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IMPACT OF HEAT TRANSFER THROUGH FLOOR SLAB ON ENERGY 
PERFORMANCE OF BUILDINGS WITH UFAD SYSTEMS 
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7KHUH� DUH� IHZ� VWXGLHV� RQ� WKH� LPSDFW� RI� WKHUPDO�
VWRUDJH�DQG�KHDW�WUDQVIHU�RQ�WKH�IORRU�VODE�RQ�HQHUJ\�
SHUIRUPDQFH� RI� EXLOGLQJV� ZLWK� 8QGHU�IORRU� $LU�
'LVWULEXWLRQ� �8)$'�� V\VWHPV�� 7KLV� LQYHVWLJDWLRQ�
XVHG� (QHUJ\3OXV� WR� FRQGXFW� HQHUJ\� VLPXODWLRQV� DQG�
DQDO\]H� HQHUJ\� XVH� RI� DQ� RIILFH� EXLOGLQJ� ZLWK� DQ�
8)$'�V\VWHP�LQ�3KLODGHOSKLD��7KH�FRPSXWHG�UHVXOWV�
LQGLFDWHG� WKDW� WKH� EXLOGLQJ� ZLWK� WKH� 8)$'� V\VWHP�
ZRXOG� FRQVXPH� PRUH� HQHUJ\� WKDQ� WKH� ZHOO�PL[HG�
V\VWHP�LI�WKH�KHDW�WUDQVIHU�WKURXJK�WKH�IORRU�VODE�ZDV�
FRQVLGHUHG�� +RZHYHU�� LQ� WKH� VKRXOGHU� VHDVRQV�� WKH�
8)$'�V\VWHP�ZRXOG�XVH� OHVV� HQHUJ\� WKDQ� WKH�ZHOO�
PL[HG� V\VWHP� EHFDXVH� WKH�8)$'� V\VWHP� FDQ�PDNH�
XVH� RI� PRUH� IUHH� FRROLQJ�� 7KHUHIRUH�� WKH� HQHUJ\�
SHUIRUPDQFH�RI� WKH�EXLOGLQJ�ZLWK� WKH�8)$'�V\VWHP�
FRXOG�EH�EHWWHU�RU�ZRUVH�WKDQ�WKH�ZHOO�PL[HG�V\VWHP�
GHSHQGLQJ�RQ�WKH�FOLPDWH�]RQHV���

,1752'8&7,21�
)RU� EXLOGLQJV� ZLWK� 8QGHU�)ORRU� $LU� 'LVWULEXWLRQ�
�8)$'�� V\VWHPV�� WKH� DLU� TXDOLW\� LV� JHQHUDOO\� EHWWHU�
WKDQ� WKDW�ZLWK� ZHOO�PL[HG� YHQWLODWLRQ� V\VWHP�� 6LQFH�
FRRO� FRQGLWLRQHG� DLU� LV� GHOLYHUHG� LQWR� WKH� IORRU�
SOHQXPV� ZLWK� 8)$'� V\VWHPV� EHIRUH� HQWHULQJ� WKH�
RFFXSLHG�]RQHV��WKLV�SURFHVV�OHDGV�WR�WKH�KHDW�WUDQVIHU�
IURP�FHLOLQJ�SOHQXP�GRZQVWDLUV� WR� WKH� IORRU�SOHQXP�
EHFDXVH�RI� DLU� WHPSHUDWXUH�GLIIHUHQFH�EHWZHHQ� WKRVH�
VSDFHV��%DXPDQ� HW� DO�� ������� FDOFXODWHG� WKH� FRROLQJ�
ORDG� RI� EXLOGLQJV� ZLWK� 8)$'� V\VWHPV� E\� XVLQJ�
VLPSOLILHG� ILUVW�ODZ� PRGHO� DQG� HVWLPDWHG� WKDW� XS� WR�
����RI�WKH�WRWDO�FRROLQJ�ORDG�ZDV�WUDQVIHUUHG�LQWR�WKH�
IORRU� SOHQXP� DQG� RQO\� DERXW� ����ZDV� UHPRYHG� E\�
WKH� UHWXUQ� DLU�� 7KHLU� UHVXOWV� LQGLFDWHG� WKDW� WKH� KHDW�
WUDQVIHU�EHWZHHQ�WKH�FHLOLQJ�DQG�IORRU�SOHQXPV�PLJKW�
KDYH�VLJQLILFDQW�LQIOXHQFH�RQ�WKH�HQHUJ\�SHUIRUPDQFH�
RI�EXLOGLQJV�ZLWK�8)$'�V\VWHPV���
0DQ\� SUHYLRXV� VWXGLHV� KDYH� FRPSDUHG� WKH� HQHUJ\�
SHUIRUPDQFH� RI� EXLOGLQJV� ZLWK� 8)$'� V\VWHPV� DQG�
ZHOO�PL[HG� V\VWHPV�� ;X� HW� DO�� ������� SUHVHQWHG� D�
QXPHULFDO� SURFHGXUH� WR� SUHGLFW� WKH� HQHUJ\�
FRQVXPSWLRQ�RI�D�W\SLFDO�RIILFH�EXLOGLQJ�ZLWK�8)$'�
V\VWHPV� FRPSDUHG� ZLWK� ZHOO�PL[HG� V\VWHPV�� 7KH\�
IRXQG� WKDW� WKH� HQHUJ\� VDYLQJ� RI� 8)$'� FRPSDUHG�
ZLWK�ZHOO�PL[HG�V\VWHPV�ZDV�IURP�KLJKHU�VXSSO\�DLU�
WHPSHUDWXUH� DQG� KLJKHU� H[KDXVW� WHPSHUDWXUH� GXH� WR�
LQGRRU� DLU� VWUDWLILFDWLRQ�� $ODMPL� HW� DO�� �������

H[DPLQHG� WKH� SHUIRUPDQFH� RI� WKH� 8)$'� DQG� ZHOO�
PL[HG� V\VWHPV� LQ� KRW� FOLPDWH� �.XZDLW��� 'LIIHUHQW�
VXSSO\� DLU� WHPSHUDWXUHV� DQG� EXLOGLQJ� KHLJKWV� ZHUH�
VWXGLHG��7KH�UHVXOWV� VKRZHG� WKDW� WKH�DPRXQW�RI� WRWDO�
HQHUJ\�VDYLQJ�DV�ZHOO�DV�SHDN� ORDG�VDYLQJ� LQFUHDVHG�
ZLWK�KLJKHU�EXLOGLQJ�KHLJKWV��+RZHYHU��WKH�SHDN�ORDG�
VDYLQJ� ZDV� QRW� YHU\� VHQVLWLYH� WR� WKH� VXSSO\� DLU�
WHPSHUDWXUH���
7KHVH� LQYHVWLJDWLRQV� LQWURGXFHG� WKH� LPSDFW� RI� VRPH�
LPSRUWDQW� IDFWRUV� VXFK� DV� URRP� DLU� VWUDWLILFDWLRQ� RQ�
HQHUJ\�SHUIRUPDQFH�RI�EXLOGLQJV�ZLWK�8)$'�V\VWHPV�
FRPSDUHG�ZLWK�ZHOO�PL[HG�V\VWHPV��%XW�IHZ�RI�WKHP�
IRFXVHG�RQ�WKH�LQIOXHQFH�RI�WKHUPDO�VWRUDJH�DQG�KHDW�
WUDQVIHU� WKURXJK� WKH� IORRU� VODE� EHWZHHQ� WKH� FHLOLQJ�
DQG�IORRU�SOHQXPV��7KH�HQHUJ\�DVVHVVPHQW�RI�8)$'�
DQG�ZHOO�PL[HG�V\VWHPV�FRXOG�EH�PRUH�ULJRURXV�DQG�
DFFXUDWH� LI� WKLV� KHDW� WUDQVIHU� SURFHVV�ZDV� WDNHQ� LQWR�
DFFRXQW�� 7KHUHIRUH�� WKLV� LQYHVWLJDWLRQ� WULHG� WR� VWXG\�
WKH� LQIOXHQFH� RI� KHDW� WUDQVIHU� WKURXJK� WKH� IORRU� VODE�
EHWZHHQ� WKH� IORRU� SOHQXP� DQG� WKH� FHLOLQJ� SOHQXP�
GRZQVWDLUV� LQ� D� EXLOGLQJ�� $Q� RIILFH� EXLOGLQJ� LQ�
3KLODGHOSKLD� ZDV� XVHG� IRU� WKH� VWXG\�� 7KLV�
LQYHVWLJDWLRQ� FRPSDUHG� WKH� DQQXDO� HQHUJ\�
FRQVXPSWLRQ� RI� WKH� FKLOOHU�� ERLOHU� DQG� IDQV� LQ� WKH�
EXLOGLQJ�ZLWK�D�8)$'�V\VWHP�DQG� WKDW�ZLWK�D�ZHOO�
PL[HG�V\VWHP��

5(6($5&+�0(7+2'�
,Q� RUGHU� WR� HVWLPDWH� WKH� LPSDFW� RI� WKH� KHDW� WUDQVIHU�
WKURXJK� IORRU� VODEV� RQ� WKH� HQHUJ\� SHUIRUPDQFH� RI�
EXLOGLQJV� ZLWK� 8)$'� V\VWHPV�� LW� LV� QHFHVVDU\� WR�
FRQGXFW� DQQXDO� HQHUJ\� VLPXODWLRQV� IRU� ZKROH�
EXLOGLQJV�� 7KLV� LQYHVWLJDWLRQ� VHOHFWHG� (QHUJ\3OXV�
VLQFH� LW� LV� FDSDEOH� RI� VLPXODWLQJ� WKHUPDO� ORDG� DQG�
DQQXDO�HQHUJ\�XVH�LQ�D�EXLOGLQJ�DQG�DOORZV�PRGHOLQJ�
VXSSO\�DQG�UHWXUQLQJ�SOHQXPV�DV�VHSDUDWH�]RQHV����
7KLV�LQYHVWLJDWLRQ�VLPXODWHG�DQ�RIILFH�EXLOGLQJ�RI����
P�����P������P��LQFOXGLQJ�FHLOLQJ�SOHQXP�RI�����P�
KHLJKW�� LQ� 3KLODGHOSKLD�� 7R� VWXG\� WKH� KHDW� WUDQVIHU�
WKURXJK� WKH� IORRU� VODE�� WKH� RXWVLGH� ERXQGDU\�
FRQGLWLRQ�RI�WKH�FHLOLQJ�SOHQXP�GRZQVWDLUV�ZDV�VHW�DV�
WKDW� IRU� WKH� IORRU� SOHQXP�� 7R� VLPSOLI\� WKH� EXLOGLQJ�
PRGHO��WKH�VSDFH�ZDV�IXUWKHU�GLYLGHG�LQWR�WZR�]RQHV��
D�SHULPHWHU�RI���P�DORQJ�WKH�EXLOGLQJ�HQYHORSH�DQG�D�
FRUH� ]RQH� �.DUDJX]HO� HW� DO��� ������� 7KLV� VWXG\�
VSHFLILHG� WKH� LQWHQVLW\� DQG� VFKHGXOH� RI� WKH�
RFFXSDQF\�� OLJKWV� DQG� HOHFWULF� HTXLSPHQW� DV�ZHOO� DV�
EXLOGLQJ� VWUXFWXUH� LQIRUPDWLRQ� E\� XVLQJ� WKH� '2(�
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UHIHUHQFH� PRGHO� IRU� PHGLXP� RIILFH� �15(/�� �������
)LJXUH� �� LOOXVWUDWHV� WKH� LQWHUQDO� ORDG� SURILOH� IRU� WKH�
EXLOGLQJ��7KH�VHW�SRLQWV�IRU�KHDWLQJ�DQG�FRROLQJ�ZHUH�
���&�DQG����&��UHVSHFWLYHO\��DQG�WKH�PLQLPXP�IUHVK�
DLU� UDWH� ZDV� ���� /��V∙P��� �$6+5$(�� ������� 7KH�
+9$&�V\VWHP�RSHUDWLRQ�VFKHGXOH�ZDV�IURP������DP�
±� ������ SP��$Q� HFRQRPL]HU�ZDV� DOVR� XVHG� IRU� IUHH�
FRROLQJ�� 7KH� VLPXODWLRQV� XVHG� D� WLPH�VWHS� RI� VL[�
PLQXWHV� DV� UHFRPPHQGHG� IRU� ZKROH�EXLOGLQJ�
VLPXODWLRQV�ZLWK�+9$&�V\VWHPV��(QHUJ\3OXV���������
��

�
Figure 1 Internal heat load of the office building 

�
)LJXUH���VKRZV�WKH�EXLOGLQJ�V\VWHP�VFKHPDWLF�IRU�WKH�
EXLOGLQJ��)LJXUH����D��LV�IRU�RQH�ZLWK�D�8)$'�V\VWHP�
DQG� WKH� URRP�ZDV�ZLWK� D� ����P� KLJK� IORRU� SOHQXP��
7KH� XQGHU�IORRU� SOHQXP� ZDV� GLYLGHG� LQWR� IRXU�
SHULPHWHU�]RQHV�DQG�RQH�FRUH�]RQH�E\�SDUWLWLRQV��7KH�
FRQGLWLRQHG�DLU�ZDV�VXSSOLHG�WKURXJK�GXFWV�HQFLUFOLQJ�
WKH� SHULPHWHUV� RI� DOO� ]RQHV�� 7KH� FHQWUDO� FRROLQJ�
V\VWHP� SURYLGHG� FRQGLWLRQHG� DLU� DW� ���&� LQWR� WKH�
IORRU� SOHQXP� GXULQJ� FRROLQJ� PRGH� DQG� DLU� ZDV�
VXSSOLHG� LQWR� WKH� RFFXSLHG� ]RQH� WKURXJK� SDVVLYH�
GLIIXVHUV��QR�IDQ�SRZHU��DW�WKH�UDLVHG�IORRU��,Q�KHDWLQJ�
PRGH�� WKH� DLU� ZDV� KHDWHG� WR� ���&� EHIRUH� LW� ZDV�
VXSSOLHG�LQWR�WKH�SHULPHWHU�]RQHV�RI�WKH�IORRU�SOHQXP��
5RRP�DLU�WHPSHUDWXUH�ZDV�FRQWUROOHG�E\�9DULDEOH�$LU�
9ROXPH��9$9��VWUDWHJ\��,Q�RUGHU�WR�VLPXODWH�WKH�DLU�
IORZLQJ�LQWR� WKH�RFFXSLHG�]RQH�IURP�WKH�XQGHU�IORRU�
SOHQXP�WKURXJK�WKH�GLIIXVHUV�RQ�WKH�UDLVHG�IORRU�� WKH�
³$LU7HUPLQDO�6LQJOH'XFW�9$9�+HDW$QG&RRO�1R5H
KHDW´�PRGXOHV�LQ�(QHUJ\3OXV�ZDV�XVHG�WR�FRQQHFW�WKH�
VXSSO\�SOHQXPV�DQG�WKH�RFFXSLHG�]RQHV���
)LJXUH���E��LV�IRU�WKH�RWKHU�ZLWK�D�ZHOO�PL[HG�V\VWHP�
WKDW� GHOLYHUHG� GLUHFWO\� WKH� FRQGLWLRQHG� DLU� LQWR� WKH�
URRP� IURP� WKH� FHLOLQJ� OHYHO� DQG� H[WUDFWHG� WKH� DLU�
WKURXJK�H[KDXVWV�ORFDWHG�DW�WKH�FHLOLQJ�OHYHO�DV�ZHOO��
$LU�ZDV� GHOLYHUHG� LQWR� WKH� URRP�ZLWK� D� WHPSHUDWXUH�
RI����&�IRU�KHDWLQJ�DQG���R&�IRU�FRROLQJ��,Q�RUGHU�WR�
UHDOL]H� 9$9� FRQWURO�� WKH� DLU� XQLW�
³$LU7HUPLQDO�6LQJOH'XFW�9$9�+HDW$QG&RRO�1R5H
KHDW´� VXEURXWLQH� IURP� (QHUJ\3OXV�ZDV� XVHG� IRU� WKH�
RFFXSLHG�]RQHV���
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Figure 2 System schematic: (a) UFAD system; (b) 
well-mixed system 

�
6LQFH� WKH� 8)$'� V\VWHP� FUHDWHG� WHPSHUDWXUH�
VWUDWLILFDWLRQ�� FRUUHFW� SUHGLFWLRQ� RI� WKH� WHPSHUDWXUH�
VWUDWLILFDWLRQ� LV� HVVHQWLDO� WR� HVWLPDWH� DFFXUDWHO\� WKH�
HQHUJ\� SHUIRUPDQFH�� %HFDXVH� (QHUJ\3OXV� FDQQRW�
SURYLGH�GHWDLO�LQIRUPDWLRQ�RI�DLUIORZ�SDWWHUQ�RI�]RQHV�
OLNH�D�&)'�SURJUDP�� WKH� URRP�DLU�PRGHO� IRU�8)$'�
V\VWHPV� GHYHORSHG� E\� /LQ� DQG� /LQGHQ� ������� ZDV�
XVHG� WR� SUHGLFW� WKH� VWUDWLILHG� DLU� GLVWULEXWLRQ�� 'DO\�
������� YDOLGDWHG� WKH� PRGHO� ZLWK� PHDVXUHG� GDWD�
REWDLQHG� RQ� EXLOGLQJ� VLWH� DQG� IRXQG� WKHUH� ZDV� DQ�
H[FHOOHQW� DJUHHPHQW� EHWZHHQ� WKH�PHDVXUHG� GDWD� DQG�
WKH�URRP�DLU�WHPSHUDWXUHV�SUHGLFWHG�E\�WKH�DLU�PRGHO���
/LQHDU� EDU� JULOOHV� ZHUH� FKRVHQ� DV� GLIIXVHUV� IRU� WKH�
8)$'� V\VWHP� DQG� RQH� GLIIXVHU� ZDV� XVHG� IRU� HYHU\�
�����P��IORRU�DUHD��7KH�³%RLOHU�+RW:DWHU´�PRGHO� LQ�
(QHUJ\3OXV�ZDV�XVHG�WR�SURYLGH�KHDWLQJ�ZLWK��QDWXUDO�
JDV� DV� LWV� IXHO� DQG� WKH� ³&KLOOHU�(OHFWULF�(,5´�PRGHO�
ZDV� XVHG� WR� SURYLGH� FRROLQJ�� $XWR� VL]H� IXQFWLRQ� RI�
(QHUJ\3OXV� ZDV� FKRVHQ� WR� FDOFXODWH� WKH� UHIHUHQFH�
FDSDFLW\� RI� WKH� FKLOOHU� DQG� QRPLQDO� FDSDFLW\� RI� WKH�
ERLOHU��7KH�FKLOOHU�&23�ZDV�VHW�DV���DQG�WKH�QRPLQDO�
WKHUPDO�HIILFLHQF\�ZDV������7KH�IDQ�HIILFLHQF\�ZKLFK�
LV�WKH�UDWLR�RI�WKH�SRZHU�GHOLYHUHG�WR�WKH�IOXLG�WR�WKH�
HOHFWULFDO� LQSXW� SRZHU� DW�PD[LPXP� IORZ�ZDV� VHW� DV�
�����2Q� WKH�RWKHU�KDQG�� WKH�PLQLPXP�DLU�YROXPHWULF�
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IORZ� UDWH� IRU�FDOFXODWLQJ� IDQ�SRZHU�ZDV� VSHFLILHG�DV�
����RI�WKH�PD[LPXP�DLUIORZ�UDWH��

5(68/76�$1'�$1$/<6,6�
Validation of EnergyPlus by experiment 
7R� YDOLGDWH� (QHUJ\3OXV� DQG� WKH� URRP� DLU�PRGHO� IRU�
WKHLU� DELOLW\� LQ� SUHGLFWLQJ� HQHUJ\� XVH� LQ� EXLOGLQJV�
ZLWK� WKH�8)$'�V\VWHP�� WKLV� LQYHVWLJDWLRQ�FRQGXFWHG�
H[SHULPHQW� XQGHU� VWHDG\� VWDWH� LQ� DQ� HQYLURQPHQW�
FKDPEHU� DW� 3XUGXH� 8QLYHUVLW\�� 7KLV� FKDPEHU� KDG� D�
GLPHQVLRQ� RI� �����P�� �����P�� �����P� LQFOXGLQJ�
����� P� KLJK� IORRU� SOHQXP� DQG� ����� P� WKLFN� UDLVHG�
IORRU� SDQHOV�� )LJXUH� �� GHSLFWV� WKH� HQYLURQPHQWDO�
FKDPEHU� ZLWK� D� UDLVHG� IORRU� IRU� WKH� 8)$'� V\VWHP��
7KH�FKDPEHU�ZDV�ZLWK�VHYHUDO�SLHFHV�RI�IXUQLWXUH�DQG�
VRPH�KHDWHG�ER[HV�WKDW�VLPXODWHG�LQWHUQDO�ORDGV�VXFK�
DV� HOHFWULFDO� DSSOLDQFHV�� RFFXSDQWV�� HWF�� +LJKO\�
LQVXODWHG� PDWHULDOV� ZLWK� WKH� WKHUPDO� UHVLVWDQFH� RI�
����� P��.�:� ZHUH� XVHG� IRU� WKH� ZDOOV� DQG� FHLOLQJ��
,QVXODWLRQ�ZDV� DOVR� SODFHG� XQGHUQHDWK� WKH� VODE��7KH�
UDLVHG� IORRU� SDQHOV� KDYH� WKH� WKHUPDO� UHVLVWDQFH� RI�
����� P��.�:� �-LDQJ�� HW� DO��� ������� 'RXEOH� JOD]LQJ�
ZLQGRZV� ZHUH� LQVWDOOHG� DW� WKH� HDVW� ZDOO� RI� WKH�
FKDPEHU� DQG� WKH� WKHUPDO� UHVLVWDQFHV� RI� WKHP� ZHUH�
�����P��.�:��

�
�

�
Figure 3 Layout of the environmental chamber 

�
7KH�URRP�DLU�WHPSHUDWXUH�ZDV�FRQWUROOHG�ZLWKLQ�����
.��DQG�WKH�VXSSO\�DLU�WHPSHUDWXUH�ZLWKLQ�����.��7KH�
VXSSO\�DLUIORZ�UDWH�ZDV�FRQWUROOHG�ZLWKLQ������P��V��

7KH�LQOHW�WHPSHUDWXUH�ZDV������&�DQG�DLU�FKDQJH�UDWH�
ZDV� �� $&+�� $OO� WKH� VXUIDFH� WHPSHUDWXUHV� ZHUH�
PHDVXUHG�E\�7�W\SH�WKHUPRFRXSOHV�ZLWK�DQ�DFFXUDF\�
RI� ���� .� �-LDQJ�� HW� DO��� ������� 7KH� VXUIDFH�
WHPSHUDWXUH� IRU� HDFK� ZDOO� ZDV� PHDVXUHG� LQ� XSSHU��
PLGGOH�DQG�ORZHU�SRVLWLRQV�DQG�IRU�WKH�IORRU�VODE�DQG�
FHLOLQJ� LQ� VL[� SODFHV�� UHVSHFWLYHO\�� 7KH� VXUIDFH�
WHPSHUDWXUH� IRU� WKH� UDLVHG� IORRU� ZDV� PHDVXUHG� LQ�
HLJKW� SODFHV� RQ� ERWK� VLGHV�� 7KH� DYHUDJH� VXUIDFH�
WHPSHUDWXUHV� IURP� WKH� H[SHULPHQW� ZHUH� FRPSDUHG�
ZLWK�WKH�VLPXODWLRQ�UHVXOWV��$QHPRPHWHU�SUREHV�ZHUH�
XVHG� WR� PHDVXUH� WKH� DLU� WHPSHUDWXUH� RI� WKH�
FRQGLWLRQHG� DLU� DW� WKH� VXSSO\� LQOHW� WR� WKH� IORRU�
SOHQXP��LQ�WKH�GLIIXVHUV�RQ�WKH�UDLVHG�IORRU��DQG�DW�WKH�
H[KDXVW�� 7DEOH� �� FRPSDUHV� WKH� H[SHULPHQWDO� GDWD�
ZLWK� WKH� VLPXODWHG� UHVXOWV�� 7KH� DJUHHPHQW� EHWZHHQ�
WKH� GDWD� DQG� WKH� VLPXODWHG� VXUIDFH� WHPSHUDWXUH��
DYHUDJH� ]RQH� DLU� WHPSHUDWXUH�� DQG� H[KDXVW� DLU�
WHPSHUDWXUH� LV� SUHWW\� JRRG�� 7KHUHIRUH�� WKH�
(QHUJ\3OXV�ZLWK�WKH�URRP�DLU�PRGHO�FRXOG�EH�XVHG�WR�
SUHGLFW� WKH� HQHUJ\� SHUIRUPDQFH� RI� D� EXLOGLQJ� ZLWK�
8)$'�V\VWHPV��

 
Table 1  

Comparison of simulated and measured temperatures 
in the chamber (�&) 

�
Locations where the 
temperatures were compared 

Simula-
tion 

Experi-
ment 

6XSSO\�DLU�WR�WKH�SOHQXP� ����� �����
$LU�DW�GLIIXVHUV� ����� �����
([KDXVW�DLU� ����� �����
6ODE�VXUIDFH��IDFLQJ�IORRU�
SOHQXP��

����� �����

&HLOLQJ�VXUIDFH� ����� �����
1RUWK�ZDOO�LQ�WKH�IORRU�SOHQXP� ����� �����
6RXWK�ZDOO�LQ�WKH�IORRU�SOHQXP� ����� �����
:HVW�ZDOO�LQ�WKH�IORRU�SOHQXP� ����� �����
(DVW�ZDOO�LQ�WKH�IORRU�SOHQXP� ����� �����
1RUWK�ZDOO�LQ�WKH�URRP� ����� �����
6RXWK�ZDOO�LQ�WKH�URRP� ����� �����
:HVW�ZDOO�LQ�WKH�URRP� ����� �����
(DVW�ZDOO�LQ�WKH�URRP� ����� �����
 
Impact of heat transfer and thermal storage of 
floor slab on thermal load 
7KH�YDOLGDWHG�(QHUJ\3OXV�ZDV�ILUVW�XVHG�WR�FDOFXODWH�
KHDW�WUDQVIHU�IRU�DQ�RIILFH�EXLOGLQJ�RI����P�����P��
���� P� ZLWK� WKH� 8)$'� V\VWHP� DQG� WKH� ZHOO�PL[HG�
V\VWHP� IRU� D� VXPPHU� GD\� DQG� D� ZLQWHU� GD\� LQ�
3KLODGHOSKLD�� 7KLV� VXEVHFWLRQ� GLVFXVVHV� WKH� UHVXOWV�
REWDLQHG��
)LJXUH� �� VKRZV� WKH� KHDW� IOX[� DW� WKH� WZR� VXUIDFHV� RI�
WKH� IORRU� VODE� LQ� WKH� RIILFH� EXLOGLQJ� RQ� -XO\� ����
3RVLWLYH� YDOXHV� PHDQ� KHDW� WUDQVIHU� LQWR� WKH� VODE��
QHJDWLYH�YDOXHV�LPSOLHV�KHDW� WUDQVIHU�RXW�RI� WKH�VODE��

([KDXVW�
/LJKWV�

+HDWHG�ER[HV�
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DQG� WKH� DOJHEUDLF� VXP� RI� KHDW� WUDQVIHU� DW� WKH� WZR�
VXUIDFHV�RI�WKH�VODE�LV�HTXDO�WR�WKH�WKHUPDO�VWRUDJH���
�

�
(a) 

�
(b) 

Figure 4 Heat flux at top and bottom surfaces of 
slabs in summer; (a) UFAD, (b) well-mixed 

�
)LJXUH���D��VKRZV�WKH�KHDW� WUDQVIHU�RQ� WKH�IORRU�VODE�
IRU� WKH� EXLOGLQJ�ZLWK� WKH� 8)$'� V\VWHP� DQG� )LJXUH�
��E��IRU�WKH�ZHOO�PL[HG�V\VWHP��7KH�EOXH�OLQHV�VKRZ�
WKH�KHDW� WUDQVIHU� UDWH� IURP� WKH� IORRU�SOHQXP� �8)$'�
V\VWHP��RU�WKH�RFFXSLHG�]RQH��ZHOO�PL[HG�V\VWHP��WR�
WKH�IORRU�VODE��WKH�UHG�OLQHV�WKH�KHDW�WUDQVIHU�IURP�WKH�
FHLOLQJ�SOHQXP�GRZQVWDLUV�WR�WKH�IORRU�VODE��WKH�JUHHQ�
OLQHV� WKH� WKHUPDO� VWRUDJH� RI� WKH� IORRU� VODE�� )RU� WKH�
8)$'� V\VWHP�� WKH� KHDW� WUDQVIHU� IURP� WKH� IORRU�
SOHQXP� WR� WKH� IORRU� VODE� FRQVLVWHG� RI� FRQYHFWLRQ�

EHWZHHQ�WKH�IORRU�VODE�DQG�WKH�DLU�LQ�WKH�IORRU�SOHQXP��
DQG�WKH�UDGLDWLRQ�EHWZHHQ�WKH�IORRU�VODE�DQG�WKH�RWKHU�
VXUIDFHV� LQ� WKH� IORRU� SOHQXP�� 'XULQJ� RIILFH� KRXUV�
ZKHQ�WKH�+9$&�V\VWHP�GHOLYHUHG�D�ORW�FRRO�DLU�LQWR�
WKH� IORRU� SOHQXP�� WKH� VLJQLILFDQW� WHPSHUDWXUH�
GLIIHUHQFH�EHWZHHQ� WKH� IORRU� SOHQXP�DQG� WKH� FHLOLQJ�
SOHQXP�GRZQVWDLUV�OHG�WR�D�KLJK�KHDW�WUDQVIHU�UDWH�LQ�
WKLV�SHULRG�DV�VKRZQ�LQ�)LJXUH���D����
$V�IRU�WKH�ZHOO�PL[HG�V\VWHP��WKH�KHDW�WUDQVIHU�UDWH�DW�
WKH� WRS� VXUIDFH� RI� WKH� IORRU� VODE� ZDV� JUHDWO\�
LQIOXHQFHG�E\�WKH�VRODU�UDGLDWLRQ�DQG�WKH�LQWHUQDO�KHDW�
VRXUFHV�EHFDXVH�WKHUH�ZDV�QR�UDLVHG�IORRU�WR�REVWUXFW�
WKH� UDGLDWLRQ� WR� WKH� IORRU� VODE� IURP� WKH� VXQ� DQG�
LQWHUQDO� KHDW� VRXUFHV�� ,Q� WKH� HDUO\� PRUQLQJ� DQG�
HYHQLQJ�� WKHUH� ZDV� KHDW� WUDQVIHUUHG� IURP� WKH� IORRU�
VODE�WR�WKH�URRP�EHFDXVH�RI� OLWWOH�VRODU�UDGLDWLRQ�DQG�
LQWHUQDO�KHDW�ORDG��$V�WKH�VRODU�UDGLDWLRQ�DQG�LQWHUQDO�
KHDW� ORDG� EHFDPH� KLJKHU� LQ� WKH� RIILFH� KRXUV�� WKHUH�
ZDV� KHDW� WUDQVIHUUHG� IURP� WKH� RFFXSLHG� ]RQH� WR� WKH�
IORRU� VODE�GXH� WR�D� ORW�RI� UDGLDWLRQ� IURP� WKH� LQWHUQDO�
KHDW�VRXUFHV�DQG�WKH�VXQ�EHDP�FRXOG�SURMHFW�GLUHFWO\�
RQ� WKH� IORRU� VODE�� ,I� WKH� VRODU� UDGLDWLRQ� IURP� DOO� WKH�
HQFORVXUH� VXUIDFHV� IURP� GLIIHUHQW� GLUHFWLRQV� ZHUH�
WDNHQ� LQWR� DFFRXQW�� LW� ZDV� IRXQG� WKDW� WKH� VRODU�
UDGLDWLRQ� GLG� QRW� KDYH� D� SHDN� LQ� WKH� QRRQ�� %HVLGHV��
WKH� LQWHUQDO� KHDW� ORDG� GHFUHDVHG� DW� QRRQ� VLQFH� VRPH�
RFFXSDQWV� ZHQW� RXW� IRU� OXQFK�� 7KHUHIRUH�� 7KH� KHDW�
WUDQVIHU� SURILOH� KDG� DQ� ³0´� VKDSH� DV� VKRZQ� E\� WKH�
EOXH�OLQH�LQ�)LJXUH���E��IRU�WKH�ZHOO�PL[HG�V\VWHP���
7KH�+9$&�V\VWHPV�VWDUWHG�ZRUNLQJ�DW������DP�LQ�WKH�
PRUQLQJ�DQG�ZHUH�VKXW�RII�DW�������SP�DW�WKH�QLJKW��,W�
LV�PRUH�LQWHUHVWLQJ�WR�ORRN�DW�WKH�KHDW�WUDQVIHU�LQ�WKLV�
SHULRG�DV� WKH�+9$&�V\VWHP�RSHUDWLRQ�ZDV�OLQNHG�WR�
EXLOGLQJ� HQHUJ\� FRQVXPSWLRQ�� $V� GLVFXVVHG� DERYH��
WKH�KHDW�WUDQVIHU�RI�WKH�IORRU�VODE�ZLWK�WKH�ZHOO�PL[HG�
V\VWHP� ZDV� VHQVLWLYH� WR� WKH� LQWHUQDO� KHDW� VRXUFHV��
$IWHU������SP��PRVW�RI�WKH�LQWHUQDO�KHDW�VRXUFHV�ZHUH�
JRQH� RU� VZLWFKHG� RII�� 7KXV�� WKLV� VXEVHFWLRQ� ZRXOG�
SUHVHQW�WKH�UHVXOWV�LQ�WZR�SHULRGV�RI�WLPH��IURP������
DP� WR� ����� SP� ZLWK� VLJQLILFDQW� LQWHUQDO� KHDWV� DQG�
IURP������SP�WR�������SP�ZLWK�OLWWOH�LQWHUQDO�KHDWV���
)URP������DP�WR������SP�RQ� WKH�VXPPHU�GD\�ZKHQ�
WKH� LQWHUQDO� ORDG� ZDV� KLJK�� WKH� VODE� LQ� WKH� EXLOGLQJ�
ZLWK�WKH�ZHOO�PL[HG�V\VWHP�ZRXOG�DEVRUE�PXFK�KHDW�
IURP� WKH� URRP� �DV� PXFK� DV� �� :�P�� DW� ������ DP��
ZKLFK�KHOSHG�UHGXFH�WKH�FRROLQJ�ORDG��+RZHYHU��ZLWK�
WKH�8)$'�V\VWHP��WKH�FRQGLWLRQHG�DLU�OHG�WR�D�ORZ�DLU�
WHPSHUDWXUH� LQ� WKH� IORRU� SOHQXP� DQG� D� VLJQLILFDQW�
WHPSHUDWXUH� GLIIHUHQFH� EHWZHHQ� WKH� FRRO� IORRU�
SOHQXP� DQG� WKH� ZDUP� FHLOLQJ� SOHQXP� GRZQVWDLUV��
7KH�WHPSHUDWXUH�GLIIHUHQFH�FDXVHG�D�ODUJH�DPRXQW�RI�
KHDW� WUDQVIHU� IURP� WKH� FHLOLQJ� SOHQXP� GRZQVWDLUV� WR�
WKH�IORRU�VODE����:�P��DW������SP���7KLV�KHDW�WUDQVIHU�
UHVXOWHG�LQ�D�KLJK�FRROLQJ�ORDG�GXULQJ�WKLV�SHULRG�IRU�
WKH�8)$'�V\VWHP��
)URP� ����� SP� WR� ������ SP� RQ� WKH� GD\� ZKHQ� WKH�
LQWHUQDO� ORDG� GHFUHDVHG� VLJQLILFDQWO\�� WKH� VODE�
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WHPSHUDWXUH� LQ� WKH� EXLOGLQJ� ZLWK� WKH� ZHOO�PL[HG�
V\VWHP� ZDV� PXFK� KLJKHU� WKDQ� WKDW� ZLWK� WKH� 8)$'�
V\VWHP�GXH�WR�WKH�KHDW�VWRUHG�GXULQJ�WKH�GD\WLPH��$V�
D�UHVXOW��PRUH�KHDW�UHMHFWHG�LQWR�WKH�URRP�DLU�IURP�WKH�
IORRU� VODE� DQG� UHVXOWHG� LQ� D� KLJKHU� URRP� DLU�
WHPSHUDWXUH�WKDQ�WKDW�LQ�WKH�EXLOGLQJ�ZLWK�WKH�8)$'�
V\VWHP�� 7KHUHIRUH�� WKH� FRROLQJ� ORDG� LQ� WKH� HYHQLQJ�
ZLWK�WKH�8)$'�V\VWHP�ZDV�VPDOOHU�WKDQ�WKDW�ZLWK�WKH�
ZHOO�PL[HG�V\VWHP���
)LJXUH� �� FRPSDUHV� WKH� FRROLQJ� ORDG� RI� WKH� EXLOGLQJ�
ZLWK�WKH�WZR�YHQWLODWLRQ�V\VWHPV�RQ�WKH�VXPPHU�GD\��
7KH� UHG� OLQH� VWDQGV� IRU� WKH� FRROLQJ� ORDG� RI� WKH�
EXLOGLQJ�ZLWK� WKH�8)$'� V\VWHP�ZKLOH� WKH� EOXH� RQH�
ZLWK� WKH� ZHOO�PL[HG� V\VWHP�� 7KH� ILJXUH� VKRZV� WKDW�
GXULQJ�WKH�RIILFH�KRXUV�IURP������DP�WR������SP��WKH�
FRROLQJ� ORDG�RI� WKH�EXLOGLQJ�ZLWK� WKH�8)$'�V\VWHP�
ZDV� KLJKHU� WKDQ� WKDW� ZLWK� WKH� ZHOO�PL[HG� V\VWHP�
EHFDXVH� WKHUH� ZDV� KHDW� WUDQVIHUUHG� IURP� WKH� FHLOLQJ�
SOHQXP� GRZQVWDLUV� WR� WKH� IORRU� SOHQXP� ZLWK� WKH�
8)$'�V\VWHP��+RZHYHU��LQ�WKH�HYHQLQJ��WKH�FRROLQJ�
ORDG�RI�WKH�EXLOGLQJ�ZLWK�WKH�8)$'�V\VWHP�ZDV�OHVV�
WKDQ�WKDW�ZLWK�WKH�ZHOO�PL[HG�V\VWHP�EHFDXVH�RI�OHVV�
KHDW� WUDQVIHU� WKURXJK� WKH� IORRU� VODE� LQ� WKH� 8)$'�
V\VWHP��7KH�WRWDO�FRROLQJ�ORDG�IRU�WKH�ZKROH�GD\�ZLWK�
WKH�8)$'�V\VWHP�ZDV����KLJKHU� WKDQ� WKDW�ZLWK� WKH�
ZHOO�PL[HG�V\VWHP���
�

 
Figure 5 Cooling load 

�
)LJXUH� �� VKRZV� WKH� VLPXODWHG� KHDW� WUDQVIHU� WKURXJK�
WKH�IORRU�VODE�IRU�D�W\SLFDO�ZLQWHU�GD\�RQ�-DQXDU\�����
)RU� WKH� EXLOGLQJ� ZLWK� WKH� 8)$'� V\VWHP�� WKH� KLJK�
LQWHUQDO� KHDW� JDLQV� ZRXOG� PDNH� WKH� URRP� DLU�
WHPSHUDWXUH�SUHWW\�KLJK�VR�OLWWOH�ZDUP�DLU�ZDV�QHHGHG�
IURP� WKH�+9$&� V\VWHP��+HQFH�� WKH� DLU� WHPSHUDWXUH�
LQ�WKH�IORRU�SOHQXP�ZDV�QRW�YHU\�KLJK�GXH�WR�WKH�KHDW�
WUDQVIHU�WR�WKH�IORRU�VODE�GXULQJ�WKH�RIILFH�KRXUV��IURP�
����� DP� WR� ����� SP�� DV� VKRZQ� LQ� )LJXUH� ��D���
$FFRUGLQJ�WR�WKH�ZHDWKHU�GDWD��WKDW�GD\�GLG�QRW�KDYH�
PXFK�VRODU�UDGLDWLRQ� WKURXJK� WKH�ZLQGRZV��7KH�KHDW�
WUDQVIHU�RQ�WKH�IORRU�VODE�ZLWK�WKH�ZHOO�PL[HG�V\VWHP�

ZDV�QRW�VHQVLWLYH�WKH�VRODU�UDGLDWLRQ�ZKHQ�FRPSDUHG�
ZLWK� WKH� VLWXDWLRQ� RQ� WKH� VXPPHU� GD\�� 7KH� LQWHUQDO�
KHDW�JDLQV�ZRXOG�JUDGXDOO\�ZDUP�XS�WKH�IORRU�VODE�VR�
WKH�KHDWLQJ�WUDQVIHU�GHFUHDVHG�GXULQJ�WKH�RIILFH�KRXU�
DV�VKRZQ�LQ�)LJXUH���E���7KH�VKDSH�RI�WKH�EOXH�OLQHV�
LQ�WKH�WZR�ILJXUHV�ZDV�WKXV�GLIIHUHQW���

 

 
(a) 

�
(b) 

Figure 6 Heat flux at top and bottom surfaces of 
slabs in winter; (a) UFAD, (b) well-mixed 

