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�� ,1752'8&7,219DULRXV�W\SHV�RI�DEVRUSWLRQ�KHDW�SXPSV��ERWK�VLQJOH�DQG�PXOWL�VWDJHV��FDQ�LPSOHPHQW�XWLOL]DWLRQ�RI�DYDLODEOH�KHDW�VRXUFHV� IRU� FRROLQJ� DQG� UHIULJHUDWLRQ�� +RZHYHU�� WKH�XWLOL]DWLRQ�RI� ORZ�SRWHQWLDO�KHDW�VRXUFHV�IRU�FRROLQJ�DQG�UHIULJHUDWLRQ� ����&�� LV� OLPLWHG� E\� WKH� SURSHUWLHV� RI� WKH�ZRUNLQJ� IOXLGV� DQG� WKH� F\FOH� FRQILJXUDWLRQ� RI� WKH� KHDW�SXPS��)RU�XWLOL]DWLRQ�RI� ORZ�SRWHQWLDO�KHDW�VRXUFHV���������&�� IRU� FRROLQJ� DQG� UHIULJHUDWLRQ� WR����&��D� VLQJOH�VWDJH� DEVRUSWLRQ� KHDW� SXPS� EDVHG� RQ� RUJDQLF� ZRUNLQJ�IOXLGV� LV� SUHIHUDEOH�� VLQFH� FRQYHQWLRQDO� ZRUNLQJ� IOXLGV�VXFK� DV� DPPRQLD�ZDWHU� RU� ZDWHU�OLWKLXP� EURPLGH� DUH�OLPLWHG�WR�WKH�DERYH�GHVFULEHG�RSHUDWLRQ�FRQGLWLRQV�7KH� WHPSHUDWXUH� RI� WKH� KHDW� VRXUFH� DQG� WKH� FRROLQJ� RU�UHIULJHUDWLRQ� GHPDQGV� DUH� XVXDOO\� WKH� IDFWRUV� WKDW�GHWHUPLQH� WKH� W\SH�RI�ZRUNLQJ� IOXLG� WR�EH�XVHG�DQG� WKH�W\SH�RI�WKH�DEVRUSWLRQ�KHDW�SXPS�V\VWHP�WR�EH�XVHG�7KH�FRPPRQO\�XVHG�ZRUNLQJ�IOXLGV�DUH�DPPRQLD�ZDWHU�RU� ZDWHU�OLWKLXP� EURPLGH�� 7KH� DPPRQLD�ZDWHU�FRPELQDWLRQ� UHTXLUHV� D� KHDW� VRXUFH� WHPSHUDWXUH� DERYH�����&� IRU� FRROLQJ� WHPSHUDWXUH� EHORZ� WR� ��&�� ,W� LV� D�KLJK�SUHVVXUH�V\VWHP�WKDW�UHTXLUHV�D�UHFWLILFDWLRQ�FROXPQ�>�@��$PPRQLD�KDV�DFFHSWDEOH�WKHUPRSK\VLFDO�SURSHUWLHV��EXW� LW� LV� D� IODPPDEOH� IOXLG�� ,W� LV� WR[LF�� VWURQJO\� LUULWDQW�DQG� FRUURVLYH� WR� FRSSHU� 7KH� ZDWHU�OLWKLXP� EURPLGH�VROXWLRQ� FDQ� EH� XVHG� ZLWK� D� KHDW� VRXUFH� WHPSHUDWXUH�DERYH����&�IRU�DLU�FRQGLWLRQLQJ�EXW�QRW�IRU�FRROLQJ�DQG�UHIULJHUDWLRQ�EHFDXVH�RI�WKH�OLPLWDWLRQ�IRU�WKH�HYDSRUDWRU�WHPSHUDWXUH� WR� EH� DERYH� ��&�� 7KLV� V\VWHP� RSHUDWHV�XQGHU� YDFXXP� DQG� GRHV� QRW� UHTXLUH� D� UHFWLILFDWLRQ�FROXPQ�� 7KH� ZDWHU�OLWKLXP� EURPLGH� VROXWLRQ� LV� KLJKO\�FRUURVLYH� DQG� H[WUHPHO\� YLVFRXV� �YLVFRVLW\�UHGXFLQJ�DJHQWV�DUH�IUHTXHQWO\�UHTXLUHG���7KH�OLPLWDWLRQV�RI�XVLQJ�WKHVH� FRPPRQ� ZRUNLQJ� IOXLGV� >�@� IRU� XWLOL]LQJ� ORZ�

SRWHQWLDO� KHDW� VRXUFHV� ��������&�� IRU� FRROLQJ� DQG�UHIULJHUDWLRQ�����&��DUH�WKXV�VHOI�HYLGHQW�7R�RYHUFRPH�WKHVH�OLPLWDWLRQV��ZH�KDYH�FKRVHQ�ZRUNLQJ�IOXLGV� EDVHG� RQ� IOXRURFDUERQ� �+)&�� UHIULJHUDQWV� DQG�RUJDQLF�DEVRUEHQWV�>���@���7KH�UHIULJHUDQWV�DUH�QRW�WR[LF�RU� FRUURVLYH�� 7KH� RUJDQLF� ZRUNLQJ� IOXLGV� DUH�HQYLURQPHQWDOO\� DFFHSWDEOH�� ,Q� WKLV� V\VWHP� D�UHFWLILFDWLRQ� FROXPQ� LV� QRW� QHHGHG�� VLQFH� WKH� GLIIHUHQFH�EHWZHHQ� WKH�QRUPDO�ERLOLQJ�SRLQWV�RI� WKH�DEVRUEHQW�DQG�WKH�UHIULJHUDQW�LV�DERXW�����&�7KH� SHUIRUPDQFH� RI� WKHVH� ZRUNLQJ� IOXLGV� LQ� D�FRQYHQWLRQDO� VLQJOH�VWDJH� DEVRUSWLRQ� F\FOH� LV� H[SUHVVHG�LQ�WHUPV�RI�D�FRHIILFLHQW�RI�SHUIRUPDQFH��&23�
 RI�DERXW�����DQG�D�FLUFXODWLRQ�UDWLR��I�

 LQ�WKH�UDQJH�RI��������75,3/(�35(6685(�/(9(/6�6,1*/(�67$*(�$%62537,21�&<&/(,Q� RUGHU� WR� XWLOL]H� D� ORZ�SRWHQWLDO�KHDW� VRXUFH� EHWZHHQ���� WR ����&� IRU� FRROLQJ� WHPSHUDWXUH� EHWZHHQ� ��� WR� ����&�� DQ� DGYDQFHG� VLQJOH�VWDJH� DEVRUSWLRQ� KHDW� SXPS�FDQ� EH� XVHG�� L�H��� D� WULSOH�SUHVVXUH�OHYHOV� GHYLFH�� 7KLV�GHYLFH� PD\� EH� LPSOHPHQWHG� LQ� D� QXPEHU� RI� GLIIHUHQW�ZD\V�� 2QH� VXFK� GHVLJQ� LV� NQRZQ� DV� WKH� FRPSUHVVLRQ��DEVRUSWLRQ�F\FOH�>����@��LQ�ZKLFK�D�FRPSUHVVRU�LV�SODFHG�EHWZHHQ� WKH� HYDSRUDWRU� DQG� WKH� DEVRUEHU�� 7KH� PDLQ�GLVDGYDQWDJH� RI� VXFK� D� GHYLFH� LV� WKH� H[WUD� HOHFWULFDO�HQHUJ\�VXSSO\�UHTXLUHG�IRU�WKH�FRPSUHVVRU�

 'HILQHG�DV�WKH�KHDW�UHMHFWHG�IURP�WKH�HYDSRUDWRU�GLYLGHG�E\�WKH�KHDW�VXSSO\� WR� WKH�JHQHUDWRU�DQG� WKH�HQHUJ\�VXSSO\� WR�WKH�SXPS�

 'HILQHG� DV� WKH� UDWLR� EHWZHHQ� WKH� PDVV� IORZ� UDWH� RI� WKH�VWURQJ� VROXWLRQ� LQ� WKH� SXPS� WR� WKH� PDVV� IORZ� UDWH� RI� WKH�UHIULJHUDQW�
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,Q� RXU� WULSOH�SUHVVXUH�OHYHOV� VLQJOH�VWDJH� KHDW� SXPS� D�VSHFLDOO\� GHVLJQHG� MHW� HMHFWRU� LV� SODFHG� DW� WKH� DEVRUEHU�LQOHW� �)LJXUH� ���� 7KH� SXUSRVH� RI� LQFRUSRUDWLQJ� D� MHWHMHFWRU� LQWR� WKH� DEVRUSWLRQ� F\FOH� LV� WKXV� WR� LQFUHDVH� WKH�DEVRUEHU�SUHVVXUH�UHODWLYH�WR�WKH�HYDSRUDWRU�SUHVVXUH��E\�SDUWLDOO\� UHFRYHULQJ� WKH� KLJK� SUHVVXUH� RI� WKH� JHQHUDWRU��DQG� WR� LPSURYH� WKH� PL[LQJ� SURFHVV� DQG� WKH� SUH�DEVRUSWLRQ�EHWZHHQ�WKH�ZHDN�VROXWLRQ�DQG�WKH�UHIULJHUDQW�FRPLQJ� IURP� WKH� HYDSRUDWRU� >�����@�� 7KH� PL[LQJ�SURFHVV�LQ�WKH�MHW�HMHFWRU� LV�YHU\�LQWHQVLYH�DV�D�UHVXOW�RI�VSUD\� JHQHUDWLRQ� RI� WKH� OLTXLG� SKDVH� DQG� RI� H[WHQVLYH�VXEFRROLQJ� RI� WKH� ZHDN� VROXWLRQ� LQ� WKH� VROXWLRQ� KHDW�H[FKDQJHU��6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�MHW�HMHFWRU LV�VKRZQ�LQ�)LJXUH���

)LJXUH� ��� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� D�WULSOH�SUHVVXUH�OHYHOV� VLQJOH�VWDJH� DGYDQFHG�DEVRUSWLRQ� F\FOH�� �*� � JHQHUDWRU�� $� �DEVRUEHU��&�� FRQGHQVHU��(�� HYDSRUDWRU��+6�� VROXWLRQ�KHDW�H[FKDQJHU�3�� VROXWLRQ�SXPS��0�� MHW�HMHFWRU�PL[HU��
*DV�,QOHW

