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$� SLWFKHG� URRI�� VXEMHFW� WR� H[WHUQDO� FOLPDWLF�
FRQGLWLRQV��KHDWV�XS�E\�VRODU�UDGLDWLRQ�WKURXJKRXW�WKH�
\HDU�� HYHQ� GXULQJ� WKH� ZLQWHU� VHDVRQ�� 7KH� DLU� OD\HU�
XQGHU� WKH� WLOHV� LV� WKHUHIRUH� KHDWHG� E\� FRQYHFWLRQ�
�QDWXUDO�RU�IRUFHG��ZLWK�KRW�WLOHV��
,Q�WKLV�VWXG\��WKH�DHURG\QDPLF�DQG�WKHUPDO�EHKDYLRXU�
RI� D� SLWFKHG� URRI� LV� HYDOXDWHG� E\� PHDQ� RI� FRXSOHG�
VLPXODWLRQV� EHWZHHQ� WKHUPDO� VLPXODWLRQ� DQG�
&RPSXWDWLRQDO� )OXLG� '\QDPLFV� �&)'��� 7KH� DLP� RI�
WKLV�ZRUN�LV�WR�SUHGLFW�WKH�WHPSHUDWXUH�YDULDWLRQ�LQ�WKH�
DLU� OD\HU�XQGHU�WKH�WLOHV�DV�D�IXQFWLRQ�RI�WKH�TXDQWLW\�
RI� DLU� LQILOWUDWHG� WKURXJK� WKH� WLOHV� DQG� WKH� FOLPDWLF�
FRQGLWLRQV���
7KH�ZRUN�LV�GLYLGHG�LQWR�WZR�SDUWV���
�� 7KH� ILUVW� SDUW� FRQVLVWV� RQ� PRGHOOLQJ� WKH� SK\VLFDO�
SKHQRPHQD� WDNLQJ�SODFH� LQ�D� SLWFKHG� URRI� VXEMHFW� WR�
VRODU� UDGLDWLRQ� DQG� WR� WKH� IRUFHV� RI� ZLQG�� DOO� \HDU�
DURXQG��
�� ,Q� WKH� VHFRQG� SDUW�� WKH� GHYHORSHG� PRGHO� ZDV�
YDOLGDWHG� H[SHULPHQWDOO\� XVLQJ� DQ� H[SHULPHQWDO�
GHYLFH���
/DERUDWRU\�H[SHULPHQWV�DQG�VLPXODWLRQV�VKRZHG�WKDW�
WKH� ZLQG� VSHHG� DQG� GLUHFWLRQ� DV� ZHOO� DV� WKH� VRODU�
UDGLDWLRQ� KDV� DQ� LPSRUWDQW� LPSDFW� RQ� WKH� WKHUPR�
DHURG\QDPLF�EHKDYLRU�RI�WKH�URRI��DQG�LW�UHYHDOHG�WKDW�
WKH�DLU�OD\HU�FDQ�EH�KHDWHG�IURP���WR����.��GHSHQGLQJ�
RQ� WKH� VHDVRQ�� �)LQDOO\�� WKH�SRWHQWLDO� RI� YDORUL]DWLRQ�
RI� WKH� DYDLODEOH� HQHUJ\� LQ� WKH� DLU� OD\HU� LV� VWXGLHG��
5HVXOWV�VKRZ�WKDW�WKH�YDORUL]DWLRQ�RI�WKLV�HQHUJ\�FDQ�
UHGXFH� WKH� DQQXDO� HQHUJ\� FRQVXPSWLRQ� IRU� GRPHVWLF�
KRW� ZDWHU� SURGXFWLRQ� RI� D� VLQJOH� IDPLO\� KRXVH� IRU�
DERXW������
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6RODU�HQHUJ\�LQWHUFHSWHG�E\�WKH�(DUWK�HYHU\�PLQXWH�LV�
JUHDWHU�WKDQ�WKH�DPRXQW�RI�WKH�ZRUOG�HQHUJ\�QHHGV�LQ�
IRVVLO�IXHOV�HDFK�\HDU��6RODU�HQHUJ\��UDGLDQW�OLJKW�DQG�
KHDW� IURP� WKH� VXQ�� KDV� EHHQ� KDUQHVVHG� E\� KXPDQV�
VLQFH� DQFLHQW� WLPHV� XVLQJ� D� UDQJH� RI� HYHU�HYROYLQJ�
WHFKQRORJLHV��6RODU�HQHUJ\�WHFKQRORJLHV�LQFOXGH�VRODU�
KHDWLQJ�� VRODU� SKRWRYROWDLF�� VRODU� WKHUPDO� HOHFWULFLW\�
DQG� VRODU� DUFKLWHFWXUH� �,QWHUQDWLRQDO� HQHUJ\� DJHQF\��
�������
�
7KH� UHFRYHU\� DQG� WKH� XVH� RI� VRODU� HQHUJ\� LV� YHU\�
DWWUDFWLYH� DQG� LQWHUHVWLQJ�� EXW� DW� ZKDW� SULFH"�

1RZDGD\V�� WKH� SD\EDFN� WLPH� IRU� VRODU� HQHUJ\�
V\VWHPV�YDULHV�IURP�UHJLRQ�WR�DQRWKHU�DQG�GHSHQGV�D�
ORW� RQ� WKH� SXEOLF� LQFHQWLYHV�� 6LGLUDV� DQG� .RXNLRV�
�������KDYH�HYDOXDWHG� WKH�SD\EDFN� WLPH�RI� VRODU�KRW�
ZDWHU�V\VWHPV�DQG�IRXQG�WKDW�LW�YDULHV�EHWZHHQ���DQG�
���\HDUV��:KHUHDV��DFFRUGLQJ�WR�-LQTLQJ�HW�DO����������
WKH� SD\EDFN� WLPH� IRU� SKRWRYROWDLF� VRODU� SDQHO�
GHSHQGV� SULQFLSDOO\� RQ� WKH� HIILFLHQF\� RI� WKH� SDQHOV�
DQG�FDQ�YDU\�IURP��� WR����\HDUV��7KLV�SD\EDFN� WLPH�
WDNHV�LQWR�DFFRXQW�WKH�WD[�FUHGLW��,Q�WKH�DEVHQFH�RI�WKH�
ODWWHU�� WKHVH� V\VWHPV� ZLOO� QR� ORQJHU� EH� SURILWDEOH��
HVSHFLDOO\� ZKHQ� WKH� DYHUDJH� OLIHWLPH� RI� D� VRODU�
WKHUPDO� LV�DERXW����\HDUV�DQG� WKDW�RI�D�SKRWRYROWDLF�
VRODU�SDQHO�LV�DSSUR[LPDWHO\����\HDUV��
�
,Q� ������ WKH� ,QWHUQDWLRQDO� (QHUJ\� $JHQF\� VDLG� WKDW�
�WKH� GHYHORSPHQW� RI� DIIRUGDEOH�� LQH[KDXVWLEOH� DQG�
FOHDQ� VRODU� HQHUJ\� WHFKQRORJLHV� ZLOO� KDYH� KXJH�
ORQJHU�WHUP� EHQHILWV�� ,W� ZLOO� LQFUHDVH� FRXQWULHV¶�
HQHUJ\� VHFXULW\�� HQKDQFH� VXVWDLQDELOLW\�� UHGXFH�
SROOXWLRQ�� ORZHU� WKH� FRVWV� RI� PLWLJDWLQJ� FOLPDWH�
FKDQJH�� DQG� NHHS� IRVVLO� IXHO� SULFHV� ORZHU� WKDQ�
RWKHUZLVH���
�
$FWLYH� VRODU� KHDWLQJ� V\VWHPV� DUH� WRR� FRVWO\� DQG�
FRPSOH[�� DQG� RIWHQ� DHVWKHWLFDOO\� XQDFFHSWDEOH��
$OWHUQDWLYH�FROOHFWRU�GHVLJQV�KDYH�EHHQ�SURSRVHG�E\�
GLIIHUHQW� LQYHVWLJDWRUV� LQ� RUGHU� WR� LPSURYH� WKH� FRVW�
HIIHFWLYHQHVV� DQG� UHGXFH� WKH� SD\EDFN� WLPH� RI� WKHVH�
V\VWHPV�� %HOXVNR� HW� DO�� ������� KDYH� VWXGLHG� WKH�
HFRQRPLFDO�DQG�HQHUJ\�HIILFLHQF\�RI�D�FRUUXJDWH�VWHHO�
SODWH� ZLWK� DQG� ZLWKRXW� JOD]LQJ� WR� UHSODFH� FODVVLFDO�
VRODU�SDQHO��WKHVH�V\VWHPV�DSSHDUV�WR�EH�FRVW�HIIHFWLYH�
EXW�KDYH�D�ORQJ�SD\EDFN�WLPH��6ROWHFK�(QHUJ\��������
KDV� SURSRVHG� QHZ� JOD]HG� WLOHV� WR� EH� XVHG� DV� VRODU�
FROOHFWRU� RQ� SLWFKHG� URRI�� 7KLV� V\VWHP� LPSURYHV� WKH�
KHDWLQJ�RI�WKH�DLU�OD\HU�XQGHU�WKH�WLOHV�LQ�RUGHU�WR�XVH�
LW� DV� DQ� HQHUJ\� VRXUFH� IRU� D� KHDW� SXPS�� 7KHVH�
FROOHFWRUV� DUH� HIILFLHQW� DQG� DHVWKHWLF� EXW� WKH\�
QHFHVVLWDWH�WKH�FKDQJH�RI�WKH�URRI�WLOHV�DQG�VWUXFWXUH��
6DWDJ� 9LHVVPDQ� ������� KDYH� GHYHORSHG� D� QHZ� IODW�
SODWH� DQG� WXEH� FROOHFWRUV� LQ� VWHHO� DQG� JOD]LQJ��
LPLWDWLQJ� WKH� WLOHV� VKDSH�� DV� D� UHSODFHPHQW� RI� VRODU�
SDQHOV�� 7KHVH� FROOHFWRUV� DUH� HIILFLHQW�� DQG� SUHVHUYH�
WKH� DHVWKHWLFV� RI� WKH� EXLOGLQJ�� KRZHYHU� WKH� XVH� RI�
WKHVH� V\VWHPV� UHTXLUHV� ORWV� RI� PRGLILFDWLRQV� LQ� WKH�
URRI� DQG� WKH�EXLOGLQJ� VWUXFWXUH� DQG� LQGXFHV� DQ� H[WUD�
FRVW���
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$� SLWFKHG� URRI�� VXEMHFW� WR� H[WHUQDO� FOLPDWLF�
FRQGLWLRQV��KHDWV�XS�E\�VRODU�UDGLDWLRQ�WKURXJKRXW�WKH�
\HDU�� HYHQ� GXULQJ� WKH� ZLQWHU� VHDVRQ�� 7KH� DLU� OD\HU�
XQGHU� WKH� WLOHV� LV� KHDWHG� XS� E\� FRQYHFWLRQ� ZLWK� KRW�
WLOHV��,Q�WKLV�SDSHU��D�QHZ�PHWKRG�IRU�UHFRYHULQJ�VRODU�
KHDW� IURP� KRW� DLU� OD\HU� XQGHU� WKH� URRI� WLOHV� LV�
SUHVHQWHG��7KH�SURSRVHG�FROOHFWRU�KDV� WKH�DGYDQWDJH�
RI�EHLQJ�DEOH�WR�LQWHJUDWH�LQWR�WKH�DLU�OD\HU�XQGHU�WKH�
WLOHV�GLVFUHHWO\��ZLWKRXW�FKDQJLQJ�WKH�VWUXFWXUH�RU�WKH�
WLOHV��
�
0DQ\� VWXGLHV� KDYH� EHHQ� SHUIRUPHG� LQ� RUGHU� WR�
HYDOXDWH� WKH� WKHUPDO� EHKDYLRU� RI� VRODU� HQHUJ\�
UHFRYHU\�V\VWHPV�RQ�SLWFKHG�URRIV��*DUFLD�9DOODGDUHV�
HW� DO�� ������� KDYH� VHW� DQ� RXWGRRU� PHWKRG� WHVW� WR�
GHWHUPLQH� WKH� WKHUPDO� EHKDYLRU� RI� D� VRODU� GRPHVWLF�
ZDWHU� KHDWLQJ� V\VWHPV�� 7KXU� HW� DO�� ������� KDYH�
VWXGLHG� WKH�HQHUJ\� VDYLQJV� IRU� VRODU�KHDWLQJ�V\VWHPV�
FRPSDUHG� WR� IXHO�RLO� DQG� JD]� ERLOHUV�� %DVHG� RQ�
H[SHULPHQWDO� LQYHVWLJDWLRQV�� WKH\� VKRZHG� WKDW� WKH�
HQHUJ\� VDYLQJV� LV� DURXQG� ��� N:K�Pð�DQ� IRU� D� RQH�
IDPLO\� KRXVH� RI� ����Pð� LQ�'HQPDUN��<XPUXWDV� DQG�
8QVDO� �������KDYH�SUHVHQWHG�D�K\EULG�DQDO\WLFDO�DQG�
FRPSXWDWLRQDO�PRGHO� IRU� ILQGLQJ� WKH�SHUIRUPDQFH�RI�
VRODU� DVVLVWHG�KRXVH�KHDWLQJ� V\VWHPV� XWLOL]LQJ� D� KHDW�
SXPS� DQG� DQ� XQGHUJURXQG� WKHUPDO� HQHUJ\� VWRUDJH�
WDQN��
 
,Q� WKLV� SDSHU�� D� PRGHOOLQJ� DSSURDFK� EDVHG� RQ� WKH�
DVVHPEO\� RI� ]RQDO� DQG� QRGDO� PRGHOV�� FRXSOHG� ZLWK�
&)'� UHVXOWV�� LV� XVHG� WR� VLPXODWH� WKH� WKHUPDO� DQG�
DHURG\QDPLF� EHKDYLRXU� RI� WKH� URRI� DQG� LWV�
VXUURXQGLQJ��7KH�REMHFWLYH�RI�WKLV�ZRUN�LV�WR�SUHGLFW�
WKH�WKHUPDO�EHKDYLRXU�RI�WKH�DLU�OD\HU�XQGHU�WKH�WLOHV��
DQG� WR�XVH� LW� DV� WKH�KHDW� VRXUFH�RI�D� WKHUPRG\QDPLF�
ZDWHU�KHDWHU��7KH�PRGHO�SHUPLWV�WR�DVVHVV�WKH�DQQXDO�
JDLQ� RI� WKLV� V\VWHP� FRPSDUHG� WR� D� WKHUPRG\QDPLF�
ZDWHU� KHDWHU� XVLQJ� DPELHQW� DLU� DV� KHDW� VRXUFH�� $Q�
H[SHULPHQWDO�DSSDUDWXV�LV�EXLOW��SHUPLWWLQJ�WR�YDOLGDWH�
WKH�PRGHO��

'(6&5,37,21�2)�7+(�7(67�%(1&+�
$Q� H[SHULPHQWDO� DSSDUDWXV� ZDV� EXLOW� LQ� RUGHU� WR�
HYDOXDWH� WKH� LPSDFW� RI� GLIIHUHQW� FOLPDWLF�
FRQILJXUDWLRQV� RQ� WKH� DLU� OD\HU� XQGHU� WKH� WLOHV� RI� D�
SLWFKHG� URRI�� )LJXUH� �� SUHVHQW� D� VFKHPH� RI� WKH�
H[SHULPHQWDO�DSSDUDWXV��7KH�PDLQ�FRPSRQHQWV�RI�WKH�
H[SHULPHQWDO�VHW�XS�DUH����L��WKH�LQFOLQHG�SLWFKHG�URRI�
FRPSRVHG� RI� HLJKW� UDQNV� RI� VL[� WLOHV� VXSSRUWHG� E\�
EDWWHQ� DQG� FRXQWHU�EDWWHQ� DOO� VHW� RQ� DQ� LQVXODWHG�
XQGHUOD\�� �LL��$Q�DLU�FROOHFWRU�GHVLJQHG�DQG� LQVWDOOHG�
LQ� WKH� DLU� OD\HU�� 7KLV� FROOHFWRU� SHUPLWV� WR� LQWDNH� WKH�
DLU� XQGHU� WKH� WLOHV� ZLWK� WKH� KHOS� RI� D� IDQ�� �LLL�� $�
KHDWLQJ� ODPS� V\VWHP� VHW� DERYH� WKH� WLOHV�� �LY�� $�
YHQWLODWRU� VLPXODWLQJ� DUWLILFLDO� FRQGLWLRQV� RI� VSHHG�
ZLQG�DQG�RULHQWDWLRQ��)LJXUH���VKRZV�WKH�SKRWR�RI�WKH�
WHVW�EHQFK��

��
Figure 1 Schematic representation of the test bench 
�
)RU�DUWLILFLDO�WHVW�FRQGLWLRQV��D�YHQWLODWRU�LV�XVHG�WR�
VLPXODWH�GLIIHUHQW�ZLQG�YHORFLW\�DQG�RULHQWDWLRQ��DQG�
D�VHW�RI�ODPSV�DUH�LQVWDOOHG�DERYH�WKH�WLOHV�VLPXODWLQJ�
WKH�VXQ�LUUDGLDWLRQV��7KH�ODPSV�XVHG�DUH�89�KHDW�
ODPSV�VXSSO\LQJ�D�UDGLDWLRQ�IOX[�RI����:�HDFK��)RU�
QDWXUDO�WHVW�FRQGLWLRQV��WKH�WHVW�EHQFK�ZDV�LQVWDOOHG�LQ�
RSHQ�DLU���

�
Figure 2 Photo of the experimental apparatus 

�
7KH�H[SHULPHQWDO�DSSDUDWXV�LV�HTXLSSHG�ZLWK�VHQVRUV�
WR�PHDVXUH��

� 7HPSHUDWXUH� RI� WKH� XSSHU� VLGH� DQG� ORZHU�
VLGH� RI� WKH� WLOHV�� WKH� DLU� WHPSHUDWXUH� LQ� WKH�
OD\HU�XQGHU�WKH�WLOHV��WKH�DPELHQW�DLU�DQG�WKH�
DLU�WHPSHUDWXUH�LQ�WKH�DLU�FROOHFWRU��

� $LU� VWDWLF� SUHVVXUH� LQ� WKH� DLU� OD\HU�� DW� WKH�
XSSHU�VLGH�RI�WKH�WLOHV�DQG�LQ�WKH�DLU�FROOHFWRU�
DIWHU�H[LWLQJ�WKH�DLU�OD\HU��

� $LU� YHORFLW\� DURXQG� WKH� H[SHULPHQWDO�
DSSDUDWXV�DQG�LQ�WKH�DLU�OD\HU��

� ([WUDFWHG�DLU�IORZ�UDWH�IURP�WKH�DLU�OD\HU�
� 7KH�ODPSV�LUUDGLDWLRQ�
� $� ZHDWKHU� VWDWLRQ� LV� VHW� WR� PHDVXUH� WKH�

FOLPDWLF� FRQGLWLRQV� VXFK� DV� WKH� DPELHQW�
WHPSHUDWXUH�� UHODWLYH� KXPLGLW\�� WKH� VXQ�
LUUDGLDWLRQ�� ZLQG� VSHHG� DQG� RULHQWDWLRQ� LQ�
WKH�QDWXUDO�FRQGLWLRQV�WHVWV��

�
$� ILUVW� VHW� RI� H[SHULPHQWDO� FRQILJXUDWLRQV� DOORZHG�
FRUUHODWLQJ� WKH� LQWHUQDO� FRQYHFWLYH� KHDW� H[FKDQJH�
FRHIILFLHQW�DQG�WKH�DLU�SHUPHDELOLW\�RI�WKH�URRI��
�
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$� PRGHOOLQJ� DSSURDFK� EDVHG� RQ� WKH� DVVHPEO\� RI�
]RQDO�DQG�QRGDO�PRGHOV��FRXSOHG�ZLWK�&)'�UHVXOWV��LV�
XVHG�WR�VLPXODWH�WKH�WKHUPDO�DQG�DLU�IORZ�SKHQRPHQD�
LQ� WKH� DLU� OD\HU� XQGHU� WKH� SLWFKHG� WLOHV� �5R\� HW� DO���
�������7KH�QXPHULFDO�PRGHO� DOORZV� ILUVW� WR� HYDOXDWH�
WKH� WKHUPDO� EHKDYLRXU� RI� WKH� DLU� LQVLGH� WKH� DLU� OD\HU�
DQG�WKHQ�WR�HVWLPDWH�WKH�SRWHQWLDO�RI HQHUJ\�UHFRYHU\�
IRU� KHDWLQJ� SXUSRVHV�� XQGHU� UHDOLVWLF� FOLPDWLF�
FRQGLWLRQV��
�

Thermal modelling of the pitched roof 
,Q�RUGHU�WR�HYDOXDWH�WKHUPDO�EHKDYLRXU�RI�WKH�DLU�OD\HU�
E\�QXPHULFDO� DSSURDFK�� LW� LV� QHFHVVDU\� WR�PRGHO� WKH�
DLU�OD\HU��WKH�URRI�DQG�LWV�VXUURXQGLQJV���
�
7KH�GHWDLOHG�JHRPHWU\�RI� WKH� WLOHV� LV� LQWURGXFHG� LQWR�
WKH� &)'�� LQ� RUGHU� WR� WDNH� LQWR� FRQVLGHUDWLRQ� WKH�
DHURG\QDPLF�EHKDYLRXU�RI�WKH�DLU�LQ�WKH�DLU�OD\HU�DQG�
DURXQG� WKH� URRI��)RU� QXPHULFDO� UHDVRQV� DQG�EHFDXVH�
RI� VFDOH� GLIIHUHQFH�� WZR� PRGHOV� ZHUH� GHYHORSHG� LQ�
&)'�� WKH� ILUVW� RQH� WDNHV� LQWR� FRQVLGHUDWLRQ� WKH�
RXWOLQHV�RI�WKH�URRI�DQG�D�ODUJH�DLU�YROXPH�DURXQG�LW�
�ILJXUH� ���� ,Q� WKLV� PRGHO�� WKH� ZLQG� YHORFLW\� DQG�
RULHQWDWLRQ� DUH� WKH� ERXQGDU\� FRQGLWLRQV� OHDGLQJ� WR� D�
IXQFWLRQ�RI�VWDWLF�SUHVVXUH�DFWLQJ�RQ�RQ�WKH�XSSHU�VLGH�
RI�WKH�WLOHV��7KHVH�FRUUHODWLRQV�DUH�WKHQ�EH�LQWURGXFHG�
LQ�WKH�VHFRQG�&)'�PRGHO�DV�ERXQGDU\�FRQGLWLRQV��

�
Figure 3- CFD model representing the roof outlines 

and the air around 
�
7KH� VHFRQG� &)'� PRGHO� VWXGLHV� WKH� DHURG\QDPLF�
EHKDYLRXU� RI� WKH� SLWFKHG� URRI� DQG� WKH� DLU� OD\HU�� $�
FRQYHQWLRQDO� URRI� FRQVLVWLQJ� RI� WKH� LQVXODWLRQ� DQG�
XQGHUOD\� ���� VXSSRUWLQJ� FRXQWHU�EDWWHQV� ����
VXSSRUWLQJ�EDWWHQV������VXSSRUWLQJ�HOHPHQWV�FRYHUDJH��
VXFK�DV� WLOHV� ����DUH�GUDZQ��)LJXUH��� VKRZV� WKH� URRI�
VWUXFWXUH� UHSUHVHQWHG� RQ� *DPELW� VRIWZDUH�� 7KH�
GRPDLQH� EHWZHHQ� WKH� WLOHV� DQG� WKH� XGHUOD\� IRUP� WKH�
DLU�YROXPH��FDOOHG�WKH�DLU�OD\HU��,Q�WKLV�PRGHO��WKH�DLU�
OD\HU�LV�GLYLGHG�LQWR�HLJKW�]RQHV��ZKHUH�WKH�PHDQ�DLU�
YHORFLWLHV� LQ� WKH� DLU� OD\HU�� DQG� WKH� LQILOWUDWHG� DLU�
WKURXJK� WKH� WLOHV�� IURP� RQH� ]RQH� WR� WKH� RWKHU� DUH�
FDOFXODWHG��
�

�
Figure 4 Geometry representing the roof and  

the air layer�
�
)LQDOO\�� WKH� &)'� UHVXOWV� DUH� XVHG� DV� ERXQGDU\�
FRQGLWLRQV� LQ� WKH� VRIWZDUH� 7+(50(77(�� �5R\� HW�
DO���������ZKHUH�WKH�HQHUJ\�EDODQFH�LV�VROYHG�IRU�WKH�
GLIIHUHQW�]RQHV�DQG�FRPSRQHQWV�RI�WKH�URRI��
$V� UHVXOWV�� WKH� DLU� WHPSHUDWXUH� H[LWLQJ� WKH� DLU� OD\HU�
WKURXJK� WKH� FROOHFWRU� LV� FDOFXODWHG� DOO� RYHU� WKH� \HDU��
7KLV�WHPSHUDWXUH�ZLOO�WKHQ�EH�XVHG�DV�DQ�LQSXW�IRU�DQ�
DLU�WR�ZDWHU�KHDW�SXPS�PRGHO�XVHG�IRU�WKH�SURGXFWLRQ�
RI� GRPHVWLF� KRW� ZDWHU�� 7KH� KHDW� SXPS� LV� PRGHOOHG�
XVLQJ�WKH�VRIWZDUH�'\PROD��7KH�REMHFW�RI�WKLV�PRGHO�
LV� WR� FDOFXODWH� WKH� DQQXDO� HQHUJ\� VDYLQJ� RI� WKH�
WKHUPRG\QDPLFV� KRW� ZDWHU� V\VWHP� SURGXFWLRQ� XVLQJ�
WKH�DLU�OD\HU�DV�D�KHDW�VRXUFH�LQVWHDG�RI�DPELHQW�DLU��
�
02'(/�$66(0%/<�$3352$&+�
7KH�URRI� WKHUPDO�EHKDYLRXU�PRGHO� LV�EDVHG�QRW�RQO\�
RQ� HQHUJ\� EDODQFH� HTXDWLRQV� IRU� WKH� DLU� OD\HU� EXW�
WDNHV� LQWR� DFFRXQW� WKH� FRQYHFWLYH� �IRUFHG���
FRQGXFWLYH� �LQ� WKH� GLIIHUHQW� ERGLHV��� LUUDGLDWLYH�
�VKRUWZDYH� DQG� ORQJ� ZDYH� UDGLDWLRQ� RXWVLGH� DQG�
LQVLGH�WKH�DLU�OD\HU��DQG�DLU�IORZ�WUDQVIHU��WKURXJK�WKH�
]RQHV��SKHQRPHQD��

7KH� ]RQDO� PRGHO� XQFRXSOHV� KHDW� WUDQVIHU� SUREOHP�
IURP� DLU� IORZ� SUREOHP� �QR� WHPSHUDWXUH�GHSHQGHQW�
SURSHUWLHV� RU� EXR\DQF\� IRUFHV��� %DVHG� RQ� WKLV�
DVVXPSWLRQ� WKH�YHORFLW\� ILHOGV�DQG� WKH� DLU� IORZ� UDWHV�
EHWZHHQ� ]RQHV� DUH� GHWHUPLQHG� XVLQJ� )OXHQW�
UHJDUGOHVV� RI� ERXQGDULHV� DQG� YROXPHV� WHPSHUDWXUHV��
9HORFLW\�ILHOGV�DQG�DLU�IORZ�UDWH�LQWHU�]RQHV�DUH�WKHQ�
LQWURGXFHG�DV�HQWULHV�WR�EH�VHW�LQ�7KHUPHWWH��FRGH���

7KH� QXPHULFDO� PHWKRGRORJ\� XVHG� LV� D� W\SLFDO�
DSSURDFK�NQRZQ�DV�VRIWZDUH�DVVHPEO\��XVLQJ�VHYHUDO�
VLPXODWLRQ�FRGHV� LQGHSHQGHQW� IURP�HDFK�RWKHU��(DFK�
VRIWZDUH� DOORZV� WKH� FDOFXODWLRQ� RI� WKH� SDUDPHWHUV�
LQWHUYHQLQJ�WR�DQVZHU�D�SUHFLVH�SXUSRVH��
- 7KH� FDOFXODWLRQ� RI� WKH� VWDWLF� SUHVVXUH� IRU� D�ZLQG�

VSHHG� FRQILJXUDWLRQ� LV� GHWHUPLQHG� LQ� WKH� ILUVW�
&)'�PRGHO�XVLQJ�)OXHQW��

- 7KH� FDOFXODWLRQ� RI� WKH� DLU� IORZV� EHWZHHQ� ]RQHV��
WKH� DLU� LQILOWUDWLRQ� WKURXJK� WKH� WLOHV� DQG� WKH�
YHORFLW\� SURILOHV� LQ� WKH� DLU� OD\HU� DUH� GHWHUPLQHG�
XVLQJ�D�VPDOO�VFDOH�)OXHQW�PRGHO��

- 7KH� FRXSOLQJ� RI� KHDW� �FRQGXFWLYH�� FRQYHFWLYH��
UDGLDWLYH�� DQG� PDVV� WUDQVIHUV�� DUH� FDUULHG� RXW� E\�
WKH�WKHUPDO�VRIWZDUH�VROYHU�7KHUPHWWH���

- 0RGHOOLQJ�RI� WKH�KHDW�SXPS� LV� ILQDOO\�UHDOLVHG� LQ�
'\PROD�� ,W� FROOHFWV� WKH� WHPSHUDWXUH� RI� WKH� DLU�

����
����

����

����
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OD\HU� IURP� WKH� WKHUPDO� PRGHO� DQG� FDOFXODWH� WKH�
HQHUJ\�VDYLQJV�RI�WKH�V\VWHP��

Figure 5 Model structure flowchart 
�
Aerodynamic CFD representation 
7KH� DHURG\QDPLF� VLPXODWLRQ� SHUPLWV� WR� GHVFULEH� WKH�
IORZ�LQ�WKH�DLU�OD\HU��%XW�WKH�&)'�UHTXLUHV�YHU\�ORQJ�
FRPSXWDWLRQDO� WLPH� WR� VLPXODWH� WUDQVLHQW� FRQGLWLRQV�
VXFK�DV�KHDWLQJ�SKDVHV�RI�WKH�URRI��
7KHUHIRUH�VWXGLHV� WKDW�KDYH�EHHQ�FRQGXFWHG�ZLWK� WKH�
FRGH�)OXHQW�GHDOV�RQO\�ZLWK�DHUDXOLFV��7KHUPDO�VWXG\�
LV� GHFRXSOHG� DQG� SURFHVVHG� E\� WKH� FRGH�
7+(50(77(��7KH� HTXDWLRQV� IRU� WKH� GHVFULSWLRQ� RI�
WKH�IORZ�ILHOG�DUH�WKH�HTXDWLRQV�RI�PDVV�FRQVHUYDWLRQ�
DQG� PRPHQWXP�� .QRZLQJ� WKH� ERXQGDU\� FRQGLWLRQV��
WKH� UHVXOWLQJ� IORZ� LV� GHWHUPLQHG� E\� VROYLQJ� WKH�
1DYLHU�6WRNHV�HTXDWLRQV��

�
����

�
����

$Q� DQDO\WLFDO� VROXWLRQ� IRU� D� �'� SDUWLDO� GLIIHUHQWLDO�
HTXDWLRQV�RI�D� WXUEXOHQW� IORZ� LV� LPSRVVLEOH��7KH�XVH�
RI�D�QXPHULFDO�PHWKRG�LV�HVVHQWLDO��VR�WKH�FDOFXODWLRQ�
UHTXLUHV� WKH� GLVFUHWL]DWLRQ� RI� WKH� IORZ� ILHOG� LQ� WLPH�
DQG�VSDFH��6WHDG\�GLVFUHWL]DWLRQ�LV�FDUULHG�RXW�RQO\�LQ�
VSDFH��
7KH� ILQLWH� YROXPH� PHWKRG� DVVRFLDWHG� ZLWK� WKH�
DOJRULWKP�³6LPSOH�&´
�LV�XVHG�E\�WKH�6RIWZDUH�)OXHQW�
WR� REWDLQ� WKH� QXPHULFDO� VROXWLRQV�� 7KH� GLVFUHWL]HG�
HTXDWLRQV�UHSUHVHQW�WKH�IORZ�LQ�HDFK�FRQWURO�YROXPH��
�

�� %RXQGDU\�FRQGLWLRQV�RI�ILUVW�&)'�PRGHO�
7KH�GHVLJQ�DQG�PHVKLQJ�RI� WKH�JHRPHWU\�UHDOL]HG� LQ�
*DPELW� LV� H[SRUWHG� WR� )OXHQW�� 7KH� ERXQGDU\�
FRQGLWLRQV� LPSRVHG� WR� WKH� PRGHO� DUH� SUHVHQWHG�
EHORZ��
�� 7KH� ZLQG� VSHHG� DQG� GLUHFWLRQ�� RQ� RQH� RU� PRUH�
VXUIDFHV�RI�WKH�DLU�YROXPH��
�� 7KH� URRI� LV� FRQVLGHUHG� DV� D� ZDOO�� ZKHUH� WKH� VWDWLF�
SUHVVXUH�JHQHUDWHG�E\�WKH�ZLQG�LV�FDOFXODWHG�
��$LU�SUHVVXUH�RQ� WKH�IURQW�VHFWLRQ�RI� WKH�DLU� OD\HU� LV�
DOVR�FDOFXODWHG��
��$WPRVSKHULF�SUHVVXUH� LV� VHW�RQ� WKH� VLGHV�RI� WKH� DLU�
YROXPH�ZKHUH�QR�ZLQG�FRQGLWLRQV�DUH�LPSRVHG��
 

�� %RXQGDU\�FRQGLWLRQV�RI�6HFRQG�&)'�PRGHO�
7KH�GHVLJQ�DQG�PHVKLQJ�RI� WKH�JHRPHWU\�UHDOL]HG� LQ�
*DPELW� LV� H[SRUWHG� WR� )OXHQW�� 7KH� ERXQGDU\�
FRQGLWLRQV� LPSRVHG� WR� WKH� PRGHO� DUH� SUHVHQWHG�
EHORZ��
�� 7KH� LPSDFW� RI� WKH� ZLQG� LV� UHSUHVHQWHG� E\� WKH�
SUHVVXUH�RQ� WKH�XSSHU�VXUIDFH�RI� WKH� WLOHV�DQG�RQ� WKH�
IURQW�VHFWLRQ�RI�WKH�DLU�OD\HU��7KHVH�GDWD�DUH�WKH�UHVXOW�
RI� WKH� FDOFXODWLRQ�PDGH� LQ� WKH� ILUVW� &)'�PRGHO�DQG�
LQWURGXFHG� LQ� WKH� VHFRQG� RQH� WKURXJK� D� 8')� �XVHU�
GHILQHG�IXQFWLRQ���
��7KH�WRS�VHFWLRQ�RI�WKH�DLU�OD\HU�LV�FRQVLGHUHG�FORVHG�
�ZDOO���
�� 7KH� WLOHV� DUH� FRQVLGHUHG� DV� VROLG� SRURXV� PHGLXP�
ZLWK� D� SHUPHDELOLW\� ³&��  � �������´� GHWHUPLQHG�
H[SHULPHQWDOO\��
��$LU�OD\HU�XQGHU�WKH�WLOHV��IOXLG��DLU���
�� 7KH� EDWWHQV�� UDIWHUV� DQG� FRXQWHU�EDWWHQV� DUH� VROLG�
YROXPHV�� UHPRYHG� IURP� WKH� WRWDO� YROXPH�� 6RIWZDUH�
)OXHQW� WDNHV� LQWR� DFFRXQW� RQO\� WKH� VLGHZDOOV� RI� WKH�
EDWWHQV�DQG�UDIWHUV��
�

�� &DOFXODWLRQ�PRGHO��
6WDQGDUG� N�İ� PRGHO� � LV� VHOHFWHG� WR� PRGHO� WKH�
WXUEXOHQFH� DQG� WKH� VWDQGDUG� �\�� �� ODZ� LV� XVHG� WR�
UHSUHVHQW�WKH�IORZ�RQ�WKH�ZDOO�VLGH��.�İ�PRGHO�LV�DOVR�
NQRZQ� DV� WKH� WZR�HTXDWLRQV� PRGHO� �HTXDWLRQV� RI� N�
DQG� İ�� UHIOHFWV� WKH� WXUEXOHQFH� DQG� LV� YDOLG� RQO\� LQ�
UHJLRQV�ZKHUH�WKH�WXUEXOHQFH�LV�GRPLQDQW��
7KH� IORZ� LV� ODPLQDU� ZLWKLQ� WKH� ZDOOV� GXH� WR� WKH� QR�
VOLS�ERXQGDU\�FRQGLWLRQV��7KH�IORZ�LV�WKHQ�FDOFXODWHG�
ZLWK� D� �ODZ� RI� ZDOO�� DOVR� FDOOHG� �� \��� ODZ��
&RQYHUJHQFH�LV�REWDLQHG�ZKHQ�WKH�GLIIHUHQW�UHVLGXHV�
�FRQWLQXLW\��YHORFLW\�LQ�WKH�[��\��]��N�DQG�İ��DUH�ORZHU�
WKDQ�������2QFH�WKH�PRGHO�KDV�FRQYHUJHG��WKH�UHVXOWV�
FDQ�EH�FRQVLGHUHG�YDOLG��
�

�� 6LPXODWHG� FRQILJXUDWLRQV� IRU� WKH� ILUVW� &)'�
PRGHO�

7KH� VLPXODWHG� FRQILJXUDWLRQV� DLPV� WR� FRUUHODWH� WKH�
VWDWLF� SUHVVXUH� RQ� WKH� WLOHV� DFFRUGLQJ� WR� WKH� ZLQG�
VSHHG�DQG�RULHQWDLRQ��
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7KUHH�ZLQG�VSHHGV�DUH�VLPXODWHG�������DQG����P�V��IRU�
WKUHH�GLUHFWLRQV�1RUWK��6RXWK�DQG�(DVW��
7KH�URRI� LV� WLOWHG�RI�����DFFRUGLQJ� WR�KRUL]RQWDO�DQG�
LV�RULHQWHG�WR�WKH�VRXWK��
�

�� 6LPXODWHG� FRQILJXUDWLRQV� IRU� WKH� VHFRQG�
&)'�PRGHO�

'LIIHUHQW�FRQILJXUDWLRQV�DUH�VLPXODWHG��7KH�REMHFWLYH�
LV� WR� FRUUHODWH� WKH� DLU� LQILOWUDWLRQV� WKURXJK� WKH� WLOHV�
DQG� WKH� IORZ� UDWHV� IURP� RQH� ]RQH� WR� DQRWKHU�
GHSHQGLQJ�RQ�WKH�ZLQG�VSHHG�DQG�GLUHFWLRQ��
7KH� FDOFXODWLRQV� DUH� SHUIRUPHG� IRU� DOO� QLQH�
FRQILJXUDWLRQV�VLPXODWHG�LQ�WKH�ILUVW�PRGHO��
7KH� HODERUDWHG� FRUUHODWLRQ� ZLOO� EH� XVHG� ODWHU� LQ� WKH�
WKHUPDO�PRGHO�LQ�RUGHU�WR�FDOFXODWH�IRU�HDFK�VWHS�WLPH�
WKH� LQILOWUDWHG� DLU� DV� D� IXQFWLQ� RI� WKH� ZLQG� YHORFLW\�
DQG�RULHQWDWLRQ��
�
Thermette representation 
7KH� URRI� UHSUHVHQWDWLRQ� FRQVLVWV� RI� VHYHUDO� EUDQFKHV�
���'�HOHPHQWV��DQG�YROXPHV���'�HOHPHQWV���7KH�VROLG�
ZDOOV� DQG� HOHPHQWV� DUH� UHSUHVHQWHG� E\� EUDQFKHV��
ZKLOH� UHVSHFWLQJ� WKH� YDULRXV� OD\HUV�� 7KH� YROXPH� RI�
WKH� DLU� OD\HU� LV� GLYLGHG� LQWR� ��� VXE� YROXPHV�
FRQVLGHUHG� DW� XQLIRUP� WHPSHUDWXUH�� 7KHVH� YROXPHV�
DUH�WKRVH�ZKR�H[FKDQJH�KHDW�ZLWK�WKH�WLOHV�DQG�DOORZ�
GHWHUPLQLQJ�WKH�DLU�VXSSO\�WHPSHUDWXUH�GHSHQGLQJ�RQ�
WKH� ZHDWKHU� FRQGLWLRQV� DQG� WKH� VXFNHG� DLUIORZ� UDWH��
7KLV� VLPSOLILHG� UHSUHVHQWDWLRQ� RI� WKH� URRI� LPSOLHV�
FHUWDLQO\� VHYHUDO� JHRPHWULFDO� DQG� SK\VLFDO�
DVVXPSWLRQV�WR�EH�FRQVLGHUHG��

 7HPSHUDWXUH� RI� WKH� VROLG� ERGLHV� YDULHV� LQ� RQH�
GLPHQVLRQ� ��'�HOHPHQW��� IURP� WKH�RXWVLGH� WR� WKH�
LQVLGH��

 7HPSHUDWXUH� RI� DLU� YROXPHV� LV� XQLIRUP� ��'�
HOHPHQW��

 7KHUPR� SK\VLFDO� SURSHUWLHV� RI� WKH� WLOHV� DUH�
VXSSRVHG�WR�EH�LQGHSHQGHQW�RI�WKH�WHPSHUDWXUH��

 $LU� WKHUPR� SK\VLFDO� SURSHUWLHV� YDU\� ZLWK� WKH�
WHPSHUDWXUH�DQG�FRUUHVSRQG�WR�WKRVH�RI�GU\�DLU��

 $LU�LV�WUDQVSDUHQW�WR�UDGLDWLRQ�
 5DGLDWLYH� KHDW� WUDQVIHU� RFFXU� EHWZHHQ� WKH� XSSHU�

VLGH�RI�WKH�WLOHV�DQG�WKH�VN\�
 7KHUPDO�HPLVVLYLW\�RI�VXUIDFHV�LV�FRQVWDQW��

Figure 6 Simplified representation of the roof�
�

7KH�DLU� IORZV� LQWR� WKH�DLU�YROXPHV� �'��� WKURXJK� WKH�
IURQW� VHFWLRQ� DQG� PL[� ZLWK� WKH� DLUIORZ� UDWH� �LQI� L��
LQILOWUDWHG�RU�H[ILOWUDWHG�EHWZHHQ�WZR�VHWV�RI�WLOHV��7KH�
PL[WXUH�IORZV�LQ�WKH�DLU�OD\HU�WRZDUG�WKH�QH[W�]RQHV��
DV�VKRZQ�LQ�ILJXUH���EHORZ��
�
(QHUJ\� DQG� PDVV� EDODQFH� LV� DSSOLHG� RQ� HDFK� ]RQH��
DQG�IRU�HYHU\�HOHPHQW��
�

�� (QHUJ\�EDODQFH�RQ�WKH�WLOHV�
7KH� WLOHV� DUH� PRGHOOHG� LQ� DQ� XQVWHDG\� VWDWH�� 7KH�
JHQHUDO�HTXDWLRQ�JRYHUQLQJ�KHDW�WUDQVIHU�LQVLGH�DQG�DW�
WKH�ERXQGDU\�OLPLWV�RI��'�EUDQFK�LV�GHVFULEHG�LQ�WKH�
IROORZLQJ�HTXDWLRQ� �[�LV�WKH�DEVFLVVD�LQ�WKH�GLUHFWLRQ�
RI�WKH�WKLFNQHVV�RI�WKH�WLOH���
�

t
Tc

dx
Td




  �

�
� ����

7KH� WHUP�RQ� WKH� ULJKW� UHSUHVHQWV� WKH� LQWHUQDO� HQHUJ\�
LQFUHDVH� UDWH�� 2Q� WKH� OHIW�� WKH� WHUP� UHSUHVHQWV� WKH�
FRQGXFWLRQ�LQVLGH�WKH��'�EUDQFK��
�
7KLV�HTXDWLRQ�KDV�WZR�ERXQGDU\�FRQGLWLRQV��

- $W� WKH� XSSHU� VLGH� RI� WKH� WLOHV�� FRQYHFWLRQ�
ZLWK� DPELHQW� DLU�� VRODU� LUUDGLDWLRQ� DQG�
UDGLDWLRQ�WR�WKH�VN\��

��7���7K���7���7�

4

DPEDLU�
��

VN\WLOHV

�
�

ext
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����

�
- $W� WKH� LQQHU� VLGH� RI� WKH� WLOHV�� FRQYHFWLRQ�

ZLWK� WKH� DLU� OD\HU�� UDGLDWLRQ� EHWZHHQ� WKH�
VXUIDFHV�

��7�KLQW��7�

��7���7

YROXPHDLU�

��
VXUIDFHLQW� 







r
x
T

ex
� ����

:KHUH� U� LV� WKH� UDGLDWLYH� WUDQVIHU� IDFWRU� EHWZHHQ� WKH�
WLOHV� DQG� WKH� LQQHU� ZDOO� FDOFXODWHG� IROORZLQJ� WKH�
HTXDWLRQ������

��U� ���WLOHV���LQW�VXUIDFH���� ����

�
�� (QHUJ\�DQG�PDVV�EDODQFH�LQ�WKH�DLU�YROXPHV�

��'��
7KH�PDVV�DQG�HQHUJ\�EDODQFH�LV�ZULWWHQ�DW�WKH�LQOHW�RI�
HDFK� YROXPH� LQ� RUGHU� WR� GHWHUPLQH� WKH� DLUIORZ� UDWH�
FLUFXODWLQJ�LQ�WKH�DLU�OD\HU�WKURXJK�WKH�IURQW�VHFWLRQ�RI�
WKH�FRQVLGHUHG�YROXPH��DV�ZHOO�DV�WKH�DLU�WHPSHUDWXUH�
DW�LQOHW��
�
$W�WKH�LQOHW�RI�HYHU\�YROXPH��WKH�PDVV�IORZ�UDWH�DQG�
WKH�WHPSHUDWXUH�RI�WKH�DLU�LV�H[SUHVVHG�DV�IROORZLQJ��
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𝐷 = 𝐷 + 𝐼𝑛𝑓 � ����

�

𝑇 , , =
𝐷 . 𝑇 , , + 𝐼𝑛𝑓 . 𝑇 ,

𝐷 � ����

7KH� HQHUJ\�EDODQFH� HTXDWLRQ� DSSOLHG�RQ� WKH�YROXPH�
RI�DLU��H[FKDQJLQJ�KHDW�ZLWK�WKH�LQQHU�VLGH�RI�WKH�WLOHV�
DQG�WKH�XQGHUOD\�VXUIDFH��FDQ�EH�ZULWWHQ�DV�IROORZ��
ℎ . (𝑇 , − 𝑇 , ) + ℎ . (𝑇 ,

− 𝑇 , )
= 𝐷

𝐴 𝐶 , . (𝑇 , ,
− 𝑇 , , )�

����

�
³$´� LV� WKH� FRQWDFW� DUHD� EHWZHHQ� WKH� WLOHV� DQG� WKH�
XQGHUOD\�VXUIDFH�ZLWK�WKH�DLU�YROXPH��L���DQG���

𝑇 , =
𝑇 , , + 𝑇 , ,

2 � �����

�
7KH�HQHUJ\�EDODQFH�HTXDWLRQ�DSSOLHG�RQ�WKH�LQVXODWHG�
XQGHUOD\�VXUIDFH�FDQ�EH�ZULWWHQ�DV�IROORZ��

𝑟𝜎. 𝑇 , − 𝑇 ,
+ ℎ . 𝑇 , − 𝑇
= 0�

�����

�
Dymola representation 

$� G\QDPLF� PRGHO� RI� D� KHDW� SXPS� IRU� KRW� ZDWHU�
SURGXFWLRQ� LV� UHDOLVHG� XVLQJ� '\PROD�� 7KLV� VRIWZDUH�
XVHV�WKH�0RGHOLFD�ODQJXDJH��,W�LV�DQ�DFDXVDO�ODQJXDJH�
EDVHG�RQ�PXOWL�SK\VLFDO�PRGHOOLQJ��7KH�PRGHO�LV�WKDW�
RI� D� VLQJOH�VWDJH� FRPSUHVVLRQ� KHDW� SXPS� RSHUDWLQJ�
ZLWK� WKH� UHIULJHUDQW� 5���D�� 7KH� WKHUPRG\QDPLF�
ZDWHU�KHDWHU�LV�PRGHOOHG�LQ�WKH�HQYLURQPHQW�'\PROD�
E\� DVVHPEOLQJ� WKH� FRPSRQHQWV� FRQVWLWXWLQJ� WKH�
WKHUPRG\QDPLF� F\FOH� RI� WKH� KHDW� SXPS�� 7KH�
UHIULJHUDWLRQ� F\FOH�PRGHOOHG� LQ�'\PROD� LV� SUHVHQWHG�
LQ�ILJXUH����

�
Figure 7 Heat pump components modeled on Dymola 

7KH� FRQGHQVHU� DQG� WKH� HYDSRUDWRU� DUH� WZR� KHDW�
H[FKDQJHUV� PRGHOHG� E\� VHWWLQJ� D� SLQFK� RI� �� .�
EHWZHHQ�WKH�IOXLGV��
7KH� HYROXWLRQ� RI� WKH� UHIULJHUDQW� LQ� WKH� H[SDQGHU� LV�
LVHQWKDOSLF��
7KH� KHDW� SXPS� FRPSUHVVRU� LV� D� URWDU\� FRPSUHVVRU�
ZLWK� IL[HG� VSHHG� ���� +]��� (IILFHQF\� YDOXHV� DUH� VHW�
DFFRUGLQJ�WR�WKH�GDWD�VKHHW�RI�D�WKHUPRG\QDPLF�ZDWHU�
KHDWHU�DYDLODEOH�RQ�WKH�PDUNHW��
��9ROXPHWULF�HIILFLHQF\�RI�������
��,VHQWURSLF�HIILFLHQF\�RI�������
��(IIHFWLYH�LVHQWURSLF�HIILFLHQF\�RI�������
7KH�YROXPH�RI�KRW�ZDWHU�LV�����/��,W�LV�FRQWUROOHG�WR�
KHDW� WKH� ZDWHU� WR� ��� �� &� DQG� WR� RSHUDWH� ZKHQ� WKH�
WHPSHUDWXUH�RI�WKH�DLU�OD\HU�LV�KRWWHU�WKDQ�DPELHQW�DLU��
LPSO\LQJ�RSHUDWLRQ�IURP����DP��
�
(DFK� HOHPHQW� LV� PRGHOHG� LQGHSHQGHQWO\� DQG�
LQWHJUDWHG�LQWR�WKH�RYHUDOO�PRGHO�E\�)OXLG�FRQQHFWRUV�
�FKDUDFWHUL]HG� E\� SUHVVXUH�� HQWKDOS\� DQG� PDVV� IORZ�
UDWH�� DQG� $LU� �FKDUDFWHUL]HG� E\� D� WHPSHUDWXUH� DQG�
PDVV�IORZ���(TXDWLRQV�IRU�HDFK�HOHPHQW�DUH�EDVHG�RQ�
KHDW�DQG�PDVV�FRQVHUYDWLRQ��
7KH� WKHUPRG\QDPLF� V\VWHP� LV� DQ� DLU� VRXUFH� KHDW�
SXPS�� $W� ORZ� WHPSHUDWXUHV� DQG� KLJK� KXPLGLW\��
H[WHUQDO�EDWWHU\�LV�VXEMHFW�WR�IURVW�GHSRVLWV��7KXV��WKH�
V\VWHP� RSHUDWHV� LQ� GHIURVW� PRGH� DQG� ORVHV�
SHUIRUPDQFH��,Q�RUGHU�WR�WDNH�LQWR�FRQVLGHUDWLRQ�WKHVH�
ORVVHV�� WKH� SHUIRUPDQFH� GHJUDGDWLRQ� LV� FRUUHODWHG� DV�
IXQFWLRQ� RI� H[WHUQDO� WHPSHUDWXUH� DQG� LV� WDNHQ� LQWR�
FRQVLGHUDWLRQ� LQ� WKH� WKHUPRG\QDPLF� PRGHO� RI� WKH�
KHDW�SXPS��0DDWRXN�HW�DO���������
�

5(68/76�$1'�',6&866,21�
$V�D�ILUVW�VWHS��FDOFXODWLRQV�ZHUH�SHUIRUPHG�XVLQJ�DV�
LQSXW� GDWD� WKH� WHVW� FRQGLWLRQV� RSHUDWLQJ� LQ� DUWLILFLDO�
DQG� QDWXUDO� VWDWH�� 7KLV� HQDEOHG� WKH� YDOLGDWLRQ� RI� WKH�
QXPHULFDO� WKHUPDO� PRGHO�� 7KHQ�� VLPXODWLRQV� DUH�
SHUIRUPHG� RYHU� D� \HDU� FRQVLGHULQJ� WKH� ZHDWKHU� LQ�
GLIIHUHQW�FLWLHV�LQ�)UDQFH��7KH�REMHFWLYH�LV�WR�FDOFXODWH�
WKH�WHPSHUDWXUH�RI�WKH�DLU�VXFNHG�XQGHU�WKH�WLOHV��7KLV�
KHDWHG� DLU� LV� XVHG� DV� D� KHDW� VRXUFH� IRU� D� KHDW� SXPS�
ZDWHU� KHDWHU�� )LQDOO\�� WKH� PRGHOOHG� KHDW� SXPS� DQG�
VWRUDJH� WDQN� ZLOO� KHOS� FDOFXODWLQJ� WKH� DQQXDO�
FRQVXPSWLRQ� RI� WKH� WKHUPRG\QDPLF� ZDWHU� KHDWHU�
RSHUDWLQJ� ZLWK� DPELHQW� DLU� DQG� FRPSDUH� LW� WR� WKDW�
RSHUDWLQJ� ZLWK� KHDWHG� DLU� FDSWXUHG� XQGHU� WKH� WLOHV��
)LQDOO\�� WKH� JDLQ� EURXJKW� E\� WKLV� WHFKQRORJ\� WR�
FDSWXUH�HQHUJ\�XQGHU�WKH�WLOHV�LV�HYDOXDWHG��
�
Validation of the thermal model 
7KH� H[SHULPHQWDO� VHW� XS� ZDV� ILUVW� RSHUDWHG� ZLWK�
DUWLILFLDO� FRQGLWLRQV�� LH� WR� FRQWURO� DOO� WKH� ERXQGDU\�
FRQGLWLRQV� DFWLQJ� RQ� LW�� 7KH� YHQWLODWRU� DW� GLIIHUHQW�
VSHHGV�EOHZ�D�FRQVWDQW�DLUIORZ��VLPXODWLQJ�WKH�ZLQG��
,QIUDUHG� ODPSV� LQVWDOOHG�RYHU� WKH� WLOHV� VLPXODWH� VRODU�
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UDGLDWLRQ��7KHVH�ERXQGDU\�FRQGLWLRQV�ZHUH�VHW� LQ�WKH�
PRGHO�DQG�VLPXODWHG��)LJXUH���VKRZV�WKH�FRPSDULVRQ�
EHWZHHQ� WKH� PHDVXUHG� DQG� VLPXODWHG� YDOXHV�� 7KH�
PRGHO� UHSURGXFHV� ZHOO� WKH� G\QDPLF� WKHUPDO�
EHKDYLRXU� RI� WKH� URRI� DQG� WKH� DLU� OD\HU� LQ� DUWLILFLDO�
FRQGLWLRQV��
�

�
Figure 8 Evolution of calculated and measured 

temperatures in artificial test conditions 
�
,Q�D�VHFRQG�VWHS��WKH�H[SHULPHQWDO�GHYLFH�LV�LQVWDOOHG�
RXWGRRU�LQ�D�QDWXUDO�HQYLURQPHQW�ZKHUH�LW�XQGHUJRHV�
YDULDEOH� FOLPDWLF� FRQGLWLRQV� GHSHQGLQJ� RQ� WKH� GD\�
DQG�WKH�ZHDWKHU��
7KH� PHDVXUHG� ZHDWKHU� FRQGLWLRQV� ZHUH� VHW� LQ� WKH�
PRGHO� DV� ERXQGDU\� FRQGLWLRQV�� )LJXUH� �� VKRZV� WKH�
FRPSDULVRQ� EHWZHHQ� VLPXODWHG� DQG� PHDVXUHG� GDWD��
7KH� REWDLQHG� UHVXOWV� VKRZ� WKDW� D� UHODWLYH� HUURU� RI�
����� LV� FDOFXODWHG� EHWZHHQ� WKH� PHDVXUHV� DQG� WKH�
VLPXODWLRQ��DQG�FDQ�EH�FRQVLGHUHG�DV�DFFHSWDEOH��
�

�
Figure 9 Evolution of calculated and measured 

collected air temperatures in natural test conditions 
(DT is defined as the difference between collected air 

and ambient temperature) 
�
Heating potential of one year 
7KH� FDOFXODWLRQ� LV� SHUIRUPHG� RQ� D� IXOO� \HDU�� )LYH�
UHSUHVHQWDWLYH�FLWLHV�RI�WKH�)UHQFK�FOLPDWH�DUH�FKRVHQ�
IRU� WKHUPDO� VLPXODWLRQ�� 7KH� KRXUO\� PHWHRURORJLFDO�
GDWD�ZDV�REWDLQHG�IURP�WKH�VRIWZDUH�0HWHRQRUP��DQG�
XVHG��VSHFLILFDOO\��
��7HPSHUDWXUH�DQG�UHODWLYH�KXPLGLW\�RI�WKH�DLU��
��7KH�ZLQG�VSHHG�DQG�GLUHFWLRQ��
��7KH�GLUHFW�VRODU�IOX[��
,Q�WKLV�SDSHU��RQO\�WKH�UHVXOWV�RI�WKH�FLW\�RI�%RUGHDX[�
DUH�SUHVHQWHG��+RZHYHU��WKH�WUHQG�IRU�WKH�RWKHU�FLWLHV�

�7RXORXVH��1LFH��1DQF\�DQG�7UDSSHV��LV�VLPLODU�WR�WKH�
UHVXOWV�REWDLQHG�IRU�%RUGHDX[��
)RU� WKLV� VLPXODWLRQ�� LW� LV� DVVXPHG� WKDW� WKH� DLU� LV�
FRQWLQXRXVO\� VXFNHG� XQGHU� WKH� WLOHV�� 7KH� RQ�RII�
VFHQDULR�IRU�WKH�IDQ�LV�QRW�LQWURGXFHG��7KH�FDOFXODWHG�
DLU� OD\HU� WHPSHUDWXUH� LV� XVHG� LQ� WKH� WKHUPRG\QDPLF�
ZDWHU� KHDWHU� PRGHO�� )LJXUH� ��� SUHVHQWV� WKH�
FDOFXODWLRQ� UHVXOWV� IRU� WKH� FROOHFWHG� DLU�� ZKLFK� LV�
FRPSDUHG� WR� WKH� DPELHQW� WHPSHUDWXUH�� ,W� VKRZV� WKDW�
WKH�DPELHQW�DLU�VRXUFH�LV�KHDWHG�XS�WR����.�EHIRUH�LW�
LV�XVHG�LQ�WKH�WKHUPRG\QDPLF�ZDWHU�KHDWHU��

�
Figure 10 Evolution of calculated temperatures for 

the city of Bordeaux 
,Q� WKH� KHDW� SXPS� PRGHO�� WKH� DLU� VRXUFH� DW� WKH�
HYDSRUDWRU� XVHG� IRU� WKH� UHIHUHQFH� VLPXODWLRQV� LV� WKH�
DPELHQW� DLU� WHPSHUDWXUH� WKHQ� WKH� FDOFXODWHG� DLU�
WHPSHUDWXUH�LQ�WKH�DLU�OD\HU�XQGHU�WKH�WLOHV��
�
Energy consumption of the thermodynamic water 
heater and annual gain 
7KH� FDOFXODWLRQV� DUH� SHUIRUPHG� IRU� D� IXOO� \HDU�� 7KH�
FRPSXWLQJ� WLPH� VWHS� LV� ���� VHFRQGV�� 7KUHH�
FDOFXODWLRQV�DUH�SHUIRUPHG��
 1LJKW�RSHUDWLQJ�SHULRG��XVLQJ�DPELHQW�DLU�DV�KHDW�

VRXUFH�
 'DLO\�RSHUDWLQJ�SHULRG��XVLQJ�DPELHQW�DLU�DV�KHDW�

VRXUFH�
 'DLO\�RSHUDWLQJ�SHULRG��XVLQJ�DLU�XQGHU�WKH�WLOHV�DV�

KHDW�VRXUFH�

(OHFWULFDO�FRQVXPSWLRQV�FRQVLGHUHG�LQ�WKH�PRGHO�DUH��
 7KH�SRZHU�FRQVXPSWLRQ�RI�WKH�FRPSUHVVRU�
 7KH�FRQVXPSWLRQ�RI�WKH�FLUFXODWLRQ�SXPS�ZDWHU�
 7KH� SRZHU� FRQVXPSWLRQ� RI� WKH� IDQ�� WDNLQJ� LQWR�

DFFRXQW� WKH�H[WUD�SUHVVXUH�GURS�JHQHUDWHG�E\� WKH�
LQWDNH�DQG�GLVFKDUJH�GXFWV�

 (QHUJ\�ORVVHV�UHODWHG�WR�IURVW�GHIURVW�F\FOHV�RI�WKH�
V\VWHP��

�
Figure 11 Monthly energy consumption and savings 
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)LJXUH����VKRZV� WKH�PRQWKO\�HOHFWULFDO�FRQVXPSWLRQ�
RI� WKH� WKHUPRG\QDPLF� ZDWHU� KHDWHU�� 7KH� ILJXUH�
SUHVHQWV� DOVR� WKH� HQHUJ\� VDYLQJV� DFKLHYHG�ZKHQ� WKH�
DLU� OD\HU� XQGHU� WLOHV� LV� XVHG� FRPSDUHG� WR� GDLO\� RU�
QLJKW�RSHUDWLQJ�SHULRGV���

7KH� DQQXDO� HOHFWULFLW\� FRQVXPSWLRQ� RI� WKH� V\VWHP��
RSHUDWLQJ� ZLWK� UHFRYHUHG� KHDWHG� DLU� XQGHU� WKH� WLOHV�
DUH� UHGXFHG�� FRPSDUHG� WR� FRQYHQWLRQDO� V\VWHPV��
(QHUJ\� VDYLQJV� RI� ���� DQG� ���� DUH� UHVSHFWLYHO\�
FDOFXODWHG�IRU�QLJKW�DQG�GD\�RSHUDWLQJ�SHULRGV��
�

&21&/86,216�
7KLV�SDSHU�KDV� VKRZQ� WKH�SRWHQWLDO�RI�KHDW� UHFRYHU\�
IURP� WKH� DLU� XQGHU� WKH� WLOHV� RI� D� SLWFKHG� URRI�� 7KH�
DHURG\QDPLF�DQG� WKHUPDO�EHKDYLRU�RI�D�SLWFKHG� URRI�
ZDV� HYDOXDWHG� E\� PHDQ� RI� FRXSOHG� VLPXODWLRQV�
EHWZHHQ�WKHUPDO�VLPXODWLRQ�DQG�&RPSXWDWLRQDO�)OXLG�
'\QDPLFV�� 6LPXODWLRQ� UHVXOWV� ZHUH� YDOLGDWHG�
H[SHULPHQWDOO\�E\�WKH�PHDQ�RI�DQ�H[SHULPHQWDO�VHW�XS�
EXLOW� DQG� WHVWHG� XQGHU� GLIIHUHQW� ZHDWKHU� FRQGLWLRQV��
0RGHO� KDV� VKRZQ� JRRG� DJUHHPHQW� ZLWK� WKH�
H[SHULPHQWDO� UHVXOWV�� )LQDO\� D� WKHUPRG\QDPLF�ZDWHU�
KHDW�ZDV�PRGHOHG�RQ�'\PROD��DYDLODEOH�HQHUJ\�LQ�WKH�
DLU� OD\HU� LV�YDORUL]HG�DQG�XVHG�DV�KHDW�VRXUFH�IRU�WKH�
KHDW�SXPS��5HVXOWV�VKRZ�WKDW�WKH�YDORUL]DWLRQ�RI�WKLV�
HQHUJ\�FDQ�UHGXFH�WKH�DQQXDO�HQHUJ\�FRQVXPSWLRQ�RI�
D�VLQJOH�IDPLO\�KRXVH�IRU�DERXW������
�

120(1&/$785(�
$� VXUIDFH�DUHD� P��
&� KHDW�FDSDFLW\� -��NJ�.��
'� PDVV�IORZ�UDWH� NJ�V�
J� JUDYLW\� � P�Vð�
K� FRQYHFWLYH�KHDW�H[FKDQJH�FRHIILFLHQW
� :��P��.��
LQI� LQILOWUDWHG�DLU�PDVV�IORZUDWH� NJ�V�
4� KHDW�H[FKDQJH� :�
U� GLVWDQFH� P�
7� WHPSHUDWXUH� .�RX��&�
W� WLPH� V 
X� YHORFLW\�FRPSRQHQW� P�V�
�
Subscripts 
ǻ� YDULDWLRQ�
DPE� DPELHQW�
F� FRQYHFWLYH�
H[W� H[WHULRU�
LQW� LQWHULRU�
VRO� VXQ�
QRUP� QRUPDO�
�
Greek symbols 
� (PLVVLYLW\�
� &RQGXFWLYLW\� :��P�.��
� 9LVFRVLW\� 3D�V�
� 'HQVLW\� NJ�P��

� 6WHIDQ±%ROW]PDQQ�FRQVWDQW�
� :��P��.���
�

$&.12:/('*(0(17�
7KH� DXWKRUV� ZRXOG� OLNH� WR� DFNQRZOHGJH� 7(55($/�
5	'�IRU�LWV�VXSSRUW�GXULQJ�WKLV�SURMHFW��

5()(5(1&(6�
%HOXVNR� 0��� 6DPDQ� :��� %UXQR� )�� ������ 5RRI�

LQWHJUDWHG� VRODU� KHDWLQJ� V\VWHP� ZLWK� JOD]HG�
FROOHFWRU��6RODU�(QHUJ\�������������������

*DUFÕ� 9DOODGDUHV�� 3LODWRZVN�� 5XL]� �� ������ 2XWGRRU�
WHVW�PHWKRG�WR�GHWHUPLQH�WKH�WKHUPDO�EHKDYLRU�RI�
VRODU� GRPHVWLF� ZDWHU� KHDWLQJ� V\VWHPV�� 6RODU�
(QHUJ\��������������������

,QWHUQDWLRQDO� (QHUJ\� $JHQF\�� ������ �6RODU� (QHUJ\�
3HUVSHFWLYHV��([HFXWLYH�6XPPDU\���

&($��������4XHVWLRQ�GH�SK\VLTXH�DXWRXU�GH�O¶pQHUJLH�
VRODLUH´��6pPLQDLUH�4XHVWLRQV�GH�6FLHQFHV����MXLQ�
������

5R\�� '�� HW� DO������ 0RGHOLQJ� RI� ,Q�9HKLFOH� KHDW�
WUDQVIHUV� XVLQJ� ]RQDO� DSSURDFK�� 3URFHHGLQJV� RI�
6$(�����������0DUFK�������

-LQTLQJ�HW�DO���������5HYLHZ�RQ�OLIH�F\FOH�DVVHVVPHQW�
RI�HQHUJ\�SD\EDFN�DQG�JUHHQKRXVH�JDV�HPLVVLRQ�
RI� VRODU� SKRWRYROWDLF� V\VWHPV�� 5HQHZDEOH� DQG�
6XVWDLQDEOH�(QHUJ\�5HYLHZV���������������±����

0DDWRXN� HW� DO��� ������ 1HZ� 0HWKRGRORJ\� RI�
&KDUDFWHUL]DWLRQ�RI�6HDVRQDO�3HUIRUPDQFH�)DFWRU�
RI�$Q�$LU�7R�:DWHU�+HDW�3XPS��3URFHHGLQJV�RI�
3XUGXH� &RPSUHVVRU� (QJLQHHULQJ�� 5HIULJHUDWLRQ�
DQG� $LU� &RQGLWLRQLQJ� DQG� +LJK� 3HUIRUPDQFH�
%XLOGLQJV�&RQIHUHQFHV��������

6LGLUDV� 'LPLWULRV�� DQG� .RXNLRV� (PPDQXHO�� ������
7KH� HIIHFW� RI� SD\EDFN� WLPH� RQ� VRODU� KRW� ZDWHU�
V\VWHPV� GLIIXVLRQ�� WKH� FDVH� RI� *UHHFH�� (QHUJ\�
&RQYHUVLRQ� DQG� 0DQDJHPHQW� ��� ������� ���±
�����

6RO7HFK� (QHUJ\�� ������ )UHH� KHDWLQJ� DQG� FRROLQJ�
IURP� WKH� VXQ�� KWWS���VROWHFKHQHUJ\�FRP�VROWHFK�
IOH[��

6WDJ� 9LHVVPDQ�� ������ +HDWLQJ� ZLWK� VRODU� HQHUJ\��
KWWS���ZZZ�YLHVVPDQQ�IL�HWF�PHGLDOLE�LQWHUQHW�
IL�SGI�SURGXFWV�3DU������)LOH�)LOH�WPS�+HDWLQJZL
WKVRODUHQHUJ\�SGI�

7K�U� $OH[DQGHU�� )XUER� 6LPRQ�� 6KDK� /RXLVH� -LYDQ��
������(QHUJ\�VDYLQJV� IRU� VRODU�KHDWLQJ�V\VWHPV��
6RODU�(QHUJ\�����������������������

<XPUXWDV� 5HFHS�� hQVDO� 0D]KDU�� ������ (QHUJ\�
DQDO\VLV� DQG�PRGHOLQJ�RI� D� VRODU� DVVLVWHG�KRXVH�
KHDWLQJ� V\VWHP� ZLWK� D� KHDW� SXPS� DQG� DQ�
XQGHUJURXQG�HQHUJ\�VWRUDJH� WDQN��6RODU�(QHUJ\��
��� �������� ���������
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