LWV� UHVHDUFK� WR�
PRGHOOLQJ� LQYHVWPHQWV� LQ� SRZHU� QHWZRUNV�� ZLWK� D�
IRFXV� RQ� QHZ� JHQHUDWLRQ� SODQWV� EXW� KDV� DOVR�
SXEOLVKHG� UHOHYDQW� ZRUN� RQ� QHWZRUN� H[SDQVLRQ�
LQYHVWPHQWV� �.ULVKDQV�� 1HLPDQH� 	� $QGHUVVRQ��
��������
7KH� PRVW� DGYDQFHG� PXOWL�HQHUJ\� PRGHOOLQJ�
HQYLURQPHQW� IRU� XUEDQ� HQHUJ\� LQIUDVWUXFWXUH� LV� WKH�
RQH� SURSRVHG� E\� �.HLUVWHDG�� 6DPVDWOL�� 	� 6KDK��
������� %DVHG� RQ� DQ� DJHQW�DFWLYLW\� PRGHO� DQG� D�
UHVRXUFH�WHFKQRORJ\�QHWZRUN�PRGHO��6\Q&LW\� FDQ�EH�
DSSOLHG� WR� RSWLPL]H� WKH� ORFDWLRQ� DQG� VL]H� RI� HQHUJ\�
FRQYHUVLRQ� SODQWV� ZLWKLQ� WKH� XUEDQ� IDEULF�� 7KLV� DOVR�
LPSOLHV�WKH�VHOHFWLRQ�RI�WKH�PRVW�DSSURSULDWH�QHWZRUN�
WHFKQRORJLHV��

'HPDQG�VLGH�DVSHFWV�PRGHOOLQJ�
7KH� SODQQLQJ� RI� XUEDQ� HQHUJ\� LQIUDVWUXFWXUH� KDV� WR�
FRQVLGHU� DOO� PDMRU� XUEDQ� HQHUJ\� HQG�XVHUV�� 7KH�
SURSRVHG�PRGHOOLQJ�HQYLURQPHQW� WKHUHIRUH�FRQVLGHUV�
WKH� EXLOGLQJ� VHFWRU�� WKH� WUDQVSRUWDWLRQ� VHFWRU�� WKH�
LQGXVWULDO� VHFWRU� DQG� WKH� VHFWRU� RI� XUEDQ� IDFLOLWLHV�
�PDLQO\� SXEOLF� OLJKWLQJ�� ZDWHU� VXSSO\� DQG� VHZDJH�
ZDWHU� WUHDWPHQW��� ,Q�RUGHU� WR�EH�XVHG� IRU�RSWLPL]LQJ�
ORQJ�WHUP� XUEDQ� HQHUJ\� VWUDWHJLHV�� WKH� GHPDQG�VLGH�
PRGHOV� IRU� WKH� IRXU�VHOHFWHG�HQG�XVH�VHFWRUV�KDYH� WR�
FRQVLGHU��
�� WKH�\HDUO\� ILQDO�HQHUJ\�GHPDQG� IRU� WKH�GLIIHUHQW�

HQG�XVHV���
�� WKH�QRPLQDO�SRZHU�LQVWDOOHG�IRU�WKH�GLIIHUHQW�HQG�

XVHV� �KHDWLQJ�� FRROLQJ� DQG� HOHFWULFLW\� VXSSO\� RI�
EXLOGLQJV�� QRPLQDO� LQVWDOOHG� SRZHU� RI� LQGXVWULDO�
SODQWV�� QRPLQDO� HOHFWULFDO� SRZHU� LQVWDOOHG� IRU�
VHZDJH� ZDWHU� WUHDWPHQW� SODQWV�� SXEOLF� OLJKWLQJ�
DQG�SXPSLQJ�VWDWLRQV���

�� WKH� GLVWULEXWLRQ� RI� WKH� \HDUO\� HQHUJ\� GHPDQG� LQ�
GLIIHUHQW� SHULRGV� RI� WKH� \HDU�� LGHDOO\� DW� D� GDLO\�
DQG� KRXUO\� EDVLV� �L�H�� LQ� WKH� IRUP� RI� ORDG�
SURILOHV���

�� DQG�LQ�WKH�WUDQVSRUW�VHFWRU��WKH�\HDUO\�DPRXQW�RI�
IXHO�XVHG�E\�WKH�GLIIHUHQW�YHKLFOH�FDWHJRULHV�DQG�
WKH�UHODWHG�DPRXQW�RI�HPLVVLRQV��
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7KH� GHPDQG�VLGH�PRGHOV� ZLOO� DOVR� QHHG� WR� FRQVLGHU�
WKH�LPSDFW�RI�GHPDQG�VLGH�PHDVXUHV�RQ������������DQG�
���UHVXOWLQJ�IURP��

D� LQ� WKH� EXLOGLQJ� VHFWRU�� DQ� LPSURYHPHQW� RI�
WKHUPDO� EXLOGLQJ� SHUIRUPDQFH� �LPSOH�
PHQWDWLRQ� RI� UHQRYDWLRQ� PHDVXUHV�� RU� � D�
FKDQJH� LQ� RFFXSDQW� EHKDYLRXU� �H�J��
IROORZLQJ� WKH� LPSOHPHQWDWLRQ� RI� VPDUW�
PHWHUV�� UHDO�WLPH� GLVSOD\� LQWHUIDFHV��
LQIRUPDWLRQ� FDPSDLJQV� DQG� WDUJHWHG�
FRPPXQLFDWLRQ�RQ�HQHUJ\�VDYLQJ���

E� LQ�WKH�WUDQVSRUW�VHFWRU��D�VKLIW�LQ�PRGDO�VSOLW��
D�UHGLVWULEXWLRQ�RI�YHKLFOHV�SHU�IXHO�W\SH�RU�D�
UHGLVWULEXWLRQ�RI�YHKLFOHV�SHU�HPLVVLRQ�FODVV��

F� LQ�WKH�LQGXVWULDO�VHFWRU��D�PRGLILFDWLRQ�RI�WKH�
LQGXVWU\� SURFHVV�� D� VWDWLF� LPSURYHPHQW� RI�
HQHUJ\�FRQVXPSWLRQ�IRU�D�JLYHQ�V\VWHP��GXH�
WR� D� KLJKHU� HQHUJ\� HIILFLHQF\� RU� D� G\QDPLF�
PDQDJHPHQW�RI�WKH�HQHUJ\�HQG�XVH��

G� LQ� XUEDQ� IDFLOLWLHV�� DQ� LPSURYHPHQW� RI� WKH�
HQHUJ\�SHUIRUPDQFH�RI�XUEDQ� IDFLOLWLHV� �H�J��
VXEVWLWXWLRQ� RI� OLJKWLQJ� V\VWHPV�� HQHUJ\�
VDYLQJ�PHDVXUHV� LQ� VHZDJH�ZDWHU� WUHDWPHQW�
SODQWV�� RU� ORDG� VKLIWLQJ� PHDVXUHV� WDUJHWLQJ�
XUEDQ� IDFLOLWLHV� �H�J�� SXEOLF� OLJKWLQJ� WLPH�
PDQDJHPHQW���

DV�ZHOO�DV�FRQVLGHU�WKH�RSHUDWLRQDO�FRVWV�GLUHFWO\�DQG�
LQGLUHFWO\� UHODWHG� WR� HQHUJ\� HQG�XVH� LQ� WKH� GLIIHUHQW�
VHFWRUV��

L� HQHUJ\�UHODWHG� FRVWV� �LQ� ¼�N:K�� GHGXFHG�
IURP�����

LL� PDLQWHQDQFH�FRVWV��LQ�¼�N:K�RU�LQ�¼�N:�SHU�
\HDU�� GHSHQGLQJ� RQ� WKH� W\SH� RI� HQHUJ\�
FRQYHUVLRQ�WHFKQRORJ\��

LLL� DQQXDOLVHG�LQYHVWPHQW�FRVWV��LQ�¼�\���
7KH� HQHUJ\� GHPDQG� PRGHO� SURSRVHG� UHOLHV� RQ� VLWH�
GHSHQGHQW� LQSXW� GDWD� DV�ZHOO� DV� RQ� GDWD� WKDW� FDQ� EH�
JDWKHUHG� IURP� LQWHUQDWLRQDO� VWDQGDUGV� DQG�
EHQFKPDUNLQJ� VWXGLHV�� 7KH� PRGHO� SURYLGHV� WKH�
SRVVLELOLW\� WR� WDNH� LQWR� DFFRXQW� EXLOGLQJ� VWRFN�
GHVFULSWLRQ� DQG� FOLPDWH� GDWD� DV� VLWH�UHOHYDQW�
SURSHUWLHV� ZLWKRXW� UHO\LQJ� RQ� D� GHWDLOHG� SK\VLFDO�
VLPXODWLRQ�RI�WKH�EXLOGLQJV¶�HQHUJ\�SHUIRUPDQFH��H�J��
DV� LQ� �5RELQVRQ�� HW� DO��� �������� 7\SLFDOO\�� HQHUJ\�
SHUIRUPDQFH� UDWLQJV� �\HDUO\� HQHUJ\� GHPDQG�� DUH�
NQRZQ� IRU� WKH� GLIIHUHQW� EXLOGLQJ� W\SHV� LQ� D� JLYHQ�
FOLPDWH�]RQH���
,Q�DGGLWLRQ�WR�WKLV��WKH�PRGHO�FRQVLGHUV��

