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$%675$&7�
&DUU\LQJ� RXW� EXLOGLQJ� HQHUJ\� VLPXODWLRQV� LV� D�
YDOXDEOH� SDUW� RI� D� GHFLVLRQ�PDNLQJ� SURFHVV� ZKLFK�
KHOSV� GHVLJQHUV� WR� HYDOXDWH� YDULRXV� EXLOGLQJ� GHVLJQ�
RSWLRQV� DQG� WKHLU� LPSDFW� RQ� HQHUJ\� FRQVXPSWLRQ��
+RZHYHU�� LW� LV� DOVR� WLPH� FRQVXPLQJ�� 7KLV� EHFDPH�
HYHQ� PRUH� REYLRXV� ZKHQ� PDQ\� PRGHOV� KDYH� WR� EH�
FUHDWHG��HLWKHU�DV�D�SDUW�RI�DQ�LWHUDWLYH�GHVLJQ�SURFHVV��
RU� IRU� VWXG\LQJ� HQHUJ\� UHTXLUHPHQWV� �DQG�
LPSOHPHQWDWLRQ� RI� SRWHQWLDO� HQHUJ\� FRQVHUYDWLRQ�
PHDVXUHV��RI�D�KRXVLQJ�VWRFN��0RGHO� VLPSOLILFDWLRQV�
FDQ�PLWLJDWH� WKLV� LVVXH��2QH�RI� WKH� VLPSOLILFDWLRQV� LV�
WR� UHPRYH� LQWHUQDO� SDUWLWLRQV� �]RQLQJ�� DQG� WR� WUHDW� D�
VLQJOH�IORRU�DV�D�VLQJOH�]RQH��,Q�WKH�GRPHVWLF�KRXVHV��
VLQJOH�IORRU�FDQ�EH� WUHDWHG�HLWKHU�DV�D� ORXQJH�RU�DV�D�
EHGURRP� VLQFH� WKHVH� DUH� WZR� GRPLQDQW� ]RQHV�ZKHUH�
RFFXSDQWV� VSHQG� WKH�PRVW� RI� WKHLU� WLPH��7KH� LPSDFW�
RI� D� PRGHO� VLPSOLILFDWLRQ� RQ� GZHOOLQJV� KHDWLQJ�
GHPDQG�� RSHUDWLRQDO� FDUERQ� HPLVVLRQ�� RYHUKHDWLQJ�
ULVN�DQG�FROOHFWLYH�RYHUKHDWLQJ�ULVN�LV�DQDO\VHG�LQ�WKLV�
SDSHU��

,1752'8&7,21�
&UHDWLQJ�GHWDLOHG�G\QDPLF�WKHUPDO�VLPXODWLRQ�PRGHOV�
IRU� EXLOGLQJV� LV� D� WLPH� FRQVXPLQJ� DQG� HUURU� SURQH�
SURFHVV�� /DUJH� DPRXQW� RI� LQSXW� GHWDLOV� DUH� UHTXLUHG��
7KHVH�GHWDLOV� LQFOXGH� VLWH��JHRPHWU\�� LQWHUQDO� OD\RXW��
FRQVWUXFWLRQ�� RSHQLQJV�� XVDJH� DQG� RFFXSDQF\��
HTXLSPHQW��OLJKWLQJ��+9$&�DQG�HQHUJ\�V\VWHPV��DQG�
RSHUDWLRQDO� VSHFLILFDWLRQV�� $OWKRXJK� PRGHUQ�
PRGHOOLQJ� WRROV� VXFK� DV� H4XHVW�� 'HVLJQ%XLOGHU� DQG�
,(6�9(��DPRQJVW�RWKHUV��SURYLGH�FRQYHQLHQW�PHWKRGV�
IRU�LPSRUWLQJ�IUHTXHQWO\�XVHG�GDWD�VHWV�WR�UHGXFH�WKH�
GHPDQG� IRU�PDQXDO� LQSXW�� D�PRGHO� FUHDWLRQ� UHPDLQV�
WKH�PRVW� ODERXU�LQWHQVLYH�VWHS�WKDW� LV�UHVSRQVLEOH� IRU�
WKH�PRVW�TXDOLW\�LVVXHV��7KLV�VLWXDWLRQ�EHFRPHV�HYHQ�
ZRUVH�ZKHQ�PDQ\�PRGHOV�KDYH� WR�EH�FUHDWHG�� HLWKHU�
DV�D�SDUW�RI�DQ�LWHUDWLYH�GHVLJQ�SURFHVV�RU�IRU�VWXG\LQJ�
EXLOGLQJ� FOXVWHUV�VWRFNV�� $� ZD\� WR� VLPSOLI\� PRGHO�
FUHDWLRQ��ZLWK�DQ�DFFHSWDEOH�FRPSURPLVH�RI�DFFXUDF\�
LQ� H[FKDQJH� IRU� UHGXFWLRQ� LQ� WKH� OHYHO� RI� GHWDLOV�
ZKLFK� KDYH� WR� EH� VSHFLILHG� IRU� D� PRGHO�� PD\� EH�
XVHIXO�LQ�FHUWDLQ�DSSOLFDWLRQV��
2QH� RI� WKH� VLPSOLILFDWLRQV� WKDW� FDQ� VLJQLILFDQWO\�
UHGXFH� WKH�DPRXQW�RI� WLPH�UHTXLUHG�IRU�PRGHOOLQJ� LV�
LQWHUQDO�OD\RXW�RI�WKH�EXLOGLQJ��7KH�LQWHUQDO�VSDFHV�RI�
D� ODUJH� EXLOGLQJ� DUH� XVXDOO\� GLYLGHG� LQWR� GLIIHUHQW�

]RQHV��GLIIHUHQWLDWHG�E\�WKHLU�XVDJH�DQG�DFWLYLW\��KHDW�
JDLQV�DQG� ORVVHV�FKDUDFWHULVWLFV�� DQG�+9$&�V\VWHPV�
DQG� RSHUDWLRQ� UHJLPHV�� )RU� D� VPDOO� EXLOGLQJ�� H�J�� D�
GRPHVWLF� KRXVH� RU� D� VHOI�FRQWDLQHG� XQLW� LQ� D� ODUJH�
UHVLGHQWLDO� EXLOGLQJ�� GHWDLOHG� ]RQLQJ� PD\� QRW� EH�
QHFHVVDU\�� 7KH� DPRXQW� RI� ZRUN� LQYROYHG� LQ� D�
PRGHOOLQJ� ZLOO� EH� VLJQLILFDQWO\� UHGXFHG� LI� IHZHU�
]RQHV�KDYH� WR�EH�GHILQHG��6R� WR� WKH� DXWKRUV�� LW� LV� RI�
LQWHUHVW�WR�VHH�ZKHWKHU�WKH�HUURU�OHYHO�FDXVHG�E\�VXFK�
VLPSOLILFDWLRQ� LV� DFFHSWDEOH� RU� QRW�� 3RWHQWLDOO\�� VXFK�
VLPSOLILFDWLRQ�� LI� DFFHSWDEOH�� FDQ� SDYH� WKH� ZD\� WR�
DXWRPDWHG� PRGHO� FUHDWLRQV� RQ� D� ODUJH� VFDOH�� H�J��
XVLQJ� PDS� DQG� SKRWRJUDSKLF� LQIRUPDWLRQ� WR� FUHDWH�
G\QDPLF� EXLOGLQJ� SHUIRUPDQFH� PRGHOV� IRU� EXLOGLQJ�
VWRFNV��
6HQVLWLYLW\� DQDO\VLV� �6$�� LV� D� PHWKRG� RI� VWXG\LQJ�
UHODWLYH�LPSRUWDQFH�RI�WKH�PRGHO�SDUDPHWHUV�EDVHG�RQ�
WKHLU� LPSDFW� RQ� WKH� PRGHO� RXWSXWV�� 6HYHUDO� RI�
VHQVLWLYLW\� VWXGLHV� RI� EXLOGLQJ� SHUIRUPDQFH�
VLPXODWLRQ� PRGHOV� KDYH� EHHQ� UHSRUWHG� LQFOXGLQJ�
+RSIH� DQG�+HQVHQ� ��������0DFGRQDOG� DQG�6WUDFKDQ�
�������� 6SLW]� HW� DO�� ������� DQG� +HLVHOEHUJ� HW� DO��
�������� +RZHYHU�� PRVW� RI� WKH� VWXGLHV� RQ� G\QDPLF�
PRGHOV� XVHG� QRQ�GRPHVWLF� EXLOGLQJV� LQ� GHVLJQ�
VFHQDULRV��$V� D� UHVXOW�� LQWHUQDO� OD\RXW� RU� ]RQLQJ� KDV�
QRW�EHHQ�FRQVLGHUHG�DV�DQ�XQFHUWDLQW\�YDULDEOH��6$�RQ�
GRPHVWLF�EXLOGLQJ�HQHUJ\�PRGHOV� IRFXVHG�RQ�HQHUJ\�
SHUIRUPDQFH� DVVHVVPHQW� XVLQJ� VWHDG\�VWDWHG� PRGHOV�
�)LUWK�HW�DO����������LQ�ZKLFK�LQWHUQDO�]RQHV�DUH�QRW�D�
FRQFHUQ� HLWKHU�� 1RW� EHHQ� DEOH� WR� ILQG� DQVZHUV� LQ�
OLWHUDWXUH�� ZH� GHFLGHG� WR� FRQGXFW� RXU� RZQ�
LQYHVWLJDWLRQ��
7KLV� SDSHU� UHSRUWV� D� VWXG\� RQ� WKH� LPSDFW� RI� ]RQLQJ�
GHWDLOV� RI� W\SLFDO� GRPHVWLF� KRXVH� PRGHOV� RQ� NH\�
EXLOGLQJ� SHUIRUPDQFH� LQGLFDWRUV� VXFK� DV� DQQXDO�
KHDWLQJ� GHPDQG�� RSHUDWLRQDO� FDUERQ� HPLVVLRQ�� DQG�
RYHUKHDWLQJ� ULVNV��:H�ZLOO� ILUVW� GHVFULEH� WKH�PHWKRG�
XVHG� LQ� WKLV� VWXG\�� DQG� WKHQ� GLVFXVV� WKH� UHVXOWV� DQG�
ILQGLQJV��

0(7+2'�
6LQFH� RXU� LQWHUHVW� LV� WR� WHVW� ZKHWKHU� RU� QRW� ]RQLQJ�
GHWDLOV� RI� GZHOOLQJ� PRGHOV� FDQ� EH� UHGXFHG�� DQG� WR�
TXDQWLI\� WKH� LPSDFW� RI� VXFK� VLPSOLILFDWLRQ� RQ�
EXLOGLQJ�SHUIRUPDQFH�DQDO\VLV�� WKH�PHWKRG�FKRVHQ�LV�
D� GLUHFW� FRPSDULVRQ� RI� WKH� WZR� GLIIHUHQW� DSSURDFKHV�
RQ� D� UDQGRP� VDPSOH� RI�PRGHOV� UHSUHVHQWLQJ� D� ZLGH�
UDQJH� RI� GRPHVWLF� KRXVHV�� (QHUJ\3OXV� Y�����
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�(QHUJ\3OXV�� ������� 2SHQ6WXGLR� �15(/�� ������ DQG�
M(3OXV� �=KDQJ�� ������ M(3OXV�� ������ ZHUH� XVHG� IRU�
PRGHOOLQJ�DQG�FDUU\LQJ�RXW�VLPXODWLRQV��

Building models 
)LYH�PRGHUQ� KRXVH� GHVLJQV� �8UEDQ$UHD�� ����� �� VHH�
)LJXUH����KDYH�EHHQ�VHOHFWHG�WR�IRUP�WKH�EDVH�PRGHOV�
RI� WKLV� VWXG\��+RXVH� W\SH� �� LV� D� ODUJH� IRXU�EHGURRP�
GHWDFKHG� XQLW� ZLWK� ������P�� RFFXSLHG� IORRU� DUHD��
+RXVH�W\SH���LV�D�VPDOOHU�WZR�EHGURRP�GHWDFKHG�XQLW�
ZLWK� LQWHJUDO� JDUDJH� ������P���� +RXVH� W\SH� ��
FRPSULVHV� WZR� VHPL�GHWDFKHG� XQLWV�� RQH� ZLWK� WZR�
EHGURRPV� DQG� WKH� RWKHU� ZLWK� WKUHH� EHGURRPV�� 7RWDO�
RFFXSLHG�IORRU�DUHD�LV��������P����+RXVH�W\SH���LV�D�
ODUJH�WHUUDFHG�SURSHUW\��������P���DGMDFHQW�XQLWV�QRW�
VKRZQ��� $QG�� KRXVH� W\SH� �� LV� D� VPDOOHU� WHUUDFHG�
SURSHUW\� ������P���� %RWK� WHUUDFHG� XQLWV� KDYH� WKUHH�
EHGURRPV�� DOWKRXJK� KRXVH� W\SH� �� KDV� DQ� LQWHJUDO�
JDUDJH� RQ� WKH� JURXQG� IORRU�� 7KHVH� ILYH� KRXVH� W\SHV�
SURYLGH� D� JRRG�PL[�RI� VL]HV�� IRUPV� DQG� IHQHVWUDWLRQ�
DUUDQJHPHQWV�� )ODWV� LQ� DQ� DSDUWPHQW� EORFN�� RU�
EXQJDORZV��VLQJOH�VWRUH\�KRXVHV��DUH�QRW�LQFOXGHG�LQ�
WKLV� VWXG\�� DV� WKH� LQWHUQDO� FRQGLWLRQV� RI� GLIIHUHQW�
VSDFHV� LQ� WKRVH� GZHOOLQJ� W\SHV� WHQG� WR� EH� PRUH�
XQLIRUP�WKDQ�PXOWL�VWRUH\�KRXVHV��WKHUHIRUH�LPSDFW�RI�
]RQLQJ�VLPSOLILFDWLRQV�PD\�EH�KDUGHU�WR�GHWHFW��
7R�SURYLGH�D�JRRG�FRYHUDJH�RI� WKH�GZHOOLQJV�DFURVV�
WKH�8.�� WKUHH�8.� ORFDWLRQV� ZHUH� VHOHFWHG��:HDWKHU�
ILOHV� IRU� /RQGRQ� *DWZLFN� $LUSRUW� �6RXWK� (QJODQG���
)LQQLQJOH\� �1RUWK� (QJODQG�� DQG� $EHUGHHQ�'\FH�
�6FRWODQG��ZHUH�XVHG�LQ�VLPXODWLRQV��6XEXUEDQ�WHUUDLQ�
ZDV� DVVXPHG� DQG� QR� H[WHUQDO� VKDGLQJ� E\� DGMDFHQW�
EXLOGLQJV�RU�WUHHV�ZDV�FRQVLGHUHG��2ULHQWDWLRQ�RI�WKH�
KRXVHV�� URWDWHG� DW� ���GHJUHH� LQWHUYDOV�� KDV� EHHQ� RQH�
RI�WKH�SDUDPHWULF�GHVLJQ�SDUDPHWHUV��

Building fabrics 
7KH� EXLOGLQJ� HQYHORSHV� DUH�PRGHOOHG� LQ� IXOO� GHWDLOV��
0DMRU� FRQVWUXFWLRQ� HOHPHQWV� LQ� WKH� GRPHVWLF� KRXVH�
GHVLJQ� DUH� H[WHULRU� ZDOOV�� JURXQG� IORRU�� URRI� DQG�
JOD]LQJ��:KLOH� URRI�DQG�JURXQG� IORRU�HOHPHQWV�ZHUH�
NHSW� XQFKDQJHG�� WKUHH� W\SHV� RI� WKH� H[WHULRU� ZDOO�
FRQVWUXFWLRQ� ZHUH� LQFOXGHG� LQ� WKH� DQDO\VLV�� ([WHULRU�
ZDOO� W\SH� RQH� LV� KHDY\� FRQVWUXFWLRQ� PDGH� RI� IRXU�
OD\HUV��H[WHULRU�EULFN�OD\HU��LQVXODWLRQ�OD\HU��FRQFUHWH�
EORFN� OD\HU� DQG� LQWHULRU� J\SVXP� SODVWHULQJ� OD\HU��
([WHULRU� ZDOO� W\SHV� WZR� DQG� WKUHH� UHSUHVHQW� OLJKW�
FRQVWUXFWLRQ�ZLWK� WKH� RQO\� GLIIHUHQFH� LQ� WKH� H[WHULRU�
ILQLVKLQJ� OD\HU�� 7R� EH� H[DFW�� ZDOO� W\SH� WZR� KDV�
EULFNZRUN�DV�D�ILQLVKLQJ�OD\HU�ZKLOH�LQ�WKH�ZDOO�W\SH�
WKUHH�WKLV�OD\HU�LV�UHSODFHG�ZLWK�WKH�ZRRG��5HVW�RI�WKH�
FRQVWUXFWLRQ� LV� WKH� VDPH� DQG� KDV� IRXU� DGGLWLRQDO�
OD\HUV�� DLU� JDS�� SO\ZRRG� VKHDWKLQJ�� LQVXODWLRQ� OD\HU�
ZLWK� WLPEHU� VWXGGLQJ� DQG� J\SVXP� SODVWHULQJ� OD\HU��
6LQFH� WKH� LQVXODWLRQ� OD\HU� LQ� FRQVWUXFWLRQ� W\SHV� WZR�
DQG� WKUHH� LV�PDGH� RI� LQVXODWLRQ�PDWHULDO� DQG� WLPEHU�
VWXGGLQJ�� LWV� PDWHULDO� SURSHUWLHV� ZHUH� DGMXVWHG� WR�
UHIOHFW� WKH�SUHVHQFH�RI�D� WLPEHU��7KH� WLPEHU� IUDFWLRQ�
ZDV�VHW�WR�����ZKLFK�LV�DW�WKH�ORZHU�HQG�RI�LQGLFDWHG�
YDOXHV� SUHVHQWHG� LQ� WKH� &,%6(� *XLGH� $� �&,%6(��
�������

7KH� LQVXODWLRQ� OD\HU� WKLFNQHVV� LQ� WKH� URRI�
FRQVWUXFWLRQ� HOHPHQW�� JURXQG� IORRU� FRQVWUXFWLRQ�
HOHPHQW� DQG� H[WHULRU�ZDOOV� FRQVWUXFWLRQV�ZDV� YDULHG�
IURP� ��PP� WR� ���PP� LQ� ��PP� LQFUHPHQWV�� 7KH�
LQVXODWLRQ� WKLFNQHVV� LQ� WKH� DOO� FRQVWUXFWLRQ� HOHPHQWV�
ZDV� DOORZHG� WR� EH� YDULHG� VHSDUDWHO\� WR� UHSUHVHQW� D�
YDULHW\�RI�SRVVLEOH�FRQVWUXFWLRQ�VFHQDULRV�DV�ZHOO�DV�D�
GLYHUVLW\�RI�SRWHQWLDO�UHIXUELVKPHQW�PHDVXUHV�VXFK�DV�
LQVXODWLQJ�D� URRI�URRI� ORIW�RU� XSJUDGLQJ� LQVXODWLRQ� LQ�
H[WHULRU�ZDOOV�RQO\��7KH�HIIHFW�RI�LQVXODWLRQ�WKLFNQHVV�
RQ�D�KRXVH�HQYHORSH�8�YDOXHV�LV�SUHVHQWHG�LQ�)LJXUH�
��� $OWKRXJK� WKUHH� H[WHUQDO� ZDOO� FRQVWUXFWLRQV� ZHUH�
LQFOXGHG� LQ� WKH� VWXG\�� )LJXUH� �� VKRZV� RQO\� WZR� 8�
YDOXH� FXUYHV� IRU� WKHP�� 7KDW� LV� GXH� WR� PLQLPDO�
GLIIHUHQFHV� LQ�8�YDOXHV� EHWZHHQ� H[WHUQDO�ZDOO� W\SHV�
WZR� DQG� WKUHH� ZKHUH� WKH� RQO\� GLIIHUHQFH� LV� WKH�
H[WHULRU� OD\HU�� 2Q� WKH� RWKHU� KDQG�� WKH� SUHVHQFH� RI�
WLPEHU�LQ�WKH�LQVXODWLRQ�OD\HU� LQ�WKHVH�ZDOO� W\SHV�KDV�
VLJQLILFDQW�LPSDFW�DQG�UHVXOWV�LQ�KLJKHU�8�YDOXHV�WKDQ�
WKH� H[WHULRU� ZDOO� W\SH� RQH� �&RQFUHWH� ZDOO� LQ� )LJXUH�
����

,Q� DGGLWLRQ� WR� WKH� H[WHULRU�ZDOO� W\SHV� DQG� WKH�ZDOOV��
URRI� DQG� JURXQG� IORRU� LQVXODWLRQ� OD\HU� WKLFNQHVV��
HLJKW�JOD]LQJ�W\SHV�ZHUH�VSHFLILHG�DV�D�GHVLJQ�RSWLRQ��
WZR� GRXEOH�JOD]HG� XQLWV� DQG� VL[� WULSOH�JOD]HG� XQLWV��
'RXEOH�JOD]HG�XQLWV�DUH�PDGH�IURP��PP�FOHDU�JODVV�
RXWHU�SDQH���PP�ORZ�HPLVVLYLW\�JODVV�LQQHU�SDQH�DQG�
��PP�FDYLW\�EHWZHHQ�SDQHV�ZLWK�WKH�RQO\�GLIIHUHQFH�
LQ�WKH�W\SH�RI�JDV�XVHG�WR�ILOO�WKH�FDYLW\��DLU�RU�DUJRQ��
)RXU�RI�VL[�WULSOH�JOD]HG�XQLWV�DUH�PDGH�RI��PP�JODVV�
SDQHV� DQG� ��PP� FDYLWLHV� EHWZHHQ� WKHP�� ILOOHG�ZLWK�
HLWKHU�DLU�RU�DUJRQ��7ZR�RI�WKHP�KDYH�DOO�JODVV�SDQHV�
PDGH�RI� FOHDU� JODVV��ZKLOH� RWKHU� WZR�KDYH� WZR� ORZ�
HPLVVLYLW\� LQQHU� SDQHV�� 7KH� ODVW� WZR� WULSOH�JOD]HG�
XQLWV� DUH� PDGH� RI� �PP� JODVV� SDQHV� DQG� ��PP� DLU�
ILOOHG� FDYLWLHV��2XWHU� SDQH� LV�PDGH� RI� FOHDU� JODVV� LQ�
ERWK� XQLWV�� ZKLOH� LQQHU� SDQHV� KDYH� LPSURYHG�
FKDUDFWHULVWLF� ZKLFK� UHVXOWV� LQ� ORZHU� VRODU� KHDW� JDLQ�
FRHIILFLHQW� �6+*&��� $OWKRXJK� WKH� 6*+&� LV� ORZHU��
WKH� LPSURYHG� FKDUDFWHULVWLFV� RI� LQQHU� SDQHV� KDYH�
QHJDWLYH� LPSDFW� RQ� WKH� OLJKW� WUDQVPLWWDQFH� �/7��
ZKLFK� LV� GHFUHDVHG� WRR�� %DVLF� SURSHUWLHV� RI� JOD]LQJ�
W\SHV� VHOHFWHG� IRU� WKH� DQDO\VLV� �8�YDOXH�� 6+*&� DQG�
/7��ZHUH�SUHVHQWHG�LQ�7DEOH����

�
�

Figure 1 The building envelope U-values as a 
function of insulation thickness 
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Figure 2 The five house types modelled: images from OpenStudio and floor layouts (table in bottom right corner 
presents the default values for occupancy density, lighting power and equipment power for individual zones) 
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Table 1 Glazing type properties 
�

GLAZING TYPE U-value 
[W/m2K] 

SHGC LT 

'RXEOH��������/RZ�(�$LU� ����� ����� �����
'RXEOH��������/RZ�(�$UJRQ� ����� ����� �����
7ULSOH�������������&OHDU�$LU� ����� ����� �����
7ULSOH�������������&OHDU�$UJRQ� ����� ����� �����
7ULSOH�������������/RZ�(�$LU� ����� ����� �����
7ULSOH�������������/RZ�(�$UJRQ� ����� ����� �����
7ULSOH�������������/RZ�(�����$LU� ����� ����� �����
7ULSOH�������������/RZ�(�����$LU� ����� ����� �����

��

Internal conditions and HVAC operation 
7KH� QDWLRQDO� FDOFXODWLRQ� PHWKRGRORJ\� �1&0��
UHFRPPHQGDWLRQV� �%5(�� ������ ZHUH� XVHG� WR� VHW� D�
GHIDXOW� RFFXSDQW¶V� GHQVLW\�� HTXLSPHQW� ORDGV� DQG�
OLJKWLQJ� ORDGV� IRU� HDFK� LQGLYLGXDO� ]RQH� �EHGURRPV��
ORXQJHV�� NLWFKHQV�� GLQLQJ� DUHDV�� FRUULGRUV� DQG�
EDWKURRPV���+RZHYHU��WKH�UHFRPPHQGHG�YDOXHV�ZHUH�
SDUDPHWHUL]HG� WR� EHWWHU� UHSUHVHQW� WKH� YDULHW\� RI�
KRXVHKROG� DFWLYLWLHV�� 7ZR� DGGLWLRQDO� YDOXHV� RI�
RFFXSDQW¶V�GHQVLW\�ZHUH�LQFOXGHG������OHVV�RFFXSLHG�
DQG� ����PRUH� RFFXSLHG�� $OVR�� ERWK� WKH� HTXLSPHQW�
ORDGV�DQG�OLJKWLQJ�ORDGV�ZHUH�YDULHG�IURP�KDOI�RI�WKH�
GHIDXOW�YDOXHV�XS�WR�WZLFH�KLJKHU�YDOXHV��,Q�DGGLWLRQ��
WZR� W\SHV� RI� VFKHGXOHV�� UHIOHFWLQJ� WKH� RFFXSDQF\�
SDWWHUQ� DQG� HTXLSPHQW�OLJKWLQJ� XVH�� ZHUH� GHYHORSHG�
WR� UHSUHVHQW� ZRUNLQJ� IDPLO\� KRXVHKROG� DQG�
FRQVWDQWO\� RFFXSLHG� SURSHUW\�� )XUWKHU� LPSDFW� RQ� WKH�
OHYHO� RI� LQWHUQDO� JDLQV� ZDV� REWDLQHG� E\� LQWURGXFLQJ�
WKH� GD\OLJKW� FRQWURO� LQ� ORXQJH� DQG� EHGURRP� ]RQHV��
$OWKRXJK� LW� LV� QRW� FRPPRQ� WR�KDYH�GD\OLJKW� FRQWURO�
LQ� GRPHVWLF� SURSHUWLHV�� LW� KDV� EHHQ� LQFOXGHG� DV� D�
GHVLJQ� SDUDPHWHU� WR� UHSUHVHQW� KLJKO\� SRVVLEOH�
VFHQDULR� RI� UHGXFLQJ� OLJKWLQJ� OHYHO� E\� VZLWFKLQJ�
OLJKWV�RII�ZKHQ�WKHUH�LV�HQRXJK�QDWXUDO�OLJKW��
7KH� KRXVHV� KHDWLQJ� GHPDQG� ZDV� GHWHUPLQHG�
DVVXPLQJ�DQ� LGHDO�V\VWHP�LV� LQVWDOOHG�ZKLFK�GHOLYHUV�
VXIILFLHQW� DPRXQW� RI� HQHUJ\� WR� PDLQWDLQ� D� GHVLUHG�
LQGRRU� WHPSHUDWXUH� DOO� WKH� WLPH�� +HDWLQJ� VHWSRLQW�
WHPSHUDWXUHV� LQ� ORXQJH�DUHDV��EHGURRPV�DQG� WKH� UHVW�
RI� WKH� KRXVH�ZHUH� DOVR� SDUDPHWHUV� LQ� WKH� VWXG\� DQG�
WKH\� ZHUH� YDULHG� EHWZHHQ� ��� DQG� ���&� LQ� ORXQJH�
]RQHV�DQG�EHWZHHQ����DQG����&�LQ�DOO�RWKHU�]RQHV��,Q�
DGGLWLRQ� WR� WKH� KHDWLQJ� VHWSRLQW� WHPSHUDWXUH� YDOXHV��
WKH� KHDWLQJ� GHPDQG� ZDV� YDULHG� E\� LQWURGXFLQJ� WZR�
W\SHV�RI�KHDWLQJ�V\VWHP�FRQWURO�VWUDWHJ\��F\FOLQJ�DQG�
FRQWLQXRXV�RSHUDWLRQ��,Q�WKH�F\FOLQJ�RSHUDWLRQ�PRGH��
WKH�KHDWLQJ�VHWSRLQW�GXULQJ�XQRFFXSLHG�SHULRG�ZDV�VHW�
WR����&�DQG� WKH� V\VWHP�ZDV� QRW� LQ�RSHUDWLRQ�XQOHVV�
WKH� LQGRRU� WHPSHUDWXUH� GURSV� EHORZ� WKH� VHWEDFN�
YDOXH��2Q�WKH�RWKHU�KDQG��LQ�WKH�FRQWLQXRXV�RSHUDWLRQ��
WKH� KHDWLQJ� VHWSRLQW� WHPSHUDWXUHV� ZHUH� FRQVWDQWO\�
NHSW� KLJK� ZKLFK� UHVXOWHG� LQ� ORQJHU� RSHUDWLQJ� KRXUV�
DQG��DV�H[SHFWHG��KLJKHU�KHDWLQJ�GHPDQG��
7KH� XQFRQWUROOHG� IORZ� RI� RXWGRRU� DLU� LQWR� D� KRXVH�
WKURXJK�FUDFNV�DQG�RWKHU�XQLQWHQWLRQDO�RSHQLQJV��DOVR�
NQRZQ� DV� LQILOWUDWLRQ�� KDV� EHHQ� VHOHFWHG� DV� D�

VLPXODWLRQ� SDUDPHWHU� DV� ZHOO�� 7KH� LQILOWUDWLRQ� OHYHO�
ZDV� YDULHG� IURP� ����� WR� ����� DLU� FKDQJHV� SHU� KRXU�
�DFK��LQ����DFK�LQFUHPHQWV�LQ�RUGHU�WR�LQFOXGH�D�UDQJH�
RI� KRPHV� IURP� YHU\� WLJKW� WR� H[WUHPHO\� OHDN\�� )UHVK�
DLU� UHTXLUHPHQWV� ZHUH� IXOILOOHG� E\� DOORZLQJ� WKH�
GLVWULEXWLRQ�RI���O�V�SHU�SHUVRQ�RI�RXWGRRU�DLU� WR� WKH�
RFFXSLHG�]RQHV��7KH�QDWXUDO�YHQWLODWLRQ�DV�D�PHDVXUH�
ZKLFK� FDQ� UHGXFH� RYHUKHDWLQJ� ZDV� DOVR� LQFOXGHG� LQ�
WKH� DQDO\VLV��:KHQHYHU� WKH� RXWGRRU� DLU� WHPSHUDWXUH�
ULVHV� RYHU� ���&� GXULQJ� RFFXSLHG� SHULRG�� WKH�
DGGLWLRQDO� DPRXQW� RI� RXWGRRU� DLU� ZDV� LQWURGXFHG� WR�
WKH� ORXQJH� DQG� EHGURRP� ]RQHV�� 7KLV� DPRXQW� ZDV�
YDULHG�EHWZHHQ���DQG���DFK� LQ��DFK� LQFUHPHQWV�DQG�
UHSUHVHQWV�WKH�YDULRXV�OHYHOV�RI�RSHQLQJ�ZLQGRZV��RU�
NHSW�FORVHG�LI�YDOXH�LV�HTXDO�WR��DFK���
3DUDPHWHUV� XVHG� IRU� GHILQLQJ� WKH� SDUDPHWULF� GHVLJQ�
VSDFH�RI�WKH�KRXVHV�DUH�VXPPDULVHG�LQ�)LJXUH����7KH�
WRWDO� QXPEHU� RI� DOO� SRVVLEOH� VFHQDULRV� LV� MXVW� XQGHU�
�����[�������7R�UXQ�WKH�ZKROH�VHW�RI�VFHQDULRV�ZRXOG�
EH� LQIHDVLEOH� DQG� XQQHFHVVDU\�� ,QVWHDG�� WKH� /DWLQ�
+\SHUFXEH� 6DPSOLQJ� �/+6�� PHWKRG� SURYLGHG� E\�
M(3OXV�ZDV�XVHG� WR�VHOHFW�D�UDQGRP�VDPSOH�RI�������
VLPXODWLRQ� VFHQDULRV�� 7KHVH� ������ FDVHV� ZHUH�
VLPXODWHG� WZLFH��ZLWK�GHWDLOHG�]RQLQJ�DQG�VLPSOLILHG�
]RQLQJ� UHVSHFWLYHO\�� 7KLV� DOORZV� XV� WR� FRPSDUH� WKH�
GLIIHUHQFH� EHWZHHQ� WZR� PRGHOOLQJ� DSSURDFKHV� FDVH�
E\�FDVH��

Detailed and simplified zoning 
,Q�PRGHOOLQJ�� WKH� QXPEHU� RI� ]RQHV� DQG� WKH� OHYHO� RI�
]RQH� GHWDLOV� LQFUHDVH� ERWK� PRGHO� SUHSDUDWLRQ� WLPH�
DQG� VLPXODWLRQ� WLPH�� =RQLQJ� LV� RIWHQ� QHFHVVDU\� IRU�
ODUJH� EXLOGLQJV�� VXFK� DV� RIILFHV�� VFKRROV� DQG�
KRVSLWDOV��)RU�GZHOOLQJV��KRZHYHU��WKH�OHYHO�RI�GHWDLOV�
UHTXLUHG�LV�VXEMHFW�WR�WKH�DSSOLFDWLRQV�RI�WKH�PRGHOV��
&UHDWLQJ� PRGHOV� HDVLO\� DQG� UDSLGO\� LV� XVHIXO� LQ� WKH�
HDUO\� GHVLJQ� VWDJH� RI� D� EXLOGLQJ�� RU� IRU� HQHUJ\�
HYDOXDWLRQ�RI�EXLOGLQJ�FOXVWHUV��VXFK�DV�DQ�XUEDQ�DUHD��
7KH�TXHVWLRQ�LV�KRZ�PXFK�VLPSOLILFDWLRQ�RI�]RQLQJ�LQ�
GRPHVWLF�KRXVH�PRGHOV�PD\�DIIHFW�PRGHO�DFFXUDF\��
7KH�ILYH�KRXVH�W\SHV�GHVFULEHG�DERYH�ZHUH�PRGHOOHG�
LQ�IXOO�]RQLQJ�GHWDLOV�ILUVW��(DFK�DQG�HYHU\�IXQFWLRQDO�
VSDFH�LQ�WKH�KRXVH�ZDV�GHILQHG�DV�D�VHSDUDWH�WKHUPDO�
]RQH�� ZKHUH� GLIIHUHQW� RFFXSDQF\� SDWWHUQV�� LQWHUQDO�
JDLQV� DQG� FRQWURO� VHWWLQJV� DSSO\�� 6LQFH� ZH� ZDQW� WR�
XVH� WKLV� FDVH� DV� DQ� H[DPSOH� RI� PD[LPXP� ]RQH�
VHSDUDWLRQ�� LQWHU�]RQDO� DLUIORZ� LV� SURKLELWHG� E\� QRW�
LQFOXGLQJ� KROHV� �GRRUV�� IRU� H[DPSOH�� LQ� SDUWLWLRQ�
ZDOOV�� 7KLV� FDQ� EH� VHHQ� DV� WKH� LQWHUQDO� GRRUV� LQ� WKH�
KRXVH�DUH�NHSW�VKXW�DW�DOO� WLPHV��)URP�)LJXUH����\RX�
FDQ� VHH� ILYH� ]RQH� W\SHV�GHILQHG� LQ� WKLV� VWXG\��7KHVH�
DUH�EHGURRP��FRUULGRU��EDWKURRP��NLWFKHQ�DQG�GLQLQJ��
DQG� ORXQJH� DUHD�� (DFK� EHGURRP� DOVR� KDV� LWV� RZQ�
QXPEHU� RI� RFFXSDQWV�� WKHUHIRUH� WKH� RFFXSDQF\�
GHQVLW\�YDULHV�EHWZHHQ�EHGURRP�]RQHV��GHSHQGLQJ�RQ�
WKHLU� IORRU�DUHDV�� ,Q� WKLV�ZD\��ZH�FDQ�PDNH� VXUH� WKH�
WRWDO� QXPEHU� RI� RFFXSDQWV� LQ� WKH� KRXVH� UHPDLQV� WKH�
VDPH�� GLVUHJDUGLQJ� ZKHWKHU� GHWDLOHG� RU� VLPSOLILHG�
]RQLQJ�LV�XVHG��
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7KH� WZR� GRPLQDQW� DFWLYLWLHV� LQ� WKH� GRPHVWLF� KRXVHV�
DUH� WKH� ORXQJH� ]RQHV� DQG� EHGURRP� ]RQHV�� 7KH�
RFFXSDQWV� VSHQG� PRVW� RI� WKHLU� WLPH� LQ� WKHVH� WZR�
]RQHV�ZKHQ�WKH\�DUH�DW�KRPH��'XH�WR�WKDW��WKH�PRGHOV�
ZLWK�VLPSOLILHG�]RQLQJ�DUH�FRPSRVHG�RI�ORXQJH�]RQHV�
DQG� EHGURRP� ]RQHV� RQO\�� (DFK� IORRU� RI� D� KRXVH� LV�
WUHDWHG� DV� D� VLQJOH� ]RQH�� HLWKHU� DV� D� ORXQJH� RU� DV� D�
EHGURRP��7KLV�PHWKRG�LV�FRQVLVWHQW�ZLWK�WKH�PHWKRGV�
IRXQG� LQ� PRVW� FRPPRQO\� XVHG� VWHDG\�VWDWH� HQHUJ\�
PRGHOV�VXFK�DV�%5('(0��$QGHUVRQ�DQG�&KDSPDQ��
�������:H�GLG�QRW�QRUPDOL]H� WKH�HTXLSPHQW�OLJKWLQJ�
GHQVLW\� RI� WKH� FRUUHVSRQGLQJ� ]RQH� W\SHV� WR� DFKLHYH�
HTXDO� WRWDO� JDLQV� LQ� ERWK� GHWDLOHG� DQG� VLPSOLILHG�
]RQLQJ�DSSURDFKHV��7KH�DVVXPSWLRQ� LV� WKDW�� WR�FUHDWH�
D�PRGHO�ZLWK�VLPSOLILHG�]RQLQJ�WKH�PRGHOOHU�GRHV�QRW�
KDYH� WR� KDYH� GHWDLOV� RQ� WKH� LQWHUQDO� OD\RXW� DQG� WKH�
DFWLYLWLHV� RI� WKH� VSDFHV� RWKHU� WKDQ� ORXQJH� DQG�

EHGURRPV��7KLV� QDWXUDOO\� FDXVHV� HUURU� LQ� WKH� RYHUDOO�
HTXLSPHQW�DQG� OLJKWLQJ�FRQVXPSWLRQ�FDOFXODWLRQV��DV�
VKRZQ�LQ�)LJXUH���EHORZ��

Building performance indicators 
7KH� SURSRVHG� PHWKRG� RI� PRGHO� VLPSOLILFDWLRQ� KDV�
OLWWOH� LPSDFW� RQ� FRQVWUXFWLRQ� FRVW� DQG� HPERGLHG�
FDUERQ� HPLVVLRQ� FDOFXODWLRQV� RI� WKH� EXLOGLQJ�� 7KH�
DYDLODELOLW\� RI� QDWXUDO� OLJKWLQJ� LV� GHWHUPLQHG� E\� WKH�
JHRPHWU\� RI� WKH� EXLOGLQJ� DQG� WKH� RSHQLQJ� LQ� WKH�
EXLOGLQJ� HQYHORSH�� WKHUHIRUH� LW� LV� QRW� DIIHFWHG� E\�
LQWHUQDO� OD\RXW�� +RZHYHU�� LQWHUQDO� SDUWLWLRQLQJ� DQG�
VSDFH� XVH� ZRXOG� KDYH� DQ� LPSDFW� RQ� OLJKWLQJ�
UHTXLUHPHQW�� ZKLFK� ZLOO� EH� FDSWXUHG� E\� WKH� FDUERQ�
HPLVVLRQ� IURP� HOHFWULFLW\� FRQVXPSWLRQ�� +HDWLQJ�
HQHUJ\�FRQVXPSWLRQ�RI�GZHOOLQJ�LV�D�PDLQ�FRQFHUQ�LQ�
WKH� 8.�� 7KHUPDO� FRPIRUW� LV� DQRWKHU� NH\� DUHD� RI�
LQWHUHVW�� HVSHFLDOO\� WKH� RYHUKHDWLQJ� ULVNV� GXULQJ� WKH�
VXPPHU��$V�D�UHVXOW�� WKH�NH\�SHUIRUPDQFH� LQGLFDWRUV�
RI� GRPHVWLF� KRXVHV� FDOFXODWHG� LQ� WKLV� VWXG\� DUH� WKH�
IROORZLQJ��
 $QQXDO� KHDWLQJ� HQHUJ\� GHPDQG�� QRUPDOL]HG� E\�

WRWDO� RFFXSLHG� IORRU� DUHD� RI� WKH� EXLOGLQJ�
>N:K�P��\U@�� ,GHDO� ORDG�KHDW� V\VWHP� LV� DVVXPHG�
LQ�DOO�EXLOGLQJ�PRGHOV��

 $QQXDO�RSHUDWLRQDO�FDUERQ�HPLVVLRQ��QRUPDOL]HG�
E\� WRWDO� RFFXSLHG� IORRU� DUHD� RI� WKH� EXLOGLQJ�
>NJ�P��\U@�� 7KLV� ILJXUH� LQFOXGHV� HOHFWULFDO�
HTXLSPHQW��LQFOXGLQJ�FRRNLQJ��DQG�OLJKWLQJ��DQG�
JDV�KHDWLQJ�HPLVVLRQV��

 2YHUKHDWLQJ� ULVN� >KU�\U@�� PHDVXUHG� E\� WKH� WRWDO�
QXPEHU� RI� RFFXSLHG� KRXUV� WKDW� LQWHUQDO�
WHPSHUDWXUH� LV� DERYH� FHUWDLQ� WKUHVKROG� LQ� HDFK�
]RQH��LQ�SDUWLFXODU�LQ�EHGURRPV�DQG�LQ�WKH�OLYLQJ�
DUHDV� LQ� WKLV� FDVH��7HPSHUDWXUHV� RYHU�ZKLFK� WKH�
RYHUKHDWLQJ� ULVN� ZHUH� FRXQWHG� ZHUH� VSHFLILHG�
EDVHG�RQ� WKH�EHQFKPDUN�YDOXHV�SUHVHQWHG� LQ� WKH�
&,%6(� *XLGH� $� �&,%6(�� ������ DQG� WKH�
7HFKQLFDO� 0DQXDO� ��� �&,%6(�� ������ DQG� WKHVH�
DUH� ���&� DQG� ���&� IRU� OLYLQJ� DUHDV� DQG�
EHGURRPV��UHVSHFWLYHO\��

 &ROOHFWLYH� RYHUKHDWLQJ� ULVN� >SHUVRQ� [� KU�\U@��
PHDVXUHG� E\� RFFXSLHG� KRXUV� PXOWLSOLHG� E\� WKH�

�
�

Figure 3 List of parameters 
�

�

�
�

Figure 4 Comparison of detailed zoning models and 
simplified zoning models  electricity consumption 
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QXPEHU� RI� RFFXSDQWV� LQ� WKH� FRUUHVSRQGLQJ� ]RQH�
GXULQJ� WKH� RYHUKHDWLQJ� SHULRG�� 7KH� FROOHFWLYH�
RYHUKHDWLQJ� ULVN� PHDVXUH� VKRZV� KRZ� PDQ\�
SHUVRQ�KRXUV� WKDW� RFFXSDQWV� VXIIHU� FROOHFWLYHO\�
IURP�RYHUKHDWLQJ��7KLV�ILJXUH�LV�FDOFXODWHG�XVLQJ�
(QHUJ\3OXV¶�(06�IXQFWLRQ��

5(68/76�
6FDWWHU� SORWV� LQ� )LJXUH� �� VKRZ� WKH� FRUUHODWLRQ�
EHWZHHQ� GHWDLOHG� ]RQLQJ� PRGHO� VLPXODWLRQ� RXWSXWV�
DQG� VLPSOLILHG� ]RQLQJ� PRGHO� VLPXODWLRQ� RXWSXWV��
3UHGLFWLRQV�RI�WKH�RYHUKHDWLQJ�ULVN�DQG�WKH�FROOHFWLYH�
RYHUKHDWLQJ�ULVN�SUHVHQWHG�LQ�FKDUWV�RQ�WKH�ULJKW�VLGH�
DUH� SORWWHG� XVLQJ� WKH� ORJDULWKPLF� VFDOH� VLQFH� WKH�
UDQJHV�RI�UHVXOWV�DUH�TXLWH�KLJK�ZKLOH�WKH�PDMRULW\�RI�
YDOXHV�DUH�DW� WKH� ORZHU�HQG��)URP�WKH�FKDUWV� LWVHOI� LW�
FDQ� EH� VHHQ� WKDW� VLPSOLILHG� ]RQLQJ� PRGHO� RXWSXWV�
FRUUHODWH� ZHOO� WR� GHWDLOHG� ]RQLQJ� PRGHO� RXWSXWV��
+RZHYHU��IXUWKHU�DQDO\VLV�LV�UHTXLUHG�WR�TXDQWLI\� WKH�
GLIIHUHQFH� LQ� VLPXODWLRQ� UHVXOWV� EHWZHHQ� WKHVH� WZR�
PRGHOOLQJ�DSSURDFKHV��

)ROORZLQJ� VWDWLVWLFDO� SDUDPHWHUV� ZHUH� FRPSXWHG� WR�
VXSSRUW� WKH� DQDO\VLV�� FRHIILFLHQW� RI� GHWHUPLQDWLRQ�
�R���� URRW�PHDQ� VTXDUH� HUURU� �RMSE��� FRHIILFLHQW� RI�
YDULDWLRQ�RI�RMSE��CV�RMSE����PHDQ�DEVROXWH�HUURU�
�|𝑒|തതതത��� ��WK� SHUFHQWLOH� RI� WKH� PHDQ� DEVROXWH� HUURU�
�|𝑒|ଽହ%���PHDQ�DEVROXWH�UHODWLYH�HUURU��|𝛿|തതതത��DV�ZHOO�DV�
��WK�DQG���WK�SHUFHQWLOHV�RI�WKH�PHDQ�DEVROXWH�UHODWLYH�
HUURU��|𝛿|ଽହ%�  |𝛿|଼଴%���&RHIILFLHQW�RI�GHWHUPLQDWLRQ�LV�

FRPSXWHG�DV�SUHVHQWHG�LQ�HTXDWLRQ����
�

𝑅ଶ = 1 − ∑ 𝑒௜ଶே
௜ୀଵ

∑ (𝑦௜ − 𝑦ത)ே
௜ୀଵ

�
�

����

:KHUH� 𝑦௜ � LV� WKH� REVHUYHG� YDOXH� �FDOFXODWHG� E\� WKH�
GHWDLOHG�]RQLQJ�PRGHO���𝑦ത�LV�WKH�PHDQ�RI�WKH�REVHUYHG�
YDOXHV� DQG� 𝑒௜� LV� WKH� HUURU� GHILQHG� DV� WKH� GLIIHUHQFH�
EHWZHHQ� WKH� REVHUYHG� YDOXH�𝑦௜ � DQG� DVVRFLDWHG� YDOXH�
SUHGLFWHG�E\�VLPSOLILHG�]RQLQJ�PRGHO�𝑦పෝ �DV�SUHVHQWHG�
LQ�HTXDWLRQ����
�

𝑒௜ = 𝑦௜ − 𝑦పෝ �
�

����

7KH�RMSE�LV�GHILQHG�DV�WKH�VTXDUH�URRW�RI�WKH�PHDQ�
VTXDUH� HUURU� �HTXDWLRQ� ���� ZKLOH� WKH� CV�RMSE�� LV�
GHILQHG�DV� WKH�RMSE�QRUPDOL]HG� WR� WKH�PHDQ�RI� WKH�
REVHUYHG�YDOXHV��HTXDWLRQ�����
�

𝑅𝑀𝑆𝐸 = ඩ1𝑁෍𝑒௜ଶ
ே

௜ୀଵ
�

�

����

𝐶𝑉(𝑅𝑀𝑆𝐸) = 𝑅𝑀𝑆𝐸
𝑦ത �

�

����
�

7KH� PHDQ� DEVROXWH� HUURU� LV� FRPSXWHG� WR� VKRZ� WKH�
RYHUDOO� GLIIHUHQFHV� EHWZHHQ� RXWSXWV� IURP� WKH�

�

�
�

Figure 5  Detailed zoning model vs. simplified zoning model simulation predictions 
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VLPSOLILHG� ]RQLQJ� PRGHO� DQG� RXWSXWV� IURP� WKH�
GHWDLOHG�]RQLQJ�PRGHO��HTXDWLRQ�����
�

|𝑒|തതതത = 1
𝑁෍|𝑒௜|

ே

௜ୀଵ
�

�

����

7KH� UHODWLYH� HUURUV� EHWZHHQ� WZR� VLPXODWLRQ� RXWSXWV�
GDWDVHWV� ZHUH� FRPSXWHG� WR� SURYLGH� DGGLWLRQDO�
LQIRUPDWLRQ�DERXW� WKH�DFFXUDF\�RI�VLPSOLILHG�PRGHOV�
DOWKRXJK� WKLV� DSSURDFK� KDV� OLPLWDWLRQV� VLQFH�
UHODWLYHO\� VPDOO� DEVROXWH� HUURUV� FDQ� FDXVH� ODUJH�
UHODWLYH� HUURUV�� 1HYHUWKHOHVV�� WKH� PHDQ� DEVROXWH�
UHODWLYH�HUURU�LV�FDOFXODWHG�DV�SUHVHQWHG�LQ�HTXDWLRQ���
�PXOWLSOLHG�E\�����WR�SUHVHQW�LW�LQ�SHUFHQWDJHV���
�

|𝛿|തതതത = 1
𝑁෍ฬ𝑒௜𝑦௜

ฬ
ே

௜ୀଵ
· 100�

�

����

7DEOH���VKRZV�WKH�VXPPDU\�RI�VWDWLVWLFDO�SDUDPHWHUV�
IRU�HDFK�RI�IRXU�VLPXODWLRQ�RXWSXWV��KHDWLQJ�GHPDQG��
&2�� HPLVVLRQV�� RYHUKHDWLQJ� ULVN�� DQG� FROOHFWLYH�
RYHUKHDWLQJ� ULVN��� ,W� FDQ� EH� VHHQ� WKDW� WKH� PHDQV� RI�
ERWK� VDPSOHV� �RXWSXWV� IURP� GHWDLOHG� ]RQLQJ� PRGHOV�
DQG�VLPSOLILHG�]RQLQJ�PRGHOV��DUH�YHU\�FORVH�WR�HDFK�
RWKHU��H[FHSW�LQ�WKH�FDVH�RI�WKH�FROOHFWLYH�RYHUKHDWLQJ�
ULVN�� &RHIILFLHQW� RI� GHWHUPLQDWLRQ� LV� VOLJKWO\� DERYH�
���� IRU� ERWK� &2�� HPLVVLRQV� DQG� FROOHFWLYH�
RYHUKHDWLQJ� ULVN�� ZKLOH� IRU� WKH� KHDWLQJ� GHPDQG� LV�
�����DQG�IRU�WKH�RYHUKHDWLQJ�ULVN�LV�������7KH�KHDWLQJ�
GHPDQG� RMSE� LV� ���� N:K�P��\U� ZKLOH� WKH� &2��
HPLVVLRQV�RMSE�LV������NJ�P��\U��7KLV�UHVXOWV�LQ�WKH�
FRHIILFLHQW� RI� YDULDWLRQ� RI� RMSE� RI� RQO\� ���� DQG�
���� UHVSHFWLYHO\�� 2Q� WKH� RWKHU� KDQG�� RYHUKHDWLQJ�
ULVN�DQG�FROOHFWLYH�RYHUKHDWLQJ�ULVN�URRW�PHDQ�VTXDUH�
HUURUV�DUH�PXFK�KLJKHU��

0HDQ� DEVROXWH� HUURUV� RI� DOO� DQDO\VHG� RXWSXWV� DUH�
UHODWLYHO\� VPDOO�� ,Q� DGGLWLRQ�� WKH� ��WK� SHUFHQWLOHV� RI�
PHDQ�DEVROXWH�HUURU�VKRZ�WKH�VDPH�WUHQG��7KH�YDOXH�
RI� ���� IRU� WKH� FROOHFWLYH� RYHUKHDWLQJ� ULVN� PLJKW�
VRXQG�TXLWH�KLJK�EXW�WKH�UDQJH�LV�DOVR�ODUJH��

7KH� UHODWLYH� HUURUV� DQDO\VLV� JLYHV� PRUH� LQIRUPDWLRQ�
DERXW� WKH� VLPSOLILHG� ]RQLQJ� PRGHOV� DFFXUDF\�� ,W� LV�
LPSRUWDQW� WR� PHQWLRQ� WKDW� WKH� RYHUKHDWLQJ� ULVN� DQG�
FROOHFWLYH� RYHUKHDWLQJ� ULVN� UHODWLYH� HUURUV� ZHUH�
DGMXVWHG� E\� LQWURGXFLQJ� WKH� PLQLPXP� RI� ���
RYHUKHDWLQJ� KRXUV�� ZKLFK� PHDQV� WKDW� DOO� UHFRUGV� LQ�
WKH� VLPXODWLRQV� RXWSXWV� ORZHU� WKDQ� ��� KRXUV� ZHUH�
UHSODFHG� ZLWK� ��� KRXUV� �RU� ��� KRXU� [� SHUVRQ��� %\�
LQWURGXFLQJ�WKLV�DUWLILFLDO�ORZHU�HQG��ZH�ZHUH�DEOH�WR�
SDUWLDOO\�PLWLJDWH� WKH� VHQVLWLYLW\�ZKLFK� UHODWLYH� HUURU�
KDV�ZKHQ�WKH�GHQRPLQDWRU�LV�D�VPDOO�QXPEHU��
7KH�PHDQ�DEVROXWH�UHODWLYH�HUURUV�IRU�KHDWLQJ�GHPDQG�
DQG� &2�� HPLVVLRQV� DUH� DURXQG� ����� IRU� WKH�
RYHUKHDWLQJ� ULVN�DERXW������ZKLOH� IRU� WKH�FROOHFWLYH�
RYHUKHDWLQJ�ULVN� LV�VOLJKWO\� ODUJHU�DQG�DPRXQWV�FORVH�
WR��������WK�SHUFHQWLOHV�RI�WKH�DEVROXWH�UHODWLYH�HUURU�
VKRZ�WKDW�WKH�VLPSOLILHG�]RQLQJ�PRGHOV�SUHGLFWLRQ�RI�
KHDWLQJ� GHPDQG� DQG� &2�� HPLVVLRQV� LV� DFFHSWDEOH�
ZLWK� ������ DQG� ���� UHODWLYH� HUURUV� UHVSHFWLYHO\��
2SSRVLWH� WR� WKLV�� RYHUKHDWLQJ� ULVN� DQG� FROOHFWLYH�
RYHUKHDWLQJ�ULVN�KDYH�PXFK�KLJKHU���WK�SHUFHQWLOHV�RI�
DEVROXWH� UHODWLYH�HUURUV��������DQG��������(YHQ� WKH�
��WK� SHUFHQWLOHV� IRU� WKHVH� WZR� RXWSXWV� DUH� ODUJH��
KDYLQJ� ���� DEVROXWH� UHODWLYH� HUURU� IRU� IRUPHU� DQG�
����DEVROXWH�UHODWLYH�HUURU�IRU�ODWWHU��

',6&866,21�
7KH�PDLQ�EHQHILW�RI�VLPSOLILHG�PRGHOV�LV�WKDW�WKH�ERWK�
SUHSDUDWLRQ� WLPH� DQG� VLPXODWLRQ� WLPH� FDQ� EH�
FRQVLGHUDEO\� VKRUWHQHG��:KLOH� LW�PD\�EH�GLIILFXOW� WR�
HYDOXDWH�DFFXUDWHO\�WKH�PRGHOOLQJ�WLPH��ZKLFK�ODUJHO\�
GHSHQGV�RQ�PRGHOV�DQG�XVHUV¶�VNLOOV��WKH�IDFW�WKDW�WKH�
UHTXLUHG� ]RQH� W\SHV� DUH� UHGXFHG� IURP� ILYH� WR� WZR��
WKHUHIRUH�UHPRYH�WKH�QHHG�IRU�VSHFLI\LQJ�RFFXSDQF\��
HTXLSPHQW� DQG� OLJKWLQJ� VFKHGXOHV� DQG� +9$&� VHW�
SRLQWV� IRU� WKUHH� ]RQH� W\SHV�� LV� VLJQLILFDQW�� 0RUH�
LPSRUWDQWO\��WKH�VLPSOLILHG�PRGHOV�GR�QRW�UHTXLUH�WKH�
LQWHUQDO�OD\RXWV�RI�WKH�EXLOGLQJV�WR�EH�NQRZQ��ZKLFK�
RSHQV�GRRU�WR�DXWRPDWHG�PRGHO�FUHDWLRQ�E\�ERXQGDU\�
JHRPHWU\�DORQH��
2Q�WKH�RWKHU�KDQG��VDYLQJ� LQ� VLPXODWLRQ� WLPH�FDQ�EH�
HDVLO\�PHDVXUHG�� )LJXUH� �� VKRZV� WKH� FRPSDULVRQ� RI�

�

Table 2 Statistical measures of simplified  zoning model outputs when 
compared to detailed  zoning model outputs 

�

 
HEATING 
DEMAND 

CO2 EMISSIONS OVERHEATING 
RISK 

COLLECTIVE 
OVERHEATING 

RISK 
0HDQ�±�GHWDLOHG� ������ ������ ������ �������
0HDQ�±�VLPSOLILHG� ������ ������ ������ �������
R�� ����� ����� ����� �����
RMSE ����� ����� ������ �������
CV�RMSE�� ����� ����� ����� �����
|𝑒|തതതത� ����� ����� ������ ������
|𝑒|ଽହ%� ������ ����� ������ �������
|𝛿|തതതത� ������ ����� ������ ������
|𝛿|ଽହ%� ������ ������ ������ ������
|𝛿|଼଴%� ������ ������ ������ ������

�
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VLPXODWLRQ� WLPHV� RI� WKH� GHWDLOHG� ]RQLQJ� PRGHOV� DQG�
WKH� VLPSOLILHG� ]RQLQJ� PRGHOV� XVLQJ� ER[� SORWV�� ,W� LV�
FOHDU�WKDW�WKH�DYHUDJH�VLPXODWLRQ�WLPH��RQ�,QWHO�;HRQ�
(����� SURFHVVRUV�� RI� WKH� GHWDLOHG� ]RQLQJ� PRGHOV� LV�
������VHFRQGV��ZKLOH� WKH�DYHUDJH� VLPXODWLRQ� WLPH�RI�
WKH� VLPSOLILHG� ]RQLQJ� PRGHOV� LV� ����� VHFRQGV�� 7KH�
WRWDO� VLPXODWLRQ� WLPH� IRU� ������ (QHUJ\3OXV�
VLPXODWLRQV�LV������&38�KRXUV�IRU�WKH�GHWDLOHG�]RQLQJ�
PRGHOV�� DQG� ����� &38� KRXUV� IRU� WKH� VLPSOLILHG�
]RQLQJ� PRGHOV�� %\� VLPSOLI\LQJ� ]RQLQJ�� WKH�
FRPSXWLQJ�FRVW�LV�UHGXFHG�E\������
7KH� HUURUV� FDOFXODWHG� IURP� FRPSDULQJ� VLPSOLILHG�
]RQLQJ� WR� GHWDLOHG� ]RQLQJ� DSSURDFKHV�� LQGLFDWH� WKH�
UHODWLYHO\� ORZ� LPSDFW� RI� ]RQLQJ� VLPSOLILFDWLRQ� RQ�
KHDWLQJ� HQHUJ\� FRQVXPSWLRQ� DQG� RYHUDOO� FDUERQ�
HPLVVLRQ� RI� WKH� KRXVHV�� 0HDQ� �DEVROXWH�� UHODWLYH�
HUURUV�DFURVV�GLYHUVH�EXLOGLQJ�PRGHOV� LQ�YDULRXV�8.�
FOLPDWLF� FRQGLWLRQV� DUH� ������ IRU� KHDWLQJ� DQG� �����
IRU� WRWDO� &2�� HPLVVLRQ�� UHVSHFWLYHO\��7KH� HUURUV� FDQ�
EH�ODUJHO\�H[SODLQHG�E\�WKH�GLIIHUHQFH�LQ�WRWDO�LQWHUQDO�
JDLQV� DQG� HOHFWULFLW\� FRQVXPSWLRQ� IURP� HTXLSPHQW�
DQG�OLJKWLQJ��6RPH�HIIRUW�LQ�PDWFKLQJ�HTXLSPHQW�DQG�
OLJKWLQJ� JDLQV� LQ� GHWDLOHG� DQG� VLPSOLILHG� PRGHOV�
ZRXOG�KHOS�LQ�UHGXFLQJ�WKH�HUURUV��

�)RU�WKHUPDO�FRPIRUW�DQG�RYHUKHDWLQJ�HYDOXDWLRQ��WKH�
VLWXDWLRQ� LV� PRUH� FRPSOLFDWHG�� )RU� WKH� VLPSOH�
RYHUKHDWLQJ�KRXUV�DERYH�WKUHVKROG�LQ�RFFXSLHG�]RQHV�
�ORXQJH�DQG�EHGURRPV���]RQLQJ�VLPSOLILFDWLRQ�UHVXOWV�
LQ�IHZHU�ODUJH�]RQHV�LQ�WKH�PRGHO��ZKLFK�KHOS�UHGXFH�
WKH� IUHTXHQF\� WKDW� RYHUKHDWLQJ� KDSSHQV�� +RZHYHU��
ZKHQ�WKH�QXPEHU�RI�RFFXSDQWV�LQ�HDFK�]RQH�LV�WDNHQ�
LQWR� DFFRXQW�� WKH� WUHQG� LV� UHYHUVHG�� =RQLQJ�
VLPSOLILFDWLRQ� FDXVHV� PRUH� SHUVRQV� VXIIHU� IURP�
RYHUKHDWLQJ�� FRPSDUHG� WR� GHWDLOHG� ]RQLQJ��:K\� WKLV�
SKHQRPHQRQ� VKRXOG� KDSSHQ� GHVHUYHV� IXUWKHU�
LQYHVWLJDWLRQ�� 2Q� WKH� RWKHU� KDQG�� ZH� KDYH� WR� DGPLW�
WKDW�ZH�KDYH� QRW� IRXQG� WKH�PRVW� VXLWDEOH�PHWULF� IRU�
HYDOXDWLQJ�WKHUPDO�FRPIRUW�OHYHO�LQ�GZHOOLQJV��DV� WKH�
$6+5$(� ��� FRPIRUW� VWDQGDUG� FDOFXODWHG� E\�
(QHUJ\3OXV�GRHV�QRW�DSSO\� WR�GRPHVWLF�DSSOLFDWLRQV��
)XUWKHU�UHVHDUFK�LQ�WKLV�DUHD�LV�QHFHVVDU\��
:KHWKHU� RU� QRW� ]RQLQJ� VLPSOLILFDWLRQ� FDQ� EH� XVHG�
GHSHQGV�RQ� WKH� DSSOLFDWLRQV��)RU� VWRFN�PRGHOOLQJ�RI�
KHDWLQJ� DQG� HOHFWULFLW\� FRQVXPSWLRQV� LQ� GZHOOLQJV��
VLPSOH� VWHDG\�VWDWH� PRGHOV� �VXFK� DV� %5('(0�� DUH�

W\SLFDOO\�XVHG��6WHDG\�VWDWH�PRGHOV� FDQQRW�EH� HDVLO\�
SRUWHG�WR�GLIIHUHQW�DSSOLFDWLRQV�EH\RQG�WKHLU�RULJLQDO�
SXUSRVH� DQG� PRGHOOLQJ� FRQWH[W�� )RU� H[DPSOH�� WKH\�
PD\� QRW� EH� VXLWDEOH� IRU� DQDO\VLQJ� GZHOOLQJV� LQ� D�
GLIIHUHQW� FOLPDWLF� ]RQH�� RU� WR� LQFRUSRUDWH� D� GLIIHUHQW�
DVVXPSWLRQ� RQ� RFFXSDQWV¶� EHKDYLRXU�� '\QDPLF�
PRGHOV� FDQ� UHYHDO� PXFK� PRUH� GHWDLOV� RI� EXLOGLQJ�
SHUIRUPDQFH� WKDQ� VWHDG\�VWDWH� PRGHOV�� 6XFK� GHWDLOV�
ZLOO�KHOS�GHVLJQHUV�DQG�VWDNHKROGHUV�DOLNH�XQGHUVWDQG�
EHWWHU� WKHLU� EXLOGLQJV�� DQG� H[SHULPHQW� LQ� GLIIHUHQW�
VFHQDULRV�� VXFK� DV� DSSO\LQJ� GLIIHUHQW� UHWURILWWLQJ�
VWUDWHJLHV� DQG� HQHUJ\� FRQVHUYDWLRQ� PHDVXUHV�� DQG�
LQYHVWLJDWLQJ�WKH�LPSDFW�RI�FOLPDWH�FKDQJH��
5HDGHUV�RI� WKLV�SDSHU� VKRXOG�QRWH� WKDW� LQ� WKLV� VWXG\��
³H[WUHPH´� FDVHV� DUH� XVHG� WR� FRQWUDVW� VLPSOLILHG�
]RQLQJ�PHWKRG�DJDLQVW�GHWDLOHG�]RQLQJ��)RU�H[DPSOH��
LW� LV� H[WUHPHO\� UDUH� LQ� DQ\� UHVLGHQFH� WKDW� GRRUV� DUH�
NHSW� VKXW� DOO� WKH� WLPH�� WKHUHIRUH� SUHYHQW� DLU�
FLUFXODWLRQ�EHWZHHQ� ]RQHV�� ,I� VRPH�DPRXQW�RI� LQWHU�
]RQDO�FLUFXODWLRQ�LV�DOORZHG��WHPSHUDWXUH�GLVWULEXWLRQ�
LQ�WKH�KRXVH�ZLOO�EH�PRUH�XQLIRUP�FRPSDUHG�WR�ZKDW�
WKH� GHWDLOHG� PRGHOV� SUHGLFW�� 7KLV� ZLOO� FRQVHTXHQWO\�
UHGXFH�RYHUKHDWLQJ�ULVN��
7KH�VHFRQG�SRLQW�UHDGHUV�VKRXOG�DZDUH�LV�WKDW�ZH�GR�
QRW� DVVXPH� WKDW� PRGHOV� ZLWK� GHWDLOHG� ]RQLQJ� DUH�
FORVHU�UHSUHVHQWDWLRQ�RI�UHDOLW\��LQ�RWKHU�ZRUGV��PRUH�
DFFXUDWH� WKDQ� VLPSOLILHG� ]RQLQJ�� ,Q� UHDO� ZRUOG�
DSSOLFDWLRQV�� XQFHUWDLQW\� H[LVWV� LQ� LQWHUQDO� OD\RXWV��
RFFXSDQF\� VFKHGXOHV� DQG�RWKHU� ]RQH�VSHFLILF� LQSXWV��
$VVXPSWLRQV�DQG�JXHVV�ZRUNV�DUH�FRPPRQ�IRU�ILOOLQJ�
LQ�PLVVLQJ�GHWDLOV��8QIRUWXQDWHO\��ZH�KDYH�QRW�IRXQG�
DQ\� XQFHUWDLQW\� DQDO\VLV� LQ� WKLV� DUHD� IURP� OLWHUDWXUH��
$V� D� UHVXOW�� ZKHWKHU� RU� QRW� ���� UHODWLYH� HUURU� LV�
DFFHSWDEOH�FDQQRW�EH�DQVZHUHG�DW� WKLV� VWDJH��)XUWKHU�
UHVHDUFK�LV�UHTXLUHG��

&21&/86,21�
7KLV� SDSHU� DQDO\VHG� WKH� LPSDFW� RI� GRPHVWLF� KRXVH�
PRGHOV� VLPSOLILFDWLRQ� RQ� DQQXDO� KHDWLQJ� GHPDQG��
RSHUDWLRQDO� FDUERQ� HPLVVLRQ� DQG� RYHUKHDWLQJ� ULVN� LQ�
GZHOOLQJV�� )LUVWO\�� GHWDLOHG� PRGHOV� RI� ILYH� KRXVH�
GHVLJQV� ZHUH� GHYHORSHG� WR� IRUP� WKH� EDVH�PRGHOV� LQ�
WKLV�VWXG\��(DFK�IXQFWLRQDO�VSDFH�LQ�WKHVH�PRGHOV�ZDV�
GHILQHG�DV�DQ�LQGLYLGXDO�WKHUPDO�]RQH�ZLWK�DVVRFLDWHG�
RFFXSDQF\� SDWWHUQV�� LQWHUQDO� JDLQV� DQG� FRQWURO�
VHWWLQJV�� 0RGHOV� ZHUH� WKHQ� VLPSOLILHG� E\� WUHDWLQJ�
HDFK�IORRU�RI�D�KRXVH�DV�D�VLQJOH�WKHUPDO�]RQH��HLWKHU�
ORXQJH� RU� EHGURRP�� 7KHVH� WZR� ]RQH� W\SHV� ZHUH�
VHOHFWHG�GXH�WR�WKH�RFFXSDQWV�VSHQG�WKH�PRVW�RI�WKHLU�
WLPH�LQ�WKHP��
'LYHUVLW\� RI� WKH� GRPHVWLF� EXLOGLQJ� VWRFN� ZDV�
FDSWXUHG� E\� YDU\LQJ� D� ODUJH� VHW� RI� SDUDPHWHUV�
LQFOXGLQJ�WKH�VLWH��RULHQWDWLRQ��FRQVWUXFWLRQ�HOHPHQWV��
DFWLYLW\� OHYHOV�� RSHUDWLRQDO� VSHFLILFDWLRQV�� HWF��� WR�
PHQWLRQ� MXVW� D� IHZ�� $� UDQGRP� VDPSOH� RI� ������
VLPXODWLRQ� VFHQDULRV� ZDV� VHOHFWHG� IURP� WKH� ODUJH�
VLPXODWLRQ�VSDFH��§�����[��������6DPSOHG�FDVHV�ZHUH�
VLPXODWHG�ZLWK�ERWK�GHWDLOHG�DQG�VLPSOLILHG�]RQLQJ�LQ�
RUGHU�WR�HYDOXDWH�VLPXODWLRQ�RXWSXWV�RQ�D�FDVH�E\�FDVH�
EDVLV��

�
�

Figure 6  Simulations computational time 
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7KH� UHVXOWV� ZHUH� DQDO\VHG� XVLQJ� WKH� GHVFULSWLYH�
VWDWLVWLFV�� 0HDQ� DEVROXWH� UHODWLYH� HUURUV� EHWZHHQ�
GHWDLOHG�]RQLQJ�PRGHOV�DQG�VLPSOLILHG�]RQLQJ�PRGHOV�
DUH� ��� IRU� DQQXDO� RSHUDWLRQDO� FDUERQ� HPLVVLRQV��
������ IRU� DQQXDO� KHDWLQJ� GHPDQG� DQG� ���� IRU�
RYHUKHDWLQJ�ULVN��7KH�FROOHFWLYH�RYHUKHDWLQJ�ULVN�KDV�
D� VOLJKWO\� ODUJHU� PHDQ� DEVROXWH� UHODWLYH� HUURU� ZKLFK�
DPRXQWV��������:KHWKHU�RU�QRW�WKHVH�UHODWLYH�HUURUV�
DUH� DFFHSWDEOH� LV� GHEDWDEOH�� WKH� FOHDU� EHQHILW� RI�
VLPSOLILHG� ]RQLQJ� PRGHOV�� ZKLFK� LV� D� UHGXFHG�
SUHSDUDWLRQ� DQG� VLPXODWLRQ� WLPH�� VKRXOG� QRW� EH�
TXHVWLRQDEOH��%\�VLPSOLI\�]RQLQJ��WKH�VLPXODWLRQ�WLPH�
GHFUHDVHV�E\�����RQ�DYHUDJH��
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