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%XW� LQ� WKH� RSHUDWLRQ� RI� D� UHDO� V\VWHP�� KHDW� UHOHDVH� RI�WKH�KLJK� WHPSHUDWXUH�DGVRUEHU�DQG�KHDW�DEVRUEHQF\�RI�ORZ�WHPSHUDWXUH�RQH�LV�OLPLWHG�RZLQJ�WR�WKH�OLPLWDWLRQ�RI� WKH� KHDW� WUDQVIHU� FRHIILFLHQW� RI� WKH� DGVRUEHUV��7KHUHIRUH� WKH� VHOHFWLRQ� RI� KHDW� UHFRYHU\� WLPH� LV� YHU\�LPSRUWDQW� LQ� UHFRYHU\� RI� KHDW�� '\QDPLF� HTXDWLRQV� RI�WKH�DGVRUSWLRQ�KHDW�SXPS�ZHUH�VKRZQ�LQ�WKH�OLWHUDWXUH�>�@�����&RHIILFLHQW�2I�3HUIRUPDQFH��&23��DQG�6SHFLILF�&RROLQJ�3RZHU��6&3�&23�LV�FDOFXODWHG�DV :4&23 UHI ' ���
ZKHUH�4UHI LV� UHIULJHUDWLQJ� FDSDFLW\� LQ� RQH� F\FOH� �N-���:' LV�WKH�XVHG�HOHFWULF�HQHUJ\�LQ�RQH�F\FOH��N-���$FFRUGLQJ� WR� WKH� V\VWHP� FKDUDFWHULVWLFV�� 6SHFLILF�FRROLQJ�SRZHU�RI�WKH�DGVRUSWLRQ�V\VWHP�LV�GHILQHG�DV��� �> @ 0W46&3 F\FOHUHI ������� �� ���
LQ�ZKLFK�0 LV WKH�PDVV� RI� DGVRUEHQW� LQ� RQH� DGVRUEHU��NJ��� ,Q�WKLV�DGVRUSWLRQ�KHDW�SXPS��HDFK�DGVRUEHU�ZDV�ILOOHG�ZLWK� ��NJ�� WF\FOH LV� WKH� F\FOH� WLPH� RI� WKH� V\VWHP�RSHUDWLRQ��PLQ�����6(/(&7,21�2)�6<67(0�+($7�5(&29(5<�7,0(�����$QDO\VLV�RQ�KHDW�UHFRYHU\�SHUIRUPDQFH,Q� D FRQWLQXRXV� KHDW� UHFRYHU\� DGVRUSWLRQ� KHDW� SXPS�V\VWHP��KHDW�UHFRYHU\�F\FOH�SOD\V�DQ�LPSRUWDQW�UROH�LQ�LPSURYLQJ� WKH� V\VWHP
V� &23� �&RHIILFLHQW� RI�3HUIRUPDQFH��� )RU� H[DPSOH�� LQ� RQH� F\FOH� RI� WKH�V\VWHP�� XQGHU� WKH�ZRUNLQJ� FRQGLWLRQ�ZLWK�����&�KHDW�VRXUFH�� ���& FRROLQJ� ZDWHU� DQG� ����&� HYDSRUDWLQJ�WHPSHUDWXUH�� WKH� OLPLW� XVDEOH� KHDW� UHFRYHU\� FDSDFLW\�4UHJBOLP LV� �����N-�� LQ� ZKLFK� WKH� XVDEOH� VHQVLEOH� KHDW�4UHJBV RI� WKH� DGVRUEHU� WDNH� XS� ���� DQG� WKH� XVDEOH�DGVRUSWLRQ� KHDW�4UHJBD WDNHV� XS� ����� ,Q� WKLV� FDVH�� WKH�KHDW� RXWSXW� RI� WKH� ERLOHU� LV� �����N-��+RZHYHU�� LQ� WKH�UHDO� V\VWHP�� UHDO� KHDW� UHFRYHU\� LV� PXFK� OHVV� WKDQ� WKH�LGHDO� YDOXH� EHFDXVH� RI� OLPLWDWLRQ� RI� WKH� KHDW� WUDQVIHU�FRHIILFLHQW�RI�WKH�DGVRUEHU��%HLQJ� OLPLWHG� E\� DGVRUEHU� KHDW� WUDQVIHU� FRHIILFLHQW��UHFRYHU\�RI�DGVRUSWLRQ�KHDW�GXULQJ�DGVRUSWLRQ�SURFHVV�EHFRPHV� YHU\� GLIILFXOW�� 7KH� UHDVRQ� LV� WKDW� DGVRUSWLRQ�KHDW� FDQ� EH� XVHG� RQO\� ZKHQ� DGVRUEHU