�
,Q� HDUO\� PRUQLQJ� KRXUV�� WKH� 8)$'� V\VWHP� ZRXOG�
GHOLYHU�D�ORW�RI�KHDW�WR�WKH�URRP�VR�WKH�IORRU�SOHQXP�
ZDV�ZDUP�DQG�WKH�KHDW�WUDQVIHU�WR�WKH�IORRU�VODE�ZDV�
KLJK�DV�VKRZQ�LQ�)LJXUH���D���7KH�ZHOO�PL[HG�V\VWHP�
GLG�QRW�KDYH�D�ZDUP�IORRU�SOHQXP��7KH�KHDW�WUDQVIHU�
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EHWZHHQ� WKH�URRP�DLU�DQG�WKH�IORRU�VODE�ZDV�KLJK�DV�
VKRZQ� LQ�)LJXUH���E��EXW�QRW� DV�KLJK�DV� WKDW� IRU� WKH�
8)$'�V\VWHP��,Q�WKH�HYHQLQJ��WKH�LQWHUQDO�KHDW�JDLQV�
GHFUHDVHG� GUDPDWLFDOO\�� WKH� 8)$'� V\VWHP� ZRXOG�
QHHG� WR� GHOLYHU� D� ORW� RI� KHDW� OLNH� WKDW� LQ� WKH� HDUO\�
PRUQLQJ� KRXUV�� 7KH� KHDW� WUDQVIHU� WR� WKH� IORRU� VODE�
DJDLQ� EHFDPH� KLJKHU� DV� VKRZQ� LQ� )LJXUH� ��D���
+RZHYHU�� WKH� IORRU� VODE� LQ� WKH� ZHOO�PL[HG� V\VWHP�
ZDV� ZDUP� LQ� WKH� HYHQLQJ� GXH� WR� WKH� KHDW� DEVRUEHG�
GXULQJ�WKH�RIILFH�KRXUV��7KH�KLJK�WHPSHUDWXUH�RI� WKH�
IORRU�VODE�ZRXOG�UHGXFH�WKH�KHDW�WUDQVIHU�DV�VKRZQ�LQ�
)LJXUH���E���
)LJXUH���IXUWKHU�FRPSDUHV�WKH�KHDWLQJ�ORDG�RI�WKH�WZR�
V\VWHPV� IRU� WKH�ZLQWHU�GD\��7KH�KHDWLQJ� ORDG�GXULQJ�
RIILFH� KRXUV� ZDV�PXFK� ORZHU� WKDQ� WKDW� LQ� WKH� HDUO\�
PRUQLQJ�DQG�HYHQLQJ� VLQFH� WKH� LQWHUQDO�KHDW� VRXUFHV�
SURYLGHG�PXFK�KHDW�IRU�WKH�RFFXSLHG�]RQH�GXULQJ�WKLV�
SHULRG�� 7KH� KHDWLQJ� ORDG� RI� WKH� EXLOGLQJ� ZLWK� WKH�
8)$'� V\VWHP� ZDV� ORZHU� WKDQ� WKDW� ZLWK� WKH� ZHOO�
PL[HG� V\VWHP� EHFDXVH� WKHUH� ZDV� OLWWOH� KHDW� WUDQVIHU�
IURP� WKH� IORRU� SOHQXP� WR� WKH� VODE� IRU� WKH� 8)$'�
V\VWHP�GXULQJ�RIILFH�KRXUV��&RPSDUHG�ZLWK�WKH�ZHOO�
PL[HG� V\VWHP�� WKH�KHDWLQJ� ORDG�RI� WKH�EXLOGLQJ�ZLWK�
WKH�8)$'�V\VWHP�LQ� WKH�HDUO\�PRUQLQJ�DQG�HYHQLQJ�
ZDV� PXFK� KLJKHU� VLQFH� WKH� KHDW� WUDQVIHU� IURP� WKH�
IORRU�SOHQXP�WR�WKH�IORRU�VODE�ZDV�YHU\�KLJK���
�

 
Figure 7 Heating load for the UFAD system vs the 

well mixed system 
 
Comparison of annual energy consumption  
(QHUJ\� FRQVXPSWLRQ� LV� GLIIHUHQW� IURP� WKHUPDO� ORDG��
7KH� EXLOGLQJ�ZLWK� WKH� 8)$'� V\VWHP�PD\� FRQVXPH�
OHVV� HQHUJ\�RQ� FKLOOHU� WKDQ� WKDW�ZLWK� WKH�ZHOO�PL[HG�
V\VWHP� EHFDXVH� RI� D� KLJKHU� VXSSO\� DLU� WHPSHUDWXUH��
HYHQ�WKRXJK�WKH�FRROLQJ�ORDG�ZLWK�WKH�8)$'�V\VWHP�
ZDV� KLJKHU�� 7KLV� LV� EHFDXVH� WKH� V\VWHP� FRXOG� XVH�
PRUH� IUHH� FRROLQJ� GXH� WR� LWV� KLJK� VXSSO\� DLU�
WHPSHUDWXUH�DQG�FRQVXPH�OHVV�HQHUJ\�E\�WKH�FKLOOHU��
)LJXUH��� LOOXVWUDWHV� WKH�PRQWKO\�HQHUJ\�FRQVXPSWLRQ�
RI� WKH� FKLOOHU� IRU� WKH� WZR� YHQWLODWLRQ� V\VWHPV�� 7KH�

EXLOGLQJ� ZLWK� WKH� ZHOO�PL[HG� V\VWHP� XVHG� PRUH�
HQHUJ\� E\� WKH� FKLOOHU� GXULQJ� WKH� VKRXOGHU� VHDVRQV��
ZKHQ� WKH� RXWGRRU� DLU� WHPSHUDWXUH� ZDV� VXLWDEOH� IRU�
IUHH�FRROLQJ��&RPSDUHG�ZLWK�WKH�ZHOO�PL[HG�V\VWHP��
WKH� DQQXDO� HQHUJ\� FRQVXPSWLRQ� E\� FKLOOHU� RI� WKH�
8)$'� V\VWHP� LV� ��� OHVV� E\� XVLQJ� WKH� HQHUJ\�
FRQVXPHG�E\�WKH�8)$'�V\VWHP�DV�WKH�EDVLV��
�

 
Figure 8 Monthly energy consumptions of the chiller 
�
)LJXUH���VKRZV� WKH�PRQWKO\�HQHUJ\�FRQVXPSWLRQ�E\�
WKH� ERLOHU�� 7KH� DQQXDO� HQHUJ\� FRQVXPSWLRQ� E\� WKH�
ERLOHU� IRU� WKH� 8)$'� V\VWHP� ZDV� ���� KLJKHU� WKDQ�
WKDW�RI�WKH�ZHOO�PL[HG�V\VWHP��7KH�UHDVRQ�LV�WKDW�WKH�
KHDW� WUDQVIHU� IURP� WKH� IORRU� SOHQXP� WR� WKH� FHLOLQJ�
SOHQXP�GRZQVWDLUV�OHG�WR�D�KLJKHU�KHDWLQJ�ORDG�LQ�WKH�
8)$'�V\VWHP�DV�VKRZQ�LQ�)LJXUH����
�

 
Figure 9 Monthly energy consumptions of the boiler 
�
)LJXUH����GHSLFWV�WKDW�WKH�HOHFWULF�HQHUJ\�XVHG�E\�WKH�
IDQ�IRU�WKH�EXLOGLQJ�ZLWK�WKH�8)$'�V\VWHP�ZDV�����
KLJKHU� WKDQ� WKDW� ZLWK� WKH� ZHOO�PL[HG� V\VWHP�� 6LQFH�
WKH�VXSSO\�DLU�WHPSHUDWXUH�LQ�WKH�8)$'�V\VWHP�ZDV���
.� KLJKHU� WKDQ� WKDW� LQ� WKH� ZHOO�PL[HG� V\VWHP�� WKH�
DLUIORZ�UDWH�ZDV�KLJKHU��7KH�IDQ�HQHUJ\�XVH�LV�SUHWW\�
OLQHDU�WR�WKH�IORZ�UDWH�RI�WKH�+9$&�V\VWHP��
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Figure 10 Monthly energy consumptions of the fan 
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