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7KLV�SDSHU�DGGUHVVHV�WKH�HVWLPDWLRQ�SHUIRUPDQFH�RI�D�
.DOPDQ� ILOWHU� IRU� DQ� LQWHUQDO� DJJUHJDWHG� ORDG�� 7KH�
LQWHUQDO� DJJUHJDWHG� ORDG� FRQVLVWV� RI� KHDW� JDLQV� IURP�
LQWHUQDO� VRXUFHV� �SHRSOH�� OLJKWLQJV�� HTXLSPHQW�� DQG�
KHDW� JDLQ�ORVV� IURP� LQILOWUDWLRQ� DQG� DLU� PRYHPHQW�
EHWZHHQ� ]RQHV�� ,Q� JHQHUDO�� LW� LV� GLIILFXOW� WR� TXDQWLI\�
VXFK� ORDG� EHFDXVH� RI� LWV� G\QDPLF� QDWXUH� �H�J�� KHDW�
ILUVWO\� DEVRUEHG� DQG� UHUDGLDWHG� EDFN� WR� URRP� DLU��
ELGLUHFWLRQDO� DLUIORZ� WKURXJK� GRRUV�� ZLQGRZV�� HWF����
)RU� WKLV� UHDVRQ�� FUXGH� HVWLPDWH� �RU� JXHVV�� LV� XVXDOO\�
XVHG� IRU�HQHUJ\� VLPXODWLRQ�RI�H[LVWLQJ�EXLOGLQJV��7R�
DGGUHVV� WKH� DIRUHPHQWLRQHG� LVVXH�� D� VWDWH� HVWLPDWLRQ�
PHWKRG��.DOPDQ� ILOWHULQJ�� LV� SURSRVHG� LQ� WKLV� SDSHU��
.DOPDQ� ILOWHULQJ� LV� ZHOO� VXLWHG� IRU� VLWXDWLRQV� ZKHQ�
OLPLWHG� PHDVXUHG� GDWD� DUH� DYDLODEOH� XQGHU� VWURQJ�
XQFHUWDLQW\�� 7R� YDOLGDWH� LWV� HVWLPDWLRQ� SHUIRUPDQFH��
YLUWXDO� DQG� UHDO� H[SHULPHQW� ZHUH� FRQGXFWHG� LQ� WKLV�
VWXG\��7KH�SUHOLPLQDU\�UHVXOWV�VKRZ�WKDW�WKH�.DOPDQ�
ILOWHU� FDQ� VXFFHVVIXOO\� HVWLPDWH� UDQGRPO\� YDU\LQJ�
ORDGV�� EXW� LWV� SHUIRUPDQFH� GHSHQGV� RQ� PRGHO�
DGHTXDF\�DQG�PHDVXUHPHQW�QRLVH���

,1752'8&7,21�
)RU�HQHUJ\�VLPXODWLRQ�RI�H[LVWLQJ�EXLOGLQJV��GUDZLQJV�
�DUFKLWHFWXUDO�� PHFKDQLFDO�� HOHFWULFDO��� GDLO\� UHFRUGV�
RI� RSHUDWLRQ� RI� EXLOGLQJ� V\VWHPV�� LQIRUPDWLRQ�
JDWKHUHG� IURP� VLWH�YLVLWV�LQWHUYLHZV�� DV� ZHOO� DV�
PHDVXUHG��RU�PRQLWRUHG��GDWD�ZHUH�FRPSLOHG�WKURXJK�
VHYHUDO� SUH�SURFHVVHV� IRU� VLPXODWLRQ� UXQ�� 7KH� GDWD�
HQWHUHG� LQWR� D� VLPXODWLRQ� SURJUDP� FDQ� EH� FODVVLILHG�
LQWR� WZR�� ³VWDWLF´�DQG� ³G\QDPLF´��7KH�GDWD�JDWKHUHG�
IURP�GUDZLQJV�VXFK�DV�JHRPHWULF�LQIRUPDWLRQ�DQG�WKH�
WKHUPDO� SURSHUWLHV� RI� PDWHULDOV� FDQ� EH� UHJDUGHG� DV�
VWDWLF��,Q�JHQHUDO�� LW� LV�UHODWLYHO\�HDV\�WR�REWDLQ�VWDWLF�
GDWD�EHFDXVH�VXFK�VWDWLF�GDWD�DUH�XVXDOO\�GRFXPHQWHG�
ZHOO� DQG� WKH�QDWXUH�RI� VWDWLF� GDWD� LV� OLWHUDOO\� µVWDWLF¶��
([DPSOHV� RI� G\QDPLF� GDWD� DUH� ���� V\VWHP�RSHUDWLRQ�
VHWWLQJV������KHDW�JDLQV�IURP�LQWHUQDO�VRXUFHV��SHRSOH��
OLJKWLQJV�� HTXLSPHQW��� DQG� ���� KHDW� JDLQ�ORVV� IURP�
DLUIORZV� �LQILOWUDWLRQ�� PL[LQJ� DLU� EHWZHHQ� ]RQHV���
(YHQ� WKRXJK� V\VWHP�RSHUDWLRQ�VHWWLQJV�DUH�G\QDPLF��
WKH\� DUH� HDV\� WR� REWDLQ� EHFDXVH� WKH\� DUH� XVXDOO\�
VWRUHG� LQ� FRPSXWHUL]HG� GDWDEDVH� VXFK� DV� %XLOGLQJ�
$XWRPDWLRQ� 6\VWHP� �%$6�� RU� %XLOGLQJ� (QHUJ\�
0DQDJHPHQW� 6\VWHP� �%(06��� +RZHYHU�� LW� LV�

GLIILFXOW� WR� REWDLQ� WKH� VHFRQG� DQG� WKLUG� W\SHV� RI�
G\QDPLF�GDWD�GXH�WR�WKH�IROORZLQJ���
 ,Q� PRVW� EXLOGLQJV�� VFKHGXOH� LQIRUPDWLRQ� RI�

LQGLYLGXDOV�LV�QRW�FROOHFWHG�EHFDXVH�RI�D�SULYDF\�
LVVXH�� 0RUHRYHU�� WKH� KHDW� JDLQ� IURP� SHRSOH�
YDULHV� EDVHG� RQ� DJH�� VH[�� DQG� DFWLYLWLHV�
�$6+5$(�������DQG�KDUG�WR�PHDVXUH���

 (OHFWULF�FRQVXPSWLRQ�E\�HTXLSPHQW�DQG�OLJKWLQJV�
LV� QRW� VXE�PHWHUHG�� 0RUHRYHU�� WKHUH� DUH�
GLIIHUHQFHV� LQ�KHDW�HPLVVLRQ�IRU�HDFK�HTXLSPHQW�
DQG�OLJKWLQJV���

 ,W� LV� GLIILFXOW� WR� TXDQWLI\� WKH� DPRXQW� RI�
LQILOWUDWLRQ� DQG� DLU� PRYHPHQW� EHWZHHQ� ]RQHV�
�YDQ� GHU� 0DDV�� ������� ,W� ZRXOG� EH� HYHQ� PRUH�
FKDOOHQJLQJ� WR� PHDVXUH� LQ� D� UHDO�OLIH� FDVH�
�XQFRQWUROOHG�FRQGLWLRQV����

)RU�WKHVH�UHDVRQV��FUXGH�HVWLPDWH��RU�JXHVV��LV�XVXDOO\�
XVHG� IRU� HQHUJ\� PRGHOLQJ� RI� H[LVWLQJ� EXLOGLQJV��
+RZHYHU�� DFFRUGLQJ� WR� +RSIH� DQG� +HQVHQ� ��������
HQHUJ\�SUHGLFWLRQ� LV�VLJQLILFDQWO\� LQIOXHQFHG�E\�VXFK�
XQNQRZQ�LQSXWV�DQG�PRUH�FDUHIXO�DWWHQWLRQ�VKRXOG�EH�
SDLG���
,QFRPSOHWH� LQIRUPDWLRQ� OHDGV� WR� GHILFLHQW� HQHUJ\�
VLPXODWLRQ� PRGHO� �$KQ� HW� DO�� ������� DQG� WKHUH� LV�
DOZD\V� D� JDS� EHWZHHQ� UHDOLW\� DQG� VLPXODWLRQ�
SUHGLFWLRQ�� 9DULRXV� FDOLEUDWLRQ� WHFKQLTXHV� DUH�
SURSRVHG� WR�RYHUFRPH� WKLV� LVVXH��RSWLPL]DWLRQ�EDVHG�
SDUDPHWHU� HVWLPDWLRQ� �5HGG\� HW� DO�� ������� UDSLG�
FDOLEUDWLRQ� �/LX� HW� DO�� ������� HYLGHQFH�EDVHG�
FDOLEUDWLRQ��5DIWHU\�HW�DO���������%D\HVLDQ�FDOLEUDWLRQ�
�+HR�HW�DO���������8QIRUWXQDWHO\��WKH�DIRUHPHQWLRQHG�
LQWHUQDO� KHDW� JDLQV�� LQILOWUDWLRQ� DQG� DLU� PRYHPHQW�
KDYH� ³WLPH�YDU\LQJ´� FKDUDFWHULVWLFV�� OHDGLQJ� WR� YDVW�
VHDUFK� VSDFH� LQ� RSWLPL]DWLRQ�� 7\SLFDO� VHDUFK�
DOJRULWKPV� FDQQRW� ILQG� RSWLPDO� VROXWLRQV� ZLWKLQ� WKH�
OLPLWHG�WLPH��
,Q�WKLV�VWXG\��WKH�DXWKRUV�SURSRVH�.DOPDQ�ILOWHULQJ��D�
ULJRURXV� HVWLPDWLRQ� WHFKQLTXH�� WR� HVWLPDWH� WLPH�
YDU\LQJ�XQNQRZQ�SDUDPHWHUV��7KH�.DOPDQ� ILOWHU�FDQ�
HIIHFWLYHO\�HVWLPDWH�XQPHDVXUHG�VWDWHV��ZKLFK�HYROYH�
LQ� WLPH�� ZLWK� WKH� XVH� RI� NQRZOHGJH� RI� WKH� V\VWHP��
G\QDPLFV� RI� PHDVXULQJ� GHYLFHV� DQG� VWDWLVWLFDO�
GHVFULSWLRQV�RI�WKH�V\VWHP�QRLVH��PHDVXUHPHQW�HUURUV��
DQG�XQFHUWDLQW\�LQ�WKH�G\QDPLF�PRGHOV��7KH�.DOPDQ�
ILOWHU� DSSURDFK� LV� ZHOO� VXLWHG� IRU� VLWXDWLRQV� ZKHQ�
OLPLWHG� PHDVXUHG� GDWD� DUH� DYDLODEOH� XQGHU� VWURQJ�
XQFHUWDLQW\���
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,Q� WKLV� VWXG\�� WKH� HOHPHQWV� ��� �KHDW� JDLQV� IURP�
LQWHUQDO� VRXUFHV�� DQG� ��� �KHDW� JDLQV� IURP� DLUIORZV��
ZHUH� HVWLPDWHG� QRW� VHSDUDWHO\� EXW� DJJUHJDWHO\� ZLWK�
UHJDUG� WR� WKHLU�FRQWULEXWLRQ� WR� WKH� LQWHUQDO� ORDG��7KH�
IROORZLQJ� WZR�H[SHULPHQWV�ZHUH�FRQGXFWHG� WR�YHULI\�
HVWLPDWLRQ�SHUIRUPDQFH�RI�WKH�.DOPDQ�ILOWHULQJ���
�� 9LUWXDO�H[SHULPHQW�±�WKH�DJJUHJDWHG�LQWHUQDO�ORDG�

�WKH� VXP� RI� ��� DQG� ���� ZDV� DUELWUDULO\�
PDQLSXODWHG�GXULQJ�WKH�WLPH�KRUL]RQ�LQVLGH�D�IXOO�
G\QDPLF� VLPXODWLRQ� PRGHO�� 7KH� .DOPDQ� ILOWHU�
HVWLPDWHG� WKH� LQWHUQDO� ORDG� DQG� FRPSDULVRQ�ZDV�
PDGH�EHWZHHQ�WUXH�KHDW�JDLQV�DQG�HVWLPDWHG�KHDW�
JDLQV���

�� 0LQL� WHVW�EHG� H[SHULPHQW� ±� DQ� H[SHULPHQW� ZDV�
FRQGXFWHG� LQ�D�VPDOO�VFDOH� WHVW�EHG�� ,Q� WKH�VDPH�
PDQQHU� DV�PHQWLRQHG� LQ� WKH� YLUWXDO� H[SHULPHQW��
WKH� UHDO� KHDW� LQSXWV� ZHUH� FRPSDUHG� WR� WKH�
HVWLPDWHV�E\�WKH�.DOPDQ�ILOWHU���

(67,0$7,21�$3352$&+��
7KH�.DOPDQ�ILOWHU�DOJRULWKP�HVWLPDWHV�VWDWH�YDULDEOHV�
LQ� D� QRLV\� OLQHDU� G\QDPLFDO� V\VWHP� E\� PLQLPL]LQJ�
PHDQ�VTXDUHG�HVWLPDWLRQ�HUURU�RI�WKH�FXUUHQW�VWDWH�DV�
QRLV\� PHDVXUHPHQWV� DUH� UHFHLYHG� DQG� WKH� V\VWHP�
HYROYHV� LQ� WLPH�� (DFK� XSGDWH� SURYLGHV� WKH� ODWHVW�
XQELDVHG� HVWLPDWH� RI� WKH� V\VWHP� YDULDEOHV� WRJHWKHU�
ZLWK�D�PHDVXUH�RQ�WKH�XQFHUWDLQW\�RI�WKRVH�HVWLPDWHV�
LQ� WKH� IRUP� RI� D� FRYDULDQFH� PDWUL[�� 6LQFH� WKH�
XSGDWLQJ� SURFHVV� LV� JHQHUDO� DQG� UHODWLYHO\� HDV\� WR�
FRPSXWH�� WKH�.DOPDQ� ILOWHU� RIWHQ� LV� LPSOHPHQWHG� LQ�
UHDO�WLPH��$�EULHI�UHYLHZ�RQ�WKH�.DOPDQ�ILOWHU�FDQ�EH�
IRXQG�LQ�+XPSKHU\V�HW�DO������������
$OVR�� WKH� .DOPDQ� ILOWHU� FDQ� EH� DSSOLHG� WR� VWDWH� RU�
SDUDPHWHU� HVWLPDWLRQ� SUREOHPV� XVLQJ� WKH� VWDWH�
DXJPHQWDWLRQ� WHFKQLTXH�� 7KH�.DOPDQ� ILOWHU� DVVXPHV�
ZKLWH� XQFRUUHODWHG� UDQGRP� VHTXHQFHV� � �w i �DQG� � �v i �
IRU� WKH� SURFHVV� DQG� PHDVXUHPHQW� QRLVH�� ,Q� JHQHUDO��
WKRVH� VWDWLVWLFDO� SURSHUWLHV� DUH� DVVXPHG� WR� EH�
*DXVVLDQ� GLVWULEXWLRQ� �*HOE� ������ 6LPRQ� ������
&UDVVLGLV� DQG� -XQNLQV�� ������� 7KH� ZKLWHQHVV� RU�
FRORUHG�FRQWHQW�RI�VWRFKDVWLF�SURFHVVHV��VXFK�DV� � �w i
DQG � �v i �FDQ� EH� FKDUDFWHUL]HG� E\� WKRVH� SRZHU�
VSHFWUXPV�� 7KH� SRZHU� VSHFWUXP� PHDQV� KRZ� WKH�
SRZHU�RI� UDQGRP� SURFHVV� LV� GLVWULEXWHG� RYHU� WKH�
GLIIHUHQW� IUHTXHQFLHV�� ,I� WKH� SRZHU� LV� GLVWULEXWHG�
XQLIRUPO\� RYHU� DOO� IUHTXHQF\� FRPSRQHQWV�� VXFK�
SURFHVV�LV�FDOOHG�ZKLWH�QRLVH��7R�SXW�LW�DQRWKHU�ZD\��
LI� WKH� UDQGRP�YDULDEOH�w�W��� LV� LQGHSHQGHQW� IURP�WKH�
UDQGRP�YDULDEOH�w�W���IRU�DOO�W�≠�W��WKHQ�w�W��LV�FDOOHG�
ZKLWH�QRLVH��6LPRQ����������
,Q�FRQWUDVW��WKH�FRORUHG�QRLVH�KDV�QRQ�XQLIRUP�SRZHU�
GLVWULEXWLRQ� RYHU� WKH� IUHTXHQFLHV�� RU� LW� LV� FRUUHODWHG�
ZLWK� LWVHOI�� 7KH� FRORUHG� QRLVH� PD\� EH� PRGHOHG� DV��
UDQGRP�ZDON��UDQGRP�UDPS��H[SRQHQWLDOO\�FRUUHODWHG�
UDQGRP� YDULDEOH�� SHULRGLF� UDQGRP� YDULDEOH� �*HOE�
�������$�VLPSOH�PRGHO�RI� WKH�FRORUHG�QRLVH�SURFHVV�
ZRXOG� EH� UDQGRP� ZDON� �LW� ZLOO� EH� H[SODLQHG� LQ� WKH�

ODWHU� VHFWLRQ��� DQG� LWV�PDWKHPDWLFDO� H[SUHVVLRQ� LV� DV�
IROORZV��
�
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:KHUH�� 
� �w i LV� ZKLWH� QRLVH�� $W� WKLV� SRLQW�� WKH� VWDWH�
DXJPHQWDWLRQ� UHGXFHV� WKH� SUREOHP� WR� D� VWDQGDUG�
.DOPDQ� ILOWHU� IRUP�� )RU� WKDW�� WKH� DXJPHQWHG� VWDWH�
GLIIHUHQWLDO� HTXDWLRQ�� GULYHQ� E\� ZKLWH� QRLVH� 
� �w i LV�
DV�IROORZV��
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ZKHUH��x LV�WKH�VWDWH�YHFWRU��F LV�WKH�V\VWHP�PDWUL[��G�
LV� WKH� LQSXW� PDWUL[�� u� LV� WKH� FRQWURO� YHFWRU�� z� LV� WKH�
PHDVXUHPHQW�YHFWRU��H�LV�WKH�PHDVXUHPHQW�PDWUL[��v�
LV� ZKLWH�� ]HUR�PHDQ� PHDVXUHPHQW� QRLVH�� 7KH� QRLVH�
SURFHVVHV� RI� 
w �DQG� v� KDYH� ��� �N Q �� ��� �N R �
UHVSHFWLYHO\� ZKHUH� Q� LV� PRGHO� QRLVH� FRYDULDQFH�
PDWUL[�DQG�R�LV�PHDVXUHPHQW�QRLVH�FRYDULDQFH�PDWUL[��
(T���D��LV�GLVFUHWH�WLPH�OLQHDU�V\VWHP��DQG�(T���E��LV�
FDOOHG�OLQHDU�*DXVVLDQ�PHDVXUHPHQW�HTXDWLRQ�EHFDXVH�
WKH�SUREDELOLW\�GHQVLW\� IXQFWLRQ�RI� WKH�v� LV�*DXVVLDQ�
GLVWULEXWLRQ��:LWK� WKLV� DXJPHQWHG� VWDWH� YHFWRU� IRUP�
�(T����� ERWK� x DQG� w �FDQ� EH� HVWLPDWHG� XVLQJ� WKH�
VWDQGDUG� .DOPDQ� ILOWHU� �6LPRQ� ������� 7KLV� VWDWH�
DXJPHQWDWLRQ� WHFKQLTXH�ZDV� DSSOLHG� WR� RXU� VWXG\� WR�
HVWLPDWH� WKH� G\QDPLF� SDUDPHWHU� �RU� VWDWH�� RI� WKH�
LQWHUQDO�DJJUHJDWHG�ORDG���
,W� VKRXOG� EH� QRWHG� WKDW� (T����� JLYHV� WKH� DXJPHQWHG�
VWDWH�HTXDWLRQ�EXW�LW�LV�QRW�WKH�UHFXUVLYH�HTXDWLRQV�RI�
WKH�ILOWHU��L�H�� WLPH�XSGDWH�DQG�PHDVXUHPHQW�XSGDWH���
,Q�DGGWLRQ��WKH�GHWDLOV�RI�WKH�SURSDJHWLRQ�RI�WKH�HUURU�
FRYDULDQFH� ZHUH� RPLWWHG� LQ� WKLV� SDSHU� IRU� ZDQW� RI�
VSDFH��

5(6($5&+�+<327+(6,6�
,Q� WKLV� VWXG\�� LW� ZDV� DVVXPHG� WKDW� WKH� LQWHUQDO�
DJJUHJDWHG�ORDG�FDQ�EH�UHSUHVHQWHG�E\�WKH�PRYHPHQW�
RI� D� VLPSOH� UDQGRP� ZDON�� 7KH� UDQGRP� ZDON� LV� D�
PDWKHPDWLFDO�IRUPDOL]DWLRQ�RI�D�SDWK�WKDW�FRQVLVWV�RI�
D�VXFFHVVLRQ�RI�UDQGRP�VWHSV��)RU�H[DPSOH�� WKH�SDWK�
WUDFHG�E\�D�PROHFXOH�DV�LW�WUDYHOV�LQ�D�OLTXLG�RU�D�JDV��
WKH� VHDUFK� SDWK� RI� D� IRUDJLQJ� DQLPDO�� WKH� SULFH� RI� D�
IOXFWXDWLQJ�VWRFN�DQG�WKH�ILQDQFLDO�VWDWXV�RI�D�JDPEOHU�
FDQ�DOO�EH�PRGHOHG�DV�UDQGRP�ZDONV��(T������
,Q� WKLV� VWXG\�� WKH� LQWHUQDO� DJJUHJDWHG� ORDG� � Lq �� LV�
GHILQHG�DV�WKH�VXP�RI�LQVWDQWDQHRXV�ORDGV�H[FHSW� IRU�
WKH� ORDG� FDXVHG� E\� HQYHORSHV� �RSDTXH�� WUDQVSDUHQW��
DQG�V\VWHPV��H�J���RXWGRRU�DLU�LQWDNH��VXSSO\�DLU���7KH�
H[SUHVVLRQ�LV�DV�IROORZV���
�
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ZKHUH�� pq LV� KHDW� JDLQ� IURP� SHRSOH� >:@�� eq �LV� KHDW�
JDLQ� IURP� HTXLSPHQW� >:@�� lq �LV� KHDW� JDLQ� IURP�
OLJKWLQJ� >:@�� ivq �LV� KHDW� JDLQ�ORVV� IURP� LQILOWUDWLRQ�
DQG� YHQWLODWLRQ� E\� RFFXSDQWV� �H�J�� RSHQLQJ�FORVLQJ�
ZLQGRZV�� >:@�� mixq �LV� KHDW� JDLQ� IURP� DLU�PRYHPHQW�
EHWZHHQ�]RQHV�>:@���
,QWHUHVWLQJO\�� WKH� LQWHUQDO� DJJUHJDWHG� ORDG� �(T�� ���
GHSHQGV�RQ�WKH�FKDUDFWHULVWLFV�RI�RFFXSDQWV
�EHKDYLRU��
+HQFH�� LW� LV� YHU\� GLIILFXOW� WR� TXDQWLI\� E\� DQ\�
GHWHUPLQLVWLF� SK\VLFDO� UHODWLRQVKLS�� $V� PHQWLRQHG�
DERYH�� WKH� KHDW� JDLQ� IURP� SHRSOH� GHSHQGV� RQ� WKHLU�
DJH�� VH[�� DQG� DFWLYLWLHV�� ZKLOH� WKH� KHDW� JDLQV� IURP�
OLJKWLQJV� DQG� HTXLSPHQW� GHSHQG� RQ� KRZ� DQG� ZKHQ�
SHRSOH� RSHUDWH� WKRVH� �'XVND� HW� DO�� ������� /LNHZLVH��
LQILOWUDWLRQ�DQG�YHQWLODWLRQ�GHSHQG�RQ�KRZ�DQG�ZKHQ�
SHRSOH� RSHQ� DQG� RSHUDWH� ZLQGRZV� DQG� V\VWHPV��
&XUUHQWO\�� WKHUH� DUH� GLYHUJHQW� RSLQLRQV� DERXW� WKH�
PRGHOLQJ�SRVVLELOLW\�RI�KXPDQ�EHKDYLRU��3LHUFH�HW�DO��
������ /X� HW� DO�� ����D�� ����E�� &OLQWRQ� HW� DO�� ������
5DFKOLQ��������� ,Q�DGGLWLRQ��XQGHU�XQFHUWDLQ�ZHDWKHU�
FRQGLWLRQV�� DLUIORZV� LQ� EXLOGLQJV� DUH� LUUHJXODU� �RU�
UDQGRP��� FDQ� EH� UHJDUGHG� DV� WKH� UDQGRP� ZDON� �RU�
%URZQLDQ� PRWLRQ� SURFHVV��� :LWK� ZKDW� KDV� EHHQ�
PHQWLRQHG� DERYH� EHLQJ� FRQVLGHUHG�� WKH� LQWHUQDO�
DJJUHJDWHG�ORDG�LV�DVVXPHG�DV�WKH�UDQGRP�ZDON��(T����
�

� �� � � 
� �L Lq i q i w i   ���������������������������������������������
�

7KH� µUDQGRP� ZDON� K\SRWKHVLV¶� LPSOLHV� WKDW� WKH�
LQWHUQDO� DJJUHJDWHG� ORDG� LV� FRORUHG� QRLVH�� ,Q� RWKHU�
ZRUGV�� LW� FDQ� EH� PRGHOHG� DV� WKH� UDQGRP� ZDON�� DQG�
WKHUHIRUH� HVWLPDWHG� E\� WKH� VWDWH� DXJPHQWDWLRQ�
WHFKQLTXH�XVLQJ�D�VWDQGDUG�.DOPDQ�ILOWHU��)LQDOO\��WKH�
HVWLPDWLRQ� SHUIRUPDQFH� RI� .DOPDQ� ILOWHU� ZDV�
LQYHVWLJDWHG�WKURXJK�WKH�YLUWXDO�H[SHULPHQW�DQG�PLQL�
WHVW�EHG�H[SHULPHQW�LQ�WKH�IROORZLQJ�VHFWLRQV���

9,578$/�(;3(5,0(17�
9LUWXDO� H[SHULPHQW�� RU� EXLOGLQJ� VLPXODWLRQ� DOORZV�
GLUHFW� FRQWURO� RI� DOO� ERXQGDU\� FRQGLWLRQV� DQG� HUURU�
SDUDPHWHUV��DQG�LW�JHQHUDWHV�WKH�YDOXHV�RI�REVHUYDEOH�
DV�ZHOO�DV�QRQ�REVHUYDEOH�SDUDPHWHUV�DV�ZHOO�DV�VWDWH�

YDULDEOHV�RI�RXU�LQWHUHVW��,Q�WKLV�VWXG\�� WKH�QRLVH�IUHH�
DJJUHJDWHG� ORDG� ZDV� REWDLQHG� IURP� DQ� (QHUJ\3OXV�
VLPXODWLRQ�UXQ���
7KUHH� H[SHULPHQWV� ZHUH� GHVLJQHG� WR� WHVW� WKH�
SHUIRUPDQFH� RI� WKH� .DOPDQ� ILOWHU� �7DEOH� ���� 7KH�
SXUSRVH� RI� WKH� ILUVW� H[SHULPHQW� LV� WR� YHULI\� WKH�
SHUIRUPDQFH� XQGHU� DQ� XQUHDOLVWLF� LQWHUQDO� ORDG�
FRQGLWLRQ�� ,Q� FDVH� RI� H[SHULPHQW� ���� WKH� ORDG� ZDV�
JHQHUDWHG� OLNH� D� VLQXVRLGDO� ZDYH�� ,Q� WKH� WKLUG�
H[SHULPHQW�� QRLVH� �UDQGRP� ORDG�� ZDV� DGGHG� WR� WKH�
ORDG� JHQHUDWHG� LQ� H[SHULPHQW� ��� WR� UHIOHFW� D� PRUH�
UHDOLVWLF� FRQGLWLRQ�� $Q� RYHUYLHZ� RI� WKH� YLUWXDO�
H[SHULPHQW�ZDV�VKRZQ�LQ�)LJXUH���DQG�7DEOH�����
�

Table 1. Experiments description 
NO.  DESCRIPTION 

�� 7KH�LQWHUQDO�ORDG�LQFUHDVHV�DQG�GHFUHDVHV�VKDUSO\�WKUHH�
WLPHV��XQUHDOLVWLF�LQWHUQDO�ORDG�FRQGLWLRQ���

�� 7KH�LQWHUQDO�ORDG�YDULHV�OLNH�D�VLQXVRLGDO�VKDSH�WR�UHIOHFW�
D�PRUH�UHDOLVWLF�FRQGLWLRQ���

��
7KH�VDPH�ORDG�IURP�H[S���LV�FRPELQHG�ZLWK�UDQGRP�
QRLVH�DW�HYHU\����PLQXWHV��7KLV�LV�D�FDVH�DV�FORVH�WR�D�
UHDO�OLIH�DV�SRVVLEOH��

Simulation model  
)RU�WKLV�VWXG\��D�VLPXODWLRQ�PRGHO�ZDV�GHYHORSHG�DV�
VKRZQ� LQ� )LJXUH� ��� 7KH� PRGHO� URRP� ZDV� D�
UHFWDQJXODU� VSDFH�ZLWK��P��+��[��P��:��[��P��'���
WKDW�RI�D�VPDOO�RIILFH�XQLW��7KH�ZLQGRZ��VRXWK�IDFLQJ��
�P��:�î�P��+���FRQVLVWV�RI�D�GRXEOH�JOD]LQJ����PP�
FOHDU� �� ��� PP� DLU� FDYLW\� �� �� PP� FOHDU��� 2QO\� WKH�
VRXWK� HQYHORSH� KDV� FRQWDFW� ZLWK� RXWGRRU�� RWKHUV� DUH�
VHW�WR�EH�DGLDEDWLF��,Q�WKLV�VWXG\��WKH�PHGLXP�ZHLJKW�
W\SH� RI� FRQVWUXFWLRQ� ZDV� FKRVHQ� DFFRUGLQJ� WR�
$6+5$(����������
7KH�REMHFW�µLGHDO�+9$&�V\VWHP¶�LQ�(QHUJ\3OXV�ZDV�
XVHG� WR� FRQWURO� WKH� URRP� DLU� WHPSHUDWXUH�� 7KH� LGHDO�
+9$&� V\VWHP� LV� DQ� LGHDO� XQLW� WKDW�PL[HV� DLU� DW� WKH�
]RQH� UHWXUQ�ZLWK� D� VSHFLILHG� DPRXQW� RI� RXWGRRU� DLU��
DQG�WKHQ�DGGV�RU�UHPRYHV�KHDW�DQG�PRLVWXUH�DW�µ�����
HIILFLHQF\¶�LQ�RUGHU�WR�SURGXFH�D�VXSSO\�DLU�VWUHDP�DW�
VSHFLILHG� FRQGLWLRQV�� 7KH� VLPXODWLRQ� UXQ� ZDV�
FRQGXFWHG�XQGHU�FOHDU�VN\�FRQGLWLRQV�XVLQJ�(3:�ILOH�
�ORFDWLRQ��6HRXO��.RUHD��VXPPHU��-XO���VW����

�
Figure 1. Overview of the virtual experiments  
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$UWLILFLDO� QRLVHV� ZHUH� DGGHG� WR� WKH� VLPXODWHG� GDWD�
IURP�(QHUJ\3OXV� WR� LPLWDWH� UHDO�PHDVXUHG�GDWD�� 7KH�
PHDVXUHG�GDWD�DQG�TXDQWLW\�RI�WKH�QRLVH�DUH�VKRZQ�LQ�
7DEOH� ��� ([DPSOHV� RI� WKH� QRLV\� PHDVXUHPHQWV�
�RXWVLGH�GU\�EXOE�WHPSHUDWXUH�DQG�ZLQG�VSHHG��JOREDO�
VRODU�UDGLDWLRQ��DUH�VKRZQ�LQ�)LJXUH����

�

�
Figure 2. Simulation model 

 (left: floor plan, right: elevation) 
�

Table 2. Noise of measured data  
LIST NOISE  

(sensitivity)  DIM. REFERENCE 

2XWGRRU�DLU�
WHPSHUDWXUH�� ±���� >R&@� +2%2�:HDWKHU�VWDWLRQ�

�+���������
2XWGRRU�ZLQG�
VSHHG�� ±���� >P�V@� *LOO�LQF���:LQG6RQLF�������

6RODU�UDGLDWLRQ�� ±��� >:�P�@�/,�&25��/,����6$��

,QGRRU�DLU�
WHPSHUDWXUH�� ±���� >R&@� *HQHUDO�7�W\SH�

WKHUPRFRXSOH��
6XSSO\�DLUIORZ�
UDWH�� ±����� >P�V@� 7HVWR�YDQH�SUREH�������������
6XSSO\�DLU�
WHPSHUDWXUH�� ±���� >R&@� *HQHUDO�7�W\SH�

WKHUPRFRXSOH��
�

�
(a) outdoor air temperature 

�
(b) outdoor wind speed 

�
(c) global solar radiation on the south vertical wall 

Figure 3. Examples of the measured data (green line) 
and simulated (or true) value (blue dotted line)  

Mathematical modeling of the virtual building  
7KH� YLUWXDO� EXLOGLQJ� �)LJXUH� ��� ZDV� PRGHOHG� DV� D�
VLPSOH� 5&� QHWZRUN� DV� VKRZQ� LQ� )LJXUH� ��� ,Q� WKLV�
PRGHOLQJ�DSSURDFK��WKH�ZDOOV��FHLOLQJ�DQG�IORRU�ZHUH�
VLPSOLILHG� DV� WZR� QRGHV�� DQG� WKH� ZLQGRZ� ZDV�
VLPSOLILHG� DV� D� OXPSHG� QRGH�� 7KH� KHDW� EDODQFH�
HTXDWLRQ� DW� HDFK� QRGH� IRU� QRGHV� ��� WKURXJK� ��� LQ�
)LJXUH� ��D�� ZDV� EDVHG� RQ� WH[WERRNV� �&ODUNH� ������
'XIILH� DQG� %HFNPDQ�� ������ ,QFURSHUD� HW� DO�� ������
$6+5$(� ������� 7KH� GHWDLOV� ZHUH� RPLWWHG� LQ� WKLV�
SDSHU� IRU�ZDQW� RI� VSDFH�� ,W� VKRXOG�EH� QRWHG� WKDW� WKH�
VLPSOLILHG� 5&�PRGHO� �VWDWH�VSDFH�PRGHO�� ZDV�PDGH�
SXUSRVHIXOO\� GLIIHUHQW� IURP� WKH� (QHUJ\3OXV� PRGHO�
FRQVLGHULQJ�D�UHDO�OLIH�VLWXDWLRQ��7DEOH������
�

�
(a) nodes configuration  

(1,2,3,4: wall nodes, 5: roof node, 6: floor node, 7: 
window node, 8: zone air node) 

� �
(b) RC-network details of the south envelope  

Figure 4. State-space model used in Kalman filter.  
(T=temperature [oC], C=capacity [J/K], q=heat gain [W]; 
Subscript notation: sky=sky or ground, si=inside surface, 
so=outside surface, k=node index (1,2,3,4,5,6,7,8), 
out=outside, sa=supply air, L=internal aggregated load, 
sol,trans=transmitted solar radiation, cvi=convection on 
the interior surface, cve=convection on the exterior surface, 
rd=radiation , cd=conduction)  
�

Table 3. Comparisons of applied heat transfer 
method in EnergyPlus and the state-space model. 
The words in italic mean the name of heat transfer 

algorithms in EnergyPlus (DOE 2011) 
�
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HEAT 
TRANSFER 

ENERGYPLUS STATE-SPACE MODEL 

:DOO�FRQG�� ConductionFiniteDifference ConductionFiniteDifference
:simplified  

:DOO� FRQY��
�LQVLGH�� FohannoPolidoriVerticalWall ASHRAE model 

:DOO� FRQY��
�RXWVLGH�� MoWiTT SimpleCombined model  

&HLOLQJ�FRQY�� AlamdariHammondStableHoriz
ontal ASHRAE model 

)ORRU�FRQY�� AlamdariHammondUnstableHo
rizontal ASHRAE model 

:LQGRZ� FRQY��
�LQVLGH�� ISO15099Windows ASHRAE model 

:LQGRZ� FRQY��
�RXWVLGH�� NaturalASHRAEVerticalWall SimpleCombined model 

7UDQVPLWWHG�
GLUHFW�VRODU�

FullInteriorAndExterior�� EHDP�
UDGLDWLRQ� UHDFKHV� HDFK� VXUIDFH�
LQ� WKH� ]RQH� E\� SURMHFWLQJ� WKH�
VXQ
V� UD\V� WKURXJK� WKH� H[WHULRU�
ZLQGRZV��

$OO� EHDP� VRODU� UDGLDWLRQ�
HQWHULQJ�WKH�]RQH�LV�DVVXPHG�
WR� EH� GLIIXVHG� RQ� DOO�
VXUIDFHV�

/RQJ�ZDYH�
KHDW� H[FKDQJH�
�LQVLGH��

D�JUH\�LQWHUFKDQJH�PRGHO�EDVHG�
RQ�WKH�ScriptF�

6XUIDFH� UDGLRVLW\� EDODQFH�
HTXDWLRQ�

�

Results of the virtual experiment  
7KH�LQLWLDO�JXHVVHV�RI�WKH�.DOPDQ�ILOWHU�DUH�UHJDUGHG�
DV� GHVLJQ� YDULDEOHV� DQG� XVXDOO\� GHWHUPLQHG� E\� WKH�
VXEMHFWLYH� MXGJPHQW� RI� XVHUV�� 3URSHU� LQLWLDO� JXHVVHV�
DUH� LPSRUWDQW� IRU� UHOLDEOH� HVWLPDWLRQ� DQG� IDVW�
FRQYHUJHQFH��,W�LV�VWURQJO\�DGYLVHG�WR�EH�HODERUDWH�RQ�
WKH� UHDVRQLQJ� RI� WKH� LQLWLDO� JXHVV�� 7KH� DXWKRUV
�
FKRLFHV�DQG�UHDVRQLQJ�DUH�VXPPDUL]HG�LQ�7DEOH�����
�

Table 4. Initial value setting of the virtual experiment  
(* SYM in subscript parenthesis refers to address of 

the element in matrix) 
PARAM. SYM.* VAL. DIM. REASONS 

6WDWH�
YHFWRU��

$LU�WHPS��� �����
x � ��� >R&@� *HQHUDO�URRP�WHPSHUDWXUH��

:DOO�LQ�H[�
WHPS���

� ���i
x �

�L ����������
��� >R&@� 6LPLODU�WR�JHQHUDO�URRP�WHPSHUDWXUH��

:LQGRZ�
WHPS�� ��� ���

x � ��� >R&@� 6LPLODU�WR�JHQHUDO�URRP�WHPSHUDWXUH��
$JJUHJDWHG�
ORDG� ������

x � �� >:@� 1R�KHDW�LQSXW�DW�LQLWLDO�VWDJH�

&RYDULDQFH��
PDWUL[��

� � �j j
P  

�M ����������
���� >R&�@�

&RQILGHQFH�RQ�JXHVV�RI�
LQLWLDO�WHPSHUDWXUH�ZRXOG�EH�
±��R&�

�������
P � ����� >:�@�

&RQILGHQFH�RQ�LQLWLDO�JXHVV�
RI�WKH�DJJUHJDWHG�ORDG�LV�
FDOFXODWHG�DV�IROORZV���
��&DOFXODWH�LQWHUQDO�KHDW�JDLQ�
RI�PHGLXP�RIILFH�EXLOGLQJ�
XQGHU�QRUPDO�FRQGLWLRQ�
�OLJKWLQJ����:�㎡��
HTXLSPHQW������:�㎡��
SHRSOH������� ��:�㎡��
IORRU�DUHD���㎡���
��7RWDO�KHDW�JDLQ�LV�����:�
��&RQILGHQFH�UDQJH�ZRXOG�
EH�±���:�

0HDVXUHPHQW�
PDWUL[��

�����
H � �� >�@� 2QO\�DLU�WHPS��LV�PHDVXUHG��

��� �n
H �

�Q ����������
�� >�@� 1RW�PHDVXUHG��

0RGHO�QRLVH�
FRYDULDQFH�PDWUL[��

� � �m m
Q �

�P ����������
����� >R&�@� 0RGHOLQJ�HUURU�ZRXOG�EH�

±���R&�

�������
Q � ����� >:�@�

0RGHOLQJ�HUURU�ZRXOG�EH�WKH�

VDPH�DV� �������
P ��

0HDVXUHPHQW�QRLVH�
FRYDULDQFH�PDWUL[�� R � ����� >R&�@� 0HDVXUHPHQW�HUURU�ZRXOG�

EH�±���R&��VHH�7DEOH����

)LJXUH� �� VKRZV� PDQLSXODWHG� �WUXH�� LQWHUQDO�
DJJUHJDWHG�ORDG�LQ�(QHUJ\3OXV��LQ�UHG��DQG�HVWLPDWHG�
ORDG� �LQ� JUHHQ��� 7KH� HVWLPDWLRQ� SHUIRUPDQFH� ZDV�
DVVHVVHG� XVLQJ� WKUHH� IDFWRUV� LQFOXGLQJ� 506(� �URRW�
PHDQ�VTXDUH�HUURU���1506(��QRUPDOL]HG�URRW�PHDQ�
VTXDUH�HUURU���5�VTXDUH��FRHIILFLHQW�RI�GHWHUPLQDWLRQ��
�7DEOH������
�

�
(a) Experiment #1 

�
(b) Experiment #2 

�
(c) Experiment #3 

Figure 5. Comparison between estimated aggregated 
load and true value (green line: estimated value, red 

dotted line: true value)  
 

Table 5. Comparisons of estimation performances  
([S�� 506(�>:@� 1506(�>�@� 5��>�@�
�� ������� ������ �������
�� ������� ������ ������
�� ������� ������ ������

 

