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$%675$&7�
7KLV� SDSHU� GHVFULEHV� WKH� PRGHOOLQJ� RI� WZR� PDMRU�
V\VWHP�FRPSRQHQWV�DV�SDUW�RI�D�UHWURILW�LQVWDOODWLRQ�RI�
D�WKHUPDOO\�PDVVLYH�EXLOGLQJ��ZKHUH�D�JURXQG�VRXUFH�
KHDW� SXPS� DQG� D� SKDVH� FKDQJH� WKHUPDO� HQHUJ\�
VWRUDJH� V\VWHP� DUH� LQVWDOOHG�� 7KH� WZR� PRGHOV� DUH�
SUHVHQWHG�� DV� LV� WKHLU� LQFRUSRUDWLRQ� LQWR� WKH�
(QHUJ\3OXV�ZKROH�EXLOGLQJ�VLPXODWLRQ�SURJUDP��XVHG�
WR� PRGHO� WKH� EXLOGLQJ� IDEULF� DQG� RWKHU� V\VWHP�
FRPSRQHQWV�� $� PRGHO� RI� WKH� KLJK� WHPSHUDWXUH�
WKHUPDO� VWRUDJH� XQLW�� FRQVLVWLQJ� RI� SKDVH� FKDQJH�
PDWHULDO�HQFDSVXODWHG�LQ�IODW�SODWHV��LV�GHVFULEHG��7KH�
PRGHO�� ZKLFK� XVHV� D� ILUVW� RUGHU� ILQLWH� GLIIHUHQFH�
PHWKRG�� LV� GHILQHG� LQ� 0DWODE� DQG� FRQQHFWHG� DV� D�
SODQW�FRPSRQHQW�LQ�(QHUJ\3OXV�WKURXJK�WKH�%XLOGLQJ�
&RQWUROV�9LUWXDO�7HVW�%HG��7KH�HIIHFW�RI�FKDQJLQJ�WKH�
KHDW�WUDQVIHU�IOXLG��ZDWHU��PDVV�IORZ�UDWH�RQ�WKH�UDWH�
RI� FKDUJLQJ� LV� SUHVHQWHG�� $� PRGHO� RI� D� EXLOGLQJ�
LQWHJUDWHG�JURXQG�VRXUFH�KHDW�SXPS�LV�DOVR�GHVFULEHG��
,W� LV� UHSUHVHQWHG� LQ� (QHUJ\3OXV� XVLQJ� WKH� (QHUJ\�
0DQDJHPHQW� 6\VWHP� XVHU�GHILQHG� SODQW� FRPSRQHQW�
REMHFW�� 7KLV� SDSHU� SUHVHQWV� D� QRYHO� DSSURDFK� WR�
PRGHOOLQJ� WKHVH� FRPSRQHQWV� WRJHWKHU� LQ� WKH� VDPH�
(QHUJ\3OXV�VLPXODWLRQ��
�

,1752'8&7,21�
&RQFHUQV�DERXW�WKH�FRQWLQXHG�VXVWDLQDEOLOLW\�RI�IRVVLO�
IXHO� UHVRXUFHV�� IURP� ERWK� HFRQRPLF� DQG� VHFXULW\�
SHUVSHFWLYHV�� KDV� OHG� WR� LQFUHDVHG� LQWHUHVW� LQ� QRQ�
IRVVLO� IXHO� UHVRXUFHV�� SDUWLFXODULO\� UHQHZDEOH� HQHUJ\�
V\VWHPV��5(6���7KLV�WUDQVLWLRQ�KDV�EHHQ�TXLWH�HYLGHQW�
LQ�FHUWDLQ�QDWLRQDO�RU�UHJLRQDO�HOHFWULFW\�JULGV��ZKHUH�
LQFUHDVLQJ� � SURSRUWLRQV� RI� SRZHU� FRPHV� IURP�
UHQHZDEOH� UHVRXUFHV�� D� FDVH� LQ� SRLQW� EHLQJ� ZLQG� LQ�
,UHODQG� �6($,� ������� )RU� VRPH� JULG� V\VWHPV�� ZLQG�
FDQ��DW�FHUWDLQ�WLPHV�DQG�XQGHU�SDUWLFXODU�FRQGLWLRQV��
FRQVWLWXWH�D�VLJQLILFDQW�IUDFWLRQ�RI�WKH�RYHUDOO�VXSSO\��
&RXSOHG� ZLWK� WKHVH� GHYHORSPHQWV�� LV� DQ� LQFUHDVHG�
LQWHUHVW� LQ� WKH� HOHFWULILFDWLRQ� RI� KHDWLQJ� DQG� FRROLQJ�
ORDGV� ZLWKLQ� EXLOGLQJV�� ,Q� WKLV� FRQWH[W�� *URXQG�
6RXUFH� +HDW� 3XPSV� �*6+3V�� RIIHU� DQ� DWWUDFWLYH��
HOHFWULFDOO\�GULYHQ�PHDQV�RI�PHHWLQJ�EXLOGLQJ�KHDWLQJ�
DQG�FRROLQJ� ORDGV��0RUHRYHU��DV�EXLOGLQJV�FRQVWLWXWH�
D�ODUJH�SURSRUWLRQ�RI�HOHFWULFLW\�GHPDQG��WKH�GHPDQG�
IOH[LELOLW\� RIIHUHG� � KHDWLQJ� DQG� FRROLQJ� ORDGV� ZLOO�
EHFRPH� LQFUHDVLQJO\� LPSRUWDQW�� 6XFK� GHPDQG�

IOH[LELOLW\� LV� QHFHVVDU\� SDUWLFXODUO\� � IRU� HOHFWULFLW\�
JULGV� ZKHUH� ZLQG� JHQHUDWLRQ�� ZKLFK� LV� YDULDEOH� LQ�
QDWXUH�� FRQVWLWXWHV� D� VLJQLILFDQW� � FRQWULEXWLRQ� WR� WKH�
JHQHUDWLRQ�PL[��0RXUD�	�GH�$OPHLGD��������
�
,Q�VXFK�VLWXDWLRQV��LQWHJUDWHG�EXLOGLQJ�WKHUPDO�HQHUJ\�
VWRUDJH��7(6��RIIHUV�WKH�SRWHQWLDO�RI�VKLIWLQJ�EXLOGLQJ�
HOHFWULFLW\� FRQVXPSWLRQ� IURP�SHDN� WR�RII�SHDN� WLPHV�
RU� LI� DJJUHJDWHG� VXIILFLHQWO\� DFURVV� WKH� JULG�� ZKHUH�
VXSSO\�GHPDQG� PLVPDWFKHV� RFFXU�� *LYHQ� WKDW� LQ�
������������RI�HOHFWULFLW\�LQ�86�EXLOGLQJV�ZDV�XVHG�
IRU�VSDFH�KHDWLQJ�DQG�FRROLQJ�DQG�ZDWHU�KHDWLQJ��86�
'2(� ������� WKH� SRWHQWLDO� RI� ORDG� VKLIWLQJ� IURP�
LQFUHDVHG� WKHUPDO� ORDG� IOH[LELOLW\� LV� VLJQLILFDQW���
6WRUDJH�LQ�WKH�IRUP�RI�ODUJH�DFWLYH�V\VWHPV��HLWKHU�DV�
ZDWHU�FDORULILHUV�RU�K\GURQLF�LQWHJUDWHG�SKDVH�FKDQJH�
PDWHULDOV� FDSVXOHV�� LV� RI� LQFUHDVLQJ� LQWHUHVW� LQ�PDQ\�
EXLOGLQJ� UHWURILW� SURMHFWV�� 5HWURILW� SURMHFWV� DOVR�
H[KLELW� DGGLWLRQDO� RSSRUWXQLWLHV� DQG� FKDOOHQJHV�
DVVRFLDWHG� ZLWK� SDVVLYH� WKHUPDO� HQHUJ\� VWRUDJH�
FKDUDFWHULVWLFV�DULVLQJ�WKH�IURP�EXLOGLQJ�IDEULF�LWVHOI��
HVSHFLDOO\�LQ�WKH�FDVH�RI�WKHUPDOO\�PDVVLYH�EXLOGLQJV�
�%UDXQ�������� ,Q�VXFK�UHWURILW�VFHQDULRV�� WKH�XVH�DQG�
FRQWURO� RI� DFWLYH� WKHUPDO� HQHUJ\� VWRUDJH�� LQ�
FRQMXQFWLRQ�ZLWK�SDVVLYH�HQHUJ\�VWRUDJH�EHKDYLRXU�LQ�
EXLOGLQJV� DGGV� LQFUHDVHG� SRVVLELOLWLHV� DQG�
FRPSOH[LW\���
&RQWURO� RI� DFWLYH� 7(6� V\VWHPV� LV� HVVHQWLDO� LI� WKH�
EHQHILWV� RI� DGGHG� IOH[LELOLW\� EURXJKW� DERXW� E\� VXFK�
WHFKQRORJ\�DUH�WR�EH�IXOO\�H[SORLWHG��
�
/,7(5$785(�5(9,(:��
0RGHOOLQJ� RI� SKDVH� FKDQJH� PDWHULDO� �3&0�� 7(6�
V\VWHPV� KDV� VHHQ� VLJQLILFDQW� DWWHQWLRQ� LQ� WKH�
OLWHUDWXUH�� (OVD\HG� ������� GHVFULEHV� FKDUJLQJ� RI� D�
3&0� WDQN� FRQVLVWLQJ� RI� IODW� HQFDSVXODWHG� SODWHV�
VXEMHFW� WR� F\FOLF� WHPSHUDWXUH� FRQGLWLRQV�� 6LPXODWLRQ�
SUHGLFWLRQV�ZHUH�YDOLGDWHG�DJDLQVW�H[SHULPHQWDO�GDWD�
IURP�&KDQJ�<RQJ�	�+VLHK� ������� DQG� VKRZHG� WKDW�
WKH� KHDW� WUDQVIHU� IOXLG� �+7)�� WHPSHUDWXUH� KDG� D�
JUHDWHU� HIIHFW� RQ� WKH� KHDW� VWRUHG�� FRPSDUHG� WR� WKH�
SXPSLQJ� UHJLPH� XVHG� GXULQJ� FKDUJLQJ� DQG�
GLVFKDUJLQJ� RI� WKH� 7(6� XQLWV�� /LX� HW� DO�� �������
GHVFULEHV� D� RQH�GLPHQVLRQDO� ILQLWH� GLIIHUHQFH� PRGHO�
RI� D� 7(6� XQLW� FRQVLVWLQJ� RI� 3&0� HQFDSVXODWHG� IODW�
SODWHV�� &RPSDULVRQ� RI� WKH� PRGHOOHG� UHVXOWV� DJDLQVW�
H[SHULPHQWDO� GDWD� VKRZV� JRRG� DJUHHPHQW� IRU� 7(6�
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RXWOHW�KHDW�WUDQVIHU�IOXLG�WHPSHUDWXUHV�DV�ZHOO�DV�KHDW�
WUDQVIHU� SURILOHV�� '¶$YLJQRQ� 	� .XPPHUW� �������
GHYHORSHG�D�IODW�SODWH�3&0�768�PRGHO�EDVHG�RQ�WKH�
HQWKDOS\� PHWKRG�� ZLWK� SKDVH� FKDQJH� WDNLQJ� SODFH�
RYHU� D� VPDOO� WHPSHUDWXUH� UDQJH�� 7KH� PRGHO�� ZKLFK�
ZDV� LQWHJUDWHG� ZLWK� 7516<6�� ZDV� YDOLGDWHG� XVLQJ�
GDWD� IURP� /LX� HW� DO�� ������� DQG� VKRZHG� WKDW� HUURUV�
ZHUH�ODUJHU�ZLWK�LQFUHDVHG�WLPH�VWHS�DQG�QRGH�OHQJWK��
:HL� HW� DO�� ������� H[DPLQHG� WKH� KHDW� UHOHDVH�
FKDUDFWHULVWLFV� RI� IRXU� 3&0� HQFDSVXODWLRQ� VKDSHV��
VSKHUHV�� F\OLQGHUV�� IODW� SODWHV� DQG� WXEHV�� VKRZLQJ�
VSKHUHV� WR� KDYH� WKH�EHVW� KHDW� UHOHDVH� FKDUDFWHULVWLFV��
$� FRQVWDQW� 3&0�PHOWLQJ� WHPSHUDWXUH�ZDV� DVVXPHG��
ZKLOH�WDNLQJ�LQWR�DFFRXQW�WKH�HIIHFW�RI�IUHH]LQJ�3&0�
ZLWKLQ�WKH�FDSVXOHV���
,KP�HW�DO��������LQFRUSRUDWHG�D�3&0�7(6�PRGHO�LQWR�
(QHUJ\3OXV�DV�WKH�7KHUPDO6WRUDJH�REMHFWV��EDVHG�RQ�
DQ�LFH�VWRUDJH�PRGHO�E\�7D\ORU�HW�DO�����������IRU�XVH�
ZLWKLQ� WKH�%/$67�VLPXODWLRQ�SURJUDP��5HVXOWV�RI�D�
FDVH� VWXG\� VKRZHG� WKDW� WKH� ORFDWLRQ� RI� WKH� WDQN�
�XSVWUHDP��GRZQVWUHDP�RU�SDUDOOHO�WR�WKH�FKLOOHU��ZDV�
XQLPSRUWDQW� WR� WKH� VLPXODWLRQ� UHVXOWV�� +DODZD� HW� DO��
������� GHYHORSHG� D� RQH� GLPHQVLRQDO� DOJRULWKP� IRU�
UHSUHVHQWLQJ�SKDVH�FKDQJH�SURFHVVHV����
,Q� VHYHUDO� LQVWDQFHV� RI� WKH� OLWHUDWXUH�� WKH� EHQHILWV� RI�
FRPELQHG�DFWLYH�DQG�SDVVLYH�VWRUDJH�DUH�GLVFXVVHG��$��
VLPXODWLRQ�HQYLURQPHQW�LV�GHVFULEHG��+DMLDK�	�.UDUWL�
����D������E���LQGLFDWLQJ�WKDW�D�VDYLQJ�RI�XS�WR�����
RQ�FRROLQJ�FRVWV�FDQ�EH�DFKLHYHG�WKURXJK�RSWLPLVLQJ�
ERWK�SUHFRROLQJ�DQG�DFWLYH�WKHUPDO�VWRUDJH�DQG�IRXQG�
WKDW� VDYLQJV� LQFUHDVHG� ZLWK� LQFUHDVHG� LFH� WDQN� VL]H��
2WKHU�VWXGLHV�VKRZ�WKDW�SUHGLFWLYH�RSWLPDO�FRQWURO�RI�
DFWLYH� DQG� SDVVLYH� VWRUDJH� FDQ� EH� XVHG� WR� UHGXFH�
HQHUJ\� FRVWV� LQ� D� WLPH�RI�XVH� IUDPHZRUN� �+HQ]H�
�������+HQ]H�	�.UDUWL��������DQDO\VHG�WKH�XVH�RI�WKH�
FRPELQDWLRQ� RI� DFWLYH� DQG� SDVVLYH� VWRUDJH� XVLQJ�
(QHUJ\3OXV���
,Q� RUGHU� WR� GHYHORS� EXLOGLQJ� LQWHJUDWHG� FRQWURO�
DOJRULWKPV�IRU� LQWHJUDWLRQ�DQG�RSWLPLVDWLRQ�RI�DFWLYH�
7(6� V\VWHPV� LQ� EXLOGLQJ� UHWURILW� SURJUDPPHV��
PRGHOOLQJ�RI�WKH�HQWLUH�EXLOGLQJ�LQWHJUDWHG�V\VWHP�LV�
HVVHQWLDO�� ,Q� WKLV� SDSHU��PRGHOV�RI� D� WKHUPDO� VWRUDJH�
XQLW� �768��� FRQVLVWLQJ� RI� SKDVH� FKDQJH� PDWHULDO�
HQFDSVXODWHG� LQ� IODW� SODWHV�� DQG� D� *6+3� DUH�
GHVFULEHG�� DV� ZHOO� DV� WKHLU� LQFRUSRUDWLRQ� LQWR� WKH�
(QHUJ\3OXV�ZKROH�EXLOGLQJ�VLPXODWLRQ�SURJUDP��
��

6,08/$7,21�0(7+2'2/2*<�
%XLOGLQJ�DQG�+9$&�3ODQW��
7KH� PDLQ� VLPXODWLRQ� SURJUDP� XVHG� LQ� WKLV� UHVHDUFK�
SDSHU� LV� (QHUJ\3OXV�� 7KH� EXLOGLQJ� XQGHU�
FRQVLGHUDWLRQ� LV� D� PXQLFLSDO� EXLOGLQJ� LQ� &RLPEUD��
3RUWXJDO�� ,W� LV� EHLQJ� XVHG� DV� D� *URXQG0HG�
GHPRQVWUDWLRQ� VLWH� XQGHU� WKH� DXVSLFHV� RI� WKH�
8QLYHUVLW\� RI� &RLPEUD�� 7KH� EXLOGLQJ� LV� D�PXQLFLSDO�
RIILFH� EORFN� ZLWK� ZDOOV�� FRQVWUXFWHG� RI� VROLG�
OLPHVWRQH�� XS� WR� ��� FP� WKLFN��$� UHWURILW� *6+3� WKDW�
PHHWV�ERWK�WKH�KHDWLQJ�DQG�FRROLQJ�ORDGV�RI�WKH�WKLUG�

IORRU� RI� WKH� EXLOGLQJ�ZDV� LQVWDOOHG��7KHUH� DUH� ��� DLU�
FRLO�XQLWV�GLVWULEXWHG� LQ����FRQGLWLRQHG�]RQHV�RQ� WKH�
WKLUG�IORRU�RI�WKH�EXLOGLQJ���
����

�
)LJXUH����3ODQ�YLHZ�RI�WKLUG�IORRU�
�
$V� VKRZQ� LQ� )LJXUH� ��� WKH� EXLOGLQJ� LQWHJUDWHG� KHDW�
SXPS�FLUFXLW� LV�FRPSRVHG�RI�D�JURXQG� ORRS�DQG� WZR�
EXLOGLQJ� ORRSV�� HDFK� ZLWK� WKHLU� RZQ� YDULDEOH� VSHHG�
SXPSV�� 7KH� JURXQG� ORRS� FRQWDLQV� WKH� JURXQG� KHDW�
H[FKDQJHU� �*+(��� FRQVLVWLQJ� RI� VHYHQ� YHUWLFDO�
SDUDOOHO� GRXEOH� X�WXEHV� DQG� LV� PRGHOOHG� XVLQJ� WKH�
LQEXLOW� (QHUJ\3OXV� *URXQG+HDW([FKDQJHU� REMHFW��
7KH� EXLOGLQJ� K\GURQLF� FLUFXLW� FRQVLVWV� RI� D� SULPDU\�
ORRS�� LQFRUSRUDWLQJ� WKH� *6+3� DQG� 7(6� XQLW� DQG� D�
VHFRQGDU\� ORRS� LQFRUSRUDWLQJ� WKH� ]RQH� IDQ� FRLOV�� $�
GHFRXSOLQJ� WDQN� VHSDUDWHV� WKH� SULPDU\� IURP� WKH�
VHFRQGDU\�ORRS���

�
)LJXUH����3ODQW�&LUFXLW�/D\RXW�
�

*URXQG�6RXUFH�+HDW�3XPS�0RGHO�
7KH� *6+3� LV� PRGHOOHG� ZLWKLQ� (QHUJ\3OXV�� 7ZR�
H[LVWLQJ� JURXQG� VRXUFH� KHDW� SXPS� PRGHOOLQJ�
DSSURDFKHV�ZHUH�FRQVLGHUHG��D�SDUDPHWULF�PRGHO��-LQ�
������DQG�DQ�HTXDWLRQ�ILW�EDVHG�PRGHO� �7DQJ��������
7KH�SDUDPHWULF�PRGHO��ZKLFK� LV�EDVHG�RQ�D�SK\VLFDO�
PRGHOOLQJ� DSSURDFK�� UHTXLUHV� FRQVLGHUDEOH� GHWDLO�
DERXW� WKH� SK\VLFDO� VSHFLILFDWLRQV� RI� WKH� KHDW� SXPS�
DQG� ZDV� QRW� FRQVLGHUHG� IXUWKHU� LQ� WKLV� ZRUN�� 7KH�
HTXDWLRQ�ILW�PRGHO�XVHV�HTXDWLRQV�RI�WKH�IRUP�VKRZQ�
LQ�(TXDWLRQ���WR�REWDLQ�KHDWLQJ�DQG�FRROLQJ�FDSDFLW\��
DV�ZHOO�DV�SRZHU�FRQVXPSWLRQ�RI�WKH�*6+3���

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

- 2917 -



�

𝑄̇ = 𝐶ଵ + 𝐶ଶ
𝑉௅
𝑉௥௘௙

+ 𝐶ଷ
𝑉ௌ
𝑉௥௘௙

+ 𝐶ସ
𝑇௅
𝑇௥௘௙

+ 𝐶ହ
𝑇ௌ
𝑇௥௘௙

�
����

�
ZKHUH�&����DUH�FRQVWDQWV��VXEVFULSWV�/�DQG�6�UHIHU� WR�
ORDG� DQG� VRXUFH� VLGH� UHVSHFWLYHO\� DQG� UHI� GHQRWHV�
UHIHUHQFH�FRQGLWLRQV��ZKLOH�9�LV�YROXPHWULF�IORZ�UDWH�
DQG�7�LV�WHPSHUDWXUH���
�
$V�FDQ�EH�VHHQ�IURP�(TXDWLRQ����WKLV�PRGHO�UHOLHV�RQ�
OLQHDU�UHODWLRQVKLSV�ZLWK�IORZ�UDWHV�DQG�WHPSHUDWXUHV�
WR� FDOFXODWH� KHDW� SXPS� FDSDFLW\� DQG� SRZHU��
(TXDWLRQV� SURSRVHG� E\� &RUEHUDQ� HW� DO�� ��������
KRZHYHU�� GHVFULEH� D� *6+3� XVLQJ� TXDGUDWLF�
UHODWLRQVKLSV�IRU�WHPSHUDWXUH�DQG�PDVV�IORZ�UDWH��7KH�
IRUP� RI� WKH� HTXDWLRQ� XVHG�� IRU� H[DPSOH� WR� GHVFULEH�
WKH�KHDWLQJ�FDSDFLW\��LV�VKRZQ�LQ�(TXDWLRQ����ZLWK�WKH�
UHVXOW�VKRZQ�JUDSKLFDOO\�LQ�)LJXUH���D��DQG�FRPSDUHG�
WR� WKH� RXWSXW� IURP� WKH� OLQHDU� UHODWLRQVKLS� JRW� IURP�
(TXDWLRQ����)LJXUH���E���
�

�

�
)LJXUH� ��� *6+3� +HDWLQJ� &DSDFLW\� IRU� GLIIHUHQW�
HYDSRUDWRU� DQG� FRQGHQVHU� ZDWHU� IORZ� UDWHV� IRU� �D��
TXDGUDWLF�HTXDWLRQV�DQG��E��OLQHDU�HTXDWLRQV�

�
(TXDWLRQ� �� LV� XVHG� WR� FDOFXODWH� WKH� KHDW� WUDQVIHU� RQ�
WKH� EXLOGLQJ� VLGH� LQ� KHDWLQJ�PRGH�� ZKHUH� &��&�� DUH�

FRQVWDQWV� DQG� /� DQG� 6� GHQRWH� WKH� VLGH� RI� WKH� KHDW�
SXPS�LQ�TXHVWLRQ��ORDG�DQG�VRXUFH�VLGH�UHVSHFWLYHO\���
7KH� SORWV� VKRZQ� DUH� EDVHG� RQ� GDWD� IURP� D� *6+3�
VLPLODU� WR� WKDW� LQVWDOOHG� RQ�VLWH�� &KDUDFWHULVDWLRQ� RI�
WKH� *6+3� LQVWDOOHG� DW� WKH� &RLPEUD� VLWH� LV� RQJRLQJ��
YLD� LQ�VLWX� WHVWLQJ� DQG� VSHFLDOLVHG� VLPXODWLRQ�
VRIWZDUH��
7R�LPSOHPHQW�D�*6+3�EDVHG�RQ�TXDGUDWLF�HTXDWLRQV��
LQVWHDG� RI� WKH� OLQHDU� UHODWLRQVKLSV� SURYLGHG� LQ� WKH�
VWDQGDUG� (QHUJ\3OXV� *6+3� REMHFW�� D� QHZ� XVHU�
GHILQHG� REMHFW� KDG� WR� EH� FUHDWHG�� )RU� (QHUJ\� 3OXV�
UHOHDVHV� XS� WR� 9HUVLRQ� ����� WKHUH� H[LVWHG� QR�
SRVVLELOLW\� WR� FUHDWH� XVHU�GHILQHG�� HTXDWLRQ�EDVHG�
FRPSRQHQWV��ZLWKRXW�GHILQLQJ�D�QHZ�PRGXOH�WKURXJK�
PRGLILFDWLRQ�DQG�UHFRPSLODWLRQ�RI�WKH�VRXUFH�FRGH���
,Q� YHUVLRQ� ���� RI� (QHUJ\3OXV�� WKH� REMHFW�
3ODQW&RPSRQHQW�8VHU'HILQHG� ZDV� LQWURGXFHG��
IDFLOLWDWLQJ� WKH� LQFOXVLRQ� RI� XVHU�GHILQHG� SODQW�
FRPSRQHQWV�� 7KHVH� FRPSRQHQWV� DUH� GHVFULEHG� XVLQJ�
WKH�(QHUJ\�0DQDJHPHQW�6\VWHP��(06���LWV�RSHUDWLRQ�
GHVFULEHG� LQ� )LJXUH� ��� %HIRUH� H[HFXWLRQ� RI�
(QHUJ\3OXV��WKH�3ODQW&RPSRQHQW�8VHU'HILQHG�REMHFW�
VHWV� XS� WKH� FRPSRQHQW� FRQQHFWLRQV� WR� WKH� SODQW�
ORRS�V���:KHQ�(QHUJ\3OXV� LV� H[HFXWHG�� WKH� SURJUDP�
FDOOLQJ� PDQDJHU� DFWLYDWHV� WZR� SURJUDPV�� RQH� WR�
LQLWLDOLVH� WKH� FRPSRQHQW�� WKH� RWKHU� VLPXODWHV� WKH�
FRPSRQHQW�RSHUDWLRQ��7KHVH�SURJUDPV�DUH�ZULWWHQ� LQ�
WKH� (QHUJ\3OXV� UXQWLPH� ODQJXDJH� �(UO��� ,QSXW� DQG�
RXWSXW� RI� WKH� SURJUDPV� DUH� GHILQHG� XVLQJ� (06�
DFWXDWRU�DQG�LQWHUQDO�YDULDEOH�REMHFWV���
�

�
�
)LJXUH� ��� )ORZ� FKDUW� GHVFULELQJ� XVHU�GHILQHG� SODQW�
FRPSRQHQW�RSHUDWLRQ�LQ�(QHUJ\3OXV�
�
,Q� WKH� FDVH� RI� WKH� *6+3� SUHVHQWHG�� WZR� SODQW�
FRQQHFWLRQV� DUH� GHVFULEHG�� RQH�RQ� WKH�SULPDU\�SODQW�
ORRS� DQG� RQH� RQ� WKH� JURXQG� ORRS�� 7KH� (06�
VLPXODWLRQ� SURJUDP� UHDGV� LQ� WKH� IOXLG� SURSHUWLHV� RQ�
WKH� JURXQG� DQG� EXLOGLQJ� VLGHV� RI� WKH� KHDW� SXPS�� DV�
ZHOO� DV� WKH� IOXLG� WHPSHUDWXUHV� DQG� PDVV� IORZ� UDWHV��
2Q�HDFK�VLGH�RI� WKH�*6+3�� WKUHH�HTXDWLRQV�DUH�XVHG�
�VXFK�DV�(TXDWLRQ����WR�FDOFXODWH���

L� KHDW�WUDQVIHU�RQ�WKH�EXLOGLQJ�VLGH�
LL� KHDW�WUDQVIHU�RQ�WKH�JURXQG�VLGH��
LLL� SRZHU�FRQVXPHG�E\�WKH�FRPSUHVVRU�

𝑄̇௛௘௔௧௜௡௚ = 𝐶ଵ + 𝐶ଶ𝑚̇ௌ + 𝐶ଷ𝑚̇ௌ
ଶ + 𝐶ସ𝑚̇௅ +

𝐶ହ𝑚̇௅
ଶ + 𝐶଺𝑇௜௡,௅ + 𝐶଻𝑇ଶ௜௡,௅   + 𝐶଼𝑇௜௡,௅/𝑇௜௡,ௌ����

����

�D��

�E��
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7KH� RXWOHW� IOXLG� WHPSHUDWXUHV� DUH� FDOFXODWHG� E\�
DSSO\LQJ� DQ� HQHUJ\� EDODQFH� DFURVV� WKH� KHDW�
H[FKDQJHUV�� &RPSRQHQW� �FRQGHQVHU�� HYDSRUDWRU��
FRPSUHVVRU�� GHSHQGHQW� YDULDEOHV� �KHDW� WUDQVIHU��
SRZHU�� DUH� FDOFXODWHG� RXWSXWWHG� YLD� WKH� (06� DQG�
UHSRUWHG�LQ�(QHUJ\3OXV���
�

7KHUPDO�6WRUDJH�0RGHO�
7KH�UHWURILW�LQVWDOODWLRQ�DW�WKH�WHVW�VLWH�LQFOXGHV�D��P��
KHDWLQJ� 768�� ZLWK� ���N:K� FDSDFLW\�� $� SURSRVHG�
PRGHO� LV�GHVFULEHG� LQ� WKLV� VHFWLRQ��RXWOLQHG� LQ�7DEOH�
���WKH�DUUDQJHPHQW�RI�WKH�3&0�FDSVXOHV�LV�VLPLODU�WR�
)LJXUH����
�

7DEOH����
3&0�WDQN�SURSHUWLHV�

3&0� 6DOW�+\GUDWH�
0HOWLQJ�7HPSHUDWXUH���&�� ���
&S��N-�NJ.�� �����
+HDW�RI�)XVLRQ��N-�NJ�� ����
7KHUPDO�&RQGXFWLYLW\��:�P.�� �����
'HQVLW\��NJ�P��� ������
7DQN�/HQJWK��P�� ����
7DQN�KHLJKW� �WDQN�ZLGWK��P�� �����
:DWHU�YROXPH����� ���
�

�
)LJXUH����3&0�WDQN�DUUDQJHPHQW��3&0�������

([LVWLQJ�(QHUJ\3OXV�768�0RGHO�
(QHUJ\3OXV� KDV� DQ� LQEXLOW� REMHFW� WR� PRGHO� 3&0�
WKHUPDO�VWRUDJH��LW�LV�EDVHG�RQ�WKH�ZRUN�E\�,KP�HW�DO��
��������7KLV�ZDV�GHHPHG�XQVXLWDEOH�IRU�WKLV�ZRUN�IRU�
WKH� IROORZLQJ� UHDVRQV�� �L�� WKH� XVHU� VXSSOLHV� RQH�
FKDUJLQJ� DQG� RQH� GLVFKDUJLQJ� FXUYH�� ZKLFK� LV�
LQVXIILFLHQW�WR�IXOO\�FDSWXUH�WKH�EHKDYLRXU�RI�WKH�WDQN�
�LL�� WKHUH� ZDV� QR� SURYLVLRQ� IRU� D� WDQN� LQFRUSRUDWLQJ�
KLJK� WHPSHUDWXUH� HQHUJ\� VWRUDJH�� ZKLFK� LV� UHTXLUHG�
ZLWKLQ�WKLV�VWXG\���LLL���WKH�SUHVHQFH�RI�D�*6+3�REMHFW�
RQ�WKH�VDPH�SODQW�ORRS�ZDV�LQFRPSDWLEOH�ZLWK�WKH�XVH�
RI� WKH� 3&0� 768� REMHFW�� WKH� VHWSRLQW� RI� WKH� *6+3�
FRXOG� QRW� EH� VHW� LQGHSHQGHQWO\� RI� WKH� 768�� OHDYLQJ�
WKH�XVHU�QR�FRQWURO�RI�WKH�768�ZKHQ�XVLQJ�D�*6+3���
7KH�(06�XVHU�GHILQHG�SODQW� FRPSRQHQW�REMHFW� GRHV�
QRW� KDYH� WKH� FDSDELOLWLHV� WR� SURGXFH� D� ILQLWH�
GLIIHUHQFH�PRGHO��PHDQLQJ�WKDW�ZLWKLQ�WKH�FRQILQHV�RI�
(QHUJ\3OXV�� WKHUH� ZDV� QR� SRVVLELOLW\� RI� FRPSOHWLQJ�
WKH�GHVLUHG�PRGHO�LQ�D�VDWLVIDFWRU\�PDQQHU���
�

3URSRVHG�)LQLWH�'LIIHUHQFH�0RGHO�
$�IRUZDUG� ILQLWH�GLIIHUHQFH�PRGHO�ZDV�GHYHORSHG� LQ�
0DWODE� WR� VLPXODWH� WKH� FKDUJLQJ� DQG� GLVFKDUJLQJ� RI�
WKH�DFWLYH�WKHUPDO�VWRUDJH�XQLW��7KH�PRGHO�DVVXPHG�D�
IL[HG� 3&0� PHOWLQJ� WHPSHUDWXUH�� ZLWK� QR�
VXSHUFRROLQJ�� FRQVWDQW� +7)� SURSHUWLHV�� QR� H[WHUQDO�
ORVVHV�DQG�RQH�GLPHQVLRQDO�KHDW�WUDQVIHU���7KH�WDQN�LV�
GLYLGHG� LQWR� FRQWLJXRXV� FRQWURO� YROXPHV� �QRGHV�� RI�
HTXDO� OHQJWK�� 7KH�ZLGWK� DQG� KHLJKW� RI� HDFK� QRGH� LV�
WKH�HTXDO�WR�WKRVH�RI�WKH�WDQN���
�
+HDW�WUDQVIHU�UHJLPH�
$� WKHUPDO� UHVLVWDQFH� QHWZRUN� LV� XVHG� WR� GHILQH� KHDW�
WUDQVIHU�ZLWKLQ�HDFK�FRQWURO�YROXPH��+HDW�WUDQVIHU��4�
>-@�� LV� FDOFXODWHG� IRU� HDFK� FRQWURO� YROXPH� DQG� WLPH�
VWHS�XVLQJ�WKH�IROORZLQJ�HTXDWLRQV��
�

𝑄 = (𝑇ு்ி − 𝑇௉஼ெ) ∗ 𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝/𝑅்௢௧௔௟� ����
� �
𝑅்௢௧௔௟ = 𝑅௖௢௡௩ + 𝑅௖௢௡ௗ,௖௔௣௦௨௟௘ + 𝑅௖௢௡ௗ,௉஼ெ� ����

�
:KHUH� 57RWDO� LV� WKH� VXP� RI� WKH� FRQYHFWLYH� DQG�
FRQGXFWLYH� UHVLVWDQFHV�� 7+7)� DQG� 73&0� DUH� WKH�
WHPSHUDWXUHV�RI�WKH�+7)�DQG�3&0�UHVSHFWLYHO\��
�
9HOUDM� HW� DO�� ������� QRWHG� WKDW� WKH� FRQGXFWLRQ� WHUP�
ZLWKLQ� D� 3&0� FRQWDLQHU� EHFRPHV� LQFUHDVLQJO\�
LPSRUWDQW�DV� WKH� OLTXLG�VROLG�3&0�IURQW�PRYHV� IURP�
WKH� VXUIDFH� WR� WKH� LQWHULRU� RI� WKH� YHVVHO��:LWKLQ� WKH�
PRGHO�� WKLV� LV� WDNHQ� LQWR� DFFRXQW� E\� LQFOXVLRQ� RI�
FRQGXFWLRQ� UHVLVWDQFH� WHUP� �5FRQY�3&0�� ZLWKLQ� HDFK�
3&0� VODE�� :LWKLQ� HDFK� FRQWURO� YROXPH�� WKLV� 3&0�
UHVLVWDQFH� WHUP� ZLOO� EH� GLIIHUHQW�� GHSHQGLQJ� RQ� WKH�
OLTXLG�IUDFWLRQ�DQG�LV�GHILQHG�DV�IROORZV��
�

𝑅௖௢௡ௗ,௉஼ெ = 𝑡௉஼ெ
𝑘௉஼ெ𝐴

� ����

ZKHUH�N3&0� LV� WKH�FRQGXFWLYLW\�RI� WKH�3&0�UHVLVWLQJ�
KHDW�WUDQVIHU��W3&0�LV�GLVWDQFH�RI�WKH�VROLG�OLTXLG�IURQW�
IURP�WKH�FDSVXOH�VXUIDFH�DQG�$�LV�WKH�VXUIDFH�DUHD�RI�
WKH�FDSVXOH���
�
7KH� +7)� FRQYHFWLRQ� UHVLVWDQFH� WHUP� LV� EDVHG� RQ� D�
1XVVHOW�QXPEHU��1X��FRUUHODWLRQ����
�

𝑅௖௢௡௩ = 𝐷௛/𝑁𝑢 ∙ 𝑘௪௔௧௘௥ ∙ 𝐴� ����
�
:KHUH�'K� LV� WKH�K\GUDXOLF�GLDPHWHU��$�ODPLQDU� IORZ�
UHJLPH� LV� DVVXPHG� DW� DOO� SRLQWV� ZLWKLQ� WKH� WDQN��
+HQFH�� 1X� LV� FDOFXODWHG� E\� (TXDWLRQ� �� �6KDK� 	�
/RQGRQ��������
�
�

𝑁𝑢௫,் = ቊ 1.233(𝑥∗)ି
ଵ
ଷ + 0.4, 𝑥∗ ≤ 0.001

7.541 + 6.874(10ଷ𝑥∗)ି଴.ସ଼଼𝑒ିଶସହ௫∗, 𝑥∗ < 0.001
�� ����

:KHUH�   𝑥∗ = ቀ ௫
஽௛ቁ /(𝑅𝑒 ∙ 𝑃𝑟)��[� LV�GLVWDQFH� IURP� WKH�

LQOHW��5H�5H\QROGV�QXPEHU�DQG�3U�LV�3UDQGWO�QXPEHU��
�

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

- 2919 -



+HDW�%DODQFH�
7KURXJK�SHUIRUPDQFH�RI�D�KHDW�EDODQFH�DW�HDFK�QRGH��
WKH� +7)� RXWOHW� WHPSHUDWXUH�� 3&0� WHPSHUDWXUH� DQG�
OLTXLG� IUDFWLRQ� IRU� WKH� QH[W� WLPH� VWHS� DUH� FDOFXODWHG�
XVLQJ�D�VHULHV�RI�HTXDWLRQV��VRPH�H[DPSOHV�DUH�JLYHQ�
LQ��JLYHQ�LQ�7DEOH���IRU�FKDUJLQJ�PRGH���
�
�

7DEOH����
(TXDWLRQV�IRU�3&0�DQG�OLTXLG�IUDFWLRQ�ZKHQ�

FKDUJLQJ�WKH�KHDWLQJ�VWRUDJH�

73&0�
��

���7PHOW�

T୧ାଵ୔େ୑ =   T୧୔େ୑   +
Q୧

    Cp୔େ୑,ୱ୭୪୧ୢm୔େ୑,୬୭ୢୣ
�

𝑋௜ାଵ = 𝑋௜�

73&0�
 �

7PHOW�

𝑇௜ାଵ௉஼ெ =   𝑇௜௉஼ெ�

X୧ାଵ =   X୧ + Q୧
l୔େ୑m୔େ୑,୬୭ୢୣ

�

73&0�
!�

7PHOW�

T୧ାଵ୔େ୑ = T୧୔େ୑ + Q୧
Cp୔େ୑,୪୧୯୳୧ୢm୔େ୑,୬୭ୢୣ

�

𝑋௜ାଵ = 𝑋௜�

�
ZKHUH�&S�3&0�VROLG�DQG�&S�3&0�OLTXLG�UHIHU�WR�WKH�VSHFLILF�
KHDW�FDSDFLWLHV�RI� WKH�3&0�LQ�VROLG�DQG� OLTXLG� VWDWH��
O3&0�LV�WKH�ODWHQW�KHDW�RI�IXVLRQ�RI�WKH�3&0��PQRGH�3&0�
LV� WKH� PDVV� RI� 3&0� LQ� D� FRQWURO� YROXPH�� ;� LV� WKH�
OLTXLG�IUDFWLRQ��7PHOW�LV�WKH�PHOWLQJ�WHPSHUDWXUH�RI�WKH�
3&0�DQG�L�UHIHUV�WR�WKH�WLPH�VWHS��
�
7R� XVH� WKH� 0DWODE� PRGHO� DV� D� FRPSRQHQW� LQ�
(QHUJ\3OXV��LW�PXVW�EH�FRQQHFWHG�WKURXJK�DQ�H[WHUQDO�
LQWHUIDFH��3WROHP\�DQG�WKH�%XLOGLQJ�&RQWUROV�9LUWXDO�
7HVW�%HG��%&97%����
�

%XLOGLQJ�&RQWUROV�9LUWXDO�7HVW�%HG�
%XLOGLQJ�&RQWUROV�9LUWXDO�7HVW�%HG��%&97%��DOORZV�
0DWODE� WR� DFFHVV� WKH� ([WHUQDO� ,QWHUIDFH� REMHFWV� LQ�
(QHUJ\3OXV��ZKLFK� DFW� H[DFWO\� DV�(06�REMHFWV�� ,Q� D�
VLPLODU� PDQQHU� WR� WKH� *6+3� DERYH�� D� 768�
FRPSRQHQW� LV� GHFODUHG� ZLWK� WKH� XVHU�GHILQHG�
FRPSRQHQW� REMHFW�� EXW� WKH� FRPSRQHQW� RXWOHW�
WHPSHUDWXUH�LV�FDOFXODWHG�E\�WKH�0DWODE�SURJUDP�DQG�
RYHUZULWHV�WKDW�IURP�WKH�(06�SURJUDP��%&97%�FDOOV�
ERWK�(QHUJ\3OXV�DQG�0DWODE�DW�HDFK�WLPH�VWHS��GXULQJ�
ZKLFK� WKHUH� LV� D� GDWD� H[FKDQJH� EHWZHHQ� WKH� WZR�
SURJUDPV�� (QHUJ\3OXV� RXWSXWV� WKH� 768� LQOHW�
FRQGLWLRQV�� 0DWODE� H[HFXWHV� WKH� 768� PRGHO� DQG�
RXWSXWV� WKH� +7)� RXWOHW� WHPSHUDWXUH�� DORQJ� ZLWK� WKH�
VWDWH� RI� FKDUJH� DQG� KHDW� WUDQVIHUUHG� GXULQJ� WKH� WLPH�
VWHS�� 7KHVH� DUH� UHDG� LQWR� (QHUJ\3OXV� WKURXJK� WKH�
([WHUQDO�,QWHUIDFH��
�
7KH�WLPHVWHS�IRU�WKH�0DWODE�PRGHO�PXVW�EH�WKH�VDPH�
DV� WKDW� IRU� WKH� (QHUJ\3OXV�� (QHUJ\3OXV� KDV� D�
PLQLPXP�WLPHVWHS�RI�RQH�PLQXWH��ZKLFK�ZDV�GHHPHG�
WRR�ORQJ�IRU�WKLV�768�PRGHO��7R�PDQDJH�WKH�GLIIHUHQW�

WLPHVWHSV� EHWZHHQ� 0DWODE� DQG� (QHUJ\3OXV�� WZR�
WLPHVWHSV� ZHUH� FKRVHQ� IRU� XVH� ZLWKLQ�0DWODE� ±� RQH�
HTXDO� WR� WKDW� LQ� (QHUJ\3OXV� DQG� RQH� VKRUWHU�� (DFK�
WLPH�WKH�0DWODE�PRGHO�LV�FDOOHG�E\�%&97%��WKH�768�
PRGHO�LWHUDWHV�XVLQJ�WKH�VPDOOHU�LQWHUQDO�WLPHVWHS�DQG�
DW�WKH�HQG�RI�HDFK�ORQJHU�WLPHVWHS��UHWXUQV�WKH�RXWSXW�
YDULDEOHV�WR�%&97%�IRU�XVH�LQ�(QHUJ\3OXV��
�
�

�
)LJXUH����/D\RXW�RI�%&97%��0DWODE��(QHUJ\3OXV�

�

5(68/76�
7KH�RQO\�RXWSXW�(QHUJ\3OXV�H[SOLFLWO\�UHTXLUHV�IURP�
WKH�0DWODE�768�PRGHO� WR�FRQWLQXH� WKH�VLPXODWLRQ� LV�
WKH� RXWOHW� ZDWHU� WHPSHUDWXUH�� 2XWOHW� WHPSHUDWXUH�
DJDLQVW�WLPH�LV�VKRZQ�LQ�)LJXUH���IRU�FKDUJLQJ�PRGH��
,QLWLDOO\�� WKH� RXWOHW� WHPSHUDWXUH� LQFUHDVHV� TXLFNO\� WR�
UHDFK�WKH�3&0�PHOWLQJ�WHPSHUDWXUH����&��IURP�WKH�
LQLWLDO� WHPSHUDWXUH� RI� ���&��$V� WLPH� SURJUHVVHV�� WKH�
WHPSHUDWXUH�DSSURDFKHV� WKDW� RI� WKH� LQOHW� WHPSHUDWXUH�
���&���DV�KHDW�WUDQVIHU�GHFUHDVHV�WR�]HUR��)LJXUH������
�
�

�
)LJXUH����7(6�2XWOHW�ZDWHU�WHPSHUDWXUH�IRU�LQOHW�
WHPSHUDWXUH�RI����&�DQG�D�PDVV�IORZ�UDWH�RI�����NJ�V�
�
�
)LJXUH��� VKRZV� WKH�HIIHFW�RQ� WKH�KHDW� WUDQVIHUUHG�E\�
FKDQJLQJ� PDVV� IORZ� UDWHV�� 7KH� KHDW� WUDQVIHU� UDWH�
LQFUHDVHV�ZLWK�LQFUHDVHG�IORZ�UDWH�DQG�WKH�DVVRFLDWHG�
FKDUJLQJ� WLPH� GHFUHDVHV�� 7KH� RYHUDOO� KHDW� WUDQVIHU�
UDWH� UHGXFHV� WR� ]HUR� DV� WKH� QRGHV� EHFRPH� IXOO\�
FKDUJHV� DQG� DV� WKH� WKHUPDO� UHVLVWDQFH� ZLWKLQ� HDFK�
FDSVXOH�GXH�WR�PHOWLQJ�3&0�LQFUHDVHV���
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�
)LJXUH� ��� +HDW� WUDQVIHU� UDWH� YV�� WLPH� IRU� GLIIHUHQW�
+7)�IORZ�UDWHV��7LQ�ZDWHU���&�
�
)LJXUH� �� VKRZV� WKH� +7)� WHPSHUDWXUH� GLVWULEXWLRQ�
DFURVV�WKH�WDQN����EHLQJ�LQOHW�DQG���EHLQJ�RXWOHW��IRU�
LQFUHDVLQJ�WLPH�GXULQJ�WKH�FKDUJLQJ�SURFHVV��$V�WLPH�
SURJUHVVHV�� WKH� RXWOHW� WHPSHUDWXUH� FDQ� EH� VHHQ� WR�
LQFUHDVH�� $W� ODWHU� WLPHV� LQ� WKH� SURFHVV�� WKH�
WHPSHUDWXUH� RI� WKH� +7)� UHPDLQV� DW� ��&� �WKH� LQOHW�
WHPSHUDWXUH�� IRU� WKH� ILUVW� SRUWLRQ� RI� WKH� WDQN��
LQGLFDWLQJ� WKDW� LW� LV� IXOO\� FKDUJHG� XS� XQWLO� WKH� SRLQW��
DIWHU� ZKLFK� WKH� WHPSHUDWXUH� EHJLQV� WR� GHFUHDVH� DV�
KHDW�WUDQVIHU�WDNHV�SODFH���
�
)LJXUH� ��� VKRZV� D� VLPLODU� SORW� RI� VWDWH� RI� FKDUJH�
DFURVV� WKH� WDQN� IRU� GLIIHUHQW� WLPHV�� ZLWK� WKH� WDQN�
EHLQJ�IXOO\�FKDUJHG�DW�DOO�SRLQWV�ZLWKLQ�WKH�WDQN�DW�WKH�
HQG� RI� WKH� FKDUJLQJ� SURFHVV�� ,W� FDQ� EH� VHHQ� WKDW� WKH�
WDQN� LV�FKDUJHG�PRUH�TXLFNO\� LQ� WKH�UHJLRQV�FORVH� WR�
WKH� HQWUDQFH�� ZLWK� WKH� VWDWH� RI� FKDUJH� GHFUHDVLQJ�
WRZDUGV�WKH�WDQN�H[LW��7KH�UHJLRQV�WRZDUGV�WKH�RXWOHW�
RI� WKH� WDQN� RQO\� EHFRPH� IXOO\� FKDUJHG� DIWHU� WKH�
HQWUDQFH�UHJLRQV�KDYH�EHFRPH�VR��
�

�
)LJXUH����7+7)�RXW�YV��7(6�SRVLWLRQ�IRU�KRXUO\�
LQWHUYDOV�IURP���WR���KRXUV��7LQ�ZDWHU���&�
�
�

�

�
)LJXUH�����6WDWH�RI�FKDUJH�YHUVXV�SRVLWLRQ�IRU�KRXUO\�
LQWHUYDOV�EHWZHHQ���DQG���KRXUV��7LQ�ZDWHU���&�
�
)URP�)LJXUH�����LW�LV�LQWHUHVWLQJ�WR�QRWH�WKH�GLIIHUHQFH�
G\QDPLF� QDWXUH� RI� FKDUJLQJ� D� 768�ZLWKLQ� DQ� HQWLUH�
SODQW� V\VWHP�� 7KH� SUHVHQFH� RI� WKH� 768� DFWV� DV� DQ�
H[WUD�ORDG�WR�WKH�*6+3��OHDGLQJ�WR�ORQJHU�RQ�F\FOHV��
,Q�DQ�LVRODWHG�PRGHO�RI�D�768��WKH�F\FOLQJ�RI�WKH�KHDW�
VRXUFH� ZRXOG� QRW� EH� DFFRXQWHG� IRU�� QRU� ZRXOG� WKH�
HIIHFWV� RI� FKDQJLQJ� EXLOGLQJ� ORDG� DQG� H[WHUQDO�
WHPSHUDWXUHV�� 7KH� KHDW� WUDQVIHU� UDWH� WR� WKH� 768�
LQFUHDVHV�ZLWK�ULVLQJ�*6+3�RXWOHW�WHPSHUDWXUH��:KHQ�
WKH�*6+3�F\FOHV�RII��D�VKDUS�GURS�LQ�KHDW�WUDQVIHU�LV�
VHHQ��FRUUHVSRQGLQJ�WR�WKH�GURS�LQ�WHPSHUDWXUH�RI�WKH�
ZDWHU�ODYLQJ�WKH�KHDW�SXPS��7KH�JUDGXDO�GHFUHDVH�LQ�
768� KHDW� WUDQVIHU� LV� GXH� WR� WKH� WLPH� WDNHQ� IRU�
FKDQJHV� LQ� WHPSHUDWXUH� WR� SURSDJDWH� WKURXJK� WKH�
768��
�
�

�)LJXUH�����(QHUJ\3OXV�RXWSXW�VKRZLQJ�WKH�HIIHFW�RI�
+3�F\FOLQJ�RQ�768�DQG�*6+3�WHPSHUDWXUHV��
�

&RQFOXVLRQV�
3UHVHQWHG�LQ�WKLV�SDSHU�DUH�FRPSUHKHQVLYH�PRGHOV�RI�
D�*6+3�DQG�D�3&0�768��7KH�ZRUN�KDV�IRFXVHG�RQ�
KRZ� WR� LQFRUSRUDWH� WKHVH� PRGHOV� LQWR� (QHUJ\3OXV��
7KH� XVH� RI� WKH� (06� XVHU�GHILQHG� SODQW� FRPSRQHQW�
PRGHO� DOORZV� IRU� D� PRUH� DFFHVVLEOH� PHDQV� RI�
PRGHOOLQJ� D� *6+3�� ZLWK� JUHDWHU� SRVVLELOLWLHV� IRU�
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FRQWURO� QRZ� DYDLODEOH�� 7KH� LQFRUSRUDWLRQ� RI� D� 3&0�
768�PRGHO�ZKLFK�XVHV�D� ILQLWH�GLIIHUHQFH�PHWKRG�LV�
QHZ� WR�(QHUJ\3OXV��'HPRQVWUDWHG� LQ� WKLV� SDSHU� LV� D�
PHWKRG�WR�PRGHO�FRPSRQHQWV�LQ�(QHUJ\3OXV�XVLQJ�DQ�
H[WHUQDO�SURJUDP�VXFK�DV�0DWODE��
7KLV� UHVHDUFK� SURYLGHV� D� SODWIRUP� IRU� DQDO\VLQJ� LQ�
JUHDWHU� GHWDLO� WKH� SODQW� LQWHUDFWLRQV� RI� D� *6+3� DQG�
3&0�768��7KH�DELOLW\�WR�XVH�(QHUJ\3OXV�DV�D�WRRO�WR�
RSWLPLVH� WKHVH� WZR� FRPSRQHQWV�� DORQJ� ZLWK� WKH�
RSSRUWXQLWLHV�SUHVHQWHG�E\�SDVVLYH�WKHUPDO�VWRUDJH�LV�
SRVVLEOH�IROORZLQJ�WKLV�ZRUN��
�

120(1&/$785(�
$FURQ\PV�
%&97%�  ��%XLOGLQJ�&RQWUROV�9LUWXDO�7HWV�%HG�
(06�  ��(QHUJ\�0DQDJHPHQW�6\VWHP�
(UO�  ��(QHUJ\3OXV�UXQWLPH�ODQJXDJH�
*6+3�  ��JURXQG�VRXUFH�KHDW�SXPS�
*+(�  ��JURXQG�KHDW�H[FKDQJHU�
+7)�  ��KHDW�WUDQVIHU�IOXLG�
3&0�  ��SKDVH�FKDQJH�PDWHULDO�
5(6�  ��UHQHZDEOH�HQHUJ\�V\VWHPV�
7(6�  ��WKHUPDO�HQHUJ\�VWRUDJH�
768�  ��WKHUPDO�VWRUDJH�XQLW�
728�  �WLPH�RI�XVH�
�

*UHHN�6\PEROV�
ȡ�  ��GHQVLW\��NJ�P��
�

9DULDEOHV�
$�  ��VXUIDFH�DUHD��P���
&�  ��KHDW�FDSDFLW\��N-�.��
FS�  ��VSHFLILF�KHDW�FDSDFLW\��N-�NJÂ.�� �
'K�  ��K\GUDXOLF�GLDPHWHU��P��
N�  ��WKHUPDO�FRQGXFWLYLW\��:�PÂ.��
O�  ��ODWHQW�KHDW�RI�IXVLRQ��N-�NJ��
𝑚̇���  ��PDVV�IORZ�UDWH��NJ�V��
1X�  ��1XVVHOW�QXPEHU�
3U�  ��3UDQGWO�QXPEHU�
𝑄�  ��KHDW�WUDQVIHU��-��
𝑄̇��  ��KHDW�WUDQVIHU�UDWH��:��
5�  ��WKHUPDO�UHVLVWDQFH��.�:��
5H�  ��5H\QROGV�QXPEHU���
W�  ��WKLFNQHVV��P��
7�  ��WHPSHUDWXUH��&��
Y�  ��YHORFLW\��P�V��
9�  ���YROXPHWULF�IORZ��P��V�� �
[�  ��GLVWDQFH�IURP�LQOHW�RI�768��P��
[
�  ��GLPHQVLRQOHVV�GLVWDQFH�IURP�768�LQOHW�
;�  ��/LTXLG�IUDFWLRQ�
�
�

6XEVFULSWV�
FRQG���  ���3&0�FDSVXOH�VKHOO�FRQGXFWLYH�UHVLVWDQFH�
FRQG���  ��FKDUJHG�3&0�FRQGXFWLYH�UHVLVWDQFH�

FRQY�  ��FRQYHFWLYH�UHVLVWDQFH�IURP�+7)�WR�3&0�
L�  ��WKLV�WLPHVWHS�
L���  ��WKH�QH[W�WLHPVWHS�
LQ�  ��HQWU\�YDOXH�
/�  ��ORDG�VLGH�RI�*6+3�
RXW�  ��RXWOHW�YDOXH�
UHI�  ��UHIHUHQFH�FRQGLWLRQ�
6�  ��VRXUFH�VLGH�RI�*6+3�
�

$&.12:/('*(0(17�
7KLV� UHVHDUFK� LV� IXQGHG� E\� WKH� (XURSHDQ� 8QLRQ�
WKURXJK� WKH� *URXQG0HG� )3�� SURMHFW�
�ZZZ�JURXQGPHG�HX��� 7KH� FRRSHUDWLRQ� RI� WKRVH� DW�
,65�8QLYHUVLW\� RI� &RLPEUD� &RLPEUD� LV� DSSUHFLDWHG��
LQ�SDUWLFXODU�3URIHVVRU�$QLEDO�'H�$OPHLGD��
�

5()(5(1&(6�
�
%UDXQ�� -�(��� ������ 5HGXFLQJ� HQHUJ\� FRVWV� DQG� SHDN�
HOHFWULFDO�GHPDQG�WKURXJK�RSWLPDO�FRQWURO�RI�EXLOGLQJ�
WKHUPDO�PDVV��$6+5$(�7UDQVDFWLRQV��SS����±�����

&KDQJ�<RQJ�� &�� 	� +VLHK�� &�.��� ������ 6ROXWLRQ� RI�
6WHIDQ� SUREOHPV� LPSRVHG� ZLWK� F\FOLF� WHPSHUDWXUH�
DQG� IOX[� ERXQGDU\� FRQGLWLRQV�� ,QWHUQDWLRQDO� -RXUQDO�
RI�+HDW�DQG�0DVV�7UDQVIHU���������SS�����±������

&RUEHUDQ�� -�0��� )LQQ�� '�3���0RQWDJXG�� &���0XUSK\��
)�7��� (GZDUGV�� .�&��� ������ $� TXDVL�VWHDG\� VWDWH�
PDWKHPDWLFDO� PRGHO� RI� DQ� LQWHJUDWHG� JURXQG� VRXUFH�
KHDW� SXPS� IRU� EXLOGLQJ� VSDFH� FRQWURO�� (QHUJ\� DQG�
%XLOGLQJV���������SS���±����

'¶$YLJQRQ�� .�� 	� .XPPHUW�� 0��� ������ 3URSRVHG�
7516<6�0RGHO�IRU�6WRUDJH�7DQN�ZLWK�(QFDSVXODWHG�
3KDVH� &KDQJH� 0DWHULDOV�� ,Q� 6LP%XLOG�� :LVFRQVLQ��
,%36$��

(OVD\HG��$�2���������1XPHULFDO�VWXG\�RI�LFH�PHOWLQJ�
LQVLGH� UHFWDQJXODU� FDSVXOH� XQGHU� F\FOLF� WHPSHUDWXUH�
RI� KHDW� WUDQVIHU� IOXLG�� (QHUJ\� &RQYHUVLRQ� DQG�
0DQDJHPHQW���������SS����±�����

+DMLDK��$��	�.UDUWL��0�������D��2SWLPDO�FRQWURO�RI�
EXLOGLQJ�VWRUDJH�V\VWHPV�XVLQJ�ERWK�LFH�VWRUDJH�DQG�
WKHUPDO�PDVV�±�3DUW�,��6LPXODWLRQ�HQYLURQPHQW��
(QHUJ\�&RQYHUVLRQ�DQG�0DQDJHPHQW������SS������
�����
�
+DMLDK��$��	�.UDUWL��0�������E��2SWLPDO�FRQWUROV�RI�
EXLOGLQJ� VWRUDJH� V\VWHPV� XVLQJ� ERWK� LFH� VWRUDJH� DQG�
WKHUPDO�PDVV� ±� 3DUW� ,,�� 3DUDPHWULF� DQDO\VLV��(QHUJ\�
&RQYHUVLRQ�DQG�0DQDJHPHQW������SS�����������

+DODZD��(���6DPDQ��:��	�%UXQR��)���������$�SKDVH�
FKDQJH� SURFHVVRU� PHWKRG� IRU� VROYLQJ� D� RQH�
GLPHQVLRQDO� SKDVH� FKDQJH� SUREOHP� ZLWK� FRQYHFWLRQ�
ERXQGDU\��5HQHZDEOH�(QHUJ\���������SS�����±������
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+HQ]H��*�3���������(QHUJ\�DQG�FRVW�PLQLPDO�FRQWURO�
RI� DFWLYH� DQG� SDVVLYH� EXLOGLQJ� WKHUPDO� VWRUDJH�
LQYHQWRU\�� -RXUQDO� RI� 6RODU� (QHUJ\� (QJLQHHULQJ��
7UDQVDFWLRQV�RI�WKH�$60(����������SS����±�����

+HQ]H��*�3��	�.UDUWL��0���������3UHGLFWLYH�2SWLPDO�
&RQWURO� RI� $FWLYH� DQG� 3DVVLYH� %XLOGLQJ� 7KHUPDO�
6WRUDJH�,QYHQWRU\��8QLYHUVLW\�RI�1HEUDVND���/LQFROQ��

,KP�� 3��� .UDUWL�� 0�� 	� +HQ]H�� *�3��� ������
'HYHORSPHQW�RI�D� WKHUPDO�HQHUJ\� VWRUDJH�PRGHO� IRU�
(QHUJ\3OXV�� (QHUJ\� DQG� %XLOGLQJV�� ������� SS����±
�����

-LQ��+��� ������3DUDPHWULF� (VWLPDWLRQ� %DVHG�0RGHOV�
RI� :DWHU� 6RXUFH� +HDW� 3XPSV�� 0DVWHU�� 2NODKRPD��
86$�� 'HSDUWPHQW� RI� 0HFKDQLFDO� DQG� $HURVSDFH�
(QJLQHHULQJ��2NODKRPD�6WDWH�8QLYHUVLW\��

/LX��0���6DPDQ��:��	�%UXQR��)���������9DOLGDWLRQ�RI�
D�PDWKHPDWLFDO�PRGHO�IRU�HQFDSVXODWHG�SKDVH�FKDQJH�
PDWHULDO� IODW� VODEV� IRU� FRROLQJ� DSSOLFDWLRQV�� $SSOLHG�
7KHUPDO�(QJLQHHULQJ�������±�����SS�����±������

0RXUD��3�6��	�GH�$OPHLGD��$�7��� ������7KH� UROH�RI�
GHPDQG�VLGH� PDQDJHPHQW� LQ� WKH� JULG� LQWHJUDWLRQ� RI�
ZLQG�SRZHU��$SSOLHG�(QHUJ\���������SS�����±������

3&0�� ������ 3OXV�,FH�� 3ODFH� &KDQJH� 0DWHULDO��
7KHUPDO� (QHUJ\� 6WRUDJH� �7(6�� 'HVLJQ� 0DQXDO��
$YDLODEOH���
KWWS���ZZZ�SFPSURGXFWV�QHW�ILOHV�GHVLJQBPDQXDO�SGI�

5XVVHOO� '�� 7D\ORU�� 3HGHUVHQ�� &�2�� 	� /DZULH�� /���
������6LPXODWLRQ�RI�7KHUPDO�6WRUDJH�6\VWHPV�,Q�$Q�
,QWHJUDWHG� %XLOGLQJ� 6LPXODWLRQ� 3URJUDP�� $YDLODEOH��
KWWS���DSSV��HHUH�HQHUJ\�JRY�EXLOGLQJV�HQHUJ\SOXV�SG
IV�ELEOLRJUDSK\�WKHUPDOBVWRUDJHBVLPXODWLRQBWD\ORU�S
GI��

6($,�� ������ 5HQHZDEOH� (QHUJ\� LQ� ,UHODQG� �� �����
8SGDWH�� 6XVWDLQDEOH� (QHUJ\� $XWKRULW\� RI� ,UHODQG��
$YDLODEOH��
KWWS���ZZZ�VHDL�LH�3XEOLFDWLRQV�6WDWLVWLFVB3XEOLFDWLRQ
V�6(,B5HQHZDEOHB(QHUJ\B����B8SGDWH�5(BLQB,UHB
����XSGDWH�SGI��

6KDK�� 5�.�� 	� /RQGRQ�� $�/��� ������ /DPLQDU� IORZ�
IRUFHG� FRQYHFWLRQ� LQ� GXcts  �� D� VRXUFH� ERRN� IRU�
FRPSDFW�KHDW�H[FKDQJHU�DQDO\WLFDO�GDWD��1HZ�<RUN��
$FDGHPLF�3UHVV��

7DQJ�� &�&��� ������0RGHOLQJ� 3DFNDJHG�+HDW� 3XPSV�
LQ�D�4XDVL�6WHDG\�6WDWH�(QHUJ\�6LPXODWLRQ�3URJUDP��
0DVWHU� RI� 6FLHQFH�� 2NODKRPD�� 'HSDUWPHQW� RI�
0HFKDQLFDO� DQG� $HURVSDFH� (QJLQHHULQJ�� 2NODKRPD�
6WDWH�8QLYHUVLW\��

�

86� '2(�� ������ %XLOGLQJV� (QHUJ\� 'DWD� %RRN��
$YDLODEOH��
KWWS���EXLOGLQJVGDWDERRN�HUHQ�GRH�JRY�7DEOH9LHZ�DVS
["WDEOH ������

9HOUDM�� 5��� 6HHQLUDM�� 5�9��� +DIQHU�� %��� )DEHU�� &���
������ ([SHULPHQWDO� DQDO\VLV� DQG� QXPHULFDO�
PRGHOOLQJ� RI� LQZDUG� VROLGLILFDWLRQ� RQ� D� ILQQHG�
YHUWLFDO� WXEH� IRU� D� ODWHQW� KHDW� VWRUDJH� XQLW�� 6RODU�
(QHUJ\���������SS����±�����

:HL�� -��� .DZDJXFKL�� <��� +LUDQR�� 6��� 7DNHXFKL�� +���
������6WXG\�RQ�D�3&0�KHDW�VWRUDJH�V\VWHP�IRU�UDSLG�
KHDW� VXSSO\�� $SSOLHG� 7KHUPDO� (QJLQHHULQJ�� �����±
�����SS�����±������

�
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