6ROXWLRQ�,QOHW
'LIIXVHU,QOHW 2XWOH)LJXUH ��� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� MHW �HMHFWRU

$� VLPLODU� DEVRUSWLRQ� F\FOH� ZDV� VXJJHVWHG� E\� /L�7LQJ� &KHQ�>��@�ZKHUH� WKH� HMHFWRU�ZDV� GHVFULEHG� DV� D� GHYLFH� IRU�PL[LQJ�DQG�SUHVVXUH�UHFRYHU\��7KH�DQDO\VLV�RI�WKH�WZR�SKDVH�PL[WXUH�IORZ�WKURXJK�WKH�HMHFWRU�ZDV�EDVHG�RQ�D�VLQJOH�SKDVH�PRGHO�RI�SVHXGR� IOXLG�� 1R� KHDW� DQG� PDVV� WUDQVIHU� ZHUH� WDNHQ� LQWR�FRQVLGHUDWLRQ�� 7KXV�� RQO\� D� %HUQRXOOL� W\SH� RI� HTXDWLRQ� ZDV�XVHG�
����-HW�HMHFWRU7KH� HMHFWRU� LV� FKDUDFWHUL]HG� E\� D� ODFN� RI�PRYLQJ� SDUWV�DQG� WKH� DEVHQFH� RI� D� UHTXLUHPHQW� IRU� DQ� DGGLWLRQDO�HQHUJ\� VRXUFH�� ,W� EDVLFDOO\� FRQVLVWV� RI� D� QR]]OH� DQG� D�GLIIXVHU�� ,Q� WKH� QR]]OH�� SRWHQWLDO� HQHUJ\� �SUHVVXUH�GLIIHUHQFH� EHWZHHQ� WKH� JHQHUDWRU� DQG� WKH� DEVRUEHU�� LV�WUDQVIRUPHG� LQWR� NLQHWLF� HQHUJ\� E\� SURGXFLQJ�� DW� WKH�RXWOHW� RI� WKH� QR]]OH�� D� VSUD\� RI�ZHDN� VROXWLRQ� LQ� D� IXOO�FRQH�VWUHDP�RI�VPDOO�KLJK�YHORFLW\�GURS��,Q�WKH�GLIIXVHU�LQOHW��ORZ�SUHVVXUH�RI�WKH�HYDSRUDWRU���WKH�GURSV�RI�ZHDN�VROXWLRQ�PL[HV� ZLWK� WKH� UHIULJHUDQW� YDSRU� FRPLQJ� IURP�WKH�HYDSRUDWRU��3UHVVXUH�UHFRYHU\�LQ�WKH�GLIIXVHU� LV� WKXV�REWDLQHG� E\� WUDQVIRUPLQJ� NLQHWLF� HQHUJ\� WR� SRWHQWLDO�HQHUJ\��$V�D�UHVXOW��WKH�YHORFLWLHV RI�ERWK�GURSV�DQG�WKH�JDV�DUH�UHGXFHG�7R�IDFLOLWDWH� WKH�GHVLJQ�RI� WKH� MHW�HMHFWRU�IRU�DEVRUSWLRQ�PDFKLQHV�� D� QXPHULFDO� PRGHO� RI� VLPXOWDQHRXV� PDVV��PRPHQWXP�DQG�KHDW�WUDQVIHU�EHWZHHQ�WKH�OLTXLG�DQG�JDV�SKDVHV� LQ� WKH� MHW� HMHFWRU� ZDV� GHYHORSHG� EDVHG� RQ� WKH�PDWKHPDWLFDO�PRGHO�GHVFULEHG�E\�/HY\�HW�DO�>��@�7KH� MHW� HMHFWRU� PRGHO�� DV� D� SUH�DEVRUEHU�� ZDV� VROYHG�QXPHULFDOO\� IRU� WKH� DEVRUEHQW� IOXLG� >GLPHWK\OHWKHU�WHWUDHWK\OHQHJO\FRO��'0(7(*�@�ZLWK�SHQWDIOXRURHWKDQH��5���� DV� WKH� UHIULJHUDQW�� 7KH� VROXWLRQ� RI� 5����'0(7(*� >��@� ZDV� PRGHOOHG� DV� WKH� GLVSHUVHG� SKDVHZKLOH�5����DV�WKH�FRQWLQXRXV�JDV�SKDVH��7KH�QXPHULFDO�VROXWLRQ� ZDV� REWDLQHG� E\� PHDQV� RI� *HDU
