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$%675$&7�
'HVLJQHUV� FDQ� XVH� QDWXUDO� YHQWLODWLRQ� WR� UHGXFH�
EXLOGLQJ� HQHUJ\� XVH� DQG� LPSURYH� RFFXSDQW� FRPIRUW��
7KLV�VWXG\�DLPV�WR�SURYLGH�JXLGDQFH�IRU�GHVLJQHUV�RI�
QDWXUDOO\� YHQWLODWHG� EXLOGLQJV� RQ� WKH� LPSDFW� YDULRXV�
GHVLJQ� SDUDPHWHUV� KDYH� RQ� QDWXUDO� YHQWLODWLRQ�
SHUIRUPDQFH���
:H�PRGHOOHG� D� QDWXUDOO\� YHQWLODWHG� UHIHUHQFH� RIILFH�
EXLOGLQJ�� XQGHU� D� UDQJH� RI� FOLPDWH� FRQGLWLRQV� DQG�
YHQWLODWLRQ� VWUDWHJLHV�� :H� SHUIRUPHG� D� VHQVLWLYLW\�
DQDO\VLV� RI� D� UDQJH� RI� XQNQRZQ� GHVLJQ� SDUDPHWHUV�
XVHG�LQ�WKH�HDUO\�GHVLJQ�VWDJH���
7KH� UHVXOWV� XQGHUOLQH� WKH�PRVW� LPSRUWDQW�SDUDPHWHUV�
DQG� WKHLU� HIIHFW� RQ� QDWXUDO� YHQWLODWLRQ� VWUDWHJLHV� LQ�
GLIIHUHQW� FOLPDWH� W\SHV�� 2I� WKH� SDUDPHWHUV� DVVHVVHG��
DLUIORZ�QHWZRUN�SDUDPHWHUV� KDG� WKH�PRVW� VLJQLILFDQW��
LPSDFW� RQ� LPSURYH� WKHUPDO� FRPIRUW�� (QYHORSH�
FKDUDFWHULVWLFV� ZHUH� IRXQG� WR� KDYH� D� VLJQLILFDQW�
LPSDFW� DOVR� RQ� QLJKW� FRROLQJ� VWUDWHJLHV� LQ� FOLPDWHV�
ZLWK�ODUJH�GLXUQDO�VZLQJ��
7KH� UHVXOWV� VKRZHG� D� GRPLQDQW� LQIOXHQFH� RI� WKH�
SDUDPHWHUV� WKDW� GLUHFWO\� LPSDFW� VRODU� DQG� LQWHUQDO�
JDLQV�RQ�QDWXUDO�YHQWLODWLRQ�SHUIRUPDQFH��
4XDQWLWDWLYH�PHDVXUHV�RI�WKH� LPSDFW�RI�YDULRXV�LQSXW�
SDUDPHWHUV�DUH�SUHVHQWHG�KHUH�ZKLFK��ZLWK�WKH�XVH�RI�
G\QDPLF�EXLOGLQJ�VLPXODWLRQ��FDQ�EH�XVHG�WR�VXSSRUW�
QDWXUDO�YHQWLODWLRQ�GHVLJQ��

,1752'8&7,21�
1DWXUDO� YHQWLODWLRQ� RIIHUV� SRWHQWLDO� EHQHILWV� WR�
EXLOGLQJ� RZQHUV� DQG� RSHUDWRUV�� ERWK� LQ� WHUPV� RI�
UHGXFHG� HQHUJ\� XVH�� UHVXOWLQJ� LQ� ORZHU� RSHUDWLQJ�
FRVWV�� DQG� LPSURYHG� RFFXSDQW� VDWLVIDFWLRQ��+RZHYHU�
WKH�SHUIRUPDQFH�RI�DQ\�QDWXUDO�YHQWLODWLRQ�VWUDWHJ\�LV�
KLJKO\�GHSHQGHQW�RQ�IDFWRUV�WKDW�DUH�GHFLGHG�RQ�HDUO\�
LQ� WKH� GHVLJQ� SURFHVV�� 0DQ\� RI� WKH� NH\� GHVLJQ�
GHFLVLRQV�� LQFOXGLQJ� WKH� DVSHFW� UDWLR� RI� D� � EXLOGLQJ��
WKH� SUHVHQFH� RI� FRXUW\DUGV� RU� DWULXPV�� DQG� WKH� VL]H�
DQG� ORFDWLRQV� RI� ZLQGRZV� DQG� RSHQLQJV�� KDYH� D�
VLJQLILFDQW� LPSDFW� RQ� ZKHWKHU� RU� QRW� QDWXUDO�
YHQWLODWLRQ� LV� IHDVLEOH�� 7R� H[SORLW� LWV� IXOO� SRWHQWLDO��
QDWXUDO� YHQWLODWLRQ� GHVLJQ� KDV� WR� EH� FRQVLGHUHG�
WKURXJKRXW� WKH�FRPSOHWH�GHVLJQ�SURFHVV��SDUWLFXODUO\�
LQ�HDUO\�GHVLJQ�VWDJHV���
'\QDPLF� EXLOGLQJ� VLPXODWLRQ� WRROV� FDQ� EH� DSSOLHG�
GXULQJ� HDUO\� GHVLJQ� SKDVHV� WR� LQIRUP� QDWXUDO�
YHQWLODWLRQ�GHVLJQ�DQG�WHVW�GHVLJQ�VWUDWHJLHV��&RXSOHG�

EXLOGLQJ� HQHUJ\� DQG� DLUIORZ� VLPXODWLRQ� VRIWZDUH��
VXFK� DV� (QHUJ\3OXV� FDQ� EH� XVHG� WR� VLPXOWDQHRXVO\�
PRGHO� EXLOGLQJ� HQHUJ\� XVH�� QDWXUDO� YHQWLODWLRQ�
DLUIORZ��DQG�RFFXSDQW�FRPIRUW��2IWHQ�KRZHYHU�PDQ\�
RI�WKH�EXLOGLQJ�GHVLJQ�SDUDPHWHUV�WKDW�LPSDFW�QDWXUDO�
YHQWLODWLRQ� SHUIRUPDQFH�� DUH� QRW� GHILQHG� GXULQJ� WKH�
HDUO\� GHVLJQ� VWDJHV�� 7KLV� XQFHUWDLQW\� SUHVHQWV� D�
VLJQLILFDQW� FKDOOHQJH� IRU� VLPXODWLRQ� HQJLQHHU� ZKHQ�
PRGHOLQJ�SRWHQWLDO�YHQWLODWLRQ�VWUDWHJLHV���
3DUDPHWULF� DQDO\VLV� FDQ� EH� XVHG� WR� VRPH� H[WHQW� WR�
JLYH�D�UDQJH�RI�SRWHQWLDO�RXWFRPHV�JLYHQ�XQFHUWDLQW\�
LQ�WKH�PRGHO�LQSXW�SDUDPHWHUV���+RZHYHU�SHUIRUPLQJ�
D� SDUDPHWULF� DQDO\VLV� WKDW� LQFOXGHV� DOO� RI� WKH�
XQNQRZQ�GHVLJQ�SDUDPHWHUV�UHTXLUHV�VLJQLILFDQW�WLPH�
DQG� UHVRXUFHV�� 6HYHUDO� SULRU� VWXGLHV� KDYH� DWWHPSWHG�
WR� LGHQWLI\� ZKLFK� VLPXODWLRQ� SDUDPHWHUV� KDYH� WKH�
PRVW� LPSDFW� RQ� EXLOGLQJ� SHUIRUPDQFH� �'RPÕQJXH]�
0XQR]� )��� ������ �+RSIH� &��� ������ �%UHHVFK� +���
������ �'H� :LW� 6��� ������� 7KHVH� VWXGLHV� IRFXVHG�
SULPDULO\� RQ� VLPXODWLRQ� YDULDEOHV� UDWKHU� WKDQ� WKH�
EXLOGLQJ� GHVLJQ� SDUDPHWHUV� WKDW� DUH� OLNHO\� WR� HYROYH�
WKURXJKRXW�WKH�GHVLJQ�SURFHVV��1R�SULRU�VWXGLHV�KDYH�
EHHQ� LGHQWLILHG� WKDW� IRFXV� RQ� WKH� XQFHUWDLQW\� LQ�
EXLOGLQJ� HQHUJ\� PRGHOV� WKDW� DUH� FRXSOHG� ZLWK� DQ�
DLUIORZ�QHWZRUN�PRGHO��
7KLV�VWXG\�DLPV�WR�SURYLGH�JXLGDQFH�IRU�GHVLJQHUV�RI�
QDWXUDOO\� YHQWLODWHG� QRQ�UHVLGHQWLDO� EXLOGLQJV� RQ� WKH�
LPSDFW� YDULRXV� GHVLJQ� SDUDPHWHUV� KDYH� RQ� QDWXUDO�
YHQWLODWLRQ�SHUIRUPDQFH��:H� SHUIRUPHG�D� VHQVLWLYLW\�
DQDO\VLV� RQ� NH\� GHVLJQ� SDUDPHWHUV� WKDW� FDQQRW� EH�
FOHDUO\� VSHFLILHG� GXULQJ� HDUO\� GHVLJQ� VWDJHV�� WKHVH�
LQFOXGH�� LQWHUQDO� DQG� VRODU� JDLQV�� HQYHORSH�
FKDUDFWHULVWLFV� DQG� ZLQGRZ� JHRPHWU\� DQG� RSHQLQJ�
W\SH�� 7KH� UHVXOWV� RI� WKLV� ZRUN� FDQ� EH� DSSOLHG� WR�
VXSSRUW� QDWXUDO� YHQWLODWLRQ� GHVLJQ� XVLQJ� EXLOGLQJ�
VLPXODWLRQ��

0(7+2'�
Reference building 
7KH�VHQVLWLYLW\�DQDO\VLV�LV�SHUIRUPHG�RQ�D�IRXU�VWRUH\�
RIILFH� EXLOGLQJ� QRUWK�VRXWK� RULHQWHG�� LQWHQGHG� WR� EH�
UHSUHVHQWDWLYH� RI� D� W\SLFDO� (XURSHDQ� PHGLXP� VL]HG�
RIILFH�� �7KH�EXLOGLQJ� OD\RXW� LV�V\PPHWULF�DURXQG� WKH�
FHQWUDO�VWDLUZD\�DQG�VHUYLFHV���
)LJXUH� �� VKRZV� WKH� SODQ� YLHZ� RI� RQH� RI� WKH� IRXU�
VWRULHV�� (DFK� IORRU� KDV� IRXU� RSHQ� SODQ� RIILFH� ]RQHV�
FRQQHFWHG� WKURXJK� YHQWV� WR� WKH� VWDLUZHOO� SDVVLYH�
VWDFN��$Q�RSHQLQJ�DW� WKH�JURXQG�IORRU� �DQG�RSHQLQJV�
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RQ� WKH� URRI� DOORZ� WKH� VWDFN� HIIHFW�� 7DEOH� �� JLYHV�
JHRPHWULF�FKDUDFWHULVWLFV�RI�WKH�EXLOGLQJ�DQG�)LJXUH���
VKRZV�WKH�EXLOGLQJ�PRGHO�LQ�6NHWFKXS��

Table 1  
Building geometry characteristics. 
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Figure 1 Building plan view. 

 

�
Figure 2 Building model geometry. 

 

(DFK�ZLQGRZ� IUDPH� KDV� WZR� SDQHV�� WKH� OHIW� RQH� IRU�
QDWXUDO� YHQWLODWLRQ�DQG� WKH� ULJKW�RQH� IRU�GD\OLJKWLQJ��
2YHUKDQJV� KDYH� EHHQ� DGGHG� WR� WKH� VRXWK� IDoDGH� WR�
UHGXFH�WKH�VRODU�JDLQV�GXULQJ�VXPPHU��
$XWRPDWLFDOO\� FRQWUROOHG�ZLQGRZV� KDYH� EHHQ� DGGHG�
WR� WKH� VRXWK� DQG� QRUWK� IDoDGH�� 9HQWV� EHWZHHQ� WKH�
KDOOZD\V�DQG�WKH�RIILFHV�DOORZ�DLU�PRYHPHQW�HYHQ�LI�
WKH�GRRUV�DUH�FORVHG��

Modelling method 
:H�PRGHOOHG�WZR�FRPPRQO\�XVHG�SDVVLYH�YHQWLODWLRQ�
VWUDWHJLHV� XVLQJ� WKH� PXOWL�]RQH� DLUIORZ� QHWZRUN�
PRGHO� ZLWK� WKH� (QHUJ\3OXV� EXLOGLQJ� HQHUJ\�
VLPXODWLRQ� SURJUDP�� QLJKW� VWDFN� GULYHQ� FURVV�
YHQWLODWLRQ��WR�UHGXFH�FRROLQJ�QHHGV��6WUDWHJ\�$���DQG�
ZLQG� GULYHQ� FURVV� YHQWLODWLRQ� GXULQJ� WKH� GD\�� WR�
LPSURYH�WKHUPDO�FRPIRUW��6WUDWHJ\�%���
,Q�6WUDWHJ\�$��ZH�DVVXPH�ZLQGRZV�DUH�FORVHG�GXULQJ�
RIILFH� KRXUV�� DQG� WKDW� FRROLQJ� ORDGV� DUH� PHW� XVLQJ�
PHFKDQLFDO� FRROLQJ�� :LQGRZV� DQG� YHQWV� RSHQ�
DXWRQRPRXVO\� LI� WKH� LQGRRU� WHPSHUDWXUH� H[FHHGV�
���&�� DOORZLQJ� QLJKW�WLPH� IUHH� FRROLQJ� WKURXJK� WKH�
VWDLUZHOO�SDVVLYH�VWDFN��7KH�PRGHOOHG�VWUDWHJ\�YDULHV�
WKH� RSHQLQJ� DUHD� GHSHQGLQJ� RQ� WKH� LQVLGH�RXWVLGH�
WHPSHUDWXUH� GLIIHUHQFH�� LQ� RUGHU� WR� UHGXFH� WKH�
SRVVLEO\� ODUJH� IOXFWXDWLRQV� LQ� WHPSHUDWXUH�� :H�

PRGHOOHG� VWDLUZHOO� SDVVLYH� VWDFN� DV� IRXU� YHUWLFDOO\�
VWDFNHG� ]RQHV� FRQQHFWHG� WR� HDFK� RWKHU� WKURXJK�
KRUL]RQWDO� RSHQLQJV� DQG� WR� WKH� RIILFH� IORRUV� WKURXJK�
YHQWV���
,Q� 6WUDWHJ\� %�� ZH� DVVXPH� ZLQGRZV� DUH� RSHUDWHG�
GXULQJ� QRUPDO� RIILFH� KRXUV� E\� RFFXSDQWV� EDVHG� RQ�
WKHLU� WKHUPDO� FRPIRUW�� :KHQ� ZLQGRZV� DUH� LQ� XVH��
YHQWLODWLRQ� FRROLQJ� LV� SURYLGHG� YLD� QDWXUDOO\� GULYHQ�
FURVV� YHQWLODWLRQ�� 7KH� PRGHOOHG� FRQWURO� VWUDWHJ\� LV�
EDVHG� RQ� &(1� ������ DGDSWLYH� FRPIRUW� PRGHO� DQG�
DOORZV�ZLQGRZ�RSHQLQJ�GXULQJ� WKH�GD\� LI� WKH� LQGRRU�
RSHUDWLYH� WHPSHUDWXUH� LV� JUHDWHU� WKDQ� WKH� DGDSWLYH�
FRPIRUW� WHPSHUDWXUH�� :H� DVVXPHG� LQ� WKLV� FDVH� WKDW�
WKH� EXLOGLQJ� LV� LQ� IUHH�UXQQLQJ� PRGH� ZLWK� QR�
PHFKDQLFDO�KHDWLQJ�RU�FRROLQJ����
)RU�ERWK�VLPXODWLRQ�VFHQDULRV�ZH�XVHG�ZLQG�SUHVVXUH�
FRHIILFLHQWV� IURP� WKH� $,9&� GDWDVHW� IRU� VHPL�
VKHOWHUHG� ORZ�ULVH� UHFWDQJXODU� EXLOGLQJV� �/LGGDPHQW�
0�:����������:H�PRGHOOHG�XQLQWHQWLRQDO� LQILOWUDWLRQ�
E\� DSSO\LQJ� (TXLYDOHQW� DLU� /HDNDJH� $UHDV� �(/$V��
HYHQO\�RYHU�WKH�H[WHULRU�HQYHORSH�VXUIDFH�DUHD�RI�WKH�
EXLOGLQJ�PRGHO���
:H� DSSOLHG� IRXU� GLIIHUHQW� (/$V� GHULYHG� IURP� WKH�
IRXU�FODVVLILFDWLRQV�RI�EXLOGLQJ�HQYHORSH�SHUIRUPDQFH�
VSHFLILHG� LQ� WKH� .OLPD+DXV� EXLOG� UHJXODWLRQV�� � :H�
FDOFXODWHG� (/$V� IURP� WKH� PD[LPXP� $&+� DW� ���
3DVFDOV�� DV� GHILQHG� LQ� .OLPD+DXV�� XVLQJ� WUDQVODWLRQ�
HTXDWLRQV�GHILQHG�LQ�$6+5$(��7&����������
:LQGRZ�SRVLWLRQ�DQG�GLPHQVLRQ�ZHUH�QRW�FRQVLGHUHG�
YDULDEOHV��:H�GHYHORSHG�KRXUO\�OLJKWLQJ�VFKHGXOHV�WR�
UHSUHVHQW� WKH�XVH�RI�DUWLILFLDO� OLJKWLQJ��:H�JHQHUDWHG�
WKHVH� VFKHGXOHV� E\� ILUVW� SHUIRUPLQJ� D� EXLOGLQJ�
VLPXODWLRQ� UXQ� XVLQJ� WKH�GD\OLJKWLQJ� FRQWUROV� RSWLRQ�
LQ� (QHUJ\3OXV�� 7KLV� RSWLRQ� XVHV� WKH� DQWLFLSDWHG�
DYDLODELOLW\�RI�GD\OLJKW�FRPLQJ�WKURXJK�WKH�ZLQGRZV��
WR� PRGHUDWH� HOHFWULF� OLJKWLQJ� RQ� QHHGHG� EDVLV��
3HUIRUPLQJ�EXLOGLQJ� VLPXODWLRQV�XVLQJ� WKLV� RSWLRQ� LV�
FRPSXWDWLRQDOO\� FRVWO\�� DQG� VR� WKLV� RSWLRQ�ZDV� RQO\�
XVHG� WR� JHQHUDWH� RXU� HOHFWULF� OLJKW� XVDJH� VFKHGXOHV��
6LPXODWLRQV� SHUIRUPHG� IRU� RXU� SDUDPHWULF� DQDO\VLV�
XVHG�(QHUJ\3OXV¶V�)XOO([WHULRU�VKDGLQJ�PRGH�ZKLFK�
DVVXPHV� QR� GD\OLJKWLQJ� PRGHOHG�� UHVXOWLQJ� LQ�
VLJQLILFDQWO\� TXLFNHU� VLPXODWLRQ� UXQ� WLPHV��:H� XVHG�
��� PLQXWH� VLPXODWLRQ� UXQ� WLPH� VWHSV� EDVHG� RQ�
DQDO\VLV� E\� �=KDL� -��� ������ WKDW� GHPRQVWUDWHG� ���
PLQXWH� WLPH� VWHSV�ZHUH� VXIILFLHQW� WR� WKH� FRXSOLQJ�RI�
DLUIORZ�DQG�WKHUPDO�PRGHOV��

Parameter selection and variable range 
assessment 
2XU� VHQVLWLYLW\� DQDO\VLV� WRRN� LQWR� DFFRXQW� RQO\�
XQFHUWDLQ� EXLOGLQJ� SURSHUWLHV� GXH� WR� ODFN� RI�
LQIRUPDWLRQ� GXULQJ� HDUO\� GHVLJQ� VWDJH�� ,QSXW�
SDUDPHWHUV� WKDW� ZHUH� SULPDULO\� VLPXODWLRQ�
HQYLURQPHQWV� SDUDPHWHUV� �L�H�� FRQYHFWLRQ�
FRHIILFLHQWV�� ]RQH� DLU� KHDW� EDODQFH� DOJRULWKP�� ZHUH�
QRW�YDULHG�LQ�RXU�DQDO\VLV��DV�WKHVH�W\SH�RI�SDUDPHWHUV�
ZRXOG� W\SLFDOO\� UHPDLQ� FRQVWDQW� WKURXJKRXW� WKH�
GHVLJQ�SURFHVV���
:H� DVVLJQHG� YDOXH� UDQJHV� IRU� WKH� HQYHORSH� WKHUPDO�
LQVXODWLRQ��DLU�WLJKWQHVV��(/$��DQG�GHQVLW\�EDVHG�RQ�D�
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FRPELQDWLRQ� RI� EXLOGLQJ� UHJXODWLRQV� �'�/JV����������
HQHUJ\� SHUIRUPDQFH� UHTXLUHPHQWV� �.OLPD+DXV�
HQHUJ\� FHUWLILFDWLRQ�� DQG� WHFKQLFDO� IHDVLELOLW\�� )RU�
LQVWDQFH�� WKH� XSSHU� ERXQG�8�YDOXH� ZDV� WKH�8�YDOXH�
UHTXLUHG� E\� WKH� ORFDO� EXLOGLQJ� UHJXODWLRQ� DQG� WKH�
ORZHU� ERXQG� ZDV� VHW� E\� WDNLQJ� LQWR� DFFRXQW� WKH�
WHFKQLFDO� DQG� HFRQRPLF� IHDVLELOLW\� RI� WKH� HQYHORSH�
FRQVWUXFWLRQ���

Table 2  
Input parameter variables 

 DESCRIPTION MIN MAX 

)�� ([WHULRU�ZDOO�LQVXODWLRQ�
WKLFNQHVV�>P@� ���� �����

)�� ([WHULRU�URRI�LQVXODWLRQ�
WKLFNQHVV�>P@� ����� �����

)�� ([WHULRU�ZLQGRZ�8�YDOXH�
>:�Pð.@� ���� ����

)�� ([WHULRU�ZLQGRZ�6RODU�+HDW�
*DLQ�&RHIILFLHQW��6+*&�� ���� ����

)�� ([WHULRU�ZDOO�GHQVLW\�>NJ�P�@� ���� ����

)�� 6ODE�GHQVLW\�>NJ�P�@� ���� ����

)�� 2YHUKDQJ�GHSWK�>P@� ���� ����

)�� ,QVLGH�UHYHDO�GHSWK�>P@� �� �����

)�� 3HRSOH�IUDFWLRQ�UDGLDQW� ���� ����

)��� /LJKWV�IUDFWLRQ�UDGLDQW� ����� �����

)��� (IIHFWLYH�/HDNDJH�$UHD� ���� ��

)��� :LQGRZ�RSHQLQJ�IDFWRU� ���� ��

)��� :LQGRZ�GLVFKDUJH�FRHIILFLHQW� ���� ����

)��� 9HQW�GLVFKDUJH�FRHIILFLHQW� ���� ����

)��� 1XPEHU�RI�SHRSOH�SHU�=RQH� �� ���

)��� /LJKWLQJ�:DWWV�SHU�=RQH�)ORRU�
$UHD�>:�Pð@� �� ���

)��� (OHFWULF�HTXLSPHQW�:DWWV�SHU�
=RQH�)ORRU�$UHD�>:�Pð@� �� ���

)���
:LQG�YHORFLW\�SURILOH��
([SRQHQW�Į��%RXQGDU\�OD\HU�
WKLFNQHVV�į�>P@�

Į �����
į ����

Į �����
į ����

�
:H� YDULHG� HOHFWULFDO� HTXLSPHQW� JDLQV� DQG� OLJKWLQJ�
JDLQV�EHWZHHQ�WKH�PRVW�HIILFLHQW�HTXLSPHQW�DYDLODEOH�
RQ� WKH� PDUNHW� �/('� OLJKWLQJ� DQG� QHZ� HOHFWULFDO�
HTXLSPHQW�� DQG� D� UHIHUHQFH� RQH� EDVHG� RQ� WKH� (8�
WHFKQLFDO�EDFNJURXQG�UHSRUW�RQ�LQGRRU�OLJKWLQJ��%5(��
�������:H� YDULHG� WKH� QXPEHU� RI� SHRSOH� LQ� WKH� ]RQH�
DVVXPLQJ� WZR� GLIIHUHQW� RIILFH� OD\RXWV�� RSHQ� VSDFH�
������P²�S��DQG�VLQJOH�RIILFH�������P²�S���6,$������

������� 7KLV� UHVXOWHG� LQ� DYHUDJH� GDLO\� WRWDO� LQWHUQDO�
JDLQV�RI�EHWZHHQ����:�Pð�DQG����:�Pð��:H�YDULHG�
WKH�SHRSOH�IUDFWLRQ�UDGLDQW��$6+5$(��������DQG�WKH�
OLJKWV� IUDFWLRQ� UDGLDQW�� WDNLQJ� LQWR� DFFRXQW� GLIIHUHQW�
OXPLQDLUH�FRQILJXUDWLRQV��,(6���������
:H�YDULHG�WKH�VKDGLQJ�RYHUKDQJV��LQVLGH�UHYHDO�GHSWK�
DQG� VRODU� KHDW� JDLQ� FRHIILFLHQWV� DV� SHU� 7DEOH� ���
9DULDWLRQ� LQ� WKHVH� WKUHH� SDUDPHWHUV� LPSDFWHG� WKH�
LQWHUQDO� VRODU�KHDW� JDLQV�� ,Q�DGGLWLRQ��ZH�DOVR�YDULHG�
WKH� ZLQGRZ� DQG� YHQW� RSHQLQJ� IDFWRUV� DQG� WKHLU�
GLVFKDUJH�FRHIILFLHQWV��.DUDYD�3����������9DULDWLRQ�LQ�
WKHVH� SDUDPHWHUV� ZDV� EDVHG� RQ� W\SLFDO� ZLQGRZ�
SHUIRUPDQFH�� UHSUHVHQWDWLYH� RI� D� UDQJH� RI� GLIIHUHQW�
ZLQGRZ� W\SHV�� RSHUDWLRQ� DQG� ZLQG� GLUHFWLRQ�� :H�
FRQVLGHUHG�GLIIHUHQW�ZLQG�YHORFLW\�SURILOHV�EDVHG�RQ�
WKH� UDWLRQDOH� WKDW� WKH� ORFDWLRQ� RU� RULHQWDWLRQ� RI� WKH�
EXLOGLQJ� PLJKW� EH� VXEMHFW� WR� FKDQJH� GXULQJ� HDUO\�
GHVLJQ� VWDJH�� ZKLFK� ZH� FRQVLGHUHG� OLNHO\� WR� LPSDFW�
FRROLQJ�ORDGV���
7DEOH� �� OLVWV� DOO� WKH� FRQVLGHUHG� YDULDEOHV� DQG� WKHLU�
UDQJHV��
%HFDXVH� WKH� SULQFLSOH� REMHFWLYH� RI� 6WUDWHJ\� $� LV� WR�
SURYLGH� VSDFH�FRROLQJ��ZH�XVHG� WKH�FRROLQJ� ORDGV�DV�
RXU�PHWULF� WR� DVVHVV� WKH� SHUIRUPDQFH�� ,Q� 6WUDWHJ\�%�
QR� FRROLQJ� V\VWHP� ZDV� PRGHOOHG�� WKHUHIRUH� RXU�
PHWULF� RI� SHUIRUPDQFH� ZDV� WKH� QXPEHU� RI�
FRPIRUWDEOH� RFFXSLHG� KRXUV�� :H� FDOFXODWHG� WKH�
FRPIRUW� KRXUV� EDVHG� RQ� WKH� WKUHH� FDWHJRULHV� RI���
DGDSWLYH�FRPIRUW�GHVFULEHG�LQ�WKH�(XURSHDQ�6WDQGDUG�
(1������������
�
�

Climate dependency 
3ULRU�ZRUN�E\��=KDL�-���������LQGLFDWHG�WKDW�VLPXODWHG�
EXLOGLQJ�SHUIRUPDQFH�LV�VLJQLILFDQWO\�LPSDFWHG�E\�WKH�
XVH� RI� ORFDOO\� PHDVXUHG� ZHDWKHU�� DV� FRPSDUHG� WR�
ZHDWKHU� VWDWLRQ� GDWD�� =KDL� UHFRPPHQGV� WKH� XVH� RI�
ORFDO� ZHDWKHU� GDWD� ZKHQ� DYDLODEOH�� SDUWLFXODUO\� IRU�
EXLOGLQJV� ZLWK� KLJK� VRODU� JDLQV�� � :H� SHUIRUPHG�
SDUDPHWULF� DQDO\VLV� XVLQJ� WKUHH� GLIIHUHQW� ZHDWKHU�
ILOHV�� %RO]DQR�� 3DOHUPR� DQG� 6DQ� )UDQFLVFR� �'2(��
��������

�
Figure 3 Day-night temperature difference and solar 

radiation of the three selected locations. 
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)LJXUH� �� FRPSDUHV� DYHUDJH� GD\�QLJKW� WHPSHUDWXUH�
GLIIHUHQFHV�DQG�VRODU�UDGLDWLRQ�LQ�WKH�WKUHH�ORFDWLRQV��
%RO]DQR�UHSUHVHQWV�D�W\SLFDO�FRQWLQHQWDO�FOLPDWH�ZLWK�
ODUJH�GLXUQDO� VZLQJ�DQG� ORZ�ZLQG�VSHHG� �VHH�)LJXUH�
���� 3DOHUPR� UHSUHVHQWV� D� W\SLFDO� 0HGLWHUUDQHDQ�
FOLPDWH�ZLWK�KRW�VXPPHUV�DQG�ORZ�ZLQG�EUHH]HV��VHH�
)LJXUH� ���� 6DQ� )UDQFLVFR� KDV� PLOG� VXPPHUV� DQG�
KLJKHU�ZLQG�VSHHGV��VHH�)LJXUH�����
�

 

�
Figure 4 Wind rose for the Bolzano climate. 

 

�
Figure 5 Wind rose for the Palermo climate. 

 

�
Figure 6 Wind rose for the San Francisco climate. 

 

Limitations 
2XU� EXLOGLQJ� PRGHO� DVVXPSWLRQV� VKRXOG� EH�
FRQVLGHUHG� ILUVW� EHIRUH� DSSO\LQJ� WKHVH� VWXG\� UHVXOWV��
WR�UHDO�EXLOGLQJ�QDWXUDO�YHQWLODWLRQ�GHVLJQ��
,Q� (QHUJ\3OXV�� WKHUPDO� ]RQHV� DUH� FRQVLGHUHG� ZHOO�
PL[HG� ]RQHV�� DVVXPHG� WR� KDYH� XQLIRUP� WHPSHUDWXUH�

DQG� SUHVVXUH� YDU\LQJ� K\GURVWDWLFDOO\�� 7KHUHIRUH�
WHPSHUDWXUH� VWUDWLILFDWLRQ� LV� QRW� PRGHOOHG� ZLWKLQ� DQ�
DLUIORZ� QHWZRUN� ]RQH�� $V� ORQJ� DV� WKH� ]RQH� FHLOLQJ�
KHLJKW� LV� DURXQG� ��P�� WKLV� DVVXPSWLRQ� LV� FRQVLGHUHG�
UHDVRQDEOH���
7KH� VWDLUZHOO� SDVVLYH� VWDFN� PRGHOOLQJ� PHWKRG� LV�
EDVHG�RQ�WKH�DSSURDFK�XVHG� LQ�SULRU�VWXGLHV��+HQVHQ�
-��� ������� EXW� KDV� QRW� EHHQ� LQGHSHQGHQWO\�
H[SHULPHQWDOO\�YDOLGDWHG�E\�RXU�WHDP���
7KH� FRQYHFWLRQ� PRGHO� XVHG� LQ� WKH� DQDO\VLV� LV� QRW�
RSWLPDO� IRU� XVH� ZLWK� SDVVLYH� FRROLQJ� VWUDWHJLHV�
EHFDXVH� FRQYHFWLRQ� FRHIILFLHQWV� DUH� LQGLUHFWO\�
SUHGHILQHG� E\� WKH� DGDSWLYH� FRQYHFWLRQ� DOJRULWKP�
�%HDXVROHLO�0RUULVRQ�,����������$V�LQ�DQ�HDUO\�GHVLJQ�
VWDJH� QR� RWKHU� WRROV� DUH� DYDLODEOH�� RXU� XVH� RI� WKH�
DGDSWLYH� FRQYHFWLRQ� DOJRULWKP� FDQ� EH� FRQVLGHUHG�
YDOLG��
2XU�DQDO\VLV�ZDV�SHUIRUPHG�RQ�D�UHFWDQJXODU�EXLOGLQJ�
ZLWK� D� VLQJOH� RULHQWDWLRQ�� DQG� VR� ZH� ZHUH� DEOH� WR�
PDNH� XVH� RI� SXEOLVKHG� ZLQG� SUHVVXUH� FRHIILFLHQWV��
7KH� UHVXOWV� RI� WKH� DQDO\VLV� FDQ� EH� FRQVLGHUHG�
JHQHUDOL]DEOH� WR� RWKHU� UHFWDQJXODU� EXLOGLQJV�� EXW�
FRXOG� EH� LQDSSURSULDWH� IRU� DOWHUQDWLYH� EXLOGLQJ�
JHRPHWULHV�RU�RULHQWDWLRQV���
%XON� DLUIORZ� PRGHO� GRHV� QRW� FRQVLGHU� WKH� LQWHUQDO�
VSDFH� OD\RXW�� ,QWHUQDO�ZDOOV�DQG�IXUQLWXUH�PD\�DIIHFW�
WKH�QDWXUDO�YHQWLODWLRQ�SHUIRUPDQFH��'HVLJQHUV�VKRXOG�
FRQVLGHU� WKH� LPSDFW� WKLV�PD\�KDYH�RQ� OLPLWLQJ� FURVV�
YHQWLODWLRQ�GXULQJ�WKH�HDUO\�GHVLJQ�VWDJHV��

Sensitivity analysis method 
:H� SHUIRUPHG� D� VHQVLWLYLW\� DQDO\VLV� XVLQJ� WKH�
(OHPHQWDU\�(IIHFWV�PHWKRG�GHVFULEHG� LQ� �6DOWHOOL�$���
�������7KLV�PHWKRG�GHWHUPLQHV�ZKLFK�LQSXW�YDULDEOHV�
KDYH� QHJOLJLEOH�� OLQHDU� RU� QRQOLQHDU� HIIHFW� RQ� WKH�
REMHFWLYH�ZLWK� D� UHODWLYHO\� VPDOO� QXPEHU�RI� VDPSOHV�
�FRPELQDWLRQV�RI�LQSXW�YDOXHV����
5DWKHU� WKDQ� WHVWLQJ� DOO� SRVVLEOH� FRPELQDWLRQV� RI� WKH�
LQSXW� SDUDPHWHUV�� WKH� ((� PHWKRG� VHOHFWV�
UHSUHVHQWDWLYH� FRPELQDWLRQV� RI� LQSXW� SDUDPHWHUV� WR�
WHVW��*URXSV�RI�FRPELQDWLRQV�RI�LQSXW�SDUDPHWHUV�DUH�
FDOOHG� ³WUDMHFWRULHV´�� 7\SLFDOO\� WKH� QXPEHU� RI�
FRPELQDWLRQV� LQ� HDFK� WUDMHFWRU\� LV� HTXDO� WR� WKH�
QXPEHU�RI�WHVW�SDUDPHWHUV�SOXV����:LWKLQ�D�WUDMHFWRU\��
HDFK�FRPELQDWLRQ�RI�WHVW�SDUDPHWHUV�GLIIHUV� IURP�WKH�
SUHYLRXV�E\�FKDQJLQJ�RQO\�RQH�SDUDPHWHU�HDFK�WLPH��
)RU�D�GHWDLOHG�H[SODQDWLRQ�RI�WKH�SDUDPHWHU�VHOHFWLRQ�
SURFHVV�VHH��6DOWHOOL�$�����������
7KH� ((� PHWKRG� VXEGLYLGHV� WKH� YDULDEOH� UDQJHV� RI�
HDFK� LQSXW� SDUDPHWHU� LQWR� HTXDO� LQWHUYDOV� RI� HTXDO�
VL]H�� 7KH� ERXQGDULHV� RI� WKHVH� LQWHUYDOV� DUH� FDOOHG�
OHYHOV�� )RU� RXU� SDUDPHWULF� DQDO\VLV�� ZH� XVHG� IRXU�
OHYHOV��WKUHH�LQWHUYDOV���EDVHG�RQ�ZRUN�E\�6DOWHOOL�WKDW�
VKRZHG� WKH� IRXU� OHYHOV� KDYH� HTXDO� SUREDELOLW\� RI�
EHLQJ� VHOHFWHG��:KHQ� DSSO\LQJ� WKH� ((� PHWKRG�� WKH�
GLVFUHWH�SUREDELOLW\�GLVWULEXWLRQ�IRU�HDFK�IDFWRU�FDQ�EH�
XVHU�GHILQHG��:H�KDYH�VHOHFWHG�XQLIRUP�GLVWULEXWLRQV�
IRU�DOO�LQSXW�SDUDPHWHUV��EHFDXVH�ZH�FRQVLGHU�HDFK�RI�
WKH� YDOXHV� WR� EH� HTXDOO\� OLNHO\� LQ� DQ� HDUO\� GHVLJQ�
VWDJH�SKDVH���
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:KHQ� WZR� FRPELQDWLRQV� RI� VHTXHQWLDO� LQSXW�
SDUDPHWHUV� ZLWKLQ� D� WUDMHFWRU\� DUH� VLPXODWHG�� RQO\�
RQH�YDULDEOH�ZLOO�GLIIHU�EHWZHHQ�WKHP��WKH�GLIIHUHQFH�
LQ� WKH� RXWSXW� EHWZHHQ� WKHVH� WZR� UXQV� LV� XVHG� WR�
FDOFXODWH�D�PHWULF�FDOOHG� WKH� HOHPHQWDU\�HIIHFW� �((���
7KH� HOHPHQWDU\� HIIHFW� �((�� LV� GHILQHG� IRU� WKH� LWK�
SDUDPHWHU��RQ�WKH�NWK�LQSXW�DQDO\VHG�DV���
�

  
ǻ

�[\�[�����[ǻ�[�[�����[\(( N�LL�L�
L


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ZKHUH�;L����L� �������N��UHSUHVHQWV�WKH��LQSXW�SDUDPHWHUV�
DQG�<� WKH�RXWSXW� UHVXOWV� IRU� WKH� VHOHFWHG�SDUDPHWHUV�
FRPELQDWLRQ��S�LV�WKH�QXPEHU�RI�OHYHOV�DQG�ǻ�LV�HTXDO�
WR�>S�����S���@��
7KH�((�RI�D�IDFWRU�GHSHQGV�DOVR�RQ�WKH�YDOXHV�RI�WKH�
RWKHU� IDFWRUV�� 7KH� VHQVLWLYLW\� PHDVXUHV� SURSRVHG� E\�
�6DOWHOOL�$���������DUH�WKH�PHDQ��(T������WKH�VWDQGDUG�
GHYLDWLRQ��(T�����DQG�WKH�PHDQ�RI�WKH�DEVROXWH�YDOXHV�
RI�WKH�HOHPHQWDU\�HIIHFWV��(T������
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ȝ
� TXDQWLILHV� WKH� LQIOXHQFH� RI� WKH� IDFWRU� RQ� WKH�
REMHFWLYH�� 3DUDPHWHU� UDQNLQJ� LV� EDVHG� RQ� WKHVH�
YDOXHV��
+LJK�YDOXHV�RI�ı�GHPRQVWUDWH�WKDW�WKH�IDFWRU�LQWHUDFWV�
ZLWK�RWKHU�YDULDEOHV�DQG�KDV�D�QRQOLQHDU�HIIHFW�RQ�WKH�
REMHFWLYH��/RZ�YDOXHV�RI�ȝ�� DVVRFLDWHG�ZLWK�KLJK�ȝ
�
YDOXHV�� LQGLFDWHV� WKDW� WKHUH� LV� QR� GLUHFW� FRUUHODWLRQ�
EHWZHHQ� WKLV� LQSXW� YDOXH� DQG� WKH� RXWSXW� YDOXH��
:KHWKHU�WKLV�IDFWRU�KDV�D�QHJDWLYH�RU�SRVLWLYH�LPSDFW�
RQ� WKH� RXWSXW� GHSHQGV� RQ� YDOXH� RI� WKH� RWKHU�
VLJQLILFDQW�IDFWRUV��,I�ȝ�LV�HTXDO�WR�ȝ
��DQ�LQFUHDVH�RI�
WKH�IDFWRU�FRUUHVSRQGV�WR�DQ�LQFUHDVH�LQ�WKH�RXWSXW��,I�
ȝ�LV�HTXDO�WR�ȝ
�LQ�PDJQLWXGH�EXW�WKH\�KDYH�RSSRVLWH�
VLJQV�� DQ� LQFUHDVH� RI� WKH� IDFWRU� FRUUHVSRQGV� WR� D�
GHFUHDVH�LQ�WKH�RXWSXW��
:H� ZURWH� SDUDPHWHU� VHOHFWLRQ� FRGH� LQ� 3\WKRQ� WKDW�
JHQHUDWHV�����WUDMHFWRULHV�FRQVLVWLQJ�RI����SRLQWV��WKH�
QXPEHU� RI� LQSXW� IDFWRUV� SOXV� RQH��� GUDZV� ���
WUDMHFWRULHV� IURP� WKH� ���� DYDLODEOH� ���� WLPHV� DQG�
VHOHFWV�WKH����WKDW�DUH�IDUWKHVW�DPRQJ�HDFK�RWKHU��7KLV�
SURFHGXUH�JXDUDQWHHV�D�JRRG�H[SORUDWLRQ�RI�WKH�ZKROH�
GHVLJQ� VSDFH��7KHQ�� WKH� DOJRULWKP�FRPSXWHV����((V�
IRU� HDFK� LQSXW� SDUDPHWHUV�� )LQDOO\�� WKH� VHQVLWLYLW\�
VWDWLVWLFV�DUH�FDOFXODWHG��:H�UXQ�VLPXODWLRQV�ZLWK�WKH�
VHOHFWHG�SDUDPHWHU�FRPELQDWLRQV�E\�PHDQV�RI�M(3OXV�
�'U� <L� =KDQJ�� ������� DQ� (QHUJ\3OXV� VKHOO� IRU�
SDUDPHWULF�VWXGLHV��

7KH� ILUVW� HOHPHQWDU\� HIIHFWV� DQDO\VLV� LQYROYHG� �����
VLPXODWLRQV� DQG� VKRZHG� WKDW� WKH� VRODU� DQG� LQWHUQDO�
JDLQV�DUH�WKH�PRVW�LQIOXHQWLDO�SDUDPHWHUV��
7KHUHIRUH��ZH�SHUIRUPHG�D�VHFRQG�HOHPHQWDU\�HIIHFWV�
DQDO\VLV� ����� VLPXODWLRQV�� IL[LQJ� LQWHUQDO� DQG� VRODU�
JDLQV� WR� WKH� ORZHVW� UHDVRQDEOH� DPRXQW� WR� EHWWHU�
GHWHUPLQH� WKH� LQIOXHQFH� RI� WKH� RWKHU� SDUDPHWHUV��
7DEOH��� OLVWV� WKH�YDOXHV� WKDW�KDYH�EHHQ�IL[HG�IRU� WKLV�
VHFRQG�URXQG�RI�SDUDPHWULF�DQDO\VLV��
�

Table 3  
Input parameter values that have been fixed for the 

second analysis 
� DESCRIPTION VALUE 

)�� ([WHULRU� :LQGRZ� 6RODU� +HDW� *DLQ�
&RHIILFLHQW� ����

)�� 2YHUKDQJ�GHSWK�>P@� ����

)��� 1XPEHU�RI�SHRSOH�SHU�=RQH� ���

)��� /LJKWLQJ�:DWWV� SHU� =RQH� )ORRU�$UHD�
>:�Pð@� ��

)��� (OHFWULF� HTXLSPHQW� :DWWV� SHU� =RQH�
)ORRU�$UHD�>:�Pð@� ��

�

5(68/76�$1'�',6&866,21�
7KH� JUDSKV� LQ� )LJXUH� �� WR� )LJXUH� ��� FRPSDUH� WKH�
VWDWLVWLFDO� LQGLFDWRUV� FRPSXWHG� E\� WKH� ILUVW�
(OHPHQWDU\� (IIHFW� DQDO\VLV�� 7KH� LQIOXHQFH�
SHUFHQWDJHV� DUH� EDVHG�RQ� WKH�ȝ
� UHVXOWV��7KH�JUDSKV�
VKRZ�VLPLODU�WHQGHQFLHV�LQ�DOO�WKH�FRQVLGHUHG�FOLPDWH�
FRQGLWLRQV�DQG�YHQWLODWLRQ�VWUDWHJLHV��7KH�SDUDPHWHUV�
DIIHFWLQJ�VRODU�DQG�LQWHUQDO�JDLQV��)���)���)����KDYH�
D� GRPLQDQW� LQIOXHQFH� RQ� QDWXUDO� YHQWLODWLRQ�
SHUIRUPDQFH�� ,Q� )LJXUH� �� DQG�)LJXUH� ���� WKH� KLJK� ı�
YDOXHV�IRU�SDUDPHWHUV�)���)���IRU�WKH�6DQ�)UDQFLVFR�
ZHDWKHU� VXJJHVWV� WKDW� WKH� LPSDFW� WKH� LQWHUQDO� ORDGV�
KDYH� RQ� FRPIRUW� LV� VWURQJO\� LQIOXHQFHG� E\� WKH�
VHOHFWHG� YDOXHV� RI� WKH� RWKHU� �QRQ�ORDG�� SDUDPHWHUV��
7KH� SRVLWLYH� ȝ� PHDQV� WKDW� DQ� LQFUHDVH� RI� LQWHUQDO�
JDLQV�LPSURYHV�FRPIRUW�FRQGLWLRQV�IRU�RXU�6WUDWHJ\�%�
VFHQDULR� EHFDXVH� RI� WKH� ORZHU� RXWGRRU� WHPSHUDWXUHV�
LQ� 6DQ� )UDQFLVFR�� 2Q� WKH� FRQWUDU\�� LQ� 3DOHUPR�
FRPIRUW�FDQ�EH�LPSURYHG�E\�GHFUHDVLQJ�ERWK�LQWHUQDO�
DQG�VRODU�JDLQV��
)URP� )LJXUH� �� ZH� VHH� WKDW� WKH� ZLQGRZ� GLVFKDUJH�
FRHIILFLHQW� �)���� IRU� 3DOHUPR� KDV� D� QRWDEO\� KLJKHU�
UHODWLYH� LPSDFW� RQ� WKH� QXPEHU� RI� FRPIRUW� KRXUV��
FRPSDUHG�WR�WKH�RWKHU�WZR�FOLPDWHV��:H�WKHRUL]H�WKDW�
WKLV� LV� EHFDXVH� WKH� IRUFHV� WKDW� GULYH� QDWXUDO�
YHQWLODWLRQ� �ZLQG� VSHHG�� LQGRRU�RXWGRRU� WHPSHUDWXUH�
GLIIHUHQFH�� DUH� VPDOOHU� LQ� 3DOHUPR� ZLWK� PRGHUDWH�
ZHDWKHU�DQG�ORZ�DYHUDJH�ZLQG�VSHHGV���
�
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�
Figure 7 I Elementary Effect analysis results: 

influence on cooling need for Strategy A. 
 

�
Figure 8 I Elementary Effect analysis results:  

mean and standard deviation of cooling need for 
Strategy A. 

 

�
Figure 9 I Elementary Effect analysis results: 

influence on number of comfort hours for Strategy B. 
 

�
Figure 10 I Elementary Effect analysis results: 
mean and standard deviation of comfort hours 

number for Strategy B. 
 

