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DEVELOPMENT AND CALIBRATION OF A REDUCED-ORDER ENERGY 
PERFORMANCE MODEL FOR A MIXED-USE BUILDING 

�
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$%675$&7�
3UHYLRXV� VWXGLHV� VKRZ� WKDW� EXLOGLQJ�+9$&� V\VWHPV�
FDQ�FRQVXPH�JUHDWHU�WKDQ�����PRUH�HOHFWULFDO�HQHUJ\�
WKDQ� ZDV� WKH� GHVLJQ� LQWHQW� ODUJHO\� EHFDXVH� RI�
HTXLSPHQW� SHUIRUPDQFH� GHJUDGDWLRQ�� HTXLSPHQW�
IDLOXUHV�� RU� GHWULPHQWDO� LQWHUDFWLRQV� DPRQJ�
VXEV\VWHPV��$�NH\�EDUULHU� LV� WKH� ODFN�RI� LQIRUPDWLRQ�
DW� VXIILFLHQW� GHWDLO� WR� LVRODWH� DEQRUPDO� FKDQJHV� LQ�
ORDG� FRQGLWLRQV� RU� DQRPDORXV� HTXLSPHQW� RSHUDWLRQV��
2QH� RI� WKH� VROXWLRQV� LV� WR� GHYHORS� PRGHO�EDVHG�
GLDJQRVWLF� PHWKRGV�� +HQFH�� GHYHORSLQJ� D� FDOLEUDWHG�
HQHUJ\� SHUIRUPDQFH� PRGHO� EHFRPHV� WKH� NH\�
FRPSRQHQW��,Q�WKLV�SDSHU��DQ�LQWHJUDWHG�HQHUJ\�PRGHO�
IRU� D� PL[�XVH� EXLOGLQJ� ZDV� GHYHORSHG� EDVHG� RQ� D�
UHGXFHG�RUGHU� WKHUPDO� PRGHO�� ZKLFK� LQFOXGHV�
EXLOGLQJ� HQYHORSH� PRGHO�� DQG� +9$&� SULPDU\� DQG�
VHFRQGDU\�V\VWHP�PRGHOV��7KH�LQWHJUDWHG�PRGHO�ZDV�
YDOLGDWHG� DJDLQVW� UHDO�WLPH� PHDVXUHG� GDWD� ZLWKLQ�
�����HUURU�LQ�WHUPV�RI�WKH�ORDG�GLIIHUHQFHV��

,1752'8&7,21�
7KH� 'HSDUWPHQW� RI� 'HIHQVH� �'R'�� LV� WKH� ODUJHVW�
VLQJOH� XVHU� RI� HQHUJ\� LQ� WKH� 8QLWHG� 6WDWHV��
UHSUHVHQWLQJ� �����RI� WKH� WRWDO�86�HQHUJ\� FRQVXPHG�
DQG� ���� RI� WKH� HQHUJ\� FRQVXPHG� E\� WKH� )HGHUDO�
JRYHUQPHQW���$SSUR[LPDWHO\�����RI�WKH�'R'�HQHUJ\�
XVH� LV�FRQVXPHG�E\� LWV�EXLOGLQJV�DQG�IDFLOLWLHV�� �7KH�
'R'� FXUUHQWO\� KDV� �������� EXLOGLQJV� DFURVV� ������
VLWHV� DQG� LQ� ����� LWV� IDFLOLW\� HQHUJ\� ELOO� ZDV� RYHU�
����%��'R'��������'XH�WR�WKH�ODUJH�HQHUJ\�IRRWSULQW�
RI� 'R'� IDFLOLWLHV�� LQFUHDVLQJ� EXLOGLQJ� HQHUJ\�
HIILFLHQF\�RIIHUV�WKH�ODUJHVW�RSSRUWXQLW\�IRU�UHGXFLQJ�
'R'�HQHUJ\�FRQVXPSWLRQ��6WXGLHV�VKRZ�WKDW�EXLOGLQJ�
+9$&�V\VWHPV�FDQ�FRQVXPH�JUHDWHU�WKDQ�����PRUH�
HOHFWULFDO� HQHUJ\� WKDQ� ZDV� WKH� GHVLJQ� LQWHQW� ODUJHO\�
EHFDXVH�RI�HTXLSPHQW�SHUIRUPDQFH�GHJUDGDWLRQ� �H�J��
ILOWHU�RU�KHDW�H[FKDQJHU�IRXOLQJ���HTXLSPHQW�IDLOXUHV��
RU�GHWULPHQWDO�LQWHUDFWLRQV�DPRQJ�VXEV\VWHPV�VXFK�DV�
FRROLQJ�DQG�WKHQ�UHKHDWLQJ�RI�FRQGLWLRQHG�DLU��$�NH\�
EDUULHU�LV�WKH�ODFN�RI�LQIRUPDWLRQ�DW�VXIILFLHQW�GHWDLO�WR�
LVRODWH� DEQRUPDO� FKDQJHV� LQ� ORDG� FRQGLWLRQV� RU�
DQRPDORXV� HTXLSPHQW� RSHUDWLRQV�� 2QH� RI� WKH�
VROXWLRQV� LV� WR� GHYHORS� PRGHO�EDVHG� GLDJQRVWLF�
PHWKRGV�� +HQFH�� GHYHORSLQJ� D� FDOLEUDWHG� HQHUJ\�
SHUIRUPDQFH�PRGHO�EHFRPHV�WKH�NH\��
�

&DOLEUDWHG� HQHUJ\� PRGHOV� UHFHLYHG� PRUH� DQG� PRUH�
DWWHQWLRQV� IRU� EHWWHU� EXLOGLQJ� RSHUDWLRQV� LQ� WKH� ODVW�
WZR� GHFDGHV�� &ODULGJH� �&ODULGJH�� ������ SURYLGHV� D�
GHWDLOHG� VXPPDU\� RI� ,($� $QQH[� ��� SURMHFW�� ZKHUH�
UHVHDUFKHUV� DQG� SUDFWLWLRQHUV� LQYHVWLJDWHG� WKH� XVH� RI�
ZKROH�EXLOGLQJ�VLPXODWLRQ�LQ�FRPPLVVLRQLQJ�SURFHVV�
IURP� GHVLJQ�� SRVW�FRQVWUXFWLRQ�� RQ�JRLQJ�
FRPPLVVLRQLQJ�� UHWUR�FRPPLVVLRQLQJ� WR� WKH� QHZ�
FRQWURO�FRGH�� ,W�ZDV�IRXQG� WKDW�FDOLEUDWHG�VLPXODWLRQ�
PRGHOV� KDYH� EHHQ� DSSOLHG� URXWLQHO\� IRU� UHWUR�
FRPPLVVLRQLQJ���
�
/HH�HW�DO���������LQYHVWLJDWHG�WKH�XVDJH�RI�FDOLEUDWHG�
$6+5$(� VLPSOLILHG� HQHUJ\� DQDO\VLV� SURFHGXUH�
�6($3��IRU�IDXOW�GHWHFWLRQ�DW�WKH�ZKROH�EXLOGLQJ�OHYHO�
EDVHG�RQ�WKUHH�\HDUV�PHDVXUHG�GDWD��/HH�HW�DO����������
,W�ZDV�IRXQG� WKDW� WKH�GDLO\�SHUFHQWDJH�FKDQJH�RI� WKH�
KRW�ZDWHU�RU�FKLOOHG�ZDWHU�FRQVXPSWLRQ�IRU�WKH�VDPH�
SHULRG�RI�GLIIHUHQW�\HDUV�FRXOG�EH�XS�WR������GXH�WR�
FRQWURO�FKDQJHV�DQG�HTXLSPHQW�GHJUDGDWLRQ���
�
2¶1HLOO� HW� DO�� �����D�� EXLOW� XS� D� FDOLEUDWHG�
(QHUJ\3OXV� UHIHUHQFH� PRGHO� RI� D� 'R'� EXLOGLQJ� IRU�
UHDO�WLPH� HQHUJ\� GLDJQRVWLFV� �2¶1HLOO� HW� DO��� ����D���
7KH� PRGHO� ZDV� FDOLEUDWHG� EDVHG� XSRQ� UHDO�WLPH�
PHDVXUHPHQWV�LQFOXGLQJ�ZHDWKHU��+9$&�V\VWHP�DQG�
HTXLSPHQW� HOHFWULFLW\� FRQVXPSWLRQV� DQG� WKHUPDO�
ORDGV� �H�J��� FKLOOHG� ZDWHU� DQG� KRW� ZDWHU�
FRQVXPSWLRQV�� HWF�� 7KH� UHVXOW� VKRZV� WKDW� ���� RI�
DQQXDO�VWHDP�HQHUJ\�VDYLQJV�FDQ�EH�DFKLHYHG�WKURXJK�
PRGHO�EDVHG� SHUIRUPDQFH� PRQLWRULQJ� DQG� HQHUJ\�
GLDJQRVWLFV��2¶1HLOO��HW�DO�������E����
��
5HFHQWO\�� %\QXP� HW� DO�� ������� GHYHORSHG� DQ�
$XWRPDWHG� %XLOGLQJ &RPPLVVLRQLQJ� $QDO\VLV� 7RRO�
�$%&$7���ZKLFK�XWLOL]HV�D�FDOLEUDWHG�ILUVW�SULQFLSOHV�
EDVHG�PRGHO�WR�SUHGLFW�HQHUJ\�FRQVXPSWLRQ�IRU�JLYHQ�
ZHDWKHU� FRQGLWLRQV� �WHPSHUDWXUH� DQG� KXPLGLW\��
�%\QXP�� HW� DO��� ������� $%&$7� XVHV� WKUHH� VHQVRUV�
DQG� PHWHUV�� ZKROH� EXLOGLQJ� HOHFWULFLW\� XVDJH�� ZKROH�
EXLOGLQJ� KHDWLQJ� XVDJH�� DQG� ZKROH� EXLOGLQJ� FRROLQJ�
XVDJH��7KLV�WRRO�IRFXVHV�RQ�GHWHFWLQJ�IDXOWV�WKDW�KDYH�
D� VLJQificaQW� LPSDFW� LI� WKH\� SHUVLVW� IRU� D� ORQJ� SHULRG�
RI� WLPH�� $%&$7� KDV� EHHQ� WHVWHG� RQ� D� WRWDO� RI� ���
EXLOGLQJV�FRYHULQJ�RYHU����EXLOGLQJ� \HDUV�RI�HQHUJ\�
FRQVXPSWLRQ� GDWD� DQG� UHVXOWV� VKRZ� WKH� DELOLW\� WR�
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LGHQWLI\�ZKROH�EXLOGLQJ�HQHUJ\�VDYLQJV�IURP�����WR�
���EHFDXVH�RI�V\VWHP�IDXOWV���
,Q� WKLV� VWXG\�� ZH� IRFXV� RQ� WKH� HQHUJ\� SHUIRUPDQFH�
PRGHOV� XVHG� IRU� VXSHUYLVRU\� RSWLPDO� FRQWUROV� DQG�
+9$&� V\VWHP�HTXLSPHQW� )DXOW� 'HWHFWLRQ� DQG�
'LDJQRVWLFV��)''���ZKLFK�UHTXLUHV�IOH[LEOH�DFFHVV�WR�
WKH� PRGHOV�� %XLOGLQJ� PRGHOV� LQFRUSRUDWHG� ZLWKLQ�
ZKROH� EXLOGLQJ� VLPXODWLRQ� SURJUDPV� VXFK�
(QHUJ\3OXV��7516<6�DQG�(63�U�DUH�QRW�H[SOLFLW�DQG�
ZRXOG� UHTXLUH� VLJQLILFDQW� FRPSXWDWLRQDO� HIIRUW�ZKHQ�
LQWHJUDWHG�ZLWK�FRQWURO�DQG�GLDJQRVWLFV�DOJRULWKPV�IRU�
DQ�RQ�OLQH�LPSOHPHQWDWLRQ�LQ�EXLOGLQJV��$Q�LQWHJUDWHG�
UHGXFHG�RUGHU� HQHUJ\� SHUIRUPDQFH� PRGHOOLQJ�
DSSURDFK��GHULYHG�IURP�EXLOGLQJ�SK\VLFV��LV�SUHVHQWHG�
LQ� WKLV�SDSHU��7KH�ZKROH�EXLOGLQJ�HQHUJ\�PRGHO�ZDV�
GHYHORSHG� LQ� 0$7/$%� �0$7/$%�� ����E��
HQYLURQPHQW�� ,W� LQFOXGHV� D� UHGXFHG�RUGHU� EXLOGLQJ�
HQYHORSH�PRGHO�� DQG�+9$&�SULPDU\� DQG� VHFRQGDU\�
V\VWHP� PRGHOV�� 7KH� LQWHUQDO� KHDW� JDLQV�ORVVHV� ZHUH�
HVWLPDWHG�XVLQJ�UHDO�WLPH�PHDVXUHPHQWV�FRXSOHG�ZLWK�
([WHQGHG� .DOPDQ� )LOWHU� �2¶1HLOO� HW� DO��� ������� 7KH�
VLPXODWLRQ� FRXSOLQJ� EHWZHHQ� +9$&� V\VWHPV� DQG�
EXLOGLQJ� ]RQHV� LV� PRGHOOHG� WKURXJK� D� SLQJ�SRQJ�
FRXSOLQJ�DSSURDFK��
�

7(&+12/2*<�$3352$&+(6�
7KH� WHFKQRORJLF� DSSURDFKHV� LQFOXGH� EXLOGLQJ�
HQYHORSH� PRGHO�� +9$&� HTXLSPHQW� PRGHO�� LQWHUQDO�
ORDG�HVWLPDWLRQ��EXLOGLQJ�GDWD�DFTXLVLWLRQ�V\VWHP�DQG�
LQWHJUDWHG�ZKROH�EXLOGLQJ�PRGHOOLQJ���

1. Building envelope model  
$�WKHUPDO�QHWZRUN�PRGHO���5�&��ZDV�DGRSWHG�LQ�WKLV�
VWXG\�� 7KLV� PRGHOOLQJ� IUDPHZRUN� KDV� EHHQ� ZLGHO\�
XVHG� WR� UHSUHVHQW� WKH� KHDW� WUDQVIHU� DQG� WKHUPDO�
G\QDPLFV�SURFHVV�WKURXJK�EXLOGLQJ�HQYHORSH�DQG�WKH�
VXEVHTXHQW� HIIHFWV� RQ� LQGRRU� DLU� WHPSHUDWXUH�
�$6+5$(� ������� 7KH� �5�&� PRGHO� KDV� EHHQ�
VXFFHVVIXOO\� XVHG� WR� PRGHO� EXLOGLQJ� HQYHORSHV� IRU�
EXLOGLQJ� WKHUPDO� ORDG� SUHGLFWLRQ� �%UDXQ� DQG�
&KDWXU\HGL�� ������ 2¶1HLOO� HW� DO��� ������� 2QH� PDMRU�
DVVXPSWLRQ�XVHG�E\�WKLV�DSSURDFK�LV�WKDW�WKH�]RQDO�DLU�
LV� ZHOO�PL[HG�� ZLWK� RQO\� RQH� WHPSHUDWXUH� QRGH� DQG�
RQH�KXPLGLW\�QRGH��)LJXUH��� VKRZV�D� W\SLFDO�HQHUJ\�
IORZ�LQ�EXLOGLQJV�IRU�WKH�UHGXFHG�RUGHU�PRGHO��520��
DSSURDFK��7DEOH���OLVWV�RXW�DOO� WKH�PRGXOHV�WKDW�KDYH�
EHHQ�GHYHORSHG�DQG�YDOLGDWHG�ZLWK�PHDVXUHG�GDWD� LQ�
WKLV� VWXG\�� 7KH� LQILOWUDWLRQ� DQG� JURXQG� KHDW� WUDQVIHU�
PRGXOHV�ZHUH�QRW�YDOLGDWHG�GXH�WR�XQDYDLODEOH�GDWD�DW�
WKH�WLPH�RI�WKLV�VWXG\���

�
Figure 1. Energy Flow in Buildings  

�
�

Table 1 Individual Modules in the Building Envelop 
Model 

Component� Module� Validation/Verification�

$LU�+HDW�%DODQFH�� ���� ¥�

:DOO�+HDW�7UDQVIHU� ���� ¥�

:LQGRZ�+HDW�7UDQVIHU� ���� ¥�

,QWHUQDO�/RDG�
(VWLPDWLRQ�

���� ¥�

7UDQVPLWWHG�6RODU�
5DGLDWLRQ�

���� ¥�

,QILOWUDWLRQ� ���� 1�$�

*URXQG�+HDW�7UDQVIHU��
���� 1�$�

$XWRPDWLFDOO\�0RGHO�
([WUDFWLRQ���

� ¥�

1�$�1R�GDWD�DYDLODEOH� IRU�YDOLGDWLRQ�YHULILFDWLRQ�DW�
WKH�WLPH�RI�WKLV�VWXG\�
7KH� VHQVLEOH� ]RQH� DLU� EDODQFH��PRGXOH� ���� LQ� )LJXUH�
���DVVXPLQJ�DLU�LV�ZHOO�PL[HG��FDQ�EH�SUHVHQWHG�DV��
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:KHUH��

𝐶𝑝𝑎� 6SHFLILF�KHDW�RI�WKH�DLU�>-�NJÂ�&@�

zonema � $LU�PDVV�RI�WKH�]RQH�>NJ@�

𝑇� 7HPSHUDWXUH>�&@�
 � /RDG�IURP�GLIIHUHQW�VRXUFHV�>:@�
$� 6XUIDFH�DUHD�>P�@�
l /HQJWK�RI�WKH�VXUIDFH��>P@�
k 7KHUPDO�FRQGXFWLYLW\�RI�VXUIDFH�>:�PÂ�&@�
h 2YHUDOO� KHDW� WUDQVIHU� FRHIILFLHQW� RI��

VXUIDFH��ZKLFK�LQFOXGHV�ERWK�UDGLDWLRQ�DQG�
FRQYHFWLRQ�>:�P�Â�&@�

7KH�VXEVFULSWV� amb, zone, sup, ow�iw��osurf��isurf��
win, �UHIHU�WR�DPELHQW��]RQH��VXSSO\��RXWVLGH�ZDOO��
LQVLGH�ZDOO��RXWVLGH�VXUIDFH��LQVLGH�VXUIDFH�DQG�
ZLQGRZ�UHVSHFWLYHO\����

2. HVAC Equipment Model  
�

Table 2 List of HVAC ROMs 
System Equipment Quantity Model Validation/ 

Verification 

3ULPDU\ 

$EVRUSWLRQ�
FKLOOHU � 

¥�
 

&RROLQJ�
WRZHU � 

¥�
9HULILFDWLRQ 

&RQGHQVHU�
SXPS � 

¥�
¥ 

6HFRQGDU\ &RROLQJ�FRLO �� ¥� 1�$ 
�$+8� +HDWLQJ�FRLO � ¥� 1�$ 

 

+HDW�
UHFRYHU\�
FRLO 

� 
¥�

1�$ 

 
6XSSO\�IDQ �� ¥� ¥�

 
5HWXUQ�IDQ �� ¥� ¥�

 
&+:�SXPS � ¥� ¥�

 
+:�SXPS � ¥� ¥�

 

+HDW�
UHFRYHU\�
SXPS 

� 
¥�

1�$ 

 
(FRQRPL]HU �� ¥�  

7HUPLQDO 9$9 ��� ¥� 1�$ 

2WKHU 

8QLW�KHDWHU�
�KRW�ZDWHU� � 

¥�
1�$ 

8QLW�KHDWHU�
�HOHFWULF� � 

¥�
1�$ 

([KDXVW�
IDQV 

�� ¥� 9)'�IDQV 

�

+9$&� VXEV\VWHP�PRGHOV� KDYH�EHHQ� FUHDWHG� IRU� WKH�
HTXLSPHQW� LQ� WKLV� VWXG\� DV� OLVWHG� LQ� 7DEOH� ��� 7KHVH�
PRGHOV� DUH� OXPSHG� VWHDG\�VWDWH� UHGXFHG�RUGHU�
PRGHOV�� 7KH� PRGHOV� FDQ� EH� XVHG� IRU� HQHUJ\�
PRQLWRULQJ� DQG� WUHQG� DQDO\VLV�� 7KRVH� PRGHOV� KDYH�
EHHQ� FDOLEUDWHG� DQG� YDOLGDWHG� ZKHQ� DSSURSULDWH�
PHDVXUHG�GDWD�ZHUH�DYDLODEOH��)RU�HTXLSPHQW�ZLWKRXW�
PHDVXUHG�GDWD�RU�ZLWK�ORZ�TXDOLW\�GDWD��PRGHOV�KDYH�
EHHQ� H[DPLQHG� ZLWK� WUHQGV� DQG� UDQJHV� EDVHG� RQ�
IXQGDPHQWDO�SK\VLFV��
��,QFRQVLVWHQW�FRQWUROV�IRU�VRPH�XQLWV���H�J���PLQLPDO�
GDPSHU� SRVLWLRQV� VSHFLILHG� E\� WKH� FRQWURO� GHVLJQ�
GRFXPHQW�ZHUH�QRW�LQ�DFWXDO�RSHUDWLRQ��
� 0HDVXUHG� GDWD� RI� FRQGHQVDWH� IORZ� UDWH� IRU� KHDW�
LQSXW�WR�WKH�DEVRUSWLRQ�FKLOOHU�QHHGV�WR�EH�LPSURYHG�
7ZR� H[DPSOHV� JLYHQ� KHUH� DUH� FRROLQJ� FRLO� DQG� IDQ�
PRGHOV���
�
Cooling coil model 
7KH� FRROLQJ� FRLO�PRGHO� LV� EDVHG� RQ� DSSURDFK� WR� WKH�
VDWXUDWLRQ� OLQH� LQ� WKH�KHDW� DQG�PDVV� WUDQVIHU� SURFHVV�
�%UDQGHPXHKO� HW� DO��� ������� $V� DQ� HTXLYDOHQW�
SV\FKURPHWULF� FDOFXODWLRQ�� FRLO� 8$� YDOXHV� ZHUH�
GHULYHG� IURP� WKH� E\SDVV� IDFWRU� DQG� HIIHFWLYHQHVV�
178�PHWKRG��'U\�EXOE�WHPSHUDWXUH�IRU�GU\�FRLO�DQG�
HQWKDOS\�IRU�ZHW�FRLO�FRQGLWLRQV�ZHUH�XVHG�GXULQJ�WKH�
FDOFXODWLRQ��
�

������B wipsatpwwaia TCCmhmNTUeUAt  ������

paa CmBPhUAo �ORJ�  �������������������������������

������ UAoCUAhCUAi papsat  ������������������������
�
ZKHUH���
𝑈𝐴𝑡�R�L� 8$�YDOXHV�IRU�WRWDO��H[WHUQDO�DQG�LQWHUQDO�

KHDW�WUDQVIHU�UDWH�>:���&@��
�̇� � $LU�PDVV�IORZ�UDWH�>NJ�V@�
𝑚̇ � :DWHU�PDVV�IORZ�UDWH�>NJ�V@�
𝐶 � 6SHFLILF�KHDW�RI�ZDWHU�>-�NJÂ�&@�
𝐶  6SHFLILF� KHDW� RI� ZDWHU� DQG� DLU� DW�

HTXLYDOHQW�VDWXUDWLRQ�FRQGLWLRQ�>-�NJÂ�&@�
%3K� %\SDVV�IDFWRU�>�@�

�
)RU� WKH� FRROLQJ� FRLO� PRGHO�� HLJKW� IXQFWLRQV� IRU� FRLO�
DQG� ILIWHHQ� SV\FKURPHWULF� IXQFWLRQV� KDYH� EHHQ�
FUHDWHG�LQ�0$7/$%���
Fan model 

�
Figure 2 Building 7114 AHU2 Supply Fan Power vs. 

