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$%675$&7��
6WUHHW� FDQ\RQ� GHVLJQ� KDV� D� ODUJH� HIIHFW� RQ� WKH�
PLFURFOLPDWH� FRQGLWLRQV� DW� VWUHHW� OHYHO�� <HW�
PRGHOLQJ� WKH� RXWGRRU� XUEDQ� HQYLURQPHQW� LV� D�
VLJQLILFDQW� FKDOOHQJH� DQG� YDOLGDWLRQ� ZLWK�
H[SHULPHQWDO� IORZV� LV� FUXFLDO� WR� WKHVH� HIIRUWV�� $�
&)'� PRGHO� ZDV� FRQVWUXFWHG� WR� VLPXODWH� IORZ�
SDVVLQJ� VHYHUDO� VWUHHW� FDQ\RQ� JHRPHWULHV� DQG� WKH�
UHVXOWV�ZHUH� FRPSDUHG�ZLWK� WKRVH� REWDLQHG� IURP� D�
ODERUDWRU\�VWXG\��7KH�WXUEXOHQFH�PRGHO�FKRVHQ�ZDV�
WKH�5H�1RUPDOL]DWLRQ� *URXS� �51*�� N�İ� PRGHO�
ZKLFK� ZH� KDG� IRXQG� WR� EH� D� VXLWDEOH� VWHDG\� VWDWH�
WXUEXOHQFH� PRGHO� IRU� WKLV� DSSOLFDWLRQ�� �'LIIHUHQW�
LQOHW�ERXQGDU\�FRQGLWLRQV�ZHUH�DSSOLHG�DQG�PDGH�D�
FRPSDULVRQ� EHWZHHQ� D� XQLIRUP� YHORFLW\� SURILOH�� D�
YHORFLW\� SURILOH� FKDUDFWHUL]HG� E\� D� PDWKHPDWLF�
IXQFWLRQ� DQG� D� YHORFLW\� SURILOH� E\� LPSRUWLQJ�
PHDVXUHG� YHORFLWLHV� GLUHFWO\�� 7KH� YHORFLW\� SURILOH�
FKDUDFWHUL]HG�E\� D�PDWKHPDWLF� IXQFWLRQ�ZDV� IRXQG�
WR�EH�VOLJKWO\�VXSHULRU�WR�WKH�RWKHU�WZR�FKRLFHV��7KH�
YHORFLW\� ILHOGV� DQG� WXUEXOHQFH� LQIRUPDWLRQ� RI� WKH�
&)'� PRGHO� ZHUH� FRPSDUHG� TXDOLWDWLYHO\� DQG�
TXDQWLWDWLYHO\� ZLWK� H[SHULPHQWDO� UHVXOWV�� 7KH�
ODERUDWRU\�H[SHULPHQWV�ZHUH�FDUULHG�RXW� LQ�D�ZDWHU�
FKDQQHO�DQG�PHDVXUHPHQWV�RI�YHORFLW\� ILHOG�ZLWKLQ�
DQG�DERYH�PRGHOV�RI� VWUHHW�FDQ\RQV�ZHUH�REWDLQHG�
WKURXJK� 3DUWLFOH� ,PDJH� 9HORFLPHWU\� �3,9���
9HORFLW\�FRQWRXUV�ZHUH�IRXQG�WR�EH�TXLWH�FRQVLVWHQW�
LQVLGH� WKH� VWUHHW� FDQ\RQ� H[FHSW� WKH� QHDU� ZDOO�
UHJLRQV��7XUEXOHQW�OHYHO�SUHGLFWHG�E\�&)'�ZDV�OHVV�
UHOLDEOH� WKDQ� YHORFLW\�� EXW� LW� ZDV� VWLOO� TXDOLWDWLYHO\�
FRQVLVWHQW� LQ� PRVW� UHJLRQV� LQVLGH� VWUHHW� FDQ\RQ��
+RZHYHU�� WKH� WXUEXOHQW� OHYHO� LV� SUHGLFWHG�
LQDFFXUDWHO\�DW�URRI�OHYHO��

,1752'8&7,21�
'XH�WR�LQFUHDVLQJ�WUDIILF�YROXPHV�LQ�FLWLHV��DQG�WKH�
DVVRFLDWHG� ULVNV� RI� UHVSLUDWRU\� GLVHDVH� DQG� DVWKPD��
DLU� SROOXWLRQ� UHPDLQV� D� PDMRU� HQYLURQPHQWDO�
FRQFHUQ� LQ� XUEDQ� DUHDV�� &HUWDLQ� XUEDQ� GHVLJQV��
HVSHFLDOO\�VWUHHW�FDQ\RQV���ZKHUH�D�VWUHHW�LV�IODQNHG�
E\�FRQWLQXRXV�WDOO�EXLOGLQJV�RQ�ERWK�VLGHV��PD\�OHDG�
WR� DFFXPXODWLRQ� RI� SROOXWLRQ� DQG� JHQHUDWH� ORFDO�
SROOXWDQW� FRQFHQWUDWLRQV� VHYHUDO� WLPHV� KLJKHU� WKDQ�
EDFNJURXQG� OHYHOV� �.DUUD�HW� DO���������3DOPJUHQ�HW�
DO��� ������� &RQVHTXHQWO\�� PDQ\� VWXGLHV� KDYH� EHHQ�
IRFXVHG�RQ�WKLV�VSHFLILF�W\SH�RI�XUEDQ�JHRPHWU\�DQG�
LWV� LQIOXHQFH� RQ� ORFDO� SROOXWDQW� GLVWULEXWLRQ�� 7KHUH�

