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'\QDPLF� FLW\� GLVWULFWV� PRGHOOLQJ� FRQVLGHUV� ODUJH�
VFDOH� HQHUJ\� V\VWHPV�� 7KXV�� WKHUH� LV� D� QHHG� IRU�
EXLOGLQJ� PRGHOV� ZLWK� VKRUW� FRPSXWDWLRQ� WLPHV��
VXIILFLHQW� DFFXUDF\� DQG� ORZ� HIIRUW� IRU�
SDUDPHWHUL]DWLRQ�� 7R� WKLV� DLP�� ZH� GHYHORSHG� D�
VLPSOLILHG� EXLOGLQJ�PRGHO�� 7KLV� SDSHU� FRPSDUHV� WKH�
VLPXODWLRQ� UHVXOWV� RI� WKLV� PRGHO� IRU� ILYH� GLIIHUHQW�
QRQ�UHVLGHQWLDO� EXLOGLQJV�ZLWK�PHDVXUHPHQW�GDWD� IRU�
DERXW� RQH� \HDU� DQG� FRQWUDVWV� WKUHH� PHWKRGV� IRU�
EXLOGLQJ� SDUDPHWHUL]DWLRQV� ZLWK� HDFK� RWKHU��
&RQFOXGLQJ� ZH� FDQ� VD\� WKDW� WKH� VLPXODWHG� HQHUJ\�
GHPDQG�FRPSOLHV�ZLWK�WKH�PHDVXUHPHQW�GDWD�PRVWO\�
LQ� D� VXIILFLHQW� ZD\� DV� ZHOO� DV� PDQ\� GHYLDWLRQV� RI�
VLPXODWHG� DQG� PHDVXUHG� GDWD� FRXOG� EH� H[SODLQHG��
(VSHFLDOO\� IRU� HQWLUH� FLW\� GLVWULFWV� DV� VKRZQ� LQ�
�/DXVWHU�������HYHQ� DQ�DSSURDFK�ZLWK� W\SH�EXLOGLQJ�
VHWWLQJV�FDQ�GLVSOD\�WKH�WKHUPDO�SHUIRUPDQFH�RI�ODUJH�
VFDOH�HQHUJ\�V\VWHPV�LQ�DQ�DFFHSWDEOH�ZD\��

,1752'8&7,21�
7KHUH� DUH� WZR� ZD\V� IRU� LPSURYLQJ� IXWXUH� HQHUJ\�
VXSSO\��LQFUHDVH�HQHUJ\�SURGXFWLRQ�HIILFLHQF\�VR�WKDW�
WKH� FRQVXPSWLRQ� RI� IRVVLO� IXHOV� DQG� &2��HPLVVLRQV�
GHFUHDVH�� DQG� GHFUHDVH� HQG�XVH�� (VSHFLDOO\� LQ� WKH�
EXLOGLQJ� VHFWRU� ZLWK� D� VLJQLILFDQW� VKDUH� LQ� *HUPDQ�
HQHUJ\�GHPDQG��FRPELQHG�KHDW�DQG�SRZHU��&+3�� LQ�
FRQMXQFWLRQ� ZLWK� UHWURILWWLQJ� EXLOGLQJV� WR� GHFUHDVH�
KHDW� HQHUJ\� GHPDQG� LV� D� UHDVRQDEOH�ZD\� WR� DFKLHYH�
WKH�DLPV�LQ�HQHUJ\�SROLF\��+RZHYHU��LW�GRHV�QRW�PDNH�
VHQVH� WR� RSWLPL]H� WKH� HQHUJ\� SURGXFWLRQ� DQG�
FRQVXPSWLRQ� VHSDUDWHO\�� SDUWLFXODUO\�� LI� WKH\� DUH�
FRQQHFWHG� E\� GLVWULFW� KHDWLQJ� JULGV�� :H� FRQVLGHU�
WKHVH� QHWZRUNV� DV� D� WKLUG� FRPSRQHQW� WKDW� FRQWDLQV�
RSWLPL]DWLRQ�SRWHQWLDO���
,GHDOO\�� ZH� RSWLPL]H� WKH� HQWLUH� ODUJH�VFDOH� HQHUJ\�
V\VWHP��VR�WKDW�ZH�FDQ�FRQVLGHU�LQWHUDFWLRQV�EHWZHHQ�
WKHVH� WKUHH� SDUWV� DQG� LPSOHPHQW� WKH� PRVW�
HFRQRPLFDOO\�VHQVLEOH�DFWLYLWLHV�ILUVW��
2QH�ZD\� WR� LGHQWLI\� WKLV�RSWLPL]DWLRQ�SRWHQWLDO� LV� WR�
GHYHORS�DQ�LQWHJUDO�G\QDPLF�HQHUJ\�GHPDQG�SODQQLQJ�
WRRO��+XEHU�	�1\WVFK�*HXVVHQ��������,Q�RXU�FXUUHQW�
SURMHFW�� ZKLFK� IRFXVHV� RQ� UHVHDUFK� FDPSXVHV� DV� D�
VSHFLDO� NLQG� RI� FLW\� GLVWULFWV�� ZH� GHYHORS� PRGHOV� WR�
UHIOHFW� WKH� WKHUPDO� EHKDYLRXU� RI� EXLOGLQJV�� WKH�
WKHUPR�K\GUDXOLF�EHKDYLRXU�RI� WKH� WKHUPDO�QHWZRUNV�

DV�ZHOO� DV� WKH� FKDUDFWHULVWLFV� RI�&+3V� RU� RWKHU� KHDW�
VRXUFHV��
7KLV� SDSHU� IRFXVHV� RQ� D� VLPSOLILHG� EXLOGLQJ� PRGHO��
ZKLFK�ZH�LPSOHPHQWHG�LQ�WKH�SURJUDPPLQJ�ODQJXDJH�
0RGHOLFD� ZLWK� WKH� VLPXODWLRQ� HQYLURQPHQW� '\PROD��
2EYLRXVO\��FRPSOH[�EXLOGLQJ�PRGHOV�DUH�QRW�VXLWDEOH�
IRU� WKH� VLPXODWLRQ� RI� HQWLUH� FLW\� GLVWULFWV�� 7R�
FRQWULEXWH� WR� WKH� FKDOOHQJHV� RI� SDUDPHWHUL]DWLRQ�
HIIRUW� DQG� DFFHSWDEOH� FRPSXWDWLRQ� WLPHV� IRU� WKH�
VLPXODWLRQ�RI�HQWLUH�FLW\�GLVWULFWV� �/DXVWHU��������ZH�
GHYHORSHG� D� VLPSOLILHG� EXLOGLQJ�PRGHO� EDVHG�RQ� WKH�
*HUPDQ�JXLGHOLQH�9',�������9',��������ZKLFK�ZLOO�
EH�GHVFULEHG�EULHIO\� LQ� IXUWKHU�FRQWH[W��$V� VKRZQ� LQ�
�/DXVWHU� ������� WKLV� PRGHO� HQDEOHV� XV� WR� VLPXODWH�
PRUH�WKDQ�����EXLOGLQJV�IRU�RQH�\HDU�RQ�DQ�HLJKW�FRUH�
3&� LQ� OHVV� WKDQ� WZR� KRXUV� ZLWK� VXIILFLHQW� RYHUDOO�
DFFXUDF\��
7KHUHIRUH��WKH�IRFXV�RI�WKLV�SDSHU�LV�RQ�WKH�YDOLGDWLRQ�
RI� WKH� VLPXODWHG� LGHDO� HQHUJ\� GHPDQG� IURP� RXU�
VLPSOLILHG�EXLOGLQJ�PRGHO�ZLWK�UHDO�FRQVXPSWLRQ�GDWD�
IURP�PHDVXUHPHQWV�RI�ILYH�VLQJOH�EXLOGLQJV���

6,08/$7,21� $1'� 0($685(0(17�
'$7$�&203$5,1*�0(7+2'6�
$OWKRXJK�DV� VKRZQ� LQ� �2VFKDW]������� WKH� VLPXODWHG�
RU�FDOFXODWHG�HQHUJ\�GHPDQG�RIWHQ�GRHV�QRW�PHHW�WKH�
PHDVXUHG�FRQVXPSWLRQ�YDOXHV��ZH�XVH�PHDVXUHG�GDWD�
IRU� D� FRPSDULVRQ� ZLWK� YDULRXV� PHWKRGV�� 7KH�
GHYLDWLRQ� RI� WKHVH� GDWD� FDQ� EH� FDXVHG� E\� LQIOXHQFH�
IDFWRUV� VXFK� DV� XVHU� LQIOXHQFH�� GHILFLHQFLHV� LQ�
EXLOGLQJ�WHFKQRORJ\��VLPSOLILFDWLRQV�LQ�WKH�VLPXODWLRQ�
PRGHO�RU�PHDVXUHPHQW�HUURUV���
2Q� WKH� RQH� KDQG�� ZH� XVH� JUDSKLFDO� FRPSDULVRQ�
PHWKRGV�DQG�FRPSDUH�KHDW� ORDG�FXUYHV��%HVLGHV��ZH�
XVH� VFDWWHU� GLDJUDPV� WR� YHULI\� WKH� FRUUHODWLRQ� RI�
VLPXODWHG�DQG�PHDVXUHG�GDWD��
2Q� WKH� RWKHU� KDQG�� ZH� XVHG� DULWKPHWLFDO� PHWKRGV�
VXFK� DV� UHODWLYH� HUURUV� IRU� KRXUO\� GDWD�� EDVHG� RQ�
GLIIHUHQW�WLPH�KRUL]RQV��7KH�UHODWLYH�HUURU�IRU�D�VLQJOH�
FRPSDULVRQ� LV� GHILQHG� DV� GLIIHUHQFH� EHWZHHQ� WKH�
VLPXODWHG� 𝑄ௌ௜௠� DQG� PHDVXUHG� KRXUO\� KHDW� 𝑄ோ௘௙ ��
GLYLGHG�E\�WKH�PHDVXUHPHQW��(TXDWLRQ�����

𝑓 = 𝑄ௌ௜௠ − 𝑄ோ௘௙
𝑄ோ௘௙

�

�
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�
7KH� DYHUDJH� UHODWLYH� HUURU� RQ� KRXUO\� EDVLV� IRU� D�
SHULRG�LV�FRPSXWHG�E\�VXPPLQJ�XS�DOO�UHODWLYH�HUURUV�
DQG�GLYLGLQJ�WKH�VXP�E\�WKH�QXPEHU�RI�UHODWLYH�HUURUV�
𝑛௛��(TXDWLRQ�����

  𝑓௛̅௢௨௥ =
1
𝑛௛

෍ቆ𝑄௦௜௠,௜ − 𝑄ோ௘௙,௜
𝑄ோ௘௙,௜

ቇ  
௡೓

௜
�

����

:H� GHWHUPLQH� WKH� KRXUO\� HUURU� RQ� EDVLV� RI� RWKHU�
SHULRGV� VXFK� DV� ZHHNV� RU� WKH� WRWDO� SHULRG� XQGHU�
REVHUYDWLRQ� DV� VHHQ� LQ� (TXDWLRQ� ����� 7KXV�� LQ� WKH�
VHOHFWHG�SHULRG�H�J��ZHHN� LW� LV�SRVVLEOH�� WKDW�SRVLWLYH�
DQG� QHJDWLYH� KRXUO\� UHODWLYH� HUURUV� EDODQFH� HDFK�
RWKHU�� 7KHQ� WKH� DEVROXWH� YDOXH� RI� WKRVH� HUURUV� LV�
DYHUDJHG�� ZKLFK� OHDGV� WR� WKH� WRWDO� UHODWLYH� HUURU� RQ�
H�J��ZHHNO\�EDVH��(TXDWLRQ�����

  𝑓௪̅ = 1
𝑛௪ + 1෍ቮ 1

168 ෍ ቆ𝑄ௌ௜௠,௞ − 𝑄ோ௘௙,௞
𝑄ோ௘௙,௞

ቇ
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ቮ
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௝
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0RUHRYHU��ZH�FDOFXODWH�WKH�UHODWLYH�HUURU�RI�WKH�HQWLUH�
VLPXODWHG� DQG� PHDVXUHG� KHDW� IRU� WKH� WRWDO� SHULRG�
XQGHU�REVHUYDWLRQ��(TXDWLRQ�����

                          𝑓௧௢௧ି௘௡௚ =
𝑄ௌ௜௠ି௧௢௧௔௟ − 𝑄ோ௘௙,௧௢௧௔௟

𝑄ோ௘௙,௧௢௧௔௟
�

����

)XUWKHUPRUH�� WKH� FRHIILFLHQW� RI� GHWHUPLQDWLRQ� 𝑅²�
FKHFNV� RYHU� WKH� IXOO� SHULRG�� LI� WKHUH� LV� D� OLQHDU�
FRUUHODWLRQ� EHWZHHQ� WKH� KRXUO\� PHDVXUHPHQW� DQG�
VLPXODWLRQ�GDWD���

                                    𝑅ଶ = 1 − ∑(𝑄ௌ௜௠ − 𝑄ோ௘௙) ²
∑(𝑄ௌ௜௠ − 𝑄ௌప௠)²തതതതതതതതത �

����

7KH�PRUH�WKLV�FRHIILFLHQW�LV�FORVH�WR�RQH��WKH�KLJKHU�LV�
WKH� OLQHDU� FRUUHODWLRQ� 7KXV�� IRU� RXU� DSSOLFDWLRQ� WKH�
FRHIILFLHQW�RI�GHWHUPLQDWLRQ� LV�RQH�� LI� WKH�VLPXODWLRQ�
PHHWV� WKH� PHDVXUHPHQW� YDOXHV� DQG� KHQFH� WKH�
ELVHFWLQJ� OLQH� LQ� WKH� VFDWWHU� SORWV� RI� H�J�� )LJXUH� ��
SHUIHFWO\��

%8,/',1*�02'(/�
2XU� EXLOGLQJ� 0RGHO� LV� EDVHG� RQ� WKH� *HUPDQ�
JXLGHOLQH� 9',� ����� �9',� ������� ZKLFK� VLPSOLILHV�
WKH� WKHUPDO�EHKDYLRXU�RI�D�EXLOGLQJ�E\�FRQYHUWLQJ� LW�
LQWR�DQ�HTXLYDOHQW�FLUFXLW�RI�UHVLVWDQFHV�DQG�FDSDFLWLHV�
LQ� DQDORJ\� WR� HOHFWULFDO� FLUFXLWV�� ,W� JHQHUDOO\� GLYLGHV�
EXLOGLQJ� FRPSRQHQWV� LQWR� DV\PPHWULFDOO\� DQG�
V\PPHWULFDOO\� WKHUPDOO\� ORDGHG� FRPSRQHQWV�� ,Q�
DV\PPHWULFDOO\� WKHUPDOO\� ORDGHG� FRPSRQHQWV�� WKH�
WHPSHUDWXUH�RQ�RQH�VLGH�RI� WKH�FRPSRQHQW�GLIIHUV� WR�
WKH� WHPSHUDWXUH�RQ� WKH�RWKHU��7KRVH�FRPSRQHQWV�DUH�
H[WHULRU�EXLOGLQJ�FRPSRQHQWV�VXFK�DV�ZLQGRZV��ZDOOV�
RU� URRIV�� 7KH� V\PPHWULFDOO\� WKHUPDOO\� ORDGHG�
FRPSRQHQWV�DUH�LQQHU�EXLOGLQJ�FRPSRQHQWV�H�J��LQQHU�
ZDOOV�DQG�LQQHU�IORRUV��
,Q� RXU� PRGHO� �)LJXUH� ���� WKH� LQWHULRU� ZDOOV� DUH�
DVVXPHG�DGLDEDWLF�VR�WKDW�WKH\�FDQ�EH�VXEVWLWXWHG�E\�
RQH� FDSDFLW\� DQG� RQH� UHVLVWDQFH��+HQFH�� WKRVH�ZDOOV�

EHKDYH� OLNH� WKHUPDO� VWRUDJHV�� ,Q� FRQWUDVW� WR� LQWHULRU�
ZDOOV�� WKH� EXLOGLQJ� FDQ� H[FKDQJH� HQHUJ\� ZLWK� WKH�
HQYLURQPHQW�WKURXJK�WKH�H[WHULRU�ZDOOV��VR�WKDW�WKHVH�
ZDOOV� DUH� UHSUHVHQWHG� E\� RQH� FDSDFLW\� DQG� WZR�
UHVLVWDQFHV�� ,Q� DGGLWLRQ� WR� WKH� LQQHU� DQG�RXWHU�ZDOOV��
WKHUH�LV�DQ�LQGRRU�SDUW�RI�WKH�FLUFXLW��ZKLFK�FRQVLGHUV�
WKHUPDO� HIIHFWV� LQVLGH� RQH� ]RQH� VXFK� DV� VRODU�
UDGLDWLRQ�� ORQJ� ZDYH� UDGLDWLRQ� DQG� FRQYHFWLYH� KHDW�
WUDQVIHU��

�
Figure 1 Electrical substitution circle for a thermal 

building zone 
 

'LIIHULQJ�IURP�RXU�PRGHO��WKH�JXLGHOLQH�QHLWKHU�WDNHV�
WKH�FDSDFLW\�RI�WKH�DLU�LQWR�DFFRXQW�QRU�GLIIHUHQWLDWHV�
EHWZHHQ�UDGLDWLRQ�DQG�FRQYHFWLYH�KHDW�WUDQVIHU���
$OO� RXWHU� HOHPHQWV� DUH� FRPELQHG� WR� RQH� ZDOO�� 7R�
FRQVLGHU� WKH� RULHQWDWLRQV� RI� WKH� LQGLYLGXDO� HOHPHQWV��
WKH� ZDOO� LV� FRQQHFWHG� WR� DQ� HTXDO� DLU� WHPSHUDWXUH��
7KLV� WHPSHUDWXUH� FRQVLGHUV� WKH� UDGLDWLRQ� RQ�
GLIIHUHQWO\� RULHQWHG� VXUIDFHV� RI� YDULDEOH� VL]H�� WKH�
WHPSHUDWXUH� RI� WKH� JURXQG� DV� ZHOO� DV� RI� WKH�
HQYLURQPHQW� LQWR�DFFRXQW�� ,W� HQDEOHV�XV�ZLWK� WKH�DLG�
RI�ZHLJKW�IDFWRUV�WR�JHQHUDWH�DQ�DYHUDJH�WHPSHUDWXUH�
IRU�WKH�H[WHULRU�ZDOOV��,Q�FRPSDULVRQ�WR�WKH�JXLGHOLQH��
ZH�LPSOHPHQWHG�VRPH�IXUWKHU�FKDQJHV���
3DUDPHWHUV� GHVFULELQJ� WKH� SK\VLFDO� EHKDYLRXU� RI� D�
EXLOGLQJ�DUH�LPSOHPHQWHG�LQ�'\PROD�ZLWK�WKH�XVH�RI�
UHFRUGV�� 7KHVH� WH[W� ILOHV� FRQWDLQ� IRU� LQVWDQFH�
UHVLVWDQFH� DQG� FDSDFLW\� RI� WKH� HOHFWULFDO� VXEVWLWXWLRQ�
FLUFXLW� DV� ZHOO� DV� W\SLFDO� LQQHU� ORDGV� VXFK� DV� OLJKW��
SHRSOH�RU�PDFKLQHV��$V�SUHVHQWHG�LQ�7DEOH����ZH�FDQ�
JHQHUDWH�WKRVH�UHFRUGV�LQ�IRXU�GLIIHUHQW�ZD\V��0HWKRG�
$� FRQVLGHUV� ZLWK� WKH� KHOS� RI� DQ� ([FHO� DQG� 0DWODE�
WRRO�HYHU\�LQGLYLGXDO�LQQHU�DQG�RXWHU�ZDOO��ZLQGRZV��
WKHLU� PDWHULDO�� WKLFNQHVV�� VXUIDFH� DQG� RULHQWDWLRQ��
)XUWKHUPRUH��WKLV�PHWKRG��0WKG���FRQVLGHUV�GLIIHUHQW�
EXLOGLQJ� ]RQHV� VXFK� DV� RIILFH� ZLWK� W\SLFDO�
FKDUDFWHULVWLFV.� 7KHUHIRUH�� D� KLJK� HIIRUW� LQ�
SDUDPHWHULVDWLRQ� LV� QHHGHG� DV� ZHOO� DV� GHWDLOHG�
NQRZOHGJH�DERXW�WKH�EXLOGLQJ�UHTXLUHG��0HWKRG�%�LV�
EDVHG� RQ� DQ� DSSUR[LPDWH� �DSSUR[��� ]RQLQJ� RI� D�
EXLOGLQJ��ZKHUH�ZH�HQWHU�WKH�H[DFW�ZDOO�PRXQWLQJ�RI�
RXWHU�ZDOOV�DQG�WKH�DSSUR[LPDWH�VXUIDFH�RI�LQQHU�DQG�
RXWHU� ZDOOV�� URRIV�� QXPEHU� DQG� KHLJKW� RI� IORRUV� DV�
ZHOO�DV�RULHQWDWLRQ�IRU�HDFK�]RQH���
)RU� 0HWKRG� &� ZH� XVH� WKH� \HDU� RI� FRQVWUXFWLRQ� WR�
JHQHUDWH� W\SLFDO� ZDOO� PRXQWLQJV� DQG� IXUWKHU�
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FKDUDFWHULVWLFV� EDVHG� RQ� GDWD� IURP� �%09%6� ������
/LFKWPH����������
)RU� 0HWKRG� '�� ZKLFK� RQO\� ZRUNV� VXIILFLHQWO\� IRU�
RIILFH� DQG� UHVLGHQWLDO� EXLOGLQJV�� WKH� RQO\� LQSXW�
SDUDPHWHUV� QHHGHG� DUH� \HDU� RI� FRQVWUXFWLRQ�� QXPEHU�
DQG� KHLJKW� EHWZHHQ� IORRUV� DV� ZHOO� DV� WKH� WRWDO�
EXLOGLQJ� DUHD�� )XUWKHU� SDUDPHWHUV� VXFK� DV� W\SLFDO�
IORRU�SODQV�FDQ�EH�XVHG�RSWLRQDOO\��7KLV�W\SH�EXLOGLQJ�
DSSURDFK� HQDEOHV� XV� WR� JHQHUDWH� EXLOGLQJ� UHFRUGV�
ZLWKLQ�PLQXWHV��
�

Table 1 Methods for building parameterization 

 

Mthd. Zoning Wall 
mounting 

Building 
configuration 
& orientation 

A GHWDLOHG� GHWDLOHG� GHWDLOHG�
B DSSUR[�� GHWDLOHG� DSSUR[��
C DSSUR[�� 7\SH� DSSUR[��
D W\SH� 7\SH� W\SH�

�

%HVLGHV�� WKH� SDUDPHWHUV� GHVFULELQJ� WKH� SK\VLFDO�
FKDUDFWHULVWLFV�RI�D�EXLOGLQJ��RWKHU�SDUDPHWHUV�KDYH�WR�
EH� HQWHUHG� VHSDUDWHO\�� ZKLFK� FDQ� GHSHQG� RQ� WKH�
EXLOGLQJ�]RQH��

 $LU�H[FKDQJH�UDWHV��
 ,QWHULRU�ORDGV�H�J��DSSOLDQFHV��PLVFHOODQHRXV�

HOHFWULF�ORDGV��0(/���OLJKWHQLQJ��RFFXSDQWV�
 8VHU�SURILOHV�
 +HDWLQJ� DQG� FRROLQJ� WHPSHUDWXUH� VHWSRLQWV�

LQFOXGLQJ�QLJKW�VHWEDFN�
 :HDWKHU�GDWD�

7KHVH� ERXQGDU\� FRQGLWLRQV� IRU� GLIIHUHQW� ]RQHV� DUH�
PDLQO\�EDVHG�RQ�WKH�QRUPV�',1�9��������',1�������
DQG�6,$�������6,$��������
%XLOGLQJ� WHFKQRORJ\� VXFK� DV� KHDW� UHFRYHU\� LV� QRW�
LPSOHPHQWHG� VR� IDU�� 7KXV�� H[FKDQJHG� DLU� HQWHUV� WKH�
EXLOGLQJ�ZLWK�WKH�FXUUHQW�DPELHQW�WHPSHUDWXUH��

6,08/$7,21�2)�%8,/',1*6�
,Q� RXU� SURMHFW�� ZH� PRQLWRU� WZR� UHVHDUFK� FDPSXVHV�
ZLWK� GLVWULFW� KHDWLQJ� DQG� FRROLQJ� QHWZRUNV�
HQHUJHWLFDOO\� DQG� PHDVXUH� YROXPH� IORZV� DV� ZHOO� DV�
WHPSHUDWXUHV�� )RU� RQH� FDPSXV� RXU� SURMHFW� SDUWQHUV�
UHFRUG�PHDVXUHPHQW�GDWD�RI�D�KLJK�SHUFHQWDJH�RI�WKH�
EXLOGLQJV�� 2Q� WKH� RWKHU� FDPSXV� ZH� XVH� RXU� RZQ�
XOWUDVRQLF� YROXPH� IORZ� PHWHUV� DQG� WHPSHUDWXUH�
VHQVRUV� LQ� WKH� WKHUPDO� QHWZRUNV�� )RU� RXU� YDOLGDWLRQ��
ZH�FKRRVH�ILYH�EXLOGLQJV��%OGJ���ZLWK�WKUHH�GLIIHUHQW�
\HDUV� RI� FRQVWUXFWLRQ�� GLIIHUHQW� W\SH� RI� XVH� DQG�
GLIIHUHQW� EXLOGLQJ� DUHDV� DV� VKRZQ� LQ� 7DEOH� ��� 7KH�
ROGHVW� EXLOGLQJ� LV� IURP� ����� DQG� WKH� QHZHVW� IURP�
������ZKLOH� WKH� IORRU�DUHD�YDULHV� IURP�����Pð�XS� WR�
�����Pð��7KH�KLJK� QXPEHU�RI� FKRVHQ�QHZ�EXLOGLQJV�
UHVXOWV� IURP� WKH� IDFW� WKDW� WKHVH� EXLOGLQJV� ZHUH�
HTXLSSHG�ZLWK�PHDVXUHPHQW� HTXLSPHQW� ILUVW� DQG� IRU�
WKHVH�EXLOGLQJV�DOO�EXLOGLQJ�SODQV�DUH�DYDLODEOH��
�
�

Table 2 Properties of simulated buildings 
 

Bldg.  Year of 
construction 

Floor area 
[m²] 

Utilization 

1 ����� ����� 2IILFH�
2  ����� ����� /DERUDWRU\�
3  ����� ����� 2IILFH��ODE�
4  ����� ���� 2IILFH�
5  ����� ����� 2IILFH���ODE�

�

7KH�DQQXDO�HQHUJ\�XVH�SHU�DUHD��𝑄ோ௘௙ିௌ௣௘௖ି௔)�YDULHV�
IURP� �����N:K�PðD� WR� ����N:K�PðD� �7DEOH� ����
6XUSULVLQJO\�� LW� LV� QRW� SRVVLEOH� WR� VHH� D� FOHDU�
FRUUHODWLRQ� EHWZHHQ� WKH� \HDU� RI� FRQVWUXFWLRQ� DQG�
DQQXDO�KHDW�HQHUJ\�XVH�SHU�DUHD��EHFDXVH�WKH�EXLOGLQJ�
ZLWK�WKH�KLJKHVW�DQQXDO�KHDW�HQHUJ\�XVH�SHU�DUHD�ZDV�
EXLOW� LQ� ������ )XUWKHUPRUH�� WKH� HQHUJ\� XVH� SHU� DUHD�
IRU� %OGJ�� �� DQG� �� YDULHV� E\� WKH� IDFWRU� ���� DOWKRXJK�
WKH\�ZHUH�EXLOW� LQ� WKH� VDPH�\HDU��7KDW� UHVXOWV�RI� WKH�
IDFW�� WKDW� %OGJ�� �� LV� D� SDVVLYH� KRXVH� ZLWK� WULSOH�
LQVXODWHG�ZLQGRZV�DQG�����PP�LQVXODWLRQ�DQG�%OGJ��
�� D� ODERUDWRU\� EXLOGLQJ��%HVLGHV�� 7DEOH� �� VKRZV� WKH�
VSHFLILF�KHDW�GHPDQG��𝑄஼௔௟௖ିௌ௣௘௖ିீௗ௘௣௕ି௔���XVLQJ�WKH�
*HUPDQ� GLUHFWLYH� HQHUJ\� SHUIRUPDQFH� RI� EXLOGLQJV��
EDVHG� RQ� WKH� *HUPDQ� E\�ODZ� (Q(9� �����
�(Q(9������� 
�

Table 3 Measured annual heat energy use per area 
and calculated specific heat demand basing on the 
German directive energy performance of buildings 

 

Bldg.  𝑸𝑹𝒆𝒇ି𝑺𝒑𝒆𝒄ି𝒂 
[kWh/m² a]  

𝑸𝑪𝒂𝒍𝒄ି𝑺𝒑𝒆𝒄ି𝑮𝒅𝒆𝒑𝒃ି𝒂 
[kWh/m² a] 

1  ����� �����
2  ���� ����
3  ���� ��
4  ��� ������
5  ���� ��

�

,Q� FRPSDULVRQ� WR� WKH� PHDVXUHPHQW� GDWD�� ZKLFK� DUH�
QRW� FRUUHFWHG� E\� WKH� GHJUHH�GD\� PHWKRG�� WKH�
FDOFXODWHG�GHPDQG�DQG�PHDVXUHG�FRQVXPSWLRQ�YDULHV�
XS� WR� D� IDFWRU� RI� WZR��)RU� H[DPSOH�� IRU�%OGJ�� ��� WKH�
FDOFXODWHG�HQHUJ\�GHPDQG�LV�WKH�KDOI��IRU�%OGJ�����LW�LV�
GRXEOH�RI�WKH�PHDVXUHG�HQHUJ\��
)LJXUH� �� VKRZV� WKH� VSHFLILF� VLPXODWHG� KHDW� HQHUJ\�
GHPDQG� EDVHG� RQ� W\SH� EXLOGLQJV� �PHWKRG� '��� IRU�
����� RI� WKH� EXLOGLQJV� ����� EXLOGLQJV�� IURP� RQH�
UHVHDUFK�FDPSXV��7KH�EDU�VKRZV�WKH�DYHUDJH�GHPDQG�
DQG� WKH� EODFN� OLQH� WKH� VWDQGDUG� GHYLDWLRQ� RI� WKH�
VLPXODWLRQV��:H�FDQ�VHH�WKDW�MXVW�WKH�FRQVXPSWLRQ�RI�
%OGJ����PDWFKHV�ZLWK�WKLV�VLPXODWLRQ���
�
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Figure 2 Typical energy demand depending on the 
date of construction (Source: Lauster 2013) 

�

7KHUHIRUH�� WKHVH� ILUVW� FRPSDULVRQV� DOUHDG\� VKRZ� WKH�
FRPSOH[LW\� RI� FRPSDULQJ� PHDVXUHPHQW� ZLWK�
FDOFXODWLRQ�RU�VLPXODWLRQ�GDWD��

Simulation with detailed parameterization  
)RU�D�GHWDLOHG�EXLOGLQJ�SK\VLFV�SDUDPHWHUL]DWLRQ�ZLWK�
PHWKRG�$��ZH�VHOHFW�%OGJ����DQG����7KH�HIIRUW�IRU�WKH�
SDUDPHWHUL]DWLRQ� RI� WKRVH� PHGLXP� VFDOH� EXLOGLQJV�
WDNHV�DW�OHDVW�WKUHH�GD\V�SHU�EXLOGLQJ��
)LUVW� WULHV� ZLWK� VWDQGDUG� XVHU� DQG� KHDWLQJ� SURILOHV�
VKRZHG�� FRPSDUHG� WR� PHDVXUHPHQW� GDWD��
XQDFFHSWDEOH� UHVXOWV� IRU� %OGJ�� ��� 7KHUHIRUH�� ZH�
GHFLGH�WR�DQDO\VH�WKH�PHDVXUHPHQW�GDWD�DV�ZHOO�DV�WKH�
GHWDLOHG� XWLOL]DWLRQ� RI� WKHVH� EXLOGLQJV�� ,Q� )LJXUH� ���
ZKLFK� VKRZV� WKH� PHDVXUHG� KHDW� SRZHU� FXUYH� IRU�
%OGJ����IRU�WZR�FKRVHQ�GD\V��ZH�FDQ�VHH�WKDW�WKHUH�LV�
QR� KHDW� FRQVXPSWLRQ� GXULQJ� QLJKW�� +HQFH�� ZH�
LPSOHPHQWHG� D� QLJKW� VHWEDFN� LQ� DOO� EXLOGLQJV� EXW�
%OGJ�� ��� 7KLV� UHVXOWV� IURP� D� PHDVXUHPHQW� YDOXH�
DQDO\VLV�RI�%OGJ�����
)XUWKHUPRUH�� LQ�%OGJ�� �� WKH�GDLO\� WLPH�RI� XWLOL]DWLRQ�
VHHPV�WR�EH�ORQJHU�WKDQ�DVVXPHG�LQ�WKH�QRUPV��
�

�
Figure 3 Heat power curve of Bldg. 1 for two typical 

weekdays 
�

7KHUHIRUH�� ZH� DGDSWHG� WKH� VWDQGDUG� XVHU� SURILOHV� DV�
ZHOO� DV� WKH� GDLO\� VHW� WHPSHUDWXUH� SURILOHV�� 7ZR�
GLIIHUHQW� YHQWLODWLRQ�PRGHOV� DUH� LPSOHPHQWHG� LQ� WKLV�
PRGHO�� ZKHUHXSRQ� RQH� PRGHO� KDV� WKH� VDPH�
YHQWLODWLRQ�UDWHV�IRU�HDFK�ZHHN��PHWKRG�$����DQG�WKH�
RWKHU�YHQWLODWLRQ�UDWH�GHSHQGV�RQ�WKH�XVHU�DWWHQGDQFH�

DV�ZHOO�DV�WKH�DPELHQW�WHPSHUDWXUH��PHWKRG�$�����)RU�
H[DPSOH�� WKLV� PHDQV�� WKDW� RQ� GD\V� ZLWK� KLJKHU�
DPELHQW�WHPSHUDWXUHV�DQG�KLJKHU�XVHU�DFWLYLW\��WKH�DLU�
H[FKDQJH�UDWHV�LQFUHDVH��
,Q�DOPRVW�WKH�VDPH�PDQQHU��%OGJ����GHYLDWHV�IURP�WKH�
DVVXPSWLRQV� PDGH� LQ� WKH� QRUP�� 7KLV� EXLOGLQJ�
FRQWDLQV�DQLPDO�ODERUDWRULHV�DQG�FOHDQ�URRPV��ZKLFK�
VWDQGDUGV�GLIIHUV�D�ORW�IURP�RUGLQDU\�ODERUDWRULHV���

Simulation with approximate zoning  
,Q� FRQWUDVW� WR� WKH� FRPSOH[� SDUDPHWHUL]DWLRQ�� WKHVH�
PHWKRGV�WDNH��GHSHQGLQJ�RQ�WKH�VL]H�RI�WKH�EXLOGLQJ��
MXVW� DERXW� D� IHZ� KRXUV�� )RU� WKLV� UHDVRQ�� ZH�
LPSOHPHQWHG� DOO� EXLOGLQJV� ZLWK� PHWKRG� %� RU� &� DV�
VKRZQ�LQ�7DEOH����
$V� UHYHDOHG�� DOO� EXLOGLQJV¶� SK\VLFV� DQG� KHDWHU�
SURSHUWLHV�RI�DOO�EXLOGLQJV�ZLWK�WKH�H[FHSWLRQ�RI�%OGJ��
��� DUH�SDUDPHWHUL]HG�ZLWK� VWDQGDUG�YDOXHV�EDVLQJ�RQ�
�%09%6�������/LFKWPH��������',1�������XVLQJ�WKH�
W\SLFDO�PDWHULDOV��H�J��IRU�ZDOOV��PDWFKLQJ�WR�WKH�GDWH�
RI�FRQVWUXFWLRQ���
$V�%OGJ�� �� LV� D� SDVVLYH� KRXVH��ZH� LPSOHPHQWHG� WKH�
RXWHU� ZDOO� DQG� LQVRODWLRQ� WKLFNQHVVHV� DV� ZHOO� DV�
PDWHULDOV� PDQXDOO\� �PHWKRG� %��� $OO� DLU� H[FKDQJH�
UDWHV� EXW� WKH� RQHV� IRU� %OGJ�� �� DQG� WKH� DLU� H[FKDQJH�
UDWHV�IRU�DQLPDO�ODERUDWRULHV�DUH�EDVHG�RQ�QRUPV�DQG�
GHSHQG� RQ� WKH� XVHU¶V� SUHVHQFH� DQG� DPELHQW�
WHPSHUDWXUHV��'HSHQGHQG���)RU�%OGJ�����ZH�XVH�KHUH�
WKH�VDPH�DLU�H[FKDQJH�UDWHV�DV�LQ�PHWKRG�$����
�

Table 4 Building model parameterization 
 

Bldg.  Mthd. Air exchange 
rates 

Utilization 
time /profile 

�� $��� 6WDWLF� DGDSWHG�
WDEOHV��

DGDSWHG�

�� $��� 'HSHQGHQW� DGDSWHG�
�� %� 'HSHQGHQW�� DGDSWHG�
�� '� 'HSHQGHQW�� DGDSWHG�
�� %� 'HSHQGHQW�� DGDSWHG�
�� &� 'HSHQGHQW�� QRUPV�
�� &� 'HSHQGHQW�� QRUPV�
�� &� 'HSHQGHQW�� QRUPV�
�� &� 'HSHQGHQW�� QRUPV�

�
 

Simulation with type buildings  
7R�H[KLELW�WKH�GLIIHUHQFH�LQ�DFFXUDF\�DQG�FRPSOH[LW\�
LQ�XVDJH��ZH�SDUDPHWHUL]HG�%OGJ����ZLWK�PHWKRG�'��

5(68/76�� ',6&866,21� $1'� 5(68/7�
$1$/<6,6�
,Q� FRQWUDVW� WR� RWKHU� PHWKRGV� IRU� EXLOGLQJ� PRGHO�
YDOLGDWLRQ�VXFK�DV�$6+5$(������$6+5$(�������RU�
WKH� EXLOGLQJ� PRGHO� YDOLGDWLRQ� PHWKRG� DFFRUGLQJ� WR�
(03$� �6ZLVV� )HGHUDO� /DERUDWRULHV� IRU� 0DWHULDO�
7HVWLQJ�DQG�5HVHDUFK���0DQ]�HW�DO���������ZH�GR�QRW�
FRPSDUH�VLPXODWLRQ�UHVXOWV�ZLWK�RWKHU�VLPXODWLRQV�IRU�
VSHFLDO� WHVW� URRPV� DQG� FRQGLWLRQV�� :H� FRPSDUH�
VLPXODWLRQ� ZLWK� PHDVXUHPHQW� GDWD� DQG� DVVXPH� WKDW�
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IRU� WKH� PHDVXUHPHQWV� QR� PHDVXUHPHQW� HUURUV� H[LVW��
$GGLWLRQDOO\�WKLV�EXLOGLQJ�PRGHO�LV�YDOLGDWHG�ZLWK�WKH�
(03$�PHWKRG��:ROLV]�HW�DO���������

Building 1 
%OGJ�� �� LV� RXU� PDMRU� WHVW� EXLOGLQJ� VLPXODWHG� LQ� WKLV�
VWXG\�� $V� SUHVHQWHG� LQ� �)XFKV� HW� DO�� ������� WKH�
VLPSOLILHG� EXLOGLQJ� PRGHO� SDUDPHWHUL]HG� ZLWK�
PHWKRG�$�DQG�FRQVWDQW�DLU�H[FKDQJH�UDWH�SURILOHV�IRU�
HDFK� ZHHN�� PHHWV� WKH� PHDVXUHPHQW� GDWD� HVSHFLDOO\�
IRU� WKH� WRWDO� SHULRGV¶� DPRXQW� RI� HQHUJ\� LQ� DQ�
DFFHSWDEOH� ZD\�� 7KH� GLIIHUHQFH� RI� WKH� WRWDO� KHDW�
GHPDQG�FRPSDUHG� WR�PHDVXUHG� FRQVXPSWLRQ� LV� RQO\�
DERXW������DQG�WKH�FRHIILFLHQW�RI�GHWHUPLQDWLRQ�ZLWK�
�����FRPSDUDWLYHO\�KLJK��7DEOH�����%HVLGHV��DV�VKRZQ�
LQ� )LJXUH���� IRU� D� IHZ� FKRVHQ� ZHHNV� �H�J�� )HEUXDU\�
������ WKH� WUHQG� RI� WKH� VLPXODWLRQ� DQG�PHDVXUHPHQW�
FXUYHV�DUH�VLPLODU��

�
Figure 4 Comparison of measurement and simulation 

data for Bldg.1 with method A-1 
 

,Q� )LJXUH��� ZH� FDQ� VHH� WKDW� WKHUH� LV� D� OLQHDU�
FRUUHODWLRQ� �5ð ������ EHWZHHQ� PHDVXUHPHQW� DQG�
VLPXODWLRQ�GDWD�IRU�%OGJ���DQG�PHWKRG�$��� 

 

Table 5 Relative errors and coefficient of 
determination for Bldg. 1 for the total period 

 

Bldg. 𝒇ത𝒉𝒐𝒖𝒓 𝒇ത𝒘𝒆𝒆𝒌 𝒇ത𝒕𝒐𝒕 𝒇𝒕𝒐𝒕ି𝒆𝒏𝒈 𝑹² 
1-A-1 ���� ������ ������ ������ �����
1-A-2 ����� ������ ������ ������� �����
1-B ������ ������ ������ ������� �����
1-D ���� ���� ���� ���� ������

�

�
Figure 5 Dependency of simulation and measurement 
data of Bldg. 1 with method A-1 for the total period 

�

,Q�FRPSDULVRQ�WR�PHWKRG�$����WKH�UHVXOWV�IRU�PHWKRG�
$��� DUH� QHDUO\� DV� JRRG� �7DEOH����� (YHQ� WKH� UHODWLYH�
HUURU�RQ�KRXUO\�EDVLV�IRU�WKH�WRWDO�SHULRG�LV�ORZHU�WKDQ�
EHIRUH�� :H� FDQ� VHH�� WKDW� FDXVHG� E\� FKDQJHV� RI�
YHQWLODWLRQ� UDWHV�� WKH� WRWDO� KHDW� VLPXODWLRQ� YDULHV� E\�
PRUH�WKDQ�������VR�WKDW�WKH�LQIOXHQFH�RI�DLU�H[FKDQJH�
UDWHV�LV�SUREDEO\�KLJK��
6XUSULVLQJO\�� WKH� WKLUG�YHUVLRQ�RI�%OGJ�����ZKLFK�ZH�
SDUDPHWHUL]HG� ZLWK� PHWKRG� %� �GHWDLOHG� ZDOO�
PRXQWLQJ��� UHYHDOV� SDUWO\� VOLJKWO\� EHWWHU� UHVXOW� �H�J�� 
𝑓௛̅௢௨௥ ������� WKDQ� ZLWK� PHWKRG� $��� DQG� $���� 7KH�
KRXUO\� UHODWLYH� HUURUV� DUH� OHVV� WKDQ� ��� �� DQG� WKH�
GLIIHUHQFH� EHWZHHQ� PHDVXUHG� DQG� VLPXODWHG� KHDW� LQ�
WKH� HQWLUH� SHULRG� LV� RQO\� DERXW� ����� )LJXUH� ��
LOOXVWUDWHV�WKH�DFFHSWDEOH� OLQHDU�FRUUHODWLRQ��5ð ������
RI� PHDVXUHPHQW� DQG� VLPXODWLRQ� GDWD�� 7KXV�� WKHVH�
UHVXOWV� LQGLFDWH� WKDW� RWKHU� IDFWRUV� VXFK� DV� DLU�
H[FKDQJH�UDWHV�RU�H[DFW�ZDOO�PRXQWLQJV�VHHP�WR�KDYH�
D� KLJKHU� LQIOXHQFH� RQ� WKH� HQHUJ\� GHPDQG� IRU� WKLV�
EXLOGLQJ� WKDQ� WKH� H[DFW� LPSOHPHQWDWLRQ� RI� HYHU\�
VLQJOH�URRP�ZLWK�LWV¶�LQQHU�DQG�RXWHU�ZDOOV��
$V� H[SHFWHG�� WKH� IRXUWK� YHUVLRQ� RI� %OGJ�� �� GLG� QRW�
PDWFK�WKH�PHDVXUHPHQW�GDWD�DGHTXDWHO\��5ð� ���������
7KH�VWDQGDUG�EXLOGLQJ�ZDOO�PRXQWLQJV�IRU�WKLV�GDWH�RI�
FRQVWUXFWLRQ� GR� QRW� PHHW� ZLWK� WKH� SDVVLYH� KRXVH�
FKDUDFWHULVWLFV�� 7KHUHIRUH�� WKH� VLPXODWHG� HQHUJ\�
H[FHHGV� WKH� PHDVXUHPHQW� GDWD� E\� WKH� IDFWRU� RI� VL[�
DQG�DOO�RWKHU�UHODWLYH�HUURUV�DUH�PRUH�WKDQ�������7KLV�
OHDGV� WR� WKH� IDFW�� WKDW� WKLV� ZD\� RI� EXLOGLQJ� PRGHO�
SDUDPHWHUL]DWLRQ� LV� QRW� VXLWDEOH� IRU� SDVVLYH� KRXVH�
EXLOGLQJV��
�
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�
Figure 6 Dependency of simulation and measurement 