V� WHPSHUDWXUH�

GHFUHDVHV� WR� 7D� DQG� DGVRUELQJ� SURFHVV� EHJLQV� ZLWK�DGVRUEHU�FRQQHFWHG�ZLWK�HYDSRUDWRU��%XW�LW�WDNHV�VRPH�WLPH�IRU�DGVRUEHU
V�WHPSHUDWXUH�WR�GHFUHDVH�GRZQ�IURP�7J� WR�7D���7KHUHIRUH��ZKHQ�WKH�DGVRUEHU
V�WHPSHUDWXUH�EHJLQV� WR� GHFUHDVH� DQG� UDQJHV� EHWZHHQ�7J� WR�7D��� DOO�KHDW� UHFRYHUHG� LV� VHQVLEOH� KHDW�� 7KH� OHVV� WKH� KHDW�WUDQVIHU� FRHIILFLHQW�RI� DGVRUEHU� LV�� WKH� ORQJHU� WKH WLPH�LW�WDNHV�IRU�DGVRUEHU¶V�WHPSHUDWXUH�GHFUHDVLQJ�GRZQ�WR�7D��� ,Q� RUGHU� WR� NQRZ� WKH� UHODWLRQVKLS� EHWZHHQ� KHDW�UHFRYHU\� WLPH� DQG� KHDW� UHFRYHU\� FDSDFLW\�� G\QDPLF�HTXDWLRQ� LV� XVHG� KHUH� WR� FDOFXODWH� WKH� V\VWHP
V� KHDW�UHFRYHU\� F\FOH�� ,Q� DOO� FDOFXODWLRQ�� WKH� KHDW� WUDQVIHU�FRHIILFLHQWV�RI�WKH�WZR�DGVRUEHUV�DUH���:�P��&�ZKLFK�LV�EDVHG�XSRQ�H[SHULPHQWDO�UHVXOWV>�@��)LJ����VKRZV�WKH�UHODWLRQVKLS�EHWZHHQ�KHDW�UHFRYHU\�WLPH�DQG�WKH�XVDEOH�KHDW�UHFRYHU\�UDWLR�RI�DGVRUEHU��)LJ���D�� VKRZV� WKDW� ZKHQ� KHDW� UHFRYHU\� WLPH� LV� ����VHFRQGV�� WKH� VHQVLEOH� SDUW� RI� UHFRYHUDEOH� KHDW� KDV�UHDFKHG� XS� WR� ���� RI� WKH� OLPLW� XVDEOH� KHDW� UHFRYHU\�FDSDFLW\�� :LWK� H[WHQGLQJ� RI� KHDW� UHFRYHU\� WLPH�� WKH�LQFUHDVLQJ� VSHHG� RI� KHDW� UHFRYHU\� UDWLR� UHGXFHV�JUDGXDOO\�� DQG� ILQDOO\� UHDFKHV� D� PD[LPXP� YDOXH�������� 5HFRYHU\� RI� DGVRUSWLRQ� KHDW� WDNHV� XS� YHU\�VPDOO� SURSRUWLRQ� RI� WKH� WRWDO� KHDW� UHFRYHU\�� DQG�IXUWKHUPRUH�� KHDW� UHFRYHU\� WLPH� PXVW� EH� PRUH� WKDQ����� VHFRQGV�� DGVRUSWLRQ� KHDW� FDQ� EH� REWDLQHG� DQG�PD[LPXP�XVDEOH� DGVRUSWLRQ� KHDW� UHFRYHU\� UDWLR� WDNHV�XS�RQO\��������7KXV��LW�LV�YHU\�GLIILFXOW�WR�IXOO\�XWLOL]H�DGVRUSWLRQ�KHDW�LQ�WKLV�V\VWHP�7KH� UHFRYHU\� UDWLR� RI� DGVRUSWLRQ� KHDW� LV� UHODWHG� QRW�RQO\� WR� KHDW� UHFRYHU\� WLPH�� EXW� DOVR� WR� V\VWHP�RSHUDWLRQ� SDUDPHWHUV�� ZKLFK� LQFOXGHV� KHDW� VRXUFH�WHPSHUDWXUH� 7KHDW�V�� FRROLQJ� ZDWHU� WHPSHUDWXUH� 7FRRO��F\FOH�WLPH�WF\FOH