DUH� WKUHH� PDLQ� DSSURDFKHV� WR� VWXG\� SROOXWDQW�
GLVWULEXWLRQ� ZLWKLQ� VWUHHW� FDQ\RQV�� ILHOG�
PHDVXUHPHQWV�� H[SHULPHQW� PHDVXUHPHQWV� DQG�
QXPHULFDO� PRGHOOLQJ� W\SLFDOO\� GRQH� E\� &)'�
�&RPSXWDWLRQDO�)OXLG�'\QDPLFV���)LHOG�VWXGLHV�FDQ�
SURYLGH� GLUHFW� PHDVXUHPHQWV� RI� SROOXWDQW�
FRQFHQWUDWLRQV�DQG�ZLQG�FRQGLWLRQV�EXW�XVXDOO\�ODFN�
VSDWLDO�UHVROXWLRQ��)RU�H[DPSOH��EDVHG�RQ�D�VHULHV�RI�
V\VWHPDWLF� PHDVXUHPHQWV� RI� SROOXWDQW� DQG� ZLQG�
FRQGLWLRQV� LQ�*XDQJ]KRX��&KLQD��;LH� HW� DO�� �������
FRQFOXGHG� WKDW� D� YHUWLFDO� ZLQG� YRUWH[� ZRXOG� EH�
IRUPHG� ZLWKLQ� D� VWUHHW� FDQ\RQ� ZKHQ� WKH� DQJOH�
EHWZHHQ�WKH�PHDQ�ZLQG�DW�URRI�OHYHO�DQG�WKH�VWUHHW�
ZDV�PRUH� WKDQ�����DQG� WKH�ZLQG�VSHHG�ZDV�KLJKHU�
WKDQ��P�V�� ,Q�VXFK�FDVH��D�VLJQLILFDQW�GLIIHUHQFH�RI�
SROOXWDQW� FRQFHQWUDWLRQV� FRXOG� EH� IRXQG� EHWZHHQ�
WKH�ZLQGZDUG�VLGH�DQG�WKH�OHHZDUG�VLGH��.DUUD�HW�DO��
������� DOVR� IRXQG� D� VLPLODU� VLWXDWLRQ� LQ� D�
KHWHURJHQHRXV� VWUHHW� FDQ\RQ�� 7KH� GLIIHUHQFH� ZDV�
TXLWH� VHQVLWLYH� WR� WKH� PHDVXULQJ� KHLJKW� DQG�
PHDVXULQJ� ORFDWLRQ� DORQJ� WKH� VWUHHW�� ([SHULPHQWV�
DUH� PRVWO\� FRQGXFWHG� LQ� ZLQG� WXQQHOV� RU� ZDWHU�
FKDQQHOV� LQ� RUGHU� WR� REWDLQ� GHWDLOHG� IORZ� DQG�
SROOXWDQW� LQIRUPDWLRQ� DW� UHGXFHG� VFDOHV�� .DVWQHU�
.OHLQ� DQG� 3ODWH� ������� KDYH� VWXGLHG� WKH� JDVHRXV�
SROOXWDQW�GLVSHUVLRQ�LQ�VWUHHW�FDQ\RQ�E\�ZLQG�WXQQHO�
H[SHULPHQWV�� 7KH\� ORRNHG� DW� WKH� VLJQLILFDQFH� RI�
EXLOGLQJ�GLPHQVLRQV��XSZLQG�EXLOGLQJ�DUUDQJHPHQW�
DQG� VRXUFH� SRVLWLRQ� LQ� DIIHFWLQJ� SROOXWDQW�
GLVWULEXWLRQ� LQVLGH� VWUHHW� FDQ\RQ�� +RZHYHU��
H[SHULPHQWV� DUH� DVVRFLDWHG� ZLWK� WHFKQLFDO�
GLIILFXOWLHV�� VXFK� DV� VDWLVI\LQJ� VLPLODULW\� FRQGLWLRQ�
DQG� PHDVXULQJ� WXUEXOHQFH� LQIRUPDWLRQ�� DV� ZHOO� DV�
DYDLODELOLW\� RI� DSSURSULDWH� ZLQG� WXQQHOV� DQG� WKHLU�
FRVWV�� &)'� PRGHOOLQJ� LV� UHODWLYHO\� HFRQRPLF� DQG�
WLPH�VDYLQJ��EXW�LWV�DFFXUDF\�LV�KLJKO\�GHSHQGHQW�RQ�
WKH�FKRLFHV�RI�WXUEXOHQW�PRGHO��ERXQGDU\�FRQGLWLRQV��
QXPHULFDO� VFKHPH� DQG� RWKHU� VHWWLQJV�� 1XPHURXV�
&)'�PRGHOOLQJ�ZRUNV�KDYH�EHHQ�FDUULHG�RXW�LQ�WKLV�
WRSLF��+XDQJ�HW� DO�� ������� HYDOXDWHG� WKH� LPSDFW� RI�
ZHGJH�VKDSH� URRIV� RQ� DLUIORZ� DQG� SROOXWDQW�
GLVWULEXWLRQ�E\�N�İ�PRGHO��&DL�HW� DO�� �������XVHG�D�
ODUJH� HGG\� VLPXODWLRQ� �/(6�� PRGHO� WR� VWXG\�
SROOXWDQW� WUDQVSRUWDWLRQ� LQ� VHYHUDO� VWUHHW� FDQ\RQV�
FKDUDFWHUL]HG� E\� GLIIHUHQW� DVSHFW� UDWLR�� *X� HW� DO��
�������DOVR�DGRSWHG�D�/(6�PRGHO� WR� VWXG\�XQHYHQ�
EXLOGLQJ�OD\RXW¶V�LQIOXHQFH�RQ�DLUIORZ�DQG�SROOXWDQW�
GLVWULEXWLRQ���
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:H�XVH�WLPH�DYHUDJHG�GDWD�WR�TXDOLWDWLYHO\�YDOLGDWH�
WKH� &)'� UHVXOWV� E\� VWDUWLQJ� IURP� D� 5H\QROGV�
DYHUDJH� 1DYLHU�6WRNHV� �5$16�� PRGHO�� 7KH� &)'�
GDWD��QDPHO\�PHDQ�YHORFLW\�DQG� WXUEXOHQW� LQWHQVLW\�
DUH� FRPSDUHG� WR� H[SHULPHQW� PHDVXUHPHQWV�� ,Q�
DGGLWLRQ��WKHUH�KDV�EHHQ�OLPLWHG�DWWHPSW�LQ�SUHYLRXV�
OLWHUDWXUH� WR� GHPRQVWUDWH� WKH� GLIIHUHQFH� EHWZHHQ�
XVLQJ�GLIIHUHQW� LQOHW�SURILOHV��7KLV�SDSHU�VKRZV� WKH�
UHVXOW� RI� VLPXODWLRQ� XVLQJ� WKUHH� GLIIHUHQW� LQOHW�
ERXQGDU\�SURILOHV���

0(7+2'2/2*<�

(;3(5,0(17�6(77,1*6�
7KH�H[SHULPHQWV�ZHUH�FDUULHG�RXW�LQ�DQ�RSHQ�ZDWHU�
FKDQQHO�RI������P�ZLGH�����P�ORQJ�DQG����P�KLJK��
7KH� ZDWHU� GHSWK� ZDV� ����P�� 5HFWDQJXODU� EORFNV�
ZHUH�SRVLWLRQHG�LQ�WKH�ZDWHU�FKDQQHO�WR�PRGHO�IORZ�
SDVVLQJ� VHYHUDO� VWUHHW�FDQ\RQV��ZLWK� WKH� ILUVW�EORFN�
DW� �����P� IURP� LQOHW�� 7KH� IUHH�VWUHDP� YHORFLW\� DW�
WKLV�SRVLWLRQ�LV�DURXQG�����P�V��$OO�WKH�EORFNV�ZHUH�
WKH�VDPH�VL]H�ZLWK�ERWK�ZLGWK�DQG�KHLJKW���PP�DQG�
VSDQQHG�WKH�ZLGWK�RI�ZDWHU�FKDQQHO��7KH�VHSDUDWLRQ�
GLVWDQFH� EHWZHHQ� HDFK� EORFN� ZDV� IL[HG� DV� ��PP��
ZKLFK� SURYLGHG� DQ� DVSHFW� UDWLR� EHWZHHQ� KHLJKW� WR�
ZLGWK�RI� WKH�FDQ\RQV�RI�+�: ������0HDVXUHPHQWV�
ZHUH�WDNHQ�ZLWKLQ�DQG�DERYH�WKH�WKLUG�VWUHHW�FDQ\RQ�
VR� DV� WR� DFKLHYH� D� PRUH� W\SLFDO� XUEDQ� ERXQGDU\�
OD\HU� VKDSH� EHIRUH� WKH� IORZ� UHDFKHV� WKH� WHVW� VWUHHW�
FDQ\RQ��7KH�YHORFLW\�SURILOH�DW����P�DIWHU�WKH�LQOHW�
ZDV� PHDVXUHG� EHIRUH� EORFNV� ZHUH� DGGHG� WR�
UHSUHVHQW�EXLOGLQJV��7KLV�SURILOH� LV� ODWHU�XVHG�DV�DQ�
DSSUR[LPDWH�LQOHW�FRQGLWLRQ�LQ�&)'��
9HORFLW\� ILHOGV� ZHUH� PHDVXUHG� E\� 3,9�� 7KH� ODVHU�
V\VWHP� ZDV� SODFHG� YHUWLFDOO\� RQ� WRS� RI� WKH� ZDWHU�
FKDQQHO� DW� ����P� IURP� WKH� EHG� VXUIDFH� XS� WR� WKH�
HGJH� RI� WKH� OHQV�� ZKLOH� WKH� &&'� FDPHUD� ZDV�
RULHQWDWHG�SHUSHQGLFXODU�WR�WKH�ODVHU�DW������P�IURP�
WKH� JODVV� VXUIDFH� DQG� DW� ����P� IURP� WKH� JURXQG�
OHYHO� RQ� WKH� ULJKW� VLGH� RI� WKH�ZDWHU� FKDQQHO��0RUH�
GHWDLOV� DERXW� WKH� WHFKQLTXHV� DQG� GDWD� DQDO\VLV� DUH�
SUHVHQWHG�LQ�.DUUD���������

&)'�6,08/$7,216�

*HRPHWU\�

�
)LJXUH���JHRPHWU\�RI�FRPSXWDWLRQDO�GRPDLQ�

&RPPHUFLDO� VRIWZDUH� $16<6� &);� ��� LV� XVHG� LQ�
WKLV� &)'� VLPXODWLRQ�� 7KH� JHRPHWU\� RI� H[SHULPHQW�
ZDV�VLPSOLILHG�LQ�&);��7KH�FRPSXWDWLRQDO�GRPDLQ�
ZDV� H[WHQGHG� WR� �+� EHWZHHQ� WKH� LQIORZ� ERXQGDU\�
DQG�WKH�ILUVW�EXLOGLQJ��DQG���+�EHWZHHQ�WKH�RXWIORZ�
ERXQGDU\�DQG� WKH� ODVW�EXLOGLQJ��ZKHUH�+ ��PP�LV�
WKH� KHLJKW� DQG� ZLGWK� RI� WKH� EXLOGLQJV�� DV�

UHFRPPHQGHG�E\�)UDQNH�HW�DO����������7KH�GHSWK�RI�
ZDWHU�ZDV�UHGXFHG�WR����P��

0HVK�LQIRUPDWLRQ�
6LQFH� WKH� JHRPHWU\� LV� UHODWLYHO\� VLPSOH�� EORFN�
EDVHG� KH[DKHGUDO� PHVK� LV� XVHG� WR� HQKDQFH� WKH�
TXDOLW\� RI� WKH� PHVK�� 'HWDLOHG� PHVK� VHWWLQJV� DUH�
RXWOLQHG�LQ�)LJXUH����$OO�LQIODWLRQ�UDWLRV�RI�PHVK�DUH�
NHSW� EHWZHHQ� ���� DQG� ����� ��� FHOOV� DUH� SODFHG� LQ�
HDFK� EXLOGLQJ� VHSDUDWLRQ�� ZKLFK� LV� KLJKHU� WKDQ� WKH�
PLQLPXP�JULG�UHVROXWLRQ����FHOOV�UHFRPPHQGHG�E\�
)UDQNH�HW�DO����������7KH�ODUJHVW�FHOO�VL]H�LQVLGH�WKH�
VWUHHW�FDQ\RQ�LV������+î�����+î�����+��7KH�WRWDO�
QXPEHU�RI�FHOOV�LQ�WKH�HQWLUH�IORZ�UHJLRQ�LV�DURXQG���
PLOOLRQ���

�
)LJXUH���PHVK�LQIRUPDWLRQ�

6ROYHU�FRQWURO�
)RU�WHUPV�RI�DGYHFWLRQ�DQG�WXUEXOHQW�QXPHULF��KLJK�
UHVROXWLRQ� VFKHPHV� ZHUH� XVHG�� ,Q� D� VWULFW� VHQVH��
KLJK� UHVROXWLRQ� VFKHPH� LV� D� EOHQGLQJ� VWUDWHJ\�
EHWZHHQ�ILUVW�DQG�VHFRQG�RUGHU�PHWKRGV��+RZHYHU��
WKH� EOHQGLQJ� LV� FKRVHQ� DV� FORVH� WR� D� VHFRQG� RUGHU�
VFKHPH�H[FHSW� LQ� WKH� UHJLRQ�ZKHUH�TXDQWLWLHV�KDYH�
ODUJH�JUDGLHQWV�WKDW�FDQQRW�EH�SURSHUO\�ERXQGHG�E\�
D� VHFRQG�RUGHU� VFKHPH� �$16<6�� ������� +HQFH�� LW�
LV� EHOLHYHG� WR� EH� VHFRQG�RUGHU� DFFXUDF\��
&RQYHUJHQFH�WDUJHW�EDVHG�RQ�URRW�PHDQ�VTXDUH�ZDV�
FKRVHQ� DV� �î������ 6LQFH�&);� LV� DQ� LPSOLFLW� VROYHU�
EDVHG� RQ� D� FRPELQHG� ILQLWH�YROXPH� DQG� ILQLWH�
HOHPHQW� PHWKRG�� SVHXGR� WLPH� VFDOH� LQIRUPDWLRQ�
VKRXOG�EH�VSHFLILHG� IRU�D�VWHDG\�VWDWH�DQDO\VLV��:H�
PDGH�WKH�VROYHU�HYDOXDWH�WKH�WLPH�VFDOH�LQIRUPDWLRQ�
DXWRPDWLFDOO\� EDVHG� RQ� D� FRQVHUYDWLYH� OHQJWKVFDOH��
7KH� WLPH� VFDOH� ZDV� IXUWKHU� UHGXFHG� E\� D� IDFWRU� RI�
����� WR� PLQLPL]H� DQ\� VWDELOLW\� LVVXHV� GXULQJ� WKH�
LWHUDWLRQ��4XDQWLWLHV�RI�LQWHUHVW�VXFK�DV�YHORFLW\�DQG�
WXUEXOHQW� NLQHWLF� HQHUJ\�ZHUH�PRQLWRUHG� DW� VHYHUDO�
FKRVHQ�SRLQWV�GXULQJ� WKH� VROYLQJ�SURFHVV� WR�HQVXUH�
WKH\� ZHUH� PDLQWDLQHG� DW� VWDEOH� OHYHOV� EHIRUH�
FRQYHUJHQFH�ZDV�PHW��

51*� N�İ� WXUEXOHQW� PRGHO� IRU� LQFRPSUHVVLEOH�
IORZ�
7KH� UHQRUPDOL]DWLRQ� JURXS� �51*�� N�İ� PRGHO� ZDV�
XVHG�LQ�WKLV�PRGHOLQJ�ZRUN��,W�KDV�D�VLPLODU�IRUP�DV�
VWDQGDUG� N�İ� PRGHO� EXW� ZLWK� GLIIHUHQW� PRGHO�
FRQVWDQWV�GHULYHG� IURP�51*� WKHRU\��0RUHRYHU�� DQ�
DGGLWLRQDO�WHUP�LQ�WKH�GLVVLSDWLRQ�HTXDWLRQ�DV�DQ�DG�
KRF� PRGHO� UHVXOWV� LQ� EHWWHU� SHUIRUPDQFH� WKDQ�
VWDQGDUG� N�İ� PRGHO� LQ� PRVW� FDVHV� �3RSH�� �������
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.LP�DQG�%DLN��������KDYH�VXFFHVVIXOO\�XVHG�51*�
N�İ�PRGHO�WR�LQYHVWLJDWH�WKH�HIIHFWV�RI�DPELHQW�ZLQG�
GLUHFWLRQ� RQ� IORZ� ILHOG� DQG� SROOXWDQW� GLVSHUVLRQ� LQ�
XUEDQ� DUHDV��&KDQ� HW� DO�� �������KDYH�GHPRQVWUDWHG�
51*�N�İ�PRGHO�WR�EH�WKH�PRVW�RSWLPXP�WXUEXOHQFH�
PRGHO�UHODWLYH�WR�VWDQGDUG�N�İ�PRGHO�DQG�UHDOL]DEOH�
N�İ� PRGHO� LQ� WKHLU� FDVH� E\� FRPSDULQJ� ZLWK� WKH�
PHDVXUHG�DQG�FDOFXODWHG�GDWD�XQGHU�GLIIHUHQW�ZLQG�
VSHHG�FRQGLWLRQV��
7KH� IXOO� JRYHUQLQJ� HTXDWLRQV� DQG� PRGHOLQJ�
HTXDWLRQV� IRU� 5H\QROGV� VWUHVV� DQG� HGG\� YLVFRVLW\�
DUH�VKRZQ�EHORZ��
&RQWLQXLW\�HTXDWLRQ�

డ௎ೕ
డ௫ೕ

= 0�������������������������������������
0RPHQWXP�HTXDWLRQ�
డ௎ೕ
డ௧ + 𝑈௝ డ௎೔డ௫ೕ

= − ଵ
ఘ
డ௣ᇲ
డ௫೔

+ ఓ
ఘ

డమ௎೔
డ௫ೕడ௫ೕ

− డ
డ௫ೕ

𝑢పᇱ𝑢ఫᇱതതതതതതത�����������
7XUEXOHQW�NLQHWLF�HQHUJ\��N��WUDQVSRUW�HTXDWLRQ�

𝜕𝑘
𝜕𝑡 + 𝑈௝

𝜕𝑘
𝜕𝑥௝

= 1
𝜌

𝜕
𝜕𝑥௝

ቈቆ𝜇 + 𝜇௧
𝜎௞,ோேீ

ቇ 𝜕𝑘
𝜕𝑥௝

቉�

+ఓ
ఘ

డమ௎೔
డ௫ೕడ௫ೕ

+ 𝒫௞ − 𝜀�����������������������������������
'LVVLSDWLRQ��İ��WUDQVSRUW�HTXDWLRQ�

𝜕𝜀
𝜕𝑡 + 𝑈௝

𝜕𝜀
𝜕𝑥௝

= 1
𝜌

𝜕
𝜕𝑥௝

ቈቆ𝜇 + 𝜇௧
𝜎ఌ,ோேீ

ቇ 𝜕𝜀
𝜕𝑥௝

቉�

+ ఌ
ఘ௞ ൫𝐶ఌଵ,ோேீ𝒫௞ − 𝐶ఌଶ,ோேீ𝜌𝜀൯������������������

5H\QROGV� VWUHVV� LV� PRGHOHG� E\� %RXVVLQHVT�
K\SRWKHVLV��RU�WXUEXOHQW�YLVFRVLW\�K\SRWKHVLV���

𝑢పᇱ𝑢ఫᇱതതതതതതത = − ଵ
ఘ 𝜇௧ ൬

డ௎೔
డ௫ೕ

+ డ௎ೕ
డ௫೔

൰ + ଶ
ଷ 𝑘𝛿௜௝�����������������

7XUEXOHQW� YLVFRVLW\� LV� GHILQHG� DV� WKH� IROORZLQJ�
HTXDWLRQ��

𝜇் = 𝜌𝐶ఓ,ோேீ𝑘ଶ/𝜀���������������������������
3N�LV�WKH�WXUEXOHQFH�SURGXFWLRQ�GXH�WR�YLVFRXV�IRUFH��
ZKLFK� LV� PRGHOHG� E\� HTXDWLRQ� ��� )RU�
LQFRPSUHVVLEOH� IORZ�� WKH� FRQWULEXWLRQ� IURP� WKH�
VHFRQG�WHUP�RQ�WKH�ULJKW�KDQG�VLGH�LQ�HTXDWLRQ���LV�
QHJOLJLEOH��3RSH���������

𝒫௞ = 𝜇௧ ൬డ௎೔డ௫ೕ
+ డ௎ೕ

డ௫೔
൰ డ௎ೕ
డ௫ೕ

− ଶ
ଷ
డ௎ೖ
డ௫ೖ

ቀ3𝜇௧ డ௎ೖడ௫ೖ
+ 𝜌𝑘ቁ�������

7KH�HLJKW�PRGHO�FRQVWDQWV�DUH�JLYHQ�LQ�7DEOH����
7DEOH���

0RGHO�FRQVWDQWV�RI�51*�N�İ�PRGHO�LQ�&);�

𝑪𝝁,𝑹𝑵𝑮� 𝑪𝜺𝟏,𝑹𝑵𝑮� 𝑪𝜺𝟐,𝑹𝑵𝑮� 𝝈𝒌,𝑹𝑵𝑮�

������ 1.42 − 𝑓ఎ� ����� �������

𝝈𝜺,𝑹𝑵𝑮� 𝒇𝜼� 𝜼� 𝜷𝑹𝑵𝑮�

������� 𝜂 ቀ1 − 𝜂
4.38ቁ

1 + 𝛽ோேீ𝜂ଷ
� ඨ 𝒫௞

𝜌𝜀𝐶ఓ,ோேீ
� ������

�

%RXQGDU\�FRQGLWLRQV�

,QIORZ�
,QOHW�ERXQGDU\�FRQGLWLRQ�LQ�&);�LV�XVHG�DW�RXU�LQOHW��
:H� EHOLHYH� WKDW� XQFHUWDLQW\� IURP� ERXQGDU\�
FRQGLWLRQV�LV�PDLQO\�VRXUFHG�IURP�LQOHW�EHFDXVH�WKH�
SDUDPHWHUV� DW� WKH� UHVW� RI� ERXQGDULHV� VXFK� DV� WKH�
ZDOOV� DQG� WKH� RXWOHW� DUH� IL[HG�� 7KHUHIRUH�� DQ�
LQYHVWLJDWLRQ� RQ� WKH� VLJQLILFDQFH� RI� GLIIHUHQW�
YHUWLFDO� SURILOHV� IRU� LQOHW� YHORFLW\� ZDV� FDUULHG� RXW�
ILUVW��
2SWLRQ����
8QLIRUP� YHORFLW\� SURILOH� DW� LQOHW�� 8 ������P�V�� LV�
FDOFXODWHG� IURP� DQ� HTXLYDOHQW� DUHD�DYHUDJHG�
YHORFLW\� WR� PDLQWDLQ� WKH� VDPH� IORZ� UDWH� DV� WKH�
H[SHULPHQW�� ,QOHW� YHORFLW\� LV� DVVXPHG� WR� KDYH� D�
QRUPDO�FRPSRQHQW�RQO\��

𝑈ഥ = ଵ
ఋ ∫ 〈𝑈〉𝑑𝑦ఋ

଴ �����������������������������

$Q�DSSUR[LPDWH�LQWHJUDWLRQ�YLD�WUDSH]RLG�PHWKRG�LV�
XVHG�WR�LQWHJUDWH�GLVFUHWH�YHORFLW\�GDWD��'XH�WR�HDFK�
PHDVXULQJ� SRLQW� LQ� H[SHULPHQW� LV� YHU\� FORVH�� WKH�
LQWHJUDWLRQ�KDV�D�JRRG�DSSUR[LPDWLRQ��
7XUEXOHQFH� LQIRUPDWLRQ� LV� VHW�DV�PHGLXP�WXUEXOHQW�
LQWHQVLW\� �����ZLWK� OHQJWKVFDOH� DV������P��7KLV� LV�
WKH� PRVW� UREXVW� DSSURDFK� WR� VSHFLI\� WXUEXOHQW�
LQIRUPDWLRQ� RQ� LQOHW� LI� GHWDLOHG� WXUEXOHQFH�
LQIRUPDWLRQ�LV�QRW�DYDLODEOH���
,I�ZH�FKRRVH�PHDQ�YHORFLW\�DV�UHIHUHQFH�YHORFLW\��LW�
UHVXOWV�WKH�5H\QROGV�QXPEHU�DURXQG��������GHILQHG�
E\� 5H 8UHI+�Ȟ��� ,W� LV� KLJKHU� WKDQ� WKH� FULWLFDO�
5H\QROGV�QXPEHU�������VXJJHVWHG�E\�+R\G\VK�HW�DO��
�������IRU�VLPLODULW\��VR�WKH�IORZ�EHKDYLRU�ZLOO�QRW�
EH� VHQVLWLYH� WR� VOLJKWO\� GLIIHUHQW� VHWWLQJV� EHWZHHQ�
WKH�H[SHULPHQW�DQG�WKH�&)'�PRGHO���
2SWLRQ����
7KH� PHDQ� YHORFLW\� SURILOH� LV� GHULYHG� IURP� RXU�
H[SHULPHQW�PHDVXUHPHQW�WKURXJK�D�ZHLJKWHG�OHDVW�
VTXDUH� ILWWLQJ� SURFHVV�� 7KH� SURILOH� FRPSULVHV� RI� D�
YLVFRXV�VXEOD\HU��HTXDWLRQ��D��LQ�ZKLFK�WKH�YHORFLW\�
LV�FKDUDFWHUL]HG�E\�D�OLQHDU�UHODWLRQ�DQG�D�ORJ�UHJLRQ�
�HTXDWLRQ��E��LQ�ZKLFK�WKH�YHORFLW\�IROORZV�ORJ�ODZ��
\�� LV� WKH�GLVWDQFH� IURP�ZDOO� �\�� QRUPDOL]HG�E\� WKH�
YLVFRXV� OHQJWKVFDOH� �įȞ��� DQG� WKH� GHPDUFDWLRQ� RI�
WKHVH�WZR�UHJLRQV�LV�VHW�DW�\� ����:H�XVH�WKH�VDPH�
WXUEXOHQW� NLQHWLF� HQHUJ\� SURILOH� �HTXDWLRQ� ���� DV�
6DOLP� HW� DO�� �������� 7KH� GLVVLSDWLRQ� SURILOH�
�HTXDWLRQ� ���� LV� GHULYHG� IURP� D� ZDOO�ERXQGHG�
WXUEXOHQW� IORZ� �VHH� FKDSWHU� ����� RI� 3RSH¶V�
7XUEXOHQW�)ORZ���7R�DYRLG�LQILQLWH�GLVVLSDWLRQ�QHDU�
ZDOO��įȞ�LV�DGGHG�LQ�WKH�GHQRPLQDWRU��

𝑈 = ఘ௬௎∗మ

ఔ , 𝑖𝑓  𝑦ା ≤ 12���������������������D��
𝑈 = ௎∗

఑ ln ௬
௭బ
, 𝑖𝑓  𝑦ା > 12�������������������E��

𝑘 = ௎ഓమ

ඥ஼ഋ
ቀ1 − ௬

଴.ଶቁ���������������������������������

𝜀 = ௎ഓయ
఑(௬ାఋഌ)

