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7KLV�SDSHU�SUHVHQWV�WKH�VLPXODWLRQ�PRGHOLQJ�SURFHVV�
RI� *URXQG� 6RXUFH� +HDW� 3XPS� �*6+3�� V\VWHPV� DV�
SDUW�RI�D�ZKROH�EXLOGLQJ�VLPXODWLRQ��$�ODUJH�QXPEHU�
RI� *6+3� V\VWHPV� KDYH� EHHQ� XVHG� LQ� ERWK�
FRPPHUFLDO�DQG�UHVLGHQWLDO�EXLOGLQJV�DV�WKH\�SURYLGH�
KLJK�HIILFLHQF\�LQ�WKH�KHDWLQJ�DQG�FRROLQJ�SURFHVVHV��
+RZHYHU�� WKHUH� DUH� VRPH� FULWLFDO� FKDOOHQJHV� LQ�
DQDO\]LQJ� WKH� SHUIRUPDQFH� RI� WKH�*6+3� V\VWHPV� LQ�
FXUUHQW� WHFKQRORJLHV�� 7KLV� SDSHU� LGHQWLILHV� WKH�
FKDOOHQJHV�SUREOHPV� WKURXJK� D� ULJRURXV� OLWHUDWXUH�
UHYLHZ� LQ� WKH� FRQWH[W� RI�ZKROH� EXLOGLQJ� VLPXODWLRQ��
6HYHUDO� ZLGHO\� XVHG� FRPSXWHU� VLPXODWLRQ� SURJUDPV�
ZHUH� UHYLHZHG�DQG� FRPSDUHG� UHJDUGLQJ� WKHLU�*6+3�
VLPXODWLRQ� FDSDELOLWLHV�� )LQDOO\�� DGGUHVVHG� DUH�
DGYDQWDJHV�DQG�GLVDGYDQWDJHV��SUREOHPV�DQG�EDUULHUV�
RI� *6+3¶V� DSSOLFDWLRQ� WHFKQRORJLHV�� DQG� WKH�
FKDOOHQJHV�DQG�LVVXHV�WKDW�QHHG�WR�EH�VROYHG�LQ�VKRUW�
DQG� ORQJ� WHUP� SHULRG� WR� IDFLOLWDWH� WKH� SHUIRUPDQFH�
DQDO\VLV�RI�*6+3�V\VWHPV�LQ�EXLOGLQJV���

,1752'8&7,21�
7KH� LQFUHDVH� RI� HQHUJ\� FRQVXPSWLRQ�� QHFHVVDULO\�
UHTXLUHG� WR� GULYH� RXU� PRGHUQ� OLIH�� KDV� OHG� XV� WR� D�
FRQFHUQ�DERXW�HQYLURQPHQWDO�LVVXHV��$OVR��RQH�RI�WKH�
ODUJHVW� HQHUJ\� FRQVXPSWLRQ� DUHDV� LV� +HDWLQJ��
9HQWLODWLQJ�� DQG�$LU�&RQGLWLRQLQJ� �+9$&�� V\VWHPV�
LQ� EXLOGLQJV��$V� DQ� DOWHUQDWLYH�� XWLOL]LQJ� JHRWKHUPDO�
KHDW��WKH�*URXQG�6RXUFH�+HDW�3XPS��*6+3��V\VWHP�
KDV�H[WHQVLYHO\�JDLQHG�LQ�SRSXODULW\�WKURXJK�WKH�ODVW�
FRXSOH� RI� GHFDGHV�� 7KH� VR�FDOOHG� V\VWHPV� XVH� WKH�
JURXQG� DV� D� KHDW� VRXUFH�VLQN� WR� SURYLGH� WKHUPDO�
HQHUJ\� IRU� VSDFH�KHDWLQJ��FRROLQJ��DQG�GRPHVWLF�KRW�
ZDWHU��7KH�*6+3�WHFKQRORJ\�FDQ�RIIHU�KLJKHU�HQHUJ\�
HIILFLHQF\�FRPSDUHG�WR�FRQYHQWLRQDO�$LU�6RXUFH�+HDW�
3XPS� �$6+3�� V\VWHPV� GXH� WR� OHVV� WHPSHUDWXUH�
IOXFWXDWLRQV� LQ� VRLO� WHPSHUDWXUH� WKDQ� DPELHQW� DLU�
WHPSHUDWXUH� FKDQJH�� &RQVLVWLQJ� PDLQO\� RI� WKUHH�
PHFKDQLVPV��L�H���WKH�JURXQG�ORRSV�WR�JHW�KHDW�RXW�RI�
RU�LQWR�WKH�JURXQG��WKH�KHDW�SXPS�WR�FRQYHUW�WKDW�KHDW�
WR�D�VXLWDEOH�WHPSHUDWXUH�OHYHO��DQG�WKH�EXLOGLQJ�VLGH�
WUDQVIHUULQJ�WKH�KHDW�LQWR�WKH�URRPV��$�ZRUWK\�GHVLJQ�
PXVW� WDNH� FDUH� RI� WKH� ZKROH� V\VWHP�� PDWFKLQJ� WKH�
PRGXOHV�LQ�VXFK�D�ZD\�WKDW�WKH�PRVW�HIIHFWLYH�DFWLRQ�
DQG� WKH� KLJKHVW� FRPIRUW� FDQ� EH� DFKLHYHG�� 7KH�
SUHYDLOLQJ� WHUP� RI� *6+3� FRQVLVWV� RI� WKH� *URXQG�
&RXSOHG� +HDW� 3XPS� �*&+3��� *URXQG� :DWHU� +HDW�
3XPS� �*:+3��� DQG� 6XUIDFH� :DWHU� +HDW� 3XPS�

�6:+3���%\�DQG� ODUJH��JURZLQJ� LQWHUHVW� LV�PRUH�RQ�
WKH� *&+3� V\VWHP� WKDW� XVHV� FORVHG� ORRS� IRU� WKH�
*URXQG� +HDW� ([FKDQJHU� �*+;�� V\VWHPV� WKDQ� WKH�
V\VWHPV� WKDW� FRQVLVW� RI� DQ� RSHQ� ORRS�� 7KH� *&+3�
V\VWHP��ZKLFK� KDV� WKH� YHUWLFDO� FORVHG� ORRS�*+;�� LV�
XVHG� PRUH� FRPPRQO\� LQ� UHVLGHQWLDO� XVH� WKDQ� WKH�
KRUL]RQWDO� ORRS� *+;� GXH� WR� WKH� FRPSDFW� DUHD�
UHTXLUHG��'HVSLWH� WKHLU� DSSURYDO�� KLJK� LQLWLDO� FRVW� RI�
*&+3V�KDV�VRPHZKDW�OLPLWHG�WKH�*&+3�GHVLJQ�DQG�
LQVWDOODWLRQ� LQIUDVWUXFWXUH�� ,Q� DGGLWLRQ�� WKH� GHVLJQ� RI�
*&+3� V\VWHPV� KDV� EHHQ� VORZHU� WKDQ� H[SHFWHG�
EHFDXVH� RI� WKH� GHILFLHQF\� RI� UHOLDEOH�� XVHU� IULHQGO\�
VLPXODWLRQ� WRROV� IRU� *&+3� V\VWHPV� �/LX� DQG�
+HOOVWU|P����������
7KLV� VWXG\� FRQWDLQV� D� FRPSUHKHQVLYH� OLWHUDWXUH�
UHYLHZ�RQ�WKH�GHYHORSPHQW�RI�WKH�*6+3�WHFKQRORJ\�
DSSOLFDWLRQV� LQ� EXLOGLQJV�� LWV� HYROXWLRQ� DQG� W\SLFDO�
PRGHOLQJ� SURFHGXUHV� RI� WKH� 9HUWLFDO� *URXQG� +HDW�
([FKDQJHUV��9*+;V��GXULQJ� WKH�WLPH��$�QXPEHU�RI�
FRPPRQO\� XVHG� FRPSXWHU� VLPXODWLRQ� SURJUDPV� IRU�
EXLOGLQJ�HQHUJ\�DQDO\VLV�DUH�FRPSDUHG�EDVHG�RQ�WKHLU�
*6+3�VLPXODWLRQ�FDSDELOLW\��7KLV�SDSHU�LGHQWLILHV�WKH�
FKDOOHQJHV�SUREOHPV� DQG� HIIRUWV� WR� SURYLGH�
PHWKRGRORJLHV�WR�EHWWHU�HYDOXDWH�WKH�SHUIRUPDQFH�RI�
WKH� V\VWHPV� LQ� WKH� FRQWH[W� RI� ZKROH� EXLOGLQJ�
VLPXODWLRQ��7KH�WKUHH�UHVLGHQFHV��XVHG�DV�FDVH�VWXGLHV�
IRU� WKH� *6+3� SHUIRUPDQFH� DQDO\VLV�� KDYH� *6+3V�
LQVWDOOHG� LQ� GLIIHUHQW� WLPHV� IRU� GLIIHUHQW� SURMHFWV��
KRZHYHU�MXVW�RQH�RI�WKHP�LV�SUHVHQWHG�LQ�GHWDLO�LQ�WKLV�
SDSHU�� 7KH� RWKHU� WZR� UHVLGHQFHV� DQG� GHWDLOHG�
FRPSDUDWLYH� DQDO\VLV� ZLOO� EH� SUHVHQWHG� LQ� WKH� QHDU�
IXWXUH�LQ�DQRWKHU�SDSHU���
7R� H[DPLQH� WKH� SHUIRUPDQFH� RI� *6+3V� RI� WKH�
KRXVHV�� ZKROH� EXLOGLQJ� HQHUJ\� VLPXODWLRQ� SURJUDPV�
DUH� UHYLHZHG� VXFK� DV� (QHUJ\3OXV� �86'2(�� �������
'2(����H� �:LQNHOPDQQ� HW� DO��� ������� H48(67�
�+LUVFK�� ������� 7516<6� �.OHLQ� HW� DO��� ������� DQG�
(QHUJ\*DXJH� 86$� �&HQWHU�� )�� 6�� (��� ������� 7KHVH�
SURJUDPV�LQFOXGH�WKH�IXQFWLRQV�WR�KDQGOH�DQG�DQDO\]H�
*6+3� V\VWHPV�� $SH[� +RXVH�� ZKLFK� LV� RQH� RI� WKH�
WKUHH� FDVH� VWXG\� KRXVHV�� KDV� EHHQ� PRGHOHG� LQ�
6NHWFK8S�ZLWK�2SHQ6WXGLR� �(OOLV�� ������SOXJJHG�LQ�
DQG� LPSRUWHG� WR� (QHUJ\3OXV� WR� HYDOXDWH� WKH�
SHUIRUPDQFH�RI�$SH[�+RXVH¶V�*6+3�V\VWHP��2QH�RI�
WKH�LPSRUWDQW�SDUWV�RI�WKH�*6+3�V\VWHP�LV�WKH�*+;�
PRGHO�� ZKLFK� LV� XVHG� WR� FDOFXODWH� WKH� VXSSO\� DQG�
UHWXUQ� ZDWHU� WHPSHUDWXUHV� RI� WKH� JURXQG� ORRS�� 7KH�
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GHVLJQ� RI� *+;V� KDV� UHODWLYHO\� EHFRPH� HDVLHU� WKHVH�
GD\V�XVLQJ�VLPXODWLRQ�WRROV�VXFK�DV�(('��+HOOVWU|P�
	� 6DQQHU�� ������� *FKS&DOF� �.DYDQDXJK� DQG�
5DIIHUW\�� ������� DQG� */+(352� �6SLWOHU�� �������
7KHVH� WRROV� ZHUH� GHYHORSHG� IRU� V\VWHP� VL]LQJ� DQG�
DQDO\]LQJ�WKH�SHUIRUPDQFH�RI�*+;V��0RUHRYHU��WKHLU�
RXWSXWV� FDQ� EH� XVHG� LQ� ZKROH� EXLOGLQJ� HQHUJ\�
VLPXODWLRQ�SURFHVVHV�DV�LQSXW�GDWD��

Overview on the development of GSHP�
7KH� ILUVW� GRFXPHQWHG� LGHD�RI�XVLQJ� WKH� JURXQG�DV� D�
KHDW� VRXUFH� DSSHDUV� WR� KDYH� EHHQ� LQ� ����� LQ�
6ZLW]HUODQG� �:LUWK�� ������� ,Q� WKH� ����V��
LQYHVWLJDWLRQ�LQWR�*6+3�VWDUWHG�XS�DJDLQ�ERWK�LQ�WKH�
8.� DQG� WKH� 86�� DQG� VRPH� LQLWLDO� HIIRUWV� DERXW� WKH�
LQVWDOODWLRQ� RI�*6+3V� KDYH� EHHQ� GRQH� �5DZOLQJV� HW�

DO����������7KH�ILUVW�RXWEXUVW�RI�LQWHUHVW�LQ�WKH�*6+3�
WHFKQRORJ\�EHJDQ�LQ�ERWK�1RUWK�$PHULFD�DQG�(XURSH�
DIWHU�:RUOG�:DU� ,,� DQG� ODVWHG� XQWLO� WKH� HDUO\� ����V�
ZKHQ� JDV� DQG� RLO� EHFDPH� EURDGO\� XVHG� DV� KHDWLQJ�
IXHOV��$W�WKDW�WLPH��WKH�EDVLF�DQDO\WLFDO�WKHRU\�IRU�WKH�
KHDW� FRQGXFWLRQ� RI� WKH�*6+3� V\VWHP�ZDV� SURSRVHG�
E\� ,QJHUVROO�DQG�3ODVV� ��������ZKLFK� KDG�EHHQ�XVHG�
DV�D� IRXQGDWLRQ� IRU� WKH�GHYHORSPHQW�RI� VRPH�RI� WKH�
ODWHU� GHVLJQ� SURJUDPV�� $IWHU� WKH� ILUVW� RLO� VKRFN� LQ�
������ FRPPHUFLDO� XVH� RI� WKH� JURXQG� DV� D� KHDW�
VRXUFH�VLQN�EHJDQ��EXW�LW�ZDV�ZHOO�HVWDEOLVKHG�E\�WKH�
HQG� RI� WKH� ����V� �*UDQU\G�� �������$IWHU� WKH� ����V��
WKH�UHVHDUFK�ZDV�JHQHUDOO\�IRFXVHG�RQ�WKH�JHQHUDWLRQ�
RI�WKH�YHUWLFDO�ERUHKROH�V\VWHP�GXH�WR�WKH�DGYDQWDJH�
RI�OHVV�ODQG�DUHD�UHTXLUHPHQW�IRU�ERUHKROH�VHWWLQJV���

�

�
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Figure 1 History diagram of analytical models of GHX systems, chronologically. 

,Q� WKH� OLWHUDWXUH�� VHYHUDO� FDOFXODWLRQ� PRGHOV� ZHUH�
IRXQG� IRU� JURXQG� KHDW� H[FKDQJHUV�� 'XULQJ� WKH� ILUVW�
VWDJH� RI� WKH� JHRWKHUPDO� V\VWHPV� VWXG\�� RQH�

GLPHQVLRQDO� PRGHOV� ZHUH� GHYLVHG�� ZKLFK� ZHUH�
UHSODFHG�E\�WZR�GLPHQVLRQDO�PRGHOV�ODWHU�GXULQJ�WKH�
����V�� DQG� WKUHH�GLPHQVLRQDO� V\VWHPV� GXULQJ� WKH�
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UHFHQW� \HDUV� �)ORULGHV� DQG� .DORJLURX�� ������� 7KH�
DQDO\WLFDO� PRGHOV� DUH� XVXDOO\� FUHDWHG� EDVHG� RQ� D�
TXDQWLW\�RI�DVVXPSWLRQV�DQG�VLPSOLILFDWLRQV� LQ�RUGHU�
WR� DQVZHU� WKH� FRPSOH[� PDWKHPDWLFDO� DOJRULWKPV��
FRQVHTXHQWO\�� WKH� VR�FDOOHG� DVVXPSWLRQV� VOLJKWO\�
UHGXFHG� WKH� DFFXUDF\� RI� DQDO\WLFDO� UHVXOWV�� 7KRXJK��
WKH�HVVHQWLDO�FDOFXODWLRQ�WLPH�RI�WKH�DQDO\WLFDO�PRGHO�
LV� PXFK� OHVV� FRPSDUHG� WR� WKH� QXPHULFDO� PRGHOV��
$QRWKHU�EHQHILW�LV�WKDW�WKH�VWUDLJKWIRUZDUG�DOJRULWKP�
LQIHUUHG� IURP� WKH� DQDO\WLFDO� PRGHOV� FDQ� EH� UHDGLO\�
LQWHJUDWHG�LQWR�D�GHVLJQ�VLPXODWLRQ�SURJUDP��<DQJ�HW�
DO�����������
)LJXUH� �� VKRZV� D� VFKHPDWLF� GLDJUDP� RI� GHYHORSLQJ�
WKH� DQDO\WLFDO� PRGHOV� RI� *+;V� V\VWHPV��
FKURQRORJLFDOO\�� $QDO\WLFDO� VROXWLRQV� VXFK� DV� OLQH�
VRXUFH�PRGHO��,QJHUVROO�DQG�3ODVV�������%RVH�HW�DO���
������ +DUW� DQG� &RXYLOOLRQ��� ������� F\OLQGULFDO� KHDW�
VRXUFH��&DUVODZ�DQG�-DHJHU��������.DYDQDXJK��������
'HHUPDQ� DQG� .DYDQDXJK� ������ +HOOVWURP�� ������
.DYDQDXJK�� ������ %HUQLHU�� ������� DQG� RWKHU�
DQDO\WLFDO� VROXWLRQV� �+HOOVWURP�� ������ 6XWWRQ� HW� DO���
������� KDYH� EHHQ� XVHG� IRU� GLPHQVLRQLQJ� YHUWLFDO�
JURXQG�KHDW�H[FKDQJHUV���
$OWKRXJK� WKH� QXPHULFDO� PRGHOV� LQ� GHVFULELQJ� WKH�
*+;V�PRGHO�FDQ�VXJJHVW�D�KLJK�GHJUHH�RI�IOH[LELOLW\�

DQG� DFFXUDF\� �HVSHFLDOO\� RQ� VKRUW�WHUP� VFDOHV��
FRPSDUHG� WR� WKH� DQDO\WLFDO� PRGHOV�� PRVW� RI� WKHP�
XVLQJ� SRODU� RU� F\OLQGULFDO� JULGV� PD\� EH�
FRPSXWDWLRQDOO\� LQHIILFLHQW� EHFDXVH� RI� WKH� ODUJH�
QXPEHU� RI� FRPSOH[� JULGV�� %HVLGHV�� WKH� QXPHULFDO�
PRGHOV� DUH� LQFRQYHQLHQW� WR� EH� LQFRUSRUDWHG� GLUHFWO\�
LQWR�D�GHVLJQ�DQG�HQHUJ\�DQDO\VLV�SURJUDP��XQOHVV�WKH�
VLPXODWHG�GDWD�DUH�SUH�FRPSXWHG�DQG�VWRUHG�LQ�D�KXJH�
GDWDEDVH� �<DQJ� HW� DO��� ������� 'LUHFW� QXPHULFDO�
VROXWLRQV�� VXFK� DV� ILQLWH� GLIIHUHQFH�� ILQLWH� YROXPH��
ILQLWH� HOHPHQW� �0HL� DQG� (PHUVRQ�� ����� �0RGHO� IRU�
KRUL]RQWDO�FRLOV���0XUD\D��������0XUD\D�HW�DO���������
5RWWPD\HU�HW�DO���������7KRUQWRQ�HW�DO���������=HQJ��
HW�DO���������$O�.KRXU\�HW�DO���������KDYH�EHHQ�XVHG�
WR�PRGHO�*+;V�DQG�GHYHORSHG�WR�H[DPLQH�WKH�QDWXUH�
RI�KHDW�WUDQVIHU�DURXQG�ERUHKROH�KHDW�H[FKDQJHUV�IRU�
UHVHDUFK�SXUSRVHV��;X�HW�DO�����������
)LJXUH���VKRZV�WKH�VFKHPDWLF�GLDJUDP�RI�GHYHORSLQJ�
WKH�QXPHULFDO�PRGHOV�RI�*+;V�FKURQRORJLFDOO\���,Q�D�
QXPEHU� RI� QXPHULFDO� *+;� PRGHOV� WKDW� KDYH� EHHQ�
GHYHORSHG�� WZR� QXPHULFDO� DSSURDFKHV� DUH� WKH� PRVW�
FRPPRQ�� WKH� J�IXQFWLRQ� PRGHO� GHYHORSHG� E\�
(VNLOVRQ��(VNLOVRQ��������DQG�WKH�GXFW�VWRUDJH��'67��
PRGHO�GHYHORSHG�E\�+HOOVWU|P��+HOOVWU|P����������

�

�
Figure 2 Schematic diagram of numerical models of GHXs systems, chronologically. 
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,Q�PRVW�RI�WKH�OLWHUDWXUHV��J�IXQFWLRQ�LV�FDWHJRUL]HG�DV�
D� WKLUG� DSSURDFK� DIWHU� DQDO\WLFDO� DQG� QXPHULFDO�
PHWKRGV� GXH� WR� LWV� LPSRUWDQW� UROH� LQ�
GHVLJQ�VLPXODWLRQ� SURJUDPV�� 7KH� *�IXQFWLRQ� DOORZV�
IRU�FRPSXWDWLRQDOO\�HIILFLHQW�VLPXODWLRQ�DQG�OHDGV�WR�
WKH�GHYHORSPHQW�RI� UHVSRQVH� IXQFWLRQV��ZKLFK�DOORZ�
WKH�*+;�WR�EH�PRGHOHG�ZLWK�D�WLPH�VHULHV��(VNLOVRQ�
�������GHYHORSHG�J�IXQFWLRQV�IRU�ORQJ�WLPH�VWHS��DQG�
ODWHU� D� VKRUW� WLPH� VWHS� UHVSRQVH� IDFWRU� PHWKRG� ZDV�
GHYHORSHG� E\� <DYX]WXUN� DQG� 6SLWOHU� ��������
$OWKRXJK�WKLV�PRGHO�LV�FDSDEOH�RI�VLPXODWLQJ�WKH�KHDW�
WUDQVIHU� RI� JURXQG� ORRS� KHDW� H[FKDQJHU� LQ� DQ\� WLPH�
VFDOH��LW�FRXOG�QRW�PRGHO�GLIIHUHQW�WKHUPDO�UHVLVWDQFH�
DQG�IOXLG�WKHUPDO�PDVV��;X���������/L�DQG�/DL��������
DOVR�GHYHORSHG�D�QHZ�DSSURDFK�IRU�PRGHOLQJ�RI�KHDW�
WUDQVIHU� E\� JURXQG� KHDW� H[FKDQJHUV�� LQYROYLQJ�
XQVWHDG\� KHDW� FRQGXFWLRQ� LQ� FRPSRVLWH� PHGLD�
WRJHWKHU�ZLWK�FRPSOH[�JHRPHWU\��/L�DQG�/DL���������

*6+3�02'(/,1*�$1'�6,08/$7,21�722/6�
7R�DWWDLQ�D�WUXVWZRUWK\�DQG�HFRQRPLFDOO\�UHDVRQDEOH�
*6+3� V\VWHP�� WKH� *+;�PXVW� KDYH� WKH� FDSDFLW\� RI�
VXIILFLHQW�KHDW�WUDQVIHU��EXW�QRW�EH�RYHUVL]HG��%HFDXVH�
RI� WKH� FRPSOH[LW\� RI� WKLV� GHVLJQ� SURFHVV�� FRPSXWHU�
SURJUDPV� DUH� XVXDOO\� XVHG� WR� IDFLOLWDWH� WKH� GHVLJQ��
5HJDUGOHVV�RI�WKH�ORZ�HQHUJ\�DQG�ORZHU�PDLQWHQDQFH�
PHULWV� RI� *6+3� V\VWHPV�� ZRUN� KDV� QRW� EHHQ�
VXIILFLHQWO\� GRQH� RQ� WKH� DQDO\VLV� DQG� VLPXODWLRQ� RI�
VR�FDOOHG� V\VWHPV� �/LX� DQG�+HOOVWURP�� ������� 7KHUH�
DUH�WKUHH�FRPPHUFLDOO\�DYDLODEOH�WRROV�IRU�WKH�GHVLJQ�
RI� *+;� V\VWHP� ZLWK� 9*+;V� VXFK� DV� (('�
�+HOOVWU|P�	�6DQQHU���������*FKS&DOF� �.DYDQDXJK�
DQG� 5DIIHUW\�� ������ DQG� */+(352� �6SLWOHU� �������
7KHVH�WRROV�RQO\�GHDO�ZLWK�WKH�SHDN�ORDG�FDOFXODWLRQV�
DQG�DUH�XVHG�WR�GHWHUPLQH�WKH�OHQJWK�RI�*+;V��,Q�WKH�
EXLOGLQJ� HQHUJ\� UHVHDUFK�� PRUHRYHU�� LQ� PRVW� RI� WKH�
FDVHV��WKH�UHVXOWV�IURP�WKH�VR�FDOOHG�WRROV�DUH�XVHG�DV�
D� *+;� SDUDPHWHUV� LQSXW� IRU� KRXUO\� ZKROH�EXLOGLQJ�
FRPSXWHU� VLPXODWLRQ� SURJUDPV� VXFK� DV� '2(����H�
�:LQNHOPDQQ�HW�DO����������H48(67��+LUVFK���������
(QHUJ\3OXV� �86'2(�� ������� 7516<6� �.OHLQ� HW� DO�
�������DQG�(QHUJ\*DXJH�86$��)6(&���������ZKLFK�
DUH� EURDGO\� DQG� H[WHQVLYHO\� XVHG� IRU� DSSUDLVLQJ�
FRPSOH[� EXLOGLQJ� SHUIRUPDQFH� WR� DGYDQFH� HQHUJ\�
HIILFLHQF\���
7KH� WKHRUHWLFDO�EDVLV� IRU� WKH� VLQJOH�8�WXEH��PXOWLSOH�
ERUHKROH�JURXQG�ORRS�KHDW�H[FKDQJHU�PRGHOV�FRPHV�
IURP� WKH� ZRUN� RI� (VNLOVRQ� ��������+LV� DSSURDFK� WR�
WKH� SUREOHP� RI� GHWHUPLQLQJ� WKH� WHPSHUDWXUH�
GLVWULEXWLRQ� DURXQG� D� ERUHKROH� LV� D� K\EULG� PRGHO�
FRPELQLQJ� DQDO\WLFDO� DQG� QXPHULFDO� VROXWLRQ�
WHFKQLTXHV��7KH�WHPSHUDWXUH�UHVSRQVH�RI�WKH�ERUHKROH�
ILHOG� LV� FRQYHUWHG� WR� D� VHW� RI� QRQ�GLPHQVLRQDO�
WHPSHUDWXUH�UHVSRQVH�IDFWRUV��FDOOHG�J�IXQFWLRQV��7KH�
J�IXQFWLRQ� DOORZV� WKH� FDOFXODWLRQ�RI� WKH� WHPSHUDWXUH�
FKDQJH�DW�WKH�ERUHKROH�ZDOO�LQ�UHVSRQVH�WR�D�VWHS�KHDW�
LQSXW��(VNLOVRQ�KDV�FDOFXODWHG�J�IXQFWLRQV��GDWD�VHWV��
IRU� D� ZLGH� YDULHW\� RI� ERUHKROH� FRQILJXUDWLRQV�
�<DYX]WXUN�DQG�6SLWOHU���������(VNLOVRQ¶V�PHWKRG�LQ�
GHWHUPLQLQJ�WKH�ORQJ�WLPH�J�IXQFWLRQ�DQG�<DYX]WXUN�

DQG�6SLWOHU¶�V�DSSURDFK�LQ�GHYHORSLQJ�WKH�VKRUW�WLPH�
J�IXQFWLRQ� KDYH� EHHQ� XVHG� LQ� PRVW� RI� WKH� *+;�
GHVLJQ�WRROV��ZKLFK�DUH�H[SODLQHG�EHORZ��

Tools for the design of vertical GSHX systems�
EED (Earth Energy Designer)�� 7KH� (('� WRRO��
UHODWLYHO\� D� XVHU�IULHQGO\� SURJUDP�� KDV� EHHQ�
GHYHORSHG� EDVHG� RQ� WKH� (VNLOVRQ¶V� DSSURDFK� E\� D�
JURXS� RI� UHVHDUFKHUV� IURP� 8QLYHUVLW\� RI� /XQG��
6ZHGHQ�IRU�WKH�VL]LQJ�RI�YHUWLFDO�*+(V��<DQJ�HW�DO���
������� 7KH� HDUO\� 3&�SURJUDPV� FDOFXODWLRQ� RI� EULQH�
WHPSHUDWXUHV� LV� GRQH� IRU� PRQWKO\� KHDW�FRRO� ORDGV��
DQG� WKH� RXWSXWV� DUH� WKH� OHQJWK� RI� JURXQG� KHDW�
H[FKDQJHUV�� V\VWHP� &23�� DQG� HQHUJ\� �HOHFWULFDO��
FRQVXPSWLRQ��+HOOVWU|P�DQG�6DQQHU����������
GchpCalc�� 7KH� *FKS&DOF� WRRO� KDV� EHHQ� DSSOLHG�
EURDGO\� ZLWKLQ� WKH� 8QLWHG� 6WDWHV� IRU� WKH� GHVLJQ� RI�
YHUWLFDO� *+;¶V�� %DVHG� RQ� WKH� UHVHDUFK� E\�
.DYDQDXJK� �������� D� PHWKRG� KDV� EHHQ� GHYHORSHG�
WKDW� XVHV� WKH� F\OLQGULFDO� VRXUFH� VROXWLRQ� DQG�
DSSUR[LPDWHV� WKH� WLPH� YDU\LQJ� QDWXUH� RI� WKH� KHDW�
H[WUDFWLRQ�DGGLWLRQ�WR�WKH�JURXQG�XVLQJ�D�VWHDG\�VWDWH�
VROXWLRQ� DQG� HIIHFWLYH� WKHUPDO� UHVLVWDQFH� �+HOOVWU|P�
DQG� 6DQQHU�� ������� 7KH� UXGLPHQWDU\� WHFKQLTXH�
IROORZV�WKH�DSSURDFK�RI�,QJHUVROO�HW�DO���������ZKHUH�
F\FOLF� SXOVHV� RI� KHDW� IURP� D� OLQH� VRXUFH� DUH�
DSSUR[LPDWHG� �.DYDQDXJK� DQG�5DIIHUW\�� �������7KH�
RXWSXWV� DUH� OHQJWK� RI� JURXQG� KHDW� H[FKDQJHUV�� KHDW�
SXPS� &23�� V\VWHP� &23� DQG� HQHUJ\� �HOHFWULFDO��
FRQVXPSWLRQ�� .DYDQDXJK¶V� PHWKRG� DOVR� FRQVLGHUV�
WKH�WKHUPDO�LQWHUDFWLRQ�RI�DGMDFHQW�ERUHKROHV�DQG�WKH�
SRVVLELOLW\� IRU� ORQJ� WHUP� KHDW� EXLOGXS�GHSOHWLRQ�
ZLWKLQ�WKH�JURXQG��+HOOVWU|P�DQG�6DQQHU���������
GLHEPRO�� 7KH� */+(352� SURJUDP�� XVLQJ�
(VNLOVRQ¶V� DSSURDFK� E\� 6SLWOHU� ������� LV� GHYHORSHG�
WR� GHVLJQ� YHUWLFDO� *+;V� XVHG� LQ� FRPPHUFLDO� RU�
LQVWLWXWLRQDO� EXLOGLQJV�� ,W� OHWV� XVHUV� WR� DWWDLQ� D�
VLPXODWLRQ� RI� WKHLU� JURXQG� ORRS� KHDW� H[FKDQJHU� WR�
GHWHUPLQH� PRQWKO\� SHDN� DQG� DYHUDJH� HQWHULQJ� IOXLG�
WHPSHUDWXUHV�WR�WKH�KHDW�SXPS�IURP�WKH�ERUHKROH�V���
WKH� SRZHU� XVHG� XS� E\� WKH� KHDW� SXPS�� WKH� KHDW�
H[WUDFWLRQ� UDWH� SHU� XQLW� OHQJWK� RI� ERUHKROH� DQG� WKH�
UHTXLUHG�GHSWK�RI�WKH�ERUHKROH�V���6SLWOHU��������� 
Whole-building energy simulation programs 
including GSHP systems 
,Q� WKH� VFRSH� RI� EXLOGLQJ� HQHUJ\� UHVHDUFK�� WKH� PDLQ�
WRROV� DUH� WKH� ZKROH�EXLOGLQJ� HQHUJ\� VLPXODWLRQ�
SURJUDPV��ZKLFK�SURYLGH�XVHUV�ZLWK�FUXFLDO�EXLOGLQJ�
SHUIRUPDQFH� LQGLFDWRUV� VXFK� DV� HQHUJ\� XVH� DQG�
GHPDQG�� WHPSHUDWXUH�� KXPLGLW\�� DQG� FRVWV� �&UDZOH\�
HW�DO�����������7KH�8�6��'HSDUWPHQW�RI�(QHUJ\��'2(��
RIIHUV� LQIRUPDWLRQ� RQ� DERXW� ���� EXLOGLQJ� VRIWZDUH�
WRROV� IRU� HVWLPDWLQJ� HQHUJ\� HIILFLHQF\� DQG�
VXVWDLQDELOLW\� LQ� EXLOGLQJV�� $PRQJ� WKHVH� WRROV�� WKH�
PRVW� EURDGO\� ZHOO�NQRZQ� WRROV� UHODWHG� WR� ZKROH�
EXLOGLQJ� HQHUJ\� VLPXODWLRQ� DUH� WKH� '2(����H�
SURJUDP�� H48(67�� (QHUJ\3OXV�� 7516<6�� DQG�
(QHUJ\*DXJH�86$���
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DOE-2.1e��7KLV�SURJUDP�VLPXODWHV� WKH�SHUIRUPDQFH�
RI� D�*&+3�V\VWHP�XVLQJ� D�ZDWHU� VRXUFH�KHDW� SXPS�
V\VWHP�ZLWK�YHUWLFDO�RU�KRUL]RQWDO�*+;V�DQG�XVHV�J�
IXQFWLRQ� DSSURDFK� WR� PRGHO� WKH� *+;V�� EXW� LW� GRHV�
QRW�DFFRXQW� IRU�WKH�HIIHFWV�RI�JURXWLQJ�PDWHULDOV�DQG�
DQWL�IUHH]H�RQ�WKH�KHDW�WUDQVIHU�SHUIRUPDQFH�RI�*+;� 
eQUEST�� 7KH�'2(����� LV� WKH� VLPXODWLRQ� HQJLQH� RI�
H48(67�� ZKLFK� VLPXODWHV� WKH� SHUIRUPDQFH� RI� D�
*&+3� V\VWHP� DW� D� FHUWDLQ� KRXU� XVLQJ� DQ� LPSURYHG�
ZDWHU� VRXUFH� KHDW� SXPS� V\VWHP� VLPXODWLRQ�PRGXOH��
7KH�H48(67�SURJUDP�XVHV�DQ� LPSURYHG�J�IXQFWLRQ�
DOJRULWKP�GHYHORSHG�E\�<DYX]WXUN�	�6SLWOHU� �������
WR�FDOFXODWH�WKH�WHPSHUDWXUH�RI�WKH�ERUHKROH�ZDOOV�� 
TRNSYS�� 7KLV� LV� D� WUDQVLHQW� V\VWHP� VLPXODWLRQ�
SURJUDP�ZLWK�D�PRGXODU�VWUXFWXUH��7516<6�XVHV�WKH�
'XFW�67RUDJH� �'67��PRGHO� E\�+HOOVWURP� ������� WR�
VLPXODWH� *+;� DQG� FDOFXODWH� WKH� SHUIRUPDQFH� RI�
ZDWHU� VRXUFH� KHDW� SXPS�ZLWK� D�*+;� IRU� LWV�*&+3�
V\VWHP� 
EnergyPlus�� 7KLV� LV� D� IOH[LEOH� DQG� PRGXODU�
VWUXFWXUHG�ZKROH�EXLOGLQJ�VLPXODWLRQ�SURJUDP�EDVHG�
RQ� WKH� PRVW� JHQHUDO� IHDWXUHV� DQG� FDSDELOLWLHV� RI�
%/$67�DQG�'2(����H��,W�LV�D�VLPXODWLRQ�HQJLQH�ZLWK�
LQSXW� DQG� RXWSXW� RI� WH[W� ILOHV�� $� ZDWHU� VRXUFH� KHDW�
SXPS� PRGHO� ZLWK� *+;V� LV� XVHG� LQ� WKH� ZKROH�
EXLOGLQJ� *&+3� DQQXDO� HQHUJ\� VLPXODWLRQ� LQ�
(QHUJ\3OXV�� 7KLV� SURJUDP� ZDV� XVHG� WR� WHVW� WKH�
*6+3V�LQ�WKLV�VWXG\��
EnergyGauge USA�� 7KLV� WRRO� VLPXODWHV� WKH�
SHUIRUPDQFH�RI�D�*&+3�V\VWHP�XVLQJ�D� JHRWKHUPDO�
KHDW� SXPS� IRU� UHVLGHQWLDO� EXLOGLQJV� GXULQJ� DQ�
DFFHSWDEOH�UXQ�WLPH��

&$6(�678'<�
,Q� WKLV� VWXG\�� WKUHH�KRXVHV�ZHUH� LQWURGXFHG�� L�H��� WKH�
6RODU�+RXVH��&KDQFHOORU¶V�1HZ�5HVLGHQFH�DQG�$SH[�
+RXVH�� 7KHVH� KRXVHV� KDYH� *6+3V� LQVWDOOHG� LQ�
GLIIHUHQW� WLPHV� IRU� GLIIHUHQW� SURMHFWV�� 7KH� 6RODU�
+RXVH�KDV�*6+3V�LQVWDOOHG�LQ����\HDUV�DJR�DQG�QRZ�
RSHUDWLRQDO�LQ�D����\HDU�ROG�KRXVH���$SH[�+RXVH�KDV�
*6+3V� LQVWDOOHG� RQH� \HDU� DJR� DV� D� UHSODFHPHQW� RI�
$LU� 6RXUFH� +HDW� 3XPSV� �$6+3V�� WR� D� ��� \HDU�ROG�
KRXVH���7KH�&KDQFHOORU¶V�1HZ�5HVLGHQFH�KDV�*6+3V�
LQVWDOOHG�OHVV�WKDQ�D�\HDU�DJR�ZLWK�D�QHZ�FRQVWUXFWLRQ���
,Q� WKLV� VWXG\�� KRZHYHU�� RQO\� WKH� $SH[� KRXVH� ZDV�
PRGHOHG� XVLQJ� WKH� (QHUJ\3OXV� VLPXODWLRQ� SURJUDP��
7KH� RWKHU� WZR� UHVLGHQFHV� DQG� GHWDLOHG� FRPSDUDWLYH�
DQDO\VLV� ZLOO� EH� SUHVHQWHG� LQ� WKH� QHDU� IXWXUH� LQ�
DQRWKHU�SDSHU��
Description of Apex House:  
$SH[� +RXVH� LV� D� UHVLGHQWLDO� KRXVH� ORFDWHG� LQ�
XQLQFRUSRUDWHG� :DNH� &RXQW\� �QHDU� $SH[�&DU\�� RI�
1RUWK�&DUROLQD�� ,W�ZDV�RULJLQDOO\�EXLOW� LQ������ZLWK�
XQILQLVKHG� VHFRQG� IORRU�� 7KH� VHFRQG� IORRU� ZDV�
ILQLVKHG� DERXW� WHQ� \HDUV� ODWHU� LQ������ZLWK����� VTIW�
DGGHG�WR�WKH�H[LVWLQJ�FRQGLWLRQHG�VSDFH�RI�������VTIW�
LQ�WKH�ILUVW�IORRU��7KH�H[LVWLQJ�HTXLSPHQW�IRU�WKH�ILUVW�
IORRU�ZDV�D�����WRQ�$LU�6RXUFH�+HDW�3XPS��$6+3���
ZKLFK�ZDV�LQVWDOOHG�LQ������ZLWK�DLU�KDQGOHU�DQG�GXFW�

ZRUN� LQ� FUDZO� VSDFH�� DQG� IRU� WKH� VHFRQG� IORRU� ZDV�
����WRQ� $6+3�� ZKLFK� ZDV� LQVWDOOHG� LQ� ������ %RWK�
V\VWHPV� LQFOXGHG� DX[LOLDU\� HOHFWULF� UHVLVWDQFH�
KHDWLQJ��
,Q� ODWHU� ������ WKHVH� WZR� H[LVWLQJ� $6+3V� ZHUH�
UHSODFHG� ZLWK� *6+3V�� 7KH� UHSODFHPHQW� FRVWV� ZHUH�
��������� +RZHYHU�� DIWHU� DOO� RI� WKH� UHEDWHV�� ZKLFK�
LQFOXGHV� ���� 5HVLGHQWLDO� 5HQHZDEOH� (QHUJ\� 7D[�
&UHGLW� ����������� ���� 1RUWK� &DUROLQD� 5HQHZDEOH�
(QHUJ\�7D[�&UHGLW� �PD[������� IRU�JHRWKHUPDO��DQG�
3URJUHVV� (QHUJ\� &DUROLQD¶V� 5HVLGHQWLDO� (QHUJ\�
(IILFLHQF\�5HEDWH�3URJUDP�������SHU�V\VWHP���������
WKH� ILQDO� SURMHFW� FRVWV� ZHUH� UHGXFHG� WR� DERXW�
���������7KH�SDFNDJH�KHDW�SXPS�IRU� WKH��VW� IORRU����
WRQ� FDSDFLW\�� KDV� D� WZR�VWDJH� FRPSUHVVRU� ZLWK�
YDULDEOH�VSHHG�EORZHU�DQG���N:�EDFN�XS�KHDW�VWULSV���
7KH�VSOLW�KHDW�SXPS�IRU�WKH��QG�IORRU����WRQ�FDSDFLW\��
DOVR�KDV� D� WZR�VWDJH� FRPSUHVVRU� DQG�YDULDEOH� VSHHG�
EORZHU��%DVHG�RQ�WKH�RZQHU¶V�LQIRUPDWLRQ�IRU�*6+3��
WKH� FRROLQJ� (QHUJ\� (IILFLHQF\� 5DWLR� �((5�� LV�
����������� ((5� LV� D� WHUP� JHQHUDOO\� XVHG� WR� GHILQH�
FRROLQJ� HIILFLHQFLHV� RI� XQLWDU\� DLU�FRQGLWLRQLQJ� DQG�
KHDW�SXPS�V\VWHPV��$V�D�JHQHUDO�UXOH��D�FRPSUHVVRU�
WKDW� KDV� D� KLJKHU� ((5� DW� D� JLYHQ� UDWLQJ� FRQGLWLRQ�
FRXOG�EH�H[SHFWHG�WR�SHUIRUP�EHWWHU�LQ�D�V\VWHP�WKDQ�
RQH� WKDW� KDV� D� ORZHU� ((5�� $OVR� WKH� KHDWLQJ�
&RHIILFLHQW�RI�3HUIRUPDQFH��&23��IRU�$SH[�+RXVH�LV�
���������:KHQ�FDOFXODWLQJ�WKH�&23�IRU�D�KHDW�SXPS��
WKH� KHDW� RXWSXW� IURP� WKH� FRQGHQVHU� LV� FRPSDUHG� WR�
WKH� SRZHU� VXSSOLHG� WR� WKH� FRPSUHVVRU�� ,Q� JHQHUDO� D�
KLJKHU�&23�KHDW�SXPS�ZLOO�FRQVXPH�OHVV�SXUFKDVHG�
HOHFWULFLW\�WKDQ�RQH�ZLWK�D�ORZHU�&23��
�

�
�

Figure 3 Geometry model of Apex House 
 

7KH� JHRPHWU\� PRGHO� RI� WKH� $SH[� KRXVH� ZDV�
GHYHORSHG�XVLQJ�WKH�6NHWFK8S�SURJUDP��DV�VKRZQ�LQ�
)LJXUH����DQG�WKHQ�H[SRUWHG�WR�(QHUJ\3OXV�IRU�IXUWKHU�
+9$&�V\VWHPV�PRGHOLQJ�RI�*6+3V���
�

 
Figure 4 HVAC Diagram of Apex House 
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)LJXUH���VKRZV�WKH�+9$&�GLDJUDP�RI�WKH�KRXVH��
ZKLFK�KDV�EHHQ�XVHG�IRU�WKH�PRGHOLQJ�RI�WKH�WZR�
*6+3V��7KH�+HDW�3XPS���SURYLGHV�KHDWLQJ�DQG�
FRROLQJ�IRU�GRZQVWDLUV�DQG�RIILFH�]RQH��7KH�VSOLW�
+HDW�3XPS���SURYLGHV�KHDWLQJ�DQG�FRROLQJ�IRU�
XSVWDLUV��+LVWRULFDO�GDWD�DQG�(OHFWULF�XWLOLW\�ELOOV�IRU�
WKH�$SH[�+RXVH�ZHUH�REWDLQHG�IRU�WKH�SHULRG�RI�
-DQXDU\������WKURXJK�'HFHPEHU�������

Mid-Atlantic Climate�
7KH�0LG�$WODQWLF� UHJLRQ�� DV� VKRZQ� LQ�)LJXUH� ��� KDV�
ZHDWKHU� LQIOXHQFHV� GLFWDWHG� E\� WKH� $WODQWLF� 2FHDQ��
*UHDW�/DNHV�DQG�0LGZHVW��7KLV�FOLPDWH�UHJLRQ�KDV�D�
KXPLG� VXEWURSLFDO� FOLPDWH�� ZLWK� UHJXODUO\� PRGHUDWH�
WHPSHUDWXUHV� GXULQJ� VSULQJ� DQG� DXWXPQ�� 6XPPHUV�
DUH�W\SLFDOO\�ZDUPHU��:LQWHUV�DUH�PLOG�DQG�ZHW�ZLWK�
KLJKV� JHQHUDOO\� LQ� WKH� UDQJH� RI� ��±��� �)� ��±����&��
ZLWK�ORZV�DURXQG�RU�MXVW�EHORZ�IUHH]LQJ��6SULQJ�DQG�
DXWXPQ�IHDWXUHV�ZDUP�GD\V�DQG�FRRO�QLJKWV��6XPPHU�
GD\WLPH�KLJKV�DYHUDJH�LQ�WKH�XSSHU���V�WR�ORZ���V��)�
��������&��ZLWK�ZDUP�DQG�KXPLG�QLJKWV�LQ�WKH�XSSHU�
��V��)���������&����

EnergyPlus GSHP simulation Process  
7KH� (QHUJ\3OXV� VLPXODWLRQ� PRGHO� ZDV� GHYHORSHG�
DIWHU� WKH� JHRPHWU\� RI� WKH� $SH[� +RXVH� KDV� EHHQ�
LPSRUWHG� LQWR�(QHUJ\3OXV��7KH�*6+3V�RI� WKH�KRXVH�
DUH�ERWK�ZDWHU�WR�DLU�KHDW�SXPSV��
�

�

Figure 5 US Mid-Atlantic States. 
 

7KH�SURFHVV�RI�PRGHOLQJ�RI�+9$&�V\VWHPV�RI�$SH[�
KRXVH� LQ� (QHUJ\3OXV� UHTXLUHV� WKH� FRPELQDWLRQ� RI�
REMHFWV�VXFK�DV�$LUORRS��8QLWDU\�+HDW�3XPS�:DWHU�WR�
$LU�� &RROLQJ�+HDWLQJ� &RLO�� &RQGHQVHU� /RRS� DQG�
*URXQG� KHDW� H[FKDQJHU� $LU� ORRSV� DORQJ� ZLWK� ]RQH�
HTXLSPHQW� DUUDQJH� WKH� HQWLUH� IRUFHG� DLU� KHDWLQJ� DQG�
FRROLQJ� V\VWHP� �DLU� VLGH��� 7KH� QH[W� REMHFW�� XQLWDU\�
ZDWHU�WR�DLU� KHDW� SXPS� LV� D� FRPSOH[� PRGXOH�
FRQVLVWLQJ�RI�D� IDQ��ZDWHU�WR�DLU�FRROLQJ�DQG�KHDWLQJ�
FRLOV�� DQG� D� VXSSOHPHQWDO� KHDWLQJ� FRLO�� 7KH� KHDW�
SXPS� VZLWFKHV� EHWZHHQ� FRROLQJ� DQG� KHDWLQJ�
GHSHQGLQJ� RQ� WKH� ]RQH¶V� KHDWLQJ� DQG� FRROLQJ�
GHPDQG���
7KH� ORDG� VLGH� �DLU�� RI� WKH� ]RQH� ZDWHU�WR�DLU� KHDW�
SXPS� FRQVLVWV� RI� DQ� 2Q�2II� IDQ� FRPSRQHQW�� D�
:DWHU7R$LU+HDW3XPS� FRROLQJ� FRLO� FRPSRQHQW�� D�
:DWHU7R$LU+HDW3XPS�KHDWLQJ�FRLO�FRPSRQHQW��DQG�D�
*DV� RU� (OHFWULF� VXSSOHPHQWDO� KHDWLQJ� FRLO�

FRPSRQHQW��7KH�VRXUFH�VLGH��ZDWHU��RI�WKH�KHDW�SXPS�
LV� FRQQHFWHG� WR� D� FRQGHQVHU� ORRS� ZLWK� D� KHDW�
H[FKDQJHU� �JURXQG� KHDW� H[FKDQJHU�� RU� D� SODQW� ORRS�
ZLWK�D�KHDWLQJ�VRXUFH�VXFK�DV�D�ERLOHU�DQG�D�FRROLQJ�
VRXUFH� VXFK� DV� D� FKLOOHU� RU� FRROLQJ� WRZHU�� ,Q� WKLV�
VWXG\�JURXQG�KHDW�H[FKDQJHU�LV�FRXSOHG�WR�WKH�ZDWHU�
WR�DLU� KHDW� SXPSV�� )LJXUH� �� VKRZV� WKH� DUUDQJHPHQW�
DQG� DVVHPEO\� RI� WKH� KHDW� SXPS� IRU� WKH� VRXUFH� VLGH�
DQG� GHPDQG� VLGH� IRU� D� JURXQG� KHDW� H[FKDQJHU�
FRQILJXUDWLRQ���
 

 
Figure 6 GSHP diagram for supply and demand 

,Q� WKLV� VWXG\�� WKH� &RLO�� &RROLQJ��:DWHU� WR�$LU�+HDW�
3XPS�� (TXDWLRQ� )LW� FRLO� DQG� &RLO�� +HDWLQJ�&RROLQJ�
ZDV� H[DPLQHG� LQ� (QHUJ\3OXV� PRGHO�� 7KH� VR�FDOOHG�
FRLO� LV� D� GHWHUPLQLVWLF� PRGHO� WKDW� QHHGV� IDFWRUV� WR�
GHILQH�WKH�IXQFWLRQLQJ�FRQGLWLRQV�RI�WKH�KHDW�SXPS¶V�
FRPSRQHQWV�� 7KH� IDFWRUV� DUH� JHQHUDWHG� IURP� WKH�
PDQXIDFWXUHU� FDWDORJ� GDWD� XVLQJ� PXOWLYDULDEOH�
RSWLPL]DWLRQ�PHWKRG��'2(����������
7KH�(QHUJ\3OXV�*+;� LV�D�FRQGHQVHU�PRGXOH�ZKLFK�
VHUYHV� WKH� FRQGHQVHU� VXSSO\� VLGH� LQ� DGGLWLRQ� WR� WKH�
FRROLQJ� WRZHUV� DQG� RWKHU� FRQGHQVLQJ� FRPSRQHQWV��
7KH� KHDW� H[FKDQJHU� UHVSRQVH� LV� GHILQHG� E\� D� J�
IXQFWLRQ��D�QRQ�GLPHQVLRQDO�IXQFWLRQ��7KH�J�IXQFWLRQ�
LV�GLIIHUHQW�IRU�HDFK�ERUHKROH�ILHOG�FRQILJXUDWLRQ�DQG�
WKH�ERUHKROH� WKHUPDO�UHVLVWDQFH�� ,W� LV�DOVR�GHSHQGHQW�
RQ� WKH� UDWLR� RI� ERUHKROH� VSDFLQJ� WR� GHSWK�� )RU�
DFFXUDWH� VLPXODWLRQ�� J�IXQFWLRQ� YDOXHV� KDYH� WR� EH�
FDOFXODWHG� IRU� HDFK� VSHFLILF� KHDW� H[FKDQJHU� GHVLJQ��
$OVR� ZKHQ� ZH� ZDQW� WR� DVVLJQ� D� 9*+;� IRU� D� KHDW�
SXPS� LQ� (QHUJ\3OXV�� SDUDPHWHUV� VXFK� DV� PD[LPXP�
IORZ� UDWH�� QXPEHU� RI� ERUH� KROHV�� ERUHKROH� OHQJWK��
JURXQG� WKHUPDO� FRQGXFWLYLW\�� JURXQG� WKHUPDO� KHDW�
FDSDFLW\��JURXQG�WHPSHUDWXUH��GHVLJQ�IORZ�UDWH��JURXW�
WKHUPDO�FRQGXFWLYLW\��SLSH�WKHUPDO�FRQGXFWLYLW\��SLSH�
RXW�GLDPHWHU��8�WXEH�GLVWDQFH��SLSH�WKLFNQHVV�DQG�J�
IXQFWLRQ�UHIHUHQFH�UDWLR�VKRXOG�EH�GHILQHG���

5(68/76�$1'�$1$/<6,6�
$� ZKROH� EXLOGLQJ� VLPXODWLRQ� PRGHO� ZDV� GHYHORSHG�
XVLQJ�(QHUJ\3OXV�IRU�D�FDVH�VWXG\�KRXVH��7KH�*6+3�
PRGHO� ZDV� EDVHG� RQ� WKH� HTXDWLRQ� ILW� PRGHO� RI� D�
ZDWHU�WR�DLU� KHDW� SXPS�� 7KH� VLPXODWHG� DPRXQW� RI�
HOHFWULFLW\�XVDJH�LQ�WKH�EXLOGLQJ�ZDV�FRPSDUHG�WR�WKH�
PHDVXUHG�GDWD�IURP�WKH�KRXVH¶V�XWLOLW\�ELOOV��)LJXUH���
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VKRZV� WKH� FRPSDULVRQ� EHWZHHQ� WKH� PRQWKO\� XWLOLW\�
ELOO� GDWD� IRU� WKH� \HDU� ����� DQG� WKH� (QHUJ\3OXV�
VLPXODWLRQ�UHVXOWV���

�

Figure 7Monthly electricity consumption comparison 
between billed data and simulation results 

7KH� GLIIHUHQFH� EHWZHHQ� (QHUJ\3OXV� UHVXOWV� DQG�
PHDVXUHG� GDWD� FRXOG� EH� GXH� WR� YDULRXV� SDUDPHWHUV�
VXFK� DV� GLIIHUHQW� ZHDWKHU� FRQGLWLRQV�� GLYHUVH�
RFFXSDQF\�� OLJKWLQJ� DQG� HTXLSPHQW� VFKHGXOH�� DQG�
GLVVLPLODU� EXLOGLQJ¶V� PDWHULDO�� 7KH� VLJQLILFDQW�
GLVFUHSDQF\� EHWZHHQ� HOHFWULFLW\� FRQVXPSWLRQ� RI� WKH�
UHDO� EXLOGLQJ� DQG� (QHUJ\3OXV� PRGHO� GXULQJ� FROG�
PRQWKV�PLJKW�EH�GXH�WR�WKH�EHKDYLRU�RI�WKH�RFFXSDQW�
GXULQJ�WKH�ZLQWHU�PRQWKV��7XUQLQJ�RII�WKH�KHDW�SXPS�
GXULQJ� WKH� GD\WLPH� ZKLOH� WKH� RFFXSDQWV� DUH� RXW�
LQFUHDVHV� WKH� XVH� RI� VXSSOHPHQWDO� KHDWLQJ� ZKLFK�
FDXVHV�WR�H[FHVVLYH�HOHFWULFLW\�FRQVXPSWLRQ��:KHUHDV�
LQ� WKH� (QHUJ\3OXV� VLPXODWLRQ� SURFHVV�� WKH� *6+3V�
FRQVLVWHQWO\�PDLQWDLQHG�WKH�URRP�WHPSHUDWXUH�ZLWKLQ�
FRPIRUW�FRQGLWLRQV��DQG�VR�WKH�VXSSOHPHQWDO�KHDWLQJ�
ZDV�HLWKHU�XQQHFHVVDU\�RU�PXFK�OHVV�QHHGHG�WKDQ�UHDO�
FDVH�� (QHUJ\3OXV� DOVR� XVHV� WKH� 7\SLFDO�
0HWHRURORJLFDO�<HDU��70<��GDWD�ZKLFK�LV�D�FROODWLRQ�
RI� VHOHFWHG� ZHDWKHU� GDWD� IRU� D� VSHFLILF� ORFDWLRQ��
JHQHUDWHG�IURP�D�GDWD�EDQN��+RZHYHU�� WKH�PHDVXUHG�
GDWD� ZHUH� EDVHG� RQ� WKH� ����� DFWXDO� ZHDWKHU�
FRQGLWLRQ�� )LJXUH� �� VKRZV� WKH� GLIIHUHQFHV� EHWZHHQ�
WKH� 70<� �� ZHDWKHU� GDWD� LQ� (QHUJ\3OXV� DQG� WKH�
VSHFLILF������ZHDWKHU�GDWD���
�

�

Figure 8 Temperature differences between the TMY 
3 data in EnergyPlus and 2012 actual weather data 

