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$%675$&7�
3DUWLDO� GLIIHUHQWLDO� HTXDWLRQV� FDQ� EH� WUDQVIRUPHG� LQ�
RUGLQDU\� GLIIHUHQWLDO� HTXDWLRQV� ZKLFK� FDQ� EH� VROYHG�
ZLWK� 6LPXOLQN�� XVLQJ� WKH� 0HWKRG� RI� /LQHV�� 7KXV��
ILQLWH� HOHPHQW� PRGHOV� �KHUH� �'� EDVHG� RQ� 0DWODE�
3'(722/��FDQ�EH�GLUHFWO\� FRXSOHG� WR�EXLOGLQJ� DQG�
V\VWHP�VLPXODWLRQ��7KLV�HQDEOHV�WKH�VROXWLRQ�RI�PDQ\�
FRPSOH[� EXLOGLQJ� SK\VLFV� SUREOHPV�� VXFK� DV� VRODU�
KHDW� SXPS� V\VWHPV� DQG� JURXQG� FRXSOHG� KHDW� SXPS�
V\VWHPV� ZLWK� EDVNHW�� WUHQFK� RU� EXLOGLQJ� LQWHJUDWHG�
JURXQG�KHDW�H[FKDQJHU��)RU�SDVVLYH�KRXVHV��D�V\VWHP�
ZLWK� D� JURXQG� FRXSOHG� KHDW� SXPSV� ZLWK� D� EXLOGLQJ�
LQWHJUDWHG� JURXQG� KHDW� H[FKDQJHU� LV� HYDOXDWHG� E\�
PHDQV�RI�VLPXODWLRQ��7KH�KHDW�VXSSO\�V\VWHP��ZKLFK�
LQFOXGHV� D� JURXQG� KHDW� H[FKDQJHU�� D� KHDW� SXPS�� D�
EXLOGLQJ� DQG� RSWLRQDOO\� VRODU� WKHUPDO�� LV� PRGHOHG�
XVLQJ� WKH� VLPXODWLRQ� HQYLURQPHQW� 0DWODE�6LPXOLQN�
DQG� WKH�&DUQRW�%ORFNVHW��%DVHG�RQ� WKH�VLPXODWLRQ��D�
KHDW�SXPS�FDOFXODWLRQ�WRRO�KDV�EHHQ�GHYHORSHG��

,1752'8&7,21�
3DVVLYH� KRXVHV� VKRZ� D� ZHOO�EDODQFHG� ORDG� GXUDWLRQ�
FXUYH��GXH�WR�WKH�YHU\�KLJK�OHYHO�RI�WKHUPDO�LQVXODWLRQ�
DQG�WKH�UHVXOWLQJ�YHU\�ORZ�KHDWLQJ�GHPDQG�DQG�ORDG��
7KH�GRPHVWLF�KRW�ZDWHU�GHPDQG�FDQ�EH�FRYHUHG�ZLWK�
D� KLJK� IUDFWLRQ� E\� VRODU� HQHUJ\�� +RZHYHU�� VRODU�
KHDWLQJ� RI� SDVVLYH� KRXVHV� LV� XQGHU� PRVW�
FLUFXPVWDQFHV�SRRUO\�HIIHFWLYH�DV�WKH�KHDWLQJ�GHPDQG�
LV� FRQILQHG� WR� IHZ� PRQWKV� LQ� PDLQ� ZLQWHU�� ,I��
KRZHYHU�� VLJQLILFDQW� VKDUH�� L�H�� !� ��� ��� RI� WKH�
GRPHVWLF� KRW� ZDWHU� GHPDQG� LV� FRYHUHG� E\� VRODU�
WKHUPDO�� QHZ� FRQILJXUDWLRQV� RI� JURXQG� KHDW�
H[FKDQJHUV�PD\�EH�IHDVLEOH�UHVXOWLQJ�LQ�D�VLJQLILFDQW�
FRVW� UHGXFWLRQ�� +RZHYHU�� FDUHIXO� SODQQLQJ� LV�
UHTXULHG�� RYHU�GLPHQVLRQLQJ� FDXVHV� XQQHFHVVDULO\�
KLJK�FRVWV��ZKHUHDV�DQ�XQGHU�VL]HG�V\VWHP�FDQ�OHDG�WR�
ORZ�HIILFLHQF\�RI�WKH�JURXQG�KHDW�H[FKDQJHU�DQG�KHDW�
SXPS� DQG� HYHQ� WR� WKH� IDLOXUH� RI� WKH� V\VWHP�� ,Q� WKLV�
SDSHU� LW� LV� GLVFXVVHG� KRZ� GLIIHUHQW� W\SHV� RI� JURXQG�
KHDW� H[FKDQJHU� FDQ� EH� PRGHOHG� ZLWK� UHJDUG� WR�
DFFXUDF\�DQG�VLPXODWLRQ�SHUIRUPDQFH���
�

02'(/,1*�2)�*5281'�+($7�
(;&+$1*(5�
General aspects  
,Q� FRQWUDVW� WR� ERUHKROH� KHDW� H[FKDQJHUV�� KRUL]RQWDO�
JURXQG� KHDW� H[FKDQJHUV� DUH� VWURQJO\� LQIOXHQFHG� E\�
ZHDWKHU�FRQGLWLRQV�VXFK�DV�VKRUW�WHUP�DQG�ORQJ�WHUP�
YDULDWLRQ�RI� WKH� DPELHQW� WHPSHUDWXUH�� VRODU� UDGLDWLRQ�
DQG� ORQJ�ZDYH� UDGLDWLRQ� DV� ZHOO� DV� UDLQ� DQG� VQRZ�
�LQFOXGLQJ� WKDZLQJ��� GXH� WR� WKH� VKDOORZ� GHSWK�
�XVXDOO\�ZHOO�EHORZ���P���,Q�DGGLWLRQ��IUHH]LQJ�RI�WKH�
VRLO�QH[W�WR�WKH�SLSHV�PD\�SOD\�DQ�LPSRUWDQW�UROH��
,Q�DGGLWLRQ�WR�WKH�LQIOXHQFH�RI�JURXQG�ZDWHU��GLIIXVLYH�
PRLVWXUH� WUDQVSRUW� DQG� LQIOXHQFH� RI� PRLVWXUH�
GHSHQGHQW� WKHUPDO� FRQGXFWLYLW\� RI� WKH� VRLO� PD\� EH�
LPSRUWDQW��+RZHYHU��DV�VKRZQ�E\�PDQ\�DXWKRUV��H�J��
5DPPLQ�� ������ KHDW� FRQGXFWLRQ� LV� WKH� SUHGRPLQDQW�
HIIHFW���
$OWKRXJK�� WKH� PRGHOLQJ� HIIRUW� LV� VLJQLILFDQW��
FRQYHUJHQFH�LV�UDWKHU�SRRU�DQG�XVXDOO\�WKH�NQRZOHGJH�
RI� WKH� UHOHYDQW� SDUDPHWHUV� IRU� WKH� PHFKDQLVPV�
PHQWLRQHG� DERYH� LV� OLPLWHG�� 7KXV�� LQ� PDQ\� PRGHOV�
RQO\� KHDW� FRQGXFWLRQ� LQ� WKH� JURXQG� LV� WDNHQ� LQWR�
DFFRXQW��
7KH� LQIOXHQFH� RI� WKH� ORQJ�ZDYH� DQG� VKRUW�ZDYH�
UDGLDWLRQ�FDQ�EH�WDNHQ�LQWR�DFFRXQW�E\�WKH�XVH�RI�VRODU�
DLU�WHPSHUDWXUH��VHH�*O�FN�������DQG�2FKV���������,I�
WKH� JURXQG� KHDW� H[FKDQJHU� LV� RSHUDWHG� EHORZ� WKH�
IUHH]LQJ�WHPSHUDWXUH��IUHH]LQJ�SOD\V�DQ�LPSRUWDQW�UROH�
�VHH�FRUUHVSRQGLQJ�VHFWLRQ�EHORZ���

Coupling of the fluid and the solid domain 
7KH� JURXQG� KHDW� H[FKDQJHU� FDQ� EH� FRQVLGHUHG� DV� D�
VHPL�LVRWKHUPDO�KHDW�H[FKDQJHU�LQ�VLPSOLILHG�PRGHOV��
)RU� WKH� PRVW� FRPPRQ� FRQILJXUDWLRQV�� VXFK� DV�
PHDQGHU��KDUS�DQG�ELILODU���'�PRGHOV�FDQ�EH�DSSOLHG�
ZLWK�OLWWOH�HUURU��$VVXPLQJ�WKH�VXUURXQGLQJ�VRLO�RI�WKH�
SLSH� LVRWKHUPDO� LQ� SLSH� GLUHFWLRQ� OHDGV� WR� QHJOLJLEOH�
HUURUV�� HYHQ� LQ� FDVH� RI� WUHQFK� RU�EDVNHW� JURXQG� KHDW�
H[FKDQJHUV�� 7KXV�� WKH� VRLO� WHPSHUDWXUH� LV� D� IXQFWLRQ�
RI�WKH�WLPH�DQG�QRW�RI�WKH�SRVLWLRQ��+;� �I�W����I�[��
�VHH� )LJXUH� ���� 7KH� RXWOHW� WHPSHUDWXUH� �¶¶� FDQ� EH�
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FDOFXODWHG� DV� D� IXQFWLRQ�RI� WKH� LQOHW� WHPSHUDWXUH��¶�
IRU�VWHDG\�VWDWH�DFFRUGLQJ�WR�
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)LJXUH���7HPSHUDWXUH�SURILOH�RI�VHPL�LVRWKHUPDO�KHDW�

H[FKDQJHU�ZLWK�LQOHW�WHPSHUDWXUH�¶��RXWOHW�
WHPSHUDWXUH�¶¶�DQG�WHPSHUDWXUH�RI�DFWLYH�OD\HU�
+;��+;�FDQ�EH�D�IXQFWLRQ�RI�WLPH��+; I�W���

�

7KH�KHDW�IORZ�LV�WKH�SURGXFW�RI�WKH�KHDW�FDSDFLW\�IORZ�
C� �F���m� DQG� WKH� GLIIHUHQFH� RI� LQOHW� DQG� RXWOHW�
WHPSHUDWXUHV�¶�DQG�¶¶�DQG�LV�HTXDO�WR�WKH�SURGXFW�
RI�WKH�KHDW�WUDQVIHU�FDSDELOLW\�8$�DQG�WKH�ORJDULWKPLF�
WHPSHUDWXUH�GLIIHUHQFH��
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7KH�KHDW�WUDQVIHU�FDSDELOLW\�8$�LV� LQIOXHQFHG�E\� WKH�
JHRPHWU\�RI�WKH�WXEHV��OHQJWK��GLDPHWHU��QXPEHU�DQG�
DUUDQJHPHQW�RI�WKH�WXEHV���WKH�IOXLG�SURSHUWLHV�DQG�WKH�
PDVV� IORZ� �ODPLQDU�� WXUEXOHQW��� 7KH� ORJDULWKPLF�
WHPSHUDWXUH�GLIIHUHQFH�LV�DIIHFWHG�E\�WKH�VXUURXQGLQJ�
VRLO� �WHPSHUDWXUH� +;�� DQG� WKH� RSHUDWLRQ� RI� WKH�
JURXQG�KHDW�H[FKDQJHU��
7KH� WKHUPDO� UHVLVWDQFH� RI� WKH� SLSH� FRUUHVSRQGLQJ� WR�
WKH� LQWHUQDO� SLSH� DUHD�$� ��GL� FDQ� EH� FDOFXODWHG� E\�
WKH�8�YDOXH�DV�IROORZV��
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'LVFUHWL]DWLRQ�LQ�WKH�IOXLG�GLUHFWLRQ�LV�QRW�UHTXLUHG�LQ�
PRVW� FDVHV�� ,Q� WKH� UHOHYDQW� UDQJH� RI� WKH� QXPEHU� RI�
WUDQVIHU� XQLW� �178�  � C�8$� �� ��� RI� ZDWHU� RU�
ZDWHU�JO\FRO�EDVHG�V\VWHPV��RQH�QRGH�PRGHOV�FDQ�EH�
XVHG�ZLWK�D�UHDVRQDEOH�DFFXUDF\��VHH��2FKV���������
7KH�PHDQ�WHPSHUDWXUH�FDQ�EH�DSSUR[LPDWHG�

�
�� 


P
�

����

DQG�LPSOHPHQWHG�LQ�WKH�(T�������

 K[P8$4  
� ����

,Q�FDVH�RI�RQH�GLPHQVLRQDO�PRGHO��5�&���DQ�HIIHFWLYH�
KHDW� WUDQVIHU� FDSDELOLW\� 8$HII� KDV� WR� EH� IRXQG��
GHSHQGLQJ� RQ� WKH� GLVWDQFH� RI� WKH� SLSHV� DQG� WKH�
SURSHUWLHV�RI�WKH�DFWLYH�JURXQG�OD\HU��2FKV���������
Geometry 
7KH� PDMRULW\� RI� KRUL]RQWDO� JURXQG� KHDW� H[FKDQJHU�
�H�J�� PHDQGHU�� VSLUDO�� FDSLOODU\� W\SH� JURXQG� KHDW�
H[FKDQJHU��FDQ�EH�PRGHOOHG�ZLWK�D�VPDOO�HUURU�E\�DQ�
RQH� GLPHQVLRQDO� 5�&� PRGHO� �)LJXUH� ��� ULJKW���
+RZHYHU��WKH�SHUIRUPDQFH�RI�JURXQG�KHDW�H[FKDQJHUV�
ZLWK� D� PRUH� FRPSOH[� JHRPHWU\� VXFK� DV� WUHQFK� RU�
EDVNHW�FROOHFWRUV�DQG�FRQVWUXFWLRQ�LQWHJUDWHG�V\VWHPV�
�)LJXUH� ��� OHIW�� FDQ� KDUGO\� EH� SUHGLFWHG� ZLWK� �'�
PRGHOV�� ,Q� FDVH� RI� V\PPHWULHV� WKH� PRGHO� FDQ� EH�
VLPSOLILHG� VR� WKDW� �'� PRGHOV� ZLOO� VHUYH� LQ� WKH�
PDMRULW\�RI�FDVHV���

�
)LJXUH���6FKHPH�RI�JURXQG�KHDW�H[FKDQJHU�PRXQWHG�
LQ�WKH�VXUURXQGLQJ�H[FDYDWLRQ�RI�WKH�EXLOGLQJ��OHIW��
DQG�KRUL]RQWDO�JURXQG�KHDW�H[FKDQJHU��ULJKW��

)RU� FRPSOH[� JHRPHWULHV� XVXDOO\� WKH� )LQLWH� (OHPHQW�
0HWKRG��)(0��LV�FKRVHQ��0DWODE�SURYLGHV�IXQFWLRQV�
DQG�LQWHUDFWLYH�WRROV��VXFK�DV�WKH�3'(722/��WR�VROYH�
WKHVH�SUREOHPV���

PDE, Method of Lines 
3DUDEROLF� 3'(V� FDQ� EH� VROYHG� ZLWK� WKH� 3'(722/�
XVLQJ�WKH�IRUP�

  IXDXJUDGFGLYXG  ��
 � ����

ZKHUH�WKH�FRHIILFLHQWV�G��F�DQG�I�DUH�D�IXQFWLRQ�RI�WKH�
SRVLWLRQ� [� DQG� WLPH� W� DQG� DUH� LQGHSHQGHQW� IURP� WKH�
YDULDEOH�X��$SSOLHG�WR�KHDW�WUDQVIHU��(T������IRUPV�WR��

  TDJUDGGLY
W

FS 


  �� � ����

7KH�WHPSHUDWXUH�LV�D�IXQFWLRQ�RI�WKH�SRVLWLRQ�[��WKH�
WLPH� W� DQG� WKH� KHDW� VRXUFH� q�� 7KH� WKHUPDO�
FRQGXFWLYLW\��� DQG� WKH�YROXPHWULF� FDSDFLW\��FS� FDQ�
EH� IXQFWLRQV� RI� VSDFH� DQG� WLPH� EXW� QRW� RI�
WHPSHUDWXUH��
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8VLQJ�WKH�0HWKRG�RI�/LQHV���VHH�5XIIDOGL�DQG�3U�IHUW��
WKH�3'(�FDQ�EH� WUDQVIRUPHG� LQ� DQ�2'(� WKDW� FDQ�EH�
VROYHG�XVLQJ�6LPXOLQN��

 +848.85*)08
GW
G

 �

�
����

+HUH��8� LV� WKH�GHSHQGHQW�YDULDEOH��.� LV� WKH� VWLIIQHVV�
PDWUL[�� 0� LV� WKH� PDVV� PDWUL[�� )� LV� WKH� ULJKW� VLGH�
YHFWRU�� 4� LV� IRU� WKH� V\VWHP� PDWUL[� DQG� *� LV� WKH� X�
UHODWHG� WHUP��+� DQG�5� DUH� ]HUR� LQ� FDVH� RI�1HXPDQQ�
%&�DQG�QRQ]HUR�LQ�FDVH�RI�'LULFKOHW�%&��7KH�SURFHVV�
LV�VFKHPDWLFDOO\�VKRZQ�LQ�)LJXUH�����
�

�
)LJXUH���6FKHPDWLF�DSSURDFK�RI�VROYLQJ�3'(V�ZLWKLQ�

WKH�6LPXOLQN�HQYLURQPHQW�
�

6LPXOLQN� VROYHV� 2'(V�� 7KHVH� 2'(V� DUH� JHQHUDWHG�
IURP� 3'(V� ZLWK� WKH� 0HWKRG� RI� /LQHV�� 7KH� 3'(�
SDUDPHWHUV� DUH� XSGDWHG�ZLWK� WLPH�� WKH� LQWHJUDWLRQ� LV�
SHUIRUPHG�E\�6LPXOLQN��$�/HYHO���6�IXQFWLRQ�FDQ�EH�
XVHG��,Q�WKH�%ORFN�,QLWLDOL]DWLRQ�WKH�6WDWHV�RI�WKH�3'(�
DUH� LQLWLDOL]HG� �RQH� VWDWH� IRU� HDFK� QRGH���7KH� XSGDWH�
RI�WKH�GHULYDWLYHV��0HWKRG�RI�/LQHV��LV�SHUIRUPHG�LQ�
WKH� 'HULYDWLYHV� %ORFN�� 7KH� 2XWSXWV� DUH� H�J�� WKH�
WHPSHUDWXUHV� DW� WKH� QRGHV�� WKH� IOXLG� RXWOHW�
WHPSHUDWXUH� �ZLWK� JLYHQ� LQOHW� WHPSHUDWXUH� DQG� PDVV�
IORZ��RU�WKH�KHDW�IORZ��
8VLQJ� WKH�PHWKRG� RI� OLQHV�� WKH� WKHUPDO� FRQGXFWLYLW\�
��DQG�WKH�YROXPHWULF�FDSDFLW\���FS��FDQ�EH�IXQFWLRQV�
RI�VSDFH��WLPH�DQG�WHPSHUDWXUH��

Example 1 
7KH� PHVK� RI� D� VLPSOLILHG� JURXQG� KHDW� H[FKDQJHU�
PRGHO� VKRZQ� VFKHPDWLFDOO\� LQ� )LJXUH� ��
�FRUUHVSRQGLQJ� WR� D� JURXQG�KHDW� H[FKDQJHU�PRXQWHG�
LQ� WKH� VXUURXQGLQJ� H[FDYDWLRQ� RI� WKH� EXLOGLQJ�� VHH�
)LJXUH����OHIW���
7KH�FRUUHVSRQGLQJ�WHPSHUDWXUH�SURILOH�LV�SUHVHQWHG�LQ�
)LJXUH����7KH�VXUURXQGLQJ�DUHD�RI�WKH�WXEHV�LV�FRROHG�
GXH� WR� WKH� KHDW� H[WUDFWLRQ�� ,Q� WKLV� H[DPSOH�� WKH� KHDW�
WUDQVIHU�IURP�WKH�EXLOGLQJ�WR�WKH�JURXQG�LV�QHJOHFWHG��
�

 
)LJXUH���&RUUHVSRQGLQJ�)(�PHVK�IRU�D�JURXQG�KHDW�
H[FKDQJHU�PRXQWHG�LQ�WKH�VXUURXQGLQJ�H[FDYDWLRQ�RI�

WKH�EXLOGLQJ��FRRUGLQDWHV�[�]���>P@�
�

�

 
)LJXUH���7HPSHUDWXUH�GLVWULEXWLRQ�LQ��&�IRU�D�JURXQG�

KHDW�H[FKDQJHU�PRXQWHG�LQ�WKH�VXUURXQGLQJ�
H[FDYDWLRQ�RI�WKH�EXLOGLQJ��DUELWUDU\�SRLQW�RI�WLPH��

EULQH� ���&�
�

Example 2 
:LWK� D� UDGLDO� V\PPHWULF� IRUPXODWLRQ� RI� WKH� 3'(�� D�
EDVNHW� JURXQG� KHDW� H[FKDQJHU� FDQ� EH� PRGHOHG� LQ� D�
VLPLODU�ZD\��)LJXUH�����7KH�KHDW� WUDQVIHU�HTXDWLRQ� LV�
IRUPXODWHG�WR��
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ZLWK� UDGLXV� U� DQG� GHSWK� ]�� 7KH� UHGXFWLRQ� RI� WKH�
H[WUDFWLRQ� HQHUJ\� DQG� SRZHU� RI� QHLJKERULQJ� EDVNHWV�
PLJKW� EH� FRQVLGHUHG� E\� UHGXFHG� H[WHQVLRQ� RI� WKH�
GRPDLQ� �RU� GLVWDQFH� RI� WKH� UDGLDO� ERXQGDU\��
UHVSHFWLYHO\��� +RZHYHU�� WKH� UHGXFWLRQ� LV�
RYHUHVWLPDWHG�LI�D�QHLJKERULQJ�EDVNHW�LV�ORFDWHG�RQO\�
RQ�RQH�WZR�RU�WKUHH�VLGHV��
�
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)LJXUH���7HPSHUDWXUH�GLVWULEXWLRQ�LQ��&�IRU�D�EDVNHW�
W\SH�JURXQG�KHDW�H[FKDQJHU��DUELWUDU\�SRLQW�RI�WLPH��

EULQH� ���&�
�

Example 3 
)RU� WKH� SUHYLRXV� H[DPSOH� RI� WKH� JURXQG� KHDW�
H[FKDQJHU� PRXQWHG� LQ� WKH� VXUURXQGLQJV� RI� WKH�
EXLOGLQJ� �H[DPSOH� ���� WKH� WHPSHUDWXUH� GHYHORSPHQW�
RI� WKH� EULQH� �DULWKPHWLF�PHDQ� EHWZHHQ� WKH� LQOHW� DQG�
RXWOHW� WHPSHUDWXUH�� LV� SUHVHQWHG� LQ� )LJXUH� �� IRU� WZR�
FDVHV����ORRS�DQG���ORRSV���$�VLQJOH�IDPLO\�KRXVH�LQ�
SDVVLYH�KRXVH�VWDQGDUG��KHDWLQJ�DUHD�����P���KHDWLQJ�
GHPDQG� ���N:K��P�� D��� KHDWLQJ� ORDG� ���:�P��� VHH�
)LJ� ��� ERWWRP�� ZLWK� D� KHDW� SXPS� �&23� ���� LV� WKH�
ORDG� IRU� WKLV� VWXG\�� 7KH� OHQJWK� RI� WKH� JURXQG� KHDW�
H[FKDQJHU� LV� ���P�� 7KH� DPELHQW� WHPSHUDWXUH� �H�� LV�
DSSUR[LPDWHG� E\� D� VLQH� IXQFWLRQ� �DQQXDO� PHDQ�
WHPSHUDWXUH� ����&�� DPSOLWXGH� ���.���+HUH�� GRPHVWLF�
KRW�ZDWHU�GHPDQG�LV�QRW�FRQVLGHUHG��
�

 

 
)LJXUH����WRS��'HYHORSPHQW�RI�EULQH�WHPSHUDWXUH�IRU�
WKH�JURXQG�KHDW�H[FKDQJHU��H[DPSOH����ZLWK�D�W\SLFDO�
KHDWLQJ�ORDG�SURILOH�RI�D�VLQJOH�IDPLO\�SDVVLYH�KRXVH�
�ERWWRP��IRU�WKH�FDVHV�RI���ORRS�DQG���SDUDOOHO�ORRSV���

�

,Q� WKLV� VLPSOH� H[DPSOH�� WKH� KHDWLQJ� SHULRG� LV� IURP�
2FWREHU� WR�0DUFK�� ,Q� VXPPHU� WKH�EULQH� WHPSHUDWXUH�
UHSUHVHQWV� WKH� JURXQG� WHPSHUDWXUH�� ZKLFK� LV�
UHJHQHUDWLQJ� LQ� WKLV� WLPH� DQG� UHDFKHV� DSSUR[LPDWHO\�
��� �&� EHIRUH� WKH� VWDUW� RI� KHDWLQJ� SHULRG�� 7KH� EULQH�
WHPSHUDWXUH� LQ� )LJXUH� �� UHPDLQV� DERYH� WKH� IUHH]LQJ�
SRLQW� H[FHSW� IURP� D� VKRUW� SHULRG� LQ� -DQXDU\�� $� VDIH�
RSHUDWLRQ�DERYH�WKH�IUHH]LQJ�SRLQW�LV�HQVXUHG�XVLQJ�D�
VHFRQG�SLSH�ORRS��7KHQ�WKH�EULQH�WHPSHUDWXUH�UHPDLQV�
DOZD\V�DERYH����&��
$�SDUDPHWULF�VWXG\�ZLWK�UHVSHFW�WR�JURXQG�SURSHUWLHV�
�JURXQG�� DQG� QXPEHU� RI� ORRSV� ��� RU� �� JURXQG� KHDW�
H[FKDQJHU�ORRSV��LV�VXPPDUL]HG�LQ�WDEOH����7KH�6)+�
���UHIHUHQFH�EXLOGLQJ�ZLWK�IORRU�KHDWLQJ��DV�GHVFULEHG�
LQ� ,($�6+&�7DVN����ZLWK� FOLPDWH� RI�6WUDVEXUJ�� EXW�
KHDW� UHFRYHU\� RI� +5&� ������� LV� VLPXODWHG�
H[HPSODULO\��$� EULQH� VRXUFHG� KHDW� SXPS� �ZLWK�&23�
������� ������LV�GLUHFWO\�FRQQHFWHG�WR�WKH�JURXQG�KHDW�
H[FKDQJHU�DQG�WKH�IORRU�KHDWLQJ�V\VWHP���
,Q� FDVH� RI� �� ORRSV� ZLWK� QRUPDO� JURXQG� WKHUPDO�
FRQGXFWLYLW\� �JURXQG� ���:��P�.���� UHDVRQDEOH�
SHUIRUPDQFH�RI� WKH�KHDW�SXPS�FDQ�EH�UHFRJQL]HG�� ,Q�
FDVH� RI� JRRG� SURSHUWLHV� RI� WKH� JURXQG�
�JURXQG� ���:��P�.���� D� V\VWHP� ZLWK� �� ORRS� ZRXOG� EH�
SRVVLEOH�� )RU� SRRU� JURXQG� WKHUPDO� FRQGXFWLYLW\�
�JURXQG� ���:��P�.���� D� EDFNXS� KHDWHU� ZRXOG� EH�
UHTXLUHG� HYHQ� LQ� FDVH� RI� WZR� ORRSV�� +RZHYHU�� WKH�
SHUIRUPDQFH�LV�VWLOO�UHDVRQDEOH��
�

7DEOH���3DUDPHWULF�VWXG\�IRU�JK[�PRXQWHG�LQ�WKH�
VXUURXQGLQJV�RI�WKH�EXLOGLQJ��H[DPSOH����

�

JURXQG���
>:��P�.�@ �� �� ��

1R��ORRSV� �� �� �� �� �� ��

63)���>�@� ����� ����� ����� ����� ����� �����

:HO���>N:K@� ���� ���� ���� ���� ���� ����

VLQN���>�&@ ����� ����� ����� ����� ����� �����

ELYDOHQW� [� [� [� � � �
�

Freezing 
*URXQG�KHDW�H[FKDQJHUV�DUH�VXEMHFW�WR�IUHH]LQJ�ZKHQ�
LQVWDOOHG�LQ�VKDOORZ�GHSWK�DQG�RU�RSHUDWHG�EHORZ���&�
�ZKLFK�LV�FRPPRQO\�WKH�FDVH�ZLWK�KHDW�SXPSV���7KLV�
HIIHFW� FDQ� KDYH� VLJQLILFDQW� LQIOXHQFH� RQ� WKH� EULQH�
WHPSHUDWXUHV�DQG�WKXV�RQ�WKH�SHUIRUPDQFH�RI�WKH�KHDW�
SXPS�� GHSHQGLQJ� RQ� WKH� VRLO� DQG� WKH� VKDUH� RI� VRLO�
PRLVWXUH�� )UHH]LQJ� KDV� WR� EH� DYRLGHG� LQ� FDVH� RI�
EXLOGLQJ�LQWHJUDWHG�JURXQG�KHDW�H[FKDQJHUV�IRU�VWDWLF�
UHDVRQV��
'XH�WR�WKH�ODWHQW�KHDW�RI�PHOWLQJ��WKH�VRLO�WHPSHUDWXUH�
UHPDLQV�DW��RU�LQ�WKH�UDQJH�RI����&�XQWLO�DOO�PRLVWXUH�
LV�IUR]HQ��+HQFH��D�PRGHO�ZKLFK�GRHV�QRW�DFFRXQW�IRU�
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IUHH]LQJ�ZRXOG�SUHGLFW�EULQH�WHPSHUDWXUHV�WKDW�DUH�WRR�
ORZ� ZLWK� FRUUHVSRQGLQJ� ORZHU� SHUIRUPDQFH� RI� WKH�
KHDW� SXPS��+RZHYHU�� IRU� REYLRXV� UHDVRQV� WKH� HIIHFW�
LV�RQO\�VLJQLILFDQW�IRU�PRLVW�VRLOV��
7ZR�PHWKRGV� WR�PRGHO� IUHH]LQJ�FDQ�EH�IRXQG� LQ� WKH�
OLWHUDWXUH�� 7KH� (QWKDOSK\� PHWKRG� DQG� WKH� +HDW�
&DSDFLW\�PHWKRG���

Heat Capacity Method 
7KH� KHDW� FDSDFLW\�PHWKRG� LV� DSSOLHG� KHUH�� DV�ZLWK� D�
QDUURZ�WHPSHUDWXUH�UDQJH��H�J����.��LW�LV�PRUH�SUHFLVH�
�VHH�H�J��/DPEHUJ�HW�DO��IRU�IXUWKHU�GHWDLOV���%DVHG�RQ�
D�VXJJHVWLRQ�LQ��&RPVRO�������WKH�PDWHULDO�SURSHUWLHV�
ZLWK� WKH� IUHH]LQJ� HIIHFW� DUH� SORWWHG� LQ�)LJXUH����7KH�
IUDFWLRQ� RI� IUR]HQ� ZDWHU� ��� LV� PRGHOHG� ZLWK� D�
VPRRWKHG� +HDYLVLGH� IXQFWLRQ�� 7KH� WKHUPDO�
FRQGXFWLYLW\����DQG� WKH�GHQVLW\����FKDQJH�DW�SKDVH�
WUDQVLWLRQ� ��� �&��� 7KH� ODWHQW� KHDW� RI� IXVLRQ� �KVO�� LV�
FRQVLGHUHG�XVLQJ�DQ�DSSDUHQW�KHDW�FDSDFLW\��DV�VKRZQ�
LQ�)LJXUH����7KH�DSSDUHQW�KHDW�FDSDFLW\�DFFRXQWV� IRU�
WKH�ODWHQW�KHDW�RI�IXVLRQ�DFFRUGLQJ�WR�

   'KFF VOLSLLS � � �����

7KH�SXOVH�'�LV�WKH�GHULYDWLYH�RI�WKH�IUDFWLRQ�RI�IUR]HQ�
ZDWHU� �� ZLWK� UHVSHFW� WR� WHPSHUDWXUH�� ,Q� RUGHU� WR�
HQVXUH�HQHUJ\�FRQVHUYDWLRQ��LW�PXVW�DSSO\�WKDW�

VOVO KG7'K 



� �

�����

�

 
)LJXUH���0DWHULDO�SURSHUWLHV�DV�D�IXQFWLRQ�RI�

WHPSHUDWXUH�ZLWK�SKDVH�WUDQVLWLRQ�DW����&�ZLWK�D�
SXOVH�ZLGWK�RI��KHUH��7� ���.�

�

Example 4 
)RU� DQ� H[DPSOH� RI� D� PHDQGHU� DQG� D� FDSLOODU\� W\SH�
JURXQG� KHDW� H[FKDQJHU� WKH� LQIOXHQFH� RI� IUHH]LQJ� LV�
LQYHVWLJDWHG��*URXQG�SURSHUWLHV�DUH�OLVWHG�LQ�7DEOH����
6HH�7DEOH���IRU�WKH�GLPHQVLRQV�DQG�WKH�SDUDPHWHUV�RI�
WKH�JURXQG�KHDW�H[FKDQJHUV��
7KH� FRXUVH� RI� WKH� IOXLG� WHPSHUDWXUH� LV� SORWWHG� LQ�
)LJXUH� ��� )RU� WKH� FDSLOODU\� W\SH� JURXQG� KHDW�
H[FKDQJHU� ZLWKRXW� IUHH]LQJ�� WKH� PHDQ� EULQH�

WHPSHUDWXUH� LV�DERXW���.� ORZHU� ��������&� LQVWHDG�RI�
������&��DQG�WKH�PLQLPXP�EULQH�WHPSHUDWXUH�LV�DERXW�
��.�ORZHU���������&�LQVWHDG�RI�������&����
7KH� HIIHFW� LV� VLPLODU� IRU� WKH�PHDQGHU�EXW� DW� D� ORZHU�
WHPSHUDWXUH� OHYHO�� 7KH� LQIOXHQFH� RQ� WKH� IOXLG�
WHPSHUDWXUH� LV� LQ� D� VLPLODU� UDQJH� LI� WKH� FDOFXODWLRQV�
DUH�SHUIRUPHG�ZLWK�JURXQG�W\SH�,,� LQVWHDG�RI�JURXQG�
W\SH�,��PHDQ�������&��PLQ���������&���7KH�NQRZOHGJH�
RI�WKH�VRLO�SURSHUWLHV�LV�RI�PDMRU�LPSRUWDQFH��

 
)LJXUH���'HYHORSPHQW�RI�PHDQ�EULQH�WHPSHUDWXUH�
ZLWK�DQG�ZLWKRXW�LFLQJ�IRU�PHDQGHU��WRS��DQG�

FDSLOODU\�W\SH��PLGGOH��JURXQG�KHDW�H[FKDQJHU�IRU�
H[WUDFWHG�SRZHU�SURILOH��ERWWRP���PD[��H[WUDFWLRQ�

SRZHU�qF� ����:�Pð��YROXPH�IORZ�V� ������O�K�������
*O\FRO���H[WUDFWLRQ�HQHUJ\�TF� �������N:K��Pð�D���

RSHUDWLRQ�WLPH�WRS� ������K�
�

7DEOH���*URXQG�SURSHUWLHV��DFF��WR�*O�FN��������
�

GROUND TYP I 
SAND WITH CLAY 
10 VOL% WATER 

CONTENT 

TYP II 
ROCK 

WITHOUT 
WATER  

3KDVH� OLTXLG� VROLG� ��
'HQVLW\��
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����� ����� �����
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���>:��P�.�@�
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����� ���� ����
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7DEOH���3URSHUWLHV�RI�PHDQGHU�DQG�D�FDSLOODU\�W\SH�
JURXQG�KHDW�H[FKDQJHU�

�

 MEANDER CAPILLARY 
  

 
 

 

 

'LDPHWHU�GH��>PP@� ��� ����
3LSH�WKLFNQHVV�
V�>PP@�

���� ����

'LVWDQFH�'�>PP@� ���� ���
$UHD�$�>Pð@� ���� ����
/HQJWK��VWUDLJKW��
/�>P@�

�� ��

1XPEHU�SDUDOOHO��
QSDU��>�@�

��� �����

9HORFLW\�Z�>P�V�@� ���� �����
�

Validation 
7KH� UHVXOWV� RI� WKH� VLPXODWLRQ� PRGHOV� KDYH� EHHQ�
FRPSDUHG� DJDLQVW� RWKHU� SURJUDPV� VXFK� DV� IURP�
*O�FN�� ������ 9DOLGDWLRQ� RI� D� PRGHO� RI� D� YHUWLFDO�
JURXQG�KHDW�H[FKDQJHU�SRVLWLRQHG�EHORZ�WKH�EXLOGLQJ�
DJDLQVW� PHDVXUHG� GDWD� LV� VKRZQ� LQ� 2FKV�� ����� DQG�
2FKV�� ������ 9DOLGDWLRQ� RI� D� �'� PRGHO� LQFOXGLQJ�
IUHH]LQJ� DJDLQVW� PHDVXUHG� GDWD� RI� D� EDVNHW� W\SH�
JURXQG� KHDW� H[FKDQJHU� IURP� �/RVH� HW� DO�� ������ LV�
VKRZQ�LQ�)LJ������

���
)LJXUH����0HDVXUHG�UHWXUQ�WHPSHUDWXUH�IRU�D�EDVNHW�
W\SH�JK[�LQ�FRPSDULVRQ�ZLWK�VLPXODWHG�GDWD�ZLWK��'�

JK[�PRGHO�LQFOXGLQJ�IUHH]LQJ��
5HVXOWV�DUH�YHU\�SURPLVLQJ��)XUWKHU�YDOLGDWLRQ�RI�WKH�
EDVNHW�DQG�WUHQFK�W\SH�JURXQG�KHDW�H[FKDQJHUV�LV�SDUW�
RI�IXWXUH�ZRUN��
 

+($7�3803�&$/&8/$7,21�722/�
$� QHZ� FDOFXODWLRQ� WRRO� WKDW� DOORZV� WKH� SUHGLFWLRQ� RI�
WKH� DQQXDO� HOHFWULFDO� HQHUJ\� FRQVXPSWLRQ� DQG� WKH�
VHDVRQDO�SHUIRUPDQFH�IDFWRU��63)��RI�KHDW�SXPSV�KDV�
EHHQ�GHYHORSHG�  

