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&RPPHUFLDO� ORZ�ULVH� EXLOGLQJV� DUH� FKDUDFWHUL]HG� E\�
ODUJH� YROXPHV� DQG� SUHYDOHQFH� RI� KHDW� WUDQVIHUV�ZLWK�
WKH� JURXQG� DQG� WKH� URRI�� 7KH� LQHUWLD� RI� WKHVH�
OLJKWZHLJKW� VWUXFWXUHV� LV� PDLQO\� JLYHQ� E\� WKH�
VODE�JURXQG�� +HDW� WUDQVIHU� IURP�WR� WKH� JURXQG� LV� DQ�
LPSRUWDQW� WHUP� RI� WKH� HQHUJ\� EDODQFH�� 7KH� SUHVHQW�
VWXG\�DLPV�WR�DVVHVV�WKH�LPSRUWDQFH�RI�ERWK�WKH�RQH�
GLPHQVLRQDO� DQG� WKH� WKUHH�GLPHQVLRQDO� PRGHOLQJ�
OHYHO� XVHG� WR� DFFRXQW� IRU� WKH� JURXQG� LQ� WKH� HQHUJ\�
EDODQFH�RI�D�ORZ�ULVH�EXLOGLQJ��7KH�FRPSXWHG�HQHUJ\�
FRQVXPSWLRQ� DQG� WKHUPDO� FRPIRUW� DUH� SDUWLFXODUO\�
VHQVLWLYH� WR� WKH� LQHUWLD�DQG� WKH�JURXQG�PRGHO� IRU� WKH�
WHVWHG� FRQILJXUDWLRQ� RI� FRPPHUFLDO� EXLOGLQJV��
HVSHFLDOO\� IRU� WKH� VXPPHU� SHULRG� ZKHQ� QR� FRROLQJ�
V\VWHP� LV� XVHG�� +RZHYHU�� GXULQJ� WKH� ZLQWHU� SHULRG�
ZKHQ�WKH�KHDWLQJ�V\VWHP�LV�RSHUDWLQJ��WKH�VLPSOH�RQH�
GLPHQVLRQDO�PRGHO� JLYHV� UHVXOWV� VLPLODU� WR� WKH�PRUH�
FRPSOH[�WKUHH�GLPHQVLRQDO�RQH��

,1752'8&7,21�
%XLOGLQJV�FDQ�EH�FODVVLILHG�LQWR�VHYHUDO�W\SHV�VXFK�DV�
UHVLGHQWLDO��FRPPHUFLDO�DQG�LQGXVWULDO��.UDUWL���������
,Q�)UDQFH��WKH�EXLOGLQJ�HQHUJ\�GHPDQG�DFFRXQWHG�IRU�
��� 07HS� ZKLFK� VWDQGV� IRU� ������� RI� WRWDO� DQQXDO�
SULPDU\� HQHUJ\� FRQVXPSWLRQ� LQ� ����� �'HYHORSSH�
PHQW� GXUDEOH�� ������� ������ RI� WKLV� HQHUJ\� LV� FRQ�
VXPHG� E\� WKH� WHUWLDU\� VHFWRU� �� FRPPHUFLDO� EXLOGLQJV�
�5DEDL���������7KH�SDUW�GHGLFDWHG�WR�WKH�WHUWLDU\�VHF�
WRU�KDV�FRQWLQXRXVO\�LQFUHDVHG�XS��DQG�LV�����KLJKHU�
WKDQ� LQ������� ,Q�FRQWUDVW��RWKHU�VHFWRUV�VXFFHHGHG� WR�
UHGXFH� WKH� HQHUJ\� FRQVXPSWLRQ�� ���� IRU� WUDQVSRUWD�
WLRQ�� ���� IRU� UHVLGHQWLDO� DQG� ����� IRU� WKH� LQGXVWULDO�
VHFWRU���
7KH�HQHUJ\�FRQVXPSWLRQ�RI�FRPPHUFLDO�EXLOGLQJV� LV�
PRVWO\� DVVRFLDWHG� WR� KHDWLQJ� DQG� DLU�FRQGLWLRQLQJ��
7KH�KHDWLQJ�DQG�FRROLQJ�V\VWHPV�DFFRXQW�IRU�����RI�
WRWDO� EXLOGLQJ� HQHUJ\� QHHGV� �%DODUDV� HW� DO��� ������
&KZLHGXN�� ������� ,Q� RUGHU� WR� UHGXFH� WKLV� HQHUJ\�
VSHQGLQJ�� WKHUPDO� ORVVHV� WKURXJK� WKH� EXLOGLQJ� HQYH�
ORSH� KDYH� WR� EH� PLQLPL]HG�� 7KH� JURXQG� IORRU� LV�
NQRZQ�DV�RQH�RI�LPSRUWDQW�IDFWRUV�LQ�WKH�HQHUJ\�EDO�
DQFH�IRU�FRPPHUFLDO�ORZ�ULVH�EXLOGLQJ��,Q�D�VWXG\�E\�
/DEV��/DEV�HW�DO����������WKH�KHDW�ORVV�WKURXJK�D�QRQ�
LQVXODWHG� IORRU�ZDV� IRXQG� WR�DFFRXQW� IRU�����RI� WKH�
WRWDO� EXLOGLQJ� HQHUJ\� EXGJHW�� ,PSURYLQJ� WKH� IORRU�

WKHUPDO�TXDOLW\�E\�DGGLQJ�LQVXODWLRQ�FDQ�OHDG�WR�����
����HQHUJ\�HIILFLHQF\��'HUX���������7KHUPDO�LQHUWLD�
RI� WKH� EXLOGLQJ� HQYHORSH� LV� DQRWKHU� NH\� IDFWRU�� )RU�
H[DPSOH��$VWH�HW�DO���������VKRZHG�D�����GLIIHUHQFH�
LQ� WKH� KHDWLQJ� ORDGV� EHWZHHQ� KLJK� DQG� ORZ� WKHUPDO�
LQHUWLD� HQYHORSHV� RI� D� VWXGLHG� EXLOGLQJ�� %RWK� LVVXHV�
KDYH�WR�EH�KDQGOHG�SURSHUO\�WR�UHGXFH�EXLOGLQJ�HQHU�
J\�FRQVXPSWLRQ��
(IIRUWV� KDYH� EHHQ� SXW� GXULQJ� WKH� ODVW� ��� \HDUV� WR�
EHWWHU�SUHGLFW� WKH�KHDW� WUDQVIHU�EHWZHHQ�EXLOGLQJ�DQG�
WKH� JURXQG�� 7KH� FRPSOH[LW\� RI� WKH� HQHUJ\� FRXSOLQJ�
FRPHV�IURP�WKH�IDFW�WKDW�WKH�KHDW�WUDQVIHU�WKURXJK�WKH�
JURXQG� LV� WKUHH�GLPHQVLRQDO�� 7R� FRUUHFWO\� UHSUHVHQW�
WKHVH� KHDW� H[FKDQJHV�� WKH� WKHUPDO� SURSHUWLHV� RI� WKH�
JURXQG� �GHQVLW\�� WKHUPDO� FRQGXFWLYLW\� DQG� WKHUPDO�
FDSDFLW\��KDYH�WR�EH�GHWHUPLQHG�EXW�RWKHU�SDUDPHWHUV�
VXFK� DV� WKH� JURXQG� KRPRJHQHLW\� DQG� PRLVWXUH� FRQ�
WHQW�� WKH� GHQVLW\� RI� QHLJKERULQJ� EXLOGLQJV� �GHQVLW\���
DQG� WKH� RFFXSDWLRQ� RI� WKH� JURXQG� OHYHO� �YHJHWDWLRQ��
XUEDQ�DUHD«��FDQ�EH�UHOHYDQW�WRR��
9DULRXV� VWXGLHV� KDYH� SURSRVHG� GLIIHUHQW� OHYHO� RI�
PRGHOLQJ� UHJDUGLQJ� WKH� FRXSOLQJ� EHWZHHQ� WKH� EXLOG�
LQJ�DQG�WKH�JURXQG��=KRQJ�DQG�%UDXQ��������VWXGLHG�
KHDW� WUDQVIHU� WKURXJK� WKH� IORRU� �VODE� RQ� JUDGH�� RI� D�
VPDOO� FRPPHUFLDO� EXLOGLQJ�� $� VLPSOLILHG� PRGHO� KDV�
EHHQ� GHYHORSHG�� 7KLV� PRGHO� WDNHV� LQWR� DFFRXQW� WKH�
VWHDG\� ORVV� DORQJ� WKH� SHULPHWHU� RI� WKH� VODE� DQG� RQH�
GLPHQVLRQDO�WUDQVLHQW�RQH�XQGHU�WKH�VODE��$GMDOL�HW�DO��
������� FRQGXFWHG� D� QXPHULFDO� VWXG\� WR� DVVHVV� WKH�
JURXQG� WHPSHUDWXUH� XQGHU� VODE� GHYHORSLQJ� �'��'�
PRGHOV�� 7KH\� DVVXPHG� WKDW� IURP� D� GLVWDQFH� RI� ���
PHWHUV�IURP�WKH�VODE��KRUL]RQWDOO\�DQG�YHUWLFDOO\���WKH�
KHDW�WUDQVIHU�ZDV�QHJOLJLEOH��/XR�HW�DO���������VWXGLHG�
WKH�LPSDFW�RI�WKH�W\SH�RI�ERXQGDU\�FRQGLWLRQV�DSSOLHG�
WR�WKH�JURXQG�PRGHO��FRQVWDQW�KHDW�IOX[�RU�]HUR�WHP�
SHUDWXUH��DFFRUGLQJ�WR�WKH�GHSWK�DQG� WKH�WHPSHUDWXUH�
LQVLGH�D�KRXVH��/DQGPDQ�DQG�'HOVDQWH� �������������
DQG� 'DYLHV� ������� KDYH� DQDO\]HG� WKH� KHDW� WUDQVIHU�
EHWZHHQ�D�IORRU�DQG�YHUWLFDO�DQG�KRUL]RQWDO�SHULPHWHU�
LQVXODWLRQ� LQ� VWHDG\�VWDWH�� %DKQIOHWK� DQG� 3HGHUVHQ�
�������KDYH�VWXGLHG�WKH�LPSDFW�RI�WKH�DUHD�WR�SHULPH�
WHU� UDWLR�RI� WKH� VODE�DQG�VKRZHG�WKDW� WKH�KHDW� ORVV� LV�
DQ� LQFUHDVLQJ� IXQFWLRQ� RI� WKLV� UDWLR�� 0LQJIDQJ� DQG�
4LJDR��������VWXGLHG�WKH�KHDW�IOX[�VWUDWLILFDWLRQ�QHDU�
WKH� HQG� RI� WKH� IORRU� IURP� DQ� DQDO\WLFDO� PRGHO� RI� D�
VHPL�LQILQLWH� KRPRJHQHRXV� PHGLXP�� =KRX� HW� DO��
�������XVHG�ILQLWH�HOHPHQWV�WR�FDOFXODWH�WKH�WHPSHUD�
WXUH�GLVWULEXWLRQ�LQ�WKH�JURXQG��7KH\�VKRZHG�WKDW�XS�
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WR� D� FHUWDLQ� GLVWDQFH� ���� P� KRUL]RQWDOO\� DQG� ��� P�
YHUWLFDOO\��� WKH� IOXFWXDWLRQ� RI� JURXQG� WHPSHUDWXUH� LV�
LQIOXHQFHG�E\�WKH�KHDW�WUDQVIHU�WKURXJK�WKH�IORRU��2Q�
WKH�RWKHU�KDQG��$GMDOL�HW�DO�� �������KDYH�GHWHUPLQHG�
WKDW� WKH� IDU� ILHOG� ERXQGDULHV� IRU� WKHLU� VLPXODWLRQV�
ZHUH���P�KRUL]RQWDOO\�DQG�YHUWLFDOO\��
,Q� WKH� SUHVHQW� SDSHU�� ZH� DUH� LQWHUHVWHG� LQ� DQDO\]LQJ�
WKH� LPSDFW�RI�JURXQG� WKHUPDO� LQHUWLD�RQ�HQHUJ\�FRQ�
VXPSWLRQ� DQG� FRPIRUW� RI� D� FRPPHUFLDO� EXLOGLQJ�� ,Q�
WKH� ILUVW� SDUW�� WKUHH� FRQYHQWLRQDOO\�XVHG� PRGHOV� DUH�
SUHVHQWHG� WR� VLPXODWH� WKH� WKHUPDO� EHKDYLRU� RI� WKH�
JURXQG��7KH�VHFRQG�SDUW�SUHVHQWV�WKH�UHVXOWV�REWDLQHG�
E\� WKHVH� GLIIHUHQW� PRGHOV�� 7KH� LPSDFWV� RI� JURXQG�
SDUDPHWHUV� �WKHUPDO� FRQGXFWLYLW\�� KHDW� FDSDFLW\��
GLPHQVLRQV«�� RQ� WKH� HQHUJ\� SHUIRUPDQFH� RI� WKLV�
W\SH�RI�EXLOGLQJ� LQ� WHUPV�RI�KHDWLQJ�DQG�FRROLQJ� DUH�
DOVR�VWXGLHG��

0(7+2'2/2*<�
Description of the commercial building 

7KH� VWXG\� LV� FDUULHG� RXW� RQ� D� RQH� IORRU� FRPPHUFLDO�
EXLOGLQJ� ZLWK� D� FXELF� VKDSH� �)LJXUH� ��� ORFDWHG� LQ� D�
WHPSHUDWH�FOLPDWH��3RLWLHUV��)UDQFH���7KH�EDVH�RI�WKH�
EXLOGLQJ� LV�D� VTXDUH�RI���P�VLGHV��7KH�KHLJKW�RI� WKH�
EXLOGLQJ� LV� �P�� ,W� LV� PDGH� RI� VWHHO� VWUXFWXUH� ZLWK� D�
KRUL]RQWDO�ODUJH�URRI�VXUIDFH�SURYLGHG�ZLWK�VN\OLJKWV��

�
Figure 1. Geometry of the studied commercial build-

ing 
�

7KH�YHUWLFDO�ZDOOV� �H[FHSW� WKH�QRUWKHUQ�RQH�� LQFOXGH��
��P�� RI� ZLQGRZV�� 7KH� EXLOGLQJ� LV� ILWWHG� ZLWK� ���
VN\OLJKWV�FRYHULQJ������RI�WKH�WRWDO�URRI�DUHD��������
P����7KH�H[WHULRU�ZDOOV��KRUL]RQWDO�DQG�YHUWLFDO��KDYH�
D�WRWDO�WKLFNQHVV�RI�����FP�����FP�RI�J\SVXP����FP�
RI�JODVV�ZRRO����FP�RI�URFN�ZRRO�DQG�DQ�RXWHU�VWHHO�
FODGGLQJ�RI��PP���7KH�WKHUPDO�LQHUWLD�RI�WKH�EXLOGLQJ�
LV�PDLQO\�UHODWHG�WR�FRQFUHWH�VODEV������PP�WKLFNQHVV�
LQ�JURXQG�IORRU�ZLWK�QR�WKHUPDO�LQVXODWLRQ���
7KH�EXLOGLQJ� LV� KHDWHG�GXULQJ�ZLQWHU� VHDVRQ�DQG� WKH�
SHUIRUPDQFH� LV� LQFUHDVHG� E\� D� +59� V\VWHP� �+HDW�
5HFRYHU\� 9HQWLODWLRQ��� )RU� WKH� VXPPHU� FRQGLWLRQV��
WKH�EXLOGLQJ�KDV�QR�DLU�FRQGLWLRQLQJ�V\VWHP��,Q�ZLQWHU�
WKH�DLU�WHPSHUDWXUH�LV�VHW�DW����&�LQ�RFFXSDQF\�SHULRG�
DQG�DOORZHG� WR�GURS�GRZQ� WR����&� LQ� WKH� UHPDLQLQJ�
SHULRG��/LJKWV�DUH�VZLWFKHG�RQ�ZKHQ� WKH�ZRUN�SODQH�
LOOXPLQDWLRQ�LV�EHORZ�����OX[��7KH�RFFXSDQF\�WLPH�LV�
GHILQHG�IURP��$0�WR���30�H[FHSW�RQ�6XQGD\��

Ground heat transfer models coupled to the build-
ing 

,Q� WKLV� DUWLFOH�� WKUHH� PRGHOLQJ� OHYHO�� IURP� WKH� PRVW�
VLPSOH� WR� WKH� PRVW� GHWDLOHG�� DUH� VWXGLHG�� DGLDEDWLF��
RQH�GLPHQVLRQDO� ��'�� DQG� WKUHH�GLPHQVLRQDO� ��'��
PRGHOV��7KRVH�PRGHOV�DFFRXQW�IRU�KHDW�WUDQVIHU�RQO\�
L�H��QR�PRLVWXUH�WUDQVIHU�LV�FRQVLGHUHG�KHUH��

Adiabatic model: 

,Q� WKLV�PRGHO� �)LJXUH����� LW�ZDV�DVVXPHG� WKDW�EHORZ�
WKH� FRQFUHWH� VODE�� KHDW� WUDQVIHUV� DUH� QXOO�� 7KH� FROG�
EULGJHV� EHWZHHQ� WKH� VODE� DQG� RXWVLGH� DUH� FDOFXODWHG�
ZLWK�WKH�)UHQFK�WKHUPDO�UHJXODWLRQ��57�������

�

�
Figure 2. Adiabatic model 

�

One-dimensional model (1D): 

)RU� WKLV� PRGHO� �)LJXUH� ���� ZH� FRQVLGHU� WKDW�� EHORZ�
WKH�VODE��WZR�OD\HUV�RI�WKH�VDPH�PDWHULDOV�DUH�SUHVHQW��
7KH� ILUVW� OD\HU� �����P�� SDUWLFLSDWHV� WR� WKH� WKHUPDO�
LQHUWLD��DQG�LV�PRGHOHG�DV�D�PDVVLYH�OD\HU��ZKLOH�WKH�
VHFRQG� OD\HU� �����P��KDV�QR� LQHUWLD� �PDVVOHVV���7KLV�
VLPSOLILFDWLRQ� IRU� WKH� VHFRQG� JURXQG� OD\HU� DQG� WKH�
ILUVW� OD\HU� WKLFNQHVV� DUH� YDOLGDWHG� IURP� WKH� SUHOLPL�
QDU\�VLPXODWLRQV��VHH�QH[W�VHFWLRQ���$W���P��WKH�WHP�
SHUDWXUH�RI�WKH�JURXQG�FDQ�EH�FRQVLGHUHG�LQGHSHQGHQW�
RI� WKH� EXLOGLQJ� EHKDYLRU� �$GMDOL� HW� DO��� ������� 7KH�
WHPSHUDWXUH� UHTXLUHG� LQ� WKH� PRGHO� DW� WKLV� GHSWK� LV�
FDOFXODWHG�E\�WKH�PRGHO�RI�.XVXGD��(FNHUW�DQG�'UDNH�
-U��������.XVXGD�DQG�%HDQ���������
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7KH� FROG� EULGJHV� DUH� FDOFXODWHG� DV� IRU� WKH� DGLDEDWLF�
PRGHO��
�

�
Figure 3. 1D model 
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Three-dimensional model (3D): 

