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$%675$&7�
�,Q�%HLMLQJ��&KLQD��PRVW�VWXGHQW�GRUPLWRULHV�KDYH�QR�
LQGLYLGXDO� IUHVK� DLU� V\VWHPV�� 7KHUHIRUH�� WKH� GRUPV�
FDQ�RQO\�XVH�QDWXUDO�YHQWLODWLRQ�WR�JDLQ�IUHVK�RXWGRRU�
DLU���,Q�RUGHU�WR�HYDOXDWH�LQGRRU�DLU�TXDOLW\�RI�FROOHJH�
GRUPV� LQ� &KLQD�� LW� LV� QHFHVVDU\� WR� PHDVXUH� DLU�
H[FKDQJH� UDWH�� � +RZHYHU�� WKH� H[LVWLQJ� VRIWZDUHV� WR�
VLPXODWH� VLQJOH�VLGHG� QDWXUDO� YHQWLODWLRQ� FDQQRW�
DQDO\]H�DLU�H[FKDQJH�UDWH��DFFXUDWHO\��7KHUHIRUH��ILHOG�
WHVWLQJ��LV�QHFHVVDU\�LQ�RUGHU�WR�FDOFXODWH�DLU�H[FKDQJH�
UDWH�� 7KLV� SDSHU� XVHV� FDUERQ� GLR[LGH� H[KDOHG� E\�
SHRSOH� DV� WUDFHU� JDV� WR� PHDVXUH� DLU� H[FKDQJH� UDWH���
)URP� WKH� PHDVXUHPHQW� UHVXOWV� ZLWK� WKLV� PHWKRG��
GLIIHUHQW�ILHOG�LQIOXHQFH�IDFWRUV�DUH�GLVFXVVHG���7KHQ��
WKH� QHZ� PRGLILHG� WHVWLQJ� PHWKRG� LV� DSSOLHG� LQ� WKH�
ODUJH�VFDOH� ILHOG� WHVWLQJ�� )LQDOO\�� D�PRUH� FRQYHQLHQW�
DQG� UHOLDEOH� HPSLULFDO� HTXDWLRQ� WR� HVWLPDWH� DLU�
H[FKDQJH�UDWH�LV�SXW�IRUZDUG���

.(<�:25'6�
1DWXUDO� YHQWLODWLRQ�� FDUERQ� GLR[LGH�� WUDFHU� JDV��
KXPDQ�HPLVVLRQ��HPSLULFDO�HTXDWLRQ�

,1752'8&7,21�
,Q�&KLQD��PRVW�VWXGHQW�GRUPV�XVH�QDWXUDO�YHQWLODWLRQ��
LQVWHDG� RI� PHFKDQLFDO� YHQWLODWLRQ�� 7KXV�� LQ� RUGHU� WR�
LPSURYH� WKH� LQGRRU� DLU� TXDOLW\�� IUHVK� RXWGRRU� DLU� LV�
QHFHVVDU\�IURP�QDWXUDO�YHQWLODWLRQ�����
,Q� UHFHQW� \HDUV�� ZLWK� WKH� LQFUHDVLQJ� HQUROPHQW�
H[SDQVLRQ� RI� XQLYHUVLWLHV�� &KLQD� KDV� ����� PLOOLRQ�
XQGHUJUDGXDWHV� LQ� ������ ZKLFK� LV� IRXU� WLPHV� RI� WKH�
QXPEHU������PLOOLRQ��LQ�����>�@��7KH�KXJH�QXPEHU�RI�
XQGHUJUDGXDWHV� FDXVHG� JURZLQJ� FRQFHUQV� DERXW� WKH�
LQGRRU�DLU�quaOLW\�RI�ChLQHVH�XQGHUJUDGXDWHV’  GRUPV��
D� W\SH� RI� EXLOGLQJV� ZLWK� KLJKHVW� UHVLGHQWLDO� GHQVLW\��
7KH�XQGHUJUDGXDWHV’  GRUPV�XVXDOO\�KDYH�IRXU�WR�HLJKW�
VWXGHQWV� SHU� GRUP� ZLWK� RQO\� QDWXUDO� YHQWLODWLRQ���
,QVXIILFLHQW� IUHVK� DLU� FDXVHV� SRRU� LQGRRU� DLU� TXDOLW\�
DQG� FRQVHTXHQWO\� LQIOXHQFHV� VWXGHQWV’   KHDOWK� DQG�
OHDUQLQJ� HIILFLHQF\�� 7KHUHIRUH�� LW� LV� YLWDO� WR� ILQG� RXW�
WKH�QDWXUDO�YHQWLODWLRQ�UDWH�LQ�CKLQHVH�XQGHUJUDGXDWHV’�
GRUPV� 
$OWKRXJK� WKH� VLPXODWLRQ� PHWKRG� KDV� D� ORW� RI�
DGYDQWDJHV�� H�J�� IOH[LELOLW\� LQ� VKDSLQJ� WKH� KRXVH�
OD\RXW� DQG� VHWWLQJ� WKH� H[DFW� SDUDPHWHUV� �.�$��
3DSDNRQVWDQWLQRX�HW�DO����������WKH�VLPXODWLRQ�UHVXOWV�
PXVW� EH� YHULILHG� E\� WKH� PHDVXUHPHQW� UHVXOWV��

7KHUHIRUH�� VLQFH�PRVW� VWXGHQW�GRUPV�LQ�%HLMLQJ�KDYH�
D�VLPLODU�GRUP�W\SH��WKH�HPSLULFDO�HTXDWLRQ�EDVHG�RQ�
WKH�PHDVXDUHG�UHVXOWV�LV�ZLGHO\�XVHIXO���
,Q� RUGHU� WR� UHGXFH� WKH� FRVW� RI� WKH� ODUJH�VFDOH� ILHOG�
WHVWLQJ��FDUERQ�GLR[LGH��&2���H[KDOHG�IURP�SHRSOH�LV�
XVHG�DV�WUDFHU�JDV�WR�PHDVXUH�DLU�H[FKDQJH�UDWH��7KLV�
WUDFHU�JDV�PHWKRG�LV�LPSURYHG�WR�JHW�DFFXUDWH�UHVXOWV��
'LIIHUHQW� LQIOXHQFH� IDFWRUV� RI� WKH�PHWKRG� DQG� ILHOG�
WHVWLQJ�DUH�DQDO\VHG��)LQDOO\��DQ�HPSLULFDO�HTXDWLRQ�WR�
HVWLPDWH�YHQWLODWLRQ�UDWH� LV�SXW� IRUZDUG�EDVHG�RQ� WKH�
ODUJH�VFDOH�ILHOG�WHVWLQJ�UHVXOWV��
�

/,7(5$785(�5(9,(:�
CO2-method using human expiration 
7KH�WUDFHU�JDV�PHWKRG�XVLQJ�&2��SURGXFHG�E\�SHRSOH�
DV� WUDFHU� JDV� KDV� DOUHDG\� EHHQ� DSSOLHG� LQ� VHYHUDO�
VWXGLHV�ZRUOGZLGH��6WDYRYD�GLG�GHHS�UHVHDUFK�RQ�WKH�
PHWKRG�LQ�'HQPDUN�6WDYRYD�3�HW�DO���������)XMLNDZD�
0�DSSOLHG�WKH�PHWKRG�WR�PHDVXUH�DLU�H[FKDQJH�UDWH�LQ�
PXOWL]RQHV�LQ�-DSDQ��)XMLNDZD�0�HW�DO����������'HWOHI�
/DXVVPDQQ�PDGH�D�ODUJH�VFDOH�ILHOG�WHVWLQJ�XVLQJ�WKH�
PHWKRG� LQ� *HUPDQ\� �/DXVVPDQQ� '� HW� DO��� �������
+RZHYHU��GXH�WR�YDULDWLRQV�DQG�GLIIHUHQFHV�LQ�KXPDQ�
H[SLUDWLRQ�LQWHQVLW\��YHQWLODWLRQ�FRQGLWLRQV�DQG�XVDJH�
EHWZHHQ� IRUHLJQHUV� DQG�&KLQHVH�� WKH� DSSOLFDELOLW\� RI�
WKH� PHWKRG� UHPDLQV� FRQILUPHG�� ,Q� &KLQD�� 6XQ�
<XH[LDQ�DSSOLHG�WKH�PHWKRG�WR�PHDVXUH�DLU�H[FKDQJH�
UDWHV� LQ� FROOHJH� GRUPV� LQ� 7LDQMLQJ� 8QLYHUVLW\� �6XQ�
<XH[LDQ�� ������� EXW� VKH� GLGn’t� YHULI\� WKH�
DSSOLFDELOLW\� RI� WKH� PHWKRG�� &RQVLGHULQJ� WKDW� &2��
H[SLUDWLRQ�UDWH�LV�DOVR�DQ�LPSRUWDQW�IDFWRU��VWXGLHV�RQ�
FDOFXODWLRQ�RI�&2��SURGXFWLRQ�KDV�EHHQ�UHYLHZHG�� ,Q�
&KLQD�� :DQJ� -XQ� SRLQWHG� RXW� WKDW� KXPDQ� &2��
H[SLUDWLRQ� UDWH� ZDV� UHODWHG� ZLWK� DJH�� JHQGHU��
PHWDEROLVP��ERG\�VXUIDFH�DUHD��HWF��:DQJ�-XQ�HW�DO���
�������$V�IRU�DQRWKHU�UHODWHG�IDFWRU——ERG\�VXUIDFH�
DUHD�� +X� <RQJPHL� SXW� IRUZDUG� D� PRUH� VXLWDEOH�
VXUIDFH� DUHD� FDOFXODWLRQ� IRU� &KLQHVH� SHRSOH� �+X�
+RQJPHL�HW�DO����������2YHUDOO�� WKHUH�DUH�YHU\�D� IHZ�
VWXGLHV�UHODWHG�ZLWK�WKH�&2��PHWKRG�LQ�&KLQD���

Simulation and empirical equations 
&RPSXWDWLRQDO� )OXLG�'\QDPLFV� �&)'�� LV� RIWHQ� XVHG�
WR� UHVHDUFK� RQ� GHWDLOHG� LQIRUPDWLRQ� DERXW� � LQGRRU�
DLUIORZ�� 1XPHULFDO� VLPXODWLRQ� UHVHDUFK� RQ�
FRQWDPLQDWLRQ� GLVWULEXWLRQ� LQ� FROOHJH� GRUPV� ZDV�
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DQDO\]HG�E\�0D�5RQJKXD��0D�5RQJKXD�HW�DO����������
'LIIHUHQW�ZD\V�RI�RSHQLQJ�ZLQGRZV�LQ�VWXGHQW�GRUPV�
ZHUH�VLPXODWHG�E\�)HQJ�=KLSLQJ��)HQJ�=KLSLQJ�HW�DO���
������� :HQJ� -LQSLQJ� DOVR� GLVFXVVHG� DERXW� RSHQ�
ZLQGRZ�ORFDWLRQV�EDVHG�RQ�VLPXODWLRQ�UHVXOWV��:HQJ�
-LQSLQJ� HW� DO��� ������� 0RVW� VWXGLHV� XVLQJ� &)'�
PHWKRGV� IRFXVHV� RQ� GHWDLOHG� LQIRUPDWLRQ� DERXW�
LQGRRU� DLUIORZ� DQG� VWURQJO\� GHSHQG� RQ� ERXQGDU\�
FRQGLWLRQV�� ZKLFK� PD\� EH� PRUH� FRPSOH[� DQG� QRW�
QHFHVVDU\� IRU� HVWLPDWLQJ� YHQWLODWLRQ� UDWH�� :LWK�
UHVSHFW� WR� HPSLULFDO� HTXDWLRQV�� 'H� *LGV� DQG� 3KDII�
FRQFOXGHG�WKH�IROORZLQJ�HPSLULFDO�HTXDWLRQ�EDVHG�RQ�
���H[SHULPHQWDO�FRQGLWLRQV��'H�*LGV�HW�DO�����������

������������
�
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ZKHUH�8P�LV�DYHUDJH�DLUVSHHG�WKURXJK�WKH�ZLQGRZ�
�P�V���8���LV�DYHUDJH�ZLQG�VSHHG�PHDVXUHG�DW�WKH�
ORFDO�ZHDWKHU�VWDWLRQ�DW�UHIHUHQFHG�DOWLWXGH�RI����
PHWHUV�DERYH��P�V���&��LV�ZLQG�FRHIILFLHQW��ZLWKRXW�
GLPHQVLRQ���&��LV�VWDFN�FRHIILFLHQW��P�.���V�����K�
ZLQGRZ�KHLJKW��P���ΔT�LV�WHPSHUDWXUH�GLIIHUHQFH�(K���
&��LV�WXUEXOHQW�FRHIILFLHQW��P��V����,Q�(TXDWLRQ������
WKH�DLUIORZ�UDWH�LV�SURSRUWLRQDO�WR�WKH�VTXDUH�URRW�RI�
WKH�WHPSHUDWXUH�GLIIHUHQFH��)XUWKHUPRUH��'H67�9HQW��
D�WKHUPDO�VLPXODWLRQ�VRIWZDUH�GHYHORSHG�E\�7VLQJKXD�
8QLYHUVLW\��XVHG�(TXDWLRQ�����DV�RQH�RI�WKH�HPSLULFDO�
PRGHOV�LQ�WKH�VRIWZDUH��=KDQJ�0LQJUXL���������,Q�
RWKHU�ZRUGV��HPSLULFDO�HTXDWLRQV�FRQWULEXWH�WR�
LPSURYH�VRIWZDUH�VLPXODWLRQ�DQG�EXLOGLQJ�GHVLJQ�

�

7R� VXP� XS�� LW� LV� ERWK� QHFHVVDU\� DQG� VLJQLILFDQW� WKDW�
UHVHDUFK�RQ� WKH�&2��PHWKRG�XVLQJ�&2��SURGXFHG�E\�
KXPDQ� DV� WUDFHU� JDV� WR� PHDVXUH� YHQWLODWLRQ� UDWH� LQ�
&KLQD�� %\� DSSO\LQJ� WKH� PHWKRG�� DQ� HPSLULFDO�
HTXDWLRQ� IRU� FDOFXODWLQJ� YHQWLODWLRQ� UDWH� RI� VWXGHQW�
GRUPV� LV� SXW� IRUZDUG��7KHUHIRUH�� FXUUHQW� YHQWLODWLRQ�
RI� VWXGHQW� GRUPV� LV� HYDOXDWHG� DQG� VXJJHVWLRQV� IRU�
ZLQGRZ�GHVLJQ�DUH�GLVFXVVHG� 

(;3(5,0(17$/�35,1&,3/(�
Calculation for air exchange rate �
7KH� SULQFLSOH� RI� WKH� WUDFHU� JDV� PHWKRG� WR� PHDVXUH�
YHQWLODWLRQ�LV�EDVHG�RQ�PDVV�EDODQFH�LQ�D�VLQJOH�]RQH��
:KHQ�SHRSOH�DUH� WKH�RQO\� LQGRRU�VRXUFH�RI�&2��� WKH�
HTXDWLRQ� RI� PDVV� EDODQFH� FDQ� EH� H[SUHVVHG� E\� WKH�
IROORZLQJ�HT���+HLGW�	�:HUQHU�������������
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ZKHUH�&LQ��LV�LQGRRU�WUDFHU�JDV�FRQFHQWUDWLRQ��PJ�P����
&RXW�LV�RXWGRRU�WUDFHU�JDV�FRQFHQWUDWLRQ��PJ�P����4�LV�
YHQWLODWLRQ� UDWH� �Pñ�V���𝜏�LV� WLPH� �V���)� LV� YROXPHWULF�
IORZ�UDWH�RI�WUDFHU�JDV�HPLVVLRQ��P��V���9��LV�YROXPH�
RI�WKH�]RQH��Pñ�����
7KH� GLIIHUHQWLDO� HTXDWLRQ� FDQ�DOVR� EH� GHVFULEHG�ZLWK�
WKH�IROORZLQJ�HT��

��� �LQ RXWF ) Q9 & &
9

             

����

ZKHUH�&LQ���LV�LQGRRU�FRQFHQWUDWLRQ�DW�WKH�LQLWLDO�
PRPHQW��&RXW�LV�RXWGRRU�FRQFHQWUDWLRQ��Δτ  LV�WLPH�
LQWHUYHO��Δc�LV�FRQFHQWUDWLRQ�FKDQJH�FRUUHVSRQGLQJ�WR�
WKH�WLPH�SHULRG�

�

7KHUHIRUH�� WUDFHU� JDV� FRQFHQWUDWLRQ� UHODWLRQVKLS�
EHWZHHQ�WKH�PRPHQW�τN�DQG�WKH�DQWHULRU�PRPHQW�τN����
LV�HVWDEOLVKHG��

 � � > � �� @ � ��LQ LQ RXW LQ& N ) Q9 & N & & N
9


      �������

ZKHUH� &LQ�N�� LV� WUDFHU� JDV� FRQFHQWUDWLRQ� DW� WKH�
PRPHQW�τN��&LQ�N����LV�WUDFHU�JDV�FRQFHQWUDWLRQ�DW�WKH�
DQWHULRU�PRPHQW�τN����
%HFDXVH� DLU� H[FKDQJH� UDWH� RIWHQ� IOXFWXDWHV� DQG� DUH�
HDVLO\� LQIOXHQFHG� E\� ZHDWKHU� FRQGLWLRQV� RU� LQGRRU�
SHRSOH�GLVWXUEDQFH��WKH�/HDVW�6TXDUH�0HWKRG� �/60��
LV� DSSOLHG� WR� UHGXFH� WKH� LQIOXHQFH� RI� IOXFWLDWLRQV��$W�
RQH� PRPHQW�� DFWXDO� LQGRRU� FRQFHQWUDWLRQ� LV�𝐶 (k)��
DQG�WKH�SUHGLFWHG�LQGRRU�FRQFHQWUDWLRQ�LV�C’LQ�N���7KH�
UHODWLRQVKLS� EHWZHHQ� SUHGLFWHG� FRQFHQWUDWLRQ� DW� WKH�
PRPHQW� τN� DQG� � SUHGLFWHG� FRQFHQWUDWLRQ� DW� WKH�
PRPHQW�τN���LV�
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7KH� UHODWLRQVKLS� EHWZHHQ� DFWXDO� DQG� SUHGLFWHG�
FRQFHQWUDWLRQ�FDQ�EH�IRXQG����

� 
 �
�PLQ > � � � �@ ���N P

N LQ LQ& N & N
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�7KHUHIRUH�� DLU� H[FKDQJH� UDWH� LV� VROYHG� E\� WKH�
FRPELQDWLRQ�RI�(TXDWLRQ�����DQG�(TXDWLRQ����� 

Human emission rate of carbon dioxide 
$FFRUGLQJ� WR� $6+5$(� +DQGERRN� )XQGDPHQWDOV��
�������� DQ� HPSLULFDO� HTXDWLRQ� IRU� PHWDEROLF� UDWH� LV��
�1LVKL��������：�

'

R

$
454
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ZKHUH� � 0� LV� PHWDEROLF� UDWH� �:�P���� � 54� LV�
UHVSLUDWRU\� TXRWLHQW� �PRODU� UDWLR� RI�𝑄 H[KDOHG� WR�
𝑄 �LQKDOHG�� GLPHQVLRQOHVV��� �𝑄 �LV� YROXPHWULF� UDWH�
RI� R[\JHQ� FRQVXPSWLRQ� �P/�V��� � 𝐴 �LV� 'X%RLV�
VXUIDFH�DUHD��P����
7KH� PHDVXUHPHQW� RI� WKH� QXGH� ERG\� VXUIDFH� DUHD��
RULJLQDOO\�SURSRVHG� E\�'X%RLV�DQG�'X%RLV�������LV�
GHVFULEHG�E\��

���𝐴    0.202𝐻 . 𝑊 . ���������������������
ZKHUH��:�LV�PDVV��NJ����+�LV�KHLJKW��P���
8VLQJ� WKH� FDOFXODWLRQ�PRGHO� RI�'X%RLV� VXUIDFH� DUHD�
LQWR�(TXDWLRQ�����DQG�UHSODFLQJ�WKH�PHW�IRU�WKH�XQLW�RI�
PHWDEROLVP� ��� PHW ����:�𝑚 ��� WKH� KXPDQ� � &2��
HPLVVLRQ� LV� ZHOO� GHILQHG� DV� D� IXQFWLRQ� RI� KXPDQV��
ZHLJKW�:>NJ@��KHLJKW�+�>P@�DQG�DFWLYLW\�OHYHO>PHW@���

����� ���������������
���� ����
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ZKHUH�)�LV�YROXPHWULF�UDWH�RI�&2��HPLVVLRQ��P��V����

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

- 521 -



7KH�HPSLULFDO�HTXDWLRQ�SURSRVHG�E\�1LVKL�������ZDV�
HVWDEOLVKHG� EDVLQJ� RQ� ZHVWHUQHUV�� %HFDXVH� RI� WKH�
GLIIHUHQFHV� LQ� VXUIDFH� DUHD�� PHWDEROLVP� DQG�
FRPSRQHQWV�RI�GLHW�EHWZHHQ�ZHVWHUQHUV�DQG�&KLQHVH��
WKH�DSSOLFDELOLW\�RI�(TXDWLRQ�����UHPDLQV�GRXEWIXO��$V�
+X�<RQJPHL�UHVHDUFKHG�DQG�&KHQ�=KLTLDQJ�YHULILHG��
D� VXLWDEOH� VXUIDFH� DUHD� FDOFXODWLRQ� IRU� &KLQHVH� LV�
GHILQHG�ZLWK�IROORZLQJ�PRGHO��+X�<RQJPHL����������

 ���� ������ ������6 + :  ������������������
7KXV��D�QHZ�HTXDWLRQ�WR�FDOFXODWH�&2��HPLVVLRQ�LV�

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

+ : 0) 54
54
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%RWK� RI� (T���� DQG� (T����� IRU� &2��HPLVVLRQ�
FDOFXODWLRQ�UHPDLQ�UHVHDUFKHG�DQG�YHULILHG���
�

0(7+2'6�5(6($5&+�
Uniformity verification of indoor CO2-
distribution�
�
�
�
�
�
�
�
�
�
�
�

�
)LJXUH���6WXGHQW�GRUP�SODQ�

7KHUH�DUH� IRXU�VWXGHQWV� HDFK�URRP�ZLWK�D�YROXPH�RI�
����P�� DQG� IRXU� EHGV��(DFK� URRP�KDV� WZR�GRRUV� RQ�
ERWK�VLGHV�RI� WKH�URRP��ZLWK�RQH� IDFLQJ�EDOFRQ\�DQG�
DQRWKHU�IDFLQJ�WKH�FRUULGRU��7KH�SODVWLF�VWHHO�ZLQGRZ�
IDFHV� QRUWKZHVW� DQG� LV� ORFDWHG� ���P� KLJK� DERYH�
JURXQG�� 7KH� ZLQGRZ� LV� VOLGLQJ� W\SH� DQG� PD[LPXP�
RSHQLQJ�DUHD�LV����P���'XULQJ�DOO�WKH�H[SHULPHQWV�LQ�
WKLV�SDSHU��GRRUV�RI�ERWK�VLGHV�DUH�FORVHG�DQG�RQO\�WKH�
ZLQGRZ� FRXOG� EH� RSHQHG�� 1RQH� RI� WKH� GRUPV� KDYH�
PHFKDQLFDO� YHQWLODWLRQ� V\VWHP�� 7KHUHIRUH�� WKH�
YHQWLODWLRQ� RI� WKH� GRUPV� DUH� FRQVLGHUHG� DV� VLQJOH�
VLGHG�QDWXUDO�YHQWLODWLRQ��%HVLGHV��KXPDQ�EHKDYLRXUV��
VXFK�DV�UHDGLQJ�DQG�VOHHSLQJ��ZHUH�UHFRUGHG�LQ�RUGHU�
WR�HYDOXDWH�PHWDEROLVP��
7R�YHULI\� WKH� XQLIRUPLW\� RI� LQGRRU�&2��GLVWULEXWLRQ��
ILYH� &2�� PHDVXUHPHQW� ORFDWLRQV� ZHUH� WHVWHG� LQ� WKH�
URRP��7KH� ORFDWLRQV�DUH�PDUNHG� DV� VWDU� V\PEROV� � LQ�
)LJXUH����/RFDWLRQ���������DUH�ORFDWHG�EHORZ�HDFK�EHG�
UHVSHFWLYHO\� DQG� ORFDWLRQ� �� LV� LQ� WKH� FHQWHU� RI� WKH�
GRUP�� 7KH� ORFDWLRQV� ZHUH� ���P� DERYH� WKH� JURXQG��
DQG� WKH� WRWDO� KHLJKW� RI� WKH� URRP� LV� �P�� /DFN� RI��
HQRXJK� VHQVRUV� WR� PHDVXUH� DOO� WKH� ORFDWLRQV�
VLPXOWDQHRXVO\�� WKH� XQLIRUPLW\� ZDV� YHULILHG� E\� D�

VHULHV� RI� H[SHULPHQWV�� ZLWK� WKUHH� RU� IRXU� ORFDWLRQV�
WHVWHG�HDFK�WLPH���
$V� IRU� WKH� GDWD� SURFHVVLQJ�� ILUVWO\�� DLU� H[FKDQJH� UDWH��
Q�L�� FDQ� EH� VROYHG� E\� D� VLQJOH� SRLQW� UHVSHFWLYHO\��
6HFRQGO\�� DYHUDJH� FRQFHQWUDWLRQ� RI� WKH� GRUP� FDQ� EH�
REWDLQHG�E\� WKH�PHDQ�FRQFHQWUDWLRQ�RI� WKH�ORFDWLRQV��
WKXV�� DYHUDJH� DLU� H[FKDQJH� UDWH� LV� VROYHG�� 5HODWLYH�
HUURU� RI� D� VLQJOH� SRLQW� LV� MXGJHG� E\� WKH� IROORZLQJ�
HTXDWLRQ��

5HODWLYH�HUURU� ����
��

B

B

Q

QLQ 
�������������

 9HULILFDWLRQ�RI�ORFDWLRQ�SRLQWV������������
6HW� XS� WKH� &2��VHQVRUV� RQ� WKH� ORFDWLRQ� �������� DQG�
&2��FRQFHQWUDWLRQ�WUHQGV�ZHUH�UHFRUGHG��

�
)LJXUH���9HULILFDWLRQ�RI�ORFDWLRQ�SRLQW���������

$FFRUGLQJ�WR�KXPDQ�EHKDYLRU�UHFRUGHG��DIWHU�����DP��
VWXGHQWV� LQ� WKH� GRUP� ZHUH� DOO� DVOHHS� DQG� WKH� &2��
HPLVVLRQ�UDWH�GHFUHDVHG�JUDGXDOO\�DQG�EHFDPH�VWDEOH��
$W� WKH� VDPH� WLPH�� WKH� LQGRRU� &2��FRQFHQWUDWLRQ�
UHGXFHG� FRUUHVSRQGLQJO\�� )URP� ����DP� WR� ����DP��
WKH�&2��HPLVVLRQ�UDWH�DQG�LQGRRU�&2��FRQFHQWUDWLRQ�
ZHUH�UHODWLYHO\�VWHDG\��7KH�DLU�H[FKDQJH�UDWH�DOVR�KDG�
D� UHODWLYHO\� OHVV� IOXFWXDWLRQ�� 6R� WKH� SHULRG� IURP�
����DP� WR� ����DP� ZDV� VXLWDEOH� IRU� FDOFXODWLQJ� DLU�
H[FKDQJH� UDWH�� 'XULQJ� WKLV� SHULRG�� WKH� DYHUDJH�
RXWGRRU�ZLQG� VSHHG�ZDV� OHVV� WKDQ����P�V�� GRPLQDQW�
ZLQG� GLUHFWLRQ� ZDV� VRXWKZHVW�� WKH� RXWGRRU�
WHPSHUDWXUH� ZDV� ���& � DQG� WKH� LQGRRU� WHPSHUDWXUH�
ZDV�����& ��7KH�ZLQGRZ�VL]H�ZDV�����P���
7KH� FDOFXODWLRQ� UHVXOWV� RI� DLU� H[FKDQJH� UDWHV� DUH�
VKRZQ�LQ�7DEOH����

7DEOH����
5HVXOWV�RI�XQLIRUPLW\�H[SHULPHQW���

� AIR EXCHANGE 
RATE (h-1) 

RELATIVE 
ERROR�

3RLQW��� ���� �����

3RLQW��� ���� �����

3RLQW��� ���� �����

3RLQW��� ���� �����

$YHUDJH� ���� �

 9HULILFDWLRQ�RI�ORFDWLRQ�SRLQWV���������

Window 

Balcony 
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6HW�XS�&2��VHQVRUV�DW�ORFDWLRQ���������DQG�WKH��&2��
FRQFHQWUDWLRQ�WUHQG�LV�VKRZQ�LQ�)LJXUH����7KH�SHULRG�
IURP�����DP�WR�����DP�ZDV�FKRVHQ�WR�EH�FDOFXODWHG��
'XULQJ� WKLV�SHULRG��DYHUDJH�RXWGRRU�ZLQG�VSHHG�ZDV�
���P�V��GRPLQDQW�ZLQG�GLUHFWLRQ�ZDV�QRUWKZHVW��7KH�
RXWGRRU� WHPSHUDWXUH� ZDV� ���& � DQG� WKH� LQGRRU�
WHPSHUDWXUH�ZDV����& ��7KH�ZLQGRZ�VL]H�ZDV�����P���

�
)LJXUH���9HULILFDWLRQ�RI�3RLQW�������

7KH�FDOFXODWLRQ�UHVXOWV�RI�DLU�H[FKDQJH�UDWH�LV�VKRZQ�
LQ�WDEOH����

7DEOH���
5HVXOWV�RI�XQLIRUPLW\�H[SHULPHQW���

� AIR EXCHANGE 
RATE (h-1) 

RELATIVE 
ERROR�

3RLQW���
�FHQWHU�SRLQW��

���� �����

3RLQW��� ���� �����

3RLQW��� ���� �����

$YHUDJH� ���� �

 9HULILFDWLRQ�RI�ORFDWLRQ�SRLQWV���������
&2��VHQVRUV�ZHUH� VHW� XS� DW� ORFDWLRQ� ��� ��� �� DQG� WKH��
&2��FRQFHQWUDWLRQ� WUHQG� LV� VKRZQ� LQ� )LJXUH� ��� 7KH�
SHULRG� IURP� ����DP� WR� ����DP� ZDV� FKRVHQ� WR� EH�
FDOFXODWHG��$YHUDJH�RXWGRRU�ZLQG�VSHHG�ZDV����P�V��
GRPLQDQW�ZLQG�GLUHFWLRQ�ZDV�QRUWKHDVW��7KH�RXWGRRU�
WHPSHUDWXUH� ZDV� ���& � DQG� WKH� LQGRRU� WHPSHUDWXUH�
ZDV����& ��7KH�ZLQGRZ�VL]H�ZDV�����P���

�
)LJXUH���9HULILFDWLRQ�RI�3RLQW�������

7KH� FDOFXODWLRQ� UHVXOWV� RI� DLU� H[FKDQJH� UDWHV� DUH�
VKRZQ�LQ�7DEOH����

7DEOH���
5HVXOWV�RI�XQLIRUPLW\�H[SHULPHQW���

� AIR EXCHANGE 
RATE (h-1) 

RELATIVE 
ERROR�

3RLQW���
�FHQWHU�SRLQW��

���� �����

3RLQW��� ���� �����

3RLQW��� ���� �����

$YHUDJH� ���� �

$FFRUGLQJ� WR� WKH� XQLIRUPLW\� H[SHULPHQWV�� � D� VLQJOH�
PHDVXUHPHQW� ORFDWLRQ� FDQ� UHSUHVHQW� WKH� DYHUDJH�
FRQFHQWUDWLRQ� RI� D� GRUP�� RQ� WKH� FRQGLWLRQ� WKDW�
RXWGRRU�ZHDWKHU� IOXFWXDWHV� OLWWOH�DQG� DOO� WKH� VWXGHQWV�
IDOO�LQWR�GHHS�VOHHS�ZLWK�D�VWDEOH�HPLVVLRQ�UDWH�RI�&2���
/HVV� PHDVXUHPHQW� ORFDWLRQV� DUH� QHFHVVDU\� LQ� WKH�
ODUJH�VFDOH�H[SHULPHQW��EHFDXVH�LW�FRQWULEXWHV�WR�VDYH�
D�QXPEHU�RI�&2��VHQVRUV�SHU�GRUP��

Verification of calculation equation of human 
CO2-emission�rate�
7KH� H[SHULPHQWV� ZHUH� FRQGXFWHG� LQ� WZR� LQGLYLGXDO�
GRUPV�GXULQJ�WKH�GHHS�VOHHS�VWDWH�DW�QLJKW��(DFK�GRUP�
KDG���&KLQHVH�\RXQJ�IHPDOHV��:KLOH�WKH�H[SHULPHQWV�
ZHUH� FRQGXFWHG�� DOO� WKH� ZLQGRZV� DQG� GRRUV� JDSV�
ZHUH� VHDOHG� E\� DGKHVLYH� WDSHV�� DQG� WKH� GRUPV� FRXOG�
EH�UHJDUGHG�DV�DLU�WLJKW�URRPV��+HQFH��WKH�LQFUHDVLQJ�
RI� LQGRRU� � &2��FRQFHQWUDWLRQ� ZDV� DIIHFWHG� RQO\� E\�
KXPDQ� H[SLUDWLRQ�� $Q� H[DPSOH� RI� WKH� LQGRRU� &2��
FRQFHQWUDWLRQ�WUHQG�IRU�D�GRUP�LV�VKRZQ�LQ�)LJXUH����

�
)LJXUH���9HULILFDWLRQ�RI�KXPDQ�&2��SURGXFWLRQ�

$V� )LJXUH� �� VKRZV�� IURP� ����DP� WR� ����DP�� WKH�
LQGRRU� &2��FRQFHQWUDWLRQ� ZDV� DERXW� ���SSP�� FORVH�
WR� WKH� RXWGRRU� FRQFHQWUDWLRQ�� 7KHQ� IURP� ����DP� WR�
����DP��ZKLOH� WKH� URRP�ZDV� VHDOHG�ZLWK� WDSH�� WKHUH�
ZDV� DQ� REYLRXV� LQFUHDVH� LQ� WKH� LQGRRU�    &2��
FRQFHQWUDWLRQ�� 7KLV� SDUW� ZDV� WKH� KXPDQ� &2��
SURGXFWLRQ� UDWH� �PJ�V���P����� $IWHU� WKH� H[SHULPHQW��
WKH� ZLQGRZ� ZDV� RSHQHG� DJDLQ� DQG� WKH� LQGRRU�
FRQFHQWUDWLRQ�GHFUHDVHG�IDVW��
7KH� H[SHULPHQWDO� DQG� WKHRUHWLFDO� UHVXOWV� DUH�
FRPSDUHG�LQ�7DEOH����

7DEOH���
&RPSDULVRQ�UHVXOWV�RI�KXPDQ�&2��HPLVVLRQ�

 DORM A DORM B 

7KH�H[SHULPHQWDO�UHVXOW�/�K� ����� �����
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7KH� WKHRUHWLFDO� UHVXOW� RI�
(TXDWLRQ�����/�K�

����� �����

5HODWLYH� HUURU� EHWZHHQ�
FDOFXODWLRQ� UHVXOWV� E\� (TXDWLRQ�
����DQG�WKH�H[SHULPHQWDO�UHVXOW�

������ ������

7KH� WKHRUHWLFDO� UHVXOW� RI�
(TXDWLRQ������/�K�

����� �����

5HODWLYH� HUURU� EHWZHHQ�
FDOFXODWLRQ� UHVXOWV� E\� (TXDWLRQ�
�����DQG�WKH�H[SHULPHQWDO�UHVXOW�

������ ������

$V� LV� VKRZQ�� WKH� WKHRUHWLFDO� UHVXOWV� FDOFXODWHG� E\�
(TXDWLRQ� ���� DQG�(TXDWLRQ� �����DUH� REYLRXVO\� ODUJHU�
WKDQ� WKH� H[SHULPHQWDO� UHVXOW�� 7KH� 5�VTXDUHG� RI� &2��
FXUYH�ILWWLQJ�LV���������ZKLFK�YHULILHG�WLJKWQHVV�RI�WKH�
GRUP� DQG� UHOLDELOLW\� RI� WKH� UHVXOWV��7KH� UHVXOW� VKRZV�
WKDW� ERWK� (TXDWLRQ� ���� DQG� (TXDWLRQ� ����� DUH� OHVV�
HIIHFWLYH� IRU�&KLQHVH��DQG� WKH�PRGLILHG� HTXDWLRQ� IRU�
FDOFXODWLQJ�CKLQHVH�KXPDQ�ERG\�VXUIDFH�DUHD�GRHVQ’W�
FRQWULEXWH� PXFK� WR� GHFUHDVH� WKH� HUURUV�� $� UHYLVHG�
IDFWRU�FDQ�EH�SXW�IRUZDUG�IRU�(TXDWLRQ������

����� �����


 ����������

���� ����
+ : 0) 54

54
 


�������������

ZKHUH� �LV� D� UHFRPPHQGHG� UHYLVHG� IDFWRU� �HTXDO� WR�
������IRU�&2��HPLVVLRQ�FDOFXODWLRQ�RI�&KLQHVH�\RXQJ�
IHPDOHV���
,QIOXHQFHG�E\�GLIIHUHQW�GLHW�VWUXFWXUH�DQG�PHWDEROLVP��
&KLQHVH� KDV� D� GLIIHUHQW� &2�� HPLVVLRQ� UDWH� IURP�
ZHVWHUQHUV�� WKHUHIRUH�� � LW� LV� RI� JUHDW� VLJQLILFDQFH� IRU�
IXUWKHU� UHVHDUFK� RQ� &KLQHVH� &2��HPLVVLRQ� UDWH�
FRQVLGHULQJ�DJHV�DQG�JHQGHUV��

Verification of reliability of the CO2-method 
,Q� RUGHU� WR� YHULI\� WKH� UHOLDELOLW\� RI� XVLQJ� &2��
H[SLUDWHG� E\� KXPDQ� WR� PHDVXUH� DLU� H[FKDQJH� UDWHV��
WKH�DUWLFOH�XVHG��VXOIXU�KH[DIOXRULGH��6)���DV�D�VHFRQG�
WUDFHU�JDV�IRU�FRPSDULVRQ��
$W�RQH�QLJKW�IURP�����DP�WR�����DP��DOO�WKH�VWXGHQWV�
LQ�WKH�GRUP�IHOO�DVOHHS��7KH�PHDVXUH�ORFDWLRQV�RI�6)��
DQG� &2�� DUH� ERWK� VHWWOHG� LQ� WKH� FHQWHU� RI� WKH� GRUP��
7KH� WRWDO�&2��HPLVVLRQ� UDWH� RI� VWXGHQWV� LQ� WKH� GRUP�
ZDV� UHYLVHG� DV� ����Pñ�K�� 7KH� DYHUDJH� ZLQG� VSHHG�
ZDV����P�V��GRPLQDQW�ZLQG�GLUHFWLRQ�ZDV�QRUWKZHVW��
WKH� LQGRRU� WHPSHUDWXUH� ZDV� ���& � DQG� WKH� RXWGRRU�
WHPSHUDWXUH�ZDV���& ��WKH�ZLQGRZ�VL]H�ZDV����P����
7KH�GHFD\�WUHQG�RI�WKH�6)��FRQFHQWUDWLRQ�LQ�WKH�GRUP�
LV�VKRZQ�LQ�)LJXUH����

�

)LJXUH���0HWKRG�YHULILFDWLRQ�XVLQJ�6)��
7KH�&2��FRQFHQWUDWLRQ�WUHQG�LQ�WKH�GRUP�LV�VKRZQ�LQ�
)LJXUH����

�
)LJXUH���0HWKRG�YHULILFDWLRQ�XVLQJ�&2��

7KH� UHVXOWV� RI� DLU� H[FKDQJH� UDWHV� FDOFXODWHG� E\� WKH�
WZR�WUDFHU�JDVHV�DUH�VKRZQ�LQ�7DEOH����

7DEOH���
5HVXOWV�RI�WKH�PHWKRG�YHULILFDWLRQ�

TRACER GAS AIR EXCHANGE RATE (h-1) 

6)�� �����

&2�� �����

7KH�DLU�H[FKDQJH�UDWHV�VROYHG�E\�WKH�WZR�WUDFHU�JDVHV�
DUH� VLPLODU� DQG� WKH� UHODWLYH� HUURU� ZDV� VPDOOHU� WKDQ�
����� ZKLFK� YHULILHG� WKH� UHOLDELOLW\� RI� WKH� &2��
PHWKRG��
�

/$5*(�6&$/(�),(/'�7(67,1*�
7KH� ODUJH�VFDOH� ILHOG� WHVWLQJ� ZDV� FDUULHG� RXW� LQ� D�
JLUO’s�GRUPLWRU\�EXLOGLQJ�LQ�TVLQJKXD�UQLYHUVLW\��TKH�
EXLOGLQJ� KDYH� VL[� IORRUV�� ORFDWHG� LQ� WKH� UHG�
ZLUHIUDPHV�PDUNHG� LQ� )LJXUH� ��� 7KH� ORFDWLRQ� SRLQWV�
LQ� )LJXUH� ��� QXPEHUHG� ��������� UHSUHVHQWV� QRUWKHUQ��
VRXWKHUQ��HDVWHUQ�DQG�ZHVWHUQ�URRPV�UHVSHFWLYHO\��

�
)LJXUH���6NHWFK�PDS�RI�GRUP�ORFDWLRQV�

(DFK� URRP� KDV� IRXU� VWXGHQWV� OLYLQJ� WKHUH�� ZLWK� D�
URRP�KHLJKW�RI���PHWHUV�DQG�D�IORRU�DUHD�RI������P���
ZKLFK�LV�D�W\SLFDO�VWXGHQW�GRUP�LQ�&KLQD��1RQH�RI�WKH�
GRUPV�KDYH�PHFKDQLFDO�YHQWLODWLRQ�V\VWHP��DQG�PDLQ�
YHQWLODWHG� SDWWHUQ� RI� GRUPV� LV� VLQJOH�VLGHG� QDWXUDO�
YHQWLODWLRQ�� 'XULQJ� WKH� WHVWLQJV�� DOO� WKH� GRRUV� ZHUH�
FORVHG�DQG�RQO\�ZLQGRZ�FRXOG�EH�RSHQHG��7KH�GRUP�
SODQ� LV� WKH� VDPH� DV� )LJXUH� �� RU� V\PPHWULFDO� WR� LW��
$FFRUGLQJ� WR� WKH� UHVXOWV� FRQGXFWHG� IURP� PHWKRG�
UHVHDUFK�� GXULQJ� WKH� H[SHULPHQWV�� VWXGHQWV� &2��
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HPLVVLRQ� UDWH� ZDV� FDOFXODWHG� E\� (TXDWLRQ� ����� DQG�
WKH� &2��PHDVXUHPHQW� ORFDWLRQ� ZDV� FKRVHQ� LQ� WKH�
FHQWHU�RI�URRP��7KH�WHVWLQJ�WLPH�ZDV�VHOHFWHG�DW�QLJKW�
ZKLOH� WKH� VWXGHQWV� ZHUH� FRQVLGHUHG� DVOHHS� DQG� WKH�
PHWDEROLF�UDWH�ZDV�UHODWLYHO\�VWDEOH��HTXDO�WR����PHW��
)RU�DQRWKHU�LPSRUWDQW�UHDVRQ��LW�LV�DW�QLJKW�WKDW�PRVW�
VWXGHQWV�JR�EDFN�WR�WKH�GRUPV�IRU�VOHHSLQJ��DQG�WKXV��
WKH� GRUPV� KDV� D� KLJKHU� UHVLGHQWLDO� GHQVLW\�� $OVR��
VWXGHQWV�VSHQG�UHODWLYHO\�ORQJHU�WLPH�DW�QLJKW�WKDQ�LQ�
WKH�GD\WLPH��LQ�WKH�GRUPV���

 'LIIHUHQFH�RQ�SRVLWLRQV�
7KH�&2��FRQFHQWUDWLRQ�WUHQGV�LQ�IRXU�URRPV��RQH�
IURP�HDFK�ORFDWLRQ�IRU�D�QLJKW�DUH�VKRZQ�LQ�)LJXUH����

�
)LJXUH���&2��FRQFHQWUDWLRQ�WUHQGV�LQ�GLIIHUHQW�

ORFDWLRQV�
$V�)LJXUH���VKRZV��WKH�RXWGRRU�&2��FRQFHQWUDWLRQ�RI�
WKH�EXLOGLQJ�UHPDLQHG�DOPRVW�VWHDG\��DURXQG����SSP��
EXW� LQ� WKH� IRXU� URRPV� LW� YDULHG�� ,Q� 7DEOH� ��� WKH�
GLIIHUHQFH� LQ� WHPSHUDWXUH� EHWZHHQ� LQGRRU� DQG�
RXWGRRU� � UDQJHG� ZLWKLQ� ��������& �� ZLQG� VSHHG� ZDV�
EHORZ� ���P�V�� WKH� GRPLQDQW� ZLQG� GLUHFWLRQ� ZDV�
VRXWKZHVW�� 7KH� DLU� H[FKDQJH� UDWHV� IURP� IRXU� URRPV�
DUH�VKRZQ�LQ�7DEOH�����

7DEOH���
�0HDVXUH�UHVXOWV�LQ�GLIIHUHQW�SRVLWLRQV�,�

POSITIONS AIR EXCHANGE RATE (h-1) 

(DVW� ����

:HVW� ����

6RXWK� ����

1RUWK� ����

7DEOH���VKRZV�WKDW�DLU�H[FKDQJH�UDWHV�PHDVXUHG�DW�WKH�
IRXU� URRPV� KDG� VRPH� GLIIHUHQFHV�� &RPSDUHG� WR�
URRPV�ORFDWHG�QRUWKZDUGV��HDVWZDUGV�DQG�VRXWKZDUGV��
WKDW� ZHUH� PRUH� OLNHO\� WR� EH� LQIOXHQFHG� E\� WKH�
VXUURXQGLQJ� EXLOGLQJV�� WKH� ZHVWHUQ� URRP� ZDV� OHVV�
LPSDFWHG� E\� VKHOWHULQJV� DQG� WKXV� KDG� D� UHODWLYHO\��
KLJKHU� DLU� H[FKDQJH� UDWH�� +RZHYHU�� ZKHQ� WKH� ZLQG�
VSHHG� ZDV� VORZHU�� WKH� GLIIHUHQFHV� LQ� WKH� IRXU�
ORFDWLRQV�ZHUH��HYHQ�VPDOOHU��)RU�H[DPSOH��LQ�7DEOH����
WKH� GLIIHUHQFH� LQ� WHPSHUDWXUH� EHWZHHQ� LQGRRU� DQG�

RXWGRRU�UDQJHG�ZLWKLQ���������& ��ZLQG�VSHHG�RXWVLGH�
ZDV� ���P�V�� DQG� GRPLQDQW� ZLQG� GLUHFWLRQ� ZDV�
VRXWKHDVW�� 7KH� DLU� H[FKDQJH� UDWHV� RI� GRUPLWRULHV�
ORFDWHG�RQ�GLIIHUHQW�ORFDWLRQV�DUH�VKRZQ�LQ�7DEOH����

7DEOH����
0HDVXUH�UHVXOWV�LQ�GLIIHUHQW�SRVLWLRQV�,,�

POSITIONS AIR EXCHANGE RATE (h-1) 

(DVW� ����

:HVW� �����

6RXWK� ����

1RUWK� �����

%HFDXVH� RI� WKH� YHU\� ORZ�ZLQG� VSHHG��ZLQG�SUHVVXUH�
FRQWULEXWHG�RQO\�D�OLWWOH�WR�WKH�DLU�H[FKDQJH�UDWH�RI�WKH�
GRUPV��DQG�FRUUHVSRQGLQJO\��WKH�GLIIHUHQFHV�LPSDFWHG�
E\�VKHOWHULQJV�ZHUH�VPDOOHU���
,Q� FRQFOXVLRQ�� WKH� VORZHU� RXWVLGH�ZLQG� VSHHG� LV�� WKH�
OHVV� GLIIHUHQFHV� RI� DLU� H[FKDQJH� UDWHV� FDXVHG� E\�
GLIIHUHQW� ORFDWLRQV� ZHUH��:KHQ� WKH� ZLQG� VSHHG� ZDV�
OHVV�WKDQ����P�V��WKH�GLIIHUHQFHV�ZHUH�YHU\�VOLJKW��

 )LWWHG�HPSLULFDO�HTXDWLRQ�
$FFRUGLQJ�WR�WKH�GDWD�UHFRUGHG�E\�PHWHRURORJLFDO�
REVHUYDWRU\�LQ�7VLQJKXD�8QLYHUVLW\��DYHUDJH�ZLQG�
VSHHGV�GXULQJ�WKH�VXPPHU�QLJKWV��IURP�0D\���UG�WR�
$XJXVW���WK��LV�VKRZQ�LQ�)LJXUH����

�
)LJXUH�����$YHUDJH�ZLQG�VSHHGV�LQ�VXPPHU�QLJKWV�

$V�)LJXUH����VKRZV��DERXW�����RI�WKH�QLJKWV�GXULQJ�
VXPPHU�LQ�%HLMLQJ�KDG�D�ZLQG�VSHHG�VORZHU�WKDQ�����
P�V��$FWXDOO\��WKH�ORZ�ZLQG�VSHHG�FRQWULEXWHV�OLWWOH�WR�
DLU� H[FKDQJH� UDWH��(J�� (TXDWLRQ� ���� �'H�*LGV� HW� DO���
�������

������������
�

� �� � � P8 &8 & K 7 &   ����������������������
7KH�EHVW�ILWWHG�FRHIILFLHQWV�IRU�(TXDWLRQ�����EDVHG�RQ�
WKH� H[SHULPHQWV�'H�*LGV� DQG� 3KDII� FRQGXFWHG� DUH� ��
&��HTXDOV�WR��������&��HTXDOV�WR��������DQG�&��HTXDOV�
WR� ������:KHQ� WKH�ZLQG� VSHHG� LV� EHORZ� ���P�V�� WKH�
YDOXH�RI�RXWVLGH�ZLQG�VSHHG�8�

����PXOWLSOLHG�E\�ZLQG�
FRHIILFLHQW�&��� LV� GR]HQV� RI� WLPHV� VPDOOHU� WKDQ� WKH�
YDOXH� RI� � KHLJKW�K�� PXOWLSOLHG� E\� WHPSHUDWXUH�
GLIIHUHQFH(ΔT�� DQG� VWDFk   FRHIILFLHQW� �C���� %HVLGHV��
WKH� ZLQG� HIIHFW� LQ� VLQJOH�VLGHG� YHQWLODWLRQ� LV� PRUH�
GLIILFXOW�DQG�FRPSOH[�WR�DQDO\]H��EHFDXVH�RI�WKH�UDSLG�
IOXFWXDWLRQV� RI� ZLQG� VSHHG� DQG� GLUHFWLRQ� �WXUEXOHQW�
GLIIXVLRQ�� �+DJKLJKDW� )� HW�DO��� �������7KHUHIRUH�� WKH�
PRGHO�VXLWDEOH�IRU�VWXGHQW�GRUPV�LQ�%HLMLQJ�FRXOG�EH�
VLPSOLILHG� WR� RQO\� HVWDEOLVK� WKH� UHODWLRQVKLS� EHWZHHQ�

0

0.2

0.4

0.6

0.8

1
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DLU�H[FKDQJH�UDWH�DQG�WHPSHUDWXUH�GLIIHUHQFH�EHWZHHQ�
LQGRRU� DQG� RXWGRRU�� 7KXV�� LQ� IROORZLQJ� GLVFXVVLRQV��
RQO\� WKH� FDVHV� ZKHUH� WKH� ZLQG� VSHHGV� OHVV� WKDQ�
���P�V�ZHUH�FKRVHQ�WR�EH�DQDO\]HG��7KH�UHODWLRQVKLS�
EHWZHHQ� DLU� H[FKDQJH� UDWH� DQG� VTXDUH� URRW� RI�
WHPSHUDWXUH�GLIIHUHQFH�ZDV�ILWWHG�LQ�)LJXUH�����

�
)LJXUH����5HODWLRQVKLSV�EHWZHHQ�DLU�H[FKDQJH�UDWH�

DQG�FRUUHVSRQGLQJ�WHPSHUDWXUH�GLIIHUHQFH�
$FFRUGLQJ� WR� )LJXUH� ���� DQ� HPSLULFDO� HTXDWLRQ� IRU�
FDOFXODWLQJ�DLU�H[FKDQJH�UDWH�RI�VWXGHQW�GRUPV�FDQ�EH�
GHVFULEHG�DV�WKH�IROORZLQJ�OLQHDU�HTXDWLRQ��

1 ����√∆𝑇�[�������������������������������

ZKHUH�1�LV�DLU�H[FKDQJH�UDWH��K�����ΔT�LV�WHPSHUDWXUH�
GLIIHUHQFH� EHWZHHQ� LQGRRU�DQG� RXWGRRU� ��& ���&Q� LV�D�
FRHIILFLHQW�HTXDOV� WR� ������� DQG� [� LV� D� FRUUHFWLRQ�
IDFWRU��UDQJLQJ�IURP���WR������K������

7DEOH����
&RUUHFWLRQ�IDFWRU�IRU�WKH�(TXDWLRQ������

SHELTERING 
DESCRIPTION 

CORRECTION 
FACTOR X 

1R�VKLHOGLQJV�DURXQG� �����

3DUWO\�VKHOWHUHG�E\�EXLOGLQJV�� �����

6KHOWHUHG�E\�EXLOGLQJV�DOO�DURXQG� ��

)RU�WKH�ODUJH�LQWHQWLRQDO�RSHQLQJV��WKH�YHQWLODWLRQ�UDWH�
4� LV� GLUHFWO\� SURSRUWLRQDO� WR� WKH� DUHD� RI� RSHQLQJ��
7KXV��DLU�H[FKDQJH�UDWH�SHU�RSHQLQJ�DUHD�1SD�K��P����
HTXDOV� WR� 1�K���� GLYLGHG� E\� WKH� DUHD� RI� RSHQLQJ�
$Z�P����,Q�WKH�ILHOG�WHVWLQJ��WKH�YROXPH�RI�WKH�VWXGHQW�
GRUPV� LV� ����P�� DQG� WKH� DUHD� RI� RSHQLQJ� LV� ���P���
7KH� JHQHUDO� IRUP� WKDW� LQFOXGHV� WKH� WHPSHUDWXUH�
GLIIHUHQFH�� WKH� YROXPH�RI� URRP�� WKH� DUHD� RI� RSHQLQJ�
DQG�FRUUHFWLRQ�IDFWRU�LV�

4 1SD$Z9 ����√∆𝑇����[��$Z�9���������������
ZKHUH� 4� LV� YHQWLODWLRQ� UDWH�P��K��� ∆7� LV� WKH�
WHPSHUDWXUH�GLIIHUHQFH��9�LV�WKH�YROXPH�RI�URRP��$Z�
LV� DUHD� RI� RSHQLQJ�P���� DQG� [� LV� D� FRUUHFWLRQ� IDFWRU�
�UDQJLQJ�IURP���WR�����K�����
�

',6&866,21�
$FFRUGLQJ� WR� ,QGRRU� $LU� 4XDOLW\� 6WDQGDUG�*%�7�
������������� WKH� DFFHSWDEOH� TXDQWLW\� RI� IUHVK� DLU� LV��
���P��K� IRU� �� RFFXSDQWV� OLYLQJ� LQ� D� GRUP�� � LQ� RWKHU�
ZRUGV��WKH�DLU�H[FKDQJH�UDWH�LV����K�����

�
)LJXUH�����7KH�FXPXODWLYH�IUHTXHQF\�RI��WHPSHUDWXUH�

GLIIHUHQFH�LQ�VXPPHU�QLJKWV�
$V�VKRZQ�LQ�WKH�)LJXUH�����WHPSHUDWXUH�GLIIHUHQFH�LV�
XVXDOO\� OHVV� WKDQ� ��&� DQG� WKH� DLU� H[FKDQJH� UDWH� LV�
XVXDOO\�OHVV�WKDQ����K���LQ�PRVW�RI�WKH�WLPH�GXULQJ�WKH�
VXPPHU� QLJKWV�� 0RVW� GRUPV� IDLOHG� WR� PHHW� WKH�
YHQWLODWLRQ�VWDQGDUG��7KHUHIRUH��DGGLWLRQDO�YHQWLODWLRQ�
PHWKRGV� VXFK� DV� DGGLQJ� PHFKDQLFDO� YHQWLODWLRQ�
V\VWHP�RU�HQODUJLQJ�WKH�RSHQLQJ�DUHD�RI�WKH�ZLQGRZV�
VKRXOG� EH� FRQVLGHUHG�� ,Q� RUGHU� WR� UHDFK� DLU� TXDQWLW\�
��P��K� SHU� FDSLWD�� WKH� DUHD� RI� RSHQLQJ� WKDW�
FRUUHVSRQGV�WR�WHPSHUDWXUH�GLIIHUHQFH�LV�VKRZQ�LQ�WKH�
IROORZLQJ�WDEOH���

�7DEOH����
2SHQLQJ�DUHD�$Z�FRUUHVSRQGLQJ�WR�WHPSHUDWXUH�
GLIIHUHQFH�¨7�IRU�SDUWO\�VKHOWHUHG�GRUPV�[ ������

∆𝐓(℃)� �� �� �� �� �� ��

Aw(m2)� ����� ����� ����� ����� ����� �����

,Q� RUGHU� WR�PHHW� WKH� YHQWLODWLRQ� VWDQGDUG� LQ� ���� RI�
WKH�WLPH��WKH�WHPSHUDWXUH�GLIIHUHQFH�VKRXOG�EH�QR�OHVV�
WKDQ���& ��DQG�WKH�RSHQLQJ�DUHD�RI�ZLQGRZ�VKRXOG�EH�
���P��� +RZHYHU�� WKH� PD[LPXP� RSHQLQJ� DUHD� RI�
ZLQGRZ�LQ�WKH�VWXGHQW�GRUPV�LV����P���7KHUHIRUH��WKH�
FXUUHQW�ZLQGRZ�QHHGV�WR�EH�UHGHVLJQHG��)RU�H[DPSOH��
VOLGLQJ� ZLQGRZ� PD\� EH� FKDQJHG� E\� FDVHPHQW�
ZLQGRZ� RU� WKH� GHVLJQ� RI� ZLQGRZ� VL]H� PD\� EH�
LQFUHDVHG������
�

&21&/86,21�
7KLV� SDSHU� IRFXVHV� RQ� ILHOG� WHVWLQJ� WR� REWDLQ� DQ�
VXLWDEOH� HPSLULFDO� HTXDWLRQ� IRU� HYDOXDWLQJ� DLU�
H[FKDQJH� UDWH� PRUH� FRQYHQLHQW� DQG� UHOLDEOH� LQ�
VWXGHQW�GRUPV�LQ�%HLMLQJ��&KLQD��7KLV�SDSHU�DQDO\]HG�
WKH� H[SHULPHQWDO� PHWKRG�� XVLQJ� &2�� H[KDOHG� E\�
KXPDQV�DV�WUDFHU�JDV��LQ�RUGHU�WR�FDOFXODWH�DLU�FKDQJH�
UDWH� DFFXUDWHO\�� $FFRUGLQJ� WR� WKH� UHVXOWV� IURP� WKH�
PHWKRG� UHVHDUFK�� WKH� XQLIRUPLW\� RI� &2��GLVWULEXWLRQ�
DQG� WKH� UHOLDELOLW\� RI� WKH� PHWKRG� DUH� ZHOO� YHULILHG��
%HVLGHV�� IRU� D� VLQJOH� PHDVXUHPHQW� ORFDWLRQ�� WKH�
DYHUDJH�DLU�H[FKDQJH�UDWH�FDQ�EH�HVWLPDWHG�DFFXUDWHO\��
ZKLFK�LQFUHDVHV�WKH�IHDVLELOLW\�RI�WKH�PHWKRG�DSSOLHG�
LQ�ODUJH�VFDOH�ILHOG�WHVWLQJ��
$� UHFRPPHQGHG� UHYLVHG� IDFWRU� �HTXDO� WR� ������ IRU�
&KLQHVH�\RXQJ�IHPDOHV�&2��HPLVVLRQ�FDOFXODWLRQV�LV�
SXW� IRUZDUG�� )XUWKHU� UHVHDUFK� LV� QHHGHG� WR� FRQILUP�
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WKH� FRQFOXVLRQ� DQG�PRUH� UHYLVHG� IDFWRUV� IRU� YDULRXV�
DJH�DQG�JHQGHUV��DUH�RI�JUHDW�LPSRUWDQFH�WR�VWXG\�RQ��
$Q� HPSLULFDO� HTXDWLRQ� WR� HVWLPDWH� YHQWLODWLRQ� UDWH�
FRQYHQLHQWO\�DQG�UHOLDEO\�LV�SXW�IRUZDUG��

4 �����√∆𝑇����[��9$Z�����������������
ZKHUH� 4� LV� YHQWLODWLRQ� UDWH�P��K��� ∆7� LV� WKH�
WHPSHUDWXUH� GLIIHUHQFH��& ��� 9� LV� WKH� YROXPH� RI�
URRP�P���� $Z� LV� DUHD� RI� RSHQLQJ�P���� DQG� [� LV� D�
FRUUHFWLRQ�IDFWRU��UDQJLQJ�IURP���WR�����K�����
7KH� FXUUHQW� ZLQGRZ� VKRXOG� EH� UHGHVLJQHG� VXFK� DV�
FKDQJLQJ� VOLGLQJ� ZLQGRZ� E\� FDVHPHQW� ZLQGRZ� RU�
LQFUHDVLQJ� WKH� GHVLJQ� RI�ZLQGRZ� VL]H� WR� HQODUJH� WKH�
DUHD�RI�RSHQLQJ�����
�

5()(5(1&(6�
&KLQD
V� 1DWLRQDO� %XUHDX� RI� 6WDWLVWLFV�� &KLQD�

6WDWLVWLFDO� <HDUERRN� ����>0@�� &KLQD� 6WDWLVWLFV�
3UHVV�������LQ�&KLQHVH����

)HQJ� =KLSLQJ�� &DL� /LDQJ�� 1XPHULFDO� 6LPXODWLRQ� RI�
9HORFLW\�)LHOGV�RI�$LUIORZ�LQ�'LIIHUHQW�0DQQHUV�
RI� 9HQWLODWLRQ� LQ� 'RUPV�� %XLOGLQJ� (QHUJ\� 	�
(QYLURQPHQW�� ������ 9RO���� 1R���� ������LQ�
&KLQHVH���

)XMLNDZD� 0�� <RVKLQR� +�� 7DNDNL� 5�� HW� DO��
([SHULPHQWDO��6WXG\�RI� WKH�0XOWL�]RQDO�$LUIORZ�
0HDVXUHPHQW� 0HWKRG� 8VLQJ� +XPDQ�
([SLUDWLRQ>-@�� -RXUQDO� RI� (QYLURQPHQWDO�
(QJLQHHULQJ�7UDQVDFWLRQ�RI�$,-������������������
���������

+DJKLJKDW� )�� 5DR� -�� )D]LR� 3�� 7KH� LQIOXHQFH� RI�
WXUEXOHQW�ZLQG� RQ�DLU� FKDQJH� UDWHV�� D�PRGHOOLQJ�
DSSURDFK��%XLOG�(QYLURQ���������������������

+$1'%22.� $�� )XQGDPHQWDOV� $WODQWD�� $PHULFDQ�
6RFLHW\� RI� +HDWLQJ�� $LU�&RQGLWLRQLQJ� DQG�
5HIULJHUDWLRQ�(QJLQHHUV�>-@��������

+HLGW�� )�'�� 	� :HUQHU�� +�� 0LFURFRPSXWHU�DLGHG�
PHDVXUHPHQW� RI� DLU� FKDQJH� UDWHV�� (QHUJ\� DQG�
%XLOGLQJV�� 9RO���� 1R���� �'HFHPEHU� ������� SS��
���������,661������������

+X� +RQJPHL�� :X� ;LDROXR�� +X� =KLKRQJ� HW� DO��
5HVHDUFK� RQ� &DOFXODWLRQ� (TXDWLRQ� IRU� &KLQHVH�
+XPDQ�%RG\�6XUIDFH��$FWD�3K\VLRORJLFD�6LQLFD��
�������������������LQ�&KLQHVH���

,QGRRU� DLU� TXDOLW\� 67$1'$5'��1DWLRQDO� 6WDQGDUGV�
RI�3HRSOHV�5HSXEOLF�RI�&KLQD>6@��*%�7��������
�����LQ�&KLQHVH���

/DXVVPDQQ� '�� +HOP� '�� $LU� &KDQJH� 0HDVXUHPHQWV�
8VLQJ� 7UDFHU� *DVHV>-@�� &KHPLVWU\�� HPLVVLRQ�
FRQWURO�� UDGLRDFWLYH� SROOXWLRQ� DQG� LQGRRU� DLU�
TXDOLW\�� ,Q7HFK�� 5LMHND�� � $FFHVVHG�� ������ ��LQ�
&KLQHVH���

0D� 5RQJKXD�� 1DQ� *XROLDQJ�� &KHQJ� -LQJOLQ��
1XPHULFDO� 6LPXODWLRQ� 5HVHDUFK� RQ�
&RQWDPLQDWLRQ� 'LVWULEXWLRQ� LQ� 8QGHUJUDGXDWH�

)ODW�� (QHUJ\�6DYLQJ� 7HFKQRORJ\� 	� 0HDVXUH��
�������������LQ�&KLQHVH���

1LVKL��<��0HDVXUHPHQW�RI�WKHUPDO�EDODQFH�RI�PDQ��,Q�
%LRHQJLQHHULQJ� 7KHUPDO� 3K\VLRORJ\� DQG�
&RPIRUW��.��&HQD�DQG�-�$��&ODUN��HGV�������

6WDYRYD� 3�� 0HOLNRY� $� .�� 6XQGHOO� -�� HW� DO�� $� 1HZ�
$SSURDFK� )RU� 9HQWLODWLRQ� 0HDVXUHPHQW� ,Q�
+RPHV� %DVHG� 2Q� &2�� 3URGXFHG� %\� 3HRSOH–
/DERUDWRU\� 6WXG\>&@�� ��WK� $LU�&RQGLWLRQLQJ�
$QG�9HQWLODWLRQ�&RQIHUHQFH��3UDJXH��������

6XQ� <XH[LD�� 2Q� WKH� $VVRFLDWLRQ� EHWZHHQ� 'RUP�
(QYLURQPHQWDO� )DFWRUV� DQG� $OOHUJLHV� DPRQJ�
&ROOHJH� 6WXGHQWV� >'@�� 7LDQ� -LQJ�� �����LQ�
&KLQHVH���

:DQJ� -XQ�� =KDQJ� ;X�� (PLWWLQJ� &KDUDFWHULVWLF� DQG�
(IIHFWLYH�(PLVVLRQ�0RGHO�RI�2FFXSDQW�3ROOXWLRQ�
6RXUFH� LQ� %XLOGLQJ� 5RRP� >-@�� -RXUQDO� RI� &LYLO��
$UFKLWHFWXUDO� 	� (QYLURQPHQWDO� (QJLQHHULQJ��
������������������������LQ�&KLQHVH���

:HQJ� -LQSLQJ�� 7LDQ� <XODQ�� =KDQJ� ;LDRVRQJ�� 6WXG\�
RI�,QGRRU�$LU�4XDOLW\�DW�1LJKW�IRU�WKH�7UDGLWLRQDO�
'RUPLWRU\� LQ� &KLQHVH� 8QLYHUVLW\�� %XLOGLQJ�
(QHUJ\� 	� (QYLURQPHQW�� ������ 9RO���� 1R����
������LQ�&KLQHVH����

:��'H�*LGV�� +�� 3KDII�� 9HQWLODWLRQ� UDWHV� DQG� HQHUJ\�
FRQVXPSWLRQ� GXH� WR� RSHQ� ZLQGRZV�� D� EULHI�
RYHUYLHZ� RI� UHVHDUFK� LQ� WKH� 1HWKHUODQGV�� $LU�
,QILOWUDWLRQ�5HYLHZ��������������������

=KDQJ� 0LQJUXL�� 6WXG\� RQ� &RXSOHG� 1DWXUDO�
9HQWLODWLRQ� 6LPXODWLRQ� $QDO\VLV� DQG� 'HVLJQ� *XLGH�
>'@��7VLQJKXD�8QLYHUVLW\�������LQ�&KLQHVH���
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