� QRUPDOL]HG� KRXUO\� ORDG� SURILOHV� IRU� W\SLFDO�
GD\V��6XFK�SURILOHV�FDQ�EH�IRXQG�LQ�OLWHUDWXUH�
RU� SURYLGHG� E\� VWDQGDUGV� �H�J�� �9',� ������
�������� $� VHW� RI� SURILOHV� LV� DYDLODEOH� IRU�
GLIIHUHQW�EXLOGLQJ�W\SHV�DQG�XVDJHV��KHDWLQJ��
FRROLQJ�� HOHFWULFLW\�� DQG� FDQ� EH� H[WHQGHG� LI�
PRUH� GHWDLOHG� LQIRUPDWLRQ� LV� SURYLGHG�� IRU�

LQVWDQFH� E\� WKH� ORFDO� HQHUJ\� XWLOLW\�� 7KH�
KRXUO\� SURILOHV� DUH� WKHQ� DSSOLHG� WR� REWDLQ� D�
GLVWULEXWLRQ� RI� WKH� GDLO\� HQHUJ\� GHPDQG�
GXULQJ� WKH� KRXUV� RI� D� GD\�� ,Q� WKH� FDVH� RI�
KHDWLQJ�� WKLV� GDLO\� KHDWLQJ� GHPDQG� LV�
FDOFXODWHG� E\� UHO\LQJ� RQ� HQHUJ\� VLJQDWXUH�
WHFKQLTXHV��

� WKH� QRPLQDO� LQVWDOOHG� SRZHU� RI� WKH� KHDWLQJ�
V\VWHP�� DOORZLQJ� PDLQO\� WR� WDNH� LQWR�
FRQVLGHUDWLRQ� WKH� DGMXVWHG� QRPLQDO� KHDWLQJ�
SRZHU�UHTXLUHPHQWV�DIWHU�LPSOHPHQWDWLRQ�RI�
WKHUPDO� UHQRYDWLRQ� PHDVXUHV�� 6SHFLILF�
GHVLJQ� KHDW� ORDGV� IRU� VSDFH� KHDWLQJ� DQG�
GRPHVWLF�KRW�ZDWHU�SUHSDUDWLRQ�FDQ�EH�IRXQG�
LQ� OLWHUDWXUH� RU� FDOFXODWHG� DV� ZHOO� RQ� WKH�
EDVLV�RI�HQHUJ\�VLJQDWXUH�WHFKQLTXHV��

� WKH� FRVWV� DQG� EHQHILWV� RI� GHPDQG�VLGH�
DFWLYLWLHV�� VXFK� DV� WKHUPDO� UHQRYDWLRQ�
PHDVXUHV�DQG�EHKDYLRXUDO�FKDQJH�DFWLYLWLHV��
2Q�WKH�EDVLV�RI�D�EURDG�OLWHUDWXUH�UHYLHZ�WKDW�
KDV� EHHQ� SHUIRUPHG�� D� VHW� RI� GDWD� RQ� WKH�
W\SHV� RI�PHDVXUHV� �LQYHVWPHQW�PHDVXUHV� RU�
EHKDYLRXU� FKDQJH�PHDVXUHV��� FRVWV�� VDYLQJV�
DFKLHYHG��FRQGLWLRQV�RI�VXFFHVV�DQG�UHERXQG�
HIIHFW�LV�DYDLODEOH��

,Q�D�VLPLODU�ZD\��WKH�PRGHOV�IRU�HOHFWULFDO�DSSOLDQFHV��
LQGXVWU\�� WUDQVSRUW� DQG� XUEDQ� IDFLOLWLHV� DUH� EDVHG� RQ�
VSHFLILF� HQHUJ\� XVH� GDWD�� ORDG� SURILOHV�� LPSDFW� DQG�
FRVWV�RI�PHDVXUHV�WDNHQ�IURP�OLWHUDWXUH��

3URGXFWLRQ� DQG� 1HWZRUN� 0RGHOOLQJ�� 0XOWL�VFDOH�
$SSURDFK�
6LPXODWLQJ� DQ� HQHUJ\� VWUDWHJ\� UHTXLUHV� WR� MRLQWO\�
RSWLPL]H� �L�� WKH� LQYHVWPHQW� SODQ�� E\� VHOHFWLQJ� DQG�
GLPHQVLRQLQJ� DGHTXDWH� WHFKQRORJLHV�� DQG� �LL�� WKH�
PDQDJHPHQW� RI� WKH� VHOHFWHG� V\VWHPV� RYHU� D� ORQJ�
SHULRG� �DERXW� RQH� \HDU��� 7KH� ODWWHU� FRQVLVWV� LQ� D�
SURGXFWLRQ� FRVW�PRGHO�� ZKHUH� XQLW� FRPPLWPHQW� DQG�
GLVSDWFK�GHFLVLRQV�DUH�FRPSXWHG�IRU�HDFK�KRXU�RI�WKH�
\HDU�� WR� PLQLPL]H� JOREDO� SURGXFWLRQ� FRVWV�� 7KLV�
DOORZV�RQH�WR�VLPXODWH�WKH�RSWLPDO�PDQDJHPHQW�RI�D�
PL[� RI� HQHUJ\� DVVHWV� ZLWK� YDULRXV� PDUJLQDO� FRVWV��
VWRUDJH� PDQDJHPHQW� RU� ORDG� VKLIWLQJ�� +HQFH��
RSWLPL]LQJ� HQHUJ\� LQIUDVWUXFWXUHV� UHTXLUHV� D� VKDUS�
OHYHO� RI� GHWDLO�� ZKLFK�� LI� LW� LV� FRPELQHG�ZLWK� D� RQH�
\HDU� SHULRG� GHFRPSRVHG� LQ� KRXUO\� WLPH� VWHSV�� LV�
UHVSRQVLEOH� IRU� D� VLJQLILFDQW� LQFUHDVH� LQ� WKH� QXPEHU�
RI�YDULDEOHV��7KHQ��WKH�SUREOHP�ZH�FRQVLGHU�EHFRPHV�
WRR� ODUJH� WR� EH� GLUHFWO\� VROYHG� E\� FXUUHQW� WRROV�� $�
WHPSRUDO� GHFRPSRVLWLRQ�DJJUHJDWLRQ� DSSURDFK� LV�
WKHUHIRUH�WR�EH�H[FOXGHG�EHFDXVH�RI�WKH�G\QDPLF�OLQN�
EHWZHHQ� WLPH� VWHSV� �GXH� HVSHFLDOO\� WR� SRWHQWLDO�
VWRUDJH�FRQVLGHUDWLRQ�RU�ORDG�VKLIWLQJ����
7KH� XQGHUO\LQJ� LGHD� RI� WKH� SURSRVHG� DSSURDFK� LV� WR�
EXLOG� D� OHVV� GHWDLOHG� PRGHO� ±� GHQRWHG� ³DJJUHJDWHG�
SUREOHP´�±�FDOLEUDWHG�ZLWK�GHWDLOHG�VLPXODWLRQV��7KH�
SULQFLSOH� RI� WKH� DJJUHJDWLRQ� DSSURDFK� �LOOXVWUDWHG� LQ�
ILJXUH� ��� LV� EDVHG� RQ� QHWZRUN� VLPSOLILFDWLRQ��/HW� XV�
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GHILQH� FOXVWHUV� WKDW� DUH� DJJUHJDWLRQV� RI� QHWZRUN�
QRGHV��7KH�FOXVWHUV�ZLOO�WKHQ�EHFRPH�WKH�QRGHV�RI�WKH�
DJJUHJDWHG�QHWZRUN��DQG�LWV�FRQQHFWLRQV�DUH�WKRVH�RI�
WKH�GHWDLOHG�QHWZRUN�WKDW�DUH�QRW�LQFOXGHG�LQ�D�FOXVWHU��
7KH� FOXVWHUV� DUH� GHILQHG� VR� WKDW� QHWZRUN�
GLPHQVLRQLQJ� FRQVWUDLQWV� �WUDQVIRUPHU� FDSDFLW\��
FRQJHVWHG�OLQNV��DUH�UHSUHVHQWHG�H[SOLFLWO\��
�

�
Figure 1 Aggregation principle 

�
$IWHU�EXLOGLQJ�WKH�DJJUHJDWHG�QHWZRUN��ZH�ZRXOG�OLNH�
WR� WUDQVIHU� LQIRUPDWLRQ� IURP� WKH� GHWDLOHG� WR� WKH�
DJJUHJDWHG� QHWZRUN�� :KLOH� QRGH� LQIRUPDWLRQ� FRXOG�
EH�DJJUHJDWHG�E\�VLPSOH�RSHUDWLRQV�VXFK�DV�DGGLWLRQ��
LQIRUPDWLRQ� UHODWHG� WR� FRQQHFWLRQV� �H�J�� ORVVHV��
UHTXLUHV� VRPH� FDOLEUDWLRQ� ZRUN�� +HQFH�� ZH� EXLOG� D�
ORVV�PRGHO� IRU�HDFK�FOXVWHU� WR�DFFRXQW� IRU� WKH� ORVVHV�
RI� WKH� DJJUHJDWHG� FRQQHFWLRQV�� $V� D� UHVXOW�� LQ�
DGGLWLRQ� WR� OLQH� ORVVHV�� WKH� DJJUHJDWHG� QHWZRUN�
LQFOXGHV� QRGH� ORVVHV�� 7R� HDFK� HQHUJ\� W\SH� LV�
DVVRFLDWHG�D��SRO\QRPLDO��ORVV�IXQFWLRQ��7KH�IXQFWLRQ�
SDUDPHWHUV� DUH� FDOLEUDWHG� EDVHG� RQ� GHWDLOHG�
VLPXODWLRQV� IRU� ZHOO�VHOHFWHG� WLPH� VWHSV� DQG�
LQWHUSRODWLRQ�� 7KH� LQWHUDFWLRQ� EHWZHHQ� WKH� WZR�
PRGHOV�LV�UHSUHVHQWHG�RQ�WKH�ULJKW�VLGH�RI�)LJXUH����LW�
LPSOLHV�WKH�IROORZLQJ�WZR�LWHUDWLYH�VWHSV��

�� 'LVDJJUHJDWLRQ� VWHS�� XVLQJ� WKH� DJJUHJDWHG�
PRGHO� RQ� WKH� ZKROH� VWXG\� SHULRG�� FRPSXWH�
WKH� RSWLPDO� SURGXFWLRQ� SODQ�GHPDQG�VLGH�
PDQDJHPHQW� SROLF\� IRU� HDFK� FOXVWHU� WKDW�
PLQLPL]HV� WKH� FRVW� RI� WKH� JOREDO� V\VWHP��
7KLV�PD\�LQFOXGH�QHWZRUN�UHLQIRUFHPHQW�IRU�
H[SOLFLWO\� VLPXODWHG� FRPSRQHQWV� LI� LW� LV�
HFRQRPLFDOO\� SURILWDEOH�� 7KH� UHVXOWLQJ�
SURGXFWLRQ� SODQ� DQG� GHPDQG� IRU� VHOHFWHG�
WLPH�VWHSV�DUH�JLYHQ�DV�LQSXW�WR�WKH�GHWDLOHG�
VLPXODWLRQ� WR� YDOLGDWH�LPSURYH� WKH�
DJJUHJDWHG�ORVV�PRGHOV���

�� $JJUHJDWLRQ�DQG�FDOLEUDWLRQ�VWHS��JLYHQ�ZHOO�
VHOHFWHG� WLPH� VWHSV� DQG� FRUUHVSRQGLQJ�
HVWLPDWHG� FRQVXPSWLRQ� DQG� SURGXFWLRQ�� UXQ�
D�GHWDLOHG�VLPXODWLRQ�DQG�FRPSXWH�ORVVHV��,I�
WKH� GLIIHUHQFH� EHWZHHQ� GHWDLOHG� ORVVHV� DQG�
DJJUHJDWHG�ORVVHV�LQ�HDFK�FOXVWHU�LV�EHORZ�D�
JLYHQ�WKUHVKROG��H[LW�WKH�DOJRULWKP�DQG�NHHS�
DJJUHJDWHG� UHVXOWV�� 2WKHUZLVH�� XSGDWH�
FOXVWHUV� DQG� ORVV� PRGHO� FDOLEUDWLRQ� DQG�
UHWXUQ�WR����

�

�
Figure 2 Interactions between detailed and 

aggregated models.  
�
7KH�$UWHO\V�&U\VWDO�&LW\�WRRO��RQ�WKH�OHIW�LQ�)LJXUH����
VHUYHV� ERWK� DV� D� FHQWUDO� GDWDEDVH� IRU� DOO� W\SHV� RI�
HQHUJ\�GDWD�DQG�DV�DQ�HUJRQRPLF� LQWHUIDFH��DOORZLQJ�
D�JOREDO�RU�GHWDLOHG�GLVSOD\�RI�WKH�QHWZRUN����
,Q� WKH� FDVH�RI� QHZ�GLVWULEXWLRQ�QHWZRUNV�� RU� LI� ORFDO�
DXWKRULWLHV� GR� QRW� KDYH� DFFHVV� WR� GDWD� IURP�
GLVWULEXWLRQ� V\VWHP� RSHUDWRUV� �'62��� WKH� FDOLEUDWLRQ�
PHWKRGRORJ\� LV� UHSODFHG� E\� D� VWDWLVWLFDO� DSSURDFK��
$JJUHJDWHG�PRGHO�FOXVWHUV�DQG�ORVV�PRGHOV�DUH�EXLOW�
EDVHG� RQ� XUEDQ� FKDUDFWHULVWLFV� �H�J�� GHQVLW\�� W\SH� RI�
EXLOGLQJV�� RI� WKH� DUHD� WR� EH� GHYHORSHG�� 7KH� OLQN�
EHWZHHQ�WKH�XUEDQ�FKDUDFWHULVWLFV�DQG�WKH�SDUDPHWHUV�
RI� WKH� PRGHO� LV� FRPSXWHG� E\� XVLQJ� GDWD� PLQLQJ�
WHFKQLTXHV� RQ� VLPLODU� XUEDQ� H[DPSOHV�� IRU� ZKLFK�
GHWDLOHG� GLVWULEXWLRQ� QHWZRUN� GDWD� LV� DYDLODEOH� DQG�
SUHYLRXV� DJJUHJDWLRQ� PHWKRGRORJ\� KDV� EHHQ�
SHUIRUPHG�� 1HWZRUN� LQIUDVWUXFWXUH� FRVWV� DUH� DOVR�
HVWLPDWHG� LQ� WKLV� ZD\�� 7KH� ³PXOWL�HQHUJ\�
HQYLURQPHQW´� XVH� FDVH� SUHVHQWHG� LQ� WKH� ODVW� SDUW� RI�
WKH�DUWLFOH�LOOXVWUDWHV�WKLV�DSSURDFK���
/HW�XV�LOOXVWUDWH�WKH�GHYHORSPHQW�RI�D�GHWDLOHG�DQG�RI�
DQ� DJJUHJDWHG� QHWZRUN� PRGHO� ZLWK� WKH� FDVH� RI� WKH�
WKHUPDO�QHWZRUN�PRGHO�GHYHORSHG�IRU�VLPXODWLQJ�WKH�
EHKDYLRXU� RI� GLVWULFW� KHDWLQJ� DQG� FRROLQJ� QHWZRUNV��
6LPLODU� DSSURDFKHV� KDYH� EHHQ� DSSOLHG� IRU� WKH�
PRGHOOLQJ�RI�HOHFWULFDO�DQG�JDV�QHWZRUNV��

7KHUPDO�QHWZRUN�PRGHOOLQJ�DSSOLFDWLRQV�

7KH� GHWDLOHG� PRGHO� LV� EDVHG� RQ� D� VWHDG\� VWDWH�
DSSURDFK��ZKHUH�WUDQVLHQW�K\GUDXOLF�SKHQRPHQD��H�J��
LPSDFW� RI� VXSSO\� WHPSHUDWXUH� YDULDWLRQV� RU� ZDWHU�
KDPPHU�� DUH� QRW� LQFOXGHG�� DQG� LV� DSSOLFDEOH� WR�
K\GURQLF� GLVWULFW� KHDWLQJ� DQG� FRROLQJ� QHWZRUNV� DV�
ZHOO� DV� WR� VWHDP� QHWZRUNV� RU� LFH�VOXUU\� QHWZRUNV�
�ZLWK�GLIIHUHQW�SUHVVXUH�GURS�FDOFXODWLRQV���'XH�WR�WKH�
QXPEHU�RI�VWDWH�YDULDEOHV�UHOHYDQW�IRU�GLVWULFW�KHDWLQJ�
DQG� FRROLQJ� QHWZRUNV� DQG� WKHLU� SK\VLFDO�
UHODWLRQVKLSV��LQ�ILUVW�DSSUR[LPDWLRQ�WKH�FRPSXWDWLRQV�
FDQ�EH�SHUIRUPHG�LQ�WZR�VXFFHVVLYH�VWHSV��VHH�)LJXUH�
����

�� 7KH� K\GUDXOLF� FDOFXODWLRQ� OHDGV� WR� SUHVVXUH�
GURSV� DQG� PDVV� IORZ� UDWHV� ZKLOH� IL[LQJ�
VXSSO\� DQG� UHWXUQ� WHPSHUDWXUHV� DW� VXSSO\�
DQG� GHPDQG� QRGHV�� 7KLV� DOORZV� IRU�
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FRQVLGHULQJ� SUHVVXUH� GULYHQ� IORZV�� UHOHYDQW�
LQ� FDVH� RI� PHVKHG� QHWZRUNV� RU� PXOWLSOH�
KHDWLQJ�RU�FRROLQJ�SODQWV��

�� 7KH� WKHUPDO� FDOFXODWLRQ� LV� DQ� LWHUDWLYH�
FRPSXWDWLRQ� RI� KHDW� ORVVHV� LQ� EUDQFKHV� DQG�
WHPSHUDWXUH�OHYHOV�DW�QRGHV��ERWK�IRU�VXSSO\�
DQG�UHWXUQ�SLSHOLQHV��

�

�
Figure 3 Flow description of the mathematical model 
�
6ROYLQJ�WKH�QHWZRUN�GLVWULEXWLRQ�SUREOHP�FRQVLVWV�LQ�
ILQGLQJ� YDOXHV�� DW� DOO� QRGHV� i�� IRU� SUHVVXUH  𝑃   �� PDVV�
IORZ� UDWHV  𝑠 �� KHDW� ORVVHV� �̇�    ,   DQG� WHPSHUDWXUHV�
  𝑇 �VROYLQJ�WKH�IROORZLQJ�QRQ�OLQHDU�HTXDWLRQV��
�
1)  ∀𝑖 ∈ 𝑉, ∀(𝑖, 𝑗) ∈ 𝐸,    ILQG�𝑃     DQG��̇� , �VR�WKDW��

⎩
⎪
⎨

⎪
⎧ �̇� ; = 𝑠 , ∀𝑖 ∈ 𝑉

  ∈

𝑃 −  𝑃 = 𝑓.
𝑙 ,
𝑑 ,

.
1

2𝜌𝑎 ,
�̇� , . �̇� , , ∀(𝑖, 𝑗) ∈ 𝐸

� 

 
2)  ∀𝑖, 𝑗 ∈ 𝑉, ∀(𝑖, 𝑗) ∈ 𝐸��ILQG�𝑇   , 𝑇     DQG�𝑄    , �VR�
WKDW��

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝑐 . �̇� ; . (𝑇 − ∆𝑇 )

  ∈

= 0, ∀𝑖 ∈ 𝑉

�̇�    , = 𝑢. 𝑙 , .
𝑇 + (𝑇 − ∆𝑇 )

2 − 𝑡 , ∀(𝑖, 𝑗) ∈ 𝐸

∆𝑇 , =
�̇�    ,

�̇� , . 𝑐
, ∀(𝑖, 𝑗) ∈ 𝐸

��

�
ZKHUH� WKH� PDVV� IORZ� UDWH� SURYLGHG� �LQ� FDVH� RI� D�
KHDWLQJ� RU� FRROLQJ� SODQW�� RU� XVHG� �LQ� FDVH� RI� D�
FRQVXPHU� VXEVWDWLRQ�� DW� WKH� QRGH� i�  𝑠 �� LV� SRVLWLYH� LQ�
FDVH� RI� D� VXSSOLHG� TXDQWLW\� �KHDW� GHOLYHUHG� WR� WKH�
VXSSO\� SLSHOLQH� LQ� D� KHDWLQJ� SODQW� RU� D� FRROLQJ�
VXEVWDWLRQ�� DQG� QHJDWLYH� LQ� FDVH� RI� D� XVHG� TXDQWLW\�
�KHDW� WDNHQ� IURP� WKH� VXSSO\� SLSHOLQH� LQ� D� KHDWLQJ�
VXEVWDWLRQ� RU� D� FRROLQJ� SODQW��� 7KH� QHWZRUN� GHVLJQ�
DQG� WRSRORJ\� DUH� GHVFULEHG� E\� PHDQV� RI� WZR�
SDUDPHWHUV�� OHQJWK� 𝑙 , � DQG� GLDPHWHU�𝑑 , � RI� SLSHOLQH 
(i,j)��2QO\�WKH�VXSSO\�SLSHOLQHV�DUH�H[SOLFLWO\�GHILQHG��
5HWXUQ� SLSHOLQHV� DUH� FRQVLGHUHG� LQ� WKH� FRPSXWDWLRQV�
�FDOFXODWLRQ�RI�WHPSHUDWXUH�GURS�DQG�WKHUPDO�ORVVHV���
7KH� DERYH� VHW� RI� HTXDWLRQV� FDQ� EH� VROYHG� E\� XVLQJ�
0DWODE�FRXSOHG�ZLWK�D�QRQOLQHDU�RSWLPL]DWLRQ�VROYHU��
QDPHO\� WKH� fmincon� IXQFWLRQ� RI� WKH� 0DWODE�
2SWLPL]DWLRQ� 7RROER[� �0$7/$%�� ������ DV� ZHOO� DV�
WKH�.QLWUR�IXQFWLRQ��.1,752����������
7KH� DJJUHJDWHG� PRGHO� LV� EDVHG� RQ� D� VLPSOLILHG�
QHWZRUN�ZLWK�ORVV�PRGHO�DQG�WKHUPDO�LQHUWLD��,QGHHG��

IRU�GLVWULFW�KHDWLQJ�QHWZRUNV��VXSSO\�GHPDQG�EDODQFH�
GRHV� QRW� KDYH� WR� EH� UHVSHFWHG� SHUIHFWO\� HDFK� KRXU��
ZKLFK� SURYLGHV� VRPH� IOH[LELOLW\� IRU� QHWZRUN�
RSHUDWLRQ��7KLV�IOH[LELOLW\�LV�PRGHOOHG�WKURXJK�ILFWLYH�
VWRUDJH� FDSDFLW\� DVVRFLDWHG�ZLWK� HDFK� FOXVWHU�� 7KHVH�
VWRUDJH� FDSDFLWLHV� DUH� FDOLEUDWHG� XVLQJ� WKH� VDPH�
SURFHVV�� GHWDLOHG� VLPXODWLRQ� RI� ZHOO� VHOHFWHG�
FRQVHFXWLYH� WLPH� VWHSV�� WDNLQJ� LQWR� DFFRXQW� QHWZRUN�
RSHUDWLRQ�FRQVWUDLQWV��SUHVVXUH�DQG�WHPSHUDWXUH�GURS��
WR�FDOLEUDWH� WKH� OHYHO�RI� IOH[LELOLW\� �VWRUDJH�FDSDFLW\��
IRU�WKH�DJJUHJDWHG�SURGXFWLRQ�PDQDJHPHQW��
�

&$6(� 678'<� $33/,&$7,21�� $1�
(/(&75,&�1(7:25.�
7KH� WHVW� FDVH� DQDO\VHG� LQ� WKLV� VHFWLRQ� FRQFHUQV� WKH�
DQDO\VLV� RI� LPSDFW� RI� GHPDQG�VLGH� PDQDJHPHQW�
�'60�� DFWLRQV� LQ� D� VPDUW� JULG� HQYLURQPHQW�� '60�
DFWLRQV� DUH� XVXDOO\�GHVLJQHG� WR� LQIOXHQFH� WKH� HQHUJ\�
GHPDQG� IRU� WKH� PXWXDO� EHQHILW� RI� WKH� XWLOLW\� �RU�
GLVWULEXWLRQ� FRPSDQ\�� DQG� LWV� FRQVXPHUV�� 7KHVH�
LQLWLDWLYHV�HQDEOH�WKH�XWLOLW\�WR�LQGXFH�FKDQJHV�WR�WKH�
WLPH� DQG� GHPDQG� SDWWHUQ� RI� HOHFWULFLW\� XVDJH� DQG�
LPSURYH� WKH� FRVW� HIIHFWLYH� XVH� RI� WKH� XWLOLW\
V�
UHVRXUFHV�� DQG� HQDEOH� FRQVXPHUV� WR� EHQHILW� WKURXJK�
UHGXFHG� HQHUJ\� FRVWV�� 7KH� ORDG� GLDJUDP� UHVKDSLQJ��
ZLWK� VPDOOHU� SHDNV� DQG� DQ� RYHUDOO� WHQGHQF\� WR�
EHFRPH� IODWWHU�� FRQYH\V� LPSRUWDQW� EHQHILWV� WR� WKH�
SRZHU� V\VWHP� VWUXFWXUH� LQ� JHQHUDO� �LPSURYHG�
XWLOL]DWLRQ� RI� HQHUJ\� SURGXFWLRQ� DQG� GLVWULEXWLRQ�
QHWZRUN���WR�FXVWRPHUV��UHGXFHG�HQHUJ\�FRVWV��DQG�WR�
VRFLHW\� �UHGXFHG� HQYLURQPHQWDO� GDPDJH� UHVXOWLQJ�
IURP�OHVV�DLU�SROOXWLRQ�DQG�D�VPDOOHU�DPRXQW�RI�DFWLYH�
JHQHUDWRUV����
,Q� WKLV� VWXG\�� WKH� HIIHFWV� RI� '60� DUH� VLPXODWHG�
DVVXPLQJ� WKDW� SDUW� RI� WKH� ORDG� FDQ� EH� FXUWDLOHG� DQG�
UHVWRUHG� ODWHU� LQ� WKH� VDPH� GD\� ±� ORDG� VKLIWLQJ�� 7KH�
SRVVLELOLW\�RI� ORDG�GLVSODFHPHQW�GHSHQGV�RQ� WKH�ZLOO�
RI� WKH� FXVWRPHU�� EXW� ORDG� FRQWURO� LV� XVXDOO\� IRFXVHG�
RQ� DLU� FRQGLWLRQLQJ�� KHDWLQJ� DQG� UHIULJHUDWLRQ�� 7KH�
LGHD� LV� WR� WDNH� DGYDQWDJH�RI� EXLOGLQJ� WKHUPDO� LQHUWLD�
WR�GLVFRQQHFW�GHYLFHV�IRU�D�ZKLOH�GXULQJ�SHDN�SHULRGV�
ZLWKRXW�FDXVLQJ�PDMRU�GLVFRPIRUW���
7KH� SRZHU� QHWZRUN� PRGHO� XVHG� LQ� WKLV� FDVH� VWXG\�
ZDV�EXLOW�WR�UHSUHVHQW�D�W\SLFDO�SRUWLRQ�RI�WKH�FLW\�RI�
%RORJQD�� VWXG\� REMHFW� RI� WKH� (XURSHDQ� 3URMHFW�
&LW,Q(6� �ZZZ�FLWLQHV�FRP��� 7KH� FRQVXPSWLRQ�
GLVWULEXWLRQ�SHU�FRQVXPHU� W\SH� �UHVLGHQWLDO�� LQGXVWU\��
FRPPHUFLDO� DQG� SXEOLF� OLJKWLQJ�� DV� ZHOO� DV� WKH�
SURSRUWLRQ� RI� GLVWULEXWHG� JHQHUDWLRQ� SHU� W\SH��
QHWZRUNV� FKDUDFWHULVWLFV� �YROWDJH� OHYHO�� ORVVHV�� HWF���
DQG� HQYLURQPHQW� IHDWXUHV� �'HOLEHUD]LRQH� ���
GLFHPEUH� ����� �� $5*�HOW� �������� ������ DUH�
FRQVLGHUHG� WR� EH� DQDORJRXV� WR� WKH� FLW\� GLVWULEXWLRQ��
8VXDOO\�� VRPH� W\SHV� RI� ORDGV� KDYH� KLJKHU� SULRULW\�
RYHU�RWKHU� ORDGV��3DUWLFXODUO\� IRU� WKH� LQGXVWULDO� FDVH��
LW� LV� DVVXPHG� WKDW� PRVW� RI� WKH� LQGXVWULDO� ORDGV� DUH�
FULWLFDO� DQG� FDQQRW� EH� VXEMHFWHG� WR� ORDG� FRQWURO��
+HQFH�� WKH�PRGHO� IRU� WKH�'60� LPSOHPHQWHG� LQ� WKLV�
UHVHDUFK�RQO\�FRQVLGHUV�WKH�SRVVLELOLW\�RI�FRQWURO�RI�D�
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SDUW� RI� WKH� UHVLGHQWLDO� FRQVXPHUV� ORDG�� )LJXUH� ��
VKRZV� WKH� FRQVXPSWLRQ� GLVWULEXWLRQ� SURYLGHG� E\� WKH�
DXWKRULWLHV� RI� WKH� FLW\� RI� %RORJQD� LQ� WKHLU� UHSRUW�
�&RPXQH� GL� %RORJQD� �� 8QLWj� ,QWHUPHGLD� 4XDOLWj�
$PELHQWDOH�� ������� 7KLV� GLVWULEXWLRQ� ZDV� XVHG� WR�
GHILQH� WKH� WRWDO�FRQWUROODEOH� ORDG�� WKH�DJJUHJDWLRQ�RI�
UHIULJHUDWLRQ��ZDWHU�KHDWHU�DQG�KHDWLQJ�JLYHV�WKH�WRWDO�
FRQWUROODEOH� ORDG� �/F��� $V� QRW� DOO� FRQVXPHUV� DGKHUH�
WKH�'60�SURJUDPV��WKH�UHDO�FRQWUROODEOH�ORDG�ZLOO�EH�
D� VPDOO� SHUFHQWDJH� RI� /F� �XVXDOO\� EHWZHHQ� ��� DQG�
������
�

�
Figure 4 Distribution of electric consumption at low 

voltage 
�
,W� ZDV� DOVR� DVVXPHG� WKDW� ORDG� FXUWDLOPHQW� RFFXUV�
EHWZHHQ� ��K� DQG� ��K� �SHDN� KRXUV�� DQG� DOVR� WKDW�
FXUWDLOHG� ORDG�PXVW�EH�IXOO\�UHVWRUHG�ZLWKLQ�D�SHULRG�
RI� IRXU� KRXUV� DIWHU� WKH� SRZHU� FXW�� 7ZR� VWUDWHJLHV�
ZHUH�FRQVLGHUHG�LQ�WKLV�VWXG\��

�� 7KH� ORDG� LV� FXW� EHWZHHQ� ��K� DQG� ��K�� DQG�
WKH�FRUUHVSRQGLQJ�HQHUJ\�LV�VXSSOLHG�ZLWKLQ�
��KRXUV�RQ�WKH�VDPH�GD\��

�� 6LPLODU� WR�FDVH���EXW�ZLWK� WKH�SRVVLELOLW\� WR�
DQWLFLSDWH�FHUWDLQ�FRQVXPSWLRQV.�

�

�
Figure 5 Simulated impacts of DSM strategies 1 and 
2 on the measured base load profile 
�
)LJXUH���SUHVHQWV�WKH�VLPXODWLRQ�UHVXOWV�REWDLQHG�ZLWK�
IRU�WKH�FDVH�RI�FRQWUROOLQJ����RI�/F��7KH�SRWHQWLDO�RI�
'60�DFWLRQV��OHG�WR�EHQHILFLDO�ORDG�GLDJUDP�FKDQJHV��
7KH� SHDN� GLPLQLVKHV� VLPLODUO\� LQ� ERWK� FDVHV�
�VWUDWHJLHV� �� DQG� ��� EXW� WKH� UHVXOWLQJ� FXUYH� LV�
VPRRWKHU�LQ�WKH�VHFRQG�FDVH��
�

�
Figure 6 Loss and load peak reductions for different 
values of controllable load 
�
7KH� SHDN� DQG� ORVV� UHGXFWLRQV� DV� D� IXQFWLRQ� RI�
FRQWUROODEOH�ORDG�IRU�VWUDWHJLHV���DQG���DUH�SUHVHQWHG�
LQ� )LJXUH� �� VKRZLQJ� FRPSDUDEOH� UHVXOWV� LQ� WHUPV� RI�
SHDN�UHGXFWLRQ�DQG�VOLJKWO\�EHWWHU�UHVXOWV�IRU�VWUDWHJ\�
�� LQ� WHUPV� RI� WKH� ORVV� UHGXFWLRQ�� ,W� LV� LPSRUWDQW� WR�
HPSKDVL]H� WKDW� SHDN� UHGXFWLRQ� LV� D� YHU\� LPSRUWDQW�
DVSHFW� RI� QHWZRUN� H[SORLWDWLRQ� EHFDXVH� RI� WKH�
OLPLWDWLRQV�RI�OLQH�FDSDFLWLHV��1RUPDOO\�WKH�GHFLVLRQV�
IRU� WKH� LQYHVWPHQWV� WR� UHLQIRUFH� OLQHV� DQG�
WUDQVIRUPHUV�DUH�PDGH�WDNLQJ�LQWR�DFFRXQW�SHDN�ORDG��
L�H�� WKH� ZRUVW� FDVH� VLWXDWLRQ� IRU� WKH� QHWZRUN�� 7KLV�
DQDO\VLV� WKHUHIRUH� VKRZV� D� SRVVLELOLW\� RI� SRVWSRQLQJ�
QHWZRUN� LQYHVWPHQWV��ZKLFK� LQ� WXUQ�PD\� UHSUHVHQW� D�
GHFUHDVH� LQ� WKH� �RSHUDWLRQDO� DQG� LQYHVWPHQW�� JULG�
FRVWV��

&$6(�678'<�$33/,&$7,21��$�08/7,�
(1(5*<�(19,5210(17�
$� VSHFLILF� PXOWL�HQHUJ\� SODQQLQJ� SUREOHP� ZDV�
VWXGLHG� LQ� WKH� FDVH� RI� 0DUQH�OD�9DOOpH�� D� VXEXUEDQ�
WRZQ�HDVW� RI�3DULV� ORRNLQJ� LQWR�EXLOGLQJ� D�QHZ� HFR�
GLVWULFW� FDOOHG� ³6\FRPRUHV´��8VLQJ� WKH�PHWKRGRORJ\�
GHVFULEHG�LQ�WKLV�DUWLFOH�� WKH�LPSDFWV�RI�WZR�GLIIHUHQW�
HQHUJ\� SODQV� IRU� WKH� QHZ� GLVWULFW� KDYH� EHHQ� VWXGLHG�
DQG�DUH�SUHVHQWHG�KHUH��
,Q� WKH� ILUVW� FDVH� �FDVH� $��� WKH� QHZ� GLVWULFW� LV�
FRPSRVHG� RI� ����� LQGLYLGXDO� KRXVHV� RQO\� SOXJJHG�
LQWR� WKH� H[LVWLQJ� HOHFWULFDO� QHWZRUN�� (DFK� KRXVH� LV�
HTXLSSHG� ZLWK� ERWK� VRODU� WKHUPDO� DQG� SKRWRYROWDLF�
V\VWHPV��,Q�WKH�VHFRQG�FDVH��FDVH�%���WKH�QHZ�GLVWULFW�
LV� FRPSRVHG� RI� ����� IODWV� LQ� �� VWRUH\� EXLOGLQJV�� $�
GLVWULFW�KHDWLQJ�QHWZRUN�V\VWHP��IXHOOHG�E\�ZRRG�DQG�
JDV��JXDUDQWHHV�VSDFH�KHDWLQJ�DQG�GRPHVWLF�KRW�ZDWHU�
QHHGV�� ,Q�ERWK�XVH�FDVHV� WKH�GLVWULFW� LV�FRQVLGHUHG�DV�
FRPSRVHG� RI� D� XQLTXH�� SHUIHFWO\� KRPRJHQRXV�
FRQVXPHU�W\SH��
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�

�
Figure 7 Illustrations of cases A (top) and B (bottom) 
�

&RQVXPSWLRQ�GDWD 
,Q� )UDQFH� WKH� WRWDO� HQHUJ\� FRQVXPSWLRQ� RI� QHZ�
EXLOGLQJV� QHHGV� WR� FRPSO\� ZLWK� WDUJHWV� VHW� E\� WKH�
ODWHVW� QDWLRQDO� EXLOGLQJ� UHJXODWLRQV�� 7KHVH� DUH�
GHWHUPLQHG� SHU� VTXDUH� PHWHU� DQG� GHSHQG� RQ� WKH�
ORFDWLRQ�DQG�DOWLWXGH�RI�WKH�EXLOGLQJ��RQ�ZKLFK�HQHUJ\�
YHFWRU�LV�XVHG�WR�VXSSO\�WKH�EXLOGLQJ�DQG�ZKHWKHU�WKH�
EXLOGLQJ� LV� HTXLSSHG� ZLWK� DQ� LQWHJUDWHG� SRZHU�
SURGXFWLRQ�LQVWDOODWLRQ��7KH�WRWDO�DQQXDO�FRQVXPSWLRQ�
IRU�HDFK�HQG�XVH�RI�XVH�FDVHV�$�DQG�%�ZDV�FDOFXODWHG�
EDVHG� RQ� WKH� ILJXUHV� FRUUHVSRQGLQJ� WR� WKH� ORFDWLRQ�
DQG� DOWLWXGH� RI� WKH� SODQQHG� HFR�GLVWULFW� DQG� WR� WKH�
VXSSO\� VWUDWHJ\� �HQHUJ\� YHFWRU� DQG� LQWHJUDWHG�SRZHU�
SURGXFWLRQ�� FKRVHQ� IRU� HDFK� XVH� FDVH�� PXOWLSOLHG� E\�
DQ�DYHUDJH� VL]H�RI����P��SHU�KRXVLQJ��7KH� UHVXOWLQJ�
WRWDO� DQQXDO� FRQVXPSWLRQ� IRU� VSDFH� DQG� ZDWHU�
KHDWLQJ�� OLJKWLQJ�DQG�DSSOLDQFHV�IRU�XVH�FDVHV�$�DQG�
%�LV�SURYLGHG�LQ�7DEOH����
�

Table 1 Distribution of the simulated annual 
consumption (MWh/year) for 4000 housings of 100 

m² in cases A and B 
� &DVH�$� &DVH�%�
6SDFH�KHDWLQJ� ����� �����
:DWHU�KHDWLQJ� ����� �����
/LJKWLQJ�DQG�DSSOLDQFHV�� ����� �����
7RWDO�FRQVXPSWLRQ�� ������ ������

�
7KH�VDPH�QRUPDOLVHG�FRQVXPSWLRQ�SURILOHV�SHU�QHHGV�
ZHUH�XVHG� LQ�HDFK�FDVH��7KHVH�SURILOHV�FRPH� IURP�D�

GDWDEDVH� SURGXFHG� ZLWKLQ� WKH� &LW,Q(6� SURMHFW�� $�
GLIIHUHQW�SURILOH�IRU�HDFK�XVH�DQG�W\SH�RI�FRQVXPHU�LV�
FRQVLGHUHG�� 7KH� WRWDO� FRQVXPSWLRQ� E\� DUHD� LV� DOVR�
FRPSXWHG� DGGLQJ� ORFDO� FRQVXPSWLRQ� SURILOHV� RI� DOO�
FRQVXPHUV�DQG�DOO�XVDJHV��

/RFDO�SURGXFWLRQ�GDWD�
,Q� FDVH� $�� LW� LV� DVVXPHG� WKDW� KRXVHV� DUH� RQH� VWRUH\�
KLJK� DQG� ���� RI� WKH� URRI� VXUIDFH� FDQ� EH� XVHG� IRU�
VRODU� HQHUJ\� SURGXFWLRQ�� 6RODU� HQHUJ\� SURGXFWLRQ�
LQVWDOOHG� FDSDFLW\� LV� GHWHUPLQHG� E\� DYDLODEOH� URRI�
VXUIDFH�� $OO� KHDW� SURGXFHG� E\� VRODU� ZDWHU� KHDWLQJ�
V\VWHPV� LV� XVHG� IRU� KRPH� FRQVXPSWLRQ� DQG� H[WUD�
ZDWHU� KHDWLQJ� QHHG� LV� SURYLGHG� E\� WKH� HOHFWULFLW\�
QHWZRUN�� (OHFWULFLW\� SURGXFHG� E\� VRODU� SDQHOV�
LQVWDOOHG� RQ� WKH� KRXVHV¶� URRIV� LV� VROG� EDFN� WR� WKH�
QHWZRUN�DQG�QHFHVVDU\�HQHUJ\� IRU�VSDFH�KHDWLQJ�DQG�
VSHFLILF�HOHFWULFLW\�QHHGV� LV�ERXJKW�GLUHFWO\� IURP� WKH�
HOHFWULF� QHWZRUN�� 6RODU� UDGLDWLRQ� GDWD� LQ� 0DUQH�OD�
9DOOpH� ZDV� REWDLQHG� IURP� WKH� RSHQ� GDWDEDVH� �6RODU�
(QHUJ\� 6HUYLFHV� IRU� 3URIHVVLRQDOV�� KWWS���ZZZ�VRGD�
LV�FRP�HQJ�VHUYLFHV�VHUYLFHVBUDGLDWLRQBIUHHBHQJ�SKS�
'DWD�XVHG� IRU� VRODU�SDQHOV� �UHSUHVHQWLQJ�DQ� LQVWDOOHG�
SKRWRYROWDLF� FDSDFLW\� RI� ����� 0:S�� DQG� IRU� VRODU�
ZDWHU� KHDWLQJ� V\VWHPV� FDQ� EH� IRXQG� LQ� 7DEOH� ��� ,Q�
KRXVH� KRW� ZDWHU� VWRUDJH� LV� PRGHOOHG� DV� D� �0:K�
VWRUDJH�FDSDFLW\�IRU�DOO�KRXVHV���

 
Table 2 Data for solar PV and solar thermal heating 

systems 
� 6RODU�39� 6RODU�7KHUPDO�

2ULHQWDWLRQ� :HVW� :HVW�
,QFOLQDWLRQ� ���� ����
7RWDO�VXUIDFH�

�P��� ������ �����

&HOO�HIILFLHQF\� ����:S�P�� ��
6\VWHP�

HIILFLHQF\����� ��� ���

&$3(;� �������
�¼�0:S�\HDU��

���&$3(;�
�¼�P��\HDU��

23(;��¼�\HDU�� �� ��
�
,Q�FDVH�%��LW�LV�DVVXPHG�WKDW�VSDFH�DQG�ZDWHU�KHDWLQJ�
QHHGV� DUH� HQWLUHO\� VXSSOLHG� E\� D� GLVWULFW� KHDWLQJ�
QHWZRUN�� (OHFWULFLW\� IRU� OLJKWLQJ� DQG� DSSOLDQFHV� LV�
ERXJKW�GLUHFWO\�IURP�WKH�QHWZRUN��0DUQH�OD�9DOOpH�LV�
VXUURXQGHG�E\�ZRRGV�WKDW�FDQ�EH�XVHG�DV�D�SRWHQWLDO�
VRXUFH� RI� UHQHZDEOH� ELRPDVV�� %DVH� KHDW� QHHG� LV�
FRQVLGHUHG� WR� FRPH� IURP� D� ZRRG� IXHOOHG� XQLW� DQG�
SHDN�KHDW�LV�SURYLGHG�E\�D�JDV�WKHUPDO�SODQW���
,W� LV� LPSRUWDQW� WR� QRWH� WKDW� IXHO� FRVWV� DUH� QRW�
DFFRXQWHG�LQ�WKH�RSHUDWLRQDO�H[SHQVHV��23(;���DV�WKH�
WRWDO�DPRXQW�RI� IXHO� XVHG� LV� EHLQJ�FRPSXWHG��23(;�
KHUH� UHIHUV� WR� IL[HG� UXQQLQJ�FRVWV��'DWD�XVHG� IRU� WKH�
XUEDQ�KHDWLQJ� IURP�ZRRG�DQG�JDV�XQLWV� UHVSHFWLYHO\�
FDQ�EH�IRXQG�LQ�7DEOH�����
�

Table 3 Data regarding urban heating 
� )URP�ZRRG� )URP�JDV�

,QVWDOOHG� ���� ����
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FDSDFLW\��0:��

+HDW�\LHOG� ��0:K�WRQV�RI�
ZRRG�

�����0:K�
�0:K�JDV�

(PLVVLRQ�UDWH� �����WRQV�RI�
30�0:K�

����WRQV�RI�
&2��0:K�

&$3(;�
�¼�0:�\HDU�� ������ �����

23(;�
�¼�0:�\HDU�� ������ ������

�
7KH� LQVWDOOHG�FDSDFLW\�RI�HDFK�KHDWLQJ�XQLW� KDV�EHHQ�
GLPHQVLRQHG� XVLQJ� RSWLPL]DWLRQ� WHFKQLTXHV�� ,W� LV�
DVVXPHG� WKDW� �NP� RI� KHDWLQJ� QHWZRUN� KDV� WR� EH�
GHSOR\HG�WR�VXSSO\�WKH�QHZ�GLVWULFW��'DWD�RI�7DEOH���
DUH�XVHG��
�

Table 4 Data regarding the heating network 
&$3(;��¼�NP�\HDU�� ������
23(;��¼�NP�\HDU�� ������
+HDW�VWRUDJH�FDSDFLW\��0:K�� ��
+HDW�VWRUDJH�PD[LPXP�YDULDWLRQ��0:�� ����

�
7KHUPDO� LQHUWLD� DQG� OLQH� ORVVHV� RI� WKH� KHDWLQJ�
QHWZRUN�� FRPSXWHG� XVLQJ� WKH� PXOWL�VFDOH� DSSURDFK�
GHVFULEHG�DERYH��ZHUH�LQWHJUDWHG�WR�WKH�PRGHO���

([WHUQDO�HQHUJ\�VXSSO\�GDWD�
'DWD� XVHG� IRU� H[WHUQDO� HQHUJ\� VXSSO\� DUH� VLPLODU� LQ�
ERWK� FDVHV�� 7KH� FRVW� RI� QHWZRUN� HOHFWULFLW\� XVHG� LV�
EDVHG� RQ� WKH� UHJXODWHG� SULFH� DSSOLHG� E\� (')�� WKH�
ORFDO� SURYLGHU�� IRU� LQGLYLGXDOV�� ZKLFK� YDULHV�
DFFRUGLQJ� WR� FRQVXPSWLRQ� GDWH� DQG� KRXU�� 2WKHU�
IDFLOLW\� SULFHV� �7DEOH� ��� DUH� DVVXPHG� WR� EH� FRQVWDQW�
RYHU�WLPH��
�

Table 5 Facility prices 
*DV�SULFH��¼�0:K��� ���
:RRG�SULFH��¼�W�� ���
6RODU�HOHFWULFLW\�IHHG�LQ�WDULII���¼�0:K�� ����
3DUWLFOH�PDWWHU�HPLVVLRQ�FRVW��¼�W�� ���
&2��HPLVVLRQ�FRVWV��¼�W�� ��

�

&RPSXWHG�UHVXOWV�
(QHUJ\� V\VWHP� RSWLPDO� RSHUDWLRQ� LV� VLPXODWHG� RYHU�
RQH� \HDU�� )URP� WKHVH� KRXUO\� UHVXOWV� DJJUHJDWHG�
LQGLFDWRUV�DUH�FRPSXWHG�LQ�7DEOH�����

�

�
Figure 7 Computed production level (MWh) of heat 
from wood (grey) and gas (blue) over the simulated 
year. Thermal inertia of the heating network is an 

energy storage asset. In red the storage output. 
�

Table 6 Aggregated indicators 
� &DVH�$� &DVH�%�
7RWDO�23(;��N¼�\HDU�� �� ����
7RWDO�&$3(;��N¼�\HDU�� ����� ����
(OHFWULFLW\�IHHG�LQ��N¼�\HDU�� ��������� �
*DV�SXUFKDVH��N¼�\HDU�� � ����
:RRG�SXUFKDVH��N¼�\HDU�� � ���
3DUWLFOHV�PDWWHU�HPLVVLRQV�
FRVWV��N¼�\HDU�� � ���

(OHFWULFLW\�SXUFKDVH�
�N¼�\HDU�� ����� ����

7RWDO�FRVWV��N¼�\HDU�� ����� �����
&2��HPLVVLRQV��W�\HDU�� ����� ����
�

&21&/86,21�
7KLV� SDSHU� SURSRVHV� D� PXOWL�HQHUJ\� PRGHOOLQJ�
HQYLURQPHQW� FDSDEOH� RI� VXSSRUWLQJ� FLW\�
DGPLQLVWUDWLRQV� DQG� WKHLU� FRXQWHUSDUWV� LQ� HQHUJ\�
XWLOLWLHV�LQ�SODQQLQJ�WKH�FRQVWUXFWLRQ�DQG�RSHUDWLRQ�RI�
HQHUJ\� LQIUDVWUXFWXUH� ZLWKLQ� WKHLU� FLW\�� *LYHQ� WKH�
FRPSOH[LW\�UHODWHG�WR�FRPELQLQJ�WKH�GLIIHUHQW�HQHUJ\�
YHFWRUV� RI� XUEDQ� HQHUJ\� V\VWHPV� DQ� DJJUHJDWLRQ�
EDVHG� PRGHOOLQJ� PHWKRGRORJ\� LV� XVHG� WR� FUHDWH� DQ�
DJJUHJDWHG� PRGHO� RI� WKH� ZKROH� FLW\� DQG� LWV� HQHUJ\�
GLVWULEXWLRQ� QHWZRUNV�� 0XOWL�HQHUJ\� WRROV� DUH� WKHQ�
DSSOLHG� WR� WKLV� DJJUHJDWHG� PRGHO� WR� DQDO\VH� WKH�
LPSDFWV�RI�WKH�GLIIHUHQW�HQHUJ\�VWUDWHJLHV��
7ZR�FDVH�VWXGLHV�LOOXVWUDWH�WKH�SRVVLEOH�DSSOLFDWLRQ�RI�
WKH� HQYLURQPHQW�� 7KH� ILUVW� LOOXVWUDWHV� WKH� W\SH� RI�
RXWFRPHV� LW� FDQ� SURGXFH� ZKHQ� FRQVLGHULQJ� D� VLQJOH�
HQHUJ\�YHFWRU��LQ�WKLV�FDVH�WKH�LPSDFW�RI�GHPDQG�VLGH�
PDQDJHPHQW� PHDVXUHV� RQ� DQ� HOHFWULFLW\� GLVWULEXWLRQ�
QHWZRUN�� 7KH� VHFRQG�� D� PXOWL�HQHUJ\� FDVH� VWXG\��
DOORZV� WKH� FRPSDULVRQ� EHWZHHQ� HQHUJ\� VWUDWHJLHV�
EDVHG� RQ� GLIIHUHQW� HQHUJ\� YHFWRUV�� KHQFH� DQVZHULQJ�
WKH� PXOWL�HQHUJ\� SODQQLQJ� SUREOHP� HQFRXQWHUHG� E\�
XUEDQ� SODQQHUV� ZKHQ� GHVLJQLQJ� WKH� GHYHORSPHQW� RI�
RQH�FLW\��
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120(1&/$785(�
𝑎 , �>Pð@� �FURVV�VHFWLRQDO�DUHD�RI�SLSHOLQH (i,j)�
𝑐 �>-�.�NJ@� �VSHFLILF�KHDW�RI�ZDWHU�
𝑑 , �>P@� �GLDPHWHU�RI�D�WKHUPDO�QHWZRUN�SLSHOLQH�
EHWZHHQ�QRGHV�i�DQG�j�
E� �HGJHV�RI�D�QHWZRUN�
𝑓 , �>�@� �IULFWLRQ�IDFWRU�RI�SLSHOLQH (i,j)�
𝑙 , �>P@� �OHQJWK�RI�SLSHOLQH (i,j)��
�̇� , >NJ�V@�= GLUHFWHG�PDVV�IORZ�UDWH�LQ�D�SLSHOLQH�(i,j)�
𝑃 �>3D@  � SUHVVXUH�DW�D�WKHUPDO�QHWZRUN�QRGH�𝑖�
�̇�    , [W]   �KHDW�ORVVHV�LQ�D�SLSHOLQH (i,j)�
𝑠 �>NJ�V@� �PDVV�IORZ�UDWH�SURYLGHG�RU�XVHG�DW�D�
WKHUPDO�QHWZRUN�QRGH�𝑖�
  𝑇 �>.@  �WHPSHUDWXUH�DW�D�WKHUPDO�QHWZRUN�QRGH�𝑖�
  𝑡 �>.@  �JURXQG WHPSHUDWXUH�
u�>:�P�.@� �RYHUDOO�KHDW�H[FKDQJH�FRHIILFLHQW�RI�D�
SLSH�
V� �YHUWLFHV�RI�D�QHWZRUN�
𝜌�>NJ�P�@� �ZDWHU�GHQVLW\�

$&.12:/('*(0(17�
7KLV� ZRUN� ZDV� VXSSRUWHG� E\� WKH� (XURSHDQ� 8QLRQ�
ZLWKLQ�WKH�(XURSHDQ�3URMHFW�&LW,Q(6���WK�)UDPHZRUN�
3URJUDPPH��JUDQW����������

5()(5(1&(6�
&,7<��$UWHO\V�&U\VWDO�������KWWS���ZZZ�DUWHO\V�FRP��

LQGH[�SKS"SDJH DUWHO\VBFLW\	KO HQB(1�
&OHZORZ�� /��� 	� 6WULFNODQG� &�� ������ (QHUJ\�

'HULYDWLYHV��3ULFLQJ�DQG�5LVN�0DQDJHPHQW��
/RQGRQ��/DFLPD�3XEOLFDWLRQV��

&RPXQH� GL� %RORJQD� �� 8QLWj� ,QWHUPHGLD� 4XDOLWj�
$PELHQWDOH� ������ 3URJUDPPD� (QHUJHWLFR�
&RPXQDOH� �� 9ROXPH� ,� �� 5HOD]LRQH� GL�
%LODQFLR�&RQVXPL� HG� (PLVVLRQL� �VHULH�
VWRULFKH�������������%RORJQD��

'HOLEHUD]LRQH� ��� GLFHPEUH� ����� �� $5*�HOW� ��������
&RQVXOWHG� 6HSWHPEHU� ������ DW�
KWWS���ZZZ�DXWRULWD�HQHUJLD�LW�

*LUDUGLQ�� /��� 0DUpFKDO�� '��� 'XEXLV�� 0��� &DODPH�
'DUEHOOD\��1���	�)DYUDW��'��������(QHU*LV��
$� JHRJUDSKLFDO� LQIRUPDWLRQ� EDVHG� V\VWHP�
IRU� WKH� HYDOXDWLRQ� RI� LQWHJUDWHG� HQHUJ\�
FRQYHUVLRQ� V\VWHPV� LQ� XUEDQ� DUHDV�� (QHUJ\��
9ROXPH�����,VVXH����SS�����������

+DVOLQJHU� (��� 6DULQJHU�%RU\� %��� 3RO� 2��� 0ROOD\� 8���
1HXJHEDXHU� :��� 3DJH� -��� ,JODU� %�� ������
�6PDUW� &LWLHV� :RUNVKRS�� ,QSXWV� IRU� D�
5RDGPDS� WRZDUGV�6PDUW�&LWLHV� LQ�$XVWULD���
�3URFHHGLQJV� 5($/� &253� �����
7DJXQJVEDQG���

.HLUVWHDG�� -��� 6DPVDWOL�� 1��� 	� 6KDK�� 1�� ������
6<1&,7<�� DQ� LQWHJUDWHG� WRRO� NLW� IRU� XUEDQ�
HQHUJ\� V\VWHPV� PRGHOOLQJ�� )LIWK� 8UEDQ�
5HVHDUFK�6\PSRVLXP��0DUVHLOOH��

.1,752� ������ KWWS���ZZZ�]LHQD�FRP�NQLWUR�KWP��
&RQVXOWHG�6HSWHPEHU������

=�.ULVKDQV� =��� 1HLPDQH� 9��� $QGHUVVRQ� *�� ������
'\QDPLF� 0RGHO� IRU� 3ODQQLQJ� RI�
5HLQIRUFHPHQW� ,QYHVWPHQWV� LQ� 'LVWULEXWLRQ�
1HWZRUNV�� �� ��WK� 3RZHU� 6\VWHPV�
&RPSXWDWLRQ� &RQIHUHQFH�� 7URQGKHLP��
1RUZD\�� -XQH� ��� �� -XO\� �QG�� ������
&RQIHUHQFH� 3URFHHGLQJV�� 9RO�� ��� SS�� ����
�������

0$7/$%� ������ KWWS���ZZZ�PDWKZRUNV�FRP��
SURGXFWV�PDWODE�LQGH[�KWPO������������
&RQVXOWHG�6HSWHPEHU������

0HQGHV�� *��� ,RDNLPLGLV�� &��� 	� )HUUDR�� 3�� ������ 2Q�
WKH� SODQQLQJ� DQG� DQDO\VLV� RI� ,QWHJUDWHG�
&RPPXQLW\�(QHUJ\�6\VWHPV��$� UHYLHZ�DQG�
VXUYH\� RI� DYDLODEOH� WRROV�� 5HQHZDEOH� DQG�
6XVWDLQDEOH� (QHUJ\� 5HYLHZV�� SS�� �����
������

5RELQVRQ�� '��� &DPSEHOO�� 1��� *DLVHU��:��� .DEHO�� .��
/H�0RXHO�� $��� 0RUHO�� 1��� 3DJH�� -���
6WDQNRYLF��6���6WRQH��$���������681WRRO�±�$�
QHZ�PRGHOOLQJ�SDUDGLJP�IRU�VLPXODWLQJ�DQG�
RSWLPLVLQJ� XUEDQ� VXVWDLQDELOLW\�� 6RODU�
(QHUJ\������SS�������������

9',� ������ ������ 9HUHLQ� 'HXWVFKHU� ,QJHQLHXUH��
5HIHUHQFH�ORDG�SURILOHV�RI�VLQJOH�IDPLO\�DQG�
PXOWLSOH�IDPLO\� KRXVHV� IRU� WKH� XVH� RI� &+3�
V\VWHPV��

�
�
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