Fan Speed 
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)LJXUH���VKRZV�WKH�PHDVXUHG�IDQ�SRZHU�YV��IDQ�VSHHG�
IRU� WKH� VXSSO\� IDQ� RI� $+8�� LQ� %XLOGLQJ� �����
�EXLOGLQJ� XVHG� IRU� WKH� FDVH� VWXG\��� IURP� -XQH� WR�
$XJXVW��������7KH�IDQ�SRZHU�KDV�D�VWURQJ���QG�RUGHU�
SRO\QRPLDO� UHODWLRQVKLS� ZLWK� WKH� VSHHG�� ZLWK� DQ�
FRHIILFLHQW�RI�GHWHUPLQDWLRQ���5����RI�������+HQFH��WKH�
IDQ� SRZHU� PRGHO� ZDV� FUHDWHG� DV� D� IXQFWLRQ� RI� IDQ�
VSHHG�VLJQDO��GHSHQGLQJ�RQ�DYDLODELOLW\�RI�GDWD��

�
���IDQ [&��[�&��&� �3 � ����

ZKHUH��
&��&���FRHIILFLHQWV�FUHDWHG�IURP�PHDVXUHG�GDWD��
[��IDQ�SXPS�VSHHG�VLJQDO�����
�
3. Load Estimation 
�
,Q� WKH� DEVHQFH� RI� GLUHFW� PHDVXUHPHQW� RI� VRPH�
H[RJHQRXV� LQSXWV�� D� PRGHO�EDVHG� HVWLPDWLRQ�
DSSURDFK� ZDV� XVHG� WR� SURYLGH� LQIRUPDWLRQ� DERXW�
XQPHDVXUHG� GDWD� UHODWLYH� WR� EXLOGLQJ� HQHUJ\�
SHUIRUPDQFH�� LQWHUQDO� ORDGV� LQ� WKLV� VWXG\��(VWLPDWLRQ�
ZDV� SHUIRUPHG� XVLQJ� H[WHQGHG� .DOPDQ� ILOWHUV�
�2¶1HLOO� HW� DO��� ������� 7KH� V\VWHP� PRGHO� ZDV�
DXJPHQWHG�ZLWK�VWDWHV�GHILQLQJ�WKH�LQWHUQDO�ORDG�DQG�
GULYHQ�ZLWK�ZKLWH� QRLVH� �(TXDWLRQ� ���� 7KH� H[WHQGHG�
.DOPDQ� ILOWHU� ZDV� WKHQ� HPSOR\HG� WR� HVWLPDWH� WKH�
LQWHUQDO�ORDG���
�

vxCY

w
wQxfuxf

Q

x
X

T

Q

x










 









 ���

������ LQW

LQW





�

&RPSDUHG�ZLWK�SUHYLRXV�VWXG\��2¶1HLOO��HW�DO����������
DGGLWLRQDO� FDSDELOLWLHV�� IOH[LELOLWLHV� H[WHQGHG� LQ� WKLV�
VWXG\�DUH�����
�
��� &RQVWUDLQW� +DQGOLQJ�� 7KH� (.)�
LPSOHPHQWDWLRQ�ZDV�H[WHQGHG�WR�KDQGOH�WLPH�YDU\LQJ�
ORZHU� DQG� XSSHU� ERXQG� FRQVWUDLQWV� RQ� WKH� LQWHUQDO�
ORDG��7KH�DOJRULWKP�UHTXLUHV�WKH�XVHU�WR�VSHFLI\�WKHVH�
ERXQGV� D�SULRUL�� RWKHUZLVH� D� GHIDXOW� YDOXH� RI� ]HUR�
ORZHU� ERXQG� LV� XVHG� WR� UHIOHFW� WKH� IDFW� WKDW� LQWHUQDO�
ORDGV� �SK\VLFDOO\�� FDQ� RQO\� EH� QRQ�QHJDWLYH�� 7KH�
ERXQG� VSHFLILFDWLRQ� LV� UHTXLUHG� WR� EH� D� 1GDWD� E\�
1]RQHV�PDWUL[��ZKHUH�1GDWD�LV�QXPEHU�RI�GDWD�SRLQWV�
DQG� 1]RQHV� LV� WKH� QXPEHU� RI� ]RQHV� IRU� ZKLFK� ORDG�
HVWLPDWHV�LV�UHTXLUHG��
�
$Q\� DYDLODEOH� LQIRUPDWLRQ� RQ� WKH� LQWHUQDO� ORDG� FDQ�
HDVLO\� EH� LQFRUSRUDWHG� LQ� WR� WKH� FRQVWUDLQWV�� )RU�
H[DPSOH�� LI� WKH� OLJKWLQJ� ORDG� LV� NQRZQ�� WKH� ORZHU�
ERXQG�ZLOO� EH� VHW� WR� D�PLQLPXP� YDOXH� HTXDO� WR� WKH�
OLJKWLQJ�ORDG�IRU�HDFK�]RQH��2WKHUZLVH��WKH�PRGHO�FDQ�
EH�PRGLILHG� WR� LQFOXGH� WKH�NQRZQ�FRPSRQHQW�RI� WKH�
ORDG�ZKLOH�WKH�HVWLPDWRU�RQO\�FRPSXWHV�WKH�XQNQRZQ�
FRPSRQHQW�� 7KH� FRQVWUDLQHG� ORDG� HVWLPDWLRQ� LV�
KDQGOHG� ZLWK� DQ� DOJRULWKP� WKDW� SURMHFWV� WKH�
XQFRQVWUDLQW�HVWLPDWH�XQWR�WKH�XVHU�GHILQHG�FRQVWUDLQW�
VXUIDFH���
��� &RQVROLGDWLRQ� RI� 2XWSXW� 0RGHO�� 7KH�
RULJLQDO� .)� FRGH� UHTXLUHV� RQH� IXQFWLRQ� ILOH� SHU�

RXWSXW�� UHVXOWLQJ� LQ� XQQHFHVVDU\�PDQ\� IXQFWLRQ� ILOHV�
IRU� ODUJH� EXLOGLQJV� ZLWK� PDQ\� ]RQHV�� � 6LQFH� WKH�
RXWSXW�PHDVXUHPHQWV� LQ� WKH� EXLOGLQJV� LV� XVXDOO\� WKH�
]RQH� WHPSHUDWXUH�� � 7KH�.)� LV� UHYLVHG� WR� DFFHSW� RQH�
VLQJOH�IXQFWLRQ�ILOH�IRU�DOO�WKH�VSHFLILHG�RXWSXWV���
�
��� $XWRPDWLF� FDOFXODWLRQ� RI� -DFRELDQ�� (.)�
UHTXLUHV� WKH� FDOFXODWLRQ� RI� WKH� SDUWLDO� GHULYDWLYH�
PDWULFHV� RU� -DFRELDQ� �(TXDWLRQ�� ���� DW� WKH� FXUUHQW�
VWDWH�HVWLPDWH���

����
Ö�Ö uxx

fA



 �

6LQFH� WKH� IXQFWLRQDO� IRUP� RI� WKH� EXLOGLQJ� �5�&�
PRGHO� LV� QRW� DYDLODEOH� IRU� DQDO\WLFDO� FRPSXWDWLRQ� RI�
WKH� -DFRELDQ�� LW� LV� FRPSXWHG� QXPHULFDOO\� E\� ILQLWH�
GLIIHUHQFH���7KH�DGYDQWDJH�RI�WKLV�LV�WKDW�WKH�XVHU�RQO\�
QHHG�WR�SURYLGH�WKH�EXLOGLQJ�PRGHO�DQG�WKH�-DFRELDQ�
LV� FDOFXODWHG� DV� D� SDUW� RI� WKH� HVWLPDWLRQ� URXWLQH� RI�
(.)��
�
�
4. Building Data Acquisition System  
$� %XLOGLQJ� 'DWD� $FTXLVLWLRQ� 6\VWHP� �%'$6�� ZDV�
GHYHORSHG� WR� DFTXLUH� GDWD� IURP� WKH� %XLOGLQJ�
0DQDJHPHQW� 6\VWHP� �%06��� 7KLV� %'$6� LQFOXGHV�
WKUHH� OD\HUV�� D�� � 'DWD� &RPPXQLFDWLRQ� 3URWRFRO� IRU�
%XLOGLQJ� $XWRPDWLRQ� DQG� &RQWURO� 1HWZRUNV�
�%$&QHW�� UHDGHU� XWLOLW\�� ZKLFK� UHDGV� GDWD� IURP�
%$&QHW� FRPSDWLEOH� %XLOGLQJ� (QHUJ\� 0DQDJHPHQW�
6\VWHP� �%(06��� E��
6WRUH%$&QHW'DWDWR%,0GDWDEDVH�� ZKLFK� FRQYHUW� WKH�
UDZ� GDWD� IURP� %$&QHW� LQWR� D� VWUXFWXUHG� TXHU\�
ODQJXDJH��F��'DWDEDVH0DQDJHU��ZKLFK�VWRUHV�WKH�UDZ�
GDWD�LQWR�D�EXLOGLQJ�LQIRUPDWLRQ�PRGHO�GDWDEDVH��)RU�
H[DPSOH�� WKH� WKHUPDO� ERXQGDU\� FRQGLWLRQV� LQFOXGLQJ�
RXWVLGH� DLU� WHPSHUDWXUH�� VRODU� UDGLDWLRQ�� DQG� ZLQG�
VSHHG�DQG�GLUHFWLRQ�ZHUH�VWRUHG�LQ�WKH�GDWDEDVH��WKHQ�
SDVVHG� WR� WKH�520� LQ� UHDO�WLPH�� ,Q� D� VXPPDU\�� WKH�
IROORZLQJ� IXQFWLRQV� DUH� VXSSRUWHG� E\� WKH� %'$6�
V\VWHP�����*HW�UHDO�WLPH�RSHUDWLRQDO�GDWD�IURP�%06�
WKDW� VXSSRUW� %$&QHW� SURWRFRO�� WKLV� LV� GRQH� WKURXJK�
%$&QHW�UHDGHU�LQ�WKH�%&97%��:HWWHU��������DQG����
6WRUH� GDWD� LQ� D� GDWDEDVH�� 7KH� GHWDLOV� FDQ� UHIHU� WR�
'RQJ�HW�DO�����������
�
5. Integrated Whole Building Modelling 
7KH�LQWHJUDWHG�EXLOGLQJ�V\VWHP�PRGHO�ZDV�GHYHORSHG�
EDVHG�RQ�SUH�GHVFULEHG�EXLOGLQJ�HQYHORSH�DQG�+9$&�
HTXLSPHQW� 520�PRGHOV�� 7KH� LQWHJUDWHG� PRGHO� KDV�
IRXU�SDUWV�����PRGHO� LQLWLDOL]DWLRQ�����+9$&�FRQWURO�
ORJLF�� ��� FRXSOLQJ� RI� WKH� EXLOGLQJ� HQYHORSH� PRGHO�
ZLWK�+9$&�HTXLSPHQW�PRGHOV��DQG����LQWHUIDFH�ZLWK�
WKH�EXLOGLQJ�GDWDEDVH�DQG�%06���7KH�RYHUDOO�VFKHPD�
RI�WKH�LQWHJUDWHG�V\VWHP�PRGHO�LV�LOOXVWUDWHG�LQ�)LJXUH�
����
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Figure 3. Overall Schema of Integrated System 

