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,Q�PDQ\� FRXQWULHV�� DPELWLRXV� VWUDWHJLHV� DQG� SROLFLHV�
KDYH� EHHQ� GHSOR\HG� WR� UHGXFH� EXLOGLQJ� HQHUJ\�
FRQVXPSWLRQ�� 7KH� PHWKRG� XVXDOO\� DGYLVHG� E\�
VWDQGDUGV� LV� WKH� EXLOGLQJ� HQHUJ\� VLPXODWLRQ� ZLWK� D�
ODUJH� FKRLFH� RI� VRIWZDUH� DV� 7UQ6\V� RU� (QHUJ\3OXV��
7KHVH�G\QDPLF�VLPXODWLRQ�WRROV�DUH�ZLGHO\�XVHG�DQG�
WKHLU� UHVXOWV� DUH� UHOLDEOH�� +RZHYHU�� WKHLU� PDMRU�
GUDZEDFN� LV� WKHLU� ODFN� RI� IOH[LELOLW\� DQG� WKHLU�
FRPSOH[LW\� ZLWK� UHVSHFW� WR� WKH� VRXUFH� FRGH��
0RUHRYHU��WKHVH�WRROV�IHDWXUH�H[KDXVWLYH�GHVFULSWLRQV�
RI�EXLOGLQJV¶� WKHUPDO�EHKDYLRXU��ZKLFK�FDQ�EH� WLPH�
FRQVXPLQJ� ZKHQ� VXFK� D� GHJUHH� RI� DFFXUDF\� LV� QRW�
UHTXLUHG�� ,Q� WKLV� FRQWH[W�� ZH� FKRVH� WR� LQWURGXFH� RXU�
LQ�KRXVH�PRGHO��7KXV��ZH�JLYH� LQ� WKLV�DUWLFOH�D�EULHI�
GHVFULSWLRQ� RI� WKLV� PRGHO�� 7KHQ�� ZH� SUHVHQW� D�
FRPSDULVRQ� DQG� D� YDOLGDWLRQ� RI� WKLV�PRGHO� ZLWK� WKH�
QXPHULFDO� VRIWZDUH� (QHUJ\3OXV� RQ� ERWK� VPDOO� DQG�
KLJK� LQVXODWLRQ� PRQR]RQH� EXLOGLQJV�� 0RUHRYHU�� ZH�
SURSRVH� WR� VWXG\� WKH� HIIHFW� RI�PHUJLQJ�ZDOOV� RQ� WKH�
DFFXUDF\�DQG�WKH�FRPSXWDWLRQ�WLPH���
�
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$� UHOLDEOH� EXLOGLQJ� WKHUPDO� PRGHO� LV� DQ� HVVHQWLDO�
LVVXH� WR� REWDLQ� DQ� RSWLPDO� EXLOGLQJ� HQHUJ\�
PDQDJHPHQW�� IDXOW� GHWHFWLRQ� DQG�EXLOGLQJ�GLDJQRVLV��
&DOLEUDWLQJ�WKH�%XLOGLQJ�(QHUJ\�6LPXODWLRQ��%(6��LV�
RQH�RI�WKH�PHWKRGV�UHFRPPHQGHG�E\�WKH�WKUHH�PDMRU�
VWDQGDUGV��&RPPLWWHH�,3093��������)HGHUDO�(QHUJ\�
0DQDJHPHQW� 3URJUDP�� ������ $6+5$(� *XLGHOLQH��
������ LQ� RUGHU� WR� GHWHUPLQH� WKH� SURSRUWLRQ� RI�
HIIHFWLYHO\�VDYHG�HQHUJ\�DIWHU�UHWURILW��$V�D�ILUVW�VWHS��
SDUDPHWHUV� RI� WKH� PRGHO� DUH� DGMXVWHG� LQ� RUGHU� WR�
PDWFK� WR� D� PHDVXUHG� UHIHUHQFH�� 6XEVHTXHQWO\��
FDOLEUDWLQJ� %(6� HVWLPDWH� FRROLQJ� DQG� KHDWLQJ�
GHPDQGV� WR� PDLQWDLQ� LQWHUQDO� WHPSHUDWXUH� XQGHU�
LQWHUQDO� DQG� H[WHUQDO� ERXQGDU\� FRQGLWLRQV�� 0RQWKO\�
RU� DQQXDO� FRQVXPSWLRQ� LV� VLPSO\� REWDLQHG� E\�
LQWHJUDWLQJ�WKH�GHPDQG�RYHU�D�JLYHQ�SHULRG��
)RU� WKH� TXDQWLILFDWLRQ� RI� EXLOGLQJ¶V� HQHUJ\�
FRQVHUYDWLRQ� EHQHILWV�� �5DIWHU\� HW� DO��� ������
UHFRPPHQGHG� WR� VHW� D� EXLOGLQJ� HQHUJ\� PRGHO� DV�
GHWDLOHG�DV�SRVVLEOH��&DOLEUDWLRQ�RI�GHWDLOHG�%XLOGLQJ�
(QHUJ\� 0RGHOV� �%(0�� VXFK� DV� (QHUJ\3OXV� �86�
'HSDUWPHQW� RI� (QHUJ\��� 7UQ6\V� �8QLYHUVLW\� RI�
:LVFRQVLQ��� '2(��� �/DZUHQFH� %HUNHOH\� 1DWLRQDO�

/DERUDWRU\��LV�D�JUHDW�FKDOOHQJH�VLQFH�D�ODUJH�QXPEHU�
RI� LQSXWV� DUH� QHHGHG� �RYHU� VL[W\� YDULDEOHV� IRU� HDFK�
WKHUPDO� ]RQH�� �'pTXp� HW� DO��� ������� :KLOH� WXQLQJ�
VXFK� D� PRGHO�� WKH� ULVN� RI� HUURU� FRXOG� EHFRPH� D�
SHQDOL]LQJ� IDFWRU�� ,Q� D� VSHFLDO� YDOLGDWLRQ� WHVW�
FRQGXFWHG� RQ� ��� SDUWLFLSDQWV� �*X\RQ� HW� DO��� ������
UHSRUWHG� D� ORW� RI� HUURUV� XVLQJ� D� VLQJOH� VLPXODWLRQ�
PRGHO� RI� D� UHVLGHQWLDO� KRXVH� ZLWK� D� FRQVXPSWLRQ�
YDU\LQJ�IURP������WR������RI�WKH�DYHUDJH�YDOXH��,Q�
RUGHU� WR� OLPLW� WKH� GHSHQGHQFH� RQ� SHUVRQDO� DQDO\VW�
MXGJPHQW�� VHYHUDO� FDOLEUDWLRQ� PHWKRGRORJLHV� KDYH�
EHHQ� HVWDEOLVKHG� �5DIWHU\� HW� DO��� ������ 0DLOH� HW� DO���
������3HGULQL�HW�DO���������)XPR�HW�DO����������
0RUHRYHU�� IRU� FRQWURO� SXUSRVH� DQG� HQHUJ\� GHOHWLRQ�
VWUDWHJLHV�� WKH� %(6� LV� JHQHUDOO\� DFKLHYHG� XVLQJ�
VLPSOLILHG�%(0��0RVW�RI�WKH�WLPH��WKHUPDO�SK\VLFV�LV�
PRGHOOHG� XVLQJ� WKH� HOHFWULFDO� DQDORJ\�� 7KH� PDLQ�
UHDVRQV�DUH�WKH�FRQVHUYDWLRQ�RI�WKH�SK\VLFDO�PHDQLQJ�
�%HUWKRX� HW� DO��� ������� D� SRVVLEOH� JUDSKLF�
UHSUHVHQWDWLRQ�� DQ� HDV\� UHVROXWLRQ� RI� WKH� OLQHDU�
HTXDWLRQV�V\VWHP�DQG�D�VKRUW�WHUP�FDOLEUDWLRQ�FDQ�EH�
XVHG� IRU� ORQJ�WHUP� HYDOXDWLRQ� �:DQJ� HW� DO��� �������
8VLQJ� VXFK� VLPSOLILHG� SK\VLFDO� EHKDYLRXU�� WKH�
EXLOGLQJ� WKHUPDO� UHVSRQVH� LV� REWDLQHG� IURP� OLPLWHG�
VHW�RI�FDSDFLW\��&��DQG�WKHUPDO�UHVLVWDQFH��5�����5�&�
�&ROH\� HW� DO��� ������� �5�&� �%HUWKRX� HW� DO��� �������
�5�&� �+D]\XN� HW� DO�� ������� �5�&� �:DQJ� HW� DO���
������� ��5��&� �.XPPHUW� HW� DO��� ������� 7KXV�� ZH�
QRWLFHG� WKURXJK� WKH� SUHYLRXV� H[DPSOHV� WKDW� WKH�
HOHFWULFDO� DQDORJ\� DOORZV� WR� FKRRVH� WKH� GHJUHH� RI�
FRPSOH[LW\���
2QH�VSHFLILF� UHTXLUHPHQW� IRU� WKH� FRPSXWDWLRQ�RI� WKH�
HQHUJ\�VDYLQJ�E\� WKH� UHWURILW� LV� WKH� ORQJ�WHUP�PRGHO�
DFFXUDF\�� 0RUHRYHU�� D� VSHFLDOL]HG� %(0� VKRXOG�
H[FOXGH� DOO� IDFWRUV� ZLWK� QHJOLJLEOH� LQIOXHQFH�� ZKLFK�
VKRXOG� OLPLW� WKH� VLPXODWLRQ� WLPH� DQG� WKH� VL]H� RI�
SDUDPHWHUV� VHDUFK� VSDFH� IRU� D� UHDOL]DEOH� DQG� UREXVW�
PRGHO� ILWWLQJ�� �7KLV� UHTXLUHPHQW� VXSSRVHV� WKDW� WKH�
DFFXUDF\�IRU�GLYHUVH�PRGHOOLQJ�FRPSOH[LW\�KDV�WR�EH�
PHDVXUHG��
0DQ\� GLIIHUHQW� WHFKQLTXHV� DUH� XVXDOO\� HPSOR\HG� LQ�
UHGXFWLRQ¶V�PRGHO��1RWDEO\���'HQJ�HW�DO���������FKRVH�
WR� XVH� D� QRGHV� DJJUHJDWLRQ� WHFKQLTXH� YLD� D� PHWKRG�
EDVHG� RQ� WKH� 0DUNRY� FKDLQV�� �*RXGD� HW� DO��� ������
XVHG� D� QRQ�OLQHDU� FRQVWUDLQHG� RSWLPL]DWLRQ� IRU�
UHGXFLQJ�WKH�RUGHU�RI�D�EXLOGLQJ�WKHUPDO�PRGHO��0RUH�
UHFHQWO\�� �3OHVVLV� HW� DO��� ������ SURSRVHG� WR� UHGXFH�
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WKHLU� V\VWHP� VL]H� E\� D� WUXQFDWLRQ�0RRUH�PHWKRG�� ,Q�
WKH� VDPH�ZD\�� �*R\DO�DQG�%DURRDK��������XVHG� WKLV�
FODVVLFDO� WUXQFDWLRQ�PHWKRG� WR� UHGXFH� WKHLU� LQ�KRXVH�
OXPSHG�WKHUPDO�VLPXODWLRQ�PRGHO���
,Q� WKLV� VWXG\�� ZH� FKRVH� WR� UHGXFH� WKH� QXPEHU� RI�
VHQVLWLYH� SDUDPHWHUV� DQG� LQ� WKH� VDPH� PDQQHU�� WKH�
FRPSXWDWLRQ� WLPH� E\� GHFUHDVLQJ� WKH� VL]H� RI� WKH�
JHRPHWULFDO� V\VWHP�� 6HYHUDO� ZD\V� DUH� DYDLODEOH� WR�
UHGXFH�WKH�JHRPHWULFDO�FRPSOH[LW\��

� 0HUJLQJ� LGHQWLFDO� WKHUPDO� ]RQHV�� 7KLV�
SURFHVV�LV�ZLGHO\�XVHG�LQ�%(6��0DQ\�%(0�
VRIWZDUH� DV�(QHUJ\3OXV� DOORZ�DSSO\LQJ� WKLV�
]RQHV�PHUJLQJ�TXLWH� HDVLO\�� 7KH�QHZ�]RQHV�
GLVWULEXWLRQ� LV� JHQHUDOO\� GHGXFHG� IURP�
H[SHUW�SRLQWV�RI�YLHZ��

� 5HGXFLQJ�WKH�GLVFUHWL]DWLRQ�RI�WKH�ZDOOV��$Q�
RSWLPLVDWLRQ� VWHS� LV� XVXDOO\� UHTXLUHG� WR�
DGMXVW� WKH� SDUDPHWHUV� RI� WKH� UHGXFHG� ZDOO�
PRGHO� �)UDLVVH� HW� DO��� ������ :DQJ� HW� DO���
�������

� 0HUJLQJ� VHYHUDO� ZDOOV�� ,W� LV� SUREDEO\� WKH�
OHDVW� H[SORUHG�PHWKRG� FRQVLGHULQJ� WKDW� LW� LV�
RIWHQ� SRVWXODWHG� WKDW� EXLOGLQJ� ]RQHV� QHHG� D�
GHWDLOHG�GHVFULSWLRQ�HVSHFLDOO\�IRU�WKRVH�ZLWK�
KLJK�LQVXODWLRQ��+RZHYHU��ZH�ZLOO�VHH�LQ�WKLV�
DUWLFOH� WKDW� LW� LV� DOVR� D� UHDOO\� DFFXUDWH� DQG�
GLUHFW�ZD\�WR�UHGXFH�VLJQLILFDQWO\�WKH�VL]H�RI�
WKH�V\VWHP��)RU�WKLV�UHDVRQ��ZH�IRFXVHG�RXU�
ZRUN�RQ�WKLV�PHWKRG��

7KLV� ZRUN� LV� D� SDUW� RI� D� ODUJHU� LQWHUQDO� UHVHDUFK�
SURMHFW� GHYRWHG� WR�0HDVXUHPHQW�	�9HULILFDWLRQ� WRRO�
GHYHORSPHQW�� 7KH� SXUSRVH� RI� WKLV� SDSHU� LV� WR�
LOOXVWUDWH� WKH� LPSDFW� RQ� D� GHWDLOHG� %(0� RI� VRPH�
JHRPHWULFDO�DVVXPSWLRQV��7KH�SHUIRUPDQFH�LQGLFDWRUV�
ZLOO�EH� WKH�UHVXOWV�DFFXUDF\�DQG� WKH�VLPXODWLRQ� WLPH��
�&KR�DQG�DO���������KDYH�FRPSDUHG�VRPH�VLPXODWLRQV�
RI�D�FDVH�VWXG\�EXLOGLQJ�ZLWK�DQG�ZLWKRXW�VLPSOLILHG�
ER[�VKDSHG�JHRPHWU\� DQG� VKRZHG� WKDW� GHYLDWLRQV�RI�
WKH�HQHUJ\�FRQVXPSWLRQ�UHVXOWV�ZHUH�OHVV�WKDQ�����,Q�
WKLV� VWXG\�� ZH� ZRUN� RQ� D� ER[�VKDSHG� JHRPHWU\� DQG�
DVVHVV� WKH� LPSDFW�RI�ZDOOV�PHUJLQJ��([SHULHQFHV�DUH�
UHDOL]HG� RQ� D� RQH�]RQH� EXLOGLQJ� ZLWK� WZR� OHYHO� RI�
LQVXODWLRQ� �ORZ� RU� KLJK� LQVXODWLRQ��� )LUVW�� WKH� PRVW�
GHWDLOHG� LQ�KRXVH�PRGHO� LV� FRPSDUHG�ZLWK� UHIHUHQFH�
GHWDLOHG� %(0� �(QHUJ\3OXV�� DQG� LQ� D� VHFRQG� WLPH��
JHRPHWULFDO�DVVXPSWLRQV�DUH�WHVWHG����
�
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Model presentation 
,Q� WKH� LQWURGXFWLRQ�� ZH� VKRZHG� WKH� QHFHVVLW\� WR�
FRQVLGHU�D�FRPSOHWH�PRGHO�DV�D�EDVHOLQH�RQH��6HYHUDO�
VRIWZDUH� DUH� QRZDGD\V� DYDLODEOH�� EXW� PRVW� RI� WKH�
WLPH�� WKHLU� ODFN� RI� IOH[LELOLW\� DQG� WKHLU� FRPSOH[LW\�
PDNH�GLIILFXOW�ORFDO�PRGLILFDWLRQV�RI�WKH�VRXUFH�FRGH��
,Q� WKLV� VHQVH��ZH� LPSOHPHQWHG�RXU� LQ�KRXVH� WKHUPDO�
PRGHO� WR� NHHS� D� UHDO� IOH[LELOLW\� RI� WKH� QXPHULFDO�
SURJUDPV���

&RQVLGHULQJ�WKDW�WKLV�PRGHO�LV�LQWHQGHG�WR�EH�FRXSOHG�
ZLWK� DQ� RSWLPL]DWLRQ� DOJRULWKP� WR� VHW� XQNQRZQ�
SDUDPHWHUV�� XVLQJ� IHZ� DQG� VLPSOH� HTXDWLRQV� LV� D�
YDOXDEOH� LVVXH��7KXV�ZH�PRGHO� WKHUPDO�KHDW� WUDQVIHU�
XVLQJ� WKH�HOHFWULFDO�DQDORJ\�PHWKRG� WKDW�JLYHV� OLQHDU�
HTXDWLRQV� DQG� VR�� IDFLOLWDWHV� GUDVWLFDOO\� WKHLU�
UHVROXWLRQ�� 7R�PRGHO� WKH� KHDW� FRQGXFWLRQ� WKURXJK� D�
ZDOO�� ZH� UHSUHVHQW� WKH� ZDOO� E\� D� FRPELQDWLRQ� RI�
HOHFWULFDO�UHVLVWDQFHV�DQG�FDSDFLWLHV���5HVLVWDQFHV�DQG�
FDSDFLWLHV�FKDUDFWHUL]H�UHVSHFWLYHO\�WKH�ZDOO¶V�IDFXOW\�
WR� FRQGXFW� WKH� KHDW� DQG� WKH� ZDOO¶V� DELOLW\� WR� VWRUH�
HQHUJ\�DQG� WR�JLYH� LW�EDFN� WR� LWV�GLUHFW�HQYLURQPHQW��
2WKHU� WKHUPDO�PHFKDQLVPV�RFFXUULQJ� LQ� WKH�EXLOGLQJ�
DV� WKH� YHQWLODWLRQ�� WKH� ORQJ�ZDYH� UDGLDWLRQ� RU� WKH�
FRQYHFWLRQ� DUH� UHSUHVHQWHG� XVLQJ� FRQVWDQW� WKHUPDO�
UHVLVWDQFHV�� )LQDOO\�� WKH� VKRUW�ZDYH� UDGLDWLRQ� LQVLGH�
DQG� RXWVLGH� WKH� EXLOGLQJ�� WKH� UDGLDWLRQ� DFURVV� WKH�
ZLQGRZV�� WKH� KHDWLQJ�FRROLQJ� ORDG� DQG� WKH� LQWHUQDO�
ORDG� DUH� WDNHQ� LQWR� DFFRXQW� DV� DGGLWLRQDO�
FRQWULEXWLRQV��7KH�LQWHUQDO�PDVV�LV�FKDUDFWHUL]HG�E\�D�
FDSDFLW\��
$�PDMRU�LVVXH�UHPDLQV�LQ�WKH�TXDQWLW\�DQG�SRVLWLRQ�RI�
UHVLVWDQFHV�DQG�FDSDFLWLHV�QHHGHG�WR�GHVFULEH�ERWK�WKH�
FRQGXFWLRQ� DQG� WKH� VWRUDJH� LQWR� HDFK� ZDOO�� )RU� WKLV�
SXUSRVH��/DUHW�HW�DO�������KDV�SURSRVHG�D�FULWHULRQ�DW�
WKH�HQG�RI�WKH���¶V��,W�JLYHV�WKH�PLQLPXP�QXPEHU�RI�
LGHQWLFDO� GLVFUHWH� HOHPHQWV� IRU� D� JLYHQ� OD\HU�
SURSHUWLHV�ZKHQ� XVLQJ� WKH� ILQLWH� FRQGXFWLRQ� WUDQVIHU�
PHWKRG�� 7KH� PDLQ� GLVDGYDQWDJH� ZKHQ� XVLQJ� WKLV�
FULWHULRQ� UHVLGHV� LQ� WKH� IDFW� WKDW� LW� HQIRUFHV� D� ODUJH�
DPRXQW� RI� QRGHV� IRU� D� ZDOO� HVSHFLDOO\� ZKHQ� LW� LV�
FRPSRVHG� RI� VHYHUDO� OD\HUV�� 2WKHUZLVH�� WKH� QXPEHU�
RI� HTXDWLRQV� FRXOG� EH� GUDVWLFDOO\� UHGXFHG� XVLQJ�
VLPSOH� �5�&�RU� �5�&�PRGHOV� �)UDLVVH� HW� DO��� ������
IRU�D�PXOWL�OD\HU�ZDOO�EXW�WKLV�VLPSOH�PRGHO�KDV�WR�EH�
DVVRFLDWHG� ZLWK� D� FDOLEUDWLRQ� SURFHVV� LQ� RUGHU� WR�
JXDUDQWHH�WKH�PRGHO�DFFXUDF\��
,Q� WKH� FRQWH[W� RI� WKLV� DUWLFOH�� ZH� ZLOO� FRQVLGHU� D�
QXPEHU�RI� QRGHV� FRQVLVWHQW�ZLWK� WKH�/DUHW� FULWHULRQ��
7KLV�DVVXPSWLRQ�HQIRUFHV�D�SURSRUWLRQDO�GLVWULEXWLRQ�
RI�UHVLVWDQFHV�LQWR�HDFK�OD\HU�RI�WKH�ZDOO�H[FHSW�ERWK�
VXUIDFH�FDSDFLWLHV�ZKLFK�DUH�DVVXPHG�WR�EH�TXLWH�ORZ��
)LJXUH� �� DQG� �� VKRZ� WZR� NLQG� RI� SRVVLEOH�
FRQILJXUDWLRQ�RI�D�ZDOO��RQ�WKH�WRS��WKH�PRVW�FRPSOH[�
RQH�FRQVLGHUV� WKH�/DUHW�FULWHULRQ�DQG�RQ� WKH�ERWWRP��
WKH� VLPSOHU� RQH� GHVFULEHV� D� ZDOO� E\� D� �5�&�
FRQILJXUDWLRQ��

�
)LJXUH����5&�EXLOGLQJ�PRGHO�ZLWK�ZDOO�PRGHO�

FRQVLVWHQW�ZLWK�WKH�/DUHW�FULWHULRQ���
�
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)LJXUH����5&�EXLOGLQJ�PRGHO�ZLWK��5�&�ZDOO�PRGHO�
�
7KH�PDLQ�DVVXPSWLRQV�DUH�VXPPHG�XS�LQ�7DEOH���
�
7DEOH����0DLQ�DVVXPSWLRQV�WDNHQ�LQWR�DFFRXQW�LQ�WKH�
LQ�KRXVH�PRGHO�
PHENOMENON ASSUMPTIONS 
&RQGXFWLRQ�
DFURVV�WKH�ZDOOV�

4XDVL��'�FRQGXFWLRQ�±�'HVFULSWLRQ�
E\�D�ILQLWH�GLIIHUHQFH�PHWKRG�

,QWHULRU�
FRQYHFWLRQ�DORQJ�
WKH�ZDOOV�

/LQHDUL]DWLRQ�E\�DVVXPLQJ�WKH�
FRQYHFWLRQ�IDFWRU�KFRQY�LQW�DV�D�
FRQVWDQW�

([WHULRU�
FRQYHFWLRQ�DORQJ�
WKH�ZDOOV�

/LQHDUL]DWLRQ�E\�DVVXPLQJ�WKH�
FRQYHFWLRQ�IDFWRU�KFRQY�H[W�DV�D�
FRQVWDQW�

,QWHULRU�/:�
UDGLDWLRQ�

/LQHDUL]DWLRQ�E\�DVVXPLQJ�WKH�QHW�
IOX[�IDFWRU�KQHW�DV�D�FRQVWDQW�

([WHULRU�/:�
UDGLDWLRQ�

/LQHDUL]DWLRQ�E\�DVVXPLQJ�WKH�/:�
IDFWRUV��VN\�DQG�JURXQG��K/:�
GHSHQGLQJ�RQ�WKH�VXUIDFH�WHPSHUDWXUH�
DW�WKH�SUHYLRXV�WLPH�

,QWHULRU�6:�
UDGLDWLRQ�

7KH�GLUHFW�VRODU�UDGLDWLRQ�SDVVLQJ�
WKURXJK�WKH�ZLQGRZ�V��LV�XQLIRUPO\�
GLVWULEXWHG�RYHU�WKH�IORRU�DQG�WKH�
GLIIXVH�VRODU�UDGLDWLRQ�LV�GLVWULEXWHG�
RYHU�DOO�WKH�ZDOOV��FRQWDLQLQJ�WKH�
IORRU��SURSRUWLRQDOO\�WR�WKH�VXUIDFHV��
7KH�UHIOHFWHG�UDGLDWLRQV�DUH�DOVR�WDNHQ�
LQWR�DFFRXQW�SURSRUWLRQDOO\�WR�WKH�
IRUP�IDFWRUV�

([WHULRU�6:�
UDGLDWLRQ�

1R�VSHFLILF�DVVXPSWLRQV��

9HQWLODWLRQ� 7KH�YHQWLODWLRQ�WHUP�GHSHQGV�RQ�WKH�
GU\�DLU�GHQVLW\�FDOFXODWHG�IURP�WKH�DLU�
]RQH�WHPSHUDWXUH�DW�WKH�SUHYLRXV�WLPH�

�
7KH� PRGHO� UHTXLUHV� DV� LQSXW� LQWHUQDO� DQG� H[WHUQDO�
ERXQGDU\� FRQGLWLRQV� �LQWHUQDO� FKDUJH� DQG�
PHWHRURORJLFDO� GDWD��� JHRPHWULFDO� LQIRUPDWLRQ� DQG�
WKHUPR�SK\VLFDO� SDUDPHWHUV� VXFK� DV� UHVLVWDQFHV��
FDSDFLWLHV��YHQWLODWLRQ��HWF����7KH�RXWSXW�RI�WKH�PRGHO�
LV�WKH�RSHUDWLYH�WHPSHUDWXUH�EXW�LW�FDQ�EH�TXLWH�VLPSO\�
UHYHUVHG�E\�HQIRUFLQJ�WKH�]RQH�WHPSHUDWXUHV�LQ�RUGHU�
WR�GHWHUPLQH�IRU�H[DPSOH�WKH�KHDWLQJ�RU�FRROLQJ�ORDG��
��

Case study 
,Q� RUGHU� WR� YDOLGDWH� WKH� EXLOGLQJ� WKHUPDO� PRGHO�
SUHYLRXVO\� GHVFULEHG�� WKH� PRGHO� DFFXUDF\� KDV� EHHQ�
HYDOXDWHG� FRQVLGHULQJ� (QHUJ\3OXV� DV� UHIHUHQFH�� :H�
KDYH� FRQVLGHUHG� D� VLPSOH� DQG� PRQR�]RQH� EXLOGLQJ�
JHRPHWU\�ZKRVH�GLPHQVLRQV� DUH� SUHVHQWHG� LQ�)LJXUH�
���7KH�PDLQ� IDoDGH� LV�6RXWK� H[SRVHG� DQG� LWV� VLPSOH�
JODVV� ZLQGRZ� �8 ���� :��Pð.��� J ������ UHSUHVHQWV�
���� RI� WKH� WRWDO� IDFDGH� VXUIDFH�� 7KH� GRRU� LV� 1RUWK�
RULHQWHG�DQG�KDV�IROORZLQJ�FKDUDFWHULVWLFV��ZLGWK �P�
[� KHLJKW ���P�� 8 ���:��Pð.��� 6HYHUDO� ZDOO�
FRQVWUXFWLRQV�KDYH�EHHQ�WHVWHG�DQG�IRU�HDFK�RI�WKHP��
WKH� ZDOOV� DUH� DVVXPHG� WR� EH� LGHQWLFDO�� ,W� DOORZHG�
WHVWLQJ�GLIIHUHQW�FRPELQDWLRQV�ZLWK�GLIIHUHQW�OHYHOV�RI�
WKHUPDO� LQHUWLD�DQG� LQVXODWLRQ��5HVXOWV� IURP�ORZ�DQG�
KLJK� H[WHUQDO� LQVXODWLRQ�RQ���FP�FRQFUHWH� VWUXFWXUH��
UHVSHFWLYHO\� QDPHG� ����� DQG� TXDVL�SDVVLYH�� ZLOO� EH�
SUHVHQWHG�� &KDUDFWHULVWLFV� RI� WKH� ZDOOV� DUH� JLYHQ� LQ�
7DEOH����

�
)LJXUH����&DVH�VWXG\�JHRPHWU\��

�

Simulation assumptions and parameters 
,Q�D�EHQFKPDUN�SKDVH��ZH� WHVWHG�WKH�SHUIRUPDQFH�RI�
RXU�LQ�KRXVH�PRGHO�E\�FRPSDULQJ�LW�ZLWK�(QHUJ\3OXV�
VRIWZDUH� IRU� ERWK� EXLOGLQJ� W\SHV�� :H� XVHG� WKH�
IROORZLQJ�DVVXPSWLRQV���

� WKHUH�LV�QR�KHDWLQJ�RU�FRROLQJ�V\VWHP��
� LQILOWUDWLRQ�DQG�YHQWLODWLRQ�DUH�FRPELQHG��:H�

FRQVLGHU� D� FRQVWDQW� IORZ� RI� IUHVK� DLU� RI� ��
$&+��

� DQ�RFFXSDQF\�VFHQDULR� LV� WDNHQ� LQWR�DFFRXQW�
E\� LPSRVLQJ� LQWHUQDO� KHDW� �VHQVLEOH�
FRQYHFWLYH�RQO\��RI����:�DW������DP�DQG�����
SP�WKURXJKRXW�WKH�\HDU��

� WKH� KHDW� WUDQVIHU� FRHIILFLHQWV� DUH� FRQVWDQW��
:H� VHW� WKHP� �IURP� LQQHU� WR� RXWHU� VLGH�� WR�
����� :��Pð.�� �DQG� ����:��Pð.�� �IRU�
YHUWLFDOV� ZDOOV�� ����:��Pð.�� �DQG� �����
:��Pð.�� �IRU� WKH� IORRU� DQG� ����� :��Pð.��
�DQG������:��Pð.���IRU�WKH�URRI��

� WKH� WKHUPDO� EULGJHV� DUH� QRW� WDNHQ� LQWR�
DFFRXQW��

� WKH� IORRU� LV� DERYH� D� FUDZOVSDFH� DVVXPHG� WR�
EH�DW�WKH�RXWGRRU�WHPSHUDWXUH��
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<HDUO\� VLPXODWLRQV� ZHUH� FDUULHG� RXW� ZLWK� D� ��� PLQ�
WLPH� VWHS� IRU� WKH� \HDUO\� PHWHRURORJLFDO� GDWD� RI�
&KDPEHU\��)UDQFH���
�
7DEOH� ���7KHUPR�SK\VLFDO� FKDUDFWHULVWLFV� �2� �� RXWHU�
VXUIDFH��,���LQQHU�VXUIDFH���
� O 1 

Insulation 
layer 

2 
Thermal 

mass layer 

I 

0DWHULDO� � ([SDQGHG�
SRO\VW\UHQH�

5HLQIRUFHG�
FRQFUHWH�

�

7KLFNQHVV�
�P��
�����4XDVL�
SDVVLYH�

� ����������� �������� �

Ȝ��:��P.��� � ������ ����� �
5��Pð.�:�� � ���������� ����� �
ȡ��NJ�PA��� � ��� ����� �
&S��-��NJ�.��� � ����� ���� �
ϵ������ ���� � � ����
Į������ ���� � � ����
�

Model validation 
$FFXUDF\� RI� WKH� SUHVHQWHG� PRGHO� KDV� EHHQ� VWXGLHG�
UHJDUGLQJ� VLPXODWLRQ� UHVXOWV� RI� WKH� (QHUJ\3OXV�
VLPXODWLRQ�VRIWZDUH��

�

�
�
)LJXUH����2SHUDWLYH�WHPSHUDWXUH�FRPSDULVRQ�IRU�WKH�
������RQ�WKH�WRS��DQG�TXDVL�SDVVLYH��RQ�WKH�ERWWRP��
EXLOGLQJ�ZLWKLQ�WZR�ZHHNV�RYHU�WKH�VSULQJ�SHULRG�

�

:H� YDOLGDWHG� RXU� LQ�KRXVH� PRGHO� RYHU� D� SHULRG� RI�
RQH� \HDU��+RZHYHU�� IRU� WKH� UHVXOWV� YLVXDOL]DWLRQ��ZH�
UHSUHVHQW� WKHP�RYHU�RQO\� WZR�ZHHNV�� ,QGHHG��)LJXUH�
��LQGLFDWHV�WKH�RSHUDWLYH�WHPSHUDWXUH�RYHU�WZR�ZHHNV�
ZLWKLQ� D� VSULQJ� SHULRG� IRU� ERWK� ����� DQG� TXDVL�
SDVVLYH� FRQVWUXFWLRQ�� 7KH� PHWHRURORJLFDO� VHTXHQFH�
KDV� EHHQ� FKRVHQ� FRQVLGHULQJ� WKH� YDULHW\� RI� LWV�
VROLFLWDWLRQV� �QHDUO\� FRQVWDQW� DQG� YDULDEOH� RXWGRRU�
WHPSHUDWXUH��� 7KH� G\QDPLF� DQG� SKDVH� RI� RXU�PRGHO�
DUH� LQ� JUHDW� DJUHHPHQW� ZLWK� WKH� UHIHUHQFH�� WKH�
PD[LPDO� HUURU� GXULQJ� WKH� HQWLUH� \HDU� EHLQJ� DOZD\V�
LQIHULRU�WR�����&�IRU�ERWK�FRQVWUXFWLRQV���

�
)LJXUH���D��+LVWRJUDP�RI�HUURUV�GXULQJ�WKH�HQWLUH�

\HDU�IRU�WKH�����¶V�EXLOGLQJ��
�

�
)LJXUH���E��+LVWRJUDP�RI�HUURUV�GXULQJ�WKH�HQWLUH�

\HDU�IRU�WKH�TXDVL�SDVVLYH�EXLOGLQJ��
�

)LJXUHV� ��D� DQG� ��E� SUHVHQW� WKH� KLVWRJUDPV� RI� HUURU��
7KH\� VKRZ� WKH� GHILQLWH� YDOLGLW\� RI� RXU� UHVXOWV��
0RUHRYHU��WKLV�LV�VXSSRUWHG�E\�WKH�IDFW�WKDW�WKH�GDLO\�
DYHUDJH� DEVROXWH� HUURU� LV� DOZD\V� XQGHU� ���� �&�
UHJDUGOHVV�RI�WKH�FRQILJXUDWLRQ��
�

:$//6�0(5*,1*�,03$&76�
7KH� EHQHILW� RI� GHYHORSLQJ� D� QHZ� LQ�KRXVH� PRGHO�
UHVLGHV� LQ� WKH� IDFW� WKDW� ZH� DUH� DEOH� WR� EULQJ�
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PRGLILFDWLRQV�RU�DGG�QHZ�IHDWXUHV�WR� WKH�SURJUDP�DV�
IUHH� DV� SRVVLEOH�� 7KXV�� ZH� LPSOHPHQWHG� D� QHZ�
IXQFWLRQDOLW\� WR� WKH� FRGH� WKDW� DOORZV� UHGXFLQJ� WKH�
JHRPHWULFDO� FRPSOH[LW\� RI� WKH� EXLOGLQJ� DQG� E\� WKLV�
ZD\�� WKH� FRPSXWDWLRQ� WLPH�� 6HYHUDO� ZD\V� DUH�
DYDLODEOH�WR�UHGXFH�WKH�JHRPHWULFDO�FRPSOH[LW\��

� 0HUJLQJ� LGHQWLFDO� WKHUPDO� ]RQHV�� 7KLV�
SURFHVV� LV� JHQHUDOO\� GHGXFHG� IURP� H[SHUW�
SRLQWV�RI�YLHZ��

� 5HGXFLQJ�WKH�QXPEHU�RI�QRGHV�LQ�WKH�ZDOOV��
$Q� RSWLPLVDWLRQ� VWHS� LV� XVXDOO\� UHTXLUHG� WR�
DGMXVW� WKH� SDUDPHWHUV� RI� WKH� UHGXFHG� ZDOO�
PRGHO� �)UDLVVH� HW� DO��� ������ :DQJ� HW� DO���
�������

� 0HUJLQJ� VHYHUDO� ZDOOV�� $OWKRXJK� WKLV�
PHWKRG� KDV� QRW� EHHQ� VR� PXFK� VWXGLHG�� LW�
VHHPV� WR� EH� DQ� DFFXUDWH� ZD\� WR� UHGXFH�
VLJQLILFDQWO\�WKH�VL]H�RI�WKH�V\VWHP��)RU�WKLV�
UHDVRQ��ZH�FKRVH�WR�GHYHORS�LW��
�

7KXV�� LQ� WKLV� DUWLFOH�� ZH� IRFXVHG� RXU� ZRUN� RQ� WKH�
ZDOOV�PHUJLQJ��$W�WKLV�VWDJH��WKH�PDLQ�GLIILFXOW\�LV�WR�
GHWHUPLQH�ZDOOV� WKDW� FDQ� EH�PHUJHG�ZLWK� D�PLQLPDO�
HIIHFW� RQ� WKH� VLPXODWLRQ� UHVXOWV�� $Q� LQWHUHVWLQJ�
RXWFRPH�ZRXOG�EH� WR�GHGXFH� VRPH� H[SHUW� UXOHV� WKDW�
FRXOG� EH� XVHG� DV� GHFLVLRQ� VXSSRUW�� :LWK� WKLV�
LQWHQWLRQ��ZH�FKRVH� WR� WHVW� WKH�PHUJLQJ� IXQFWLRQDOLW\�
RQ�ERWK�EXLOGLQJ�W\SHV�GHVFULEHG�DERYH��WKH�³����¶V´�
DQG� ³TXDVL�SDVVLYH´�EXLOGLQJ�ZLWKRXW� DQ\� KHDWLQJ�RU�
FRROLQJ�V\VWHPV��7KH�H[WHQVLYH�YDULDEOHV�DV� WKH�ZDOO�
VXUIDFHV� RU� WKH� LQQHU� DQG� RXWHU� 6:� UDGLDWLRQV� DUH�
DGGHG�WR�REWDLQ�WKH�SURSHUWLHV�RI�WKH�HTXLYDOHQW�ZDOOV��
ZKLOH� WKH� HTXLYDOHQW� LQWHQVLYH� YDULDEOHV� DV� WKH�
WKHUPDO�FRHIILFLHQWV�RU�FDSDFLWLHV�DUH�HVWLPDWHG�IURP�
WKH� VXUIDFH� ZHLJKWHG� DYHUDJH�� �:H� VHW� XS� WKH� FDVHV�
VWXGLHV�ZLWK�LGHQWLFDO�ZDOO�ZKDWHYHU�WKH�RULHQWDWLRQ�LQ�
RUGHU� WR� VLPSOLI\� WKH� PHUJLQJ� RSHUDWLRQ��� :H�
GHVFULEH� LQ�7DEOH���GLIIHUHQW� SRVVLEOH�FRQILJXUDWLRQV�
RI�JHRPHWU\� VLPSOLILFDWLRQ��)RU�RXU� VWXG\��ZH�FKRVH�
WR�HPSKDVL]H�RQ�WKHVH�VSHFLILF�FDVHV�EXW�PDQ\�RWKHU�
FRQILJXUDWLRQV�DUH�DOVR�DYDLODEOH���
Results and discussion 
�
)RU� WKLV� VWXG\�� ZH� HYDOXDWHG� WKH� PRQWKO\� PHDQ�
DEVROXWH�HUURUV�E\�FRPSDULQJ�WKH�UHVXOWV�RI�WKH�ZDOOV�
PHUJLQJ�YHUVXV�WKRVH�RI�WKH�LQ�KRXVH�FRPSOHWH�PRGHO�
�QR�PRUH�(QHUJ\3OXV���7KH\�DUH�SUHVHQWHG� LQ�)LJXUH�
��DQG����
�
7DEOH� ��� /LVW� RI� WKH� FRQILJXUDWLRQV� VWXGLHG� LQ� WKH�
JHRPHWULFDO�FRPSOH[LW\�UHGXFWLRQ�
N° NB OF 

WALL 
ELEMENT 

MELTING 
WALLS 

SEPARATED 
WALLS 

�� ��HOHPHQW� ^1�6�(�:�)�5`� ��
�� ��HOHPHQWV� ^1�6�(�:�)`� ^5`�
�� ��HOHPHQWV� ^1�6�(�:�5`� ^)`�
�� ��HOHPHQWV� ^1�(�:�)�5`� ^6`�
�� ��HOHPHQWV� ^1�6�(�:`� ^5`��^)`�

�� ��HOHPHQWV� ^1�(�:�)`�� ^5`��^6`�
�� ��HOHPHQWV� ^1�(�:�5`� ^6`��^)`�
�� ��HOHPHQWV� ^1�(�:`� ^6`��^5`��^)`�
�
7DEOH����5HVXOWV�IRU������TXDVL�SDVVLYH�FRQVWUXFWLRQV�
�0$;�� PD[LPDO� HUURU�� 0$(�� 1(4�� QXPEHU� RI�
HTXDWLRQV��� 7KH� UHIHUHQFH�PRGHO� LV� WKH� FRPSOHWH� LQ�
KRXVH� PRGHO� �ZLWK� �� HOHPHQWV��� ,Q� UHG�� WKH� EHVW�
FRQILJXUDWLRQ�IRU�WKH�TXDVL�SDVVLYH�EXLOGLQJ��LQ�EOXH��
IRU�WKH�����¶V�EXLOGLQJ�DQG�LQ�EROG��IRU�ERWK�EXLOGLQJ�
W\SHV��

N° MAX [°C] ANNUAL 
MAE [°C] NEQ [-] 

�� �������� ���������� ������
�� �������� ���������� ������
�� �������� ���������� ������
�� ����0.2� �����0.06� ���45�
�� 0.1����� 0.04������ 45����
�� �������� ���������� ������
�� 0.2/0.1 0.19/0.09 47/65 
�� 0.008/0.003 0.003/0.001 61/85 
5HI� ���� ���� �������

�
)URP�WKHVH�UHVXOWV��VHYHUDO�REVHUYDWLRQV�DSSHDU��)LUVW��
UHJDUGLQJ� WKH� FRPSOH[LW\� RI� WKH� V\VWHP�� 7DEOH� ��
LQGLFDWHV� WKH� QXPEHU� RI� VROYHG� HTXDWLRQV� IRU� HDFK�
FRQILJXUDWLRQ� �WKH� HTXDWLRQV� QXPEHU�GHSHQGV�RQ� WKH�
FRQILJXUDWLRQ�EHFDXVH�RI�WKH�/DUHW�FULWHULRQ��ZKLFK�LV�
GLIIHUHQW� IRU�HDFK�FRQILJXUDWLRQ���*LYHQ� WKH� IDFW� WKDW�
WKH�QXPEHU�RI�HTXDWLRQV�IRU�WKH�FRPSOHWH�IRUPXODWLRQ�
RI� WKH� ³����¶V´� EXLOGLQJ� DQG� WKH� ³TXDVL�SDVVLYH´�
EXLOGLQJ�LV�UHVSHFWLYHO\����DQG������WKH�JUHDW�LQWHUHVW�
RI� WKH�JHRPHWULFDO� UHGXFWLRQ� LQ� WHUP�RI�FRPSXWDWLRQ�
WLPH� EHFRPHV� REYLRXV�� ,QGHHG�� ZH� QRWH� D� IDFWRU� ��
EHWZHHQ� WKH� FRPSOHWH� DQG� WKH� RQH�HOHPHQW�
FRQILJXUDWLRQV����
6HFRQGO\�� ZH� QRWH� WKDW� VRPH� FRQILJXUDWLRQV� SUHVHQW�
JRRG� PDWFKLQJ� ZLWK� WKH� FRPSOHWH� IRUPXODWLRQ��
&RQWUDU\� WR� RXU� H[SHFWDWLRQV�� LQFUHDVLQJ� �RU�
GHFUHDVLQJ��WKH�HOHPHQWV�QXPEHU�GRHV�QRW�QHFHVVDULO\�
OHDG� WR� PLQLPL]H� �RU� WR� LQFUHDVH�� WKH� HUURU�� ,QGHHG��
ZH�REVHUYH�WKDW� WKH�FRQILJXUDWLRQ���SUHVHQWV�D�EHWWHU�
PDWFKLQJ� WKDQ� WKH� FRQILJXUDWLRQ� ��� 7KXV�� LW� VKRZV�
WKDW�WKH�FKRLFH�RI�WKH�PHUJHG�ZDOOV�LV�HVVHQWLDO��6RPH�
VSHFLILF�UXOHV�VHHP�WR�FRPH�RXW�KHUH��(VSHFLDOO\��ZH�
REVHUYH� WKDW� WKH�FRQILJXUDWLRQ��� LV�DEOH� WR� ILW�DOPRVW�
SHUIHFWO\� WKH� FRPSOHWH� PRGHO� IRU� ERWK� WKH� ³����¶V´�
DQG� ³TXDVL�SDVVLYH´� EXLOGLQJ�� +RZHYHU�� WKLV�
JHRPHWULFDO� UHGXFWLRQ� LV� QRW� VR� LQWHUHVWLQJ�� WKH�
HTXDWLRQV� QXPEHU� EHLQJ� QRW� VR� PXFK� UHGXFHG�
�UHGXFHG� E\� RQO\� D� IDFWRU� ������ +RZHYHU�� RWKHU�
FRQILJXUDWLRQV� ZLWK� IHZHU� HOHPHQWV� DUH� DEOH� WR� JLYH�
JRRG� ILWWLQJ�� )RU� WKH� ³����¶V´� EXLOGLQJ�� ZH� REVHUYH�
DQ�LQIOXHQFH�RI�WKH�IORRU�RQ�WKH�PRQWKO\�HUURU�ZKHQ�LW�
LV� PHUJHG� ZLWK� RWKHU� ZDOOV�� &RQYHUVHO\�� WKH�
FRQILJXUDWLRQV� ZKHUH� WKH� IORRU� LV� LVRODWHG�� SUHVHQW�
EHWWHU� PDWFKLQJ�� ,Q� FRQWUDVW�� WKH� LQIOXHQFH� RI� WKH�
PHUJHG�IORRU�LV� OHVV�SURQRXQFHG�ZKHQ�WKH�LQVXODWLRQ�
LV�KLJKHU��,QGHHG��LW�VHHPV�HDVLHU�WR�PHUJH�WKH�IORRU�LQ�
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WKLV�FDVH��0RUHRYHU��DQ�LQIOXHQFH�RI�WKH�6RXWK�IDoDGH�
FOHDUO\�DSSHDUV� IRU� WKH�TXDVL�SDVVLYH�EXLOGLQJ��7KXV��
WKH� FRQILJXUDWLRQ� �� ZLWK� LVRODWHG� URRI� DQG� IORRU�
DSSHDUV� DV� WKH� EHVW� JHRPHWULFDO� UHGXFWLRQ� IRU� WKH�
����¶V�EXLOGLQJ�DFFRUGLQJ� WR�D�FRPSURPLVH�EHWZHHQ�
DFFXUDF\� DQG� FRPSXWDWLRQ� WLPH��$FWXDOO\�� LW� UHGXFHV�
WKH� QXPEHU� RI� HTXDWLRQV� E\� D� IDFWRU� ��� ,Q� WKH� VDPH�
ZD\��IRU�WKH�TXDVL�SDVVLYH�EXLOGLQJ��WKH�FRQILJXUDWLRQ�
��ZLWK�LVRODWHG�6RXWK�IDFDGH�LV�WKH�EHVW�RQH��UHGXFLQJ�
WKH�QXPEHU�RI�HTXDWLRQV�E\�D�IDFWRU����1RWH� WKDW�WKH�
KLJK� LQVXODWLRQ� EXLOGLQJ� QHHGV� D� OHVVHU� QXPEHU� RI�
HOHPHQWV� WKDQ� WKH� VPDOO� LQVXODWLRQ� RQH�� +RZHYHU�� D�
FRQILJXUDWLRQ� FRPPRQ� WR� ERWK� EXLOGLQJ� W\SHV�� WKH�
FRQILJXUDWLRQ���ZKHUH�WKH�IORRU�DQG�WKH�6RXWK�IDFDGH�
DUH� LVRODWHG�� VHHPV� WR� NHHS� DOVR� D� JRRG� DFFXUDF\��
7KLV�FRQILJXUDWLRQ�GHFUHDVHV�WKH�QXPEHU�RI�HTXDWLRQV�
E\�D�IDFWRU����
�

�
)LJXUH����+LVWRJUDP�RI�WKH�PRQWKO\�PHDQ�DEVROXWH�

HUURU�IRU�WKH�����¶V�EXLOGLQJ�

�
)LJXUH����+LVWRJUDP�RI�WKH�PRQWKO\�PHDQ�DEVROXWH�

HUURU�IRU�WKH�TXDVL�SDVVLYH�EXLOGLQJ�
�

7KLUG��IRU�ERWK�FRQVWUXFWLRQV�ZH�REVHUYH�RQ�)LJXUHV���
DQG� �� D� VHDVRQDO� YDULDWLRQ� RI� WKH� PRQWKO\� HUURU� IRU�
WKH�RQH�HTXLYDOHQW�ZDOO�PRGHO��FRQILJXUDWLRQ�����,Q�D�
FDOLEUDWLQJ�SKDVH��LW�LV�TXLWH�GLIILFXOW�WR�ILQG�FRQVWDQW�
SDUDPHWHUV�RQ�WKH�HQWLUH�\HDU�FRQVLGHULQJ�WKH�VHDVRQ�
YDULDWLRQ��7KDW�LV�ZK\�WKH�FDOLEUDWLRQ�SKDVH�LV�ZLGHO\�
VLPSOLILHG� E\� DYRLGLQJ� RU� DW� OHDVW� UHGXFLQJ� WKLV�

YDULDWLRQ��0RUHRYHU��ZH�QRWH�WKDW�WKH�LQFUHDVH�RI�WKH�
HOHPHQWV� QXPEHU� LV� QRW� VXIILFLHQW� WR� GHFUHDVH� WKH�
VHDVRQDO�YDULDWLRQ��,Q�WKLV�SRLQW�RI�YLHZ��WKH�FKRLFH�RI�
WKH� PHUJHG� ZDOOV� VHHPV� DJDLQ� WR� EH� FUXFLDO��
1HYHUWKHOHVV�� WKH� KLVWRJUDPV� VKRZ� WKDW� VRPH�
FRQILJXUDWLRQV� DUH� DEOH� WR� UHGXFH� WKLV� VHDVRQDO�
YDULDWLRQ�� VRPH�RI� WKHP�EHLQJ� FRPSDWLEOH�ZLWK�ERWK�
FRQVWUXFWLRQV� DV� WKH� FRQILJXUDWLRQV� �� DQG� ���
5HJDUGLQJ� UHVSHFWLYHO\� WKH� ³����¶V´�DQG� WKH� ³TXDVL�
SDVVLYH´� EXLOGLQJ�� WKH� FRQILJXUDWLRQV� �� DQG� ��
GHVFULEHG�DERYH�DV�WKH�EHVW�FRQILJXUDWLRQV�LQ�WHUP�RI�
DFFXUDF\� DQG� FRPSXWDWLRQ� WLPH� SUHVHQW� DOVR� DOPRVW�
XQLIRUP�PRQWKO\�HUURUV��
)LQDOO\��ZH�FDQ�FRQFOXGH� WKDW� WKH�FRQILJXUDWLRQ�ZLWK�
LQGHSHQGHQW� IORRU� DQG� URRI� �FRQILJXUDWLRQ� ��� IRU�
VPDOO� LQVXODWLRQ�EXLOGLQJ� DQG� WKH� FRQILJXUDWLRQ�ZLWK�
LQGHSHQGHQW�6RXWK� IDFDGH� �FRQILJXUDWLRQ���� IRU� KLJK�
LQVXODWLRQ�EXLOGLQJ�DUH�DEOH�WR�NHHS�D�JRRG�DFFXUDF\��
D� VLJQLILFDQWO\� UHGXFHG� FRPSXWDWLRQ� WLPH� EXW� DOVR�
GHFUHDVH� WKH� VHDVRQDO� YDULDWLRQ�� 0RUHRYHU�� ZH� VDZ�
DOVR� JRRG� UHVXOWV� ZLWK� FRQILJXUDWLRQ� �� ZLWK� WKH�
DGYDQWDJH� WKDW� LW� LV� FRPSDWLEOH� IRU� ERWK� EXLOGLQJ�
FRQVWUXFWLRQ�� $W� ODVW�� WKH� FRQILJXUDWLRQ� �� LV� WKH� RQH�
SUHVHQWLQJ� WKH� EHVW� UHVXOWV� LQ� WHUP� RI� DFFXUDF\� DQG�
HUURU¶V� XQLIRUPLW\� EXW� WKH� GHFUHDVLQJ� RI� WKH�
FRPSXWDWLRQ�WLPH�LV�QRW�VXIILFLHQW������
�

&21&/86,21�
7KLV�VWXG\�WDNHV�SODFH�LQ�WKH�FRQWH[W�RI�WKH�HYDOXDWLRQ�
RI� HQHUJ\� VDYLQJ� DIWHU� D� EXLOGLQJ� UHWURILW� RSHUDWLRQ��
8VLQJ� %XLOGLQJ� (QHUJ\� 6LPXODWLRQ� �%(6�� LV� RQH� RI�
WKH�PHWKRGV�UHFRPPHQGHG�E\�WKH�VWDQGDUGV�,3093��
)(03� DQG� *XLGHOLQH�� +RZHYHU�� WKLV� DSSURDFK� LV� D�
JUHDW� FKDOOHQJH� VLQFH� WKH� PRVW� DSSURSULDWH� %XLOGLQJ�
(QHUJ\�6LPXODWLRQ�LV�ZLGHO\�GHWDLOHG��7KXV��XVHUV�RU�
RSWLPL]LQJ� WRRO� KDG� WR� VHW� D� ODUJH� QXPEHU� RI�
SDUDPHWHUV��'UDZEDFNV�RI�VXFK�GHWDLOHG� WRROV�DUH�DQ�
LPSRUWDQW� ULVN� RI� HUURU� GXH� WKH� FRPSOH[LW\� RI� WKH�
FDOLEUDWLQJ� SKDVH�� ZKLFK� LV� JHQHUDOO\� WLPH�
FRQVXPLQJ�� 7KLV� SKDVH� JHQHUDOO\� FRPELQHV� PDQXDO�
DQG�DXWRPDWLF�PHWKRGV��QHHGV� VHQVLELOLW\�DQDO\VLV� LQ�
RUGHU�WR�GHWHUPLQH�WKH�PRVW�LQIOXHQW�SDUDPHWHUV��7KH�
DXWRPDWLF�FDOLEUDWLQJ�LV�WLPH�FRQVXPLQJ�GXH�WR�ODUJH�
VL]H�RI�WKH�HTXDWLRQV�V\VWHP��
+RZHYHU�� VLPSOH� %XLOGLQJ� (QHUJ\� 0RGHOV� DUH�
JHQHUDOO\�XVHG�LQ�WKH�ILHOG�RI�RSWLPDO�EXLOGLQJ�HQHUJ\�
PDQDJHPHQW� V\VWHP�� ,QGHHG�� WKH� IHZ� QXPEHUV� RI�
SDUDPHWHUV�WKDW�KDYH�WR�EH�WXQHG�DQG�WKH�IDVW�V\VWHP�
UHVROXWLRQ� SUHVHQW� VRPH� JUHDW� LQWHUHVWV� IRU� WKH�
RSWLPL]DWLRQ�SKDVH��6XFK�PRGHOV�DUH�GHVLJQHG�IRU�DQ�
HDV\� FDOLEUDWLRQ� DQG� VXIILFLHQW� DFFXUDF\� ZKHUHDV�
SHULRGLFDO� ILWWLQJ� LV� QHHGHG�� 7KLV� LV� D� VSHFLILF�
OLPLWDWLRQ� LQ�RXU�DSSOLFDWLRQ�ZKHUH� ILWWLQJ� WKH�PRGHO�
LV�QR�ORQJHU�SRVVLEOH�DIWHU�WKH�UHWURILW�RSHUDWLRQ��
7KHUHIRUH��ZH�VXJJHVWHG�DQ�HYDOXDWLRQ�RI�WKH�UHODWLRQ�
EHWZHHQ� PRGHO� FRPSOH[LW\� DQG� ODUJH� WLPH�VFDOH�
DFFXUDF\�� $PRQJ� GLIIHUHQW� ZD\V� WR� UHGXFH� WKH�
QXPEHU�RI�HTXDWLRQV��ZH� IRFXVHG�RXU� LQWHUHVW�RQ� WKH�
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ZDOO�PHUJLQJ�� )LUVW�� ZH� WHVW� WKH� SHUIRUPDQFH� RI� RXU�
LQ�KRXVH�PRGHO�ZLWKRXW�DSSUR[LPDWLRQ�E\�FRPSDULQJ�
WKH� UHVXOWV� RQ� WZR� FDVH� VWXGLHV� ZLWK� WKH� %(6�
(QHUJ\3OXV�� 6HFRQGO\�� WKH� FRPSOHWH� VL[� ZDOOV� ER[�
VKDSHG�JHRPHWU\�KDV�EHHQ�JUDGXDOO\�GHFUHDVHG�WR�RQH�
HTXLYDOHQW� ZDOO��:H� QRWHG� WKDW� VRPH� FRQILJXUDWLRQV�
SUHVHQW�JRRG�PDWFKLQJ�ZLWK�WKH�FRPSOHWH�IRUPXODWLRQ�
EXW� FRQWUDU\� WR� RXU� H[SHFWDWLRQ� LQFUHDVLQJ� WKH�
FRPSOH[LW\�GRHV�QRW�QHFHVVDULO\�OHDG�WR�PLQLPL]H�WKH�
HUURU��(VSHFLDOO\��ZH�REVHUYHG�WKDW� WKH�FRQILJXUDWLRQ�
��ZLWK�WKH�LVRODWHG�6RXWK�IDFDGH�IRU�WKH�TXDVL�SDVVLYH�
EXLOGLQJ� DQG� WKH� FRQILJXUDWLRQ� �� ZLWK� WKH� LVRODWHG�
IORRU� DQG� URRI� IRU� WKH� ����¶V� EXLOGLQJ� DUH� DEOH� WR�
NHHS� D� JRRG� DFFXUDF\�� D� VLJQLILFDQWO\� UHGXFHG�
FRPSXWDWLRQ� WLPH� EXW� DOVR� GHFUHDVH� WKH� VHDVRQDO�
YDULDWLRQ���
$OWKRXJK� ERWK� VWXGLHG� EXLOGLQJV� DUH� FDVH� VSHFLILF��
WKLV�ZRUN�JLYHV�VRPH�RULHQWDWLRQV�DERXW�WKH�PLQLPDO�
QXPEHU� DQG�RULHQWDWLRQ�RI�ZDOOV� HOHPHQW� LQ�RUGHU� WR�
OLPLW� WKH� W\SLFDO� VHDVRQDO� HUURU� RI� VLPSOH� RQH�
HTXLYDOHQW�ZDOO�%(6��7KH�QH[W�VWHS�RI�WKLV�ZRUN�ZLOO�
EH� WR� YHULI\� LI� WKH� FDOLEUDWLRQ� RI� D� UHGXFHG�
FRQILJXUDWLRQ�ZLWK� IHZ�HOHPHQWV�DQG�DQ�HUURU�QHDUO\�
FRQVWDQW�FDQ�HIIHFWLYHO\�PDWFK�PHDVXUHPHQWV�RYHU�D�
ORQJ� SHULRG�� ,W�ZLOO� EH� WKHQ� SRVVLEOH� WR� HYDOXDWH� WKH�
HQHUJ\�VDYLQJV�RYHU�WLPH�GXH�WR�WKH�EXLOGLQJ�UHWURILW�
RSHUDWLRQ��
�

120(1&/$785(�
%(6�� �%XLOGLQJ�(QHUJ\�6LPXODWLRQ�
%(0� �%XLOGLQJ�(QHUJ\�0RGHO�
)������� �)ORRU�
/:���� �/RQJZDYH�
5������� �5RRI�
1(4� �1XPEHU�RI�HTXDWLRQ�
0$(� �0HDQ�$EVROXWH�(UURU�
6:���� �6KRUWZDYH�
1������ �1RUWK�IDFDGH�
(������ �(DVW�IDFDGH�
6������ �6RXWK�IDFDGH�
:����� �:HVW�IDFDGH�
�

5()(5(1&(6�
+HQVHQ� -�� ������ 3UHSDUDWLRQ�*XLGH� DQG� 6XEPLVVLRQ�

,QVWUXFWLRQ� IRU� %XLOGLQJ� 6LPXODWLRQ� �����
&RQIHUHQFH��(LQGKRYHQ��7KH�1HWKHUODQGV��

$6+5$(�� ������ 0HDVXUHPHQW� RI� (QHUJ\� DQG�
'HPDQG�6DYLQJV��$6+5$(�*XLGHOLQH���

%HUWKRX�� 7KRPDV�� 3DVFDO� 6WDEDW�� 5DSKDHO� 6DOYD]HW��
DQG�'RPLQLTXH�0DUFKLR��������&RPSDUDLVRQ�GH�
PRGqOHV�OLQpDLUHV�LQYHUVHV�SRXU�OD�PLVH�HQ�SODFH�
GH�VWUDWpJLHV�G¶HIIDFHPHQW��$8*&�

&KR�� 6RRO\HRQ�� DQG� -HIIUH\� 6�� +DEHUO�� ������
9DOLGDWLRQ� RI� WKH� H&DOF� � &RPPHUFLDO� &RGH�
FRPSOLDQW� 6LPXODWLRQ� � 9HUVXV� 0HDVXUHG� 'DWD�
IURP� DQ� 2IILFH� %XLOGLQJ� LQ� D� +RW� DQG� +XPLG�
&OLPDWH��,Q��3ODQR��7H[DV���

&ROH\�� '�$��� DQG� -�0�� 3HQPDQ�� ������ 6LPSOLILHG�
7KHUPDO� 5HVSRQVH� 0RGHOOLQJ� LQ� %XLOGLQJ�
(QHUJ\� 0DQDJHPHQW�� 3DSHU� ,,,�� 'HPRQVWUDWLRQ�
RI� D� :RUNLQJ� &RQWUROOHU�� %XLOGLQJ� DQG�
(QYLURQPHQW������������

&RPPLWWHH��,3093��������,QWHUQDWLRQDO�3HUIRUPDQFH�
0HDVXUHPHQW� DQG� 9HULILFDWLRQ� 3URWRFRO��
&RQFHSWV� DQG� 2SWLRQV� IRU� 'HWHUPLQLQJ� (QHUJ\�
DQG�:DWHU�6DYLQJV��9ROXPH�,���

'pTXp��)���)��2OOLYLHU�� DQG�$��3REODGRU��������*UH\�
%R[HV� 8VHG� WR� 5HSUHVHQW� %XLOGLQJV� ZLWK� D�
0LQLPXP� 1XPEHU� RI� *HRPHWULF� DQG� 7KHUPDO�
3DUDPHWHUV��(QHUJ\�DQG�%XLOGLQJV������������

'HQJ��.���%DURRDK��3���0HKWD��3�*���DQG�0H\Q��6�3���
������ %XLOGLQJ� WKHUPDO� PRGHO� UHGXFWLRQ� YLD�
DJJUHJDWLRQ� RI� VWDWHV�� $PHULFDQ� &RQWURO�
&RQIHUHQFH��0DULRWW�:DWHUIURQW��%DOWLPRUH��0'��
86$��-XQH����-XO\�����

)HGHUDO� (QHUJ\�0DQDJHPHQW� 3URJUDP�� ������0	9�
*XLGHOLQHV���0HDVXUHPHQW�DQG��9HUifi�&DWLRQ�IRU��
)HGHUDO�(QHUJ\��3URMHFWV��

)UDLVVH�� *��� 9LDUGRW�� &��� /DIDEULH�� 2��� $FKDUG�� *���
������ 'HYHORSPHQW� RI� VLPSOLILHG� DQG� DFFXUDWH�
EXLOGLQJ� PRGHO� EDVHG� RQ� HOHFWULFDO� DQDORJ\��
(QHUJ\�DQG�%XLOGLQJ���������������

)XPR��1HOVRQ��3HGUR�0DJR��DQG�5RJHOLR�/XFN��������
0HWKRGRORJ\� WR� (VWLPDWH� %XLOGLQJ� (QHUJ\�
&RQVXPSWLRQ� 8VLQJ� (QHUJ\3OXV� %HQFKPDUN�
0RGHOV��(QHUJ\�DQG�%XLOGLQJV����������������

*RXGD�� 0��� 'DQDKHU�� 6��� 8QGHUZRRG�� &��� ������
%XLOGLQJ� WKHUPDO� PRGHO� UHGXFWLRQ� XVLQJ� QRQ�
OLQHDU� FRQVWUDLQHG� RSWLPL]DWLRQ�� %XLOGLQJ� DQG�
(QYLURQQHPHQW����������������

*R\DO�� 6��� %DURRDK�� 3��� ������ $� PHWKRG� RI� PRGHO�
UHGXFWLRQ� RI� QRQ� OLQHDU� WKHUPDO� G\QDPLFV� RI�
PXOWL�]RQH� EXLOGLQJV�� (QHUJ\� DQG�%XLOGLQJV� ����
��������

*X\RQ�� *LOOHV�� ������ 5ROH� RI� WKH� 0RGHO� 8VHU� LQ�
5HVXOWV� 2EWDLQHG� IURP� 6LPXODWLRQ� 6RIWZDUH�
3URJUDP��,Q��3UDJXH��

+D]\XN��,RQ��&KULVWLDQ�*KLDXV��DQG�'DYLG�3HQKRXHW��
������ 2SWLPDO� 7HPSHUDWXUH� &RQWURO� RI�
,QWHUPLWWHQWO\� +HDWHG� %XLOGLQJV� 8VLQJ� 0RGHO�
3UHGLFWLYH�&RQWURO�� 3DUW� ,� ±�%XLOGLQJ�0RGHOLQJ��
%XLOGLQJ�DQG�(QYLURQPHQW��������������

.XPPHUW�� 0LFKDsO�� 3KLOLSSH� $QGUp�� DQG� -DFTXHV�
1LFRODV�� ������ 2SWLPDO� +HDWLQJ� &RQWURO� LQ� D�
3DVVLYH� 6RODU� &RPPHUFLDO� %XLOGLQJ�� 6RODU�
(QHUJ\��������������

/DUHW�� 'HYHORSPHQW� RI� EXLOGLQJ� G\QDPLF� PXOWL]RQH�
PRGHO� IRU� ODUJH�VFDOH� VLPXODWLRQV�� $� :RUNLQJ�
FRQIHUHQFH� IRU� 8VHUV� RI� 6LPXODWLRQ� +DUGZDUH��
6RIWZDUH� DQG� ,QWHOOLZDUH�� 3URFHHGLQJV� RI� WKH�
8VHU� �� :RUNLQJ� &RQIHUHQFH�
2VWHQG��%HOJLXP������6HSW�������

Proceedings of BS2013: 
13th Conference of International Building Performance Simulation Association, Chambéry, France, August 26-28

- 3167 -



/DZUHQFH� %HUNHOH\� 1DWLRQDO� /DERUDWRU\�� '2(���
3URJUDP��KWWS���ZZZ�GRH��FRP���

0DLOH�� 7RELDV�� 0DUWLQ� )LVFKHU�� DQG� 9ODGLPLU�
%D]MDQDF�� ������ $� 0HWKRG� WR� &RPSDUH�
0HDVXUHG� � DQG� 6LPXODWHG� 'DWD� WR� $VVHVV��
%XLOGLQJ� (QHUJ\� 3HUIRUPDQFH&,)(� :RUNLQJ�
3DSHU� �:3����� &,FE  �� &HQWHU� IRU� ,QWHJUDWHG�
)DFLOLW\�(QJLQHHULQJ���

3HGULQL��$���)�6��:HVWSKDO��DQG�5��/DPEHUWV��������$�
0HWKRGRORJ\� IRU� %XLOGLQJ� (QHUJ\� 0RGHOOLQJ�
DQG�&DOLEUDWLRQ�LQ�:DUP�&OLPDWHV��%XLOGLQJ�DQG�
(QYLURQPHQW��������������

3OHVVLV��*���)LOIOL��6���0XUHVDQ��&���%RXLD��+���8VLQJ�
GHVLJQ� RI� H[SHULPHQWV� PHWKRGV� WR� GHYHORS� ORZ�
HQHUJ\� EXLOGLQJ� PRGHO� XQGHU� 0RGHOLFD��
3URFHHGLQJV� RI� %XLOGLQJ� 6LPXODWLRQ� ������ ��WK�
&RQIHUHQFH� RI� ,QWHUQDWLRQDO� %XLOGLQJ�
3HUIRUPDQFH� 6LPXODWLRQ� $VVRFLDWLRQ�� 6\GQH\��
������1RYHPEHU�

5DIWHU\��3DXO��0DUFXV�.HDQH��DQG�-DPHV�2¶'RQQHOO��
������ &DOLEUDWLQJ� :KROH� %XLOGLQJ� (QHUJ\�
0RGHOV�� $Q� (YLGHQFH�EDVHG� 0HWKRGRORJ\��
(QHUJ\�DQG�%XLOGLQJV����������������

8QLYHUVLW\� RI�:LVFRQVLQ��7UQ6\V  �� 7UDQVLHQW� 6\VWHP�
6LPXODWLRQ�7RRO��KWWS���ZZZ�WUQV\V�FRP��

86� 'HSDUWPHQW� RI� (QHUJ\�� (QHUJ\3OXV� 6LPXODWLRQ�
6RIWZDUH���

:DQJ�� 6KHQJZHL�� DQG�;LQKXD�;X�� ������ 6LPSOLILHG�
%XLOGLQJ� 0RGHO� IRU� 7UDQVLHQW� 7KHUPDO�
3HUIRUPDQFH� (VWLPDWLRQ� 8VLQJ� *$�EDVHG�
3DUDPHWHU�,GHQWLILFDWLRQ��,QWHUQDWLRQDO�-RXUQDO�RI�
7KHUPDO�6FLHQFH��������������
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