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$%675$&7�
'HWHUPLQLVWLF� VLPXODWLRQV� DUH� FRPPRQO\� XVHG� WR�
FDOFXODWH� WKH� HQHUJ\� XVH� DQG� LQGRRU� FOLPDWH� RI� D�
VLQJOH� GZHOOLQJ� LQ� WKH� GHVLJQ� VWDJH�� 0DQ\� RI� WKH�
LQIOXHQFLQJ� SDUDPHWHUV� DUH� KRZHYHU� LQKHUHQWO\�
XQFHUWDLQ��$V� D� UHVXOW�� GHWHUPLQLVWLF� FDOFXODWLRQV� DUH�
QRW� DEOH� WR� UHOLDEO\� SUHGLFW� WKH� LPSDFW� RI� GHVLJQ�
PHDVXUHV��,Q�RUGHU�WR�LPSURYH�WKLV�GHWHUPLQDWLRQ��WKLV�
SDSHU� VXJJHVW� D� UREXVW� GHVLJQ� PHWKRG� EDVHG� RQ� D�
SUREDELOLVWLF� DSSURDFK�� 0DMRU� DGYDQWDJH� LV� WKDW� E\�
XQFHUWDLQW\� DQG� VHQVLWLYLW\� DQDO\VLV� RI� WKH� KHDW�
GHPDQG� DQG� LQGRRU� WHPSHUDWXUHV� WKH� PRVW� HIIHFWLYH�
DQG� UREXVW� HQHUJ\� HIILFLHQF\� PHDVXUHV� FDQ� EH�
GHWHUPLQHG�� 7ZR� YHU\� GLIIHUHQW� GZHOOLQJV� DUH�
DQDO\VHG��ZKLFK�H[HPSOLILHV�WKH�SRVVLELOLWLHV�RI�VXFK�
D�UREXVWQHVV�DSSURDFK��

,1752'8&7,21�
7KH� HQHUJ\� HIILFLHQF\� RI� GZHOOLQJV� LV� EHFRPLQJ�
LQFUHDVLQJO\�LPSRUWDQW�ZLWK�UHJDUG�WR�FOLPDWH�FKDQJH�
DQG�IRVVLO�IXHO�GHSOHWLRQ�FKDOOHQJHV��&RQVHTXHQWO\�DOO�
QHZ� GZHOOLQJV� VKRXOG� EH� ORZ�HQHUJ\�� ZKLOH� SDVVLYH�
DQG� ]HUR�HQHUJ\� EXLOGLQJV� ZLOO� EHFRPH� WKH� VWDQGDUG�
LQ� WKH� QHDU� IXWXUH�� 'HWHUPLQLVWLF� VLPXODWLRQV� DUH�
FRPPRQO\� XVHG� WR� FDOFXODWH� WKH� HQHUJ\� XVH� DQG�
FRPIRUW�RI�VXFK�D�GZHOOLQJ��0DQ\�RI�WKH�LQIOXHQFLQJ�
SDUDPHWHUV� DUH� KRZHYHU� LQKHUHQWO\� XQFHUWDLQ�� H�J��
XVHU�EHKDYLRXU��$V�D�UHVXOW��GHWHUPLQLVWLF�FDOFXODWLRQV�
DUH� QRW� DEOH� WR� UHOLDEO\� GHWHUPLQH� WKH� LPSDFW� RI�
VHYHUDO�GHVLJQ�PHDVXUHV�RQ�KHDW�GHPDQG�DQG� LQGRRU�
FOLPDWH�� 7KLV� GHWHUPLQDWLRQ� LV� KRZHYHU� LQFUHDVLQJO\�
LPSRUWDQW�WR�LQYHVWLJDWH�WKH�PRVW�HIIHFWLYH�PHDVXUHV��
,Q�RUGHU�WR�UHGXFH�WKH�OLIHF\FOH�FRVW��IRU�H[DPSOH��RQH�
FDQ�ZRQGHU�LI�LW�PDNHV�VHQVH�WR�GHFUHDVH�WKH�8�YDOXH�
RI�WKH�RXWHU�ZDOO��0RUHRYHU��QHJOHFWLQJ�XQFHUWDLQWLHV�
PD\� UHVXOW� LQ� ODUJH� GHYLDWLRQV� EHWZHHQ� WKH�
GHWHUPLQLVWLF� GHVLJQ� YDOXH� DQG� WKH� DFWXDO� EXLOGLQJ�
SHUIRUPDQFH�� %RWK� IURP� WKH� SRLQW� RI� YLHZ� RI� WKH�
RFFXSDQW� LQ� SDUWLFXODU� DV� ZHOO� DV� VRFLHW\� LQ� JHQHUDO��
H[FHVVLYH� GHYLDWLRQV� EHWZHHQ� GHVLJQ� DQG� UHDOLW\� DUH�
XQGHVLUDEOH��GZHOOLQJ�RZQHUV�QHHG�FRQILGHQFH�LQ�WKH�
UHWXUQ�RQ� WKHLU� LQYHVWPHQWV� LQ� HQHUJ\� HIILFLHQF\� DQG�
LQGRRU� FOLPDWH�� ZKLOH� JRYHUQPHQWV� ZDQW� WR� HQVXUH�
WKDW� WKHLU�VXEVLG\�SURJUDPV�KDYH� WKH�GHVLUHG� LPSDFW��
7KH� GHYHORSPHQW� DQG� SURPRWLRQ� RI� HIIHFWLYH� DQG�
UREXVW� EXLOGLQJ� HQYHORSHV� DQG� VHUYLFH� VROXWLRQV� LV�
WKXV� DQ� LPSRUWDQW� VWHS� WR� DYRLG� ODUJH� GHYLDWLRQV�

EHWZHHQ�GHVLJQ�DQG�DFWXDO�SHUIRUPDQFHV��DQG�WKXV�WR�
UHGXFH� WKH� LQIOXHQFH� RI� XQFHUWDLQ� FRQGLWLRQV�� 7R�
VXSSRUW� WKH� GHYHORSPHQW� RI� VXFK� UREXVW� EXLOGLQJV��
WKLV�SDSHU�XVHV�D�SUREDELOLVWLF�DSSURDFK�EDVHG�RQ�DQ�
XQFHUWDLQW\� DQG� VHQVLWLYLW\� DQDO\VLV� WR� FDOFXODWH� WKH�
EXLOGLQJ� SHUIRUPDQFHV� �/RPDV� DQG� (SSHO�� ������
0DF'RQDOG� DQG� 6WUDFKDQ�� ������ GH� :LW� DQG�
$XJHQEURH�� ������ +DDUKRI� DQG� 0DWKHZV�� ������
+RSIH�DQG�+HQVHQ����������
8VLQJ� VXFK� D� SUREDELOLVWLF� DQDO\VLV�� WKLV� SDSHU�
LQWURGXFHV� D� UREXVW� GHVLJQ� PHWKRG� IRU� EXLOGLQJ�
SK\VLFV� EDVHG� RQ� HIIHFWLYHQHVV� DQG� UREXVWQHVV��
(IIHFWLYHQHVV�LV�GHILQHG�DV�WKH�DELOLW\�WR�DFFRPSOLVK�D�
GHVLUHG�UHVXOW��5REXVWQHVV�LV�JHQHUDOOO\�GHILQHG�DV�WKH�
DELOLW\� RI� D� V\VWHP� WR� UHVLVW� WKH� LQIOXHQFH� RI�
XQFRQWUROODEOH�IDFWRUV��6DQFKH]���������7KH�REMHFWLYH�
RI� UREXVW� GHVLJQ�� ZKLFK� KDV� LWV� RULJLQ� LQ�
PDQXIDFWXUHG� SURGXFWV�� LV� PRUH� VSHFLILFDOO\� WR�
RSWLPLVH�WKH�DYHUDJH�SHUIRUPDQFH��HIIHFWLYHQHVV��DQG�
WR� PLQLPL]H� WKH� YDULDELOLW\� GXH� WR� XQFHUWDLQW\�
�UREXVWQHVV�� �=DQJ� HW� DO��� ������� 7KHVH� LGHDV� ZHUH�
DOUHDG\� LPSOHPHQWHG� LQ� EXLOGLQJ� PHFKDQLFV� DQG�
SK\VLFV� �YDQ� GHQ� %HUJ�� ������ +RHV� HW� DO��� �������
(IIHFWLYH� VROXWLRQV� ZHUH� KRZHYHU� VHOHFWHG� XVLQJ�
RSWLPL]DWLRQ�� ZKHUHDIWHU� WKH� UREXVWQHVV� RI� WKHVH�
VROXWLRQV�ZDV�VWXGLHG��)RU� WKH�SXUSRVH�RI� WKLV�VWXG\��
HIIHFWLYHQHVV� DQG� UREXVWQHVV� RI� GHVLJQ� RSWLRQV� LV�
HYDOXDWHG� DW� WKH� VDPH� WLPH� IRU� DOO� SHUIRUPDQFH�
FULWHULD� DQG� IRU� WKH� HQWLUH� UDQJH� RI� XQFHUWDLQ�
FRQGLWLRQV� DQG� GHVLJQ� RSWLRQV�� 7KH� HIIHFWLYHQHVV� �
DQG� UREXVWQHVV� 53� RI� D� GHVLJQ� RSWLRQ� [Q� IRU�
SHUIRUPDQFH� \� �JUHDWHU� WKDQ� RU� HTXDO� WR� ]HUR� DQG� WR�
PLQLPLVH��DUH�GHILQHG�DV��)LJXUH�����
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ZLWK� 3� WKH� XVHU� VSHFLILHG� SHUFHQWDJH� RI� LQFOXGHG�
VDPSOH� SRLQWV�� \N� WKH� NWK� SHUFHQWLOH� XQGHU� IXOO�
XQFHUWDLQW\�DQG�\N�[Q��WKH�NWK�SHUFHQWLOH�DIWHU�VHOHFWLQJ�
GHVLJQ� RSWLRQ� [Q�� \PLQ� LV� WKH�PLQLPDO� YDOXH�ZKLFK� LV�
QRW� DQ� RXWOLHU�� ZKHUHE\� DQ� RXWOLHU� LV� GHILQHG� DV� D�
VDPSOH� SRLQW� VPDOOHU� WKDQ� \�������\���\�����
(IIHFWLYHQHVV�LV�WKXV�GHWHUPLQHG��DV�WKH�LPSURYHPHQW�
WKH�PHGLDQ�SHUIRUPDQFH�RI�D�GHVLJQ�RSWLRQ�PDNHV�LQ�
SURSRUWLRQ�WR�WKH�EHVW�SRVVLEOH�LPSURYHPHQW���7KH�
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�
)LJXUH����(IIHFWLYHQHVV�DQG�UREXVWQHVV�GHILQLWLRQ�

UREXVWQHVV� LV� DQDORJRXV� GHWHUPLQHG� DV� WKH�
LPSURYHPHQW� WKH� VSUHDG� RI� WKH� SHUIRUPDQFH� RI� D�
GHVLJQ� RSWLRQ� PDNHV� LQ� SURSRUWLRQ� WR� WKH� VSUHDG�
XQGHU� IXOO� XQFHUWDLQW\�� %RWK� HIIHFWLYHQHVV� DQG�
UREXVWQHVV� FDQ� EH� XVHG� LQ� RSWLPL]DWLRQ� SUREOHPV��
$FFRUGLQJ� WR� WKLV� GHILQLWLRQ� D� PHDVXUH� ZLWK� DQ�
HIIHFWLYHQHVV� DQG� UREXVWQHVV� RI� RQH� LV� � WKH� � EHVW��
SRVVLEOH��ZKLOH� � QHJDWLYH� YDOXHV� � DUH� WR� EH� DYRLGHG��
)LJXUH����VKRZV�DV�DQ�H[DPSOH�WKDW��GHVLJQ��RSWLRQ��[M��
LV��PRUH�HIIHFWLYH��ZKLOH�[L�LV�PRUH�UREXVW��
7R� H[HPSOLI\� WKH� SRVVLELOLWLHV� RI� VXFK� D� UREXVWQHVV�
DSSURDFK�� WKLV� SDSHU� SUHVHQWV� VLPXODWLRQV� RI� KHDW�
GHPDQG� DQG� LQGRRU� WHPSHUDWXUHV� XQGHU� XQFHUWDLQ�
FRQGLWLRQV� IRU� WZR� YHU\� GLIIHUHQW� GZHOOLQJ� PRGHOV��
WDNLQJ� LQWR� DFFRXQW� VHYHUDO� GHVLJQ� RSWLRQV� ZLWKRXW�
WRXFKLQJ� WKH�RYHUDOO�GHVLJQ��0DMRU�DGYDQWDJH� LV� WKDW�
E\� WKLV� DSSURDFK� WKH� PRVW� HIIHFWLYH� DQG� UREXVW�
PHDVXUHV� FDQ� EH� GHWHUPLQHG�� 7KH� ILUVW� VHFWLRQ�
�VLPXODWLRQ�� GHVFULEHV� WKH� FDVH� VWXG\� DQG� WKH�PRGHO�
XVHG� IRU� WKH� SUREDELOLVWLF� DQDO\VHV�� 7KH� VHFRQG�
VHFWLRQ� �GLVFXVVLRQ� DQG� UHVXOW� DQDO\VLV�� KDQGOHV� WKH�
UHVXOWV� RI� WKH� XQFHUWDLQW\� DQDO\VHV�� 7KH� PRVW�
LQIOXHQFLQJ� SDUDPHWHUV� DUH� VHOHFWHG� EHFDXVH� WKHVH�
ZLOO� EH� LPSRUWDQW� LQ� WKH� UREXVW� GHVLJQ� PHWKRG�� 7KH�
ILQDO� VHFWLRQ� GHDOV� ZLWK� WKH� QH[W� UHVHDUFK� VWHSV� WR�
LQYHVWLJDWH�WKH�GHYHORSPHQW�RI�UREXVW�GZHOOLQJV��
�

�
)LJXUH����1RUWK�DQG�VRXWK�IDFDGH�GZHOOLQJ���

�
)LJXUH����1RUWK�DQG�VRXWK�IDFDGH�GZHOOLQJ���

6,08/$7,21�
Case study 
:H� FRQVLGHU� WZR� GLIIHUHQW� GZHOOLQJV�� UHSUHVHQWDWLYH�
IRU�QHZO\�EXLOW�GZHOOLQJV�LQ�%HOJLXP��)LJXUHV���DQG���
VKRZ�WKH�EXLOGLQJ�PRGHOV�XVHG��'ZHOOLQJ���LV�D�VPDOO�
WHUUDFHG� KRXVH� ZLWK� D� YROXPH� RI� ���� Pñ� DQG� D�
QRUWK�VRXWK� RULHQWDWLRQ�� 'ZHOOLQJ� �� LV� D� VHPL�
GHWDFKHG� KRXVH� ZLWK� D� YROXPH� RI� ���� Pñ� DQG� D�
QRUWK�HDVW�VRXWK� RULHQWDWLRQ�� � 7KLV� GZHOOLQJ� DOVR� KDV�
DQ�XQLQVXODWHG�EDVHPHQW�DQG�VKHGV�IRU�VXQ�VKDGLQJ���

Dynamic model 
+HDW�GHPDQG�DQG�LQGRRU�WHPSHUDWXUH�ZHUH�FDOFXODWHG�
IRU�D� UHIHUHQFH�\HDU� LQ�8FFOH��%HOJLXP��ZLWK� WKH�XVH�
RI�D�WUDQVLHQW�VLPXODWLRQ�WRRO�GHYHORSHG�LQ�0RGHOLFD��
ZKLFK� LV�H[SODLQHG� LQ�PRUH�GHWDLO� LQ� �%DHWHQV�HW� DO���
������� 7R� PRGHO� WKH� GLIIHUHQFHV� LQ� XVH� RI� GD\� DQG�
QLJKW� ]RQHV�RI� WKH�GZHOOLQJV�� D� WZR�]RQH�PRGHO� KDV�
EHHQ� XVHG�� 7KH� LQGRRU� WHPSHUDWXUH� RI� WKH� DGMDFHQW�
GZHOOLQJV�LV�NHSW�DW�����&��
7R�FDOFXODWH� WKH�KHDW�GHPDQG�RI�HDFK�]RQH�� DQ� LGHDO�
KHDWLQJ� V\VWHP� LV� DVVXPHG�� �$�YHQWLODWLRQ� V\VWHP� LV�
LQFRUSRUDWHG� LQ� WKH� PRGHO� ERWK� IRU� QDWXUDO� DQG�
PHFKDQLFDO�YHQWLODWLRQ��WKH�ODWWHU�ZLWK�RU�ZLWKRXW�KHDW�
UHFRYHU\�� ,Q� VXPPHU�� WKH� KHDWLQJ� V\VWHP� DQG� KHDW�
UHFRYHU\� DUH� VZLWFKHG� RII�� 7R� RSWLPL]H� WKH� VXPPHU�
FRPIRUW�� DGGLWLRQDO� VXPPHU�YHQWLODWLRQ� LV� WDNHQ� LQWR�
DFFRXQW��ZKHQ�RFFXSDQWV� DUH� SUHVHQW� DQG� WKH� LQGRRU�
WHPSHUDWXUH� RI� WKH� GD\� ]RQH� H[FHHGV� WKH� XVHU�
GHSHQGHQW�FRPIRUW�WHPSHUDWXUH��WKH�DLU�FKDQJH�UDWH�LV�
GRXEOHG�IRU�WKH�QH[W�VL[�KRXUV�RU�XQWLO�WKH�RFFXSDQWV�
OHDYH�WKH�GZHOOLQJ��7KLV�DOJRULWKP�VLPXODWHV�WKH�XVHU�
EHKDYLRXU� WR� PDQLSXODWH� D� FRPIRUWDEOH� LQGRRU�
FOLPDWH��

Probabilistic approach 
$� 0RQWH� &DUOR� VLPXODWLRQ� ZDV� LPSOHPHQWHG� LQ�
0DWODE�� ZKLFK� ZDV� FRXSOHG� WR� WKH� G\QDPLF�
VLPXODWLRQ�WRRO��WR�WDNH�LQWR�DFFRXQW�DOO�XQFHUWDLQ�DQG�
GHVLJQ�YDULDEOHV��
$� 0RQWH� &DUOR� DQDO\VLV� DLPV� WR� TXDQWLI\� WKH�
SUREDELOLW\� GLVWULEXWLRQV� RI� WKH� SUHIHUUHG� RXWSXWV� E\�
UHSHDWLQJ� WKH� VLPXODWLRQ�VHYHUDO� WLPHV�ZKLOH�YDU\LQJ�
WKH� YDOXHV� RI� WKH� VWRFKDVWLF� LQSXW� SDUDPHWHUV�
DFFRUGLQJ� WR� WKHLU�SUREDELOLW\��7R� UHGXFH�FDOFXODWLRQ�
WLPH� RI� WKH� 0RQWH� &DUOR� VLPXODWLRQ�� DQ� DGYDQFHG�
VDPSOLQJ� WHFKQLTXH�ZDV�DSSOLHG� �-DQVVHQ��������)RU�
HDFK� GZHOOLQJ� ��� VHWV� RI� ��� VDPSOHV� ZHUH� FUHDWHG�
ZLWK�D�VSDFH�ILOOLQJ��QRQ�FROODSVLQJ�VDPSOLQJ�VFKHPH�
±�PD[LPLQ�/DWLQ�+\SHUFXEH�±��+XVVODJH�HW�DO���������
LQ�RUGHU�WR�FRQWURO�WKH�FRQYHUJHQFH�RI�WKH�RXWSXWV��

Input parameters 
0RVW� LQIOXHQFLQJ� SDUDPHWHUV� IRU� KHDW� GHPDQG� DQG�
LQGRRU�WHPSHUDWXUH�DUH�LQKHUHQWO\�XQFHUWDLQ��H�J��XVHU�
EHKDYLRXU� DQG�ZRUNPDQVKLS� RI� LPSOHPHQWDWLRQ� LQWR�
SUDFWLFH��RU�DUH�GHVLJQ�SDUDPHWHUV�� VXFK�DV�8�YDOXHV�
DQG� JOD]LQJ� W\SH�� $OO� SDUDPHWHUV� DUH� FRQVLGHUHG�
VWRFKDVWLF��)RU�WKH�XQFHUWDLQ�SDUDPHWHUV��ZH�DVVXPHG�
D�SUREDELOLW\�GLVWULEXWLRQ�LQVSLUHG�E\�D�PHDVXUHPHQW��

y

x

ymin

y50

xi xj

y50(xi)
y50+P/2

y50-P/2(xi)
y50(xj)

y50+P/2(xi)

y50+P/2(xj)

y50-P/2(xj)
y50-P/2
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7DEOH���
'LVWULEXWLRQV�RI�VWRFKDVWLF�LQSXW�SDUDPHWHUV�

�

PARAMETER DISTRIBUTION* 
2FFXSDQF\�SURILOH�GD\�]RQH� '�����������VHH�7DEOH����
2FFXSDQF\�SURILOH�QLJKW�]RQH� '���������VHH�7DEOH����
6HW�WHPSHUDWXUH�RFFXSDQF\�
GD\�]RQH���&��

1����������

6HW�WHPSHUDWXUH�DEVHQFH�GD\�
]RQH���&��

'����QR�UHGXFWLRQ��

6HW�WHPSHUDWXUH�RFFXSDQF\�
QLJKW�]RQH���&��

1�������

7\SH�RI�YHQWLODWLRQ�V\VWHP�
����5HFRYHU\�HIILFLHQF\�

'�$��&�&��'�'���
����8�����������

$LU�FKDQJH�UDWH����K��]RQH���
��������9HQWLODWLRQ�V\VWHP�$��
�
��������2WKHU�
�
$LU�FKDQJH�UDWH����K��]RQH���
�������9HQWLODWLRQ�V\VWHP�$��
�
��������2WKHU�
�

�
'ZHOOLQJ����/������������
'ZHOOLQJ����/�������������
'ZHOOLQJ����/������������
'ZHOOLQJ����/�������������
�
'ZHOOLQJ����/�������������
'ZHOOLQJ����/���������
'ZHOOLQJ����/������������
'ZHOOLQJ����/����������

,QILOWUDWLRQ�UDWH��Pñ�PðK�� 8������������
&RQVWUXFWLRQ�W\SH� '�PDVVLYH�ZRRG��
8�YDOXH�URRI��:�Pð.�� 8����������
8�YDOXH�IORRU��:�Pð.�� 8����������
8�YDOXH�GRRU��:�Pð.�� 8��������
8�YDOXH�ZDOO��:�Pð.�� 8����������
7\SH�RI�ZLQGRZ� '�������������VHH�7DEOH����
7\SH�RI�VXQVFUHHQ� '�������������
7\SH�RI�VXQVFUHHQ�FRQWURO� '�����������
,QWHUQDO�JDLQV�SHUVRQV��:�� 8���������
%DVLV�LQWHUQDO�JDLQV�
DSSOLDQFHV��:��

8���������

6XPPHU�LQWHUQDO�JDLQV�
DSSOLDQFHV��:��
:LQWHU�LQWHUQDO�JDLQV�
DSSOLDQFHV��:��
6SULQJ�DQG�DXWXPQ�LQWHUQDO�
JDLQV�DSSOLDQFHV��:��

8�����������
�
8�����������
�
8�����������

�([SODQDWLRQ�RI�WKH�V\PEROV�XVHG��
1�����QRUPDO�GLVWULEXWLRQ�ZLWK�PHDQ�YDOXH��DQG�
VWDQGDUG�GHYLDWLRQ�
'�D�E���GLVFUHWH�XQLIRUP�GLVWULEXWLRQ�EHWZHHQ�D�DQG�E�
8�D�E���XQLIRUP�GLVWULEXWLRQ�EHWZHHQ�D�DQG�E�
/�����ORJQRUPDO�GLVWULEXWLRQ�ZLWK�PHDQ�YDOXH��DQG�
VWDQGDUG�GHYLDWLRQ��

�
FDPSDLJQ�RI����QHZ�GZHOOLQJV�LQ�)ODQGHUV��%HOJLXP��
�6WDHSHOV�HW�DO�����������7KH�GHVLJQ�SDUDPHWHUV��RQ�WKH�
RWKHU�KDQG��DUH�FKRVHQ�ZLWK�HTXDO�SUREDELOLW\���
$V� VHHQ� LQ� 7DEOH� ��� ��� VWRFKDVWLF� LQSXWV� DUH�
FRQVLGHUHG� LQ� WKH� PRGHOV�� 7KH� RWKHU� PRGHO�
SDUDPHWHUV�� VXFK� DV� ERXQGDU\� FRQGLWLRQV�� DUH�
GHWHUPLQLVWLF�DQG�QRW�GHVFULEHG�LQ�WKLV�SDSHU�EHFDXVH�
WKH�IRFXV�OLHV�RQ�WKH�SUREDELOLVWLF�DSSURDFK��
7KH� KHDWLQJ� V\VWHP� LV� FRQWUROOHG� ZLWK� RFFXSDQF\�
SURILOHV�IRU�WKH�GD\�DQG�QLJKW�]RQH��DV�VKRZQ�LQ�7DEOH�
����DQG��FRUUHVSRQGLQJ��VHW��WHPSHUDWXUHV��RI��7DEOH�����

7DEOH���
2FFXSDQF\�SURILOHV�

�
 1 2 3 4 5 6 7 

������������� � � � � ;� ;� ;�
������������� ;� ;� ;� ;� � � ;�
������������� � ;� � ;� � � �
������������� � � ;� ;� � � �
������������� ;� ;� ;� ;� � ;� �
������������� � � � � ;� ;� ;�

�
)LJXUH����&XPXODWLYH�GLVWULEXWLRQ�IXQFWLRQV�RI�VHW�

WHPSHUDWXUHV

�
)LJXUH����&XPXODWLYH�GLVWULEXWLRQ�IXQFWLRQV�RI�DLU�

FKDQJH�UDWHV�GZHOOLQJ���

3URILOHV���WR���DUH�IRU�WKH�GD\�]RQHV����WR���IRU�QLJKW�
]RQHV�� :H� DVVXPH� WKDW� DOO� SURILOHV� DUH� HTXDOO\�
SUREDEOH��'XULQJ�ZHHNHQGV��SURILOH���LV�WDNHQ�IRU�DOO�
GD\�]RQHV��7KH�GLVWULEXWLRQV�IRU�WKH�VHW� WHPSHUDWXUHV�
�)LJXUH� ��� DUH� EDVHG� RQ� WKH�PHDVXUHPHQW� FDPSDLJQ�
�6WDHSHOV�HW�DO����������+DOI�RI� WKH�KRXVHKROGV� ORZHU�
WKH�VHW� WHPSHUDWXUH�RI�WKH�GD\�]RQH�WR�����&�DQG�DOO�
KRXVHKROGV� VZLWFK� RII� WKH� KHDWLQJ� RI� WKH� QLJKW� ]RQH�
ZKHQ�DEVHQW��
)LYH� W\SHV� RI� YHQWLODWLRQ� V\VWHPV� DUH� LPSOHPHQWHG�
DQG� HTXDOO\� VDPSOHG�� $��� &�� &��� '� DQG� '��� 7KH�
QXPEHULQJ� FRUUHVSRQGV� WR�%HOJLDQ� VWDQGDUG�1%1�'�
���������������ZKHUH�QDWXUDO�YHQWLODWLRQ�LV�LQGLFDWHG�
ZLWK�$���PHFKDQLFDO�H[KDXVW�YHQWLODWLRQ�ZLWK�&�DQG�
PHFKDQLFDO�EDODQFHG�YHQWLODWLRQ�ZLWK�'��7\SH�'�DQG�
'�� DUH� HTXLSSHG� ZLWK� KHDW� UHFRYHU\�� RI� ZKLFK� WKH�
HIILFLHQF\� LV� QRUPDOO\� GLVWULEXWHG� GXH� WR�
ZRUNPDQVKLS��7KH�DLU�FKDQJH�UDWH�RI�V\VWHP�&��DQG�
'��LV��ORZHUHG��ZKHQ�WKH�RFFXSDQWV��DUH�DEVHQW��$V�
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�

)LJXUH����&XPXODWLYH�RXWSXW�GLVWULEXWLRQV�IRU�ERWK�GZHOOLQJV�

7DEOH���
:LQGRZ�W\SHV�

 U-VALUE 
(W/M²K) 

G-VALUE  
(-) 

�� ����� ������
��� ����� ������
��� ����� ������
��� ����� ������
��� ���� ������

W\SH� $�� LQGLFDWHV� QDWXUDO� YHQWLODWLRQ�� WKH� RFFXSDQWV�
DQG� FOLPDWH� FRQGLWLRQV� KDYH�PRUH� LPSDFW� RQ� WKH� DLU�
FKDQJH� UDWH�� ZKLFK� LV� ORJQRUPDOO\� GLVWULEXWHG� IRU�
ERWK� ]RQHV� ZLWK� D� FKDQFH� RI� ���� WR� KDYH� D� YDOXH�
EHWZHHQ������DQG������RI�WKH�GHVLJQ�YDOXH��)RU�WKH�
PHFKDQLFDO�V\VWHPV��WKHUH�LV�D�FKDQFH�RI�����WR�KDYH�
D� YDOXH� LQ� WKLV� UDQJH� DQG� WKXV�� WKH� VSUHDG� LV� ORZHU��
/RZHU� YDOXHV� DUH� SK\VLFDOO\� PRUH� SUREDEOH�� $V� DQ�
H[DPSOH�� )LJXUH� �� VKRZV� WKH� GLVWULEXWLRQ� RI� WKH� DLU�
FKDQJH�UDWH�IRU�GD\�]RQH�����
$QRWKHU� GHVLJQ� SDUDPHWHU� LV� WKH� FRQVWUXFWLRQ� W\SH��
7UDGLWLRQDOO\� PDVVLYH�� EXW� QRZDGD\V� DOVR� ZRRGHQ�
FRQVWUXFWLRQV� DUH� FRPPRQ� LQ� %HOJLXP�� 7KH�
FRQVWUXFWLRQ� W\SH� �PDVVLYH� RU� ZRRG�� RI� FRPPRQ�
ZDOOV�� RXWHU� ZDOOV�� IODW� URRIV�� LQWHUQDO� ZDOOV� DQG�
LQWHUQDO�IORRUV�DUH�FKDQJHDEOH�LQ�WKH�PRGHO���
)RU� DOO� GZHOOLQJV�� WKH� LQILOWUDWLRQ� UDWH� SHU� ORVV� DUHD�
FDQ�EH� VHHQ�DV�D�FRPELQDWLRQ�RI�D�GHVLJQ�SDUDPHWHU�
�DLU� WLJKWQHVV�� DQG� DQ� XQFHUWDLQ� YDULDEOH�
�ZRUNPDQVKLS��� 7KH� 8�YDOXHV� DUH� FRPELQDWLRQV� RI�
GHVLJQ�DQG�XQFHUWDLQ�SDUDPHWHUV�DV�ZHOO��1RWH�WKDW�DOO�
8�YDOXHV� IRU� URRIV�� IORRUV�� GRRUV� DQG� ZDOOV�
FRUUHVSRQG�WR�ZHOO�LQVXODWHG�FRPSRQHQWV���
%DVHG�RQ�FRPPHUFLDOO\�DYDLODEOH�JOD]LQJ� W\SHV�� ILYH�
W\SHV� RI� ZLQGRZV� DUH� FRQVLGHUHG�� ZLWK� GLIIHUHQW������
8�� DQG� J�YDOXHV� WR� YDU\� KHDW� ORVVHV� DQG� VRODU� JDLQV�
WKURXJK�WKH�ZLQGRZV��VHH�7DEOH�����
6XQVFUHHQV�DUH�LPSOHPHQWHG�LQ�WKH�PRGHO��7KHUH�DUH�
ILYH� HTXDOO\� SUREDEOH� SRVVLELOLWLHV�� QR� VXQVFUHHQV��

VXQVFUHHQV�RQ�WKH�VRXWK�IDFDGH�ZLWK�D�WUDQVPLVVLRQ�RI�
���� RU� ���� RU� VXQVFUHHQV� RQ� DOO� IDFDGHV� ZLWK� D�
WUDQVPLVVLRQ� RI� ���� RU� ����� 7KH� VXQVFUHHQV� DUH�
FRQWUROOHG� DXWRPDWLFDOO\� RU� PDQXDOO\�� )RXU� RSWLRQV�
DUH�SRVVLEOH��FRQWURO�RQ�VRODU�LUUDGLDQFH��GRZQ�DERYH�
����:�Pð�DQG�XS�EHORZ�����:�Pð���FRQWURO�RQ�VRODU�
LUUDGLDQFH�DQG�LQGRRU�WHPSHUDWXUH��GRZQ�DERYH����&�
DQG�XS�EHORZ�����&���FRQWURO�RQ� LQGRRU� WHPSHUDWXUH�
LQ�VXPPHU�RU�PDQXDOO\�FRQWUROOHG�LQ�VXPPHU��LQGRRU�
WHPSHUDWXUH�DQG�SUHVHQFH�����
)LQDOO\�� WKH� LQWHUQDO� KHDW� JDLQV� DUH� PRGHOOHG� DV�
XQFHUWDLQ�SDUDPHWHUV��7KH�KHDW�JDLQV�FRQWDLQ�JDLQV�E\�
SHUVRQV�SUHVHQW��VWDQGE\�DSSOLDQFHV�DQG�OLJKWLQJ��DQG�
DSSOLDQFHV� DQG� OLJKWLQJ� LQ� XVH�� $OO� KHDW� JDLQV� DUH�
FRQVLGHUHG� FRQVWDQW� RYHU� WKH� VHDVRQV� DQG� RYHU� WKH�
WLPH�WKDW�VRPHRQH�LV�SUHVHQW�LQ�WKH�]RQH��DQG�DUH�WKXV�
DYHUDJHG� YDOXHV� FRXSOHG� WR� WKH� RFFXSDQF\� SURILOHV��
7KH� DYHUDJHG� KHDW� SURGXFWLRQ� E\� LQGLYLGXDOV� LV�
DVVXPHG� WR� YDU\� XQLIRUPO\� EHWZHHQ� ��� DQG� ����:��
7KLV�DVVXPHV�DQ�DYHUDJHG�SUHVHQFH�RI�����WR�����DGXOW�
SHUVRQV� �ZKHQ� VRPHRQH� LV� SUHVHQW� DFFRUGLQJ� WR� WKH�
RFFXSDQF\�SURILOH���,Q�WKH�GD\�]RQH��WKH�VWDQGE\�KHDW�
SURGXFWLRQ� LV� DVVXPHG� XQLIRUPO\� GLVWULEXWHG� DQG�
SUHVHQW� GXULQJ� WKH� ZKROH� \HDU�� :KHQ� VRPHRQH� LV�
SUHVHQW�LQ�WKH�GD\�]RQH��D�VHDVRQ�GHSHQGHQW�KHDW�JDLQ�
E\�DSSOLDQFHV�DQG�OLJKWLQJ�LV�DGGHG��7KH�WKUHH�YDOXHV�
IRU� WKRVH� VHDVRQDO� KHDW� JDLQV� DUH� IXOO\� FRUUHODWHG� WR�
HDFK�RWKHU���
',6&866,21�$1'�5(68/7�$1$/<6,6�
Uncertainty analysis 
%DVHG� RQ� WKH� GHVFULEHG� LQSXW� GLVWULEXWLRQV�� WKH�
SUREDELOLW\� GLVWULEXWLRQ� RI� VHYHUDO� RXWSXWV� LV� FUHDWHG�
ZLWK� D� 0RQWH� &DUOR� DQDO\VLV� IRU� ERWK� GZHOOLQJ�
PRGHOV��)RU�ERWK�GD\�DQG�QLJKW�]RQH��ZH�FRQVLGHU�WKH�
WRWDO�KHDW�GHPDQG�� WKH�PD[LPDO� WHPSHUDWXUH�DQG� WKH�
DYHUDJH�WHPSHUDWXUH�LQ�ZLQWHU�DQG�VXPPHU��DV�VKRZQ�
LQ� )LJXUH� ��� $� ODUJH� VSUHDG� FDQ� EH� REVHUYHG�� %RWK�
KHDW�GHPDQG�DQG� WHPSHUDWXUHV�DUH�KLJKHU� LQ� WKH�GD\�

�D� �����������������������������������E�������������������������������������������F��������������������������������������������G��

�H������������������������������������I�������������������������������������������J��������������������������������������������K��
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]RQHV��'ZHOOLQJ���KDV�D�KLJKHU�KHDW�GHPDQG��ZKLFK�LV�
REYLRXV�JLYHQ�LWV�ELJJHU�YROXPH��7KH�PD[LPXP�DQG�
DYHUDJH� WHPSHUDWXUHV� DUH� YHU\� VLPLODU� IRU� ERWK�
GZHOOLQJV�� ,I� RQH� FRPSDUHV� WKH� VLPXODWHG�
WHPSHUDWXUHV�ZLWK�WKH�PHDVXUHG�RQHV��6WDHSHOV�HW�DO���
�������RQH� FDQ� VHH� D� JRRG�DJUHHPHQW� IRU� WKH�ZLQWHU�
WHPSHUDWXUHV��7KLV� LV� ORJLFDO� DV� WKH� VHW� WHPSHUDWXUHV�
DUH� FKRVHQ� EDVHG� RQ� WKHVH� PHDVXUHPHQWV�� )RU� WKH�
VXPPHU� SHULRG� KRZHYHU�� WKH� VLPXODWLRQV�
XQGHUHVWLPDWH� WKH� PHDVXUHG� LQGRRU� WHPSHUDWXUHV���
7KLV�FDQ�EH�DVFULEHG�WR�WKH�DEVHQFH�RI�VXQVFUHHQV�DQG�
WR� WKH�YHQWLODWLRQ�KDELWV� RI� WKH�RFFXSDQWV� LQ� WKH� UHDO�
GZHOOLQJV���

Sensitivity analysis 
,Q� RUGHU� WR� LQYHVWLJDWH� WKH� UREXVWQHVV� RI� HQHUJHWLF�
PHDVXUHV� IRU� GZHOOLQJV�� WKH� PRVW� LQIOXHQFLQJ�
XQFHUWDLQ� DQG� GHVLJQ� SDUDPHWHUV� DUH� VHOHFWHG� EDVHG�
RQ�VFDWWHU�SORWV�DQG�3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQWV�
�+DPE\���������)RU�WKH�FXUUHQW�FDVH��ERWK�VHQVLWLYLW\�
PHWKRGV�FRPH�WR�WKH�VDPH�LPSRUWDQW�SDUDPHWHUV���
$V� DQ� H[DPSOH�� )LJXUH� �� VKRZV� WKH� VFDWWHU� SORW� WR�
LQYHVWLJDWH� WKH� LPSDFW� RI� WKH� VHW� WHPSHUDWXUH� RQ� WKH�
KHDW� GHPDQG� IRU� GZHOOLQJ� ��� 7KH� GRWV� UHSUHVHQW� WKH�
PHGLDQ� YDOXH� IRU� HDFK� SDUDPHWHU� YDOXH�� 7KH� VHW�
WHPSHUDWXUH�RI�WKH�GD\�]RQH�ZKHQ�SHRSOH�DUH�SUHVHQW�
DSSHDUV� WR� KLJKO\� LQIOXHQFH� WKH� KHDW� GHPDQG� RI�
GZHOOLQJ� ��� )LJXUH� �� VKRZV� WKH� VFDWWHU� SORW� RI� DQ�
LPSRUWDQW�GHVLJQ�RSWLRQ��7KH�PD[LPDO�WHPSHUDWXUH�LQ�
D� ZRRGHQ� FRQVWUXFWLRQ� VHHPV� WR� EH� KLJKHU� WKDQ� WKH�
WHPSHUDWXUH� LQ� D� PDVVLYH� RQH�� 2Q� WKH� RWKHU� KDQG��
)LJXUH� �� VKRZV� WKH� VFDWWHU� SORW� RI� DQ� DSSDUHQWHO\�
LQVLJQLILFDQW� GHVLJQ� SDUDPHWHU�� WKH� 8�YDOXH� RI� WKH�
RXWHU�ZDOOV��
7DEOH� �� JLYHV� DQ� RYHUYLHZ� RI� WKH� 3HDUVRQ¶V�
FRUUHODWLRQ� FRHIILFLHQWV� RI� WKH� PRVW� LPSRUWDQW�
SDUDPHWHUV� IRU� KHDW� GHPDQG� DQG� PD[LPDO�
WHPSHUDWXUH� IRU� ERWK� GZHOOLQJV� DQG� ]RQHV�� 2QH� FDQ�
VHH� WKDW� IRU� ERWK� GZHOOLQJV� WKH� VDPH� SDUDPHWHUV� DUH�
LPSRUWDQW�� )RU� WKH� KHDW� GHPDQG�� WKH� YHQWLODWLRQ�
V\VWHP� �ZLWK� RU� ZLWKRXW� UHFRYHU\�� DQG� LQILOWUDWLRQ�
UDWH�DUH�WKH�PRVW�LQIOXHQFLQJ�GHVLJQ�SDUDPHWHUV��7KH�
XVHU� EHKDYLRXU�� DQG� PRUH� VSHFLILF� WKH� VHW�
WHPSHUDWXUH�� VKRZV� WR� EH� WKH� PRVW� LPSRUWDQW�
XQFHUWDLQ� SDUDPHWHUV�� )RU� WKH� PD[LPDO� WHPSHUDWXUH��
RQ� WKH� RWKHU� KDQG�� WKH� W\SH� RI� FRQVWUXFWLRQ�� W\SH� RI�
VXQVFUHHQ�� DQG� J�YDOXH� RI� WKH� ZLQGRZ� DUH� WKH� PRVW�
LPSRUWDQW�GHVLJQ�SDUDPHWHUV��7KH�LQWHUQDO�KHDW�JDLQV��
DQG� WKXV� DJDLQ� XVHU� EHKDYLRXU�� DUH� WKH� VLJQLILFDQW�
XQFHUWDLQ��SDUDPHWHUV��)RU��GZHOOLQJ���WKH��KHDW��JDLQV�
DUH�HYHQ�PRUH�LPSRUWDQW�WKHQ�IRU�GZHOOLQJ����EHFDXVH�
RI� WKH� UHODWLYH� KLJKHU� LPSDFW� GXH� WR� LWV� VPDOOHU�
YROXPH�� 1RWH� WKDW� WKH� LQVXODWLRQ� LV� IRXQG� WR� EH� QRW�
LPSRUWDQW�DW�DOO��2I�FRXUVH��RQH�KDV�WR�UHPLQG�WKDW�WKH�
FRQVLGHUHG� 8�YDOXHV� FRUUHVSRQG� WR� ZHOO� LQVXODWHG�
FRPSRQHQWV��EXW�HYHQ�WKHQ�WKLV�UHVXOW�LV�VWULNLQJ���
%DVHG� RQ� WKH� DVVXPHG� LQSXW� GLVWULEXWLRQV�� ZH�
VHOHFWHG� WKH� LQIOXHQFLQJ� GHVLJQ� DQG� XQFHUWDLQ�
SDUDPHWHUV��7KRVH�FDQ�EH�XVHG�WR�H[DPLQH�UREXVW�DQG�
XVHU�LQGHSHQWHQW�GZHOOLQJV�LQ�WKH�QH[W�VHFWLRQ���

Effectiveness and robustness 
%DVHG�RQ�WKH�RXWFRPHV�RI�WKH�VHQVLWLYLW\�DQDO\VLV��ZH�
LQYHVWLJDWHG� WKH� HIIHFWLYHQHVV� DQG� UREXVWQHVV� RI� WKH�
PRVW�LQIOXHQFLQJ�GHVLJQ�RSWLRQV�IRU�GZHOOLQJ���DV�DQ�
LQWURGXFWLRQ� WR� D� UREXVW� GHVLJQ� PHWKRG� DV�
JRYHUQPHQWV�QHHG�FRQILGHQFH�RQ�WKH�LPSDFW�RI�WKHVH�
PHDVXUHV�� )LJXUH� ��� VKRZV� WKH� FXPXODWLYH�
GLVWULEXWLRQ� IXQFWLRQV� IRU� WKH� PHDVXUHV� FRQFHUQLQJ�
FRQVWUXFWLRQ��VXQVFUHHQ�DQG�YHQWLODWLRQ�W\SH��,Q�RUGHU�
WR� IDFLOLWDWH� WKH� FRPSDULVRQ� RI� WKHVH� VXEVDPSOHV��
7DEOH� �� GHPRQVWUDWHV� WKH� HIIHFWLYHQHVV� DQG�
UREXVWQHVV�RI� WKHVH�PHDVXUHV� DV�GHILQHG� LQ�(TXDWLRQ�
����DQG������

�
)LJXUH����6FDWWHU�SORW�GZHOOLQJ���±�LQIOXHQFH�RI�VHW�
WHPSHUDWXUH�RQ�KHDW�GHPDQG��ZKHUHE\�GRWV�LQGLFDWH�

PHGLDQ�YDOXHV

)LJXUH����6FDWWHU�SORW�GZHOOLQJ���±�LQIOXHQFH�RI�
FRQVWUXFWLRQ�W\SH�RQ�PD[LPDO�WHPSHUDWXUH��ZKHUHE\�

GRWV�LQGLFDWH�PHGLDQ�YDOXHV

)LJXUH����6FDWWHU�SORW�GZHOOLQJ���±�LQIOXHQFH�RI�8�
YDOXH�RXWHU�ZDOO�RQ�KHDW�GHPDQG��ZKHUHE\�GRWV�

LQGLFDWH�PHGLDQ�YDOXHV 
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�

)LJXUH�����&XPXODWLYH�RXWSXW�GLVWULEXWLRQV�IRU�GHVLJQ�RSWLRQV�IRU�GZHOOLQJ���

7DEOH���
3HDUVRQ¶V�FRUUHODWLRQ�FRHIILFLHQWV�GZHOOLQJ���DQG���

�
DESIGN PARAMETER UNCERTAIN 

PARAMETER 
+HDW�GHPDQG�GD\�]RQH�
5HFRYHU\�
HIILFLHQF\�

��������
������

6HW�WHPSHUDWXUH�
RFFXSDQF\�GD\�
]RQH�

�������
�����

7\SH�RI�
YHQWLODWLRQ�

��������
������

$LU�FKDQJH�UDWH� �������
�����

,QILOWUDWLRQ�UDWH� �������
�����

,QWHUQDO�JDLQV�
DSSOLDQFHV�

��������
������

� � 6HW�WHPSHUDWXUH�
DEVHQFH�GD\�]RQH�

�������
�����

� � 6HW�WHPSHUDWXUH�
RFFXSDQF\�QLJKW�
]RQH�

��������
������

+HDW�GHPDQG�QLJKW�]RQH�
5HFRYHU\�
HIILFLHQF\�

��������
������

6HW�WHPSHUDWXUH�
RFFXSDQF\�QLJKW�
]RQH�

�������
�����

7\SH�RI�
YHQWLODWLRQ�

��������
������

6HW�WHPSHUDWXUH�
RFFXSDQF\�GD\�
]RQH�

��������
������

,QILOWUDWLRQ�UDWH� �������
�����

$LU�FKDQJH�UDWH� �������
�����

0D[LPDO�WHPSHUDWXUH�GD\�]RQH�
7\SH�RI�
FRQVWUXFWLRQ�

�������
�����

,QWHUQDO�JDLQV�
DSSOLDQFHV�

�������
�����

7\SH�RI�VXQVFUHHQ� ��������
������

%DVLV�,QWHUQDO�
JDLQV�

�������
��

J�YDOXH�ZLQGRZ� �������
�����

,QWHUQDO�JDLQV�
SHUVRQV�

�������
��

7\SH�RI�VXQVFUHHQ�
FRQWURO�

����
�����

� �

0D[LPDO�WHPSHUDWXUH�QLJKW�]RQH�
7\SH�RI�
FRQVWUXFWLRQ�

�������
�����

,QWHUQDO�JDLQV�
DSSOLDQFHV�

�������
�����

7\SH�RI�VXQVFUHHQ� ��������
������

,QWHUQDO�JDLQV�
SHUVRQV�

�������
��

J�YDOXH�ZLQGRZ� �������
�����

%DVLV�,QWHUQDO�
JDLQV�

�������
��

7\SH�RI�VXQVFUHHQ�
FRQWURO�

�������
�����

� �

�

7DEOH���
(IIHFWLYHQHVV�DQG�UREXVWQHVV�RI�PHDVXUHV�

�
    R50% 

0D[LPDO�
WHPS���GD\�
]RQH��

&RQVWUXFWLRQ�
W\SH�

0DVVLYH�� ����� �����
:RRG� ������ �����

6XQVFUHHQ�
W\SH�

1R� ������ �����
����VRXWK� ����� �����
���� ����� �����
����VRXWK� ����� �����
���� ����� �����

+HDW�
GHPDQG�GD\�
]RQH��

9HQWLODWLRQ�
W\SH�

$�� ������ ������
&� ������ �����
&�� ������ �����
'� ����� �����
'�� ����� �����

&RPSDULQJ� WKH� GLIIHUHQW� PHDVXUHV� FRQFOXGHV� WKDW� D�
PDVVLYH�FRQVWUXFWLRQ�HQVXUHV�RYHUDOO� ORZHU�PD[LPDO�
WHPSHUDWXUHV�LQ�WKH�GD\�]RQH�RI�GZHOOLQJ����1RWH�WKDW�
PDVVLYH� GZHOOLQJV� KDV� D� ODUJHU� HIIHFWLYHQHVV� ZLWK�
UHVSHFW� WR� WKH� LQGRRU� FRPIRUW�� ZKLOH� WKH� UREXVWQHVV�
IRU� PDVVLYH� DQG� ZRRGHQ� FRQVWUXFWLRQV� LV� VLPLODU��
$GGLQJ�VXQVFUHHQV�VHHPV�WR�KDYH�WKH�VDPH�HIIHFW�RQ�
WKH�PD[LPDO� WHPSHUDWXUH�� EXW� WKH� W\SH� RI� VXQVFUHHQ�
KDV�RQO\�OLWWOH�LQIOXHQFH��%DODQFHG�YHQWLODWLRQ��V\VWHP�
'�DQG�'��� DSSHDUV� DQ� HIIHFWLYH� DQG� UREXVW�PHDVXUH�
WR�ORZHU�WKH�KHDW�GHPDQG�RI�WKH�GD\�]RQH��,Q�IDFW��WKLV�
FDQ�EH�DVFULEHG�WR�WKH�LQIOXHQFH�RI�KHDW�UHFRYHU\���
%HVLGHV� WKH� LQIOXHQFH� RI� VLQJOH� PHDVXUHV� RQ� WKH�
DYHUDJH� SHUIRUPDQFH� FULWHULD� DQG� UREXVWQHVV��
H[DPLQLQJ�FRXSOHG�PHDVXUHV�LV�DOVR�LQWHUHVWLQJ�LQ�WKH�
GHYHORSPHQW�RI�UREXVW�GHVLJQV��)LJXUH����VKRZV�WKDW�
LQ� D� PDVVLYH� GZHOOLQJ� DGGLQJ� VXQVFUHHQV�� ZKLFK� LV�
WKH� QH[W� HIIHFWLYH� SDUDPHWHU� DIWHU� FRQVWUXFWLRQ� W\SH��
LV�VWLOO�DQ�HIIHFWLYH�PHDVXUH���
$QDORJRXV� WR� WKLV� H[DPSOH�� RQH� FDQ� DGG� GHVLJQ�
RSWLRQV� �DQG� WKXV� ORZHU� WKH� QXPEHU� RI� VWRFKDVWLF�
GHVLJQ� SDUDPHWHUV�� LQ� RUGHU� RI� HIIHFWLYHQHVV� DQG�
UREXVWQHVV�� XQWLO� QR� VLJQLILFDQW� GLIIHUHQFH� EHWZHHQ�
WZR� GHVLJQV� DSSHDUV�� ,Q� WKDW� FDVH�� ZH� FRQYHUJHG� WR�
WKH� PRVW� HIIHFWLYH� DQG� UREXVW� GHVLJQ�� :KHQ�
FRPSDULQJ� VHYHUDO� RSWLRQV�� WKLV� FDQ� EHFRPH� YHU\�
WLPH�FRQVXPLQJ�DQG�DQ�RSWLPLVDWLRQ�PHWKRG�ZLOO�EH�
PRUH� DSSURSULDWH�� %HFDXVH� PRVW� HIIHFWLYH� PHDVXUHV�
DUH��QRW��DOZD\V��PRVW��UREXVW��DQG��EHFDXVH��GHVLJQ��

��D����������������������������������������������������������E������������������������������������������������������������F��
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)LJXUH�����&XPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�GZHOOLQJ�
��IRU�VXQVFUHHQ�W\SHV�LQ�D�PDVVLYH�FRQVWUXFWLRQ 

RSWLRQV�FDQ�RSSRVLWHO\�LQIOXHQFH�VHYHUDO�SHUIRUPDQFH�
FULWHULD��ZHLJKW�IDFWRUV�QHHG�WR�EH�LQWURGXFHG�DV�ZHOO���
$V� FDXWLRQ� LV� QHHGHG�ZKHQ�PDNLQJ� VXEVDPSOHV�RI� D�
PD[LPLQ� GHVLJQ� �9DQ� *HOGHU� HW� DO��� ������� WKH�
UHOLDELOLW\� RI� WKH� UREXVWQHVV� RI� WKH� GHVLJQ� RSWLRQV� LV�
GRXEWIXO��%HFDXVH���WK� DQG���WK�SHUFHQWLOHV�DUH�PRUH�
UHOLDEOH� IRU� VPDOO� VXEVHWV� WKDQ����DQG������5���� LV�
FKRVHQ� LQ� WKLV� SDSHU�� KRZHYHU� RQH� ZRXOG� SUHIHU� WR�
WDNH�����RI�WKH�RXWSXWV�LQWR�DFFRXQW��
Occupant independence 
,Q� WKH� SUHYLRXV� VHFWLRQ�� WKH� UREXVWQHVV� DQG�
HIIHFWLYHQHVV� RI� GHVLJQ� RSWLRQV� ZDV� LQYHVWLJDWHG�� DV�
WKLV� LV� LQWHUHVWLQJ� IRU� JRYHUQPHQWV�� ,Q� DGGLWLRQ��
RFFXSDQW� EHKDYLRXU� LV� DQ� HVVHQWLDO� SDUW� LQ� WKH�
GHYHORSPHQW�RI�UREXVW�GZHOOLQJ�GHVLJQV��,W�LV�REYLRXV�
WKDW�VRPH�RFFXSDQWV�XVH�PRUH�HQHUJ\�WKDQ�RWKHUV�GR��
KRZHYHU�� RFFXSDQWV� ZDQW� WR� HQVXUH� WKDW� RYHUDOO�
HIIHFWLYH� DQG� UREXVW� PHDVXUHV� DUH� HIIHFWLYH� DQG�
UREXVW� IRU� KLP� DV� ZHOO�� ,W� LV� WKHUHIRUH� LQWHUHVWLQJ� WR�
LQYHVWLJDWH� LI� WKRVH� PHDVXUHV� DUH� RFFXSDQW�
LQGHSHQGHQW�WR�D�FHUWDLQ�H[WHQW���
7KLV� VHFWLRQ� H[HPSOLILHV� KRZ� WR� FRQWURO� WKH�
HIILFLHQF\� RI�PHDVXUHV� IRU� GLIIHUHQW� RFFXSDQW� W\SHV��
:H�FRQVLGHU�WZR�VXEVHWV�RI�WZR�RFFXSDQWV��RFFXSDQW�
��LV�QRW�PXFK�DW�KRPH��SURILOH���FIU��7DEOH�����KDV�D�
VHW� WHPSHUDWXUH� IRU� WKH� GD\� ]RQH� EHORZ� ���&� DQG�
ORZHUV� WKH� WHPSHUDWXUH� ZKHQ� DEVHQW�� RFFXSDQW� �� LV�
DOZD\V�DW�KRPH��SURILOH�����KDV�D�VHW�WHPSHUDWXUH�IRU�
WKH� GD\� ]RQH� DERYH� ���&� DQG� GRHV� QRW� ORZHU� WKH�
WHPSHUDWXUH�DW�QLJKW��$V�RQH�FDQ�LPDJLQH��RFFXSDQW���
ZLOO�KDYH�D�ORZHU�KHDW�GHPDQG�WKHQ�RFFXSDQW����7KLV�
FDQ�EH�VHHQ�LQ�)LJXUH����IRU�GZHOOLQJ����$GGLWLRQDOO\��
WKLV� ILJXUH� VKRZV� WKH� FXPXODWLYH� GLVWULEXWLRQ�
IXQFWLRQV� IRU� PHFKDQLFDO� YHQWLODWLRQ� V\VWHPV� ZLWK�
DQG� ZLWKRXW� KHDW� UHFRYHU\�� +HDW� UHFRYHU\� �RU�
YHQWLODWLRQ� W\SH��� ZKLFK� VHHPHG� WR� EH� DQ� HIIHFWLYH�
PHDVXUH� LQ� )LJXUHV� ���F��� FRQWULEXWHV� WR� WKH� KHDW�
GHPDQG�UHGXFWLRQ�IRU�ERWK�RFFXSDQW�W\SHV���

&21&/86,21�
7KLV� SDSHU� IRFXVVHG� RQ� D� SUREDELOLVWLF� DQDO\VLV� LQ�
RUGHU�WR�UHOLDEO\�FDOFXODWH�WKH�EXLOGLQJ�SHUIRUPDQFHV�
RI�D�GZHOOLQJ�LQ�WKH�GHYHORSPHQW�RI�UREXVW�EXLOGLQJV�
WR�DYRLG�ODUJH�GHYLDWLRQV�EHWZHHQ�GHVLJQ�DQG�DFWXDO�

)LJXUH�����&XPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�GZHOOLQJ�
��IRU�YHQWLODWLRQ�W\SHV�DQG�GLIIHUHQW�RFFXSDQWV�

SHUIRUPDQFHV�� 7KLV� DSSURDFK� ZDV� DSSOLHG� RQ� WZR�
YHU\�GLIIHUHQW�GZHOOLQJV��IRU�ZKLFK�WKH�PRVW�HIIHFWLYH�
DQG� UREXVW� PHDVXUHV� RQ� KHDW� GHPDQG� DQG� LQGRRU�
FOLPDWH�FRXOG�EH�GHWHUPLQHG��7KHUHIRUH��WKH�WUDQVLHQW�
VLPXODWLRQV�WRRN�WKH�XQFHUWDLQ�FRQGLWLRQV�DQG�GHVLJQ�
RSWLRQV�� ZKLFK� ZHUH� GHVFULEHG� LQ� WKLV� SDSHU�� LQWR�
DFFRXQW� ZLWKRXW� WRXFKLQJ� WKH� RYHUDOO� GHVLJQ�� 7KRVH�
XQFHUWDLQWLHV� FRXOG� EH� FRQVLGHUHG� XVLQJ� D� 0RQWH�
&DUOR�DQDO\VLV�ZLWK�D�VSDFH�ILOOLQJ�VDPSOLQJ�VFKHPH���
7KH� XQFHUWDLQW\� DQDO\VLV� VKRZHG� D� ODUJH� VSUHDG� RQ�
WKH�KHDW�GHPDQG�DQG�LQGRRU�WHPSHUDWXUHV��,Q�RUGHU�WR�
LQYHVWLJDWH�WKLV�VSUHDG��D�VHQVLWLYLW\�DQDO\VLV�EDVHG�RQ�
VFDWWHU� SORWV� DQG� 3HDUVRQ¶V� FRUUHODWLRQV� VKRZHG� WKH�
PRVW� LQIOXHQFLQJ� XQFHUWDLQ� DQG� GHVLJQ� SDUDPHWHUV��
)RU� ERWK� GZHOOLQJV�� WKH� VDPH� SDUDPHWHUV� DSSHDUHG�
LPSRUWDQW�� )RU� WKH� KHDW� GHPDQG�� WKH� YHQWLODWLRQ�
V\VWHP��DQG�KHDW� UHFRYHU\��ZDV� WKH�PRVW� VLJQLILFDQW�
GHVLJQ� SDUDPHWHU�� ZKHUHDV� WKH� VHW� WHPSHUDWXUH� ZDV�
WKH� PRVW� LPSRUWDQW� XQFHUWDLQ� SDUDPHWHU�� )RU� WKH�
PD[LPDO� WHPSHUDWXUH�� RQ� WKH� RWKHU� KDQG�� WKH�
FRQVWUXFWLRQ� DQG� VXQVFUHHQ� W\SH� ZHUH� WKH� PRVW�
LQIOXHQFLQJ�GHVLJQ�SDUDPHWHUV�DQG�LQWHUQDO�KHDW�JDLQV�
PRVW� LQIOXHQFLQJ� XQFHUWDLQ� SDUDPHWHUV�� 7KH� PRVW�
VWULNLQJ�UHVXOW�ZDV�WKH�XQLPSRUWDQFH�RI�WKH�8�YDOXHV��
FRUUHVSRQGLQJ�WR�ZHOO�LQVXODWHG�FRPSRQHQWV���
7KH� UREXVW� GHVLJQ� PHWKRG�� DV� LQWURGXFHG� LQ� WKLV�
SDSHU��GHILQHG�DQG�LQYHVWLJDWHG�WKH�HIIHFWLYHQHVV�DQG�
UREXVWQHVV�RI�WKH�PRVW�LQIOXHQFLQJ�GHVLJQ�RSWLRQV�IRU�
GZHOOLQJ����7KHVH�PHDVXUHV�DSSHDUHG�WR�KDYH�D�ODUJH�
LQIOXHQFH� RQ� ERWK� WKH� DYHUDJH� SHUIRUPDQFH� DQG� WKH�
VSUHDG���7R�HQVXUH�WKDW�VHOHFWHG�PHDVXUHV�DUH�RSWLPDO�
IRU�DOO�W\SHV�RI�RFFXSDQWV��WKH�LQIOXHQFH�RI�WKH�XVHU�RQ�
WKH�RSWLPDO�YHQWLODWLRQ�PHDVXUH�ZDV�DOVR�LQYHVWLJDWHG�
DV� DQ� H[DPSOH�� )RU� ERWK� FRQVLGHUHG� RFFXSDQWV�� KHDW�
UHFRYHU\�VHHPHG�WR�EH�DQ�HIIHFWLYH�PHDVXUH��
)857+(5�5(6($5&+�
7KH� XQFHUWDLQW\� DQDO\VLV� ZLOO� EH� H[WHQGHG� LQ� VRPH�
ZD\V�� 7KH� FXUUHQW� UHVHDUFK� GHVFULEHV� RQO\� WZR�� EXW�
YHU\� GLIIHUHQW�� GZHOOLQJ� W\SHV�� 7R� HQVXUH� WKDW� WKH�
UREXVWQHVV� UHVXOWV� FDQ� EH� JHQHUDOL]HG�� VRPH� PRUH�
W\SHV� KDYH� WR� EH� LQYHVWLJDWHG�� ,W� ZRXOG� EH� JRRG� WR�
H[DPLQH�DOVR�WKH�LPSDFW�RI�WKH�FKRLFH�RI�VRPH�RI�WKH�
LQSXW� SDUDPHWHUV�� DV� WKLV� FDQ� KDV� DQ� LPSDFW� RQ� WKH�
UHVXOWV�� 2QO\� OLPLWHG� FRUUHODWLRQV� DUH� WDNHQ� LQWR�
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DFFRXQW� VR� IDU�� 2QH� FDQ� LPDJLQH� WKDW� FRUUHODWLRQV�
EHWZHHQ� 8�YDOXH� RU� FRQVWUXFWLRQ� W\SH� DQG� DLU�
WLJKWQHVV� DUH� SRVVLEOH�� DQG� WKHUHIRUH� PD\� KDYH� D�
VLJQLILFDQW�LQIOXHQFH�RQ�WKH�UREXVWQHVV�DV�ZHOO��
7KH� VHQVLWLYLW\�DQDO\VLV�DV�GHVFULEHG� LQ� WKLV�SDSHU� LV�
FXUUHQWO\� VWDWH�RI� WKH�DUW��0RUH�DGYDQFHG� WHFKQLTXHV�
VKRXOG� PDNH� LW� SRVVLEOH� WR� LQYHVWLJDWH� FRXSOHG�
VHQVLWLYLWLHV� DQG� WR� VSOLW� VHQVLWLYLWLHV� WR� PHDQV� DQG�
VWDQGDUG�GHYLDWLRQV��ZKLFK�LV�YHU\�LQWHUHVWLQJ�LQ�YLHZ�
RI�D�UREXVW�GHVLJQ�PHWKRG���
0RUHRYHU�� WKH� UREXVWQHVV� DQG� RFFXSDQW� DQDO\VLV�
QHHGV� LPSURYHPHQW�� 7R� LQYHVWLJDWH� DOO� GHVLJQ�
SDUDPHWHUV� DQG� FRPELQDWLRQV�� FXUUHQW� DSSURDFK� LV�
YHU\� WLPH� FRQVXPLQJ� DQG� QRW� DFFXUDWH� HQRXJK�� $V�
WDNLQJ� WRR� PDQ\� VXEVDPSOHV� PDNHV� WKH� UHVXOWV�
XQUHOLDEOH�� DQ� DGDSWHG� PRUH�OD\HUHG� VDPSOLQJ�
VFKHPH� �'HKOHQGRUII� HW� DO��� ������ VKRXOG� EH�
LPSOHPHQWHG�� 7KLV� ZLOO� HQVXUH� WKDW� DOO� XQFHUWDLQ�
SDUDPHWHUV� DUH� HTXDOO\� VDPSOHG� IRU� DOO� GHVLJQ�
RSWLRQV�� $� FRXSOLQJ� ZLWK� PHWDPRGHOOLQJ� DQG�
RSWLPL]DWLRQ�PHWKRGV�ZLOO�EH�YHU\�LQWHUHVWLQJ�DV�WKLV�
FDQ�UHGXFH�FDOFXODWLRQ�WLPH��
$V� WKH�PRVW�HIIHFWLYH�DQG� UREXVW�GHVLJQ�PD\�EH�QRW�
YHU\�FRVW�HIILFLHQW��D�FRVW�DQDO\VLV�FDQ�EH�LQFOXGHG�LQ�
WKH�UHVHDUFK��7KH�RYHUDOO�OLIH�F\FOH�FRVW�FDQ�EH�DGGHG�
DV�DQ�RXWSXW�SDUDPHWHU�QH[W� WR� WKH�KHDW�GHPDQG�DQG�
WKH�PD[LPDO�WHPSHUDWXUH���

$&.12:/('*(0(17�
7KH�DXWKRUV�DUH�YHU\�JUDWHIXO�WR�WKH�IXQGLQJV�RI�,:7�
7(75$� %(3����� DQG� SDUWLFLSDWLQJ� LQKDELWDQWV� IRU�
WKH�UHODWHG�PHDVXUHPHQW�FDPSDLJQ��7KH\�ZRXOG� OLNH�
WR� WKDQN� %DUW� +XVVODJH� DQG� *LMV� 5HQQHQ� IURP� WKH�
7LOEXUJ�8QLYHUVLW\� IRU� VKDULQJ� WKHLU�0DWODE�FRGH� IRU�
FDOFXODWLRQ�RI�µPD[LPLQ¶�GHVLJQV��

5()(5(1&(6�
%DHWHQV�5���'H�&RQLQFN�5���9DQ�5R\�-���9HUEUXJJHQ�

%��� 'ULHVHQ� -��� +HOVHQ� /��� 6DHOHQV� '�� ������
$VVHVVLQJ� HOHFWULFDO� ERWWOHQHFNV� DW� IHHGHU� OHYHO�
IRU� UHVLGHQWLDO� QHW� ]HUR�HQHUJ\� EXLOGLQJV� E\�
LQWHJUDWHG� V\VWHP� VLPXODWLRQ�� $SSOLHG� (QHUJ\��
����SS���±����

%HOJLVFK� LQVWLWXXW� YRRU� QRUPDOLVDWLH�� ������
9HQWLODWLHYRRU]LHQLQJHQ� LQ� ZRRQJHERXZHQ��
%HOJLVFKH�QRUP�1%1�'���������

'HKOHQGRUII��&���.XODKFL��0����$QGHUVHQ��.�.��������
'HVLJQLQJ� VLPXODWLRQ� H[SHULPHQWV� ZLWK�
FRQWUROODEOH� DQG� XQFRQWUROODEOH� IDFWRUV� IRU�
DSSOLFDWLRQV� LQ� KHDOWKFDUH�� -RXUQDO� RI� WKH�5R\DO�
6WDWLVWLFDO� 6RFLHW\�� $SSOLHG� 6WDWLVWLFV�� �������
SS���±����

'H� :LW�� 0�6��� $XJHQEURH�� *�� ������ $QDO\VLV� RI�
XQFHUWDLQW\�LQ�EXLOGLQJ�GHVLJQ�HYDOXDWLRQV�DQG�LWV�
LPSOLFDWLRQV�� (QHUJ\� DQG� %XLOGLQJV�� �������
SS����±�����

+DDUKRII�� -��� 0DWKHZV�� (�� ������ $� 0RQWH� &DUOR�
PHWKRG� IRU� WKHUPDO�EXLOGLQJ� VLPXODWLRQ��(QHUJ\�
DQG�%XLOGLQJV����������SS�����±������

+DPE\�� '�0�� ������ $� UHYLHZ� RI� WHFKQLTXHV� IRU�
SDUDPHWHU� VHQVLWLYLW\� DQDO\VLV� RI� HQYLURQPHQWDO�
PRGHOV�� (QYLURQPHQWDO� 0RQLWRULQJ� DQG�
$VVHVVPHQW���������SS����±�����

+RHV�� 3��� 7UFND�� 0��� +HQVHQ�� -�/�0��� +RHNVWUD�
%RQQHPD��%��������2SWLPL]LQJ�EXLOGLQJ�GHVLJQV�
XVLQJ�D�UREXVWQHVV�LQGLFDWRU�ZLWK�UHVSHFW�WR�XVHU�
EHKDYLRU��,Q�3URFHHGLQJV�RI�WKH���WK�,QW��,%36$�
FRQIHUHQFH�� 6\GQH\�� ������ 1RYHPEHU�� 6\GQH\��
SS������±������

+RSIH�� &�-��� +HQVHQ�� -�/�0�� ������ 8QFHUWDLQW\�
DQDO\VLV� LQ� EXLOGLQJ� SHUIRUPDQFH� VLPXODWLRQ� IRU�
GHVLJQ� VXSSRUW�� (QHUJ\� DQG� %XLOGLQJV�� ��������
SS�����±������

+XVVODJH��%���5HQQHQ��*���YDQ�'DP��(���GHQ�+HUWRJ��
'�� ������ 6SDFH�ILOOLQJ� /DWLQ� K\SHUFXEH� GHVLJQV�
IRU�FRPSXWHU�H[SHULPHQWV��

-DQVVHQ�� +�� ������ 0RQWH�&DUOR� EDVHG� XQFHUWDLQW\�
DQDO\VLV�� 6DPSOLQJ� HIILFLHQF\� DQG� VDPSOLQJ�
FRQYHUJHQFH�� 5HOLDELOLW\� (QJLQHHULQJ�	� 6\VWHP�
6DIHW\�������SS����±�����

/RPDV�� .�-��� (SSHO�� +�� ������ 6HQVLWLYLW\� DQDO\VLV�
WHFKQLTXHV� IRU� EXLOGLQJ� WKHUPDO� VLPXODWLRQ�
SURJUDPV�� (QHUJ\� DQG� %XLOGLQJV�� ������� SS���±
����

0DFGRQDOG�� ,�$��� 6WUDFKDQ�� 3�� ������ 3UDFWLFDO�
DSSOLFDWLRQ� RI� XQFHUWDLQW\� DQDO\VLV�� (QHUJ\� DQG�
%XLOGLQJV���������SS����±�����

6DQFKH]��6�0��������5REXVW�GHVLJQ��VHHNLQJ�WKH�EHVW�
RI� DOO� SRVVLEOH� ZRUOGV�� ,Q� 3URFHHGLQJV� RI� WKH�
�����:LQWHU�6LPXODWLRQ�&RQIHUHQFH��

6WDHSHOV��/���9HUEHHFN��*���5RHOV��6���9DQ�*HOGHU��/���
%DXZHQV�� *�� ������ 'R� YHQWLODWLRQ� V\VWHPV�
DFFRPSOLVK� WKH� QHFHVVDU\� LQGRRU� DLU� TXDOLW\� LQ�
ORZ� HQHUJ\� KRXVHV"� ,Q� &OLPD� ������ ��WK�
5(+9$� ZRUOG� FRQJUHVV� 	� �WK� LQWHUQDWLRQDO�
FRQIHUHQFH�RQ�,$49(&��3UDJXH��������-XQH��WR�
EH�SXEOLVKHG���

YDQ� GHQ� %HUJ� +�:�-��� ������ 5REXVW� GHVLJQ� RI�
VWUXFWXUHV� XVLQJ� XQFHUWDLQW\� PHWKRGV� FRPELQHG�
ZLWK�&RPSRQHQW�0RGH�6\QWKHVLV��3K'�WKHVLV��

9DQ� *HOGHU�� /��� -DQVVHQ�� +��� 5RHOV�� 6��� ������
5HWURILWWLQJ�FDYLW\�ZDOOV�±�SUREDELOLVWLF�VWXG\�RI�
HQHUJ\� VDYLQJV� DQG� PRLVWXUH� ULVNV�� ,Q� �WK�
,QWHUQDWLRQDO� %XLOGLQJ� 3K\VLFV� &RQIHUHQFH��
.\RWR��-DSDQ��

=DQJ�� &��� )ULVZHOO��0�,���0RWWHUVKHDG�� -�(�� ������ $�
UHYLHZ� RI� UREXVW� RSWLPDO� GHVLJQ� DQG� LWV�
DSSOLFDWLRQ� LQ� G\QDPLFV�� &RPSXWHUV� DQG�
6WUXFWXUHV������SS����������
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