Model 

7KH� LQWHJUDWHG� V\VWHP�PRGHO� UXQV� LQ� WKH�0$7/$%�
VLPXODWLRQ� HQYLURQPHQW�� 7KH� FR�VLPXODWLRQ� LQYROYHV�
ERWK� LQWHU�GRPDLQ� �FRXSOLQJ� FRLO� PRGHO� DQG� FKLOOHU�
PRGHO��DQG�LQWUD�GRPDLQ��FRXSOLQJ�EXLOGLQJ�HQYHORSH�
PRGHO� DQG� +9$&� PRGHO�� FRXSOLQJ�� 7KH� FRXSOLQJ�
EHWZHHQ� WKH� EXLOGLQJ� HQYHORSH� DQG� WKH� +9$&�
HTXLSPHQW�PRGHOV�XVHV�D�³ORRVH�FRXSOLQJ´�DSSURDFK���
�
6. Automatic Model Generation (BIM to BEM) 
 
,Q� WKLV� VWXG\�� WKH� EXLOGLQJ� HQHUJ\� PRGHOV� �%(0��
LQFOXGLQJ�EXLOGLQJ�HQYHORSH�DQG�+9$&�ZDV�FUHDWHG�
DXWRPDWLFDOO\� IURP� D� WRRO� FKDLQ� WKDW� VHDPOHVVO\�
FRQYHUW� EXLOGLQJ� LQIRUPDWLRQ�PRGHO� �%,0�� WR�%(0��
)LUVW�� D� %,0�EDVHG� GDWDEDVH� ZDV� FUHDWHG� DQG�
LPSOHPHQWHG� IRU� EXLOGLQJ� SURSHUWLHV�� 7KLV� LQFOXGHV��
D��VWDWLF�LQIRUPDWLRQ�GLUHFWO\�IURP�D�EXLOGLQJ�,QGXVWU\�
)RXQGDWLRQ�&ODVVHV��,)&��ILOH�ZKLFK� LV�JHQHUDWHG�E\�
D�� 5HYLW� PRGHO� DQG E�� G\QDPLF� LQIRUPDWLRQ� IURP�
EXLOGLQJ� RSHUDWLRQ� GDWD�� 7KH� GHYHORSPHQW� RI� WKLV�
GDWDEDVH� VFKHPH� LV� FRPSRVHG� RI� IRXU� HOHPHQWV�� ���
%XLOGLQJ� VWDWLF� LQIRUPDWLRQ�� ��� 2SHUDWLRQDO�
LQIRUPDWLRQ�����6LPXODWLRQ�LQIRUPDWLRQ��DQG����)DXOW�
GHWHFWLRQ� DQG� GLDJQRVWLFV� �)''�� LQIRUPDWLRQ���
6HFRQG��WKH�LQIRUPDWLRQ�IURP�ERWK�5HYLW�DUFKLWHFWXUH�
DQG�PHFKDQLFDO� GUDZLQJV�ZHUH� H[SRUWHG� WR� ,)&� DQG�
JE;0/�ILOHV��DQG�VWRUHG�LQ�WKH�%,0�GDWDEDVH��7KLUG��
QHFHVVDU\� LQSXW� LQIRUPDWLRQ�� LQFOXGLQJ� EXLOGLQJ�
JHRPHWU\�� EXLOGLQJ� HQYHORSH� PDWHULDOV� SURSHUWLHV��
DQG�WKHUPDO�]RQLQJ�HWF����ZDV�DXWRPDWLFDOO\�H[WUDFWHG�
IURP� WKH� %,0�EDVHG� GDWDEDVH� DQG� WKHQ� WKH� 520V�
ZHUH� FUHDWHG� DXWRPDWLFDOO\� LQ� 0$7/$%�
HQYLURQPHQW��'HWDLOV�IRU�WKLV�WRRO�FKDLQ�FDQ�EH�IRXQG�
IURP��$GHWROD�HW�DO������������
�

&$6(�678'<�
1. Case Description  
�
7KH� WHVW� IDFLOLW\� LV�%XLOGLQJ� ������ZKLFK� LV� ��������
IW�� UHFUXLW� EDUUDFNV� DW� 1DYDO� 6WDWLRQ� *UHDW� /DNHV��
*UHDW� /DNHV�� ,/�� � ,W� LV� D� ORQJ� UHFWDQJXODU� EXLOGLQJ��
FRQVLVWLQJ�RI�D�ODUJH�EORFN�RI�EHUWKLQJ�FRPSDUWPHQWV��
KHDGV� �EDWKURRPV��� ODXQGU\� URRPV�� FODVVURRPV�� D�
TXDUWHUGHFN� ZLWK� D� WZR�VWRU\� DWULXP� DQG� RIILFH�
VSDFHV�� DQG� D� ODUJH� FDIHWHULD�JDOOH\�� %XLOGLQJ� �����

VKDUHV�WKH�DEVRUSWLRQ�FKLOOHUV��FRROLQJ�WRZHU��KHDWLQJ�
KRW� ZDWHU� KHDW� H[FKDQJHUV�� FKLOOHG� ZDWHU� SXPSLQJ�
V\VWHP�� KHDWLQJ� KRW� ZDWHU� SXPSLQJ� V\VWHP�� DQG� WKH�
FRQGHQVHU� ZDWHU� SXPSLQJ� V\VWHP� ZLWK� DQRWKHU�
VLPLODU�EXLOGLQJ��7KH�FRPSDUWPHQW�DUHD� LV�VHUYHG�E\�
WZR� YDULDEOH� DLU� YROXPH� �9$9��$LU�+DQGOLQJ�8QLWV�
�$+8�� ZLWK� 9$9� WHUPLQDO� XQLWV� �ZLWK� KRW� ZDWHU�
UHKHDW��7KH�GHWDLOV�RI�WKLV�WHVW�IDFLOLW\�FDQ�EH�IRXQG�LQ�
'RQJ�HW�DO�����������
�

2. Building Envelope Model Validation 
7KH� %XLOGLQJ� ����� HQYHORSH� PRGHO� ZDV� FDOLEUDWHG�
DJDLQVW� PHDVXUHG� GDWD�� )RU� HDFK� ]RQH�� WKH� WRWDO�
FRROLQJ�RU�KHDWLQJ�ORDG�ZDV�FRPSXWHG�IURP�WKH�520�
EXLOGLQJ� HQYHORSH� PRGHO� IRU� D� JLYHQ� PRQWK�� DQG� D�
SHUFHQWDJH� HUURU� ZDV� FRPSXWHG�� ZLWK� UHVSHFW� WR� WKH�
PHDVXUHPHQWV�� 7KH� FRPSDULVRQ� DW� WKH�$+8� OHYHO� LV�
VXPPDUL]HG�LQ�7DEOH����ZKLFK�VKRZV�WKDW�LQGHHG��WKH�
PRGHO� SUHGLFWLRQV� DUH� ZLWKLQ� ������� RI� WKH�
PHDVXUHPHQWV�IRU�DOO�WKH�$+8V��
�
Table 3 Comparisons of Building 7114 Cooling Load 

at the AHU Level between Data and Thermal 
Network Models for July and August 2011 

AHU  Loads, data 

(kWh) 

Loads, model 

(kWh) 

% error 

�� ������ ������ �����

�� ������ ����� �����

�� ����� ����� ����

�
3. Building HVAC Model Validation 
 

�
Figure 4 Building 114 equipment models validation 
�
)LJXUH���VKRZV�WKH�UHVXOWV�IRU�HTXLSPHQW�OHYHO�PRGHO�
FDOLEUDWLRQ�� +9$&� 0RGHO� SDUDPHWHUV� ZHUH� ILUVW�
FDOLEUDWHG� ZLWK� RQH� VHW� RI� GDWD� WKDW� FRYHUHG� DQ�
DSSURSULDWH� UDQJH�RI�RSHUDWLRQ��H�J���GDWD� IURP�0D\��
������DQG�WKHQ�DSSOLHG�WR�RWKHU�VHWV�RI�GDWD��H�J���GDWD�
IURP� -XQH�-XO\�� ������� 0RVW� RI� WKH� UHVXOWV� VKRZ�
PRGHO�DFFXUDFLHV�ZLWKLQ����������

4. Internal Load Estimation 
�
7KH� FRPSDULVRQ� RI� OLJKWLQJ� DQG� SOXJ� ORDGV� EHWZHHQ�
PRGHO� SUHGLFWLRQV� DQG� PHDVXUHPHQWV� DUH� SUHVHQWHG�
EHORZ��7KH�(.)�ZDV�ILUVW�XVHG�WR�JHW�D�SDWWHUQ�RI�WKH�

Integrated  Building
Model

Simulation
Initialization
(Time step)

Envelope  ROM
Initialization

HVAC ROM
Initialization

Initialization

BMS Data
BACnetDatabase

Envelope ROM
Modeling

HVAC ROM
Modeling

Modeling 
Results

Every two weeks
or on demand

HVAC Control Logic

Zone Set-
points Ventilation

saT

sam

oaT
solQ

raT

loadQ

ii CR �Heat/Cool 
Mode

Parameter
Estimation

Total Pumps
Cooling 
Tower 
Fans

AHU 
Supply 

Fans

AHU 
Return 

Fans

Exhaust 
Fans

Dev -5% -4% -13% -4% -3% -12%

-25%

-20%

-15%

-10%

-5%

0%

El
ec

tr
ic

 E
ne

rg
y 

De
vi

at
io

n 

Target ±10% at rated conditions

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

- 640 -



��
�

ORDGV��DQG�WKHQ�WKH�ORDGV�ZHUH�DGMXVWHG�EDVHG�RQ�WKH��
PHDVXUHPHQW� DQG� DGMXVWHG� VOLJKWO\� IRU� HDFK� PRQWK�
DFFRUGLQJO\��
�
Lighting load 
)RU� WKH� OLJKWLQJ� ORDG�� HOHFWULF� VXE�PHWHUV� ZHUH�
LQVWDOOHG� IRU� HPHUJHQFH�� FRPSDUWPHQWV�� FODVVURRPV�
DQG�PHFKDQLFDO�URRPV��6LQFH�PRVW�RI�WKH�RFFXSDQW¶V�
DFWLYLWLHV� KDSSHQ� LQ� WKH� FRPSDUWPHQWV� DQG�
FODVVURRPV� DUHD�� WKH� FRPSDULVRQ� LV� FRQGXFWHG� IRU�
WKRVH� WZR� DUHDV�� )LJXUH� �� VKRZV� DQ� H[DPSOH� RI� WKH�
XVDJH� SDWWHUQ� RI� WKH� FRPSDUWPHQW� OLJKWLQJ� IURP�
$XJ��WK� WR� $XJ�� �WK�� ������ 7KH� UHG� OLQH� VKRZV� WKH�
PHDVXUHG�OLJKWLQJ�ORDG��ZKLOH�WKH�EOXH�OLQH�VKRZV�WKH�
HVWLPDWHG�SDWWHUQ��7KH\�DUH�YHU\�FORVH�WR�HDFK�RWKHU��
DOWKRXJK�ZLWK�VRPH�IOXFWXDWLRQV�GXULQJ�WKH�DIWHUQRRQ�
WLPH�� ,I� VXFK� HVWLPDWLRQ� ZDV� DSSOLHG� RQ� DOO� RWKHU�
PRQWKV�� )LJXUH� �� VKRZV� WKH� WRWDOO\� PRQWKO\� ORDGV�
FRPSDULVRQV� IURP� -XQH� WR� 'HFHPEHU�� ������ ZLWK�
DFFXUDFLHV�RQ� WKH� ULJKW� YHUWLFDO�D[LV��7KH�ZRUVW�FDVH�
LV� WKH� 'HFHPEHU� ZLWK� D� GLIIHUHQFH� RI� ������� ZKLOH�
WKH�EHVW�FDVH�LV�WKH�-XO\�ZLWK�D�GLIIHUHQFH�RI����������
��

�
Figure 5 Comparisons between Measured and Estimated 

Lighting Loads in Building 7114 from 08/06/2011 to 
08/09/2011 

��

�
Figure 6 Comparisons between Measured and Estimated 
Lighting loads of Compartments and Classroom Areas in 

Building 7114 from June to December, 2011. 
�
Plug load 
7KHUH� LV� RQO\� RQH� WRWDO� EXLOGLQJ� VXE�PHWHU� IRU� WKH�
SOXJ�ORDGV��ZKLFK�PDNHV�WKH�HVWLPDWLRQ�GLIILFXOW��7KH�
HVWLPDWLRQ�IROORZV�WKUHH�VWHSV�����3OXJ�ORDGV�DIWHU�WKH�
PLG�QLJKW� DUH� PRVWO\� IURP� FRPSXWHUV� LQ� WKH� WZR�
FODVVURRPV�����%HIRUH�GLQQHU�WLPH��DURXQG���SP���WKH�
SOXJ� ORDGV� DUH� PDLQO\� IURP� FRPSDUWPHQWV� DQG�

FODVVURRPV�����'XULQJ�WKH�GLQQHU�WLPH��WKH�SOXJ�ORDGV�
DUH� IURP� FRPSDUWPHQWV�� FODVVURRPV� DQG�
NLWFKHQ�GLQLQJ� DUHDV�� 7KH� SDWWHUQV� ZHUH� DGMXVWHG�
EDVHG�RQ�WKHVH�UXOHV��DQG�WKH�FRPSDULVRQ�LV�VKRZQ�LQ�
)LJXUHV���DQG���� �)LJXUH���VKRZV�WKH�PHDVXUHG�SOXJ�
ORDGV�KDYH�VSLNHV�LQ�WKH�ODWH�DIWHUQRRQ�EXW�QRW�IRU�DOO�
GD\V�� )LJXUH� �� VKRZV� WKH� WRWDO� EXLOGLQJ� SOXJ� ORDG�
FRPSDULVRQ� IURP�-XQH� WR�'HFHPEHU�� ������7KH�EHVW�
FDVH� LV� WKH� 'HFHPEHU� ZLWK� D� GLIIHUHQFH� RI� �������
ZKLOH� WKH�ZRUVW�FDVH� LV� WKH�-XO\�ZLWK�D�GLIIHUHQFH�RI�
������� 7KLV� FRXOG� EH� GXH� WR� D� ORZHU� EXLOGLQJ�
RFFXSDQF\� LQ� 'HFHPEHU� DQG� D� UHODWLYHO\� KLJKHU�
EXLOGLQJ� RFFXSDQF\� LQ� -XO\�� :LWK� WKH� KLJK�
RFFXSDQF\�� WKHUH� DUH�PRUH� XQFHUWDLQWLHV� LQ� WKH� SOXJ�
ORDG�HVWLPDWLRQ���
��

�
Figure 7 Comparisons between Measured and Estimated 

Plug Loads in Building 7114 from 07/09/2011 to 
07/18/2011 

�

�
Figure 8 Comparisons between Measured and Estimated 

Plug Loads in Building 7114 from June to December, 
2011. 