����������������������������������������
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8Ĳ� LV� WKH� IULFWLRQ� YHORFLW\� �����P�V� GHULYHG� IURP�
RXU� H[SHULPHQW� LQ� WKH� ORZHU� UHJLRQ� RI� FKDQQHO�
�XQGHU�����RI�ZDWHU�GHSWK���8
�LV�D�SVHXGR�IULFWLRQ�
YHORFLW\� �����P�V� XVHG� WR�PDLQWDLQ� WKH�PDVV� IORZ�
UDWH�RI�YHORFLW\�SURILOH�VDPH�DV�WKH�XQLIRUP�YHORFLW\�
RSWLRQ�DQG�YHORFLW\�SURILOH�GHWHUPLQHG�E\�IXQFWLRQV��
=��LV�����î����P�DV�RQH�RI� ILWWLQJ�SDUDPHWHUV��įȞ� LV�
YLVFRXV� OHQJWKVFDOH� ����î����P� FDOFXODWHG� IURP�
GHULYHG�IULFWLRQ�YHORFLW\��
2SWLRQ����
,PSRUW� YHORFLW\� GDWD� IURP� H[SHULPHQWDO�
PHDVXUHPHQWV� GLUHFWO\�� DQG� WKH� SURILOH� LV� EXLOW� E\�
LQWHUSRODWLRQ� IXQFWLRQ� LQ� &);�� 7XUEXOHQW� NLQHWLF�
HQHUJ\� DQG� GLVVLSDWLRQ� SURILOHV� DUH� LGHQWLFDO� WR�
RSWLRQ����

2XWIORZ�
2XWOHW� FRQGLWLRQ� ZLWK� �3D� VWDWLF� SUHVVXUH� ZLWK�
UHVSHFW�WR�WKH�UHIHUHQFH�SUHVVXUH�LV�DSSOLHG�WR�IRUFH�
WKH�IORZ�WR�FRPH�RXW�LQ�WKH�GLUHFWLRQ�QRUPDO�WR�WKH�
RXWOHW�ZLWKRXW�DQ\�EDFNIORZ��

)UHH�VXUIDFH�IRU�WKH�RSHQ�FKDQQHO�IORZ�
$�IUHH�VOLS�ZDOO�FRQGLWLRQ�LV�HPSOR\HG�WR�PRGHO�WKH�
IUHH�VXUIDFH��)UHH�VOLS�FRQGLWLRQ�LV�FKDUDFWHUL]HG�E\�
]HUR� VKHDU� VWUHVV�ZKLFK�PDWFKHV� WKH� UHDO� FRQGLWLRQ�
H[DFWO\�� +RZHYHU�� WKLV� WUHDWPHQW� IDLOV� WR� FDSWXUH�
ZDYH� FRPSRQHQWV� VLQFH� ³QHDU�ZDOO´� YHORFLW\� LV�
IRUFHG�WR�EH�SDUDOOHO� WR� WKH�YLUWXDO�XSSHU�ERXQGDU\��
7KLV� ERXQGDU\� FRQGLWLRQ� KDV� EHHQ� VXFFHVVIXOO\�
DSSOLHG� LQ� PDQ\� RSHQ� FKDQQHO� IORZ� DQDO\VHV��
�%HDPDQ��������7KRPDV�DQG�:LOOLDPV���������,W� LV�
D� UHDVRQDEOH� DSSUR[LPDWLRQ� LQ� RXU� FDVH� DV� ZH� DUH�
LQWHUHVWHG�LQ�WKH�VWUHHW�FDQ\RQ�UHJLRQ�ZKLFK�LV�LQ�D�
GHHS�OD\HU�RI�WKH�IORZ��

%RWWRP�RI�FKDQQHO�
6PRRWK�ZDOO�ZLWK�QR�VOLS�FRQGLWLRQ�LV�DSSOLHG��

6LGH�ZDOOV�
6PRRWK�ZDOO�ZLWK�QR�VOLS�FRQGLWLRQ�LV�DSSOLHG��

5(68/76�$1'�',6&866,21�
&XW�SODQH�

�
)LJXUH���&XW�SODQH�LQ�WKH�PLGGOH�RI�IORZ�FKDQQHO�

$�FXW�SODQH�SHUSHQGLFXODU� WR� VSDQZLVH�GLUHFWLRQ� LV�
VKRZQ� LQ� WKH�PLGGOH� RI� WKH� FKDQQHO� WR� GLVSOD\� WKH�
UHVXOWV� �)LJXUH� ���� ,W� VKRXOG� EH� QRWHG� WKDW� DOO� WKH�
DQDO\VHV�DUH�EDVHG�RQ�TXDVL�VWHDG\�VWDWH�DVVXPSWLRQ��
DQG� H[SHULPHQW� UHVXOWV� ZHUH� FROOHFWHG� RQ� D� WLPH�
DYHUDJH� EDVH� DIWHU� WKH� IORZ� KDG� EHFRPH� UHODWLYHO\�
VWHDG\���
��D��

�
�E��

�
�F��

�
)LJXUH���7.(�FRQWRXUV�IRU�WKH��UG�VWUHHW�FDQ\RQ���

�D� LQOHW�RSWLRQ���E��LQOHW�RSWLRQ����F��LQOHW�RSWLRQ���
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�
)LJXUH���YHORFLW\�FRQWRXU�IRU�WKH�ZKROH�IORZ�GRPDLQ�&)'�UHVXOWV�

�
7DEOH���

$UHD�DYHUDJHG�YHORFLW\�DW�FXW�SODQH�FRUUHVSRQGLQJ�WR�
GLIIHUHQW�LQOHW�RSWLRQV�

,QOHW�
RSWLRQ� �� �� ��

$UHD�
DYHUDJHG�
YHORFLW\�

����î�����

P�V�
����î�����

P�V�
����î�����

P�V�

7DEOH���
$UHD�DYHUDJHG�WXUEXOHQW�NLQHWLF�HQHUJ\��7.(��DW�FXW�

SODQH�FRUUHVSRQGLQJ�WR�GLIIHUHQW�LQOHW�RSWLRQV�

,QOHW�
RSWLRQ� �� �� ��

$UHD�
DYHUDJHG�
7.(�

����î�����

P��V��
����î�����

P��V��
����î�����

P��V��

6LJQLILFDQFH�RI�GLIIHUHQW�LQOHW�RSWLRQV�
7KH� RYHUDOO� YHORFLW\� DQG� WXUEXOHQW� NLQHWLF� HQHUJ\�
LQVLGH� WKH� WHVW� VWUHHW� FDQ\RQ� FRXOG� EH� DIIHFWHG� E\�
GLIIHUHQW�LQOHW�FRQGLWLRQ�RSWLRQV��7KH�GLIIHUHQFH�LV�QRW�
YHU\�ODUJH��DV�LQGLFDWHG�E\�WKH�FRQWRXUV��)RU�H[DPSOH��
)LJXUH���D��WR���F��UHYHDOV�WKDW�FRQVWDQW�YHORFLW\�LQOHW�
ERXQGDU\�OHDGV�KLJKHU�WXUEXOHQW�NLQHWLF�HQHUJ\�DW�WKH�
FHQWHU� DQG� WKH� XSSHU� SDUW� RI� OHHZDUG� VLGH� RI� WKH� �UG�
VWUHHW� FDQ\RQ� WKDQ� RWKHU� WZR� LQOHW� RSWLRQV�� 7KH�
GLIIHUHQFH�RI�WXUEXOHQW�NLQHWLF�HQHUJ\�EHWZHHQ�RSWLRQ�
�� DQG� RSWLRQ� �� LV� QRW� QRWLFHDEOH�IURP� WKH� ILJXUHV��
+RZHYHU�� ZKHQ� WKHVH� TXDQWLWLHV� DUH� SUHVHQWHG� LQ� D�
VWDWLVWLFDO� IRUP� VXFK� DV� DUHD�DYHUDJHG�TXDQWLWLHV�� WKH�
VLJQLILFDQFH� RI� WKH� GLIIHUHQW� TXDQWLWLHV� LV� PRUH�
DSSDUHQW��7DEOH���UHYHDOV�WKDW�DUHD�DYHUDJHG�YHORFLW\�
FDQ� VKRZ� YDULDWLRQV� DV� KLJK� DV� ���� EHWZHHQ� WKH�
GLIIHUHQW�RSWLRQV��$�VLPLODU�VLWXDWLRQ�LV�DOVR�IRXQG�IRU�
WXUEXOHQW�NLQHWLF�HQHUJ\��7DEOH�����7KH�DUHD�DYHUDJHG�
YHORFLW\� REWDLQHG� IURP� H[SHULPHQW� LV� ������P�V��
ZKLFK� LV� KLJKHU� WKDQ� DOO� WKUHH� RSWLRQV�� 7KH� XQGHU�
SUHGLFWLRQ� E\�&)'� LV� DOVR� DSSDUHQW� DIWHU� FRPSDULQJ�
)LJXUH���DQG�)LJXUH����:H�KRSH�WKLV�XQGHU�SUHGLFWLRQ�
WUHQG�FDQ�EH�PLQLPL]HG��7KHUHIRUH��ZH�FKRRVH�RSWLRQ�
�� DV� D� FRQYHQWLRQDO� DSSURDFK� ZKLFK� LV� PRUH�
SK\VLFDOO\�FRQVLVWHQW�FRPSDUHG�WR�RSWLRQ���DQG�PRUH�
UREXVW�FRPSDUHG�WR�RSWLRQ�����

�

0HDQ�IORZ�ILHOG�

�
)LJXUH���YHORFLW\�FRQWRXU�IRU�WKH��UG�VWUHHW�FDQ\RQ��

&)'�UHVXOWV�

�
)LJXUH���YHORFLW\�FRQWRXU�IRU�WKH��UG�VWUHHW�FDQ\RQ��

H[SHULPHQW�PHDVXUHPHQW�

�
)LJXUH���6FKHPDWLF�GLDJUDP�RI���FKRVHQ�ORFDWLRQV�LQ�

)LJXUH���
�

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

- 2386 -



 

��D���

�
�E� �

�
�F��

�
�G��

�

�H��

�
)LJXUH���FRPSDULVRQV�RI�YHORFLW\�FRPSRQHQWV�DORQJ�
KHLJKW�EHWZHHQ�H[SHULPHQW�PHDVXUHPHQW�DQG�&)'�
UHVXOWV���D��LQ�WKH�PLGGOH�RI�FXW�SODQH��E�������P�OHIW�
IURP�PLGGOH��F�������P�OHIW�IURP�PLGGOH��G�������P�
ULJKW�IURP�PLGGOH��H�������P�ULJKW�IURP�PLGGOH�

)LJXUH��� LOOXVWUDWHV�YHORFLW\�PDJQLWXGH�DQG�GLUHFWLRQ�
ZLWKLQ� WKH� WKLUG� VWUHHW� FDQ\RQ� PRGHOHG� E\� &)'��
$UHD�DYHUDJHG� YHORFLW\� ZLWKLQ� LW� LV� DV� ORZ� DV�
�����P�V�� FRPSDUHG� WR� WKH� PHDQ� YHORFLW\� DW� LQOHW�
������P�V�� 7KH� ORZ� YHORFLW\� LQVLGH� DOO� RI� VWUHHW�
FDQ\RQV� FDQ� EH� HDVLO\� REVHUYHG� LQ� )LJXUH� ���
&ORFNZLVH� IORZ� SDWWHUQ� LV� FOHDUO\� UHIOHFWHG� E\� WKH�
DUURZV� LQ� )LJXUH� ��� (YHQ� ORZHU� VSHHG� UHJLRQV� RU�
DOPRVW� VWDJQDWLRQ� UHJLRQV� FDQ� EH� REVHUYHG� DW� WKH�
FHQWHU�RI�SODQH��WZR�ERWWRP�FRUQHUV�DQG�OHHZDUG�WRS�
FRUQHU�RI�WKH�WHVW�VWUHHW�FDQ\RQ��
&RPSDUHG� WR� WKH� YHORFLWLHV�PHDVXUHG� LQ� H[SHULPHQW�
�)LJXUH� ���� WKH� IORZ�SDWWHUQ� DQG� YHORFLWLHV� SUHGLFWHG�
E\�&)'�DUH�TXDOLWDWLYHO\�FRQVLVWHQW�ZLWK�H[SHULPHQW��
+RZHYHU�� IURP� D� TXDQWLWDWLYH� YLHZ�� &)'� XQGHU�
SUHGLFWV� YHORFLW\� PDJQLWXGH� LQ� PRVW� UHJLRQV� LQVLGH�
WKH� WHVW� VWUHHW� FDQ\RQ�� 'LVSDULW\� RI� YHORFLW\�
FRPSRQHQWV� DORQJ� KHLJKW� EHWZHHQ� H[SHULPHQW� DQG�
&)'�FDQ�EH�HDVLO\�GLVFHUQHG�LQ�ILYH�FKRVHQ�ORFDWLRQV�
�)LJXUH� ��D�� WR� ��H���� ,Q� GHWDLO�� YHUWLFDO� YHORFLW\�
FRPSRQHQW� LV� XQGHU�SUHGLFWHG� E\� &)'� LQ� DOO� WKH�
FKRVHQ� ORFDWLRQV�H[FHSW�)LJXUH���H���+RZHYHU��VLQFH�
WKDW� ORFDWLRQ� LV� YHU\�FORVH� WR� WKH�ZDOO�� WKH� UHOLDELOLW\�
RI�&)'�UHVXOW�VKRXOG�EH�ORZHU�WKDQ�WKH�UHPRWH�UHJLRQ��
GXH�WR�WKH�UHVXOW�EHLQJ�PRGHOHG�E\�WKH�ZDOO� IXQFWLRQ�
WKDQ� WKH� VROXWLRQ� VROYHG� IURP� WKH� JRYHUQLQJ�
HTXDWLRQV�� )RU� KRUL]RQWDO� YHORFLW\� FRPSRQHQW�� &)'�
VHHPV� WR� XQGHU�SUHGLFW� LQ� WKH� ORZHU� SDUW� EXW� RYHU�
SUHGLFW� LQ� WKH� XSSHU� SDUW�� ,Q� DGGLWLRQ�� YHORFLW\�
JUDGLHQWV�DUH�XQGHU�SUHGLFWHG�E\�&)'��
4XDOLWDWLYHO\��GLIIHUHQW�YHORFLW\�ILHOGV�VKRXOG�GLUHFWO\�
DIIHFW� SROOXWDQW� GLVSHUVLRQ� SHUIRUPDQFH�� /RZHU�
YHORFLW\�PDJQLWXGH�DWWHQXDWHV�WKH�DGYHFWLRQ�HIIHFW�E\�
PHDQ� IORZ�� � /RZHU� YHORFLW\� JUDGLHQW� JLYHV� ULVH� WR�
ORZHU� VKHDU� UDWH� DQG�5H\QROGV� VWUHVV�� KHQFH�ZHDNHU�
WXUEXOHQW�WUDQVSRUW�HIIHFW��
)XUWKHUPRUH�� &)'� UHVXOWV� VXJJHVW� WKDW� WZR� YHORFLW\�
FRPSRQHQWV� DUH� VLPXOWDQHRXVO\� FORVH� WR� ]HUR� DW� WKH�
ORFDWLRQ�D�ELW�DERYH�WKH�JHRPHWU\�FHQWHU��)LJXUH���D����

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

- 2387 -



 

�

�
)LJXUH����7.(�FRQWRXU�IRU�WKH�ZKROH�IORZ�GRPDLQ�&)'�UHVXOWV�

�
$FFRUGLQJ�WR�)LJXUH���DQG�)LJXUH����ZH�FRXOG�UHJDUG�
WKH�YRUWH[�FHQWHU�PDWFKHV�WKH�JHRPHWU\�FHQWHU�LQ�ERWK�
&)'� DQG� H[SHULPHQW�� +RZHYHU�� WKH� YHORFLW\�
FRPSRQHQWV� DW� YRUWH[� FHQWHU� LQ� H[SHULPHQW� DUH� QRQ�
]HUR�FRPSDUHG�WR�&)'�UHVXOWV��)LJXUH���DQG���D����,W�
LPSOLHV� WKDW� LQ� UHDO� FDVH�� WKH� VKDSH� RI� YRUWH[�
G\QDPLFDOO\� FKDQJHV�� 9RUWH[� FHQWHU� PHDQGHUV� ZLWK�
WLPH��DQG�DIWHU�PDNLQJ�WLPH�DYHUDJH��ZH�JHW�DYHUDJHG�
YRUWH[� FHQWHU� DQG� WKHVH� FRUUHVSRQGLQJ� QRQ�]HUR�
YHORFLW\� FRPSRQHQWV�� 7KLV� IOXFWXDWLRQ� EHKDYLRU� LV�
XQSUHGLFWDEOH�LQ�5$16�PRGHO��

7XUEXOHQW�NLQHWLF�HQHUJ\��7.(��SURILOH��
$FFXUDWH� SUHGLFWLRQ� RI� WXUEXOHQW� NLQHWLF� HQHUJ\� LV�
HYHQ�PRUH�GLIILFXOW�GXH�WR�WKH�HUURU�IURP�PRGHO�LWVHOI�
DQG� FRPSXWLQJ� SURFHGXUH� �*XLOODV� HW� DO��� �������
)LJXUH� ��� UHYHDOV� WKDW� WXUEXOHQW� NLQHWLF� HQHUJ\�
SUHGLFWHG�E\�&)'�ZLWKLQ� VWUHHW� FDQ\RQ� LV� DOPRVW� DQ�
RUGHU�ORZHU�WKDQ�WXUEXOHQW�NLQHWLF�HQHUJ\�LQ�WKH�PHDQ�
IORZ�� 2QH� H[FHSWLRQDO� SRVLWLRQ� LV� QHDU�URRI� OHYHO�
HVSHFLDOO\� QHDU� ZLQGZDUG� VLGH�� ZKHUH� WXUEXOHQW�
NLQHWLF�HQHUJ\�LV�FRPSDUDEOH�WR�WKH�PHDQ�IORZ�OHYHO���
7KRXJK� WXUEXOHQW� NLQHWLF� HQHUJ\� LV� QRW� WKH� RQO\�
TXDQWLW\�GRPLQDWLQJ�WXUEXOHQW�WUDQVSRUW�EHKDYLRU��ZH�
VWLOO�H[SHFW�WR�DFTXLUH�DQ�DFFHSWDEOH�WXUEXOHQW�NLQHWLF�
HQHUJ\�FRQWRXU�SUHGLFWHG�E\�&)'��

�
)LJXUH���7XUEXOHQW�OHYHO�FRQWRXU�IRU�WKH�ZKROH�IORZ�

GRPDLQ�&)'�UHVXOWV�

6LQFH� WKH� H[SHULPHQW� UHVXOW� ZDV� REWDLQHG� RQ� D�
WXUEXOHQW�OHYHO��GHILQLWLRQ�JLYHQ�E\�HTXDWLRQ�����EDVLV��
ZH� FRQYHUW� WXUEXOHQW� NLQHWLF� HQHUJ\� WR� WKDW� TXDQWLW\�
DQG�WKHQ�PDNH�D�FRPSDULVRQ��

𝑇𝑙 =
ටమయ௞
௎ೝ೐೑

=�ට
మ
య௞

଴.ଵ଼ଵସమା଴.଴଴଴ହమ���������������������������

)LJXUH� ��� DQG� )LJXUH� ��� LQGLFDWH� WKDW� WKH� WXUEXOHQW�
OHYHOV� DUH� FRPSDUDEOH� LQVLGH� WKH� WHVW� VWUHHW� FDQ\RQ��
:LWKLQ�WKH�VWUHHW�FDQ\RQ��WKH�PRVW�VLJQLILFDQW�XQGHU�
SUHGLFWLRQ� RFFXUV� DW� WKH� OHHZDUG� VLGH�� FHQWHU� DQG�
ZLQGZDUG� FRUQHU�� +RZHYHU�� WKH� URRI� OHYHO� WXUEXOHQW�
OHYHO� LV� JUHDWO\� XQGHU�SUHGLFWHG� E\� &)'�� 7KH� VKHDU�
OD\HU� SUHGLFWHG� E\� &)'� LV� PXFK� WKLQQHU� WKDQ� UHDO�
WKLFNQHVV� LQGLFDWHG� E\� H[SHULPHQW� UHVXOW�� 7KHUHIRUH��
OHVV�WXUEXOHQW�NLQHWLF�HQHUJ\�FRXOG�EH�WUDQVSRUWHG�LQWR�
VWUHHW�FDQ\RQ� UHJLRQ��+RZHYHU��ZH�FRXOG�QRW�FODULI\�
WKH� XQGHU�SUHGLFWLRQ� RI� WXUEXOHQW� NLQHWLF� HQHUJ\�
LQVLGH� VWUHHW� FDQ\RQ� LV�PDLQO\� FDXVHG�E\� LQDFFXUDF\�
VWHP� IURP� WKH� ORFDO� WXUEXOHQFH� JHQHUDWLRQ� RU� WKH�
WXUEXOHQFH�WUDQVSRUWHG�IURP�URRI�OHYHO��

�
)LJXUH����7XUEXOHQW�OHYHO�FRQWRXU�IRU�WKH�ZKROH�IORZ�

GRPDLQ�H[SHULPHQW�UHVXOWV�

&21&/86,21�
,Q�WKLV�VWXG\��D�FRPSDULVRQ�EHWZHHQ�&)'�VLPXODWLRQ�
GRQH� E\� 51*� N�İ� PRGHO� DQG� H[SHULPHQW�
PHDVXUHPHQWV�KDYH�EHHQ�FDUULHG�RXW��DLPLQJ�WR�VWXG\�
IORZ� SDWWHUQ� ZLWKLQ� DQ� LGHDO� V\PPHWULFDO� VWUHHW�
FDQ\RQ��7KUHH�PDLQ�ILQGLQJV�FDQ�EH�FRQFOXGHG��

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

- 2388 -



 

'LIIHUHQW�LQOHW�FRQGLWLRQV�KDYH�D�OLPLWHG�HIIHFW�RQ�WKH�
IORZ�TXDQWLWLHV� LQVLGH� VWUHHW�FDQ\RQ��7KH�GLIIHUHQFHV�
DUH� PRUH� FOHDUO\� LQGLFDWHG� E\� DUHD�DYHUDJHG�
TXDQWLWLHV�WKDQ�FRQWRXUV��8VLQJ�DQ�H[SUHVVLRQ�IRU�WKH�
YHORFLW\� SURILOH� DV� ZHOO� DV� WXUEXOHQW� NLQHWLF� HQHUJ\�
DQG� GLVVSDWLRQ� SURILOHV� LV� D� PRUH� UREXVW� DQG�
FRQVLVWHQW� DSSRUDFK� WKDQ� VHWWLQJ� D� FRQVWDQW� YHORFLW\�
RU� WKDQ� GLUHFWO\� LPSRUWLQJ� H[SHULPHQWDO� GDWD�� 7KH�
HIIHFW�WKDW�WKH�FKRLFH�RI�LQOHW�SURIOLH�KDV�RQ�WKH�DUHD�
DYHUDJHG�YHORFLW\�DQG�WXUEXOHQW�NLQHWLF�HQHUJ\�DUH�XS�
WR������
7KH� YHORFLWLHV� LQVLGH� WKH� VWUHHW� FDQ\RQ� DUH� XQGHU�
SUHGLFWHG� E\� &)'� LQ� PRVW� UHJLRQV� RI� WKH� VWUHHW�
FDQ\RQ� H[FHSW� IRU� WKH� FRPPRQ� RFFXUUHQFH� RI� RYHU�
SUHGLFWLRQ� RI� KRUL]RQWDO� YHORFLW\� FRPSRQHQW� DW� WKH�
XSSHU� SDUW� RI� WKH� OHHZDUGH� VLGH�� 0RUHRYHU�� WKH�
YHORFLW\� JUDGLHQW� LV� XQLYHUVDOO\� XQGHU�SUHGLFWHG� E\�
&)'�� 7KHUHIRUH��ZH� H[SHFW�ZHDNHU� DGYHFWLRQ� HIIHFW�
DQG�WXUEXOHQW�WUDQVSRUW�HIIHFW�LQ�RXU�&)'�PRGHO�WKDQ�
LQ�UHDOLW\��
7KH�SUHGLFWHG�WXUEXOHQW�NLQHWLF�HQHUJ\�LV�OHVV�UHOLDEOH�
WKDQ� WKH� SUHGLFWLRQV� RI� YHORFLW\�� EHFDXVH� RI� WKH�
OLPLWDWLRQ� RI� WXUEXOHQW� PRGHO� LWVHOI�� &)'� XQGHU�
SUHGLFWV� WXUEXOHQW� NLQHWLF� HQHUJ\� ERWK� LQVLGH� DQG�
DERYH� VWUHHW� FDQ\RQ�� )XUWKHUPRUH�� WKH� VKHDU� OD\HU�
DERYH�WKH�URRI�LV�PXFK�WKLQQHU�WKDQ�WKH�UHDO�WKLFNQHVV�
LQGLFDWHG� E\� H[SHULPHQW� UHVXOWV�� /HVV� WXUEXOHQFH� LV�
JHQHUDWHG� DW� URRI� OHYHO�� DQG� KHQFH� OHVV� WXUEXOHQW�
NLQHWLF� HQHUJ\� FDQ� EH� WUDQSRUWHG� LQWR� WKH� VWUHHW�
FDQ\RQ� UHJLRQ�� ,W� LV� FRQVLVWHQW� ZLWK� WKH� XQGHU�
SUHGLFLWRQ� RI� WXUEXOHQW� NLQHWLF� HQHUJ\� LQVLGH� VWUHHW�
FDQ\RQ��EXW� WKH�URRW�FDXVH�RI�XQGHU�SUHGLFWLRQ�LV�QRW�
FOHDU�\HW��

5()(5(1&(6�
$16<6��,��������$16<6�&);�6ROYHU�7KHRU\�*XLGH��

8�6�$���$16<6��,QF��
%($0$1��)�� ������/DUJ\� HGG\� VLPXODWLRQ� RI� RSHQ�

FKDQQHO� IORZV� IRU� FRQYH\DQFH� HVWLPDWLRQ��
'RFWRU� RI� 3KLORVRSK\�� 8QLYHUVLW\� RI�
1RWWLQJKDP��

&$,�� ;�� 0��� %$5/2:�� -�� )�� 	� %(/&+(5�� 6�� (��
������ 'LVSHUVLRQ� DQG� WUDQVIHU� RI� SDVVLYH�
VFDODUV�LQ�DQG�DERYH�VWUHHW�FDQ\RQV²/DUJH�
HGG\�VLPXODWLRQV��$WPRVSKHULF�(QYLURQPHQW��
���������������

&+$1�� 7�� /��� '21*�� *��� /(81*�� &�� :���
&+(81*�� &�� 6�� 	� +81*�� :�� 7�� ������
9DOLGDWLRQ� RI� D� WZR�GLPHQVLRQDO� SROOXWDQW�
GLVSHUVLRQ� PRGHO� LQ� DQ� LVRODWHG� VWUHHW�
FDQ\RQ��$WPRVSKHULF�(QYLURQPHQW����������
�����

)5$1.(��-���+(//67(1��$���6&+/h1=(1��+��	�
&$5,66,02�� %�� ������ %HVW� SUDFWLFH�
JXLGHOLQH�IRU�WKH�&)'�VLPXODWLRQ�RI�IORZV�LQ�
WKH�XUEDQ�HQYLURQPHQW��&267�2IILFH��

*8��=��/���=+$1*��<��:���&+(1*��<��	�/((��6��
&��������(IIHFW�RI�XQHYHQ�EXLOGLQJ�OD\RXW�RQ�
DLU� IORZ� DQG� SROOXWDQW� GLVSHUVLRQ� LQ� QRQ�

XQLIRUP� VWUHHW� FDQ\RQV�� %XLOGLQJ� DQG�
(QYLURQPHQW�����������������

*8,//$6��6���*/29(5��1��	�0$/.,�(36+7(,1��
/�� ������ 6SDWLDO� VWDWLVWLFDO� FDOLEUDWLRQ� RI�
&)'�PRGHOOLQJ�RI�VWUHHW�FDQ\RQV�IORZV���WK�
,QWHUQDWLRQDO� %XLOGLQJ� 3K\VLFV� &RQIHUHQFH��
.\RWR��-DSDQ��

+2<'<6+��:��*���*5,)),7+6��5��$��	�2*$:$��
<�� ������ $� VFDOH� PRGHO� VWXG\� RI� WKH�
GLVSHUVLRQ� RI� SROOXWDQW� LQ� VWUHHW� FDQ\RQV��
��WK� DQQXDO� PHHWLQJ� RI� WKH� DLU� SROOXWLRQ�
FRQWURO�DVVRFLDWLRQ��'HQYHU��&2��

+8$1*��<���+8��;��	�=(1*��1�������� ,PSDFW�RI�
ZHGJH�VKDSHG�URRIV�RQ�DLUIORZ�DQG�SROOXWDQW�
GLVSHUVLRQ� LQVLGH� XUEDQ� VWUHHW� FDQ\RQV��
%XLOGLQJ�DQG�(QYLURQPHQW�����������������

.$55$��6��������$Q�LQYHVWLJDWLRQ�RI� WUDIILF�UHODWHG�
SROOXWDQWV� GLVSHUVLRQ� LQ� KHWHURJHQHRXV�
VWUHHW� FDQ\RQ�� 'RFWRU� RI� 3KLORVRSK\��
8QLYHUVLW\�&ROOHJH�/RQGRQ��

.$55$�� 6��� 0$/.,�(36+7(,1�� /�� 	�
1(23+<728��0��������7KH�'LVSHUVLRQ�RI�
7UDIILF� 5HODWHG� 3ROOXWDQWV� $FURVV� D� 1RQ�
+RPRJHQHRXV� 6WUHHW� &DQ\RQ�� 3URFHGLD�
(QYLURQPHQWDO�6FLHQFHV������������

.$671(5�./(,1��3��	�3/$7(��(��-��������:LQG�
WXQQHO�VWXG\�RI�FRQFHQWUDWLRQ�ILHOGV�LQ�VWUHHW�
FDQ\RQV�� $WPRVSKHULF� (QYLURQPHQW�� ����
�����������

.,0��-��-��	�%$,.��-��-��������$�QXPHULFDO�VWXG\�RI�
WKH� HIIHFWV� RI� DPELHQW� ZLQG� GLUHFWLRQ� RQ�
IORZ�DQG�GLVSHUVLRQ� LQ�XUEDQ�VWUHHW�FDQ\RQV�
XVLQJ� WKH� 51*� N±İ� WXUEXOHQFH� PRGHO��
$WPRVSKHULF�(QYLURQPHQW�����������������

3$/0*5(1�� )��� %(5.2:,&=�� 5��� =,9�� $�� 	�
+(57(/�� 2�� ������ $FWXDO� FDU� IOHHW�
HPLVVLRQV� HVWLPDWHG� IURP� XUEDQ� DLU� TXDOLW\�
PHDVXUHPHQWV� DQG� VWUHHW� SROOXWLRQ� PRGHOV��
6FLHQFH� RI� 7KH� 7RWDO� (QYLURQPHQW�� �����
���������

323(�� 6�� %�� ������ 7XUEXOHQW� )ORZV�� &DPEULGJH��
&DPEULGJH�8QLYHUVLW\�3UHVV��

6$/,0�� 6��0���&+($+��6�� &��	�&+$1��$�� ������
1XPHULFDO�VLPXODWLRQ�RI�GLVSHUVLRQ�LQ�XUEDQ�
VWUHHW� FDQ\RQV� ZLWK� DYHQXH�OLNH� WUHH�
SODQWLQJV�� &RPSDULVRQ� EHWZHHQ� 5$16� DQG�
/(6��%XLOGLQJ� DQG� (QYLURQPHQW�� ���� �����
������

7+20$6��7��*��	�:,//,$06��-��������/DUJH�HGG\�
VLPXODWLRQ�RI�V\PPHWULF�WUDSH]RLGDO�FKDQQHO�
DW�5H\QROGV�QXPEHU�RI���������� -RXUQDO�RI�
+\GUDXOLF�5HVHDUFK���������������

;,(�� 6��� =+$1*�� <��� 4,�� /�� 	� 7$1*�� ;�� ������
6SDWLDO� GLVWULEXWLRQ� RI� WUDIILF�UHODWHG�
SROOXWDQW� FRQFHQWUDWLRQV� LQ� VWUHHW� FDQ\RQV��
$WPRVSKHULF�(QYLURQPHQW�����������������
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