7KLV�PRGHO�WDNHV�LQWR�DFFRXQW�WKH�KHDW�WUDQVIHU�LQ�WKH�
JURXQG�DORQJ�WKH�WKUHH�GLUHFWLRQV��)LJXUH�����7KH�KHDW�
WUDQVIHU�LV�DVVXPHG�WR�EH�FRQGXFWLYH�RQO\��7KLV�PRG�
HO� UHOLHV� RQ� D� WKUHH�GLPHQVLRQDO� ILQLWH� GLIIHUHQFH�
UHSUHVHQWDWLRQ�RI�WKH�JURXQG��7KH�GHWDLOV�RI�WKH�PRGHO�
DUH�SUHVHQWHG�LQ�=KRX�HW�DO���������DQG�0F'RZHOO�HW�
DO�� ��������$�GLVWDQFH� IURP� WKH� VODE�RI���P� LQ�HDFK�
GLUHFWLRQ� �[�� \� DQG� ]�� KDV� EHHQ� FRQVLGHUHG� �=KRQJ�
DQG�%UDXQ���������$GLDEDWLF�FRQGLWLRQV�DUH� LPSRVHG�
WR� WKH�YHUWLFDO�ERXQGDULHV�ZKLOH� WKH� KRUL]RQWDO�SODQH�
DW���P�GHSWK�KDV�D�IL[HG�WHPSHUDWXUH�FDOFXODWHG�IURP�
HT������7KH�WKHUPDO�SURSHUWLHV�RI�WKH�JURXQG�DUH�VXS�
SRVHG�KRPRJHQHRXV��7R�LQLWLDOL]H�WKH�JURXQG�WHPSHU�
DWXUH�� WKH� VLPXODWLRQ� LV� UXQ�RYHU�D� WZR�\HDUV¶�SHULRG�
WR�REWDLQ�D�FRUUHFW�SURILOH�RI� WKH�JURXQG�WHPSHUDWXUH�
IRU�D�VLQJOH�\HDU��,Q�WKLV�PRGHO��LW�LV�QRW�QHFHVVDU\�WR�
HYDOXDWH� WKH� FROG� EULGJHV�� 7KH\� DUH� DXWRPDWLFDOO\�
LQWHJUDWHG�E\�WKH�PRGHO��

�

�
Figure 4. 3D model 

Simulation 

7KH� VLPXODWLRQV� KDYH� EHHQ� SHUIRUPHG� XVLQJ� 751�
6<6�����&RXSOLQJ�ZLWK�&217$0�KDV�EHHQ�XVHG� WR�
FDOFXODWH�WKH�LQILOWUDWLRQ�DQG�QDWXUDO�YHQWLODWLRQ��7LPH�
VWHS� RI� �K� KDV� EHHQ� XVHG� WR� VLPXODWH� WKH� EXLOGLQJ�
EHKDYLRU��
�

5(68/76�$1'�',6&866,21�
Preliminary simulation: evaluation of the massive 
layer thickness for the 1D model 
%HFDXVH�RI�OLPLWDWLRQV�RI�WKH�PRGHOLQJ�WRRO�UHJDUGLQJ�
LPSOHPHQWDWLRQ�RI�WKH�DOJRULWKP�RI�WKH�KHDW�FRQGXF�
WLRQ� WUDQVIHUV�� KLJK� LQHUWLD� OD\HU� VXFK� DV� ��P� VRLO�
FDQQRW�EH�VLPXODWHG��'HOFURL[�HW�DO����������+RZHYHU��
WKHUH�LV�DFWXDOO\�QR�QHHG�WR�PRGHO�WKH�ZKROH�GHSWK�RI�
VRLO�DV�QR�YDULDWLRQV�LQ�WKH�SUHGLFWLRQ�REWDLQHG�E\�WKH�
�'�PRGHO� DUH� REVHUYHG� IRU� GHSWK� KLJKHU� WKDQ� ��FP�
IRU�WKH�VWXGLHG�FDVH��)LJXUH�����7KH�UHVXOWV�SUHVHQWHG�
LQ� WKH� QH[W� VHFWLRQ� IRU� WKH��'�PRGHO� KDYH�EHHQ�RE�
WDLQHG�XVLQJ���FP�RI�PDVVLYH�OD\HU��
�

�
�
�
�
�
�

�
D� :LQWHU�SHULRG�

�

�
E� 6XPPHU�SHULRG�

Figure 5. Indoor surface of slab temperature ac-
cording to the massive layer thickness (1D mod-
el) for one typical day in winter (a) and in sum-
mer (b) 

�
�

Comparison of the ground-coupled models 
)LJXUH���SUHVHQWV�WKH�HYROXWLRQ�RI�WKH�LQWHUQDO�VXUIDFH�
WHPSHUDWXUH�RI�WKH�VODE�YHUVXV�WLPH�IRU�WKH�ZLQWHU��D��
DQG� WKH� VXPPHU� �E�� SHULRG� DORQJ� ZLWK� WKH� RXWVLGH�
WHPSHUDWXUH� DQG� VRODU� LUUDGLDQFH�� ,Q� FRQWUDVW� WR� WKH�
RWKHU�WZR�PRGHOV��WKH�DGLDEDWLF�PRGHO�SURYLGHV�KLJK�
HU�VODE�WHPSHUDWXUH�LQ�ZLQWHU��7KLV�UHVXOW�FRPHV�IURP�
WKH� IDFW� WKDW� WKH� KHDW� IURP� WKH� LQGRRU� DLU� FDQQRW� EH�
WUDQVIHUUHG� GRZQ� WR� WKH� JURXQG� GXH� WR� WKH� PRGHO�
K\SRWKHVLV��ZKLFK�DUWLILFLDOO\� LQFUHDVHV� WKH�VODE� WHP�
SHUDWXUH��$V�D�FRQVHTXHQFH��WKH�VODE�WHPSHUDWXUH�IRU�
WKLV�PRGHO�GRHV�QRW�GHSHQG�RQ�WKH�RXWGRRU�WHPSHUD�
WXUH�EXW� RQO\�RQ� WKH� LQGRRU� DLU� WHPSHUDWXUH� VHW��7KH�
VXUIDFH� WHPSHUDWXUHV� IRU� �'� DQG� �'�PRGHOV� DUH� DO�
PRVW�WKH�VDPH�LQ�ZLQWHU��7KHUH�LV�D�VOLJKW�WHPSHUDWXUH�
GHYLDWLRQ�ZKHQ� WKH�RXWVLGH� WHPSHUDWXUH�GURSV�GRZQ��
7KH� DYHUDJH� UHGXFWLRQ� IURP� WKH� DGLDEDWLF� PRGHO� LQ�
ZLQWHU�LV�LV������&�IRU�WKH��'�PRGHO�DQG������&�IRU�
�'� PRGHO�� 7KH� KHDWLQJ� HQHUJ\� GHPDQG� FRPSXWHG�
ZLWK� WKH� �'� PRGHO� ������ N:K�P��\HDU�� LV� JUHDWHU�
WKDQ�WKH�UHVXOW�RI�WKH��'�PRGHO��������N:K�P��\HDU���

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

- 2071 -



 
a. Winter period 

 

�
b. Summer period 

 
Figure 6. Internal surface temperature of slab 

�
+LJKHU�GLIIHUHQFHV�UHJDUGLQJ�WKH�VODE�LQWHUQDO�VXUIDFH�
WHPSHUDWXUH� DUH� REVHUYHG� IRU� WKH� VXPPHU� SHULRG��
,QGHHG�� QR� FRROLQJ� V\VWHP� LV� RSHUDWLQJ� GXULQJ� VXP�
PHU�� DQG� WKH� LQGRRU� DLU� WHPSHUDWXUH� LV� IUHH�IORDWLQJ��
VWURQJO\� GHSHQGLQJ� RQ� WKH� RXWGRRU� DLU� WHPSHUDWXUH��
VRODU� LUUDGLDWLRQ� DQG� WKHUPDO� LQHUWLD� RI� WKH� JURXQG��
7KH�DGLDEDWLF�PRGHO�JLYHV�KLJKHU�WHPSHUDWXUH�ZKHUH�
DV�WKH��'�PRGHO�SUHGLFWV�WKH�ORZHVW�RQH��7KLV�LV�GXH�
WR�D�EHWWHU�UHSUHVHQWDWLRQ�RI�WKH�WKHUPDO�LQHUWLD�RI�WKH�
JURXQG� E\� WKH� �'� PRGHO� WKDW� DFWV� D� KHDW� VLQN� DQG�
ORZHU�GRZQ�WKH�VODE�WHPSHUDWXUH��LQ�FRPSDULVRQ�ZLWK�
WKH� �'� PRGHO� WKDW� SDUWLDOO\� DFFRXQWV� IRU� WKHUPDO�
LQHUWLD�DQG�WKH�DGLDEDWLF�PRGHO�WKDW�GRHV�QRW��
�
7R�SURYLGH�D�EURDGHU�YLHZ�RI�WKH�GLIIHUHQFHV�EHWZHHQ�
WKH�WKUHH�PRGHOLQJ�OHYHOV�� WUHQGV�UHJDUGLQJ�WKH�LQWHU�
QDO�VXUIDFH�WHPSHUDWXUH�RI�WKH�VODE�KDYH�EHHQ�SORWWHG�
DJDLQVW� WKH� RXWGRRU� WHPSHUDWXUH� �)LJXUH� ���� 7KH�
VORSHV�RI�WKHVH�WUHQGV�VKRZ�WKDW�WKLV�VODE�WHPSHUDWXUH�
DQG� WKH� GLIIHUHQFHV� EHWZHHQ� WKH� PRGHO� SUHGLFWLRQV�
LQFUHDVH� VWURQJO\� IRU�KLJK�RXWGRRU� WHPSHUDWXUHV��)RU�
RXWGRRU� WHPSHUDWXUHV� EHORZ� ��&�� WKH� WKUHH� PRGHOV�
DUH�HTXLYDOHQW��7KH��'�DQG��'�PRGHOV�JLYHV�DOPRVW�
WKH� VDPH� UHVSRQVHV� IRU� RXWGRRU� WHPSHUDWXUH� EHORZ�
���&� VR� WKDW� HQHUJ\� DQDO\VLV� IRU� KHDWLQJ� VHDVRQ� FDQ�

EH� SHUIRUPHG� E\� ERWK� PRGHOV�� )RU� KLJKHU� RXWGRRU�
WHPSHUDWXUHV�� GLIIHUHQFHV� EHWZHHQ� WKH� PRGHOV� DUH�
LPSRUWDQW��7KLV�VXJJHVWV�WKDW� WKHUPDO�FRPIRUW�DQDO\�
VLV�IRU�WKH�VXPPHU�SHULRG�UHTXLUHV�WKH�XVH�RI�WKH��'�
PRGHOLQJ�IRU�XQFRQGLWLRQHG�VSDFHV��
�

�
Figure 7. Internal surface temperature of slab on 
outside temperature function for different model 

�
,Q� DGGLWLRQ� WR� WKH�PRGLILFDWLRQ� RI� WKH� VODE� WHPSHUD�
WXUH��WKH�WKHUPDO�LQHUWLD�DFWV�RQ�WKH�WLPH�YDOXHV�FRUUH�
VSRQGLQJ� WR� WKH�PD[LPDO�DQG�PLQLPDO� WHPSHUDWXUHV��
7KLV� WLPH� VKLIW� LV� HVVHQWLDOO\� LPSRUWDQW� IRU� WKHUPDO�
FRPIRUW�LQ�VXPPHU�DV�LW�FDQ�GHOD\�WRR�KLJK�WHPSHUD�
WXUHV�DW� WKH�HQG�RI� WKH�GD\��ZKHQ�WKH�EXLOGLQJ�LV�XQ�
RFFXSLHG��7DEOH���SUHVHQWV�WKH�WLPH�VKLIW�EHWZHHQ�WKH�
WLPH�RI�GD\�RI� WKH�PD[LPDO� WHPSHUDWXUH�REWDLQHG�E\�
WKH��'�DQG��'�PRGHOV�DQG�WKDW�RI�WKH�DGLDEDWLF�PRG�
HO�� 7KH� YDOXHV� SUHVHQWHG� LQ� WKLV� WDEOH� DUH� DYHUDJHG�
RYHU�WKH�ZKROH�ZLQWHU�DQG�VXPPHU�VHDVRQV��7KHUH�LV�
D� GLIIHUHQW� WLPH� VKLIW� IRU� ERWK�PRGHOV�� ,Q� SDUWLFXODU��
IRU�WKH�VXPPHU�SHULRG��WKH�WLPH�VKLIW�RI�WKH��'�PRGHO�
LV�WZLFH� WKH�RQH�RI�WKH��'�PRGHO��DQG�LV�PDLQO\�GXH�
WR� WKH� KLJKHU� FRPSOH[LW\� RI� KHDW� WUDQVIHU� IORZ� SDWK��
)RU�WKH�ZLQWHU�VHDVRQ��WKH��'�PRGHO�YDOXH�LV�VOLJKWO\�
KLJKHU� WKDQ� WKH��'�PRGHO� WLPH� VKLIW�� VXSSRUWLQJ� WKH�
SUHYLRXV� REVHUYDWLRQ� RI� VLPLODULW\� IRU� WKH� KHDWLQJ�
SHULRG��
�
Table 1Maximal temperature’s time shift for 1D/3D model 

from reference (adiabatic model) 