�
�
5. Integrated Model Validation�
�
7KH� ZKROH� EXLOGLQJ� KHDWLQJ� DQG� FRROLQJ� ORDG� DUH�
GHILQHG�DV���

��P� �4 BBZBFORDGBWRWDO cwrcwspw TTC  � �����

:KHUH�� ZDWHU� PDVV� IORZ� UDWH�� ZBFP �� VXSSO\� ZDWHU�

WHPSHUDWXUH� cwsT B DQG� � UHWXUQ� ZDWHU� WHPSHUDWXUH�

cwrT B DUH� FRPSXWHG� IURP� WKH� LQWHJUDWHG� PRGHO�� $V�
LOOXVWUDWLRQV�RI�WKH�PRGHO�DFFXUDF\��WKH�UHVXOWV�RI�WKH�
LQWHJUDWHG� PRGHO� YDOLGDWLRQ� DUH� VKRZQ� IURP� VRPH�
VHOHFWHG� FRROLQJ� DQG� KHDWLQJ� SHULRGV�� � 'XULQJ� WKH�
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FRROLQJ� VHDVRQ�� WKH� ]RQH� GDLO\� RFFXSLHG� VHW�SRLQW� LV�
������&������)��DQG�QLJKW�VHW�EDFN�LV�������&������)���
'XULQJ� WKH� KHDWLQJ� VHDVRQ�� WKH� ]RQH� GDLO\� RFFXSLHG�
VHW�SRLQW�LV�������&������)��DQG�QLJKW�VHW�EDFN�LV������
�&� ���� �)��� 7KRVH� VHW�SRLQWV� DUH� GHULYHG� IURP�%06�
PHDVXUHG� GDWD�� � 0RGHO� YDOLGDWLRQ� UHVXOWV� LQ� WZR�
SHULRGV�DUH�GLVFXVVHG�DV�IROORZV���

 
���%XLOGLQJ������FRROLQJ�SHULRG��
7KH�FRROLQJ�PRGHO�YDOLGDWLRQ�IRU�%XLOGLQJ������ZDV�
SHUIRUPHG�IURP�-XO\��WK� WR�-XO\��WK�������DV�VKRZQ�
LQ� )LJXUH� ��� $ERXW� ���� RI� WKH� GDWD� LV� ZLWKLQ� WKH�
����� HUURU� EDQG� LQ� HDFK� WLPH� VWHS� ��� PLQXWHV���
'XULQJ� WKH� GD\� WLPH�� WKH� SUHGLFWHG� ORDGV� IURP� WKH�
PRGHO� DUH� YHU\� FORVH� WR� WKH� ����� HUURU� EDQG��
+RZHYHU�� WKH�PRGHO� GLG� QRW� EHKDYH�ZHOO� GXULQJ� WKH�
PLGGOH�RI�QLJKW�GXH�WR�WKH�ORZ�ORDG�FRQGLWLRQV���
�
���%XLOGLQJ������KHDWLQJ�SHULRG��
7KH�KHDWLQJ�PRGHO�YDOLGDWLRQ�IRU�%XLOGLQJ������ZDV�
FRQGXFWHG�IURP�'HF��WK�WR�'HF���WK�������DV�VKRZQ�
LQ�)LJXUH����EHORZ��$ERXW�����RI�WKH�GDWD�LV�ZLWKLQ�
WKH� ����� HUURU� EDQG� LQ� HDFK� WLPH� VWHS� ���PLQXWHV���
7KH� PDLQ� UHDVRQ� WKDW� WKH� PRGHO� SUHGLFWLRQ� LQ� WKH�
KHDWLQJ� VHDVRQ� LV� QRW� DV� JRRG� DV� WKDW� LQ� WKH� FRROLQJ�
VHDVRQ� LV� GXH� WR� WKH� IOXFWXDWLRQ� RI� ZDWHU� IORZ� UDWH�
PHDVXUHPHQWV���

�
Figure 9  Building 7114 Cooling Season Integrated 
Model Validation from 07/06/2011 to 07/10/2011 

�
Figure 10 Building 7114 Heating Season Integrated 

Model Validation from 12/08/2011 to 12/10/2011 

&21&/86,216�
,Q� WKLV� SDSHU�� DQ� LQWHJUDWHG� EXLOGLQJ� HQYHORSH� DQG�
+9$&� PRGHO� ZDV� GHYHORSHG� DQG� FDOLEUDWHG� IRU� D�
PL[�XVH� EXLOGLQJ� ZLWK� PHDVXUHG� GDWD�� � 7KH� WRWDO�
EXLOGLQJ� ORDG�FRPSDULVRQV� VKRZ� WKDW� WKH�GLIIHUHQFHV�
EHWZHHQ� PHDVXUHPHQWV� DQG� SUHGLFWLRQV� IRU� WKH�

LQWHJUDWHG� 520� DUH� ZLWKLQ� WKH� ����� WDUJHW� IRU� WKH�
PDMRULW\� RI� WLPH�� 7KH� PRGHO� SUHGLFWLRQ� HUURUV� DUH�
RXWVLGH�WKH������HUURU�EDQG�ZKHQ�WKHUH�DUH�ORZ�ORDG�
FRQGLWLRQV�� 7KLV� LV� DV� H[SHFWHG� EHFDXVH� WKH� +9$&�
V\VWHP�HTXLSPHQW� 520� SHUIRUPDQFH� GHJUDGHV� DW�
QRQ�UDWHG�FRQGLWLRQV���7KH�OHVVRQV�ZH�KDYH�OHDUQHG�LQ�
WKLV�VWXG\�DUH��

� 7KH� GHVLJQ� FRQWURO� ORJLF� LQ� WKH� +9$&� FRQWURO�
V\VWHP� FRXOG� EH� GLIIHUHQW� IURP�ZKDW� LV� DFWXDOO\�
LPSOHPHQWHG� ORFDOO\��6XFK� ORFDO�FRQWURO� ORJLF� LV�
XVXDOO\� SURSULHWDU\� DQG� XQNQRZQ� WR� WKH� XVHUV��
ZKLFK�PDNHV� LW� GLIILFXOW� WR� HVWDEOLVK� D� YDOLGDWHG�
EDVHOLQH�PRGHO���

� &RQWLQXRXV�DQG�FRQVLVWHQW�GDWD�TXDOLW\�LV�WKH�NH\�
IRU� D� JRRG� PRGHO� YDOLGDWLRQ� SURFHVV�� 'XH� WR�
%06� FRPPXQLFDWLRQ� IDXOWV�� ORFDO� FRQWURO� SDQHO�
RIIOLQH�HYHQWV�DQG�GDWD�WUDIILF��WKH�FROOHFWHG�GDWD�
LV� RIWHQ� LQWHUUXSWHG� RU� LQYDOLG� IRU� D� ORQJ� WLPH�
SHULRG�� 6XFK� GDWD� TXDOLW\� PDNHV� PRGHO�
YDOLGDWLRQ� SURFHVV� GLIILFXOW�� )XUWKHUPRUH��
FRQVLGHUDEOH� WLPH�ZDV� VSHQW�GHDOLQJ�ZLWK� LVVXHV�
UHODWHG� WR� VHQVRU� GDWD� TXDOLW\� �H�J��� VHQVRU� ELDV�
DQG�GULIWLQJ��IRU�PRGHOOLQJ�DQG�GLDJQRVWLFV��

� 'LIILFXOWLHV� LQ� JHWWLQJ� UHDO�WLPH� GDWD� HIIHFWLYHO\�
IRU� WKH� PRGHO� YDOLGDWLRQ�� ,Q� WKLV� VWXG\�� DOO� WKH�
GDWD�PDSSLQJ�IURP�WKH�%06�WR�WKH�GDWDEDVH�ZDV�
GRQH� PDQXDOO\� ZKLFK� LQFUHDVHG� WKH�
LPSOHPHQWDWLRQ�FRVW�� ,W� LV�GHVLUDEOH�WR�GHYHORS�D�
VHFXUH�� VFDODEOH� DQG� LQGXVWU\� VWDQGDUG� RULHQWHG�
VWRUDJH� PHFKDQLVP� DQG� DSSOLFDWLRQ� LQWHUIDFH�
�$3,�� IRU� ERWK� VWDWLF� DQG� UHDO� WLPH� G\QDPLF�
EXLOGLQJ�RSHUDWLRQDO�GDWD���

120(1&/$785(�
�

𝐶 � 6SHFLILF�KHDW�>-�NJÂ�&@�
𝑇� 7HPSHUDWXUH�>�&@�
𝑚̇ � 0DVV�IORZ�UDWH�>NJ�V@�
ma $LU�PDVV�>NJ@�
 � /RDG�IURP�GLIIHUHQW�VRXUFHV�>:@�
$� 6XUIDFH�DUHD�>P�@�
l /HQJWK�RI�WKH�VXUIDFH��>P@�
k 7KHUPDO� FRQGXFWLYLW\� RI� VXUIDFH�

>:�PÂ�&@�
h 2YHUDOO� KHDW� WUDQVIHU� FRHIILFLHQW� RI��

VXUIDFH�� ZKLFK� LQFOXGHV� ERWK� UDGLDWLRQ�
DQG�FRQYHFWLRQ�>:�P�Â�&@�

𝑈𝐴𝑡�R�L� 8$� YDOXHV� IRU� WRWDO�� H[WHUQDO� DQG�
LQWHUQDO�KHDW�WUDQVIHU�UDWH�>:���&@��

%3K� %\SDVV�IDFWRU�>�@�
Q � %XLOGLQJ�ORDG�>:@�

Subscripts �

amb $PELHQW�FRQGLWLRQ�
wr_c &DOFXODWHG�UHWXUQ�ZDWHU��
ws_c &DOFXODWHG�VXSSO\�ZDWHU��
pw :DWHU�
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pa $LU�
psat :DWHU� DQG� DLU� DW� HTXLYDOHQW� VDWXUDWLRQ�

FRQGLWLRQ�
𝐶 � 6SHFLILF�KHDW�RI�ZDWHU�>-�NJÂ�&@�
sup 6XSSO\�
sa 6XSSO\�DLU�
ra 5HWXUQ�DLU�
oa 2XWVLGH�DLU�
ow� 2XWVLGH�ZDOO�
iw ,QVLGH�ZDOO�

osurf 2XWVLGH�VXUIDFH�
isurf ,QVLGH�VXUIDFH�
sol 6RODU��
win :LQGRZ�
int ,QWHUQDO��

structure %XLOGLQJ�VWUXFWXUH�HQYHORSH��
fan )DQ�

zone =RQH�
�
�

$&.12:/('*(0(17�
7KLV� ZRUN� ZDV� SHUIRUPHG� XQGHU� WKH� SURMHFW� (:�
������� DGPLQLVWHUHG� E\� (67&3� �(QYLURQPHQWDO�
6HFXULW\� 7HFKQRORJ\� &HUWLILFDWLRQ� 3URJUDP��
WHFKQRORJ\� SURJUDP� RI� WKH� 'HSDUWPHQW� RI� 'HIHQFH��
:H� ZRXOG� OLNH� WR� WKDQN� (67&3� SURJUDP� PDQDJHU��
'U�� � -DPHV� *DOYLQ� DQG� HQHUJ\� PDQDJHU� DW� *UHDW�
/DNHV��0U�� 3HWHU� %HKUHQV�� IRU� WKHLU� VXSSRUW��9LHZV��
RSLQLRQV��DQG�RU� ILQGLQJV�FRQWDLQHG� LQ� WKLV�SDSHU�DUH�
WKRVH� RI� WKH� DXWKRUV� DQG� VKRXOG�QRW� EH� FRQVWUXHG� DV�
DQ� RIILFLDO� 'HSDUWPHQW� RI� 'HIHQVH� SRVLWLRQ� RU�
GHFLVLRQ� XQOHVV� VR� GHVLJQDWHG� E\� RWKHU� RIILFLDO�
GRFXPHQW��
�

5()(5(1&(6�
�
$GHWROD�� 9��� $��� 6�� $KXMD�� 7�� %DLOH\�� %�� 'RQJ�� 7��

.KDZDMD�� '�� /XR�� =�� 2¶1HLOO�� 0�� 6KDVKDQND��
������Scalable Deployment of Advanced Building 
Energy Management Systems��'R'�(67&3�)LQDO�
5HSRUW�(:��������

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

%UDQGHPXHKO��0�-���6��*DEHO�DQG�,��$QGUHVHQ��������
HVAC2 toolkit: Algorithms and subroutines for 
secondary HVAC system energy calculations.�
$WODQWD�� $PHULFDQ� 6RFLHW\� RI� +HDWLQJ��
5HIULJHUDWLQJ� DQG� $LU� &RQGLWLRQLQJ� (QJLQHHUV��
,QF��

%\QXP��-�'���&ODULGJH��'�(���DQG�&XUWLQ��-�0��������
'HYHORSPHQW� DQG� WHVWLQJ� RI� DQ� $XWRPDWHG�
%XLOGLQJ� &RPPLVVLRQLQJ� $QDO\VLV� 7RRO�
�$%&$7���(QHUJ\�DQG�%XLOGLQJV��������������±
�����

%UDXQ�� -�� DQG� &KDWXUYHGL�� 1�� ������ $Q� ,QYHUVH�
*UD\ER[� 0RGHO� IRU� 7UDQVLHQW� %XLOGLQJ� /RDG�
3UHGLFWLRQ��HVAC&R Research����������±���

&ODULGJH��'�(��������8VLQJ�6LPXODWLRQ�0RGHOV�IRU�
%XLOGLQJ�&RPPLVVLRQLQJ��The 4th International 
Conference for Enhanced Building Operations��
3DULV��)UDQFH���

'R'��������'R'�%DVH�6WUXFWXUH�5HSRUW�±�)LVFDO�
\HDU���

'RQJ�� %��� 2
1HLOO�� =�'���� /XR�� '��� $KXMD�� 6�� DQG�
%DLOH\��7���������$Q� ,QWHJUDWHG�,QIUDVWUXFWXUH� IRU�
5HDO�7LPH�%XLOGLQJ� (QHUJ\�0RGHOLQJ� DQG� )''��
,Q��Proceeding of�The Fifth National Conference 
of IBPSA-USA: SimBuild2012�� 0DGLVRQ��
:LVFRQVLQ��$XJXVW��±���

0$7/$%� YHUVLRQ� ����E�� 1DWLFN�� 0DVVDFKXVHWWV��
7KH�0DWK:RUNV�,QF���������

�3LHWWH�� 0�� $��� .LQQH\�� 6�� DQG� +DYHV�� 3��� ������
$QDO\VLV� RI� DQ� ,QIRUPDWLRQ� 0RQLWRULQJ� DQG�
'LDJQRVWLF� 6\VWHP� WR� ,PSURYH� %XLOGLQJ�
2SHUDWLRQV�� Energy and Buildings� ���� 9RO� ����
���������

2¶1HLOO��=�'���1DUD\DQDQ��6�� DQG�%UDKPH��5����������
0RGHO�EDVHG�WKHUPDO�ORDG�HVWLPDWLRQ�LQ�EXLOGLQJV��
In: Proceedings of Fourth National Conference of 
IBPSA-USA���

2¶1HLOO��=��'���%��(LVHQKRZHU��6��<XDQ��7��%DLOH\��6��
1DUD\DQDQ� DQG� 9�� )RQREHURY� ����D�� 0RGHOLQJ�
DQG� &DOLEUDWLRQ� RI� (QHUJ\� 0RGHOV� IRU� D� 'R'�
%XLOGLQJ�� $6+5$(� 7UDQVDFWLRQV�� �������� ����
����� $6+5$(� $QQXDO� 0HHWLQJ�� 0RQWUHDO��
4XpEHF��&DQDGD��-XQH���±����������

2¶1HLOO��=�'���0��6KDVKDQND��;��3DQJ��7��%DLOH\�DQG�
3��+DYHV������E��5HDO�7LPH�0RGHO�EDVHG�
(QHUJ\�'LDJQRVWLFV�LQ�%XLOGLQJV��The 12th 
International Building Performance Simulation 
Association Conference and Exhibition��6\GQH\��
$XVWUDOLD��1RYHPEHU���±����������
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