7KH� JUDSKV� LQ� )LJXUH� ��� WR� )LJXUH� ��� FRPSDUH� WKH�
VWDWLVWLF� LQGLFDWRUV� FRPSXWHG� E\� WKH� VHFRQG� URXQG�
(OHPHQWDU\� (IIHFW� DQDO\VLV�� ZKHUH� SDUDPHWHUV�
DIIHFWLQJ� LQWHUQDO� DQG� VRODU� JDLQV� DUH� IL[HG�� 5HVXOWV�
VKRZ�PRUH�HYLGHQW�FOLPDWH�GHSHQGHQFLHV��
:LQG� YHORFLW\� SURILOH� DIIHFWV� QDWXUDO� YHQWLODWLRQ�
SHUIRUPDQFH�IRU�����LQ�6DQ�)UDQFLVFR�ZHDWKHU��7KLV�
LV� EHFDXVH� ERWK� ZLQG� VSHHG� DQG� IUHTXHQFLHV� DUH�
KLJKHU� LQ� 6DQ� )UDQFLVFR� UDWKHU� WKDQ� LQ� %RO]DQR� RU�
3DOHUPR�� ,Q� ZLQG\� ORFDWLRQV� ZLQG� YHORFLW\� SURILOHV�
SDUDPHWHUV�KDYH�WR�EH�FDUHIXOO\�HVWLPDWHG�GHSHQGLQJ�
DOVR�RQ�EXLOGLQJ�VXUURXQGLQJ�DUHD��
&RPSDULQJ�)LJXUH���� WR�)LJXUH����� LW� LV�HYLGHQW� WKDW�
LQ� 3DOHUPR� FOLPDWH� ZLQGRZ� GLVFKDUJH� FRHIILFLHQW�
�)����DQG�RSHQLQJ�IDFWRUV��)����KDYH�PRUH�HIIHFW�RQ�
FURVV� YHQWLODWLRQ� SHUIRUPDQFH� WKDQ� RQ� SDVVLYH� QLJKW�
FRROLQJ�� ,Q� WKH� %RO]DQR� FOLPDWH�� QLJKW� FRROLQJ�
SHUIRUPDQFH� LV� PRUH� GHSHQGHQW� RQ� HQYHORSH�
FKDUDFWHULVWLFV� �)�� ±� )��� DQG� RQ� IUDFWLRQ� UDGLDQW� RI�
LQWHUQDO�JDLQV��)����)�����$Q�LQFUHDVH�RI�WKH�H[WHULRU�
ZDOO� GHQVLW\� �)��� WUDQVODWHV� WR� DQ� LQFUHDVH� RI� WKH�
WKHUPDO�PDVV�RI�WKH�EXLOGLQJ��ZKLFK�LQ�WXUQ�LPSURYHV�
QLJKW� FRROLQJ� SHUIRUPDQFH� EHFDXVH� RI� %RO]DQR¶V�
ODUJH� GLXUQDO� WHPSHUDWXUH� VZLQJV�� 7KH� HIIHFW� RI�
H[WHULRU� URRI�GHQVLW\� �)��� LV� QRW� HYLGHQW� LQ� WKH�GDWD��
EHFDXVH�LW�DIIHFWV�RQO\�]RQH�WHPSHUDWXUHV�LQ�WKH�XSSHU�
IORRUV�RI�WKH�EXLOGLQJ��
)URP� )LJXUH� ��� DQG� ��� ZH� VHH� WKDW� WKH� (IIHFWLYH�
/HDNDJH� $UHD� �)���� KDV� PRUH� LQIOXHQFH� RQ� QLJKW�
FRROLQJ�SHUIRUPDQFHV� LQ�%RO]DQR�DQG�6DQ�)UDQFLVFR�
WKDQ�LQ�3DOHUPR��%RWK�LQ�%RO]DQR�DQG�6DQ�)UDQFLVFR�
ȝ�LV�HTXDO�WR�ȝ
�IRU�)����EXW�WKH\�KDYH�RSSRVLWH�VLJQ��
7KLV� PHDQV� WKDW� LQFUHDVLQJ� WKH� (IIHFWLYH� /HDNDJH�
$UHD� ZLOO� GHFUHDVH� WKH� FRROLQJ� QHHGV� LQ� WKHVH� WZR�
FLWLHV�� ,Q� WKH� 3DOHUPR� FOLPDWH�� ORZ� YDOXHV� RI� ȝ� DUH�
DVVRFLDWHG�ZLWK�KLJK�ȝ
�YDOXHV��7KLV�PHDQV�WKDW�WKHUH�
LV� QRW� D� GLUHFW� FRUUHODWLRQ� EHWZHHQ� (/$� DQG� WKH�
FRROLQJ� QHHG�� &RROLQJ� QHHG� FDQ� HLWKHU� LQFUHDVH� RU�
GHFUHDVH�ZLWK�(/$��GHSHQGLQJ�RQ� WKH� YDOXHV�RI� RXU�
RWKHU�LQSXW�SDUDPHWHUV�� �
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7KH� SRVLWLYH� PHDQ� YDOXH� RI� )��� )��� DQG� )��� IRU�
3DOHUPR� LQ� )LJXUH� ��� VKRZ� KRZ� ZLQGRZ� 8�YDOXH��
RSHQLQJ�IDFWRU�DQG�GLVFKDUJH�FRHIILFLHQW�KDV�D�JUHDWHU�
HIIHFW�RQ�FURVV�YHQWLODWLRQ�SHUIRUPDQFH�WKDQ�RQ�QLJKW�
FRROLQJ�SHUIRUPDQFH�LQ�WKDW�FOLPDWH���
)LJXUH���� VKRZ� WKDW� LQ� DOO� WKH� DQDO\VHG� FOLPDWHV�� DQ�
LQFUHDVH� RI� ZDOO� LQVXODWLRQ� WKLFNQHVV� �)��� ZRXOG�
FDXVH�DQ�LQFUHDVH�RI�FRROLQJ�QHHG�IRU�6WUDWHJ\�$���
)LJXUH� ��� DQG� ��� VKRZ� WKDW�� LQ� WKH� 6DQ� )UDQFLVFR�
FDVH�� LQFUHDVLQJ� ZLQGRZ� DQG� YHQW� GLVFKDUJH�
FRHIILFLHQW��)���±�)����ZLOO�GHFUHDVH�WKHUPDO�FRPIRUW�
SHUIRUPDQFHV� EXW� UHGXFH� FRROLQJ� QHHG��:H� SURSRVH�
WKDW� LV� OLNHO\� EHFDXVH� RI� WKH� ORZHU� RXWGRRU�
WHPSHUDWXUHV� DQG� WKH� KLJK� ZLQG� VSHHG� LQ� WKH� FLW\��
:KHQ�ZLQGRZV�DUH�RSHQ� GXULQJ� WKH�GD\�� WKH� LQGRRU�
WHPSHUDWXUH� FRROV� GRZQ� TXLFNO\� EHORZ� WKH� FRPIRUW�
WHPSHUDWXUH� OHYHO�� ,Q� WKH� %RO]DQR� FOLPDWH�� WKHVH�
SDUDPHWHUV� KDYH� OHVV� LPSDFW� RQ� FRROLQJ� QHHG� DQG�
DJDLQ�ZKHWKHU�WKH\�LQFUHDVH�RU�GHFUHDVH�FRROLQJ�QHHG�
GHSHQGV�RQ�WKH�YDOXH�RI�WKH�RWKHU�SDUDPHWHUV��)LJXUH�
���KLJKOLJKWV�WKH�KLJKHU�SDUDPHWHU�LQWHUDFWLRQ��KLJKHU�
VWDQGDUG� GHYLDWLRQV�� LQ� WKH� %RO]DQR� ZHDWKHU� FDVH�
FRPSDUHG�WR�WKH�RWKHU�WZR�FOLPDWH�W\SHV��
�

�
Figure 11 II Elementary Effect analysis results: 

influence on cooling need for Strategy A. 
 

�
Figure 12 II Elementary Effect analysis results:  
mean and standard deviation of cooling need for 

Strategy A. 
 

�
Figure 13 II Elementary Effect analysis results: 

influence on number of comfort hours for Strategy B. 
 

�
Figure 14 II Elementary Effect analysis results:  
mean and standard deviation of comfort hours 

number for Strategy B. 
 

:LQG� YHORFLW\� SURILOH� LQIOXHQFH� VHHPV� GLUHFWO\�
FRUUHODWHG�WR�KRZ�ZLQG\�WKH�ORFDWLRQ�LV��7KH�IDFW�WKDW�
WKHVH� UHVXOWV� ZHUH� KLJKO\� GHSHQGHQW� RQ� WKH� ZHDWKHU�
GDWD� XVHG� KLJKOLJKWV� WKH� LPSRUWDQFH� RI� D� UHOLDEOH�
ZHDWKHU�ILOH�HYHQ�LQ�HDUO\�GHVLJQ�VWDJHV���

&21&/86,21�
7KH�UHVXOWV�SUHVHQWHG�LQ�WKLV�SDSHU�XQGHUOLQH�WKH�PRVW�
LPSRUWDQW� SDUDPHWHUV� DQG� WKHLU� HIIHFW� RQ� QLJKW�
FRROLQJ� SHUIRUPDQFHV� DQG� QDWXUDO� YHQWLODWLRQ�
VWUDWHJLHV�LQ�WKUHH�GLIIHUHQW�FOLPDWH�W\SHV���
2XU�VHQVLWLYLW\�DQDO\VLV�VKRZHG�D�GRPLQDQW�LQIOXHQFH�
RI� SDUDPHWHUV� DIIHFWLQJ� VRODU� DQG� LQWHUQDO� JDLQV� RQ�
QDWXUDO�YHQWLODWLRQ�SHUIRUPDQFH� LQ�DOO� WKH�FRQVLGHUHG�
FOLPDWHV��$Q�DFFXUDWH�DVVHVVPHQW�RI�WKRVH�SDUDPHWHUV�
FRXOG�UHGXFH�VLJQLILFDQWO\�WKH�UHVXOWV�XQFHUWDLQW\���
6LPXODWLRQ� UHVXOWV� VKRZHG� WKDW� DLUIORZ� QHWZRUN�
SDUDPHWHUV� KDG� WKH� PRVW� VLJQLILFDQW� LPSDFW� RQ�
WKHUPDO� FRPIRUW�� WKHVH� LQFOXGH� WKH� ZLQGRZ� RSHQLQJ�
IDFWRUV� DQG� GLVFKDUJH� FRHIILFLHQWV�� $LUIORZ�
SDUDPHWHUV� LQIOXHQFH� YHQWLODWLRQ� IORZ� UDWHV� ZKLFK�
GLUHFWO\� LPSDFW� FRPIRUW� GXH� E\� ORZLQJ� LQGRRU� DLU�
WHPSHUDWXUHV�� ,Q� FDVH� RI� KLJK� ZLQG� VSHHGV�� ZLQGRZ�
RSHQLQJ� IDFWRUV� DQG� GLVFKDUJH� FRHIILFLHQWV� DUH� OHVV�
VLJQLILFDQW�WKDQ�ZLQG�SUHVVXUH�FRHIILFLHQWV��

0%

10%

20%

30%

40%

50%

F1 F2 F3 F5 F6 F8 F9 F10 F11 F12 F13 F14 F18

In
flu

en
ce

 o
n 

co
ol

in
g 

ne
ed

 

Factors 
SAN FRANCISCO BOLZANO PALERMO

F1 F2 

F3 
F10 F11 

F18 

F1 

F3 

F5 
F6 

F9 
F2 

F9 

F1 
F3 F6 

F9 0

2

4

6

8

10

12

-10 -8 -6 -4 -2 0 2

St
an

da
rd

 d
ev

ia
tio

n 
(σ

) 

Mean (μ) 

San Francisco Bolzano Palermo

0%
5%

10%
15%
20%
25%
30%
35%
40%
45%

F1 F2 F3 F5 F6 F8 F9 F10 F11 F12 F13 F14 F18In
flu

en
ce

 o
n 

nr
 o

f c
om

fo
rt

 h
ou

rs
 

Factors 
SAN FRANCISCO BOLZANO PALERMO

F3 
F13 

F14 

F18 

F3 
F6 

F8 

F3 
F12 

F13 

F18 

0 0

2000

4000

6000

8000

10000

12000

14000

-300 -200 -100 0 100 200 300 400

St
an

da
rd

 d
ev

ia
tio

n 
(σ
) 

Mean (μ) 
San Francisco Bolzano Palermo

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

- 3306 -



,Q�FOLPDWHV�ZLWK�ODUJH�GLXUQDO�VZLQJV�LQ�WHPSHUDWXUH��
HQYHORSH�FKDUDFWHULVWLFV�KDYH�JUHDWHU�LPSDFW�RQ�ERWK�
WKHUPDO�FRPIRUW�DQG�FRROLQJ�QHHGV��
7KH� JUDSKV� SURYLGH� TXDQWLWDWLYH� PHDVXUHV� RI� WKH�
SDUDPHWHUV�HIIHFW�RQ�QDWXUDO�YHQWLODWLRQ�SHUIRUPDQFHV�
DQG�FDQ�EH�XVHG�WR�VXSSRUW�QDWXUDO�YHQWLODWLRQ�GHVLJQ�
XVLQJ�EXLOGLQJ�VLPXODWLRQ��*HQHUDOL]LQJ� WKHVH�UHVXOWV�
WR�RWKHU�EXLOGLQJV�VKRXOG�EH�OLPLWHG�WR�QRQ�UHVLGHQWLDO�
EXLOGLQJV� ZLWK� UHJXODU� JHRPHWU\� LQ� VLPLODU� FOLPDWH�
W\SHV�DQG�ZLQG�FRQGLWLRQV��

$&.12:/('*(0(176�
7KH�DXWKRU�ZRXOG�OLNH�WR�WKDQN�WKH�M(3OXV�GHYHORSHUV�
IRU� WKH� HIILFLHQW� VXSSRUW� SURYLGHG�� $� VSHFLDO� WKDQNV�
JRHV� WR� 6HUJLR� 7DUDQWLQR� IRU� KLV� NLQG� VXSSRUW� LQ�
VLPXODWLRQ�UXQQLQJ��

5()(5(1&(6�
$6+5$(� +DQGERRN� ±� )XQGDPHQWDOV� ������

$PHULFDQ�6RFLHW\�RI�+HDWLQJ��5HIULJHUDWLQJ�DQG�
$LU�&RQGLWLRQLQJ�(QJLQHHUV��

%HDXVROHLO�0RUULVRQ� ,� ������ 7KH� DGDSWLYH� FRXSOLQJ�
RI� KHDW� DQG� DLU� IORZ� PRGHOLQJ� ZLWKLQ� G\QDPLF�
ZKROH�EXLOGLQJ� VLPXODWLRQV�� 3K'� 7KHVLV��
8QLYHUVLW\�RI�6WUDWKFO\GH��*ODVJRZ��

%5(� ������ *UHHQ� 3XEOLF� 3URFXUHPHQW� �� ,QGRRU�
OLJKWLQJ� ��%UXVVHOV���(XURSHDQ�&RPPLVVLRQ��'*�
(QYLURQPHQW&���%8����

%UHHVFK� +��� -DQVVHQV� $�� ������ 3HUIRUPDQFH�
HYDOXDWLRQ�RI�SDVVLYH�FRROLQJ�LQ�RIILFH�EXLOGLQJV�
EDVHG� RQ� XQFHUWDLQW\� DQG� VHQVLWLYLW\� DQDO\VLV��
(QHUJ\�DQG�%XLOGLQJV��

'H� :LW� 6�� ������ 8QFHUWDLQW\� LQ� SUHGLFWLRQV� RI�
WKHUPDO� FRPIRUW� LQ� EXLOGLQJV�� 3K'�
7KHVLV��7HFKQLFDO�8QLYHUVLW\�RI�'HOIW��

'2(� (QHUJ\3OXV� (QHUJ\� 6LPXODWLRQ� 6RIWZDUH��
:HDWKHU� 'DWD� �� 8�6�� 'HSDUWPHQW� RI� (QHUJ\��
������>2QOLQH@���KWWS���DSSV��HHUH�HQHUJ\�JRY�EXL
OGLQJV�HQHUJ\SOXV�ZHDWKHUGDWDBDERXW�FIP"&),'

 �������	&)72.(1 D��I��EFF��������
$&&�&(��������%&�����������%&&�%�$&�

'RPÕQJXH]�0XQR]� )�� &HMXGR�/RSH]� -�0��� &DUULOOR�
$QGUHV� $�� ������ 8QFHUWDLQW\� LQ� SHDN� FRROLQJ�
ORDG�FDOFXODWLRQV��(QHUJ\�	�%XLOGLQJV��

'U�<L�=KDQJ�M(3OXV�±�$Q�(QHUJ\3OXV�EDWFK�VKHOO�IRU�
SDUDPHWULF� VWXGLHV� ������ >2QOLQH@����
KWWS���ZZZ�LHVG�GPX�DF�XN�a\]KDQJ�MHSOXV�GRFV
BKWPO�8VHUV���0DQXDO���YHU����KWPO���

+HQVHQ� -�� %DUWDN�0���'UNDO� )�� ������0RGHOLQJ� DQG�
VLPXODWLRQ� RI� D� GRXEOH�VNLQ� IDFDGH� V\VWHP��
$6+5$(�WUDQVDFWLRQV���9RO�������

+RSIH�&�� ������8QFHUWDLQW\� DQG� VHQVLWLYLW\� DQDO\VLV�
LQ�EXLOGLQJ�SHUIRUPDQFH� VLPXODWLRQ� IRU�GHFLVLRQ�
VXSSRUW� DQG� GHVLJQ� RSWLPL]DWLRQ�� 3K'� WKHVLV��
7HFKQLVFKH�8QLYHUVLWHLW�(LQGKRYHQ��

,(6�������,OOXPLQDWLQJ�(QJLQHHULQJ�6RFLHW\�RI�1RUWK�
$PHULFD�� /LJKWLQJ� +DQGERRN�� 5HIHUHQFH� 	�
$SSOLFDWLRQ���1HZ�<RUN����WK�HGLWLRQ��������

.DUDYD� 3�� 6WDWKRSRXORV� 7��� $WKLHQLWLV� $�.�� ������
:LQG� 'ULYHQ� )ORZ� WKURXJK� 2SHQLQJV� ±� $�
5HYLHZ�RI�'LVFKDUJH�&RHIILFLHQWV�� ,QWHUQDWLRQDO�
-RXUQDO�RI�YHQWLODWLRQ��9RO�����

/LGGDPHQW� 0�:�� ������ $LU� LQILOWUDWLRQ� FDOFXODWLRQ�
WHFKQLTXHV��$,9&��

6DOWHOOL� $�� 5DWWR� 0��� $QGUHV� 7��� &DPSRORQJR� )���
&DULERQL�-���*DWHOOL�'���6DLVDQD�0���7DUDQWROD�6��
������ *OREDO� VHQVLWLYLW\� DQDO\VLV�� 7KH� SULPHU��
-RKQ�:LOH\�	�6RQV��/WG��

7&� $6+5$(� $6+5$(� +DQGERRN� )XQGDPHQWDOV�
������(TXDWLRQ���������9RO��6,�HGLWLRQ��

=KDL� -�� .UDUWL� 0��� -RKQVRQ� 0�+�� ������ $VVHVV� DQG�
LPSOHPHQW�QDWXUDO�DQG�K\EULG�YHQWLODWLRQ�PRGHOV�
LQ� ZKROH�EXLOGLQJ� HQHUJ\� VLPXODWLRQV�� (QHUJ\�
DQG�%XLOGLQJV��753�������
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�
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