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7KLV�SDSHUV�GHVFULEHV�D�EXLOGLQJ�PRGHO�GHVLJQHG� IRU�
FLW\� VLPXODWLRQ� WRROV�� ,Q� WKLV� FRQWH[W�� WKH� VLPSOLFLW\�
DQG�DFFXUDF\� WUDGH�RII� LV�SDUWLFXODUO\� LPSRUWDQW��7KH�
FRPSXWLQJ� WLPH� LV� DOVR� D� VWURQJ� FRQVWUDLQW�� 7KH�
PHWKRGRORJ\� LQYROYHV� SK\VLFDO� VLPSOLILFDWLRQV� DQG�
PRGHO� RUGHU� UHGXFWLRQ�� 7KH� SK\VLFDO� VLPSOLFDWLRQV�
HQVXUH� WR� NHHS� PRVW� UHOHYDQW� SK\VLFDO� SKHQRPHQD�
DQG� VROOLFLWDWLRQV� ZKHUHDV� WKH� RUGHU� UHGXFWLRQ�
HOLPLQDWHV� WKH� QRQ�VLJQLILFDQW� VWDWH� YDULDEOHV�� %RWK�
VWHSV�DUH�MXVWLILHG�DQG�FRPSDUHG�WR�D�UHIHUHQFH�PRGHO�
GHVFULEHG� LQ� D� RQH�GLPHQVLRQDO� GHWDLOHG� WKHUPDO�
PRGHO��7KH� ILQDO�PRGHO� LV� UHGXFHG�� OLQHDU� DQG� WLPH�
LQYDULDQW� DQG� GHVFULEHG� LQ� D� VWDWH�VSDFH� IRUP�� 7KH�
UHVXOWV�VKRZ�WKH�DFFXUDF\�RI�WKH�KHDWLQJ�DQG�FRROLQJ�
ORDG� HVWLPDWLRQ� �OHVV� WKDQ� ��� LQ� HUURU�� DQG� D�
FRPSXWLQJ�WLPH�GHFUHDVH���

,1752'8&7,21�
'HVLJQ�RI�VXVWDLQDEOH�FLWLHV� WKURXJK�VLPXODWLRQ� WRROV�
KDV� EHFRPH� D� KRW�WRSLF� GXULQJ� WKH� ODVW� GHFDGH�
�5RELQVRQ�� ������� ,W� LV� UHJDUGHG� DV� RQH� RI� WKH�
VROXWLRQV�WR�UHGXFH�WKH�JUHHQKRXVH�HIIHFW�DQG�KDQGOH�
UHVRXUFHV� VFDUFLW\� LQ� FRPSOH[� HFRV\VWHP� VXFK� DV�
XUEDQ� DUHDV�� 7KLV� SDSHU� LV� IRFXVHG� RQ� EXLOGLQJ�
HQYHORSHV��RQH�RI�WKH�NH\�SRLQWV�LQ�FLW\�PRGHO��6RPH�
H[LVWLQJ�EXLOGLQJ�PRGHOV�DUH�XVXDOO\�WRR�FRPSOH[�DQG�
FRPSXWDWLRQDOO\�H[SHQVLYH��DQG�RWKHUV�DUH�WRR�VLPSOH�
DQG� FRQVHTXHQWO\� LQDGHTXDWH� IRU� D� SUHFLVH� ORDG�
SUHYLVLRQ��
:LWK� GHYHORSPHQWV� LQ� FRPPHUFLDO� WRROV� VXFK� DV�
7UQV\V� �.OHLQ� HW� DO��� ������� (QHUJ\�� �(QHUJ\3OXV��
�������EXLOGLQJ�VLPXODWLRQ�PRGHOV�KDYH�EHHQ�GLUHFWO\�
XVHG�IRU�XUEDQ�HQHUJ\�VLPXODWLRQ��&RXUFKHVQH�7DUGLI�
HW�DO���������+XEHU�HW�DO����������6LQFH�WKH�VLPXODWLRQ�
RI� VXFK� PRGHOV� DUH� WLPH�FRQVXPLQJ�� WKH� DXWKRUV�
VLPXODWHG� DOO� EXLOGLQJV� D� SULRUL� WR� JHW� LGHDO� HQHUJ\�
ORDG� SURILOH� EHIRUH� WKH� V\VWHP� VLPXODWLRQ�� $QRWKHU�
ZD\� LV� WR� GHFUHDVH� WKH� QXPEHU� RI� EXLOGLQJV� LQ�
VLPXOWDQHRXV�VLPXODWLRQV���
2WKHU�WKDQ�WKHVH�H[LVWLQJ�EXLOGLQJ�PRGHOV��VRPH�FLW\�
RULHQWHG� VLPXODWLRQ� WRROV� KDYH� EHHQ� GHYHORSHG� ZLWK�
GLIIHUHQW�VLPSOLILHG�EXLOGLQJ�PRGHOV���
7KH� 6ROHQH�� RULJLQDOO\� DQ� DUFKLWHFWXUDO� DQG� XUEDQ�
UDGLDQFH�WRRO�� LQWHJUDWHV�D�EXLOGLQJ�WKHUPDO�PRGHO�DV�
D� 6ROHQH� VXE�PRGHO�� 7KH� PRGHO� LV� GHULYHG� IURP� D�
QRGDO� QHWZRUN� PRGHO� UHSUHVHQWLQJ� D� PXOWL]RQH�

EXLOGLQJ� �5RX[�� ������� 7KH� SK\VLFDO� IRUPXODWLRQ� LV�
EDVHG� RQ� DQ� DQDORJLFDO� PHWKRG� XVLQJ� HOHFWULFDO�
QHWZRUN� UHSUHVHQWDWLRQ� RI� EXLOGLQJ� HOHPHQWV�
�ZLQGRZV�� ZDOOV�� URRI�� IORRU�� HWF���� 7KHUHIRUH�� D�
EXLOGLQJ� LV� FRPSRVHG� RI� WKHUPDO� ]RQHV�� DQG� HDFK�
]RQH� LV� GHVFULEHG� E\� WKHUPDO� UHVLVWDQFHV� DQG�
FDSDFLWDQFHV��5&�PRGHO����
0RUH� UHFHQWO\�� WKH� XUEDQ� VLPXODWLRQ� WRRO� &,7<6,0�
�5RELQVRQ� HW� DO��� ������ DGRSWHG� WKH� VLPLODU� 5&�
PRGHO�� ,Q� WKLV� FDVH�� D� ]RQH� LV� UHSUHVHQWHG� E\� ��
FDSDFLWDQFHV� GHVFULELQJ� WKH� LQGRRU� DLU� QRGH� DQG� WKH�
EXLOGLQJ� HQYHORSSH� QRGH�� $� FRPSDULVRQ� �.lPSI� HW�
DO��� ������ ZLWK� D� UHIHUHQFH�PRGHO� LQ� (63�U� �&ODUNH��
������ VKRZHG� WKDW� WKH� PRGHO� HUURU� LQ� WKH� DQQXDO�
HQHUJ\� LV� RI� WKH� RUGHU� RI� ���� DQG� GHYLDWLRQV� RI��
LQGRRU� WHPSHUDWXUHV�DQG�KRXUO\� ORDGV�DUH� VLJQLILFDQW�
�H�J����&�IRU�VRPH�ZDOO�W\SHV����
$QRWKHU�XUEDQ�VLPXODWLRQ�WRRO�681WRRO��5RELQVRQ�HW�
DO�� ������ LQWHJUDWHV� EXLOGLQJ� PRGHOV� RI� JUH\�ER[HV�
GHILQHG� IRU� D� VSHFLILF� EXLOGLQJ� W\SRORJ\�� 7KH� JUH\�
ER[�PRGHO�LV�EDVHG�RQ�WKH�PRGHO�UHGXFWLRQ�WHFKQLTXH�
WKDW� UHGXFHV� WKH� PRGHO� RUGHU� RI� D� IXOO�NQRZOHGJH�
SK\VLFDO� PRGHO� �'pTXp� HW� DO��� ������� $OWKRXJK� WKLV�
NLQG� RI� PRGHO� LV� FDSDEOH� RI� UHSURGXFLQJ� WKHUPDO�
G\QDPLFV� RI� EXLOGLQJ�� WKH� SURFHGXUH� WR� JHQHUDWH� WKH�
JUH\�ER[� PRGHOV� LQFOXGHV� D� QXPEHU� RI� VLPXODWLRQV��
DQG�WKHUHIRUH�WKH�PRGHO�SHUWLQHQFH�LV�KLJKO\�VHQVLWLYH�
WR� WKH� QXPEHU� RI� WHVW� VLPXODWLRQV� �3OHVVLV� HW� DO���
�������
7KH�ZRUN�SUHVHQWHG�LQ�WKLV�SDSHU�DLPV�DW�GHYHORSSLQJ�
HIILFLHQW� DQG� DFFXUDWH� EXLOGLQJ� PRGHOV� VXLWDEOH� IRU�
FLW\� VLPXODWLRQ� WRROV�� 7KH� PHWKRGRORJ\� LV� EDVHG�
FRQVHFXWLYHO\� RQ� D� SK\VLFDO� VLPSOLILFDWLRQ� DQG� D�
PRGHO� RUGHU� UHGXFWLRQ�� $� 'HWDLOHG� 0RGHO� �'0�� LV�
XVHG�WR�GHGXFH�D�6LPSOLILHG�0RGHO��60��RQFH�IRU�DOO�
E\�XVLQJ�SK\VLFDO�NQRZOHGJH�DQG�VHQVLWLYLW\�DQDO\VLV��
$�5HGXFHG�0RGHO��50��LV�WKHQ�GHULYHG�IURP�WKH�60�
PRGHO�� 7KH� PHWKRGRORJ\� HQVXUH� WR� EH� LQGHSHQGHQW�
IURP� D� VSHFLILF� W\SRORJ\�� WR� NHHS� WKH� EXLOGLQJ�
G\QDPLF� EHKDYLRXU� DQG� WR� EH� HIILFLHQW� IURP� D�
FRPSXWLQJ�WLPH�SRLQW�RI�YLHZ��
7KH� SURSRVHG� PRGHO� WDNHV� LQWR� DFFRXQW� WKH� PRVW�
VLJQLILFDQW� VROOLFLWDWLRQV� DQG� SK\VLFDO� SKHQRPHQD��
RXWGRRU� WHPSHUDWXUH�� VRODU� IOX[HV�� ORQJ� ZDYH�
UDGLDWLRQV�WR�WKH�VXUURXQGLQJ��WKHUPDO�LQHUWLD�DQG�KHDW�
WUDQVIHU� WKURXJKW� WKH� EXLOGLQJ� HQYHORSSH��
&RPSXWDWLRQ� RI� WKRVH� ERXQGDU\� FRQGLWLRQV� LV� QRW�
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GLVFXVVHG� LQ� WKLV� SDSHU�� VR� WKH\� DUH� UHJDUGHG� DV�
NQRZQ��,Q�WKH�IROORZLQJ�VHFWLRQV��ZH�ZLOO�SUHVHQW�WKH�
WKUHH�PRGHOV� DQG�PHWKRGRORJLHV�XVHG� IRU� WKH�PRGHO�
VLPSOLILFDWLRQ�DQG�UHGXFWLRQ���

'(7$,/('�02'(/��'0��
,Q� WKLV�SDUW�� WKH�'0�PRGHO� LV�SUHVHQWHG� IURP�ZKLFK�
WKH� 60� DQG� 50� PRGHOV� DUH� GHYHORSHG�� ,W� ZLOO� EH�
XVHG� DV� D� UHIHUHQFH� PRGHO� IRU� FRPSDULVRQ�� 7KH��
PRGHOV�XVHG�WR�GHILQH�WKH�'0�PRGHO�LQ�WKLV�ZRUN�DUH�
FRPSRVHG� IURP� VXE�PRGHOV� RI� WKH� VLPXODWLRQ� WRRO�
&/,0����� �(')�'(5� ������� 7KH\� KDYH� EHHQ�
YDOLGDWHG�E\� WKH�%(67(67�LQWHU�PRGHO�FRPSDULVRQV�
�-XGNRII�� 5��� 1H\PDUN�� -�� ������� 7KH� FXUUHQW� '0�
PRGHO� SUHVHQWHG� KHUHDIWHU� LV� GHILQHG� ZLWK� W\SLFDO�
K\SRWKHVHV�XVHG�IRU�WKH�ZHOO�NQRZQ�VLPXODWLRQ�WRROV��
)XUWKHU�LQYHVWLJDWLRQ�RQ�WKH�'0�LWVHOI�LV�UHVHUYHG�IRU�
D�IXWXUH�ZRUN�DV�WKH�SURFHVV�IURP�WKH�'0�WR�WKH�50�
LV�DOPRVW�WKH�VDPH�IRU�GLIIHUHQW�OHYHOV�RI�GHWDLO�RI�WKH�
'0�PRGHO�����

MODELICA-based model 
0RGHOLFD��DQ�DFDXVDO�PRGHOOLQJ� ODQJXDJH�� LV�XVHG� LQ�
WKLV� ZRUN� XVLQJ� '\PROD� �'\PROD�� ������� 7KH�
EXLOGLQJ�FRPSRQHQWV�RI�WKH�'0�PRGHO�DUH�PRGHOOHG�
XVLQJ�WKH�(')¶V�OLEUDU\�RI�0RGHOLFD�PRGHOV��2QH�RI�
WKH�EHQHILWV�RI�WKLV�DFDXVDO�PRGHOOLQJ�WRRO�LV�WKDW�ZH�
FDQ�HDVLO\�PRGLI\�WKH�SUH�GHILQHG�FRPSRQHQW�PRGHOV�
IRU� RXU� RZQ� SXUSRVH� DV� WKH� UHVROXWLRQ� DOJRULWKP� LV�
VHSDUDWHG� IURP� WKH� PRGHOOLQJ� SDUW�� %\� LQFOXGLQJ� RU�
H[FOXGLQJ� FHUWDLQ� SK\VLFDO� SKHQRPHQD� LQ� WKH�
FRPSRQHQW�PRGHOV�� LW� KHOSV� WR� HYDOXDWH� WKHLU� LPSDFW�
RQ�WDUJHW�YDULDEOHV��7KLV�VHQVLWLYLW\�DQDO\VLV�KDV�EHHQ�
GRQH� LQ� D� SUHYLRXV� ZRUN� WR� GHILQH� WKH� 60� PRGHO�
SUHVHQWHG� LQ� WKH� QH[W� VHFWLRQ�� ,Q� DGGLWLRQ�� ZKROH�
EXLOGLQJ�PDWULFHV�QHFHVVDU\�IRU�WKH�50�PRGHO�FDQ�EH�
HDVLO\� REWDLQHG� XVLQJ� D� 0RGHOLFD� IXQFWLRQ� WKDW� FDQ�
H[SRUW�V\PEROLF�VWDWH�VSDFH�UHSUHVHQWDWLRQ���

Description of the DM model 
7KH� '0� PRGHO� XVHV� RQH�GLPHQVLRQDO� FRPSRQHQW�
PRGHOV� RI� ZDOOV� DQG� ZLQGRZV�� ,Q� WKLV� '0� PRGHO��
ZDOO�OD\HUV��FRUUHVSRQGHQW�PHVKHV��DQG�WKH�LQVXODWLRQ�
SRVLWLRQ� �LQVLGH�RU�RXWVLGH��DUH� IXOO\� VSHFLILHG��7KH\�
DFFRXQW� IRU� WKH� FRQGXFWLYH� KHDW� WUDQVIHU� EHWZHHQ�
LQQHU� FRPSXWDWLRQ� QRGHV�� WKH� FRQYHFWLYH� KHDW�
H[FKDQJH�ZLWK�WKH�DPELHQW�DLU�DQG�WKH�VKRUW��RU�ORQJ�
ZDYH� UDGLDWLRQ� KHDW� H[FKDQJHV��$V� FRPPRQO\� XVHG��
WKH� FRQGXFWLYH� DQG� FRQYHFWLYH� KHDW� WUDQVIHU�
FRHIILFLHQWV� DUH� DVVXPHG� FRQVWDQW�� EXW� WKH� UDGLDWLYH�
FRHIILFLHQW� LV�YDULDEOH� LQ� IXQFWLRQ�RI� WHPSHUDWXUHV�RI�
FRQFHUQHG� ERGLHV�� 7KH� ZLQGRZ� PRGHO� LQFOXGHV� WKH�
VRODU� WUDQVPLVVLRQ� SURFHVV� XVLQJ� YDULDEOH�
WUDQVPLWWDQFH� UDWHV� �Ĳ�� WKDW� LV� D� IXQFWLRQ�RI� WKH� VRODU�
LQFLGHQW� DQJOH�� 7KH� VRODU� IOX[� WUDQVPLWWHG� WKURXJK�
ZLQGRZV� LV� DVVXPHG� HQWLUHO\� DEVRUEHG� RQ� WKH� IORRU��
,Q� DGGLWLRQ�� WKH� '0� PRGHO� FRQVLGHUV� KHDW� ORVV�
WKURXJK�YHQWLODWLRQ�XVLQJ�D�FRQVWDQW�DLU�FKDQJH�UDWH����
7KH�'0�PRGHO� LV� FRPSRVHG� RI� VHYHUDO� FRPSRQHQWV�
RI� ZDOOV� RU� ZLQGRZV� GHSHQGLQJ� RQ� WKH� EXLOGLQJ�
PRUSKRORJ\��)RU�D�EXLOGLQJ�RI�Q�ZDOO�RULHQWDWLRQV���Q�

VRODU� LUUDGLDWLRQ� LQIRUPDWLRQ� �ĭGLU� ±� GLUHFW�� ĭGLI� ±�
GLIIXVH��FRVL�±�LQFLGHQW�DQJOH��VKRXOG�EH�JLYHQ�WR�WKH�
PRGHO� DV� VHHQ� LQ� )LJXUH� ��� )RU� H[DPSOH�� LI� D�
VLPXODWHG�EXLOGLQJ�LV�D�IRUP�RI�SDUDOOHOHSLSHG�ZLWK�D�
VRXWKHUQ� ZLQGRZ� DQG� ��ZDOOV�� �� FRPSRQHQW�PRGHOV�
DUH�UHTXLUHG��DQG�WKH�EXLOGLQJ�PRGHO�XVHV�DW�OHDVW��î��
LQSXWV� IRU� WKH� �� RULHQWDWLRQV�� KRUL]RQWDO�� VRXWKHUQ��
QRUWKHUQ�� HDVWHUQ�� ZHVWHUQ��$� FRPSOH[� FRQILJXUDWLRQ�
RI�EXLOGLQJ�HQYHORSH�LQFUHDVHV�WKDW�QXPEHU�RI�LQSXWV��
7RJHWKHU� ZLWK� WKHVH� LQSXWV�� WKH� RXWGRRU� DQG� VN\�
WHPSHUDWXUHV� DUH� UHTXLUHG� DV� LQSXW� YDULDEOHV�� 7KH�
RYHUDOO�WKHUPDO�LQSXW��3��SURYLGHG�IURP�LQWHUQDO�JDLQV�
DQG� DLU�FRQGLWLRQLQJ� V\VWHPV� LV� WKH� ODVW� LQSXW� WR� WKH�
'0�PRGHO��$V�D�UHVXOW�����LQSXWV�DQG���FRPSRQHQWV�
DUH�UHTXLUHG�LQ�WKLV�VLQJOH�]RQH�FDVH��

��

�
)LJXUH����,QSXWV�WR�WKH�'0�PRGHO��Q�RULHQWDWLRQ�

VLQJOH�]RQH�FDVH��
�

6,03/,),('�02'(/��60��
$ERYH� DOO�� VLPSOLILFDWLRQV� WR� WKH� 60� PRGHO� DUH�
FRQVLGHUHG� ZKHQ� EHLQJ� KHOSIXO� WR� GHILQH� JHQHULF�
EXLOGLQJ� PRGHOV�� 7KLV� PD\� DOORZ� IHZHU� SDUDPHWHUV�
DQG� FRQVHTXHQWO\� OHVV� ODERXU� WR� GHILQH� DOO� XUEDQ�
EXLOGLQJ�PRGHOV���
$QRWKHU�UHDVRQ�WR�GHYHORS�WKH�60�PRGHO�LV�WR�FUHDWH�
D� OLQHDU� DQG� WLPH� LQYDULDQW�PRGHO�� ,W� LV� LPSRUWDQW� WR�
XVH� WKH� VWDWH� UHGXFWLRQ� WHFKQLTXH� WKDW� LV� DSSOLFDEOH�
RQO\�IRU�VXFK�D�V\VWHP���

Solar transmittance through windows 
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)LJXUH����([DPSOH�RI�WKH�YDULDEOH�VRODU�

WUDQVPLWWDQFH�UDWHV��
�
7UHDWPHQW�RI�WKH�VRODU�WUDQVPLWWDQFH�SURFHVV�WKURXJK�
ZLQGRZV� LV� RQH� RI� WKH� PDLQ� LVVXHV� WR� HVWDEOLVK� D�
JHQHULF� DQG� OLQHDU� EXLOGLQJ� PRGHO�� 7KH� VRODU�
WUDQVPLWWDQFH� UDWH� �Ĳ�� LV� VWURQJO\� YDULDEOH� LQ� WKH�
IXQFWLRQ� RI� WKH� VRODU� LQFLGHQW� DQJOH� WR� WKH� QRUPDO�
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YHFWRU� RI� WKH� ZLQGRZ� DV� VHHQ� LQ� )LJXUH� ��� )URP�
VHQVLWLYLW\� WHVWV� FDUULHG� RXW� DKHDG� RI� WKLV� ZRUN�� D�
FRQVWDQW� Ĳ� DVVXPHG� IRU� VLPSOLFLW\� UHVXOWHG� LQ�
VLJQLILFDQW� HUURUV� SDUWLFXODUO\� IRU� JODVV� GRPLQDQW�
EXLOGLQJV��$V�D�UHVXOW��LW�LV�LQGLVSHQVDEOH�WR�WDNH�LQWR�
DFFRXQW�WKH�YDULDEOH�FKDUDFWHULVWLF��
7R� JHW� WKH� OLQHDU� EXLOGLQJ� PRGHO�� WKH� VRODU�
WUDQVPLWWDQFH� SURFHVV� LV� WDNHQ� RXW� IURP� WKH� '0�
PRGHO� DQG� WKHQ� SODFHG� XSVWUHDP� RI� WKH� PRGHO�� ,W�
PHDQV� WKDW� WKH� VRODU� IOX[� WUDQVPLWWHG� WKURXJK� DOO�
ZLQGRZV� LV� VHSDUDWHO\� FDOFXODWHG� LQ� DGYDQFH� XVLQJ�
WKH�YDULDEOH�UDWHV��DQG�WKH�REWDLQHG�IOX[�EHFRPHV�RQH�
RI� WKH� LQSXW� YDULDEOHV� WR� WKH�PRGHO�� ,Q� WKLV� ZRUN�� D�
PHDQ�LQSXW�YDOXH�LV�XVHG��DQG�LW�FDQ�EH�FDOFXODWHG�DV��
�
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:KHUH�� ��WWUDQV �LV� WKH� PHDQ� YDOXH� �:�Pð�� RI� WRWDO�
VRODU� WUDQVPLWWHG� IOX[� WKURXJK� DOO� ZLQGRZV�� ĲL�W�� WKH�
YDULDEOH� WUDQVPLWWDQFH� UDWH�� DQG� Ĳ�� WKH� FRQVWDQW�
GLIIXVH� WUDQVPLWWDQFH� UDWH� RI� ZLQGRZV�� 6ZLQBL� PHDQV�
WKH�ZLQGRZ�DUHD��Pð��IRU�HDFK�RULHQWDWLRQ�L�� GLU �DQG�

GLI �LQGLFDWH� WKH�GLUHFW�DQG�GLIIXVH�VRODU� LUUDGLDWLRQ�
�:�Pð��RQ�WKH�ZLQGRZV��UHVSHFWLYHO\��
7KLV�DPRXQW�RI�IOX[�LV�PXOWLSOLHG�LQ�WKH�PRGHO�E\�WKH�
WRWDO�ZLQGRZ�VXUIDFH��DQG�WKHQ�LW�LV�GLUHFWO\�DEVRUEHG�
RQ�WKH�IORRU���

Orientation-independent model 
(DFK�VRODU�DEVRUEHG� LUUDGLDWLRQ�RQ�RSDTXH�ZDOOV�DQG�
ZLQGRZV� LV�DYHUDJHG�IRU� WKH�60�PRGHO�DV� WKH�PHDQ�
WUDQVPLWWHG� IOX[� LV� FDOFXODWHG�� $FFRUGLQJO\�� WKRVH�
YDOXHV�� ZLQDEV B DQG� ZDOODEV B ��DUH�JLYHQ�DV���
�
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:KHUH��Į�LV�WKH�WKHUPDO�DEVRUSWLYLW\�IRU�ZLQGRZV�DQG�
ZDOOV��LQGLFHV�ZLQ�DQG�ZDOO��UHVSHFWLYHO\����
�

�
)LJXUH���7UHDWHPHQW�RI�DEVRUEHG�VRODU�IOX[HV�RQ�

ZDOOV�DQG�ZLQGRZV��
�

8VH� RI� PHDQ� YDOXHV� IRU� WKH� DEVRUEHG� IOX[� PRGLILHV�
ERXQGDU\� FRQGLWLRQV� RI� WKH� 60� PRGHO� DV� VHHQ� LQ�
)LJXUH� ��� 2WKHU� WKDQ� WKH� '0� PRGHO� ZKHUH� GLVWLQFW�
VXUIDFH�WHPSHUDWXUHV�DUH�REVHUYHG��VHH�WKH�OHIW�RI�WKH�
ILJXUH��� WKH� 60�PRGHO� KDV� WKH� VDPH� RXWVLGH� VXUIDFH�
WHPSHUDWXUH� RI� ZDOOV� DQG� ZLQGRZV� DV� WKH\� DUH�
H[SRVHG� WR� WKH� VDPH� ERXQGDU\� FRQGLWLRQ� RI� WKH�
DYHUDJH�VRODU� LUUDGLDWLRQ��6LQFH�WKH�WDUJHW�YDULDEOH�RI�
WKH� EXLOGLQJ� PRGHO� LV� WKH� LQGRRU� WHPSHUDWXUH�
UHODWLYHO\� DSDUW� IURP� WKH� RXWVLGH� RI� ZDOOV�� WKLV�
VLPSOLILFDWLRQ�ZRXOG�QRW�PXFK�DIIHFW�WKH�UHVXOWV���
$OO�WKUHH�PHDQ�YDOXHV�DOORZ�WKH�60�PRGHO�WR�XVH�DQ�
HTXLYDOHQW� VLQJOH� FRPSRQHQW� IRU� ZDOOV� DQG� DQRWKHU�
FRPSRQHQW�IRU�ZLQGRZV��

Linearization of coefficients 
$V� PHQWLRQHG� HDUOLHU�� LQ� WKH� '0� PRGHO�� WKH�
FRQYHFWLYH� DQG� FRQGXFWLYH� KHDW� WUDQVIHU� FRHIILFLHQWV�
DUH�DVVXPHG�FRQVWDQW��DQG� WKH�UDGLDWLYH�KHDW� WUDQVIHU�
UDWH� �ĭUDG�� LV� YDULDEOH� DFFRUGLQJ� WR� WKH� QRQ�OLQHDU�
IXQFWLRQ�RI�UHODWLYH�WHPSHUDWXUHV��
�

�� ��

VVN\UDG 77   �� � ����
�
:KHUH�� ı� LV� 6WHIDQ�%ROW]PDQQ� FRQVWDQW� � ���[�����
:�P�.���� İ� WKH� ERG\� HPLVVLYLW\�� 7VN\� WKH� VN\�
WHPSHUDWXUH�� DQG�7V�PHDQV� WKH� H[WHUQDO�ZDOO� VXUIDFH�
WHPSHUDWXUH��
,W�JLYHV��
�

����

VVN\VVN\VVN\UDG 77�7��77�7ı 
  



 ����

�
)RU� OLQHDULW\�� WKH� SDUW� Ȗ� LQ� (TXDWLRQ� ���� FDQ� EH�
DVVXPHG�FRQVWDQW�XVLQJ�DQQXDO�FRQVWDQW�WHPSHUDWXUHV�
IRU�7VN\�DQG�7V��7KLV�YDOXH�Ȗ�LV�QRUPDOO\�VHW�EHWZHHQ���
DQG� �� GHSHQGLQJ� RQ� WKH� ZHDWKHU�� 7KH� WHPSHUDWXUHV�
7VN\� DQG�7V�RI� WKH�SRUWLRQ�Ȗ�DUH�DSSUR[LPDWHG� LQ� WKLV�
ZRUN�DV�������.�DQG�������.�UHVSHFWLYHO\��Ȗ§������

Final simplified model 
)URP� SUHYLRXV� VHQVLWLYLW\� WHVWV� FDUULHG� RXW� IRU� WKLV�
ZRUN�� WKUHH� PHDQ� LQSXWV� RI� VRODU� UDGLDWLRQ� �:�Pð��
GHVFULEHG� LQ� WKH� DERYH� DUH� UHTXLUHG� WR� DFFXUDWHO\�
VLPXODWH� WKH� EXLOGLQJ� WKHUPDO� EHKDYLRXU�� PHDQ�
WUDQVPLWWHG� UDGLDWLRQ�� PHDQ� DEVRUEHG� UDGLDWLRQ� RQ�
ZLQGRZV��PHDQ�DEVRUEHG�UDGLDWLRQ�RQ�RSDTXH�ZDOOV��
,Q� WKH� 60�PRGHO�� WKH�PHDQ� WUDQVPLWWHG� UDGLDWLRQ� LV�
PXOWLSOLHG� E\� WKH� WRWDO� ZLQGRZ� DUHD� �ĭWUDQVî�6ZLQ��
DQG� WKHQ�DEVRUEHG�RQ� WKH�IORRU�DV� WUHDWHG� LQ� WKH�'0�
PRGHO�� 7KH� WZR� PHDQ� DEVRUEHG� YDOXHV� �ĭDEVBZLQ�

�ĭDEVBZDOO�� DUH� DOVR� PXOWLSOLHG� E\� HDFK� DUHD� DQG�
DEVRUEHG� RQ� WKHLU� UHVSHFWLYH� VXUIDFH� ZLWK� D� JLYHQ�
DEVRUSWLYLW\�FRHIILFLHQW��Į��������
$V�D�UHVXOW����RQH�GLPHQVLRQDO�HQYHORSH�FRPSRQHQWV�
DUH�RQO\�XVHG�LQ�WKH�60�PRGHO�IRU�D�VLQJOH�]RQH�FDVH��
DQ� RSDTXH�ZDOO�� D�ZLQGRZ�� DQG� D� IORRU� DV� VKRZQ� LQ�
)LJXUH����,Q�WKH�FDVH�RI�D�PXOWL�VWRUH\�EXLOGLQJ�WKDW�LV�
\HW�WUHDWHG�DV�D�VLQJOH�]RQH��DQ�DGGLWLRQDO�ILFWLYH�IORRU�
FRPSRQHQW� FDQ� EH� DGGHG� WR� WKLV� 60�PRGHO� WR� WDNH�
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LQWR� DFFRXQW� WKH� FDSDFLWDQFH� RI� IORRUV� EHWZHHQ�
VWRUH\V��7KLV� ILFWLYH�FRPSRQHQW�KDV� WKH� WRWDO� DUHD�RI�
WKH� LQWHU�IORRUV� RI� WKH� EXLOGLQJ�� DQG� LW� VKDUHV�
SURSRUWLRQDOO\�WKH�WUDQVPLWWHG�VRODU�IOX[�ZLWK�WKH�UHDO�
IORRU�FRPSRQHQW���
���

�
)LJXUH����,QSXWV�WR�60�PRGHO�

�
7KH� 60�PRGHO� LV� RULHQWDWLRQ�LQGHSHQGHQW� VR� WKDW� LW�
FRXOG�XVH�OHVV�LQSXWV�DQG�VWDWHV�FRPSDUHG�WR�WKH�'0�
PRGHO�� $IWHU� DOO� VLPSOLILFDWLRQV�� WKH� 60� PRGHO�
EHFRPHV� D� OLQHDU� V\VWHP�� DQG� ILQDOO\� LW� FDQ� EH�
H[SUHVVHG�E\�D�VWDWH�VSDFH�UHSUHVHQWDWLRQ���
�







'8-7<
%8$77& 

� � � ����

�
:KHUH��7� LQGLFDWHV�DQ�DVVHPEO\�RI� WKHUPDO�QRGHV�RI�
ZDOOV��ZLQGRZV�DQG�LQGRRU�DLU��8�UHSUHVHQWV�LQSXWV�WR�
WKH�60�PRGHO��,Q�WKLV�VLQJOH�]RQH�FDVH��VL[�LQSXWV�DUH�
XVHG��VHH�DOVR�)LJXUH�����<�LV�WKH�REVHUYDWLRQ�YDULDEOH�
DQG� LW� LV� WKH� LQGRRU� ]RQH� WHPSHUDWXUH� LQ� WKLV�PRGHO��
$OO� WHUPV� RI� WKH� VWDWH�PRGHO�PDWULFHV�&��$��%�� -��'�
DUH�FRQVWDQW���
7KLV�60�PRGHO�LV�WKH�LQLWLDO�PRGHO�IURP�ZKLFK�XVHUV�
ZLOO� VSHFLI\� DOO� SDUDPHWHUV� UHODWLYH� WR� WKH� EXLOGLQJ�
HQYHORSH��7KHQ��DOO�SURFHVVHV�IURP�WKH�60�PRGHO�WR�
WKH�50�PRGHO�DUH�DXWRPDWLFDOO\�SHUIRUPHG���

5('8&('�02'(/��50��
)URP� WKH� 60� PRGHO� GHILQHG� DERYH�� D� UHGXFWLRQ�
PRGHO�LV�GHGXFHG�XVLQJ�RQH�RI�WKH�H[LVWLQJ�UHGXFWLRQ�
WHFKQLTXHV�� 7KH� PDLQ� REMHFWLYH� RI� WKH� UHGXFWLRQ�
PHWKRG�LV�WR�UHGXFH�WKH�VWDWH�PRGHO�VL]H�IURP�Q� WR�U�
�Q!!U��� ,W� LV�KDUGO\�VDLG� WKDW� RQH� WHFKQLTXH� LV�EHWWHU�
WKDQ� WKH� RWKHUV� H[LVWLQJ� UHGXFWLRQ� WHFKQLTXHV��
+RZHYHU�� VRPH� SUHYLRXV� VWXGLHV� �3DODPR� HW� DO���
������VKRZHG�WKDW�WKH�IROORZLQJ�EDODQFHG�UHDOL]DWLRQ�
PHWKRG� FDQ� JLYH� UHOHYDQW� UHVXOWV� IRU� WKH� EXLOGLQJ�
VLPXODWLRQ�DSSOLFDWLRQ��

Balanced realization method 
7KH�WUXQFDWLRQ�PHWKRGV�KDYH�EHHQ�ODUJHO\�XVHG�LQ�WKH�
EXLOGLQJ� VLPXODWLRQ��0DUVKDOO¶V�PHWKRG�� DJJUHJDWLRQ�
PHWKRGV�� 0RRUH¶V� PHWKRG�� HWF�� $PRQJ� WKHP��
0RRUH¶V� PHWKRG� �0RRUH�� ������ LV� FDOOHG� WKH�
EDODQFHG� UHDOL]DWLRQ� PHWKRG� VLQFH� WKH� PHWKRG� LV�
EDVHG� RQ� EDODQFHG� FRQFHSW� EHWZHHQ� WKH�
FRQWUROODELOLW\� DQG� REVHUYDELOLW\�� 6LPSO\� VSHDNLQJ��
WKH�FRQWUROODELOLW\�FDQ�EH�GHILQHG�DV�WKH�SRVVLELOLW\�WR�
DFTXLUH� DQG� YDU\� WKH� PRGHO� VWDWHV� E\� PHDQV� RI� WKH�

V\VWHP� LQSXWV� ZKLOH� WKH� REVHUYDELOLW\� DV� WKH�
SRVVLELOLW\� WR� HVWDEOLVK� WKH� PRGHO� VWDWHV� XVLQJ� WKH�
RXWSXWV��
7KH� UHGXFWLRQ� FDQ� EH� DFKLHYHG� E\� HOLPLQDWLQJ� WKH�
VWDWH�YDULDEOHV�RI�ORZHU�GHJUHHV�RI�FRQWUROODELOLW\�DQG�
REVHUYDELOLW\�GHILQHG�E\�WKHLU�FRQWUROODELOLW\�JUDPLDQ�
:&� DQG� REVHUYDELOLW\� JUDPLDQ� :2�� 7KHVH� JUDPLDQ�
PDWULFHV� �:&� DQG� :2�� DUH� DOVR� VROXWLRQV� RI� WKH�
IROORZLQJ�/\DSXQRY�HTXDWLRQV��
�
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�
6LQFH�HDFK�VWDWH�YDULDEOH�KDV�QRW�QHFHVVDULO\�WKH�VDPH�
GHJUHH�RI�FRQWUROODELOLW\�DQG�REVHUYDELOLW\��WKH�LQLWLDO�
V\VWHP��(TXDWLRQ����LV�WUDQVIRUPHG�LQ�EDVLV��7ĺ;��WR�
EDODQFH� WKH� GHJUHHV�� 7KH� V\VWHP� DIWHU� VWDWH�
FRRUGLQDWH�WUDQVIRUPDWLRQ�EHFRPHV��
�
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7 �0;��ȍ 0��&��$0��Ȇ �0��%��+ &0��
�
:KHUH��0�LV�D�VWDWH�WUDQVIRUPLQJ�PDWUL[��
�
)LQDOO\�� WKH� VDPH� GHJUHH� RI� REVHUYDELOLW\� DQG�
FRQWUROODELOLW\� JUDPLDQV� LV� HVWDEOLVKHG� IRU� QHZ� VWDWH�
YDULDEOHV� ;�� $FFRUGLQJ� WR� D� XVHU�GHILQHG� UHGXFWLRQ�
RUGHU� U�� WKH� UHGXFHG�PRGHO� �50��FDQ�EH�GHILQHG�E\�
VHOHFWLQJ� WKH� U�VWDWH� YDULDEOHV� WKDW� KDYH� PRUH�
FRQWUROODEOH�DQG�REVHUYDEOH�IHDWXUHV��(TXDWLRQ����FDQ�
EH� VXEGLYLGHG� LQWR� WZR�JURXSV�� WKH� VHOHFWHG� UHGXFHG�
SDUW�;��DQG�WKH�HOLPLQDWHG�SDUW�;���
�
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$V�D�UHVXOW��WKH�50�PRGHO�FDQ�EH�H[SUHVVHG�DV��
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��Ȇ��
�
,W�LV�KDUG�WR�VHOHFW�D�SULRUL�DQ�RSWLPDO�UHGXFWLRQ�RUGHU�
U�IRU�DOO�FDVHV�VLQFH�LW�LV�D�IXQFWLRQ�RI�WKH�VROLFLWDWLRQ�
IUHTXHQF\� DQG� EXLOGLQJ� W\SHV�� )RU� WKH� 0RRUH¶V�
PHWKRG��LW�LV�KRZHYHU�VDLG�WKDW�WKH�50�PRGHO�LQ�WKH�
RUGHU�RI�PRUH�WKDQ����U!���FDQ�JLYH�VDWLVILHG�UHVXOWV�
IRU� W\SLFDO� EXLOGLQJ� FDVHV� LQ� KRXUO\� EXLOGLQJ�
VLPXODWLRQV��3DODPR�HW�DO����������
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),1$/�02'(/�
$V� WKH� ILQDO� 50� PRGHO� LV� REWDLQHG� XVLQJ� 0RRUH¶V�
PHWKRG�IURP�WKH�60�PRGHO��7KH�ILQDO�RUGHU�U�ZDV�VHW�
DW� �� LQ� WKLV� ZRUN�� 7R� WKH� DXWKRUV¶� NQRZOHGJH� DQG�
IURP�VRPH�VHQVLWLYLW\�WHVWV�SUHYLRXVO\�FDUULHG�RXW��WKH�
VHOHFWHG� RUGHU� LV� VXIILFLHQW� WR� UHSURGXFH� IDVW�
G\QDPLFV�RI�EXLOGLQJ���
7KH� SURFHGXUH� WR� JHW� WKLV� 50� PRGHO� IURP� WKH� 60�
PRGHO�LV�DV�IROORZV���

 $OO� WKHUPDO� SURSHUWLHV� DQG� GLPHQVLRQV� RI�
ZDOO� OD\HUV�� ZLQGRZV� DQG� WKHUPDO� ]RQH� DUH�
VHW�LQ�WKH�60�PRGHO�

 WKH� 0RGHOLFD� IXQFWLRQ� OLQHDUL]H� LV� XVHG� WR�
H[SRUW�WKH�VWDWH�VSDFH�PDWULFHV�$%&'��&��$��
&��%��-��'�UHVSHFWLYHO\�LQ�(TXDWLRQ����

 WKH�50�PRGHO� �ȍU��ȆU��+U��'U�� RI�(TXDWLRQ�
��� LV� REWDLQHG� XVLQJ� RXU� RZQ� 0DWODE� FRGH�
WKDW� LQFOXGHV� IXQFWLRQV� UHODWLYH� WR� 0RRUH¶V�
PHWKRG�

:KLOH�\HW�DOO� WKHVH�SURFHGXUHV�KDYH�QRW�EHHQ�WUHDWHG�
LQ� DQ� DXWRPDWLF� ZD\�� LW� LV� VXUHO\� RQH� RI� RXU� IXWXUH�
VXEMHFWV���

5(68/76�
Description of the test model 
$�SDUDOOHOHSLSHG�EXLOGLQJ�RI�WZR�VWRUH\V�LV�XVHG�DV�D�
WHVW�PRGHO�� 7KH� IORRU� DUHD� LV� ����Pð� LQ� HDFK� VWRUH\�
DQG� WKH� WRWDO� LV�����Pð��7KH�FHLOLQJ�KHLJKW� LV�����P��
DQG� WKXV� WKH� WRWDO� EXLOGLQJ� YROXPH� LV� ���� P��� $OO�
YHUWLFDO� ZDOOV� DUH� HTXLSSHG� ZLWK� ZLQGRZV� ZLWK�
GLIIHUHQW�ZLQGRZ� UDWLRV��7KH�ZDOOV� DUH� FRPSRVHG�RI�
FRQFUHWH�� LQVXODWLRQ�� DQG� SODVWHU�� 7KH� WRWDO� PHVK�
QXPEHU�IRU�HDFK�ZDOO�LV����7KH�SDUDPHWHUV�XVHG�LQ�WKH�
PRGHO�WHVW�DUH�VXPPDUL]HG�LQ�7DEOH����
�

7DEOH����3DUDPHWHUV�
PARAMETER VALUE UNIT 

8HQYHORSH� ���� :�Pð.�
7RWDO�IORRU�DUHD� ���� Pð�

9ROXPH� ���� P��
$LU�FKDQJH�UDWH� ����� ��K�

:LQGRZ�VXUIDFHV� ������������
�6�1�(�:�� Pð�

8J� ���� :�Pð.�
7DX� ������ �

$EVRUSWLYLW\�RI�ZLQGRZV� ���� �
$EVRUSWLYLW\�RI�ZDOOV� ���� �

�
7KH� KRXUO\� ZHDWKHU� GDWD� RI� WKH� QRUWKHUQ�)UHQFK�
UHJLRQ� 7UDSSHV� DUH� XVHG�� DQG� WKH� LQGRRU� DLU�
WHPSHUDWXUHV� ZLWKRXW� LQWHUQDO� JDLQV� DQG� WKH� KRXUO\�
ORDGV� DUH� FRPSDUHG� EHWZHHQ� PRGHOV�� '0�� 60� DQG�
50�����

Model comparisons  
(DFK�EXLOGLQJ�PRGHO�LV�GHILQHG�E\�D�VHW�RI�HTXDWLRQV�
WKDW� DUH� UHODWLYH� SDUWO\� WR� VWDWHV� �FDSDFLWDQFHV�� RU� WR�
YDULDEOHV�� $V� VHHQ� LQ� 7DEOH� ��� WKH� PRGHO�

VLPSOLILFDWLRQ� LV� HIIHFWLYH� WR�GHFUHDVH� WKH�QXPEHU�RI�
HTXDWLRQV�� 7KH� 60� PRGHO� WKDW� LV� RULHQWDWLRQ�
LQGHSHQGHQW�XVHV�D�VLQJOH�H[WHUQDO�ZDOO�ZKLOH�WKH�'0�
PRGHO�KDV���H[WHUQDO�ZDOOV��$V� WKH�50�PRGHO�KDV���
VWDWHV��;U��DQG���RXWSXW��<���RQO\���HTXDWLRQV�DUH�XVHG�
IRU�WKH�PRGHO��
�

7DEOH����1XPEHU�RI�HTXDWLRQV�LQ�PRGHOV�
� '0� 60� 50�

1�RI�HTXDWLRQV� ���� ���� ��
�
)RU� WHVWV�� WKH� LQGRRU� DLU� WHPSHUDWXUHV� DUH� ILUVWO\�
FRPSDUHG��)LJXUH���VKRZV� WKRVH� WHPSHUDWXUHV�RI� WKH�
WKUHH� PRGHOV� REWDLQHG� IURP� DQ� DQQXDO� KRXUO\�
VLPXODWLRQ�� 7KH� ORZHU� SRUWLRQ� RI� WKH� ILJXUH� LV�
DOORFDWHG� WR� VKRZ� WKH� HUURUV� ��&�� RI� WKH� WHVW�PRGHOV�
�60�DQG�50��FRPSDUHG�WR�WKH�'0�PRGHO��7KH�WKUHH�
PRGHOV� VKRZ� VLPLODU� LQGRRU� WHPSHUDWXUHV�� DQG� WKH�
PD[LPXP�HUURU�FRPSDUHG�WR�WKH�'0�PRGHO�LV�XQGHU�
����&�IRU�WKH�60�DQG�50�PRGHOV��)RU�GHWDLO��WKH�60�
PRGHO�KDV�D�YHU\�VLPLODU�HYROXWLRQ�GXULQJ�ZLQWHU��EXW�
WKH� HUURUV� LQFUHDVH� DV� WLPH� SURJUHVVHV� WRZDUG�
VXPPHU��7KLV�LV�WR�EH�H[SHFWHG�DV�WKH�60�PRGHO�XVHV�
FRQVWDQW� VN\� DQG� ZDOO� VXUIDFH� WHPSHUDWXUHV� IRU� D�
FRQVWDQW� ORQJ� ZDYH� KHDW� H[FKDQJH� FRHIILFLHQW�� DQG�
WKHVH� VHOHFWHG� WHPSHUDWXUHV� LQ� WKLV� WHVW� DUH� FORVHU� WR�
WKH� ZLQWHU� FRQGLWLRQV�� ,W� PHDQV� WKDW� WKH� 60� PRGHO�
FDQ�EH�HQKDQFHG�E\�YDU\LQJ� WKH�FRQVWDQW�YDOXHV��EXW�
LW� LV� QRW� WUHDWHG� LQ� WKLV� WHVW�� 7KH� 50�PRGHO� WKDW� LV�
ORZHU� RUGHU� WKDQ� WKH� 60� PRGHO� VKRZV� V\VWHPDWLF�
HUURUV�RI�DERXW�����&�WR�WKH�PRGHO�RYHU�WKH�\HDU��
�
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WKLV� ILJXUH�� LW� LV�DVVXUHG� WKDW� WKH� UHGXFWLRQ� WHFKQLTXH�
LV� SHUWLQHQW� WR� UHSURGXFH� WKHUPDO� EHKDYLRUV� RI� LWV�
SUHFHGHQW�PRGHO��60��IURP�ZKLFK�WKH�50�PRGHO� LV�
GHGXFHG����������
7KHQ�� WKH� KRXUO\� ORDGV� RYHU� WKH� \HDU� DUH� DOVR�
FRPSDUHG�� )RU� ORDG� FDOFXODWLRQ�� WKH� FRPIRUW� ]RQH� LV�
IL[HG�EHWZHHQ����&�DQG����&��7KXV��IRU�KRXUV�ZKHUH�
WKH�LQGRRU�WHPSHUDWXUHV�DUH�EH\RQG�WKH�FRPIRUW�]RQH��
KHDWLQJ�RU�FRROLQJ�SRZHU� UHTXLUHG� WR� UHDFK� WKH�]RQH�
LV� IHG� WR� PRGHOV� YLD� WKH� LQSXW� YDULDEOH� 3�� 7KHVH� 3�
YDOXHV� FDOOHG� KRXUO\� ORDGV� DUH� PHDVXUHG� IRU� WKH�
PRGHOV���
)LJXUH� �� DQG� �� VKRZ� KRXUO\� ORDGV� GLIIHUHQFHV�
EHWZHHQ� PRGHOV�� 60� YV�� '0� DQG� 50� YV�� '0��
UHVSHFWLYHO\�� 7KH� SOXV� VLJQ� ���� GHQRWHV� WKH� KHDWLQJ�
ORDGV� �UHG�FRORXUHG� FURVVHV��ZKLOH� WKH�PLQXV� ���� WKH�
FRROLQJ�ORDGV��EOXH�FRORXUHG�GRWV����
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)LJXUH����/RDGV�FRPSDULVRQ��50�YV�'0��

�
7DEOH����$QQXDO�HQHUJ\�DQG�ORDG�HUURUV�RI�WHVW�

PRGHOV�FRPSDUHG�WR�'0 

� (UURU�LQ�DQQXDO�
HQHUJ\�>�@��

0D[LPXP�HUURU�LQ�
ORDG��>:@�

� KHDWLQJ� FRROLQJ� KHDWLQJ� FRROLQJ�
60� ����� ����� ���:� ���:�
50� ����� ����� ���:� ���:�

�
7KH�ORDGV�RI�WKH�UHIHUHQFH�'0�PRGHO�DUH�SORWWHG�IRU�
WKH�DEVFLVVD��DQG�WKH�WHVW�PRGHOV�60�RU�50�DUH�JLYHQ�
IRU� WKH� RUGLQDWHV�� 7KXV�� WKH� PRUH� WKH� ORDGV� SRLQWV�

DSSURDFK�WR�WKH�GLDJRQDO��WKH�VPDOOHU�HUURUV�DUH�IRXQG�
EHWZHHQ�PRGHOV��5HVXOWV� VKRZ� WKDW�ERWK� WHVW�PRGHOV�
�60� DQG� 50�� DUH� QHDUO\� WKH� VDPH� DV� WKH� UHIHUHQFH�
PRGHO�'0��7DEOH���GHWDLOV�HUURUV�LQ�ORDG�DQG�DQQXDO�
HQHUJ\�� 7KH� ILQDO� 50� PRGHO� VKRZV� YHU\� UHOHYDQW�
UHVXOWV��OHVV�WKDQ�����LQ�VSLWH�RI�UHGXFWLRQ�LQ�RUGHU���
/RDG� FXUYHV� RI� WKH� PRGHOV� DUH� DOVR� FRPSDUHG�� DQG�
)LJXUH���WUDFHV�WKH�ORDG�FXUYHV�IRU�WKH�WLPH�ZKHUH�WKH�
WHPSHUDWXUH� HUURUV� ZHUH� LPSRUWDQW� �VHH� )LJXUH� ����
2WKHU� WKDQ� WKH� WHPSHUDWXUH� FXUYHV�� DOPRVW� QR�
GLIIHUHQFH�LV�GHWHFWHG��,W� LV�ZRUWK�QRWLQJ�WKDW� ORDG�RU�
HQHUJ\� FRQVXPSWLRQ� HVWLPDWLRQ� LV� RQH� RI� WKH� PDLQ�
SXUSRVHV�RI�WKH�XUEDQ�HQHUJ\�VLPXODWLRQ��
�
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Sensitivity analyses 
6HQVLWLYLW\� WR� WKH� PHVK� QXPEHU� LV� DERYH� DOO� WHVWHG�
XVLQJ�D�FRDUVH�PHVK�IRU�WKH�'0�PRGHO��)RU�WKLV�WHVW��
'0�PRGHO�XVHV�KDOI�RI�PHVKHV�RI�WKH�UHIHUHQFH�'0�
PRGHO�� 7KXV�� LW� KDV� �� PHVKHV� IRU� HDFK� RQH�
GLPHQVLRQDO�ZDOO�ZKLOH�WKH�UHIHUHQFH�'0�KDV�����
�
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$V� VKRZQ� LQ� )LJXUH� ���� WKH�KRXUO\� ORDGV� RI� WKH� WHVW�
PRGHO� DUH� GLVSHUVHG� FRPSDUHG� WR� WKH� UHIHUHQFH�� EXW�
WKH�DQQXDO�HQHUJ\�HVWLPDWLRQV�DUH�DOPRVW�WKH�VDPH��,W�
PHDQV�WKDW�D�GHWDLOHG�PRGHO�LV�UHTXLUHG�WR�DFFXUDWHO\�
HVWLPDWH� KRXUO\� HQHUJ\� FRQVXPSWLRQ�� 7KH� SURSRVHG�
50�PRGHO�KDV�DQ�DGYDQWDJH�IRU�XUEDQ�PRGHOLQJ�DV�LW�
DOZD\V�XVHV�WKH�VDPH�RUGHU��L�H�����HYHQ�IRU��GHWDLOHG�
PHVK�FDVHV������
$Q� RSWLPDO� RUGHU� RI� WKH� 50� PRGHO� LV� VWURQJO\�
GHSHQGHQW� RQ� EXLOGLQJ� W\SHV�� SK\VLFDO� K\SRWKHVHV��
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WLPH�VWHSV��HWF��7KHUHIRUH��D���RUGHU�50�PRGHO�PD\�
EH� RSWLPDO� IRU� VRPH� FDVHV�� ,Q� IDFW�� WKH� DFWXDO� WHVW�
EXLOGLQJ� FDVH� VKRZV� QR� GLIIHUHQFH� EHWZHHQ� ��RUGHU�
DQG� ��RUGHU� 50� PRGHOV�� +RZHYHU�� DV� LW� LV� HDUOLHU�
UHFRPPHQGHG�WR�XVH�PRUH�WKDQ���RUGHU�IRU�D�JHQHULF�
50�PRGHO�� VRPH� VHQVLWLYLW\� WHVWV� SUHYLRXVO\� FDUULHG�
RXW�VKRZHG�GLVFUHSDQF\�EHWZHHQ����DQG���RUGHU�50�
PRGHOV��)LJXUH����LV�RQH�RI�UHVXOWV�RI�WKH�WHVWV��DQG�LW�
VKRZV� FOHDUO\� WKH� VHQVLWLYLW\� RI� WKH� 50� RUGHU�� ,W�
MXVWLILHV�WKH�VHOHFWLRQ�RI���RUGHU�����
�
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Computing time benchmark 
2QH�RI�WKH�NH\�REMHFWLYHV�ZDV�WR�HQVXUH�D�UHDVRQDEOH�
FRPSXWLQJ�WLPH�IRU�FLW\�VLPXODWLRQ�WRROV��7KHUHIRUH��D�
EHQFKPDUN�ZDV�SHUIRUPHG�EHWZHHQ�WKH�WKUHH�PRGHOV�
SUHVHQWHG� SUHYLRXVO\�� '0�� 60� DQG� 50�� 6LQFH� WKH�
50�LV�GHULYHG�IURP�WKH�60�� LWV� WRWDO� WLPH�WDNHV�LQWR�
DFFRXQW� ERWK� UHGXFWLRQ� DQG� VLPXODWLRQ� VWHSV�� 7KH�
EHQFKPDUN� ZDV� SHUIRUPHG� RQ� D� FRPPRQ� FRPSXWHU�
HTXLSSHG�ZLWK�DQ�,QWHO�&RUH�L������0�����*+]�DQG���
*%�5$0��7KH�FRPSXWDWLRQV�ZHUH�SHUIRUPHG�IRU�WKH�
'0�XVLQJ�'\PROD������ZLWK�WKH�'$66/�VROYHU�DQG�
IRU�WKH�60�DQG�50�ZLWK�0DWODE�DQG�DQ�LPSOLFLW�2'(�
VROYHU�� 7KHUHIRUH� D� VWUDLJKW� FRPSDULVRQ� EHWZHHQ� RQ�
RQH�KDQG�WKH�'0�DQG�RQ�WKH�RWKHU�KDQG�WKH�60�DQG�
50�FDQQRW�EH�GRQH��
7KH�&38�WLPHV�SUHVHQWHG�LQ�WKH�7DEOH���DUH�REWDLQHG�
IRU�DQ�DQQXDO�VLPXODWLRQ�ZLWK�����VHFRQGV�WLPH�VWHS��
7KH� LPSDFW� RI� WKH� VWDWHV� QXPEHU� ZDV� DOVR� VWXGLHG�
WKDQNV� WR� �� GLIIHUHQW� FRQILJXUDWLRQV�� FRDUVH��
LQWHUPHGLDWH��DQG�ILQH�PHVK�ZDOO��UHVSHFWLYHO\��������
DQG����VWDWHV��7KH�RUGHU�RI� UHGXFWLRQ�FKRVHQ� IRU� WKH�
50�LV����
�
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)URP�7DEOH����RQH�FDQ�QRWLFH�WKH�FRPSXWLQJ�WLPH�WR�
SHUIRUP� WKH� UHGXFWLRQ� LV� VPDOO�� DURXQG� ��� RI� WKH�
VLPXODWLRQ� WLPH� IRU� WKH� 50�� ,WV� &38� WLPH� IRU� D�
EXLOGLQJ� LV� RQO\�RI�RUGHU�RI� ������ VHFRQG��7KH� WRWDO�
FRPSXWLQJ�WLPH�IRU�WKH�50�LV�VLJQLILFDQWO\�OHVV�WKDQ�
WKH� VLPXODWLRQ� IRU� WKH� 60�� EHWZHHQ� ���� WR� ����
GHSHQGLQJ�RQ�WKH�GLVFUHWL]DWLRQ�VFKHPH�DGRSWHG��7KLV�
UDWLR� ZLOO� EH� PRUH� LPSRUWDQW� IRU� PXOWL�]RQHV�
EXLOGLQJV� VLQFH� WKH�PRGHO�RUGHU� IRU� WKH�50� UHPDLQV�
XQFKDQJHG�ZKLOH�WKH�60�RUGHU�ZLOO�EH�PXOWLSOLHG�E\�
WKH�QXPEHU�RI�]RQHV��7KHUHIRUH��VLPXODWLRQV�ZLWK�WKH�
50� PRGHO� QHFHVVLWDWHV� DOPRVW� FRQVWDQWO\� OHVV�
FDOFXODWLRQ� WLPH� IRU� DQ\�PHVK� VFKHPHV� DQG� WKHUPDO�
]RQLQJ�� )URP� D� FRPSXWLQJ� SRLQW� RI� YLHZ�� DOO� WKHVH�
REVHUYDWLRQV� FRQILUP� WKH� IHDVLELOLW\� RI� WKH� GLUHFW�
UHGXFWLRQ� IURP� D� QXPEHU� RI� XUEDQ� EXLOGLQJ� PRGHOV�
DQG� WKH� LQWHUHVW�RI� XVH�RI� WKH�50�PRGHOV� LQVWHDG�RI�
WKH�60�RU� WKH�'0�PRGHOV��)LQDOO\�� WR� KLJKOLJKW� WKH�
PRGHO�HIILFLHQF\��WKH�WRWDO�FRPSXWLQJ�WLPH�RI�WKH�50�
LV�PXFK�VPDOOHU�WKDQ�IRU�WKH�'0��EHWZHHQ����DQG����
WLPHV�IDVWHU��

&21&/86,21�
$V�GHYHORSPHQW�RI� XUEDQ�EXLOGLQJ�PRGHOV� LV� RQH�RI�
WKH�NH\�SDUWV� IRU�XUEDQ�VLPXODWLRQV�� VRPH�VLPSOLILHG�
PRGHOV� DUH� SURSRVHG� LQ� WKLV� SDSHU�� 7KH� SK\VLFDO�
VLPSOLILFDWLRQV� WKDW� XVH� DYHUDJH� VRODU� IOX[HV� DQG�
OLQHDUL]HG� KHDW� H[FKDQJH� FRHIILFLHQWV� OHDG� WR� DQ�
RULHQWHG�LQGHSHQGHQW� DQG� OLQHDU� EXLOGLQJ� PRGHO��
ZKLFK� LV� WKHQ� UHGXFHG� LQ� RUGHU� XVLQJ� 0RRUH¶V�
UHGXFWLRQ� WHFKQLTXH�� )LQDOO\�� D� ��RUGHU� UHGXFHG�
PRGHO� LV� SURSRVHG� IRU� VLPXODWLRQV� RI� DOO� W\SHV� RI�
EXLOGLQJV��
$� '\PROD�EDVHG� GHWDLOHG� PRGHO� �'0�� DKHDG� RI�
VLPSOLILFDWLRQV� LV� XVHG� DV� D� UHIHUHQFH� PRGHO� WR� WHVW�
WKH� SURSRVHG� PRGHOV�� VLPSOLILHG� �60�� DQG� UHGXFHG�
�50��PRGHOV�� 5HVXOWV� VKRZ� WKDW� WKH� VLPSOLILFDWLRQV�
DQG� UHGXFWLRQ�DUH�SHUWLQHQW� WR� UHSURGXFH� WKH� WKHUPDO�
EHKDYLRU� RI� WKH� '0� PRGHO�� 3DUWLFXODUO\�� WKH� 50�
PRGHO�� WKH� ILQDO�EXLOGLQJ�PRGHO��KDV�HUURUV� OHVV� WKDQ�
��� IRU� DQQXDO� ORDG� HVWLPDWLRQ�� DQG� LWV� KRXUO\� ORDG�
SURILOH� LV� DOPRVW� WKH� VDPH� DV� WKH� '0� PRGHO�� ,Q�
DGGLWLRQ��VRPH�UHVXOWV�RI�VHQVLWLYLW\�WHVWV�UHFRPPHQG�
WR�XVH�D�60�PRGHO�RI�GHWDLOHG�PHVK�WR�REWDLQ���RUGHU�
50�PRGHO�IURP�LW��,Q�WHUPV�RI�FRPSXWDWLRQ�WLPH��WKH�
50� PRGHO� VKRZV� LWV� DGYDQWDJH� FRPSDUHG� WR� WKH�
RWKHU�PRGHOV��
7KLV�SDSHU�IRFXVHV�RQ�EXLOGLQJ�HQYHORSH�SDUW��VR�SUH�
SURFHVVLQJ� UHTXLUHG� WR� FRUUHFWO\� FDOFXODWH� DYHUDJH�
VRODU� LUUDGLDWLRQ�XQGHU�XUEDQ�EXLOGLQJ�VKDGLQJ� LV�QRW�
WUHDWHG�� 7KLV� ZLOO� EH� D� IROORZLQJ� VXEMHFW� ZLWK�
GHYHORSPHQW�RI�VLPXODWLRQ�SODWIRUP��

$&.12:/('*(0(17�
7KH� DXWKRUV� ZDQW� WR� WKDQN� (')� �(OHFWULFLW\� RI�
)UDQFH�� 5� 	� '� IRU� LWV� ILQDQFLDO�� VFLHQWLILF�� DQG�
WHFKQLFDO�VXSSRUW��
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5()(5(1&(6�
+XEHU��-���1\WVFK�*HXVHQ��&��������'HYHORSPHQW�RI�

PRGHOLQJ� DQG� VLPXODWLRQ� VWUDWHJLHV� IRU� ODUJH�
VFDOH�XUEDQ�GLVWULFWV��%6������

3OHVVLV�� *��� )LOIOL�� 6���0XUHVDQ�� &��� %RXLD�� +�� ������
8VLQJ�GHVLJQ�RI�H[SHULPHQWV�PHWKRGV�WR�GHYHORS�
ORZ�HQHUJ\�EXLOGLQJ�PRGHO� XQGHU�0RGHOLFD��%6�
�����

5RX[�� -�-�� ������ 3URSRVLWLRQ� GH� PRGqOHV� VLPSOLILpV�
SRXU� O
pWXGH� GX� FRPSRUWHPHQW� WKHUPLTXH� GHV�
EDWLPHQWV��7KqVH�GH�'RFWRUDW�GH� O¶8QLYHUVLWp�GH�
/\RQ��/\RQ��)UDQFH��

'pTXp��)���2OLYLHU��)���3REODGRU��$��������*UH\�ER[HV�
XVHG� WR� UHSUHVHQW� EXLOGLQJV� ZLWK� D� PLQLPXP�
QXPEHU� RI� JHRPHWULF� DQG� WKHUPDO� SDUDPHWHUV��
(QHUJ\�DQG�%XLOGLQJV������SS���������

3DORPR�� (��� %RQQHIRXV�� <��� 'pTXp�� )�� ������
*XLGDQFH� IRU� WKH� VHOHFWLRQ� RI� D� UHGXFWLRQ�
WHFKQLTXH� IRU� WKHUPDO� PRGHO�� 3URFHHGLQJV� RI� %�
6��3UDJXH��&]HFK�5HSXEOLF��

0RRUH�� %�&�� ������ 3ULQFLSDO� FRPSRQHQW� DQDO\VLV� LQ�
OLQHDU� V\VWHP�� FRQWUROODELOLW\�� REVHUYDELOLW\�� DQG�
PRGHO� UHGXFWLRQ�� ,(((� 7UDQVDFWLRQV� RQ�
$XWRPDWLF�&RQWURO��YRO��$&�����QR����SS���������

5RELQVRQ��'���+DOGL��)���.lPSI��-���/HURX[��3���3HUH]��
'��� 5DVKHHG�� $��� :LONH�� 8�� ������ &,7<6,0��
&RPSUHKHQVLYH� PLFUR�VLPXODWLRQ� RI� UHVRXUFH�
IORZV�IRU�VXVWDLQDEOH�XUEDQ�SODQQLQJ��%6������

&RXUFKHVQH�7DUGLI�� $��� .XPPHUW�� 0��� 'HPDUN�� 6���
%XWOHU�� 7��� 3HDUO�� '��� -RQHV�� 6��� &KDUQHX[�� 5���
*HQHVW�� )��� 3LFDUG�� '��� ������ $VVHVVLQJ�
FRPPXQLW\�VFDOH� HQHUJ\� VXSSO\� VFHQDULRV� XVLQJ�
7516<6�VLPXODWLRQV��%6�������

.OHLQ��6�$��� HW� DO��������7516<6�����$�75D1VLHQW�
6<VWHP�6LPXODWLRQ�SURJUDP��8VHU�PDQXDO��6RODU�
(QHUJ\�/DERUDWRU\��8QLYHUVLW\��RI� :LVFRQVLQ�
0DGLVRQ���

&ODUNH�� -�� ������ (QHUJ\� 6LPXODWLRQ� LQ� %XLOGLQJ�
'HVLJQ��%XWWHUZRUWK�+HLQHPDQQ��2[IRUG��

(')�'(5�� ������ &DWDORJXH� GHV� 7\SHV� )RUPHOV� GH�
&/,0�����Y�����

-XGNRII��5���1H\PDUN��-����������,QWHUQDWLRQDO�(QHUJ\�
$JHQF\� %XLOGLQJ� (QHUJ\� 6LPXODWLRQ� 7HVW�
�%(67(67�� DQG� 'LDJQRVWLF� 0HWKRG� ���� SS���
15(/�5HSRUW�1R��73�����������

'\PROD� 9HUVLRQ� ������ ������������� KRPHSDJH��
KWWS���ZZZ��GV�FRP�SURGXFWV�FDWLD�SRUWIROLR�G\
PROD�

(QHUJ\3OXV���������������%XLOGLQJ�HQHUJ\�VLPXODWLRQ�
SURJUDP�KWWS���DSSV��HHUH�HQHUJ\�JRY�EXLOGLQJV�H
QHUJ\SOXV��

.lPSI�� -���5RELQVRQ��'��������$�VLPSOLILHG� WKHUPDO�
PRGHO� WR� VXSSRUW� DQDO\VLV� RI� XUEDQ� UHVRXUFH�
IORZV��(QHUJ\�DQG�EXLOGLQJV������SS�����������

5RELQVRQ�� '�� ������ &RPSXWHU� 0RGHOOLQJ� IRU�
6XVWDLQDEOH� 8UEDQ� 'HVLJQ�� 3K\VLFDO� 3ULQFLSOHV��
0HWKRGV�DQG�$SSOLFDWLRQV��(DUWKVFDQ��

5RELQVRQ�� '��� 6WDQNRYLF�� 6���0RUHO��0��� 'HTXH�� )���
5\ODWW�� 0��� .DEHOH�� .��� 0DQRODNDNL�� (���
1LHPLQHQ�� -��� �,QWHJUDWHG� 5HVRXUFH� )ORZ�
0RGHOOLQJ� RI� 8UEDQ� 1HLJKERUKRRGV� �� 3URMHFW�
681WRRO��� SS� ����������� 3URFHHGLQJV� RI� WKH�
(LJWK� ,QWHUQDWLRQDO� ,%36$� &RQIHUHQFH��
(LQGKRYHQ��1HWKHUODQGV��$XJXVW��������������

��
�
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