V� ILIWK�RUGHU�%')�PHWKRG��ZKLFK�LV�DYDLODEOH�LQ�WKH�,06/�OLEUDU\�7KH� LQIOXHQFH�RI� WKH�GHVLJQ�SDUDPHWHUV�RQ� WKH�SUHVVXUH�UHFRYHU\�� WHPSHUDWXUH� DQG� FRQFHQWUDWLRQ� RI� WKH�UHIULJHUDQW� LQ�WKH�VROXWLRQ��DQG�YHORFLWLHV�RI�WKH�JDV�DQG�OLTXLG� GURSV� ZDV� H[DPLQHG�� 7KH� SDUDPHWULF� VWXG\�LQYROYHG� H[DPLQDWLRQ� DQG�ZD\V�RI� DXJPHQWDWLRQ�RI� WKH�PDVV� WUDQVIHU� SURFHVV� LQ� WKH� GLIIXVHU� ZLWK WKH� XOWLPDWH�DLP� RI� GHVLJQLQJ� D� FRPSDFW� DQG� HIILFLHQW� XQLW�� 7KH�QXPHULFDO� VLPXODWLRQ� GHPRQVWUDWHG� WKDW� WKH� SUHVVXUH�UHFRYHU\� DQG� SUHDEVRUSWLRQ� LQ� WKH� MHW� HMHFWRU� ZRXOG�LPSURYH� WKH� HIILFLHQF\� RI� WKH� DEVRUSWLRQ� SURFHVV� DQG�KHQFH�WKH�RYHUDOO�HIILFLHQF\�RI�WKH�UHIULJHUDWLRQ�F\FOH�,Q� FRQYHQWLRQDO� XVHG� DEVRUSWLRQ� KHDW� SXPSV�� WKH�DEVRUEHU� SUHVVXUH� LV� HTXDO� WR� WKH� HYDSRUDWRU� SUHVVXUH��ZKHQ� SUHVVXUH� GURS� DORQJ� WKH� SLSH� OLQH� LV� WDNHQ� DV�]HUR��� 7KH�SUHVVXUH� UHFRYHU\� LV� GHILQHG� DV� WKH� SUHVVXUH�GLIIHUHQFH� EHWZHHQ� WKH RXWOHW� DQG� LQOHW� RI� WKH� GLIIXVHU��7KHUHIRUH WKH� DEVRUEHU� SUHVVXUH� LV� KLJKHU� WKDQ� WKH�HYDSRUDWRU� SUHVVXUH� 7KLV� HIIHFW� PD\� EH� XWLOL]HG� LQ�VHYHUDO�ZD\V�� ,Q� WKH� ILUVW�ZD\�� WKH�VDPH�DEVRUEHU�RXWOHW�WHPSHUDWXUH� DQG� D� KLJKHU� DEVRUEHU� SUHVVXUH� SURGXFHV D�KLJKHU�ZHLJKW�IUDFWLRQ�RI� WKH�UHIULJHUDQW� LQ�WKH�VROXWLRQ��7KLV� LQFUHDVHV�WKH�ZHLJKW�IUDFWLRQ�DW�WKH�DEVRUEHU�RXWOHW�
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DQG�OHDGV�WR�D�UHGXFWLRQ�LQ�WKH�FLUFXODWLRQ�UDWLR��I���L�H��D�UHGXFWLRQ�LQ�WKH�PDVV�IORZ�UDWH RI�WKH�VWURQJ�VROXWLRQ�LQ�WKH�SXPS��DQG�WR�D�UHGXFWLRQ�LQ�WKH�DPRXQW�RI�KHDW�WR�EH�WUDQVIHUUHG� LQ� WKH� VROXWLRQ� KHDW� H[FKDQJHU� DQG� VOLJKWO\�WKH� KHDW� LQSXW� DW� WKH� JHQHUDWRU�� ,Q� WKH� VHFRQG� ZD\��NHHSLQJ�WKH�DEVRUEHU�RXWOHW�SUHVVXUH�DQG�WHPSHUDWXUH�DV�D� FRQVWDQW�� UHVXOWV� LQ� ORZHU� HYDSRUDWRU� SUHVVXUH��ZKLFKOHDGV�WR�ORZHU�HYDSRUDWRU�WHPSHUDWXUH��,Q�WKH�WKLUG�ZD\��DW�FRQVWDQW�FLUFXODWLRQ�UDWLR��WKH�V\VWHP�FDQ�EH�RSHUDWHG�LQ�D�VOLJKWO\�KLJKHU�VXUURXQGLQJ�WHPSHUDWXUH��FRQGHQVHU�DQG�DEVRUEHU��DW�WKH�VDPH�HYDSRUDWRU�WHPSHUDWXUH�
����6\VWHP�DQDO\VLV$�FRPELQDWLRQ�RI� WKH FRPSXWHUL]HG�VLPXODWLRQ�SURJUDP�IRU� WKH� VLQJOH�VWDJH� DEVRUSWLRQ� F\FOH� ZLWK� WKH� SURJUDP�IRU� WKH� MHW�HMHFWRU�IDFLOLWDWHG�HYDOXDWLRQ�RI� WKH�LQIOXHQFH�RI� WKH� MHW� HMHFWRU� RQ� WKH� SHUIRUPDQFH�RI� WKH� DEVRUSWLRQ�F\FOH�� 7KH� FRPSXWHUL]HG� SURJUDP� RI� WKH� MHW� HMHFWRU�LQWHJUDWHG� LQ� DQ� DEVRUSWLRQ� F\FOH�ZDV�XVHG� WR� FDOFXODWH�WKH�SHUIRUPDQFHV�RI�D�WULSOH�SUHVVXUH�OHYHOV�VLQJOH�VWDJH�DEVRUSWLRQ� F\FOH� ZLWK� '0(7(*� DQG� 