7LPH�
VKLIW��
7�PD[�

�'�PRGHO��
>PLQ�@��

�'�PRGHO�
>PLQ�@�

6XPPHU� :LQWHU� 6XPPHU� :LQWHU�
��� ��� ��� ���

�

Computing time 
6LPXODWLRQ� WLPH� GHSHQGV� RQ� WKH� FDOFXODWLRQ� SURFHVV�
IRU�HDFK�PRGHO��:H�DVVHVV�WKH�FRPSXWLQJ� WLPH�IRU���
WHVWHG�PRGHOV��DGLDEDWLF���'�DQG��'�PRGHOV��DQG�DQ�
DGGLWLRQDO� RQH� ZLWKRXW� IORRU�JURXQG� HOHPHQW� IRU�
FRPSDULVRQ��)LJXUH���SUHVHQWV�WKH�FRPSXWLQJ�WLPH�RI�
WKRVH���DSSURDFKHV�IRU�WKH�PDLQ�7\SHV�RI�WKH�VLPXOD�
WLRQ��6LPLODU�VLPXODWLRQ�WLPHV�UDQJLQJ�EHWZHHQ�������
VHFRQGV� DUH� REVHUYHG� IRU� WKH� VLPSOHVW�PRGHOV�� WKHUH�
LV� QR� QRWDEOH� FRPSXWDWLRQDO� FRVW� RI� LQWHJUDWLQJ� WKH�
DGLDEDWLF�DQG��'�PRGHOV��&RQYHUVHO\�IRU�WKH�ODVW�RQH�

T-adiabatic model  = 0.3603  * Text + 16.85 

T-1D model = 0.2915 * Text  + 16.67 

T-3D model = 0.2382 * Text + 16.4 
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��'�PRQR�]RQH�JURXQG�FRXSOLQJ���LWV�VLPXODWLRQ�WLPH�
LV�DERXW����WLPHV�ORQJHU�WKDQ�WKH�RWKHU�PRGHOV���
�

   

�
Figure 8. Computing time for the different modeling 

approaches 
�

Effect of thermal ground properties  
,Q�RUGHU� WR� LQYHVWLJDWH� WKH� LPSDFW�RI�JURXQG� WKHUPDO�
SURSHUWLHV� RQ� WKH� WKHUPDO� EXLOGLQJ� SHUIRUPDQFH� DQG�
WKHUPDO� FRPIRUW�� DGGLWLRQDO� VLPXODWLRQV� KDYH� EHHQ�
SHUIRUPHG� XVLQJ� WKH��'�PRGHO� DORQH��7KH� VRLO� WKHU�
PDO�FRQGXFWLYLW\�UHSUHVHQWV�WKH�VRLO¶V�DELOLW\�WR�WUDQV�
IHU� WKH�KHDW� WR� WKH� HQYLURQPHQW�DQG�VSHFLILF� WKHUPDO�
FDSDFLW\� �L�H�� WKH� SURGXFW� RI� LWV� KHDW� FDSDFLW\� E\� LWV�
GHQVLW\�� LQGLFDWHV� WKH� JURXQG¶V� FDSDFLW\� WR� VWRUH� WKH�
KHDW� SHU� XQLW� YROXPH�� ,Q� WKH� SUHYLRXV� VHFWLRQ�� VDQG�
ZDV� VHOHFWHG� DV� WKH� UHIHUHQFH� VRLO� ZLWK� D� WKHUPDO�
FRQGXFWLYLW\� RI� ���� :�P�.� DQG� D� VSHFLILF� WKHUPDO�
FDSDFLW\� RI� �î���� -�P��.�� $� SDUDPHWULF� VWXG\� KDV�
EHHQ�FDUULHG�RXW�E\�YDU\LQJ�WKH�YDOXH�RI�WKH�FRQGXF�
WLYLW\� IURP� ����� WR� ����� :�P�.� DQG� WKH� VSHFLILF�
WKHUPDO�FDSDFLW\� IURP�����î���� WR�����î����-�P��.��
��� VLPXODWLRQV� KDYH� EHHQ� SHUIRUPHG� IRU� WKH� SUHVHQW�
VWXG\��
�
)LJXUH� �� SUHVHQWV� WKH� VODE� LQWHUQDO� VXUIDFH� WHPSHUD�
WXUH� REWDLQHG� ZLWK� WKH� �'� PRGHO� DFFRUGLQJ� WR� WKH�
WKHUPDO� FRQGXFWLYLW\� DQG� VSHFLILF� WKHUPDO� FDSDFLW\�
IRU�WKH�ZLQWHU�DQG�VXPPHU�VHDVRQV��7KH�REWDLQHG�VODE�
VXUIDFH�WHPSHUDWXUHV�IRU�WKH�ZLQWHU�SHULRG��)LJXUH���
D�� RQO\� GHSHQG� RQ� WKH� WKHUPDO� FRQGXFWLYLW\� DQG� QRW�
RQ� WKH� VSHFLILF� FDSDFLW\�� 7KH� WHPSHUDWXUH� RI� WKH� LQ�
GRRU� DLU� LV� DFWXDOO\� NHSW� WR� D� KLJKHU� YDOXH� WKDQ� WKH�
��P� GHSWK� ERXQGDU\� FRQGLWLRQ¶V� WHPSHUDWXUH� EHORZ�
WKH� VODE�� 7KXV�� WKH� KHDW� WUDQVIHU� LV� DOZD\V� RQH�
GLUHFWLRQDO�� IURP� WKH� EXLOGLQJ� DLU� WR� WKH� JURXQG��
7KHUHIRUH�� LQ� WKLV� RQH�GLUHFWLRQ� KHDW� WUDQVIHU�� WKH�
WKHUPDO� FRQGXFWLYLW\� DORQH� LQIOXHQFHV� WKH� WHPSHUD�
WXUHV� FKDQJH� DQG�KHDW� EDODQFH�� ,Q� FDVH�RI� KLJK� WKHU�
PDO�FRQGXFWLYLW\�� WKH� WHPSHUDWXUH�RI�LQWHUQDO�VXUIDFH�
RI� VODE� ZLOO� EH� VPDOOHU� �DV� REVHUYHG� LQ� )LJXUH� ����
%RWK�WKHUPDO�SURSHUWLHV�FRQWULEXWH�WR�WKH�WHPSHUDWXUH�
FKDQJHV� LQ� VXPPHU��$V� WKH�EXLOGLQJ� DLU� WHPSHUDWXUH�
LV�OHIW�IUHH�IORDWLQJ�L�H��ZLWKRXW�D�FRROLQJ�V\VWHP��WKLV�
WHPSHUDWXUH�LV�SHULRGLFDOO\�KLJKHU�DQG�ORZHU�WKDQ�WKDW�
RI�WKH�JURXQG��,Q�WKLV�ZD\��WKH�KHDW�WUDQVIHU�LV�DOWHUQD�
WLYHO\�IURP�DQG�WR�WKH�JURXQG��&RQVHTXHQWO\��WKHUPDO�
LQHUWLD� �L�H�� WKH� VSHFLILF� WKHUPDO� FDSDFLW\�� SOD\V� WKH�
UROH� RI� GHOD\LQJ� WKH� HIIHFWV� RI� WKH� RXWGRRU� WHPSHUD�

WXUH�DQG�VRODU�LUUDGLDWLRQ�IOXFWXDWLRQV�RQ�WKH�EXLOGLQJ�
DLU� WHPSHUDWXUH�� $V� REVHUYHG� LQ� )LJXUH� ��� JURXQGV�
ZLWK� ODUJH� WKHUPDO�FDSDFLWLHV�DEVRUE�PRUH�KHDW� IURP�
D�VODE�WKDW�EHFRPHV�VXEVHTXHQWO\�FROGHU��
�

�
a. 

�
b. 

Figure 9. Average temperature [°C] of the slab in-
ternal surface versus ground thermal properties 

�
)LJXUH� ��� SUHVHQWV� WKH� WLPH� VKLIW� YHUVXV� WKH� JURXQG�
WKHUPDO� FRQGXFWLYLW\� DQG� VSHFLILF� WKHUPDO� FDSDFLW\�
IRU� WKH� VXPPHU� SHULRG�� %RWK� JURXQG� SURSHUWLHV� DUH�
LPSRUWDQW�KHUH�� WKH�H[SHFWHG�VKLIW� UDQJHV� IURP���� WR�
���PLQXWHV�IRU�WKH�SUHVHQW�VWXGLHG�FDVH��
�

 
Figure 10. Maximal slab temperature time shift ver-

sus ground thermal properties 
�
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5HJDUGLQJ�WKH�KHDWLQJ�HQHUJ\�YDULDWLRQV��WKH�EXLOGLQJ�
KHDW�ORVVHV�WKURXJK�WKH�VODE�DUH�FOHDUO\�GHSHQGLQJ�RQ�
WKH� JURXQG� FRQGXFWLYLW\�� +LJK� WKHUPDO� FRQGXFWLYLW\�
LQFUHDVHV� WKH�KHDW� WUDQVIHU� WKURXJK� WKH�JURXQG� WR� WKH�
RXWVLGH� DLU�� 7KLV� HIIHFW� LV� KLJKOLJKWHG� LQ� )LJXUH� ����
$ORQJ�ZLWK�WKH�LQFUHDVH�WKH�FRQGXFWLYLW\�YDOXH��WKHUH�
LV� D� VLJQLILFDQW� OLQHDU� LQFUHDVH� FRUUHODWLRQ� WR� KHDWLQJ�
HQHUJ\�GHPDQG�DQG�WKH�WKHUPDO�LQHUWLD�GRHV�QRW�SOD\�
D�QRWLFHDEOH�UROH��

�
Figure 11. Heating energy (01 0ct-20 may) 

�
,Q� VXPPHU�� WKH� KLJKHVW� RSHUDWLYH� WHPSHUDWXUHV� WDNH�
SODFH�ZKHQ�ERWK�WKHUPDO�SURSHUWLHV�DUH�DW�WKHLU�ORZHVW�
YDOXHV�� 8QOLNH� IRU� WKH� ZLQWHU� SHULRG�� ORZ� WKHUPDO�
FRQGXFWLYLW\� JURXQG� UHGXFHV� KHDWLQJ� HQHUJ\� FRQ�
VXPSWLRQ�� LW� FDQ� UHSUHVHQW� D� ULVN� RI� RYHUKHDWLQJ� LQ�
VXPPHU�� $V� DQ� LOOXVWUDWLRQ�� )LJXUH� ��� SUHVHQWV� WKH�
HYROXWLRQ� RI� WKH� LQGRRU� RSHUDWLYH� WHPSHUDWXUH� IRU�
KLJKHVW� DQG� ORZHVW� YDOXHV� RI� WKHUPDO� FRQGXFWLYLW\�
DQG�VSHFLILF�FDSDFLW\�RI� WKH�JURXQG��$�GLIIHUHQFH�RI�
��&�LV�REVHUYHG�EHWZHHQ�WKH�WZR�H[WUHPH�YDOXHV��
��

�
Figure 12.  Indoor operative temperature 

 
)LJXUH����SUHVHQWV�WKH�HYROXWLRQ�RI� WKH�GHJUHH�KRXUV�
����&�EDVHG�� UHSUHVHQWLQJ� WKHUPDO� GLVFRPIRUW� DQG�
HQHUJ\�GHPDQG�IRU�FRROLQJ�V\VWHP��0D[LPXP�LQGRRU�
RSHUDWLYH� WHPSHUDWXUH� DQG� WKHUPDO� GLVFRPIRUW� DUH�
REWDLQHG�IRU� ORZ�YDOXHV�RI� WKHUPDO�SURSHUWLHV��+RZ�
HYHU�� WKH� GHJUHH� KRXU� YDOXHV� REWDLQHG� KHUH� DUH� YHU\�
VPDOO��L�H��WKHUH�LV�DOPRVW�QRQH�WKHUPDO�GLVFRPIRUW�VR�
WKH� VWXGLHG� EXLOGLQJ� GRHV� QRW� QHHG� DQ\� FRROLQJ� V\V�
WHP��
�

�
Figure 13. 26°C- based degree hours in summer 

�

&21&/86,21�
7KH� SUHVHQW� VWXG\� DLPHG� DW� HYDOXDWLQJ� WKH� HIIHFW� RI�
WKH� PRGHOLQJ� OHYHO� RI� WKH� JURXQG�FRXSOHG� KHDW�
WUDQVIHU� RQ� WKH� EXLOGLQJ� EHKDYLRU�� 9DULRXV� UHVXOWV�
ZHUH� SUHVHQWHG� UHJDUGLQJ� WKH� VODE� LQWHUQDO� VXUIDFH�
WHPSHUDWXUH�� KHDWLQJ� HQHUJ\� DQG� RSHUDWLYH�
WHPSHUDWXUH��
7KH� PDLQ� UHVXOWV� VKRZV� WKDW� WKH� �'� PRGHO� JLYHV�
VDWLVIDFWRU\� SUHGLFWLRQV� IRU� WKH� VODE� WHPSHUDWXUH�
FRPSDUHG� WR� WKH� �'� RQH� ZKHQ� KHDWLQJ� V\VWHP� LV�
RSHUDWLQJ� WR� PDLQWDLQ� D� FRQVWDQW� LQGRRU� DLU�
WHPSHUDWXUH�� <HW�� FRQVLGHULQJ� WKH� GHYLDWLRQ� RQ� WKH�
HQHUJ\� GHPDQGV�� DERXW� ����� WKLV� LV� D� UHDOO\�
LPSRUWDQW� SDUDPHWHU� HVSHFLDOO\� IRU� KLJKO\� LQVXODWHG�
EXLOGLQJV�� )XUWKHUPRUH�� WKH� SDUDPHWULF� DQDO\VLV�
UHJDUGLQJ� WKH� WKHUPDO� SURSHUWLHV� RI� WKH� JURXQG�
LOOXVWUDWHG� WKLV� DSSDUHQW� LQGHSHQGHQF\� RI� WKH� VODE�
WHPSHUDWXUH� ZLWK� WKH� WKHUPDO� LQHUWLD�� 6LPLODU� UHVXOWV�
ZRXOG� EH� REWDLQHG� IRU� D� FRROLQJ� V\VWHP�� $V� D�
FRQVHTXHQFH�� �'� PRGHO� FDQ� EH� XVHG� WR� DVVHVV� WKH�
HQHUJ\� GHPDQG� ZLWK� VLPLODU� SUHFLVLRQ� IRU� DLU�
FRQGLWLRQQHG�EXLOGLQJ��+RZHYHU�� IRU� WKHVH�EXLOGLQJV�
ZLWKRXW�DLU�FRQGLWLRQQLQJ�V\VWHP��WKH�WKHUPDO�LQHUWLD�
DORQJ� ZLWK� WKH� WKHUPDO� FRQGXFWLYLW\� VWURQJO\� DFW� RQ�
WKH�WKHUPDO�FRPIRUW��,Q�WKH�ODWWHU�FDVH��WKH�XVH�RI�WKH�
PRUH�FRPSOH[��'�PRGHO�LV�UHTXLUHG�DV�GHPRQVWUDWHG�
E\�WKH�GHWDLOHG�SDUDPHWULF�VWXG\��
7KH�PDLQ� OLPLWDWLRQ� RI� WKH� SUHVHQW� VWXG\� OLHV� LQ� WKH�
XQLTXH� WHVWHG� FDVH� DQG� JHRJUDSKLFDO� ORFDWLRQ�� <HW��
WKLV� W\SLFDO� IRUP� IDFWRU� RI� ORZ�ULVH� EXLOGLQJ� ZKHUH�
WKH� HIIHFW� RI� WKH� JURXQG� LV� KLJK� VKRXOG� EH� FDUHIXOO\�
VWXGLHG��,QGHHG��PRVW�VLPSOLILHG�EXLOGLQJ�VLPXODWLRQV�
QHJOHFWV�RU�PDNH�VWURQJ�K\SRWKHVLV�RQ�WKHVH�WUDQVIHUV�
ZKLFK�DUH�OHVV�VLJQLILFDQW�IRU�RWKHU�FRQVWUXFWLRQ�W\SHV�
�H�J��KLJK�ULVH�EXLOGLQJV���$�GLUHFW�SHUVSHFWLYH�RI�WKLV�
ZRUN� LV� WR� DVVHVV� WKH� LPSDFWV� RI� WKH� DVSHFW� UDWLR�
�ZKLFK�ZDV� OLPLWHG� WR�D�VTXDUH�KHUH��DQG� WR� WKH�UROH�
RI�LQWHUQDO�WKHUPDO�LQHUWLD�VXFK�DV�VWRUHG�JRRGV��7KLV�
ZRUN� LV� WKH� ILUVW� VWHS� RI� D� V\VWHPDWLF� DQDO\VLV� RI�
FRPPHUFLDO� ORZ�ULVH� EXLOGLQJ¶V� HQHUJ\� SHUIRUPDQFH�
WKDW�ZLOO�EH�FRPSOHWHG�ZLWK�LQ�VLWX�PHDVXUHPHQWV��
� �
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120(1&/$785(�
Roman symbols 
T = temperature [°C] 
Tm = mean surface temperature over the year 

[°C] 
Ta = surface temperature variation amplitude 

[°C] 
t = time [days] 
tp = day of the year when the surface 

temperature is minimal [days] 
z = ground depth [m] 
 
Greek symbols 
𝛼 = ground thermal diffussivity [m2/s] 
 
Subscripts 
in = inside 
n  = time of the year (days) 
out = outside 
s = surface 
 

$&.12:/('*(0(17�
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5()(5(1&(6�
$GMDOL��0���� 'DYLHV��0��� 5HHV�� 6���� /LWWOHU�� -��� ������

7HPSHUDWXUHV�LQ�DQG�XQGHU�D�VODE�RQ�JURXQG�
IORRU��WZR��DQG�WKUHH�GLPHQVLRQDO�QXPHULFDO�
VLPXODWLRQV� DQG� FRPSDULVRQ� ZLWK� H[SHUL�
PHQWDO� GDWD��%XLOGLQJ� DQG�(QYLURQPHQW�����
���±�����

$VWH��1���$QJHORWWL��$���%X]]HWWL��0��� ������7KH� LQ�
IOXHQFH�RI�WKH�H[WHUQDO�ZDOOV�WKHUPDO�LQHUWLD�
RQ�WKH�HQHUJ\�SHUIRUPDQFH�RI�ZHOO�LQVXODWHG�
EXLOGLQJV�� (QHUJ\� DQG�%XLOGLQJV� ���� ����±
������

%DKQIOHWK��:�5��� 3HGHUVHQ�� &�2��� ������ $� WKUHH� GL�
PHQVLRQDO�QXPHULFDO�VWXG\�RI�VODE�RQ�JUDGH�
KHDW� WUDQVIHU�� $6+5$(� 7UDQV���8QLWHG�
6WDWHV����±����

%DODUDV��&����'URXWVD��.���$UJLULRX��$����$VLPDNRSRX�
ORV�� '���� ������ 3RWHQWLDO� IRU� HQHUJ\� FRQVHU�
YDWLRQ� LQ� DSDUWPHQW� EXLOGLQJV�� (QHUJ\� DQG�
%XLOGLQJV��������±�����

&KZLHGXN�� '��� ������ 7RZDUGV� VXVWDLQDEOH�HQHUJ\�
EXLOGLQJV��$SSOLHG�(QHUJ\��������±�����

'DYLHV��0�*��� ������ +HDW� ORVV� IURP� D� VROLG� JURXQG�
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