DQG�HYDSRUDWLQJ�WHPSHUDWXUH�7H��HWF�,I� WKH� KHDW� VRXUFH� WHPSHUDWXUH� LQFUHDVHV�� WKH� ILQDO�GHVRUELQJ� WHPSHUDWXUH� RI� DGVRUEHU� ZLOO� DOVR� LQFUHDVH��,I�WKH�ILQDO�DGVRUELQJ�WHPSHUDWXUH�LV�QRW�FKDQJHG��ERWK�RI� WHPSHUDWXUH�XS� DQG� WHPSHUDWXUH�GRZQ� UDWHV� RI� WKH�DGVRUEHUV� GXULQJ� DGVRUEHU� KHDW� UHFRYHU\� SURFHVV� ZLOO�EH� LQFUHDVHG�RZLQJ� WR� WKH� LQFUHDVH�RI� WKH� WHPSHUDWXUH�GLIIHUHQFH� RI� WKH� WZR� DGVRUEHUV�� 7KHUHIRUH�� WKHUH�ZLOO�EH� PRUH� DGVRUSWLRQ� KHDW� WR� EH� UHFRYHUHG�� :KHQ� WKH�KHDW� VRXUFH� WHPSHUDWXUH� LQFUHDVHV�� FDOFXODWLRQV� ZLWK�DQRWKHU� JURXS� RI� ZRUNLQJ� FRQGLWLRQV� DUH� PDGH�� 7KH�UHVXOW� LV� VKRZQ� LQ� )LJ�� ��E��� 7KH� DGVRUSWLRQ� KHDW�
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UHFRYHU\� UDWLR� LV� LQFUHDVHG� D� OLWWOH� ELW�� DQG� WKH�PD[LPXP�XVDEOH� DGVRUSWLRQ� KHDW� UHFRYHU\� UDWLR� WDNHVXS�������7KH�PD[LPXP�XVDEOH�VHQVLEOH�KHDW� WDNHV�XS������� RI� WKH� OLPLW� XVDEOH� KHDW� UHFRYHU\� FDSDFLW\��VOLJKWO\�GURS��7KHUHIRUH��LI�WKH�KHDW�VRXUFH�WHPSHUDWXUH�LV� LQFUHDVHG�� WKH� XVDEOH� KHDW� UHFRYHU\� FDSDFLW\� ZLOO�WDNH�EDVLFDOO\� WKH� VDPH�SURSRUWLRQ�RI� WKH� OLPLW�XVDEOH�KHDW�UHFRYHU\�FDSDFLW\�
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)LJXUH� �� +HDW� WUDQVIHU� FRHIILFLHQW� RI� WKH�DGVRUEHU� DQG� WKH� XVDEOH� KHDW� UHFRYHU\�UDWLR�� ��4UHJ�V�4UHJBOLP�� �� 4UHJ�D�4UHJBOLP�� ���4UHJ�V��4UHJ�D ��4UHJBOLP��WKH�RWKHU�RSHUDWLRQ�SDUDPHWHUV�DUH�W UHJ ��PLQ
���� +HDW� UHFRYHU\� WLPH� DQG� V\VWHP� RSHUDWLRQ�SHUIRUPDQFHV)RU� D� V\VWHP�RSHUDWLRQ�� KHDW� UHFRYHU\� WLPH� VKRXOG� EH�VHOHFWHG� XSRQ� WKH� FRQVLGHUDWLRQV� RI� KHDW� UHFRYHU\�

FDSDFLW\� �L�H��� LQFUHDVLQJ� V\VWHP� &23��� DQG� DOVR�VSHFLILF�FRROLQJ�SRZHU��6&3���6RPH�FDOFXODWLRQV�ZHUH�PDGH�WR�NQRZ�WKH�UHODWLRQ�EHWZHHQ�KHDW�UHFRYHU\�WLPH�DQG�V\VWHP�RSHUDWLRQ�SHUIRUPDQFHV�6&3��&23��)LJ������ VKRZV� WKH� V\VWHP� RSHUDWLRQ� SHUIRUPDQFHV� XQGHU�GLIIHUHQW� KHDW� VRXUFH� WHPSHUDWXUHV�� GLIIHUHQW� F\FOH�WLPHV��DQG�GLIIHUHQW�FRROLQJ�ZDWHU�WHPSHUDWXUHV�'XULQJ�WKH�KHDW�UHFRYHU\�SURFHVV��WKH�DGVRUEHU�DW�KLJK�WHPSHUDWXUH� WUDQVIHUV� LWV� KHDW� WR� WKH� DGVRUEHU� DW� ORZ�WHPSHUDWXUH�� 