5���� >�@� DV� WKH�PRGHO�ZRUNLQJ�IOXLGV�,Q� D� FRQYHQWLRQDO� VLQJOH�VWDJH� DEVRUSWLRQ� F\FOH� �ZKHQ�WKH�SUHVVXUH�GURSV DUH�QHJOLJLEOH���WKH�DEVRUEHU�SUHVVXUH�LV� HTXDO� WR� WKH� HYDSRUDWRU� SUHVVXUH�� %DVHG� RQ� WKH�FRPSXWHUL]HG� SURJUDP� WKH &23�DQG� I�ZHUH� FDOFXODWHG�XQGHU� WKH� IROORZLQJ� RSHUDWLQJ� FRQGLWLRQV�� FRQGHQVHU�WHPSHUDWXUH� ���&�� DEVRUEHU� WHPSHUDWXUH� ���&��JHQHUDWRU� WHPSHUDWXUH�LQ�WKH�UDQJH�RI����WR�����&��DQG�HYDSRUDWRU�WHPSHUDWXUHV�RI������������DQG�����&�7KH� SUHGLFWLRQ� LQGLFDWHG� WKDW� ZKHQ� WKH� SUHVVXUH�UHFRYHUHG�E\� WKH� MHW� HMHFWRU� LV� DGGHG� WR� WKH�HYDSRUDWRU�SUHVVXUH��WKH�DEVRUEHU�SUHVVXUH�LV�LQFUHDVHG��$W�WKH�VDPH�DEVRUEHU� RXWOHW� WHPSHUDWXUH�� WKH�ZHLJKW� IUDFWLRQ� RI� WKH�UHIULJHUDQW�LQ�WKH�VROXWLRQ�LQFUHDVHG��7KLV�LQFUHDVH�RI�WKH�ZHLJKW� IUDFWLRQ� DW� WKH� DEVRUEHU� RXWOHW� ZLOO� FDXVH� D�UHGXFWLRQ� LQ� I� �D� UHGXFWLRQ� LQ� WKH�PDVV� IORZ�UDWH�RI� WKH�VWURQJ� VROXWLRQ� LQ� WKH� SXPS�� DQG� WR� D� UHGXFWLRQ� LQ� WKH�DPRXQW� RI� KHDW� WR� EH� WUDQVIHUUHG� LQ� WKH� VROXWLRQ� KHDW�H[FKDQJH�DQG�VOLJKWO\�WKH�KHDW�LQSXW�WR�WKH�JHQHUDWRU�7KH�SUHGLFWLRQ�RI�WKH�QXPHULFDO�VLPXODWLRQV�IRU�WKH�&23�DQG� I� DW� FRQVWDQW� HYDSRUDWRU� WHPSHUDWXUH� �FDVH� ��� DUH�VKRZQ�LQ�)LJXUH���DQG����7KH�FDOFXODWHG�&23�DQG�I�IRU�D� FRQYHQWLRQDO� VLQJOH�VWDJH�DEVRUSWLRQ�F\FOH�DUH�VKRZQ�LQ� )LJ�� �D� DQG� �D� UHVSHFWLYHO\�� DQG� WKH� YDOXHV� IRU� D�WULSOH�SUHVVXUH�OHYHOV� DGYDQFHG� DEVRUSWLRQ� F\FOH�ZLWK� D�MHW�HMHFWRU�DUH�VKRZQ�LQ�)LJ���E�DQG��E�UHVSHFWLYHO\�$V� FDQ� EH� VHHQ� LQ� )LJXUH� ��� WKH� &23V� RI� WKH� WULSOH�SUHVVXUH�OHYHOV� DGYDQFHG� DEVRUSWLRQ� F\FOH� ZLWK� D� MHW�HMHFWRU� DUH� KLJKHU� WKDQ� WKH� &23V� RI� WKH� FRQYHQWLRQDO�VLQJOH�VWDJH� DEVRUSWLRQ� F\FOH� DQG� FDQ� EH� DFKLHYHG� DW�ORZHU� JHQHUDWRU� WHPSHUDWXUH�� IRU� DOO� WKH� HYDSRUDWRU�WHPSHUDWXUH�� 7KH� LPSURYHPHQW� LQ� WKH� &23� LV� PRUH�VLJQLILFDQW�DV�WKH�HYDSRUDWRU�WHPSHUDWXUH�LV�ORZHU�DQG�DW�WKH�VDPH�RSHUDWLQJ�FRQGLWLRQV�LW�LV�DERXW��������,Q� WHUP�RI� WKH�FLUFXODWLRQ�UDWLR�I�� WKH�YDOXHV�RI�I� LQ� WKH�WULSOH�SUHVVXUH�OHYHOV� DGYDQFHG� DEVRUSWLRQ� F\FOH�ZLWK� D�MHW� HMHFWRU� DUH� PXFK� ORZHU� WKDQ� WKH� YDOXHV� RI� I� LQ� WKH�FRQYHQWLRQDO� VLQJOH�VWDJH� DEVRUSWLRQ� F\FOH�� DV� FDQ� EH�

VHHQ� LQ�)LJXUH� ���$W� WKH� VDPH�RSHUDWLQJ�FRQGLWLRQV� WKH�UHGXFWLRQ�LQ�WKH�YDOXHV�RI�I�FDQ�EH�XS�WR������
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mailto:avi@bgumail.bgu.ac.il


DYL#EJXPDLO�EJX�DF�LO ���

7KH�JHQHUDWRU� WHPSHUDWXUH� DQG� WKH� FLUFXODWLRQ� UDWLR� IRU�PD[LPXP� &23� DV� D� IXQFWLRQ� RI� WKH� HYDSRUDWRU�WHPSHUDWXUH�DUH�JLYHQ�LQ�WDEOH��
)RU�H[DPSOH�� WKH� LQIOXHQFH�RI� WKLV�SUHVVXUH�UHFRYHU\�RQ�WKH� SHUIRUPDQFH� RI� WKH� WULSOH�SUHVVXUH�OHYHOV� DGYDQFHG�DEVRUSWLRQ� F\FOH�ZLWK� D� MHW� HMHFWRU� LQ�FRPSDUH�ZLWK� WKH�FRQYHQWLRQDO� VLQJOH�VWDJH� DEVRUSWLRQ� F\FOH� ZKHUH� WHYS ��� R&�� WDEV ��R&� DQG� WFRQ ��R&� ZDV� H[DPLQHG�� 7KH�LQFUHDVH�RI�&23�XS�WR������WKH�GHFUHDVH�RI�I�XS�WR�����DQG� WKH� UDWH� RI� UHGXFWLRQ� LQ� WKH� KHDW� WUDQVIHUUHG�E\� WKH�JHQHUDWRU��4�4�JHQ�
 XS�WR�������DEVRUEHU��4�4�DEV��XS�WR�����DQG�VROXWLRQ�KHDW�H[FKDQJHU��4�4�KV��XS�WR������DV�D� IXQFWLRQ�RI� WKH� JHQHUDWRU� WHPSHUDWXUH� LQ� WKH� UDQJH�RI������� R&��DUH�SUHVHQWHG�LQ�)LJXUH����
.HHSLQJ� WKH� DEVRUEHU� RXWOHW FRQGLWLRQ DQG� GHFUHDVLQJ��WKH� HYDSRUDWRU� SUHVVXUH� E\� WKH� DPRXQW� RI� WKH� SUHVVXUH�UHFRYHU\� �FDVH� ���� HQDEOHV� DFKLHYLQJ ORZHU� HYDSRUDWRU�WHPSHUDWXUH�� 7KLV UHGXFWLRQ� LQ� WKH HYDSRUDWRU�WHPSHUDWXUH��ZDV�SUHGLFWHG�E\ WKH�QXPHULFDO�VLPXODWLRQV�DV� D� IXQFWLRQ� RI� WKH� JHQHUDWRU� WHPSHUDWXUH�� ZKLOH� WKH�&23��I DQG�DPRXQW�RI�KHDW�WUDQVIHU�LQ�WKH�VROXWLRQ�KHDW�H[FKDQJHU� �DV� FDOFXODWHG� IRU� WKH� FRQYHQWLRQDO� VLQJOH�VWDJH� DEVRUSWLRQ� F\FOH� ZHUH� VLPLODU�� 7KH� UHVXOWV� RI�WKHVH�FDOFXODWLRQV DUH�VKRZQ�LQ�)LJXUH���
,Q� WKH� WKLUG� FDVH�� ZKHUH� WKH� FLUFXODWLRQ� UDWLR� �DV�FDOFXODWHG� IRU� WKH� FRQYHQWLRQDO� VLQJOH�VWDJH� DEVRUSWLRQ�F\FOH� UHPDLQV�FRQVWDQW�� L�H�� WKH�VDPH�PDVV�IORZ�UDWH� LQ�WKH� VROXWLRQ� SXPS�� WKH� FRQGHQVHU� DQG� DEVRUEHU�WHPSHUDWXUH� FDQ� EH� LQFUHDVHG� VOLJKWO\� DW� WKH� VDPH�HYDSRUDWRU� WHPSHUDWXUH� 3UDFWLFDOO\� LW� PHDQV� WKDW� WKH�WHPSHUDWXUH�RI�WKH�FRROLQJ�ZDWHU�IURP�WKH�FRROLQJ�WRZHU�FDQ�EH�KLJKHU�
�����&RQFOXVLRQ7KH� F\FOH� DQDO\VLV� VKRZHG� WKDW� LQ� WKH� ILUVW� FDVH�� �VDPH�DEVRUEHU� RXWOHW� WHPSHUDWXUH� DQG� D� KLJKHU� DEVRUEHU�SUHVVXUH��WKH�&23�ZDV�LQFUHDVHG�E\������WKH�PDVV�IORZ�UDWH�RI�WKH�VWURQJ�VROXWLRQ�ZDV�UHGXFHG�E\������DQG�WKH�DPRXQW� RI� KHDW� WR� EH� WUDQVIHUUHG� LQ� WKH� VROXWLRQ� KHDW�H[FKDQJHU�ZDV� UHGXFHG�E\�XS� WR���� ,Q� WKH� VHFRQG�FDVH���NHHSLQJ�WKH�DEVRUEHU�RXWOHW�SUHVVXUH�DQG�WHPSHUDWXUH�DV�D� FRQVWDQW�� UHVXOWV� LQ� ORZHU� HYDSRUDWRU� SUHVVXUH�� WKH�HYDSRUDWRU� WHPSHUDWXUH� FRXOG� EH� ORZHUHG� E\� ����&�� ,Q�WKH� WKLUG� ZD\�� WKH� FRQGHQVHU� DQG� DEVRUEHU� WHPSHUDWXUH�FDQ� EH� LQFUHDVHG� E\� VHYHUDO� GHJUHHV� &�� ,W� VKRXOG� EH�QRWHG� WKDW� WKHVH� LPSURYHPHQWV� DUH� IXQFWLRQ� RI� WKH�RSHUDWLQJ� FRQGLWLRQV� DQG� WKH� WKHUPRSK\VLFDO� SURSHUWLHV�RI�WKH�ZRUNLQJ�IOXLGV����$&.12:/('*0(1767KLV�ZRUN�ZDV�SDUWLDOO\�VXSSRUWHG�E\�WKH�*HUPDQ�,VUDHOL�6FLHQWLILF�&RRSHUDWLRQ�8QLW��0LQLVWU\�RI�6FLHQFH��XQGHU�WKH�SURJUDP�%0%)�026��*UDQW�*5������

 4�4��� 7KH� UDWLR� RI� WKH� KHDW� WUDQVIHUUHG� E\� D� FRPSRQHQW� LQ� D�FRQYHQWLRQDO� VLQJOH�VWDJH� DEVRUSWLRQ� F\FOH� WR� WKH�KHDW� WUDQVIHUUHG�E\�WKH�VDPH�FRPSRQHQW�LQ�D�WULSOH �SUHVVXUH�OHYHOV�DEVRUSWLRQ�F\FOH�

7DEOH���� *HQHUDWRU� WHPSHUDWXUH� DQG�FLUFXODWLRQ� UDWLR� DW� PD[LPXP� &23� DV� D�IXQFWLRQ�RI�WKH�HYDSRUDWRU�WHPSHUDWXUH �
7ULSOH�SUHVVXUH�OHYHOV�DEVRUSWLRQ�F\FOH &RQYHQWLRQDO�VLQJOH�VWDJH�DEVRUSWLRQ�F\FOHWHYS WJHQ &23 I WJ &23 I� �� ���� ��� �� ���� ����� �� ���� ��� ��� ���� ������ �� ���� ��� ��� ���� ������ �� ���� ��� !���WHYS ��WJHQ � R&
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WJ�R&

WHYS �����R&WDEV ����R&WFRQ ����R&
5����'0(7(*

)LJXUH��� 7KH�LQFUHDVH�RI�&23��WKH�GHFUHDVH�RI� I� DQG� WKH� UDWH� RI� UHGXFWLRQ� LQ� WKH� KHDW�WUDQVIHUUHG�E\� WKH� JHQHUDWRU��DEVRUEHU�DQG�VROXWLRQ�KHDW�H[FKDQJHU�DV�D�IXQFWLRQ�RI�WKH�JHQHUDWRU� WHPSHUDWXUH� ZKHUH� W HYS ��R&��WDEV �� R&� DQG� WFRQ �� R&�� DQG��4�4� �4FRQYHQWLRQDO�4WULSOH��
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5����'0(7(*