,Q� WKH� FDVH�RI� H[SHULPHQW� ���� WKH�.DOPDQ� ILOWHU�ZDV�
QRW�GLYHUJHQW�DQG�DSSURSULDWHO\�JRRG�WR�HVWLPDWH�WKH�
ORDG� GHVSLWH� IDFWLWLRXVO\� PDQLSXODWHG� WUHQG�� 7KH�
SHUIRUPDQFH� LV� UHODWLYHO\� JRRG� ZLWK� 506(� RI�
������>:@��1506(�RI��������DQG�5�VTXDUH�RI��������
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7KH� QHJDWLYH� VLJQ� RI� WKH� 5�VTXDUH�� GHILQHG� DV� ���
66(�66\\���PHDQV� WKDW� WKH�VXP�RI�VTXDUH�RI� UHVLGXDO�
�66(���HVWLPDWLRQ�HUURU��LV�JUHDWHU�WKDQ� WKH�WRWDO�VXP�
RI� VTXDUHV�RI� GDWD� �66\\��� ,I� WKH� YDULDQFH� RI� WKH�
REVHUYHG�YDOXHV� LV� VPDOO� �DURXQG��:��� WKH�WRWDO� VXP�
RI� VTXDUHV�RI� GDWD� LV� DFFRUGLQJO\� VPDOO� DQG� WKLV�ZLOO�
JLYH� D� QHJDWLYH� YDOXH� RI� 5�VTXDUH� UHJDUGOHVV� RI� WKH�
HVWLPDWHV�EHLQJ�DFFHSWDEOH��,Q�WKLV�FDVH��LW�LV�EHWWHU�WR�
ORRN� DW� WKH� 506(� �1506(�� DV� D� SHUIRUPDQFH�
VWDWLVWLF��ZKLFK�LV�JRRG�HQRXJK���
,Q� WKH�FDVH�RI�H[SHULPHQW����� WKH�.DOPDQ�ILOWHU�NHSW�
WUDFN� RI� WKH� WUXH� YDOXH� WKDW� KDV� VLQXVRLGDO� VKDSH�
�)LJXUH���E����2YHUDOO�SHUIRUPDQFH�LV�DFFHSWDEOH��WKH�
SHUIRUPDQFH� VWDWLVWLF� VKRZV� DQ� 506(� RI� ������:��
1506(�RI��������DQG�5�VTXDUH�RI�������&RQVLGHULQJ�
WKH� HVWLPDWHG� UDQJH� �IURP� ����� WR� ���� :��� WKH�
HVWLPDWLRQ� SHUIRUPDQFH� LV� VLJQLILFDQWO\� LPSURYHG�
FRPSDUHG�WR�H[SHULPHQW�����WKH�.DOPDQ�ILOWHULQJ�FDQ�
EH� UHJDUGHG� DV� D� JRRG� HVWLPDWLRQ� PHWKRG� IRU� WKLV�
VLQXVRLGDO� ORDG� SDWWHUQ�� +RZHYHU�� WKHUH� LV� VOLJKW�
GHYLDWLRQ� DW� KRXUV� ���� �ORZ�� DQG�KRXUV� ������ �KLJK��
IURP�WKH�WUXH�YDOXH��)LJXUH���E�����
,Q� H[SHULPHQW� ���� UDQGRP� ORDGV� �FDXVH� E\� H[WHUQDO�
HIIHFWV��ZHUH�DGGHG�WR�WKH�VLQXVRLGDO�ORDG�DW�HYHU\����
PLQXWHV�� 7KLV� LV� REYLRXVO\�PRVW� UDQGRP� FRQGLWLRQ��
VXFK� DV� D� UHDO�OLIH�� EXW� WKH� UHVXOWV� YDOLGDWH� DFFXUDWH�
SHUIRUPDQFH�� WKH� SHUIRUPDQFH� VWDWLVWLF� 506(��
1506(�� DQG� 5�VTXDUH� DUH� ������:�� ������� DQG�
������ UHVSHFWLYHO\�� 7KLV� VLJQLILHV� WKDW� WKH� .DOPDQ�
ILOWHU�ZRXOG� EH� D� VXLWDEOH� DSSURDFK� WR� DFKLHYH� JRRG�
HVWLPDWLRQV�RI�ORDG�SDWWHUQV�LQ�UHDO�OLIH�FDVHV���

0,1,�7(67�%('�(;3(5,0(17��
7R� FRPSOHPHQW� WKH� µYLUWXDO¶� H[SHULPHQW�� D� VPDOO�
VFDOH�µUHDO¶�H[SHULPHQW�ZDV�FRQGXFWHG�IRU�D�SURRI�RI�
WKH�FRQFHSW��7KH�PLQL� WHVW�EHG�UHSRUWHG� LQ�.LP�HW�DO�
�������ZDV�XVHG�LQ�RXU�VWXG\��$�EULHI�VXPPDU\�RI�WKH�
PLQL�WHVW�EHG��)LJXUH����LV�DV�IROORZV��LW�LV�UHFWDQJXODU�
DQG�PDGH�RI�([SDQGHG�3RO\VW\UHQH��(36���,W�FRQWDLQV�
D� KHDWLQJ� FDEOH� LQVLGH� ZKLFK� HPXODWHV� D� FRQYHFWLYH�
KHDWLQJ� V\VWHP��(OHFWULF� FRQVXPSWLRQ� RI� WKH� KHDWLQJ�
FDEOH�LV�PHDVXUHG�E\�D�ZDWWPHWHU��DQG�DLU�DQG�VXUIDFH�
WHPSHUDWXUHV�RI�WKH�(36�ER[�DUH�PHDVXUHG�E\�W�W\SH�
WKHUPRFRXSOHV�� 1,� &RPSDFW� '$4� ����� LV� XWLOL]HG�
IRU�GDWD�DFTXLVLWLRQ���
7KH� H[SHULPHQWV� ZHUH� FRQGXFWHG� WZLFH� ������������
DQG� ������������ZLWK� ��:�DQG� ��:�KHDWLQJ� FDEOHV�

IRU� ���� PLQXWHV� ZLWK� D� VDPSOLQJ� WLPH� RI� �� VHF��
'XULQJ� WKH� H[SHULPHQWV�� WKH� KHDWLQJ� FDEOH� ZDV�
UDQGRPO\�WXUQHG�RQ�RII���
,W� VKRXOG� EH� QRWHG� WKDW� LQ� FRQWUDVW� WR� WKH� YLUWXDO�
H[SHULPHQW�� WKH� WUXH� YDOXH� RI� FRQYHFWLYH� KHDW�
HPLVVLRQ� �RU� LQVWDQWDQHRXV� ORDG�� IURP� WKH� KHDWLQJ�
FDEOH�LV�XQNQRZQ�XQGHU�WKLV�PLQL�WHVW�EHG�H[SHULPHQW��
7KHUHIRUH�� WKH�PHDVXUHG� HOHFWULF� SRZHU� ZDV� XVHG� WR�
YDOLGDWH� WKH� H[SHULPHQW�� $Q� RYHUDOO� FRQFHSW� RI� WKH�
PLQL�WHVW�EHG�H[SHULPHQW�LV�VKRZQ�LQ�)LJXUH�����
�

�
Figure 6. Configuration of the mini test-bed 

�

7KH� PRGHOLQJ� DSSURDFK� LV� WKH� VDPH� DV� WKDW� RI� WKH�
YLUWXDO�H[SHULPHQW��7KH�KHDW�EDODQFH�HTXDWLRQ�DW�HDFK�
QRGH� �)LJXUH� ��� LV� EDVHG� RQ� WKH� VDPH� WH[WERRNV� �DV�
PHQWLRQHG�SUHYLRXVO\��DQG�WKH�GHWDLOHG�H[SODQDWLRQ�LV�
RPLWWHG�� ,W� VKRXOG� EH� QRWHG� WKDW� WKH�PLQL� WHVW�EHG� LV�
GHVLJQHG� ZLWK� WKH� SXUSRVH� RI� LQGRRU� WHVWLQJ�� KHQFH�
H[WHULRU� HQYLURQPHQWDO� HIIHFWV� �ZLQG� DQG� VRODU�
UDGLDWLRQ��HWF���DUH�QRW�FRQVLGHUHG���
�

�
Figure 8. RC-network details of the EPS box 
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Figure 7. Overview of the mini test-bed experiment  
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Result of the mini test-bed experiment  
,QLWLDO� YDOXH� VHWWLQJ� RI� WKH� VWDWH� YHFWRU� LV� VLPLODU� WR�
WKDW� RI� WKH� YLUWXDO� H[SHULPHQW� �7DEOH� ���� ,Q� WKLV�
H[SHULPHQW�� WKH� FRYDULDQFH� DQG� WKH� PRGHO� QRLVH� RI�
WKH� DJJUHJDWHG� ORDG� ZHUH� PRGLILHG� WR� WDNH� WKH�
QRPLQDO� SRZHU� RI� WKH� KHDWLQJ� FDEOH� LQWR�
FRQVLGHUDWLRQ�� &XVWRPL]HG� LQLWLDO� VHWWLQJ� RI� WKH�
.DOPDQ�ILOWHU�LV�VKRZQ�LQ�7DEOH����7KH�GLPHQVLRQV�RI�
WKH� YHFWRU� DQG� PDWUL[� ZHUH� UHGXFHG� IURP� ��� WR� ���
GXH�WR�DEVHQFH�RI�WKH�ZLQGRZ�QRGH�LQ� WKH�PLQL� WHVW�
EHG��FRPSDUHG�WR�7DEOH���DQG�)LJXUH�������
�

Table 6. Initial value setting of the mini test-bed 
experiment  

PARAM. SYM. VAL. DIM. REASONS 

6WDWH�
YHFWRU��

$LU�WHPS��� �����
x � ��� >R&@� *HQHUDO�URRP�WHPSHUDWXUH��

:DOO�LQ�H[�
WHPS���

� ���i
x �

�L ����������
��� >R&@� 6LPLODU�WR�JHQHUDO�URRP�

WHPSHUDWXUH��

$JJUHJDWHG�
ORDG� ��� ���

x � �� >:@� 1R�KHDW�LQSXW�DW�LQLWLDO�VWDJH�

&RYDULDQFH��
PDWUL[��

� � �j j
P

�
�M ����������

���� >R&�@�
&RQILGHQFH�RQ�JXHVV�RI�
LQLWLDO�WHPSHUDWXUH�ZRXOG�EH�
±��R&�

�������
P � ���� >:�@�

0D[LPXP� QRPLQDO� KHDWLQJ�
FDEOH� SRZHU� LV� ��:��
&RQILGHQFH� UDQJH�ZRXOG�EH�
±��:�

0HDVXUHPHQW�
PDWUL[��

�����
H � �� >�@� 2QO\�DLU�WHPS��LV�PHDVXUHG��

��� �n
H �

�Q ����������
�� >�@� 1RW�PHDVXUHG��

0RGHO�QRLVH�
FRYDULDQFH�PDWUL[��

� � �m m
Q �

�P ����������
����� >R&�@� 0RGHOLQJ�HUURU�ZRXOG�EH�

±���R&�

������ �
Q � ��� >:�@� 0RGHOLQJ� HUURU� ZRXOG� EH��

��:��

0HDVXUHPHQW�QRLVH�
FRYDULDQFH�PDWUL[�� R � ����� >R&�@� (VWLPDWLRQ�HUURU�ZRXOG�EH������oC��VHH�7DEOH����
�

'XULQJ� WKH� H[SHULPHQW�� WKH� ��:� KHDWLQJ� FDEOH� ZDV�
WXUQHG�RQ�DQG�RII�IRXU�WLPHV��DQG�WKH���:�FDEOH�WKUHH�
WLPHV� �)LJXUH� ���� %HFDXVH� WKH� WUXH� FRQYHFWLYH� KHDW�
HPLVVLRQ� IURP� WKH� KHDWLQJ� FDEOH� LV� XQNQRZQ�� WKH�
UHVXOW�LV�FRPSDUHG�WR�WKH�HOHFWULF�SRZHU�FRQVXPSWLRQ��
7KH�HVWLPDWLRQ�HUURUV�DUH�URXJKO\��:�DQG��:�IRU�WKH�
��:� KHDWLQJ� FDEOH� DQG� ��:� KHDWLQJ� FDEOH�
UHVSHFWLYHO\���
 

�
Figure 9. Comparison between estimated heat gain 
and electric power of 10W and 30W heating cables 

(qL: estimated aggregated load, Watt: electric power) 

0HDQZKLOH�� WKH� SDWWHUQ� RI� WKH� FRQYHFWLYH� KHDW�
HPLVVLRQ� IURP� WKH� KHDWLQJ� FDEOH� FDQ� EH� JXHVVHG� E\�
FRPSDULQJ� WKH� SDWWHUQ� RI� WKH� PHDVXUHG� DLU�
WHPSHUDWXUH� VKRZQ� LQ� )LJXUH� ���� EHFDXVH� WKHUH� LV�
RQO\�RQH�VRXUFH��FRQYHFWLYH�KHDW�HPLVVLRQ��WKDW�KHDWV�
DLU� WHPSHUDWXUH�� $� FORVHU� ORRN� DW� )LJXUHV� �� DQG� ���
UHYHDO� WKDW� ERWK� VKRZ� D� VLPLODU� SDWWHUQ�� ,W� FDQ� EH�
FRQFOXGHG� WKDW� WKH�KHDW�JDLQ� LV� UHDVRQDEO\�HVWLPDWHG�
E\�WKH�.DOPDQ�ILOWHU���
�

�
Figure 10. Measured EPS box air temperatures (Tzone) 

shown with outdoor air temperatures (Tout) 
�

&21&/86,21�
7KLV�SDSHU�KDV�H[DPLQHG�WKH�HVWLPDWLRQ�SHUIRUPDQFH�
RI� WKH� .DOPDQ� ILOWHU� LQ� HVWLPDWLQJ� WKH� WLPH�YDU\LQJ�
SDUDPHWHU�� LQWHUQDO� DJJUHJDWHG� ORDG�� 7KLV� SDSHU�
SUHVHQWV� D� FKDOOHQJH� WR� TXDQWLI\� WKH� LQWHUQDO�
DJJUHJDWHG� ORDG�� ZKLFK� LV� GLIILFXOW� WR� KDQGOH� LQ�
HQHUJ\�PRGHOLQJ�RI�H[LVWLQJ�EXLOGLQJV��$V�D�SURRI�RI�
FRQFHSW�� WKH� YLUWXDO� DQG� UHDO� H[SHULPHQWV� ZHUH�
FRQGXFWHG��SURGXFLQJ�SURPLVLQJ�UHVXOWV���
,W�VKRXOG�EH�QRWHG�WKDW�WKH�UHVLGXDO�HUURU�LV�LQHYLWDEOH�
EHFDXVH� WKH� HVWLPDWLRQ� SHUIRUPDQFH� LV� LPSDFWHG� E\�
WKH�XQFHUWDLQW\��RU�QRLVH��RI�WKH�PDWKHPDWLFDO�PRGHO�
�³HSLVWHPLF� XQFHUWDLQW\´�� DQG� PHDVXUHPHQW�
�³DOHDWRU\� XQFHUWDLQW\´��� $V� DGGUHVVHG� LQ� �,QFURSHUD�
HW�DO��������.LP�DQG�3DUN�������+XJR�������%RRWK�HW�
DO�� ������� KHDW� WUDQVIHU� SKHQRPHQD� LQ� UHDO�OLIH� LV�
FRPSOH[�DQG�XQFHUWDLQ��0RUHRYHU��WKHUH�LV�QR�FU\VWDO��
FOHDU�ZD\�WR�PHDVXUH�VXFK�SDUDPHWHUV�RU�YDULDEOHV���
7KLV� OHDYHV� XV� QR� RSWLRQ� H[FHSW� WR� VRPH� H[WHQW�
VHHNLQJ�D�FRPSURPLVH�ZLWK�UHJDUG�WR�XQFHUWDLQW\���,Q�
VSLWH�RI�PDQ\�XQNQRZQV� DQG� WKH� LQFRPSOHWH�PRGHO��
WKLV� VWXG\� VKRZV� WKDW� DFFXUDWH� HVWLPDWHV� FDQ� EH�
DFKLHYHG� E\� PDNLQJ� WKH� EHVW� XVH� RI� H[LVWLQJ�
NQRZOHGJH�� 7KH� IROORZLQJ� DVSHFWV� ZLOO� EH� H[SORUHG�
IRU�IXUWKHU�VWXG\��
 Hypothesis testing�RI�WKH�*DXVVLDQ�UDQGRP�ZDON�

RI�WKH�LQWHUQDO�DJJUHJDWHG�ORDG���
 Reduced-order Kalman filtering.� $� KLJK� RUGHU�

VWDWH�VSDFH�PRGHO� LV� SURQH� WR� HUURU�� 3UREDEO\�� D�
UHGXFHG�RUGHU�PRGHO�ZRXOG�UHOLHYH�WKLV�SUREOHP��
EXW� WKH� DSSURSULDWH� OHYHO� RI� DFFXUDF\� PXVW� EH�
JXDUDQWHHG���

 Enhanced experiments.�/DUJH�VFDOH�H[SHULPHQWV�
VKRXOG� EH� FRQGXFWHG� IRU� WHVWLQJ� WKH� DSSURDFK�
SUHVHQWHG�LQ�WKLV�SDSHU���
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$&.12:/('*(0(17�
7KLV� ZRUN� ZDV� VXSSRUWHG� E\� WKH� 1DWLRQDO� 5HVHDUFK�
)RXQGDWLRQ� RI� .RUHD� �15)�� JUDQW� IXQGHG� E\� WKH�
.RUHD�JRYHUQPHQW��0(67���1R�����������������

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

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

$KQ��.�8���.LP��'�:���<RRQ��6�+���.LP��<�-���3DUN��
&�6��DQG�.LP�,�+�� ��������'DWD�DYDLODELOLW\�DQG�
YDOLGLW\�LVVXHV�IRU�G\QDPLF�VLPXODWLRQ�RI�D�KLJK�
ULVH� RIILFH� EXLOGLQJ��7KH��VW�$VLD� FRQIHUHQFH�RI�
,QWHUQDWLRQDO� %XLOGLQJ� 3HUIRUPDQFH� VLPXODWLRQ�
$VVRFLDWLRQ��1RYHPEHU��������6KDQJKDL��&KLQD�

$6+5$(� �������� $6+5$(� +DQGERRN� RI�
)XQGDPHQWDOV�� $WODQWD�� $PHULFDQ� 6RFLHW\� RI�
+HDWLQJ�� 5HIULJHUDWLQJ� DQG� $LU�&RQGLWLRQLQJ�
(QJLQHHUV��,QF���

%RRWK��$��7���&KRXGKDU\��5�� DQG�6SLHJHOKDOWHU��'�-���
�������� $� KLHUDUFKLFDO� %D\HVLDQ� IUDPHZRUN� IRU�
FDOLEUDWLQJ�PLFUR�OHYHO�PRGHOV�ZLWK�PDFUR�OHYHO�
GDWD�� -RXUQDO� RI� %XLOGLQJ� 3HUIRUPDQFH�
6LPXODWLRQ��LQ�SUHVV���

&ODUNH�� -�$�� �������� (QHUJ\� VLPXODWLRQ� LQ� EXLOGLQJ�
GHVLJQ���QG��HGLWLRQ��%XWWHUZRUWK�+HLQHPDQQ�

&OLQWRQ� -�$��� 'DQLHO� <��� 8WD� .��� -HQQLIHU� $�6�� DQG�
5LFKDUG� (�:�� �������� 'HVLJQLQJ� EXLOGLQJV� IRU�
UHDO� RFFXSDQWV��$Q� DJHQW�EDVHG� DSSURDFK�� ,(((�
7UDQVDFWLRQV� RQ� V\VWHPV��PDQ�� DQG� F\EHUQHWLFV�
SDUW�$��V\VWHPV�DQG�KXPDQV��SS������

&UDVVLGLV�� -�/��� -XQNLQV� -�/�� �������� 2SWLPDO�
(VWLPDWLRQ�RI�'\QDPLF�6\VWHPV��6HFRQG�(GLWLRQ��
&5&�3UHVV���

'2(���������(QHUJ\3OXV�����(QJLQHHULQJ�5HIHUHQFH��
7KH�5HIHUHQFH�WR�(QHUJ\3OXV�&DOFXODWLRQV��8��6��
'HSDUWPHQW�RI�(QHUJ\�

'XIILH� DQG� %HFNPDQ� �������� 6RODU� (QJLQHHULQJ� RI�
7KHUPDO�3URFHVVHV��-RKQ�:LOH\�	�6RQV��

'XVND� 0��� /XNHV�� -��� %DUWDN�� 0��� 'UNDO�� )��� DQG�
+HQVHQ� -�� �������� 7UHQG� LQ� KHDW� JDLQV� IURP�
RIILFH� HTXLSPHQW�� 3URFHHGLQJV� RI� WKH� �WK�
LQWHUQDWLRQDO� FRQIHUHQFH� RQ� ,QGRRU� &OLPDWH� RI�
%XLOGLQJV��6WUEVNH�3OHVR��%UDWLVODYD��SS�����

*HOE�� $�� �������� $SSOLHG� RSWLPDO� HVWLPDWLRQ�� 0,7�
3UHVV�

+RSIH�� &�-�� DQG� +HQVHQ�� -�/�0� �������� 8QFHUWDLQW\�
DQDO\VLV� LQ� EXLOGLQJ� SHUIRUPDQFH� VLPXODWLRQ� IRU�
GHVLJQ� VXSSRUW�� (QHUJ\� DQG� %XLOGLQJV�� 9RO�����
1R�����SS�����–�����

+HR��<��&KRXGKDU\��5��DQG�$XJHQEURH��*�$����������
&DOLEUDWLRQ�RI�EXLOGLQJ�HQHUJ\�PRGHOV�IRU�UHWURILW�
DQDO\VLV�XQGHU�XQFHUWDLQW\��(QHUJ\�DQG�%XLOGLQJV��
9RO�����SS����–����

+XJR�/��6��&��+HQV� ��������$FWXDO� OLPLWV� RI�+$0�
PRGHOOLQJ� ORRNLQJ� DW� SUREOHPV� HQFRXQWHUHG� LQ�
SUDFWLFH�� 3DUW��� D� VKRUW� KLVWRU\� RI� KHDW�� DLU� DQG�

PRLVWXUH� PRGHOOLQJ�� LESVD1(:6�� 9RO����� 1R���
SS�������

+XPSKHU\V�-��5HGG��3��DQG�:HVW��-����������$�IUHVK�
ORRN� DW� WKH�.DOPDQ� ILOWHU�� 6RFLHW\� IRU� ,QGXVWULDO�
DQG�$SSOLHG�0DWKHPDWLFV��6,$0�UHYLHZ��9RO�����
1R����SS���������

,QFURSHUD� )�3��� 'H:LWW� '�3��� %HUJPDQ� 7�/��� /DYLQH�
$�6�� ������� )XQGDPHQWDOV� RI� +HDW� DQG� 0DVV�
7UDQVIHU���WK�(G���-RKQ�:LOH\�	�6RQV���

.LP�� '�:�� DQG� 3DUN�� &�6�� �������� 'LIILFXOWLHV� DQG�
OLPLWDWLRQV� LQ� SHUIRUPDQFH� VLPXODWLRQ� RI� D�
GRXEOH�VNLQ�IDoDGH�ZLWK�(QHUJ\3OXV��(QHUJ\�DQG�
%XLOGLQJV��9RO�����1R�����SS�����������

.LP�� '�:��� 6XK�� :�-��� -XQJ�� -�7��� <RRQ�� 6�+�� DQG�
3DUN��&�6����������$�PLQL�WHVW�EHG�IRU�PRGHOLQJ��
VLPXODWLRQ� DQG� FDOLEUDWLRQ�� 3URFHHGLQJV� RI� 7KH�
6HFRQG� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� %XLOGLQJ�
(QHUJ\� DQG� (QYLURQPHQW� ������ $XJXVW� �����
%RXOGHU��&RORUDGR��86$��SS�����������

/LX��*���/LX��0���������$�UDSLG�FDOLEUDWLRQ�SURFHGXUH�
DQG�FDVH�VWXG\� IRU�VLPSOLILHG�VLPXODWLRQ�PRGHOV�
RI�FRPPRQO\�XVHG�+9$&�V\VWHPV��%XLOGLQJ�DQG�
(QYLURQPHQW��9RO�����SS���������

/X��;���&OHPHQWV�&URRPH��'���9LOMDQHQ��0�������D���
,QWHJUDWLRQ� RI� FKDRV� WKHRU\� DQG� PDWKHPDWLFDO�
PRGHOV� LQ� EXLOGLQJ� VLPXODWLRQ� 3DUW� ,�� /LWHUDWXUH�
UHYLHZ�� $XWRPDWLRQ� LQ� &RQVWUXFWLRQ�� 9RO�����
SS���������

/X��;���&OHPHQWV�&URRPH��'���9LOMDQHQ��0�������E���
,QWHJUDWLRQ� RI� FKDRV� WKHRU\� DQG� PDWKHPDWLFDO�
PRGHOV� LQ� EXLOGLQJ� VLPXODWLRQ� 3DUW� ,,��
&RQFHSWXDO� IUDPHZRUNV�� $XWRPDWLRQ� LQ�
&RQVWUXFWLRQ��9RO�����SS���������

YDQ� GHU� 0DDV�� -�� �������� $LU� IORZ� WKURXJK� ODUJH�
RSHQLQJV� LQ� EXLOGLQJV�� 6ZLW]HUODQG�� /DXVDQQH��
(FROH� 3RO\WHFKQLTXH� )HGHUDOH� GH� /DXVDQQH��
/(62�3%�

3LHUFH� -��� 6FKLDQR�� '�-��� 3DXORV�� (�� �������� +RPH��
KDELWV�� DQG� HQHUJ\�� H[DPLQLQJ� GRPHVWLF�
LQWHUDFWLRQV�DQG�HQHUJ\�FRQVXPSWLRQ��&+,�������
+RPH�(FR�%HKDYLRU��$SULO� �������$WODQWD��*$��
86$��SS�����������

5DFKOLQ�� +�� �������� )UHH� ZLOO�� (QF\FORSHGLD� RI�
+XPDQ�%HKDYLRU��6HFRQG�(GLWLRQ���SS���������

5DIWHU\��3��.HDQH��0��&RVWD��$�� ��������&DOLEUDWLQJ�
ZKROH� EXLOGLQJ� HQHUJ\� PRGHOV�� GHWDLOHG� FDVH�
VWXG\� KRXUO\� PHDVXUHG� GDWD�� (QHUJ\� DQG�
EXLOGLQJV��9RO�����SS�����������

5HGG\�$�7�� ��������/LWHUDWXUH� UHYLHZ�RQ� FDOLEUDWLRQ�
RI� EXLOGLQJ� HQHUJ\� VLPXODWLRQ� SURJUDPV�� XVHV��
SUREOHPV�� SURFHGXUHV�� XQFHUWDLQW\�� DQG� WRROV��
$6+5$(�WUDQVDFWLRQV��������9RO������1R����SS��
��������

6LPRQ��'����������2SWLPDO�VWDWH�HVWLPDWLRQ��.DOPDQ��
+� ,QILQLW\�� DQG� QRQOLQHDU� DSSURDFKHV�� -RKQ�
:LOH\�	�6RQV�
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