7KHUH� ZHUH� VRPH� DGYDQWDJHV� LQGLFDWHG� IURP� XVLQJ�
WKH� *6+3� IXQFWLRQ� LQ� (QHUJ\3OXV� VXFK� DV�� ���
DYDLODEOH�UHIHUHQFH�GDWD�VHWV��FRQWDLQLQJ�H[DPSOHV�RI�
LQSXW� GDWD� IRU� �[��� �[�� DQG� �[�� FRQILJXUDWLRQV� RI�
*+;V�ZKLFK� FDQ� EH� XVHG� LQ� VRPH� UHVLGHQWLDO� FDVHV�
ZLWKRXW�FRPSOLFDWHG�FDOFXODWLRQ�����UHIHUHQFH�PRGHOV�
IRU� 9*+;�� SRQG� KHDW� H[FKDQJHU� DQG� VXUIDFH� KHDW�
H[FKDQJHU�� ��� UHDVRQDEOH� VLPXODWLRQ� WLPH� IRU� D�
PHGLXP�VL]H� UHVLGHQWLDO� KRXVH�� DQG���� WKH� DELOLW\�RI�
DGGLQJ� UHODWLYHO\� UHDVRQDEOH� JURXQG� WHPSHUDWXUHV�
DQG� PRGHOLQJ� WKH� *6+3� V\VWHP� LQ� PRVW� RI� WKH�
EXLOGLQJV��+RZHYHU�� WKHUH�ZHUH� DOVR� FKDOOHQJHV� DQG�
LVVXHV� WKDW�QHHG� WR�EH� UHVROYHG�DQG�IDFLOLWDWHG� LQ� WKH�
PRGHOLQJ�SURFHVV�RI�*6+3�V\VWHPV�VXFK�DV�����WKH�J�
IXQFWLRQ� YDOXHV� WR� EH� FDOFXODWHG� IRU� HDFK� VSHFLILF�
KHDW�H[FKDQJHU�GHVLJQ�LQ�RWKHU�*+;�VLPXODWLRQ�WRROV�
IRU� EHWWHU� DFFXUDF\�� ��� ODFN� RI� KRUL]RQWDO� KHDW�
H[FKDQJHU� PRGHO� LQ� (QHUJ\3OXV�� ��� WR� REWDLQ� WKH�
DFFXUDWH� JURXQG� WHPSHUDWXUH�� PRGHOHUV� QHHG�
DGGLWLRQDO� WRROV�� DQG� ��� PRUH� YDOLGDWLRQ� ZRUNV�
QHHGHG�ZLWK�UHDO�EXLOGLQJV��

&21&/86,21�
$� FRPSUHKHQVLYH� OLWHUDWXUH� UHYLHZ� RQ� *6+3�
WHFKQRORJ\� DSSOLFDWLRQV� LQ� EXLOGLQJV� ZDV� SUHVHQWHG��
6HYHUDO� ZLGHO\� XVHG� FRPSXWHU� VLPXODWLRQ� SURJUDPV�
IRU�EXLOGLQJ�HQHUJ\�DQDO\VLV�DUH�FRPSDUHG�UHJDUGLQJ�
WKHLU� *6+3� VLPXODWLRQ� FDSDELOLWLHV�� $� UHVLGHQWLDO�
KRXVH��$SH[�+RXVH��ZDV�XVHG�IRU�D�FDVH�VWXG\�WR�WHVW�
WKH�(QHUJ\3OXV¶�IXQFWLRQDOLW\�RI�PRGHOLQJ�WKH�*6+3�
V\VWHPV�� 7KH� VLPXODWLRQ� UHVXOWV� ZHUH� FRPSDUHG� WR�
WKH� PRQWKO\� ELOO� GDWD� WR� TXLFNO\� LQYHVWLJDWH� LWV�
FDSDELOLW\�DQG�DSSOLFDELOLW\�IRU�HQJLQHHULQJ�SUDFWLFHV��
7KH�SRWHQWLDO�SUREOHPV�DQG�EDUULHUV�RI�PRGHOLQJ�WKH�
*6+3� V\VWHPV� LQ� ZKROH�EXLOGLQJ� VLPXODWLRQ�
DQDO\VHV� ZHUH� DGGUHVVHG�� 7KH� GHWDLOHG� VLPXODWLRQ�
SURFHVVHV� DQG� VLPXODWLRQ� UHVXOWV� ZLOO� DOVR� EH�
SUHVHQWHG�LQ�WKH�QHDU�IXWXUH��

5()(5(1&(6��
$O�.KRXU\��5���%RQQLHU��3��*���	�%ULQNJUHYH��5��%��-����������(IILFLHQW�

ILQLWH� HOHPHQW� IRUPXODWLRQ� IRU�JHRWKHUPDO�KHDWLQJ�V\VWHPV��3DUW�
,�� 6WHDG\� VWDWH�� ,QWHUQDWLRQDO� MRXUQDO� IRU� QXPHULFDO� PHWKRGV� LQ�
HQJLQHHULQJ������������������

%HUQLHU�� 0�� $�� �������� 6<0326,80� 3$3(56�$7������ 3XPSLQJ�
'HVLJQ� DQG� 3HUIRUPDQFH� 0RGHOLQJ� RI� *HRWKHUPDO� +HDW� 3XPS�
6\VWHPV�*URXQG�&RXSOHG� +HDW� 3XPS� 6\VWHP� 6LPXODWLRQ��
$6+5$(� 7UDQVDFWLRQV�$PHULFDQ� 6RFLHW\� RI� +HDWLQJ�
5HIULJHUDWLQJ�$LUFRQGLWLRQLQJ�(QJLQ�������������������

%RVH�� -�� (�� �������� &ORVHG�ORRS� JURXQG�FRXSOHG� KHDW� SXPS� GHVLJQ�
PDQXDO��7KH�8QLYHUVLW\��

%RVH�� -�� (�� ������ � &ORVHG�/RRS�*URXQG�6RXUFH�+HDW� SXPS� 6\VWHPV��
,QVWDOODWLRQ� *XLGH�� ,QWHUQDWLRQDO� *URXQG� 6RXUFH� +HDW� 3XPS�
$VVRFLDWLRQ��6WLOOZDWHU��2.��

�&DUVODZ��+���	�-DHJHU��-����������+HDW�&RQGXFWLRQ�LQ�6ROLGV��2[IRUG��
&ODUHPRUH�3UHVV��

&DUVODZ��+��6���	�-DHJHU�� -��&�� ��������&RQGXFWLRQ�RI�KHDW� LQ�VROLGV��
2[IRUG�� &ODUHQGRQ� 3UHVV�� ������ �QG� HG��� ��&KLDVVRQ�� $��� 	�
2¶&RQQHOO��$����������1HZ�DQDO\WLFDO�VROXWLRQ�IRU�VL]LQJ�YHUWLFDO�
ERUHKROH� JURXQG� KHDW� H[FKDQJHUV� LQ� HQYLURQPHQWV� ZLWK�
VLJQLILFDQW�JURXQGZDWHU�IORZ��3DUDPHWHU�HVWLPDWLRQ�IURP�WKHUPDO�
UHVSRQVH�WHVW�GDWD��+9$&	5�5HVHDUFK��������������������

&UDZOH\��'��%���+DQG��-��:���.XPPHUW��0���	�*ULIILWK��%��7����������
&RQWUDVWLQJ� WKH� FDSDELOLWLHV� RI� EXLOGLQJ� HQHUJ\� SHUIRUPDQFH�
VLPXODWLRQ�SURJUDPV��%XLOGLQJ�DQG�(QYLURQPHQW�����������������

&HQWHU�� )�� 6�� (�� �������� (QHUJ\*DXJH�86$�� $� 5HVLGHQWLDO� %XLOGLQJ�
(QHUJ\�6LPXODWLRQ�'HVLJQ�7RRO�
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'2(��8����������(QHUJ\3OXV�,QSXW�2XWSXW�5HIHUHQFH��86�'HSDUWPHQW�
RI�(QHUJ\��$SULO��

'R�6�/����+DEHUO��-��6�����������$�5HYLHZ�RI�JURXQG�FRXSOHG�KHDW�SXPS�
PRGHOV� XVHG� LQ� ZKROH�EXLOGLQJ� FRPSXWHU� VLPXODWLRQ� SURJUDPV��
'HSDUWPHQW�RI�$UFKLWHFWXUH��7H[DV�$	0�8QLYHUVLW\���

'HHUPDQ�� -��'���.DYDQDXJK�� 6�� 3�� �������� 6LPXODWLRQ� RI�9HUWLFDO�8�
7XEH� *URXQG� &RXSOHG� +HDW� 3XPS� 6\VWHPV� 8VLQJ� WKH�
&\OLQGULFDO�+HDW�6RXUFH�6ROXWLRQ��$6+5$(�7UDQVDFWLRQV��������
���������

(OOLV��3�� ��������2SHQ6WXGLR�SOXJLQ�IRU�*RRJOH�6NHWFK8S�'��9HUVLRQ�
�����-DQXDU\�������

(QHUJ\3OXV�� 8�� '�� �������� (QHUJ\3OXV� (QHUJ\� 6LPXODWLRQ� 6RIWZDUH��
(QHUJ\� (IILFLHQF\� 	� 5HQHZDEOH� (QHUJ\�� 86� 'HSDUWPHQW� RI�
(QHUJ\��

(VNLOVRQ�3��������7KHUPDO�DQDO\VLV�RI�KHDW�H[WUDFWLRQ�ERUHKROHV��3K�'��
WKHVLV��6ZHGHQ�8QLYHUVLW\�RI�/XQG��

)DLUH\�� 3��� 9LHLUD�� 5�� .��� 3DUNHU�� '�� 6��� +DQVRQ��%��� %URPDQ�� 3�� $���
*UDQW�� -�� %��� ���� 	� *X�� /�� �������� (QHUJ\*DXJH� 86$�� $�
UHVLGHQWLDO�EXLOGLQJ�HQHUJ\�VLPXODWLRQ�GHVLJQ�WRRO��

)ORULGHV�� *��� 	� .DORJLURX�� 6�� �������� *URXQG� KHDW� H[FKDQJHUV²$�
UHYLHZ�RI�V\VWHPV��PRGHOV�DQG�DSSOLFDWLRQV��5HQHZDEOH�(QHUJ\��
�������������������

*UDQU\G�(��*��������*URXQG�VRXUFH�KHDW�SXPS�V\VWHPV�LQ�D�QRUWKHUQ�
FOLPDWH����WK�,,5�&RQJUHVV��9HQLFH�3DSHU�QR��(�������

+DUW�� '�� 3��� 	� &RXYLOOLRQ�� 5�� �������� (DUWK� FRXSOHG� KHDW� WUDQVIHU��
3XEOLFDWLRQ�RI�WKH�1DWLRQDO�:DWHU�:HOO�$VVRFLDWLRQ��

+H��0���5HHV�� 6���	�6KDR��/�� ������� -XO\��� 6LPXODWLRQ� RI� D� GRPHVWLF�
JURXQG� VRXUFH� KHDW� SXPS� V\VWHP� XVLQJ� D� WUDQVLHQW� QXPHULFDO�
ERUHKROH�KHDW�H[FKDQJHU�PRGHO��,Q�(OHYHQWK�,QWHUQDWLRQDO�,%36$�
&RQIHUHQFH�

+HOOVWU|P�� *�� �������� 'XFW� JURXQG� KHDW� VWRUDJH� PRGHO�� 0DQXDO� IRU�
&RPSXWHU� &RGH�� 'HSDUWPHQW� RI� 0DWKHPDWLFDO� 3K\VLFV��
8QLYHUVLW\�RI�/XQG��6ZHGHQ��

+HOOVWU|P��*����������7KHUPDO�DQDO\VLV�RI�GXFW�VWRUDJH�V\VWHP��'HS��RI�
0DWKHPDWLFDO�3K\VLFV�8QLYHUVLW\�RI�/XQG��/XQG��6ZHGHQ������

+HOOVWU|P��*���	�6DQQHU��%�� ��������(DUWK� HQHUJ\� GHVLJQHU�� VRIWZDUH�
IRU� GLPHQVLRQLQJ� RI� GHHS� ERUHKROHV� IRU� KHDW� H[WUDFWLRQ��
'HSDUWPHQW�RI�0DWKHPDWLFDO�3K\VLFV��/XQG�8QLYHUVLW\��6ZHGHQ��

+HOOVWU|P��*���	�6DQQHU��%�� �������� 3&�SURJUDPV�DQG�PRGHOOLQJ� IRU�
ERUHKROH� KHDW� H[FKDQJHU� GHVLJQ�� 3URFHHGLQJV� RI� ,QWHUQDWLRQDO�
*HRWKHUPDO�'D\V��ZZZ��LQIR��KRWLPV��FRP������������

+LUVFK�� -�� -�� �������� H4XHVW�� WKH� 48LFN� (QHUJ\� 6LPXODWLRQ� 7RRO��
'2(���FRP��

,QJHUVROO� /5�� 3ODVV�+-��������� 7KHRU\� RI� WKH� JURXQG�SLSH� VRXUFH� IRU�
WKH�KHDW�SXPS��$6+5(�7UDQV��������±����

,QJHUVROO�/5��=REHO�2-��� ,QJHUVROO�$&�� ��������+HDW� FRQGXFWLRQ�ZLWK�
HQJLQHHULQJ�� JHRORJLFDO�� DQG� RWKHU� DSSOLFDWLRQV�� 1HZ� <RUN��
0F*UDZ�+LOO��

-LQ��+���	�6SLWOHU��-��'����������$�SDUDPHWHU�HVWLPDWLRQ�EDVHG�PRGHO�RI�
ZDWHU�WR�ZDWHU� KHDW� SXPSV� IRU� XVH� LQ� HQHUJ\� FDOFXODWLRQ�
SURJUDPV��$6+5$(�7UDQVDFWLRQV����������������

.DYDQDXJK��6��3�� ��������6LPXODWLRQ�DQG�H[SHULPHQWDO�YHULILFDWLRQ�RI�
YHUWLFDO� JURXQG�FRXSOHG� KHDW� SXPS� V\VWHPV�� 2NODKRPD� 6WDWH�
8QLY���6WLOOZDWHU��86$���

.DYDQDXJK�� 6�� 3��� �������� )LHOG� 7HVW� RI� D� 9HUWLFDO� *URXQG� &RXSOHG�
+HDW�3XPS�LQ�$ODEDPD��$6+5$(�7UDQVDFWLRQV�

.DYDQDXJK�� 6�� �������� $� GHVLJQ� PHWKRG� IRU� FRPPHUFLDO� JURXQG�
FRXSOHG� KHDW� SXPSV�� 75$16$&7,216�$0(5,&$1�
62&,(7<� 2)� +($7,1*� 5()5,*(5$7,1*� $1'� $,5�
&21',7,21,1*�(1*,1((56�����������������

.DYDQDXJK��6��3���	�5DIIHUW\��.��������*URXQG�6RXUFH�+HDW�3XPSV��
'HVLJQ�RI�*HRWKHUPDO�6\VWHPV�IRU�&RPPHUFLDO�DQG�,QVWLWXWLRQDO�
%XLOGLQJV��$WODQWD��$PHULFDQ�6RFLHW\� RI�+HDWLQJ��5HIULJHUDWLQJ�
DQG�$LU�&RQGLWLRQLQJ�(QJLQHHUV��,QF��

.HOYLQ��6LU�:��7KRPVRQ��������0DWKHPDWLFDO�DQG�3K\VLFDO�3DSHUV��,,��
SS����II���FLWHG�E\�,QJHUVROO�HW�DO��������

.OHLQ�� 6�� HW� DO�� �������� 7516<6�� $� WUDQVLHQW� VLPXODWLRQ� SURJUDP� ±�
YHUVLRQ�������6RODU�(QHUJ\�/DERUDWRU\��8QLYHUVLW\�RI�:LVFRQVLQ��
0DGLVRQ��86$��

/DPDUFKH�� /��� 	� %HDXFKDPS�� %�� �������� $� QHZ� FRQWULEXWLRQ� WR� WKH�
ILQLWH� OLQH�VRXUFH�PRGHO� IRU� JHRWKHUPDO� ERUHKROHV�� (QHUJ\� DQG�
%XLOGLQJV������������������

/DPDUFKH��/���.DMO��6���	�%HDXFKDPS��%����������$�UHYLHZ�RI�PHWKRGV�
WR� HYDOXDWH� ERUHKROH� WKHUPDO� UHVLVWDQFHV� LQ� *+3� V\VWHPV��
*HRWKHUPLFV������������������

/L��0���	�/DL��$��&����������1HZ�WHPSHUDWXUH�UHVSRQVH�IXQFWLRQV��*�
IXQFWLRQV�� IRU� SLOH� DQG� ERUHKROH� JURXQG� KHDW� H[FKDQJHUV� EDVHG�
RQ�FRPSRVLWH�PHGLXP�OLQH�VRXUFH�WKHRU\��

/LX�� ;��� 	� +HOOVWU|P�� *�� �������� ³(QKDQFHPHQWV� RI� DQ� LQWHJUDWHG�
VLPXODWLRQ�WRRO�IRU�JURXQG�VRXUFH�KHDW�SXPS�V\VWHP�GHVLJQ�DQG�

HQHUJ\� DQDO\VLV´�� 3URFHHGLQJV� RI� (FRVWRFN� ������ 7KH� 5LFKDUG�
6WRFNWRQ�&ROOHJH�RI�1HZ�-HUVH\��

0DUFRWWH��'���	�3DVTXLHU��3����������)DVW�IOXLG�DQG�JURXQG�WHPSHUDWXUH�
FRPSXWDWLRQ� IRU� JHRWKHUPDO� JURXQG�ORRS� KHDW� H[FKDQJHU�
V\VWHPV��*HRWKHUPLFV������������������

0DQ�� <��� <DQJ�� +��� 	� :DQJ�� -�� �������� 6WXG\� RQ� K\EULG� JURXQG�
FRXSOHG� KHDW� SXPS� V\VWHP� IRU� DLU�FRQGLWLRQLQJ� LQ� KRW�ZHDWKHU�
DUHDV�OLNH�+RQJ�.RQJ��$SSOLHG�(QHUJ\��������������������

0HL��9��&���	�(PHUVRQ��&�� -�� ��������1HZ� DSSURDFK� IRU� DQDO\VLV� RI�
JURXQG�FRLO� GHVLJQ� IRU� DSSOLHG� KHDW� SXPS� V\VWHPV�� $6+5$(�
7UDQV���8QLWHG�6WDWHV������&21)�����������

0XUD\D�� 1�� .�� �������� 1XPHULFDO� PRGHOLQJ� RI� WKH� WUDQVLHQW� WKHUPDO�
LQWHUIHUHQFH� RI� YHUWLFDO� 8�WXEH� KHDW� H[FKDQJHV� �'RFWRUDO�
GLVVHUWDWLRQ��7H[DV�$	0�8QLYHUVLW\���

0XUD\D��1��.���2
1HDO��'��/���	�+HIILQJWRQ��:��0����������7KHUPDO�
LQWHUIHUHQFH�RI�DGMDFHQW�OHJV�LQ�D�YHUWLFDO�8�WXEH�KHDW�H[FKDQJHU�
IRU� D� JURXQG�FRXSOHG� KHDW� SXPS�� $6+5$(� 7UDQVDFWLRQV��
���������������

5DZOLQJV� 5+'�� 6\NXOVNL� -5��������� *URXQG� VRXUFH� KHDW� SXPSV�� D�
WHFKQRORJ\�UHYLHZ��%XLOG�6HUY�(QJ�5HV�7HFKQRO�����������±���

5HPXQG�� &�� 3�� �������� %RUHKROH� WKHUPDO� UHVLVWDQFH�� ODERUDWRU\� DQG�
ILHOG� VWXGLHV�� 7UDQVDFWLRQ� $PHULFDQ� 6RFLHW\� RI� +HDWLQJ�
5HIULJHUDWLQJ�DQG�$LU�&RQGLWLRQLQJ�(QJLQHHUV���������������

5RWWPD\HU��6��3���%HFNPDQ��:��$���	�0LWFKHOO��-��:����������
6LPXODWLRQ�RI�D�VLQJOH�YHUWLFDO�8�WXEH�JURXQG�KHDW�H[FKDQJHU�LQ�
DQ�LQILQLWH�PHGLXP��$6+5$(�7UDQVDFWLRQV�������������������
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