)LJXUH� �� (YDSRUDWRU WHPSHUDWXUH DV D�IXQFWLRQ RI WKH JHQHUDWRU�WHPSHUDWXUH�ZKLOH�WKH�YDOXHV�RI�&23��I�DQG�4+6 RI�D�FRPPRQ�VLQJOH�VWDJH�DEVRUSWLRQ�F\FOH�ZHUH�VLPLODU�
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���5()(5(1&(6>�@ (QJOHU�� 0��� *URVVPDQ�� *��� +HOOPDQ� +��0���&RPSDUDWLYH� VLPXODWLRQ� DQG� LQYHVWLJDWLRQ� DPPRQLD�ZDWHU�DEVRUSWLRQ�F\FOHV�IRU�KHDW�SXPS�DSSOLFDWLRQV��,QW��-��5HIULJ���������SS�����������������>�@ 7KLR\H�0��� (WXGH� FRPSDUDWLYH� GH� OD� SHUIRUPDQFH�GHV� PDFKLQHV� IULJRULILTXHV� D� DEVRUSWLRQ� XWLOLVDQW� GH�O
HQHUJLH� WKHUPLTXH�D� WUHV� IDLEOH�YDOHXU�H[HUJHWLTXH��,QW��-��5HIULJ���������SS�����������������>�@ %RUGH��,���-HOLQHN��0���'DOWURSKH��1�&���$EVRUSWLRQ�V\VWHP�EDVHG�RQ�UHIULJHUDQW�5���D��,QW��-��5HIULJ���������SS�����������������>�@ %RUGH�� ,��� -HOLQHN�� 0��� 'DOWURSKH�� 1�&��� :RUNLQJ�IOXLGV� IRU� DEVRUSWLRQ� UHIULJHUDWLRQ� V\VWHPV� EDVHG� RQ�5������,QW��-��5HIULJ���������SS�����������������>�@ %RUGH�� ,��� -HOLQHN�� 0�� 'DOWURSKH�� 1�&��� :RUNLQJ�VXEVWDQFHV� IRU� DEVRUSWLRQ� KHDW� SXPSV� EDVHG� RQ� 5����3URFHHGLQJV� RI� WKH� ��WK� ,QWHUQDWLRQDO� &RQJUHVV� RQ�5HIULJHUDWLRQ��7KH�+DJXH��1HWKHUODQGV��9RO���$��SS���������������>�@ %RUGH�� ,��� -HOLQHN��0��� 7KHUPRG\QDPLF� SURSHUWLHV�RI� RUJDQLF� ZRUNLQJ� IOXLGV� IRU� DEVRUSWLRQ� KHDW� SXPSV��3URFHHGLQJV� RI� WKH� ��WK�(XURSHDQ�6HPLQDU� RQ�$SSOLHG�7KHUPRG\QDPLFV�� $EED\H� GHV� 3UHPRQWUH
V�� 3RQW�D�0RXVVRQ��)UDQFH��SS�����������������>�@ -HOLQHN�� 0��� %RUGH� ,��� :RUNLQJ� IOXLGV� IRU�DEVRUSWLRQ� KHDW� SXPSV� EDVHG� RQ� 5���� �SHQWDIOXRUR�HRWKDQH��DQG�RUJDQLF�DEVRUEHQWV�� ,QWHUQDWLRQDO�6RUSWLRQ�+HDW�3XPSV�&RQIHUHQFH��0XQLFK��SS�����������������>�@ 6DZDGD�1���7DQDND�7���0DVKLPR�.���'HYHORSPHQW�RI�RUJDQLF�ZRUNLQJ�IOXLGV�DQG�DSSOLFDWLRQ� WR�DEVRUSWLRQ�V\VWHPV�� ,QWHUQDWLRQDO� $EVRUSWLRQ� +HDW� 3XPSV�&RQIHUHQFH�� 1HZ� 2UOHDQV�� $60(�� $(6�9RO�� ���� SS�����������������>�@ %RHU� '��� 9DOODV� 0��� &RURQDV� $��� 3HUIRUPDQFH� RI�GRXEOH� HIIHFW� DEVRUSWLRQ� FRPSUHVVLRQ� F\FOHV� IRU� DLU�FRQGLWLRQLQJ� XVLQJ� PHWKDQRO�7(*'0(� DQG� 7)(�7(*'0(� V\VWHPV� DV� ZRUNLQJ� SDLUV�� ,QW�� -�� 5HIULJ���������SS�����������������>��@ 6DZDGD� 1��� 0LQDWR� .��� .XQLJL� <��� &\FOH�VLPXODWLRQ� DQG� &23� HYDOXDWLRQ� RI� DEVRUSWLRQ�FRPSUHVVLRQ� K\EULG� KHDW� SXPSV�� KHDW� DPSOLILHU� W\SH��,QWHUQDWLRQDO�$EVRUSWLRQ�+HDW�3XPSV�&RQIHUHQFH��1HZ�2UOHDQV�$60(��$(6�9RO������SS�����������������>��@ %HUOLW]� 7��� &HUNYHQLN� %��� +HOOPDQ� +�0��� =LHJOHU�)��� $� EDVLV� IRU� WKH� HQHUJHWLF� DVVHVVPHQW� RI� K\EULG�FRPSUHVVLRQ� VRUSWLRQ� F\FOHV�� ,QWHUQDWLRQDO� 6RUSWLRQ�+HDW�3XPSV�&RQIHUHQFH��0XQLFK��SS�����������������>��@ %RHU� '��� +XRU� +��� 3UHYRWV� 0��� &RURQDV� $���&RPELQHG� YDSRU� FRPSUHVVLRQ�GRXEOH� HIIHFW� DEVRUSWLRQ�F\FOHV� IRU� DLU�FRQGLWLRQLQJ�� D� QHZ� KLJK� SHUIRUPDQFH�F\FOH��,QWHUQDWLRQDO�$EVRUSWLRQ�+HDW�3XPSV�&RQIHUHQFH��1HZ� 2UOHDQV�� $60(�� $(6�9RO�� ���� SS� ����������������>��@ 'DOWURSKH�� 1�&��� -HOLQHN�� 0��� %RUGH� ,��� +HDW� DQG�PDVV� WUDQVIHU� LQ� D� WZR�SKDVH� IORZ� RI� D� ELQDU\� VROXWLRQ�DQG� JDV�� ��WK� ,QW��+HDW�7UDQVIHU�&RQIHUHQFH��%ULJKWRQ��,FKHP(��7D\ORU�	�)UDQFLV��9RO����SS�����������������>��@ 'DOWURSKH�� 1�&��� -HOLQHN�� 0��� %RUGH��� +HDW� DQG�PDVV� WUDQVIHU� LQ� D� MHW�HMHFWRU� IRU� DEVRUSWLRQ� V\VWHPV��

,QWHUQDWLRQDO�$EVRUSWLRQ�+HDW�3XPSV�&RQIHUHQFH��1HZ�2UOHDQV��$60(��$(6�9RO������SS�����������������>��@ /HY\�� $��� -HOLQHN��0��� %RUGH�� ,��� 6WXG\� RI� GHVLJQ�SDUDPHWHUV� RI� D� MHW� HMHFWRU� IRU� DEVRUSWLRQ� V\VWHPV��7KH���WK� ,QWHUQDWLRQDO� &RQJUHVV� RI� 5HIULJHUDWLRQ�� 6\GQH\��$XVWUDOLD���������>��@ /L�7LQJ�� &��� $� QHZ� HMHFWRU�DEVRUEHU� F\FOH� WR�LPSURYH�WKH�&23�RI�DQ�DEVRUSWLRQ�UHIULJHUDWLRQ�V\VWHP��$SSOLHG�(QHUJ\��9RO������SS��������������>��@ /HY\�� $��� -HOLQHN�� 0�� $QG� %RUGH�� ,��� 1XPHULFDO�VWXG\� RQ� WKH� GHVLJQ� SDUDPHWHUV� RI� D� MHW� HMHFWRU� IRU�DEVRUSWLRQ�V\VWHPV��VXEPLWWHG�IRU�SXEOLFDWLRQ����120(1&/$785(&23 � &RHIILFLHQW�RI�SHUIRUPDQFHI � &LUFXODWLRQ�UDWLRW � 7HPSHUDWXUH
6XEVFULSWVDEV����� $EVRUEHUFRQ���� &RQGHQVHUHYS���� (YDSRUDWRUJHQ���� *HQHUDWRU
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3(5)250$1&(6�'81�&<&/(�'$%62537,21�$�75,3/(�1,9($8�'(�35(66,21
5(680('DQV� OH� F\FOH� PRQRpWDJp� D� WURLV� QLYHDX[� GH� SUHVVLRQ� GpYHORSSH�� XQ� pMHFWHXU� D� MHW� GHVVLQH� VSpFLDOHPHQW� HVW� DMRXWH� D�O¶HQWUpH� GH� O¶DEVRUEHXU�� /¶DSSDUHLO� UHPSOL� GHX[� LPSRUWDQWHV� IRQFWLRQV�� LO� IDFLOLWH� OD� UpFXSpUDWLRQ� GH� OD� SUHVVLRQ� HW�DPpOLRUH�OH�SURFHVVXV�GX�PpODQJH�HQWUH�OD�VROXWLRQ�SDXYUH�HW�OD�YDSHXU�GX�FDORULJpQH�SURYHQDQW�GH�O¶pYDSRUDWHXU���&HV�HIIHWV�DFFURLVVHQW� OH�SURFHVVXV�G¶DEVRUSWLRQ�GH� OD� YDSHXU�GX�FDORULJpQH�GDQV� OHV�JRXWWHV�GH�VROXWLRQ�� �3RXU� OH�GHVVLQG¶XQ�pMHFWHXU�D� MHW�SRXU� OHV�PDFKLQHV�D�DEVRUSWLRQ��XQ�PRGqOH�QXPpULTXH�GH� WUDQVIHU�VLPXOWDQp�GH�FKDOHXU�HW�PDVVH�HQWUH�OHV�SKDVHV�OLTXLGH�HW�JD]HXVH�D�pWp�GpYHORSSH���/H�FDORULJpQH�5����HW�O¶DEVRUEHQW�'0(7(*�RQW�pWp�XWLOLVHV�GDQV�FHV�FDOFXOV�6XU�OD�EDVH�GX�SURJUDPPH�GH�VLPXODWLRQ�SRXU�RUGLQDWHXU��XQH�pWXGH�SDUDPpWULTXH�GX�F\FOH�G¶DEVRUSWLRQ�PRQRpWDJp�D�WURLV�QLYHDX[�GH�SUHVVLRQ�D�pWp�FRQGXLWH���/¶LQIOXHQFH�GH�O¶pMHFWHXU�D�MHW�VXU�OD�SHUIRUPDQFH�GX�F\FOH�G¶DEVRUSWLRQ�D�pWp�pWXGLH�
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