7KH� WHPSHUDWXUH� GLIIHUHQFH� RI� WZR�DGVRUEHUV�GHFUHDVHV�JUDGXDOO\��7KXV��WKH�FRROLQJ�VSHHG�RI� WKH� DGVRUEHU� LV� VORZHU� WKDQ� WKDW� RI� WKH� DGVRUEHU�FRROHG E\� WKH� FRROLQJ� ZDWHU� GLUHFWO\�� 1DPHO\�� ZLWK�KHDW� UHFRYHU\� SURFHVV�� LW� WDNHV� PRUH� WLPH� WKDW� WKH�SUHVVXUH� RI� WKH� DGVRUEHU� GHFUHDVHV� WR� WKH� HYDSRUDWLQJ�SUHVVXUH� WR� VWDUW� DGVRUSWLRQ� SURFHVV�� 6LPLODUO\�� ZLWK�KHDW� UHFRYHU\� SURFHVV�� LW� WDNHV� PRUH� WLPH� WKDW� WKH�SUHVVXUH� RI� WKH� DGVRUEHU� LQFUHDVHV� WR� FRQGHQVLQJ�SUHVVXUH� WR� VWDUW� GHVRUSWLRQ� SURFHVV�� 7KHUHIRUH�� WKH�6&3� LV� UHGXFHG� JUDGXDOO\�ZLWK� WKH� LQFUHDVLQJ� RI� KHDW�UHFRYHU\� WLPH�� VKRZQ� DV� )LJV������ ,Q� DGGLWLRQ�� )LJ���VKRZV�WKDW�WKHUH�LV�D�ODUJHU�LQIOXHQFH�RI�WKH�F\FOH�WLPH�RQ� WKH�GHFUHDVLQJ� UDWH�RI�6&3�YV��KHDW� UHFRYHU\� WLPH��%XW�)LJ���DQG�)LJ���VKRZ�WKDW�WKHUH�LV�D�OLWWOH�LQIOXHQFH�RI� KHDW� VRXUFH� WHPSHUDWXUH� DQG� FRROLQJ� ZDWHU�WHPSHUDWXUH�)RU�&23�� WKHUH� LV�D�PD[LPXP�YDOXH�ZLWK� WKH� LQFUHDVH�RI� KHDW� UHFRYHU\� WLPH�� )LJV����� VKRZ� WKDW� &23�LQFUHDVHV�JUDGXDOO\�ZLWK� WKH� LQFUHDVH�RI�KHDW� UHFRYHU\�WLPH�� WKHQ� UHDFKHV�D�PD[LPXP�YDOXH��DQG� WKHQ�EHJLQV�WR�UHGXFH��8VXDOO\��LQ�WKH�VDPH�ZRUNLQJ�FRQGLWLRQ��WKH�OHVV�WKH�KHDW�UHFRYHU\�LV��WKH�PRUH�KHDW�RXWSXW�RI�D�KHDW�VRXUFH� LV�� 7KXV� LQ� D� FHUWDLQ� F\FOH� WLPH�� ZLWK� WKH�LQFUHDVH�RI�D�KHDW�UHFRYHU\�WLPH��WKH�KHDW�RXWSXW�RI�WKH�KHDW� VRXUFH� GHFUHDVHV� JUDGXDOO\� DQG� WKH� UHIULJHUDWLQJ�FDSDFLW\�GHFUHDVHV�D�IHZ��%XW�LI�WKH�KHDW�UHFRYHU\�WLPH�LV� WRR� ORQJ�� WKH� KHDWLQJ� WLPH� DQG� FRROLQJ� WLPH� RI�DGVRUEHUV�ZLOO�EH�VKRUWHQHG�VR�WKDW�WKHUH�LV�QRW�HQRXJK�DGVRUSWLRQ�GHVRUSWLRQ� WLPH� WR� PDNH� WKH� UHIULJHUDWLQJ�FDSDFLW\�GHFUHDVH� LQ�D�FHUWDLQ�F\FOH�WLPH��)LJ���VKRZV�WKDW� WKHUH� LV�D� ODJHU�GHFUHDVH� UDWH�RI�&23�YV�� WKH�KHDW�UHFRYHU\�WLPH�IRU�WKH�VKRUWHU�F\FOH�WLPH��7KHUHIRUH��WKH�VKRUW� KHDW� UHFRYHU\� WLPH� PXVW� EH� VHOHFWHG� IRU� WKH�FRQGLWLRQ� RI� WKH� VKRUWHU� F\FOH� WLPH�� 7KH� VKRUW� KHDW�UHFRYHU\� WLPH� VKRXOG� EH� DOVR� VHOHFWHG� WR� JXDUDQWHH� D�KLJK�6&3�RI�WKH�V\VWHP�
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