7KLV�QHZ�DOJRULWKP�LV�EDVHG�RQ� WKH�DOJRULWKP�RI� WKH�
µ&RPSDFW¶� VKHHW� �3IOXJHU�� ������ IRU� FRPSDFW� XQLWV�
�KHDW�SXPS�DQG�YHQWLODWLRQ�ZLWK�KHDW�UHFRYHU\�LQ�RQH�
GHYLFH���ZKLFK� LV�DOUHDG\�DYDLODEOH� LQ�3DVVLYH�+RXVH�
3ODQQLQJ�3DFNDJH� �3+33���:LWK� WKH� QHZ�KHDW� SXPS�
WRRO� KLJKHU� DFFXUDF\� FDQ� EH� DFKLHYHG� DQG� WKH�
IOH[LELOLW\�LV�LPSURYHG� �
 6HYHUDO� KHDW� SXPS� VRXUFHV�� VXFK� DV� DPELHQW� DLU��
JURXQG� ZDWHU�� YHUWLFDO� RU� KRUL]RQWDO� JURXQG� KHDW�
H[FKDQJHU��*+;��FDQ�EH�FKRVHQ��DLU��ZDWHU��EULQH���

 7KH�KHDW�SXPS�FDQ�FRYHU�HLWKHU�WKH�KHDWLQJ�GHPDQG�
RU�WKH�GRPHVWLF�KRW�ZDWHU��'+:��GHPDQG�RU�ERWK��

 6HYHUDO� VLQN� RSWLRQV� DQG� KHDWLQJ� GLVWULEXWLRQ�
V\VWHPV� DUH� DYDLODEOH�� VXFK� DV� UDGLDWRUV�� IORRU�
KHDWLQJ�DQG�DLU�KHDWLQJ��

 7KHUH�LV�WKH�SRVVLELOLW\�RI�XVLQJ�WZR�KHDW�SXPSV�LQ�
RQH�EXLOGLQJ��2QH�IRU�FRYHULQJ�KHDWLQJ�GHPDQG�DQG�
WKH�RWKHU�IRU�GRPHVWLF�KRW�ZDWHU��

 7ZR�FRQWURO�VWUDWHJLHV�DUH�DYDLODEOH��7KH�ILUVW�LV�WKH�
FRPPRQ�µRQ�RII¶�DQG�WKH�VHFRQG�WKH�µLGHDO¶�FRQWURO�
V\VWHP��7KH� DGGLWLRQDO� FRQVLGHUDWLRQ�RI� WKH� µLGHDO¶�
FRQWURO�VWUDWHJ\�JLYHV�WKH�RSSRUWXQLW\�WR�SUHGLFW�WKH�
PLQLPXP�SRVVLEOH�HOHFWULFDO�HQHUJ\�GHPDQG��

 7KHUH� DUH� D� YDULHW\� RI� VWRUDJH� RSWLRQV�� H�J�� VDPH�
VWRUH�IRU�KHDWLQJ�DQG�'+:�GHPDQG�RU�WZR�VWRUHV�RU�
KHDWLQJ� GLVWULEXWLRQ� V\VWHP� ZLWKRXW� VWRUDJH��
)XUWKHUPRUH�� WKHUH� LV� DQ� RSWLRQ� FRQFHUQLQJ� WKH�
ORFDWLRQ� RI� WKH� VWRUH� �LQVLGH�RXWVLGH� RI� WKHUPDO�
HQYHORSH��� VWRUH� ORVVHV� DUH� JDLQV� LQ� WKH� KHDWLQJ�
SHULRG�LQ�FDVH�WKH�VWRUH�LV�LQVLGH��

 7KH�FRQWULEXWLRQ�RI� VRODU� WKHUPDO�FRPELQHG�ZLWK�D�
KHDW�SXPS��LV�LPSURYHG��VRODU�WKHUPDO�IRU�'+:�RU�
KHDWLQJ�DQG�'+:��

Method�
$V�VKRZQ�LQ�)LJXUH�����WKH�DOJRULWKP�LV�EDVHG�RQ�WKH�
ELQ� PHWKRG�� ,Q� FDVH� RI� DLU�VRXUFHG� KHDW� SXPSV� ���
ELQV� ���� IRU� WKH� KHDWLQJ� SHULRG� DQG� �� IRU� WKH� QRQ�
KHDWLQJ� SHULRG�� DQG� LQ� FDVH� RI� JURXQG� VRXUFH� KHDW�
SXPSV���ELQV����IRU�WKH�KHDWLQJ�SHULRG�DQG���IRU�WKH�
QRQ�KHDWLQJ�SHULRG��DUH�LPSOHPHQWHG��
7KH� KHDWLQJ� FDSDFLW\� RI� WKH� KHDW� SXPS� DQG� WKH�
KHDWLQJ�ORDG�RI�WKH�EXLOGLQJ�DUH�DVVXPHG�WR�EH�OLQHDU��
,I� WKH� WZR� OLQHV� LQWHUFHSW�� WKH� FUHDWHG� WULDQJOH�
FRUUHVSRQGV� WR� WKH� GLUHFW� HOHFWULFLW\� �:GLU�� DQG� WKH�
V\VWHP� LV� FDOOHG� ELYDOHQW�� 2WKHUZLVH� WKH� V\VWHP� LV�
PRQRYDOHQW�DQG�WKHUH�LV�QR�QHHG�IRU�GLUHFW�HOHFWULFLW\��
7KH�KHDW�VXSSOLHG�E\�WKH�KHDW�SXPS��4KS��LQ�HDFK�ELQ�
LV� WKH� DUHD� RI� ELQ�� 7KH� &23� RI� WKH� KHDW� SXPS� LV�
FDOFXODWHG� DOVR� IRU� HDFK� ELQ�� 7KH� HOHFWULFDO� HQHUJ\�
FRQVXPSWLRQ�RI�WKH�V\VWHP�LV��
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6RODU� WKHUPDO� LV� LPSOHPHQWHG� IRU� '+:� RU� KHDWLQJ�
DQG�'+:��UHVSHFWLYHO\��,Q�FDVH�RI�KHDWLQJ�� WKH�VRODU�
IUDFWLRQ� LV� LPSOHPHQWHG� LQ� WKH� FDOFXODWLRQ� RI� WKH�
GXUDWLRQ� RI� WKH� KHDWLQJ� SHULRG� 7KXV�� WKH� KLJKHU� WKH�
DPELHQW�GDLO\�WHPSHUDWXUH�LQ�KHDWLQJ�SHULRG��WKH�PRUH�
GHPDQG� LV� FRYHUHG� E\� VRODU�� ,Q� FDVH� RI� '+:�� WKH�
HQHUJ\�ZKLFK�LV�FRYHUHG�E\�VRODU�LV�GLYLGHG�LQ�KHDWLQJ�
�ZLQWHU�� DQG� QRQ�KHDWLQJ� �VXPPHU�� SHULRG�� 7KH�
HQHUJ\�ZKLFK� LV� VXSSOLHG�E\� WKH� KHDW� SXPS� �4KS�� LQ�
WKH� QRQ�KHDWLQJ� SHULRG� LV� WKH� '+:� GHPDQG� PLQXV�
WKH� GHPDQG� ZKLFK� LV� FRYHUHG� E\� VRODU�� ,Q� FDVH� RI�
KHDWLQJ� SHULRG�� WKH� GHPDQG� FRYHUHG� E\� VRODU�
FRUUHVSRQGV� WR� D� WULDQJOH� RU� D� WUDSH]H�� ZKLFK� LV�
FUHDWHG�E\� WKH� OLQH�IURP�SRLQWV� ����DQG����� LQ�)LJXUH�
��� 7KHUHIRUH�� WKH�VXSSOLHG�HQHUJ\�E\�WKH�KHDW�SXPS�
�4KS�� LQ� HDFK� ELQ� LV� WKH� VXEWUDFWLRQ� RI� WKH� '+:�
GHPDQG�DQG�WKH�GHPDQG�FRYHUHG�E\�VRODU��
�

 
)LJXUH����$QQXDO�HQHUJ\�GHPDQG�IRU�DLU�VRXUFHG�
KHDW�SXPS��H[DPSOH�RI�D�VLQJOH�IDPLO\�KRXVH�LQ�

3DVVLYH�+RXVH�VWDQGDUG�LQ�+DPEXUJ�
�

Validation�
9DOLGDWLRQ� RI� WKH� QHZ� KHDW� SXPS� FDOFXODWLRQ� WRRO� LV�
SHUIRUPHG� E\� PHDQV� RI� FRPSDULVRQ� ZLWK� G\QDPLF�
VLPXODWLRQ�LQ�WKH�0DWODE�6LPXOLQN�HQYLURQPHQW�XVLQJ�
PRGHOV� IURP� WKH�&DUQRW�%ORFNVHW��7KH� UHVXOWV�RI� WKH�
FDOFXODWLRQ� IRU� WKH� DLU�VRXUFHG� KHDW� SXPSV� DQG�
JURXQG� VRXUFHG� KHDW� SXPSV� ZLWK� JURXQG� ZDWHU� RU�
YHUWLFDO�JURXQG�KHDW�H[FKDQJHU�VKRZ�JRRG�DJUHHPHQW�
ZLWK�WKH�VLPXODWLRQ�UHVXOWV��)XUWKHU�YDOLGDWLRQ�ZLOO�EH�
SHUIRUPHG��

&21&/86,21�
*URXQG� VRXUFHG� KHDW� SXPSV� KDYH� OHVV� RSHUDWLRQV�
FRVWV� WKDQ� DPELHQW� RU� H[KDXVW� DLU� KHDW� SXPSV��
+RZHYHU��WKH�LQYHVWPHQW�FRVWV�DUH�KLJKHU��7KXV��WKH\�
DUH�KDUGO\�HFRQRPLF� LQ�FDVH�RI� ORZ�HQHUJ\�GHPDQGV�
VXFK�DV�LQ�FDVH�RI�SDVVLYH�KRXVHV���
'XH�WR�WKH�ORZ�HQHUJ\�GHPDQG�DQG�LQ�SDUWLFXODU�GXH�
WR�WKH�YHU\�ORZ�KHDW�ORDG�RI�SDVVLYH�KRXVHV��QHZ�DQG�

PRUH�HFRQRPLF�JURXQG�KHDW� H[FKDQJHU�FRQFHSWV�FDQ�
EH� GHYHORSHG�� 7KLV� DSSOLHV� LQ� SDUWLFXODU�� LI� D�
VLJQLILFDQW�VKDUH�RI�WKH�GRPHVWLF�KRW�ZDWHU�LV�FRYHUHG�
E\�VRODU�WKHUPDO��
9DULRXV�W\SHV�RI�JURXQG�KHDW�H[FKDQJHU�DUH�DYDLODEOH�
VXFK� DV� KRUL]RQWDO�� WUHQFK�� EDVNHW� DQG� EXLOGLQJ�
LQWHJUDWHG�RQHV��'HWDLOHG�SODQQLQJ�RI�VXFK�V\VWHPV�E\�
VLPXODWLRQ� LV� UHFRPPHQGHG� DV� RYHU�GLPHQVLRQHG�
V\VWHPV� DUH� QRW� HFRQRPLF� DQG� XQGHU�GLPHQVLRQHG�
V\VWHPV�KDYH�ORZ�HIILFLHQF\�DQG���LQ�WKH�ZRUVW�FDVH���
FDQ�OHDG�WR�WRWDO�IDLOXUH���
,Q� RUGHU� WR� VLPXODWH� VXFK� KHDW� SXPS� V\VWHPV�� ERWK�
VKRUW� WHUP� �VRODU� LQMHFWLRQ�� IUHH]LQJ�� DQG� ORQJ� WHUP�
�FRROLQJ� RI� WKH� JURXQG�� HIIHFWV� VKRXOG� EH� LQFOXGHG��
7KHUHIRUH��D�IDVW�DQG�\HW�DFFXUDWH�HQRXJK�VLPXODWLRQ�
PRGHO� RI� D� EXLOGLQJ� DQG� D� KHDW� GLVWULEXWLRQ� DQG�
JHQHUDWLRQ�V\VWHP�LV�UHTXLUHG���
7KLV� SDSHU� SUHVHQWV� KRZ� D� )(� PRGHO� FDQ� EH�
LQWHJUDWHG� LQWR� G\QDPLF� EXLOGLQJ� DQG� V\VWHPV�
VLPXODWLRQ� LQ� 0DWODE�6LPXOLQN� �XVLQJ� WKH� &DUQRW�
%ORFNVHW�� EDVHG� RQ� WKH� PHWKRG� RI� OLQHV�� 'LIIHUHQW�
W\SHV� RI� JURXQG� KHDW� H[FKDQJHUV� FDQ� EH� HDVLO\�
LPSOHPHQWHG� LQ� VXFK� D� PRGHO�� 7KLV� JLYHV� WKH�
RSSRUWXQLW\� WR� VLPXODWH� JURXQG� VRXUFHG� KHDW� SXPSV�
ZLWK� KLJK� DFFXUDF\�� $Q� DGGUHVVHG� IXWXUH� ZRUN� PD\�
EH�WKH�YDOLGDWLRQ�DQG�WKH�LPSURYHPHQW�RI�VLPXODWLRQ�
SHUIRUPDQFH��
)XUWKHUPRUH�� D� QHZ� IOH[LEOH� KHDW� SXPS� FDOFXODWLRQ�
WRRO� KDV� EHHQ� GHYHORSHG� DQG� FURVV�YDOLGDWHG�� XVLQJ�
WKH� SUHVHQWHG� VLPXODWLRQ� PRGHOV�� DFFRXQWLQJ� IRU�
GLIIHUHQW� VRXUFHV� DQG� VLQNV� FRQWULEXWLRQ� RI� VRODU�
WKHUPDO��

120(1&/$785(�
/DWLQ�
$� �DUHD�
FS� �VSHFLILF�KHDW�FDSDFLW\�
'� �SXOVH�
'� �GLVWDQFH�
G� �GLDPHWHU�
)� �ULJKW�VLGH�YHFWRU�
I� �IORZ�WHUP�
+� �YHFWRU�
+� �VSDFH�KHDWLQJ�LQ�)LJXUH����
K� �KHDW�WUDQVIHU�FRHIILFLHQW�
KVO� �KHDW�RI�IXVLRQ�
L� �UXQ�LQGH[�
.� �VWLIIQHVV�PDWUL[�
/� �OHQJWK�
0� �PDVV�PDWUL[�
Q� �QXPEHU�
4� �V\VWHP�PDWUL[�
q� �KHDW�IOX[�
5� �YHFWRU�
U� �UDGLXV�
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V� �VRXUFH�WHUP�
V� �ZDOO�WKLFNQHVV�
7� �WHPSHUDWXUH�
8� �RYHUDOO�KHDW�WUDQVIHU�FRHIILFLHQW�
8� �GHSHQGHQW�YDULDEOH�
X� �GHSHQGHQW�YDULDEOH�
:HO�GLU� HOHFWULFDO�HQHUJ\�GLUHFW�HOHFWULF�HQHUJ\�
Z� �YHORFLW\�
�

*UHHN�
� �WHPSHUDWXUH�
� �WKHUPDO�FRQGXFWLYLW\�
� �GHQVLW\�
� �YROXPH�UDWLR�
�

$EEUHYLDWLRQV�
%&� �ERXQGDU\�FRQGLWLRQV�
&23� �FRHIILFLHQW�RI�SHUIRUPDQFH�
'+:� �GRPHVWLF�KRW�ZDWHU�
)(0� �ILQLWH�HOHPHQW�PHWKRG�
)'� �ILQLWH�GLIIHUHQFH�
)+� �IORRU�KHDWLQJ�
*+;� �JURXQG�KHDW�H[FKDQJHU�
+3� �KHDW�SXPS�
+;� �KHDW�H[FKDQJHU�
178� �QXPEHU�RI�WUDQVIHU�XQLWV�
2'(� �RUGLQDU\�GLIIHUHQWLDO�HTXDWLRQ�
3'(� �SDUWLDO�GLIIHUHQWLDO�HTXDWLRQ�
3+33� �3DVVLYH�+RXVH�3ODQQLQJ�3DFNDJH�
5�&� �UHVLVWDQFH�FDSDFLWDQFH�

$&.12:/('*(0(17�
7KHVH�UHVXOWV�DUH�SDUW�RI� WKH�UHVHDUFK�DQG�VLPXODWLRQ�
ZRUN�RI�WKH�(XURSHDQ�SURMHFW�L163L5H�IXQGHG�XQGHU�
WKH� �WK� )UDPHZRUN� 3URJUDP� �3URSRVDO� QXPEHU��
�������� WLWOH�� 'HYHORSPHQW� RI� 6\VWHPDWLF� 3DFNDJHV�
IRU� 'HHS� (QHUJ\� 5HQRYDWLRQ� RI� 5HVLGHQWLDO� DQG�
7HUWLDU\�%XLOGLQJV� LQFOXGLQJ� (QYHORSH� DQG�6\VWHPV��
GXUDWLRQ�������������±���������������
7KDQNV� WR� ,7:��8QLYHUVLW\� RI� 6WXWWJDUW�� IRU� VKDULQJ�
PHDVXUHG�GDWD�RI�WKH�EDVNHW�W\SH�JK[�IRU�YDOLGDWLRQ��

5()(5(1&(�
'HUPHQW]LV� *��� 2FKV� )��� )HLVW� :��� &DOFXODWLRQ� RI�

SULPDU\�HQHUJ\�DQG�VHDVRQDO�SHUIRUPDQFH�IDFWRU�
RI� KHDW� SXPS� LQ� D� 3DVVLYH�+RXVH�� 3+,�� LQWHUQDO�
GRFXPHQW��'HF�������

)HLVW� :��� $UEHLWVNUHLV� NRVWHQJ�QVWLJH� 3DVVLYKlXVHU��
3URWRNROOEDQG�1U�������-DKU�������'LPHQVLRQLHU�
XQJ� YRQ� /�IWXQJVDQODJHQ� LQ� 3DVVLYKlXVHUQ��
'DUPVWDGW�������

*O�FN�� %��� 6LPXODWLRQVPRGHOO� �(UGZlUPHNROOHNWRU��
]XU� ZlUPHWHFKQLVFKHQ� %HXUWHLOXQJ� YRQ�
:lUPHTXHOOHQ�� :lUPHVHQNHQ� XQG� :lUPH�
�.lOWHVSHLFKHUQ�������

2FKV�)���3HSHU�6���6FKQLHGHUV�-���3IOXJHU�5���%LDQFKL�
-DQHWWL�0���)HLVW�:���0RQLWRULQJ�DQG�6LPXODWLRQ�
RI� D� 3DVVLYH� +RXVH� ZLWK� LQQRYDWLYH� 6RODU� +HDW�
3XPS� 6\VWHP�� ,6(6� 6RODU� :RUOG� &RQJUHVV��
.DVVHO�������

/RRVH�$���'U�FN�+��� )HOGWHVW� YRQ� GUHL� NRPELQLHUWHQ�
6RODUWKHUPLH�:lUPHSXPSHQDQODJHQ� PLW� JHR�
WKHUPLVFKHQ� :lUPHTXHOOHQ�� ���� ,QWHUQDWLRQDOHV�
$QZHQGHUIRUXP� 2EHUIOlFKHQ�QDKH� *HRWKHUPLH�
�277,���������'HXWVFKODQG�

2FKV� )��� )HLVW� :��� ([SHULPHQWDO� 5HVXOWV� DQG�
6LPXODWLRQ� RI� *URXQG� +HDW� ([FKDQJHUV� IRU� D�
6RODU� DQG� +HDW� 3XPS� 6\VWHP� IRU� D� 3DVVLYH�
+RXVH��3URFHHGLQJV�RI�,QQRVWRFN�������7KH���WK�
,QWHUQDWLRQDO� &RQIHUHQFH� RQ� (QHUJ\� 6WRUDJH��
������/OHLGD��6SDLQ�

/DPEHUJ� HW� DO��� 1XPHULFDO� DQG� H[SHULPHQWDO�
LQYHVWLJDWLRQ� RI� PHOWLQJ� DQG� IUHH]LQJ� SURFHVVHV�
LQ�SKDVH�FKDQJH�PDWHULDO�VWRUDJH��,��-��RI�7KHUPDO�
6FLHQFHV��������������±�����

3HSHU�� 6��� 6FKQLHGHUV�� -��� 2FKV�� )��� )HLVW�� :���
0HVVWHFKQLVFKH� 8QWHUVXFKXQJ� XQG�
ZLVVHQVFKDIWOLFKH� $XVZHUWXQJ� ]XU� VDLVRQDOHQ�
:lUPHVSHLFKHUXQJ��EHU�6ROH�5HJLVWHU� XQWHU� GHU�
%RGHQSODWWH� HLQHV� 3DVVLYKDXVHV� PLW� 'lPP�
VFK�U]H�%%5��'DUPVWDGW��������

3IOXJHU�5���%HUHFKQXQJ�GHV�SULPlUHQHUJLHNHQQZHUWHV�
XQG� GHU� -DKUHVDUEHLWV]DKO� DXV� GHQ� 0HVVZHUWHQ�
GHU� /DERUSU�IXQJ� I�U� GLH� =HUWLIL]LHUXQJ� YRQ�
3DVVLYKDXV�.RPSDNWJHUlWHQ�� 3+,�� 6WDWH�
�����������LQWHUQDO�GRFXPHQW��-DQ�������

3U�IHUW� 8��� 3'(V� O|VHQ� PLW� 0$7/$%�� 0$7/$%�
3'(�7RROER[�� (UZHLWHUXQJHQ�� )LQLWH�(OHPHQWH�
DXI�9LHUHFN�*LWWHUQ��78%�������

5XIIDOGL� (��� (OHPHQWV� RI� 0$7/$%� DQG� 6LPXOLQN�
��������3(5&52�������

5DPPLQJ� .��� %HZHUWXQJ� XQG� 2SWLPLHUXQJ�
REHUIOlFKHQQDKHU� (UGZlUPHNROOHNWRUHQ� I�U�
YHUVFKLHGHQH�/DVWIlOOH��3K'�7KHVLV��78�'UHVGHQ��
'UHVGHQ��*HUPDQ\�������

6SDUEHU� :��� 9DMHQ� .��� +HUNHO� 6��� 5XVFKHPEXUJ� -���
7K�U� $��� )HGUL]]L� 5��� '¶$QWRQL� 0��� �2YHUYLHZ�
RQ� VRODU� WKHUPDO� SOXV� KHDW� SXPS� V\VWHPV� DQG�
UHYLHZ�RI�PRQLWRULQJ�UHVXOWV���,6(6�6RODU�:RUOG�
&RQJUHVV��.DVVHO��*HUPDQ\��������

KWWS���ZZZ�PDWKZRUNV�FRP�� ������� &$5127�
%ORFNVHW��9��5������6RODU�,QVWLWXW�-�OLFK�������

KWWS���ZZZ�FRPVRO�FRP�� ������ &RPVRO�� 0RGHO��
'RFXPHQWDWLRQ��3KDVH�&KDQJH��������

KWWS���ZZZ�LHD�VKF�RUJ�WDVN����� ,($� 6+&� 7DVN� ����
+3�$QQH[����������
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