data of Bldg. 1 with method B for the total period 
 

Other Buildings 
7DEOH� �� H[KLELWV� WKDW� WKH� RWKHU� EXLOGLQJV� PHHW� WKH�
PHDVXUHPHQW�GDWD�ZLWK�VWURQJO\�YDU\LQJ�DFFXUDF\��
$V�VKRZQ�LQ�7DEOH���WKH�VLPXODWLRQ�IRU�%OGJ����DQG���
GHYLDWH� FOHDUO\� IURP� WKH� PHDVXUHPHQW� YDOXHV�� 7KH�
FRHIILFLHQW� RI� SHUIRUPDQFH� H[KLELWV� �5ð� LV� QHJDWLYH���
WKDW� WKHUH� H[LVWV� QR� OLQHDU� FRUUHODWLRQ� EHWZHHQ� WKH�
FRPSDUHG� GDWD� IRU� %OGJ�� ��� 7KH� WRWDO� DPRXQW� RI�
VLPXODWHG�KHDW�LV�HYHQ�OHVV�WKDQ�D�WKLUG�RI�WKH�HQHUJ\�
FRQVXPHG� LQ� UHDOLW\�� ZKHUHXSRQ� WKH� YHUVLRQ�
SDUDPHWHUL]HG�ZLWK�PHWKRG�&�LV�EHWWHU��
�

Table 7 Relative errors and coefficient of 
determination for Bldg. 2,3,4,5 for the total period 

 

Bldg. 𝒇ത𝒉𝒐𝒖𝒓 𝒇ത𝒘𝒆𝒆𝒌 𝒇ത𝒕𝒐𝒕 𝒇𝒕𝒐𝒕ି𝒆𝒏𝒈 𝑹² 
2-A ����� ����� ����� ������� ����
2-C ����� ����� ���� ������ ����
3-C ���� ����� ����� ����� �����
4-C �� ���� ���� ���� �����
5-C ����� ����� ����� ������ �����

 

7KLV�GLIIHUHQFH�EHWZHHQ�PHDVXUHPHQW�DQG�VLPXODWLRQ�
GDWD� ZH� H[SHFWHG� EHIRUH�� EHFDXVH� WKH� DQQXDO� KHDW�
HQHUJ\�SHU�DUHD�RI�%OGJ����LV�PRUH�WKDQ�WKH�GRXEOH�RI�
D�W\SLFDO�EXLOGLQJ�ZLWK�WKH�VDPH�\HDU�RI�FRQVWUXFWLRQ��
3UREDEO\�WKLV�UHVXOWV�IURP�WKH�IDFW�� WKDW�WKLV�EXLOGLQJ�
LV�D�ODERUDWRU\�EXLOGLQJ��ZKLFK�FRQWDLQV�DQLPDO�ODEV��
FOHDQ� URRPV�� D� KLJK� UDWH� RI� WHFKQLFDO� EXLOGLQJ�
WHFKQRORJ\�DV�ZHOO�DV�XQNQRZQ�KHDW�VRXUFHV�VXFK�DV�
DQ�DXWRFODYH��0D[LPXP�DLU�H[FKDQJH�UHDFK�YDOXHV�XS�
WR����DQG�WKH�KXPLGLW\�RI�WKH�DLU�LV�GHILQHG�RQ�FHUWDLQ�
YDOXHV�� HYHQ� DW� ZHHNHQGV�� )XUWKHUPRUH�� D� KHDW�
UHFRYHU\�V\VWHP�H[LVWV��7KRVH�IDFWRUV�OHDG�WR�WKH�IDFW��
WKDW� ZLWKRXW� EXLOGLQJ� WHFKQRORJ\� PRGHOV� DQG�
NQRZOHGJH� DERXW� WKH� UHDO� SHUIRUPDQFH� RI� WKLV�
EXLOGLQJ�WHFKQRORJ\��LW�LV�QRW�SRVVLEOH�WR�VLPXODWH�WKLV�

EXLOGLQJ�LQ�D�VXIILFLHQW�ZD\� 7KH�VDPH�GLVFUHSDQF\�RI�
PHDVXUHG�DQG�VLPXODWHG�GDWD��ZH�FDQ�VHH�IRU�%OGJ����
�H�J��𝑓௛̅௢௨௥ = 2)�LQ�)LJXUH����ZKHUH�WKH�VLPXODWHG�KHDW�
ORDG� H[FHHGV� WKH� PHDVXUHPHQW� FOHDUO\�� +RZHYHU��
GXULQJ� WKH�ZHHNHQGV� �H�J�� ��VW� RU� ��QG�� RI� -DQXDU\��
WKH� FXUYHV� FRPSO\� LQ� D� EHWWHU� ZD\�� $Q� H[SODQDWLRQ�
IRU� WKDW� GLVFUHSDQF\� FRXOG� EH� WKDW� RXU� PRGHO� PHHWV�
WKH� SK\VLFDO� EHKDYLRXU� RI� WKH� EXLOGLQJ� ZLWKRXW� WKH�
LQIOXHQFH� RI� WKH� XVHU� DQG� EXLOGLQJ� WHFKQRORJ\� DV� LW�
KDSSHQV� RQ� ZHHNHQGV� VXIILFLHQWO\�� 7KHUHIRUH�� WKLV�
EXLOGLQJ�SUREDEO\�FRQWDLQV�D�KHDW�UHFRYHU\�V\VWHP��

�
Figure 7 Comparison of measurement and simulation 

data for Bldg. 3 
 

$OWKRXJK�DOO�UHODWLYH�HUURUV�RQ�KRXUO\�EDVLV�RI�%OGJ����
H[FHHG�������WKH�WRWDO�VLPXODWHG�DQG�PHDVXUHG�KHDW�
YDULHV� DERXW� RQO\� DERXW� ����� DQG� WKH� FRHIILFLHQW� RI�
GHWHUPLQDWLRQ� LV� ������ $� SRVVLEOH� UHDVRQ� IRU� WKRVH�
KLJK�HUURUV�FRXOG�EH� WKDW� WKH�KHDWLQJ� LV� VZLWFKHG�RII�
GXULQJ�VXPPHU�PRQWKV��7KH�VLPXODWHG�DQG�PHDVXUHG�
KHDW�ORDG�FXUYHV�EHKDYH�VLPLODUO\�IRU�%OGJ�����'XULQJ�
ZHHNGD\V� WKH� VLPXODWHG� KHDW� GHPDQG� LV� KLJKHU� WKDQ�
WKH� PHDVXUHG� DQG� DW� ZHHNHQGV� WKH� GDWD� DUH� TXLWH�
VLPLODU��7KLV�SUREDEO\�UHVXOWV�RI� WKH� LQVWDOODWLRQ�RI�D�
QHZ� WHFKQLFDO� EXLOGLQJ� WHFKQRORJ\� V\VWHP� LQ� ������
7KHUHIRUH�� WKLV� ROG� EXLOGLQJ� FRQVXPHV� OHVV� HQHUJ\�
WKDQ�H[SHFWHG�GXH�WR�D�KHDW�UHFRYHU\�V\VWHP��
7KH�EHVW�UHVXOWV��ZH�FDQ�VHH�IRU�WKH�ROGHVW��������DQG�
ELJJHVW�EXLOGLQJ��7KH�FRHIILFLHQW�RI�GHWHUPLQDWLRQ� LV�
ZLWK������WKH�KLJKHVW�RI�DOO�WHVW�EXLOGLQJV��,Q�DGGLWLRQ��
ZH�FDQ�VHH�WKLV�FRUUHODWLRQ�LQ�)LJXUH����7KH�VLPXODWHG�
DQG�FRQVXPHG�HQHUJ\�IRU�WKH�WRWDO�SHULRG�YDULHV�RQO\�
DERXW� ������ )LJXUH� �� VKRZV� WKH� G\QDPLF� VLPXODWHG�
DQG�PHDVXUHG�KHDW�ORDG�FXUYHV��ZKHUH�WKH�VLPXODWLRQ�
DQG� PHDVXUHPHQW� PHHW� LQ� DQ� DFFHSWDEOH� ZD\��
(VSHFLDOO\� WKH� SHDNV� RI� PD[LPXP� KHDW� ORDG� DQG�
DYHUDJH�OHYHO�RI�ERWK�GDWD�DUH�VLPLODU��
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�

�
Figure 8 Dependency between simulation and 

measurement data for Bldg. 5 for the total period 
 

�
Figure 9 Comparison of measurement and simulation 

data for Bldg. 5 

&21&/86,21�$1'�287/22.�
$V� H[SHFWHG� DQG� VKRZQ� LQ� �2VFKDW]� ������� WKH�
FRPSDULVRQ� RI� VLPXODWHG� HQHUJ\� GHPDQG� DQG� UHDO�
FRQVXPSWLRQ� GDWD� IURP�PHDVXUHPHQWV� GLG� QRW� VKRZ�
SHUIHFW� FRPSOLDQFH� QRU� IRU� HDFK� EXLOGLQJ� WKH� VDPH�
DFFXUDF\�� 7KH� UHDVRQ� IRU� WKLV� VHHPV� WR� EH� WKDW� WKH�
SUHFLVHQHVV�RI�RXU�VLPSOLILHG�EXLOGLQJ�PRGHO�GHSHQGV�
RQ�GLYHUVH�IDFWRUV�VXFK�DV��

 0HWKRG�RI�SDUDPHWHUL]DWLRQ�
 8WLOL]DWLRQ�RI�WKH�EXLOGLQJ��

o 8VHU�EHKDYLRU�H�J��XWLOL]DWLRQ�WLPH��
o $LU�H[FKDQJH�UDWHV��
o 7\SLFDO�LQQHU�ORDGV�

 <HDU�RI�FRQVWUXFWLRQ�

 ,QVWDOOHG�WHFKQLFDO�HTXLSPHQW��
2QH�PDMRU� LQIOXHQFH� IDFWRU� RQ� WKH� VLPXODWHG� HQHUJ\�
GHPDQG� RI� D� EXLOGLQJ� LV� WKH� PHWKRG� RI�
SDUDPHWHUL]DWLRQ��7KLV� UHVXOWV� IURP� WKH� IDFW�� WKDW� WKH�
RXWHU� VKDSH� RI� D� EXLOGLQJ�� WKH� JHRJUDSKLFDO�
DGMXVWPHQW�RU�WKH�UHDO�EXLOGLQJ�PDWHULDO�DUH�QRW�IXOO\�
FRQVLGHUHG� E\� PHWKRG� &� DQG� '�� (VSHFLDOO\� IRU�
SDVVLYH� KRXVHV� LW� LV� QHFHVVDU\� WR� NQRZ� DW� OHDVW� WKH�
IDFW�� WKDW� WKLV� EXLOGLQJ� LV� D� SDVVLYH� KRXVH�� DV� VKRZQ�
IRU� %OGJ�� ��� 7KH� VDPH� DSSOLHV� IRU� UHWURILWWHG�
EXLOGLQJV��,I�WKLV�LV�FRQVLGHUHG��PHWKRG�%�VHHPV�WR�EH�
QRW�OHVV�DGHTXDWH�WKDQ�PHWKRG�$��ZKLOH�WKH�HIIRUW�RI�
SDUDPHWHUL]DWLRQ�LV�PXFK�OHVV��7KHUHIRUH��LW�VHHPV�WR�
EH�DSSURSULDWH�IRU�D�IDVW�VLPXODWLRQ�RI�VLQJOH�SDVVLYH�
RU�UHWURILWWHG�EXLOGLQJV��$V�VKRZQ��WKH�UHVXOWV�JDLQHG�
ZLWK� PHWKRG� '� YDU\� D� ORW� FRPSDUHG� WR� WKH� RWKHU�
SDUDPHWHUL]DWLRQV�IRU�WKH�WHVWHG�EXLOGLQJ�DQG�LW�VHHPV�
WR�EH�QRW�UHFRPPHQGDEOH�IRU�WKH�G\QDPLF�VLPXODWLRQ�
RI� DQ\� VLQJOH� EXLOGLQJ�� %XW� DV� VKRZQ� LQ� �/DXVWHU�
������ WKLV� PHWKRG� ZRUNV� VXIILFLHQWO\� ZHOO� IRU�
VLPXODWLQJ�HQWLUH�FLW\�GLVWULFWV��
(VSHFLDOO\� WKH� XVHU� DV� ZHOO� DV� WKH� XWLOL]DWLRQ� �H�J��
ODERUDWRU\� XWLOL]DWLRQ�� RI� D� EXLOGLQJ� KDYH� D� KLJK�
LQIOXHQFH� RQ� WKH� KHDW� HQHUJ\� FRQVXPSWLRQ�� %\�
RSHQLQJ�ZLQGRZV�� WKH�XWLOL]DWLRQ�RI�PDFKLQHV�RU� WKH�
XVHU¶V� DWWHQGDQFH�� WKH� XVHU� FDQ� LQIOXHQFH� WKH� KHDW�
FRQVXPSWLRQ� LQ�D�VWURQJ�ZD\��)RU�%OGJ����ZH�IRXQG�
RXW� WKDW� SUREDEO\� WKH� XVHU¶V� DWWHQGDQFH� GRHV� QRW�
PDWFK�ZLWK�WKH�VWDQGDUG�DWWHQGDQFH�SURILOHV�IURP�WKH�
QRUPV�� 7KH� PDJQLWXGH� RI� WKH� XVHU� LQIOXHQFH� FDQ� EH�
VHHQ�ZHOO� LQ� WKH�SHUIRUPDQFH�RI�%OGJ����RU����7KHUH�
WKH� PHDVXUHPHQW� DQG� VLPXODWLRQ� ILW� RQ� VHYHUDO�
ZHHNHQGV� DFFHSWDEOH�� EXW� GXULQJ� WKH� ZHHN� WKH�
GLIIHUHQFH� LV� ELJ�� $V� VKRZQ� IRU� %OGJ�� ��� WKH�
EXLOGLQJµV� XWLOL]DWLRQ� FDQ� KDYH� D� KLJK� LQIOXHQFH� RQ�
WKH� HQHUJ\� FRQVXPSWLRQ�� 7KHUH�� WKH� DLU� H[FKDQJH�
UDWHV� DV� ZHOO� DV� WKH� HQHUJ\� QHHGHG� IRU�
GHKXPLGLILFDWLRQ�RI�WKH�DQLPDO�ODERUDWRULHV�DQG�FOHDQ�
URRPV�� GR� QRW� PDWFK� ZLWK� RUGLQDU\� ODERUDWRULHV��
)XUWKHUPRUH�� VSHFLDO� LQWHUQDO� KHDW� VRXUFHV� �H�J��
DXWRFODYH�LQ�%OGJ�����RU�VLQNV�FDQ�HLWKHU�GHFUHDVH�RU�
LQFUHDVH� WKH� KHDW� GHPDQG� RI� D� EXLOGLQJ� DQG�PDNH� D�
VLPXODWLRQ�GLIILFXOW��
)RU�WZR�HTXDO�EXLOGLQJV�ZLWK�WKH�VDPH�XWLOL]DWLRQ�WKH�
HQHUJ\� FRQVXPSWLRQ� GRHV� QRW� KDYH� WR� EH� FRQJUXHQW��
EHFDXVH� WHFKQLFDO� EXLOGLQJ� WHFKQRORJ\� SOD\V� DQ�
LPSRUWDQW� UROH�� )RU� H[DPSOH� KHDW� UHFRYHU\� V\VWHPV��
QLJKW�VHWEDFNV�DV�ZHOO�DV�DLU�H[FKDQJH�UDWHV�IRUFHG�E\�
YHQWLODWLRQ� HQJLQHHULQJ� FDQ� LQIOXHQFH� WKH� KHDWLQJ�
GHPDQG� DQG� SURILOH� LQ� D� VLJQLILFDQW� ZD\�� 3DUWLFXODU�
%OGJ�� ��ZKLFK�ZDV�EXLOW� LQ������ DQG� HTXLSSHG�ZLWK�
QHZ�EXLOGLQJ�WHFKQRORJ\�LQ�������FRQVXPHV�OHVV�KHDW�
HQHUJ\�SHU�VTXDUH�PHWHU�WKDQ�D�W\SLFDO�EXLOGLQJ�IURP�
WKLV� GDWH� RI� FRQVWUXFWLRQ� �%09%6� ������� )RU� WKH�
ODERUDWRU\�%OGJ����ZH�PDGH�WKH�VDPH�REVHUYDWLRQ�LQ�
WKH�RSSRVLWH�ZD\��
)RU� WKH� DFFXUDF\� RI� RXU� PRGHO�� WKH� GDWH� RI�
FRQVWUXFWLRQ� VHHPV� EH� DQ� LQIOXHQFH� IDFWRU�� EHFDXVH�
IRU�ROGHU�EXLOGLQJ�WKH�SDUW�RI�WKH�HQHUJ\�FRQVXPSWLRQ�
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FDXVHG�E\�WKH�SXUH�EXLOGLQJ�SK\VLFV�KDV�D�KLJKHU�UDWLR�
RI� WRWDO� FRQVXPSWLRQ� WKDQ� IRU� QHZHU� EXLOGLQJV��
)XUWKHUPRUH�� WKRVH� EXLOGLQJV� RIWHQ� FRQWDLQ� OHVV�
EXLOGLQJ�WHFKQRORJ\��
&RQFOXGLQJ� ZH� FDQ� VD\� WKDW� WKH� VLPXODWHG� HQHUJ\�
GHPDQG� IURP� RXU� VLPSOLILHG� EXLOGLQJ� PRGHO� PRVWO\�
FRPSOLHV� ZLWK� PHDVXUHG� FRQVXPSWLRQ� GDWD� RI� ILYH�
VHOHFWHG� EXLOGLQJV� LQ� D� VXIILFLHQW� ZD\�� 0DQ\�
GHYLDWLRQV�RI� VLPXODWHG� DQG�PHDVXUHG�GDWD� FRXOG�EH�
H[SODLQHG�� $V� WKH� FRPSDULVRQ�ZLWK� VSHFLDO� WKHRUHWLF�
WHVW� EXLOGLQJV� �H�J�� (03$� YDOLGDWLRQ�� UHYHDOHG�
DFFHSWDEOH� UHVXOWV�� WKLV� EXLOGLQJ� PRGHO� VHHPV� WR�
IXOILOO� RXU� UHTXLUHPHQWV�� (VSHFLDOO\� IRU� HQWLUH� FLW\�
GLVWULFWV� DV� VKRZQ� LQ� �/DXVWHU�� ������ HYHQ� WKH� W\SH�
EXLOGLQJ� DSSURDFK� �PHWKRG� '�� FDQ� GLVSOD\� WKH�
WKHUPDO�SHUIRUPDQFH�RI�ODUJH�VFDOH�HQHUJ\�V\VWHPV�LQ�
DQ�DFFHSWDEOH�ZD\��
,Q�RUGHU� WR�FRSH�ZLWK� VRPH�RI� WKH�SUREOHPV�SRLQWHG�
RXW�DQG�WR�LPSURYH�RXU�PRGHO��ZH�FXUUHQWO\�GHYHORS�
EXLOGLQJ�WHFKQRORJ\�PRGHOV��HVSHFLDOO\�KHDW�UHFRYHU\�
V\VWHPV�DQG�GHVLJQ�VWDWLVWLFDO�XVHU�SURILOHV��

120(1&/$785(�
DSSUR[�� �  �DSSUR[LPDWH�
%OGJ�  = EXLOGLQJ�
&+3� �  �FRPELQHG�KHDW�DQ�SRZHU��
𝑓� �  �UHODWLYH�HUURU�
𝑓௛̅௢௨௥�  � UHODWLYH� HUURU� RQ� KRXUO\� EDVH� IRU�

WKH�WRWDO�JLYHQ�SHULRG�
𝑓௪̅�  � UHODWLYH� HUURU� RQ� KRXUO\� EDVH� IRU�

WKH�FHUWDLQ�SHULRG�
𝑓௧௢௧ି௘௡௚   �UHODWLYH�HUURU�IRU�WRWDO�KHDW�
0WKG�� �  �PHWKRG 
𝑅²� �  �FRHIILFLHQW�RI�GHUPLQDWLRQ�
tot   �WRWDO�SHULRG�
𝑄ோ௘௙   = PHDVXUHG�KHDW�
𝑄ோ௘௙ିௌ௣௘௖ି௔�  �DQQXDO�HQHUJ\�XVH�SHU�DUHD�
𝑄ௌ௜௠  = VLPXODWHG�KHDW�
𝑄஼௔௟௖ିௌ௣௘௖ିீௗ௘௣௕ି௔ �VSHFLILF�HQHUJ\�GHPDQG�EDVHG��

RQ�*HUPDQ�GLUHFWLYH�HQHUJ\�
SHUIRUPDQFH�RI�EXLOGLQJV�

$&.12:/('*(0(17�
*UDWHIXO� DFNQRZOHGJHPHQW� LV� PDGH� IRU� ILQDQFLDO�
VXSSRUW� E\� *HUPDQ� )HGHUDO� 0LQLVWU\� RI� (FRQRPLFV�
DQG� 7HFKQRORJ\��� SURPRWLRQDO� UHIHUHQFH�
��(7����$��

5()(5(1&(6�
$6+5$(� ������ $6+5$(� ��������� �� 6WDQGDUG�

0HWKRG� RI� 7HVW� IRU� WKH� (YDOXDWLRQ� RI� %XLOGLQJ�
(QHUJ\� $QDO\VLV� &RPSXWHU� 3URJUDPV�� $WODQWD��
86$��

%09%6� >*HUPDQ� )HGHUDO� 0LQLVWU\� RI� 7UDQVSRUW��
%XLOGLQJ� DQG� 8UEDQ� 'HYHORSPHQW@�� ������
9HUHLQIDFKXQJ� ]XU� JHRPHWULVFKHQ� XQG� WHFK�
QLVFKHQ�'DWHQDXIQDKPH� LP�1LFKWZRKQJHElXGH�
EHVWDQG��%09%6�2QOLQH�3XEOLNDWLRQ����������

',1� >*HUPDQ� ,QVWLWXWH� IRU� 6WDQGDUGL]DWLRQ@� ������
',1� 9� ������ �� ��� (QHUJ\� HIILFLHQF\� RI�
EXLOGLQJV� �� &DOFXODWLRQ� RI� WKH� QHW�� ILQDO� DQG�
SULPDU\� HQHUJ\� GHPDQG� IRU� KHDWLQJ�� FRROLQJ��
YHQWLODWLRQ�� GRPHVWLF� KRW� ZDWHU� DQG� OLJKWLQJ� ��
3DUW� ���� %RXQGDU\� FRQGLWLRQV� RI� XVH�� FOLPDWLF�
GDWD��%HUOLQ��*HUPDQ\��%HXWK�9HUODJ�*PE+��

)XFKV��0��� /DXVWHU��0��� 7HLFKPDQQ�� -��� HW� DO�� ������
0RGXODUHU� 0RGHOODQVDW]� ]XU� 6LPXODWLRQ� YRQ�
(QHUJLHV\VWHPHQ� DXI� 4XDUWLHUVHEHQH��
3URFHHGLQJV�RI�%DX6,0�������,%36$�*HUPDQ\��
%HUOLQ��*HUPDQ\��

(Q(9� ����� ������ (Q(Y� �����
(QHUJLHHLQVSDUYHURUGQXQJ�I�U�*HElXGH��*HUPDQ�
E\�ODZ��%HUOLQ��*HUPDQ\��

/DXVWHU��0��������0RGHOLFD�%XLOGLQJ�%LEOLRWKHN�XQG�
*HElXGHPRGHOOH�� 3URFHHGLQJV� RI� 6\PSRVLXP�
,QWHJUDOH� 3ODQXQJ� XQG� 6LPXODWLRQ� LQ�%DXSK\VLN�
XQG�*HElXGHWHFKQLN�������'UHVGHQ��*HUPDQ\��

/DXVWHU��0��� )XFKV��0��� 7HLFKPDQQ�� -��� HW� DO�� ������
(QHUJHWLF� 6LPXODWLRQ� RI� D� 5HVHDUFK� $UHD� ZLWK�
W\SLFDO�%XLOGLQJ�6HWWLQJV��7KLV�LVVXH���

/LFKWPH��� 0�� ������ 9HUHLQIDFKXQJHQ� I�U� GLH�
HQHUJHWLVFKH� %HZHUWXQJ� YRQ� *HElXGHQ��
%HUJLVFKH� 8QLYHUVLWlW� :XSSHUWDO�� $UFKLWHNWXU��
:XSSHUWDO�� %HUJLVFKH� 8QLYHUVLWlW� :XSSHUWDO��
*HUPDQ\��

+XEHU��-���1\WVFK�*HXVHQ��&��������'HYHORSPHQW�RI�
0RGHOLQJ� DQG� 6LPXODWLRQ� 6WUDWHJLHV� IRU� /DUJH�
6FDOH� 8UEDQ� 'LVWULFWV�� 3URFHHGLQJV� RI� %XLOGLQJ�
6LPXODWLRQ� ����� �SS�� ������������ 6\GQH\��
$XVWUDOLD�� ,QWHUQDWLRQDO� %XLOGLQJ� 3HUIRUPDQFH�
6LPXODWLRQ�$VVRFLDWLRQ��

0DQ]�� +���� /RXW]HQKLVHU� 3�� )UDQN�� 7��� HW� DO�� ������
6HULHV� RI� ([SHULPHQWV� IRU� (PSLULFDO� 9DOLGDWLRQ�
RI� 6RODU� *DLQ� 0RGHOLQJ� LQ� %XLOGLQJ� (QHUJ\�
6LPXODWLRQ� &RGHV� �� ([SHULPHQWDO� 6HWXS�� 7HVW�
&HOO� &KDUDFWHUL]DWLRQ�� 6SHFLILFDWLRQV� DQG�
8QFHUWDLQW\� $QDO\VLV�� %XLOGLQJ� DQG�
(QYLURQPHQW����������������3DJHV������������

2VFKDW]�� %�� ������ /HLWIDGHQ� ]XP� $EJOHLFK�
(QHUJLHEHGDUI�(QHUJLHYHUEUDXFK�� )UDXQKRIHU�
,5%�9HUODJ���

6,$��6ZLVV�VRFLHW\�RI�HQJLQHHUV�DQG�DUFKLWHFWV��������
6,$� EXOOHWLQ� ����� 6WDQGDUG�FRQGLWLRQV� IRU�
HQHUJ\�� DQG� EXLOGLQJ� HTXLSPHQW�� =XULFK��
6ZLW]HUODQG��6,$�=XULFK��

9',� ������ *HUPDQ� DVVRFLDWLRQ� RI� HQJLQHHUV�� ������
&DOFXODWLRQ� RI� WUDQVLHQW� WKHUPDO� UHVSRQVH� RI�
URRPV� DQG� EXLOGLQJV�� 9',�*XLGHOLQH�� %HXWK�
9HUODJ��%HUOLQ��*HUPDQ\��

:ROLV]�� +�� HW� DO�� ������ '\QDPLF� VLPXODWLRQ� RI�
WKHUPDO� FDSDFLW\� DQG� FKDUJLQJ�� GLVFKDUJLQJ�
SHUIRUPDQFH�IRU�VHQVLEOH�KHDW�VWRUDJH�LQ�EXLOGLQJ�
ZDOO� PDVV�� 7KLV� LVVXH�
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