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� &RUUHVSRQGLQJ�DXWKRU��7HO�������������������ID[�������������������(�PDLO�DGGUHVV��HWHPDG#FF�LXW�DF�LU

,QWURGXFWLRQ6WHQRVLV� PHDQV� UHGXFWLRQ� LQ� WKH� FURVV�VHFWLRQDO� DUHD� RI� EORRG� YHVVHOV�� :KHQ� LW�KDSSHQV�LQ� ODUJH�RU�PHGLXP�VL]HG�DUWHULHV�� LW�ZLOO� FDXVH� $WKHURVFOHURVLV�� 7KLV� SUREOHP�RFFXUV�ZKHQ� OLSLG�DQG�FKROHVWHURO� DV�ZHOO�DV�SUROLIHUDWLRQ� RI� FRQQHFWLYH� WLVVXHV� FDXVH�VWHQRVLV�� 7KLV� DUHD� UHGXFWLRQ� DOWHUV� WKH�QRUPDO� KHPRG\QDPLF� FRQGLWLRQV� IRU� IXUWKHU�LQIOXHQFH� RQ� GLVHDVH� GHYHORSPHQW� >���@�� )RU�LQVWDQFH�� ZDOO� VKHDU� VWUHVV� GLUHFWO\� DIIHFWV�ELRORJLFDO� IXQFWLRQ� RI� WLVVXHV�� VR� WKDW� VKHDU�VWUHVV� IOXFWXDWLRQ� FDXVHV� SODTXH� UXSWXUH� WKDW�

OHDGV� WR� DJJUHJDWLRQ� RI� VWHQRVLV� GHJUHH� DQG�WKURPERVLV�7KH� ILUVW� VWXG\� RQ� VWHQRVLV� LV� UHIHUUHG� WR�0DQQ�HW�DO� LQ�������$OO�DWWHPSWV�LQ�WKLV�ILHOG�VR� IDU� FDQ� EH� FDWHJRUL]HG� LQWR� H[SHULPHQWDO��DQDO\WLFDO� DQG� QXPHULFDO� PHWKRGV�� ,Q� YLYR�H[SHULPHQWV� VKRZ� WKDW� KHPRG\QDPLFV� KDV� D�YHU\� VSHFLDO� HIIHFW� RQ� DWKHURVFOHURVLV� >���@�DQG� DOVR� UHVXOWV� REWDLQHG� IURP� URWDWLQJ�YLVFRPHWHU�GHVFULEH�WKH�UHODWLRQVKLS�EHWZHHQ�KHPDWRFULW� DQG� QRQ�1HZWRQLDQ� EORRG� IORZ�EHKDYLRU�>���@��0DQ\�RWKHU�VWXGLHV�LOOXVWUDWHG�WKDW� XQGHU� ORZ� VKHDU� UDWH� EORRG� EHKDYHV� DV�
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QRQ�1HZWRQLDQ IOXLG�FKDUDFWHUL]HG�E\�&DVVRQ�PRGHO� >�@��%HVLGHV�� RWKHU� H[SHULPHQWV� XVLQJ�/DVHU�'RSSOHU�DQHPRPHWU\�>�@�DQG�K\GURJHQ�EXEEOH� DQG� G\H� LQMHFWLRQ� PHWKRGV� >�����@�KDYH�\LHOGHG�VRPH�VLJQLILFDQW�UHVXOWV�RQ�ZDOO�VKHDU�VWUHVV��0RVW� RI� WKH� LQYHVWLJDWLRQV� LQ� WKLV� ILHOG�ZHUH�EDVHG�RQ� VWHDG\� VWDWH�1HZWRQLDQ�EORRG� IORZ�IRU� PLOG� VWHQRVLV� >�����@�� )RU� H[DPSOH�� E\�VROYLQJ� VWHDG\� VWDWH� EORRG� IORZ� IHDWXUHV�WKURXJK� D[LV\PPHWULF� VWHQRVLV�� 6PLWK� >��@�FDOFXODWHG� WKH� IORZ� SDUDPHWHUV� LQ� SRVW�VWHQRWLF� UHJLRQ� DQG� LQGLFDWHG� KLJK�GHSHQGHQF\� RI� WKHVH� SDUDPHWHUV� RQ� HQWUDQFH�5H\QROGV�QXPEHU�DQG�VWHQRVLV�JHRPHWU\�8VLQJ� WKH� ILQLWH� GLIIHUHQFH� PHWKRG��'HVKSDQGH� >��@� VROYHG� VWHDG\� VWDWH�1HZWRQLDQ� ODPLQDU� EORRG� IORZ� WKURXJK�VWHQRVLV�� 0DQ\� RWKHU� UHVHDUFKHUV� VLPXODWHG�WKH� SUREOHP� XVLQJ� SXOVDWLOH RU� QRQ�1HZWRQLDQ�PRGHO�>�����@��7KH�PDLQ�SXUSRVH�RI�WKLV�SDSHU�LV�WR�VLPXODWH�SRVW�VWHQRWLF�IORZ�DW�SK\VLRORJLFDOO\�UHDOLVWLF�IORZ�FRQGLWLRQV�LQ�D[LV\PPHWULFDO� VWHQRVHG� &DURWLG� DUWHU\� ZLWK�����UHGXFWLRQ�LQ�FURVV�VHFWLRQDO�DUHD��%ORRG�IORZ�LV�DVVXPHG�WR�EH 1HZWRQLDQ�DQG�SRZHU�ODZ�PRGHO�QRQ�1HZWRQLDQ�DQG�WKH�GRPDLQ�LV���'�ZLWK�D�ULJLG�ZDOO��
0HWKRG6WHQRVLV�*HRPHWU\$PRQJ� RI� DOO� WKH� GLIIHUHQW� VWHQRVLV� VKDSHV�SUHVHQWHG� LQ� WKH� OLWHUDWXUH�� LQ� WKLV� VWXG\� WKH�RQH�VKRZQ�LQ�)LJXUH���LV�FRQVLGHUHG�WR�KDYH�WKH� SURSHU� JHRPHWU\�� $� WRWDO� RI� ��� FDURWLG�DUWHULHV� �D� FDURWLG� DUWHU\� LV� DQ� DUWHU\� WKDW�WUDQVIHUV� EORRG� WR� XSSHU� SDUWV� RI� ERG\�WKURXJK�QHFN�� KDYH�EHHQ�H[DPLQHG�E\�XVLQJ�DQ�XOWUDVRXQG�VFDQQHU�DQG�VRPH�LPDJHV�ZHUH�DFTXLUHG� >��@�� 6WHQRVLV� KDSSHQV�PRUH� OLNHO\�LQ�EHQG�VKDSHG�YHVVHOV�EXW�VLQFH�WKH�ORFDWLRQ�RI� VWHQRVLV� LQ� WKLV� DUWLFOH� LV� REWDLQHG�H[SHULPHQWDOO\� DQG�PDWKHPDWLFDOO\� >��@�� WKH�VWHQRVLV� JHRPHWU\� LV� QRW� D� IDU�IHWFKHG�DVVXPSWLRQ�� $V� VKRZQ� LQ� )LJXUH� ��� VWHQRVLV�FRPSULVHV� WZR� VHFWLRQV� RI� GLDPHWHU� FKDQJH�RQ� ERWK� VLGHV� DQG� D� IODW� UHJLRQ� LQ� EHWZHHQ��7KH� LQOHW� GLDPHWHU� LV� �PP�� SUH� DQG� SRVW�

VWHQRVLV� OHQJWKV� DUH� ��PP� DQG� ���PP��UHVSHFWLYHO\�� DQG� DOVR� ZKROH� VWHQRVLV� OHQJWK�LV� �����PP�� 3UR[LPDO� DQG� GLVWDO� HQGV� DUH�HDFK� DSSUR[LPDWHG� ZLWK� DQ� HUURU� IXQFWLRQ�ZLWK� D� OHQJWK� RI� ���PP�� %HFDXVH� RI� WKH�V\PPHWU\�DVVXPHG� LQ� WKH�DUWHU\��RQH�TXDUWHU�RI� LW�ZDV�FRQVLGHUHG�DV� IORZ�GRPDLQ�� ,Q� WKLV�LQYHVWLJDWLRQ��WKH�YHVVHO�ZDOOV�DUH�HODVWLF��EXW�ULJLG� DUWHU\� ZDOOV� LV� WDNHQ� DV� D� VLPSOLI\LQJ�DVVXPSWLRQ�LQ�WKLV�VWXG\�

)LJXUH��� 6WHQRVLV�JHRPHWU\
*RYHUQLQJ� (TXDWLRQV� DQG� %RXQGDU\� &RQGL�WLRQV�7KH� JRYHUQLQJ� HTXDWLRQV� DUH� FRQWLQXLW\� �(T����� DQG� PRPHQWXP� HTXDWLRQV� �(T�� ��� ZKHUH�SRZHU� ODZ�PRGHO� LV� XVHG� DV� WKH� FRQVWLWXWLYH�HTXDWLRQ��(T�����
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ZKLOH� U �� W�� X�� V �� W �� .�� J� DQG� Q� UHSUHVHQW�GHQVLW\�� WLPH�� YHORFLW\� YHFWRU�� VWUHVV� WHQVRU��VKHDU� VWUHVV� WHQVRU�� FRQVLVWHQF\� LQGH[�� VKHDU�UDWH� WHQVRU� DQG� SRZHU� ODZ� LQGH[�� UHV�SHFWLYHO\�7KHVH� HTXDWLRQV� DUH� VROYHG� HPSOR\LQJ� WKH�ILQLWH� FRQWURO� YROXPH� WHFKQLTXH�� $� QRQ�XQLIRUP� PHVK� GLVWULEXWLRQ� ZLWK� ������HOHPHQWV� ZDV� FRQVLGHUHG�� ZKLFK� LV� ILQHU� DW�ZDOO�UHJLRQV��(TXDWLRQV�ZHUH�IXOO\�LPSOLFLW�LQ�
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WLPH� DQG� VHFRQG� XSZLQG� GLIIHUHQFLQJ� ZDV�HPSOR\HG�IRU�DOO�HTXDWLRQV��0HVK�JHQHUDWLRQ�LV� GRQH� XVLQJ� *DPELW� VRIWZDUH� DQG� VLPXOD�WLRQ�LV�FDUULHG�RXW�XVLQJ�)OXHQW�VRIWZDUH�1R�VOLS� FRQGLWLRQV� RQ� ZDOOV� DQG� IXOO\�GHYHORSHG�FRQGLWLRQV�DW�WKH�RXWOHW�SODQH��DQG�WZR� V\PPHWU\� FRQGLWLRQV� �GXH� WR� D[LV\P�PHWULF� VWHQRVLV�� DUH� DVVXPHG� DV� ERXQGDU\�FRQGLWLRQV�� ,Q� WKH� VWHDG\� VWDWH� FDVH�� WKH�HQWUDQFH� 5H\QROGV� QXPEHU� LV� ����� 7KH�PD[LPXP� YDOXH� DW� V\VWROH� SHDN� LV� FKRVHQ�EHFDXVH�EORRG�YHORFLW\�UHDFKHV� LWV�PD[LPXP�YDOXH� DW� WKLV� SRLQW� DQG� PDNHV� D� FULWLFDO�FRQGLWLRQ�� ,Q� WKH�SXOVDWLOH�FDVH�� WKH�YDULDWLRQ�RI� LQOHW� YHORFLW\� LV� VKRZQ� LQ� )LJXUH� �� LQ�GLIIHUHQW�V\VWROH�DQG�GLDVWROH�WLPH�VWHSV��WS LV�FDOOHG� KHDUW� SXOVH� SHULRG�� ZKLFK� LV� HTXDO� WR����� VHF��� ,Q� WKH� SXOVDWLOH� FDVH�� WKH� HIIHFWV� RI�RQH� SXOVH� RQ� EORRG� IORZ� IHDWXUHV� DUH�SUHVHQWHG��%ORRG�GHQVLW\��LQ�ERWK�1HZWRQLDQ�DQG� QRQ�1HZWRQLDQ� FDVHV�� DQG� YLVFRVLW\� �LQ�1HZWRQLDQ� PRGHO�� DUH� ����NJ�P� DQG��������� NJ�PV�� UHVSHFWLYHO\�� ,Q� SRZHU� ODZ�PRGHO�� FRQVLVWHQF\� LQGH[� LV� ������� NJ�PV��QDQG�SRZHU�ODZ�LQGH[�LV������

)LJXUH����+XPDQ�FDURWLG�DUWHU\�ZDYHIRUP
5HVXOWV6LQFH� WKH� UHVXOWV� LQ� WKLV� DUWLFOH� DUH� EDVHG� RQ�QXPHULFDO�VLPXODWLRQ��LW�LV�XVHIXO�WR�FRPSDUH�UHVXOWV�REWDLQHG�XQGHU�VLPSOH�FRQGLWLRQV�ZLWK�DYDLODEOH� DQDO\WLFDO� UHVXOWV�� 7KH� UHODWLRQVKLS�EHWZHHQ�IULFWLRQ�IDFWRU�DQG�5H\QROGV�QXPEHU�LQ�1HZWRQLDQ�FDVH�LV�DV�IROORZV�

��5H�I  ���ZKHUH� I� DQG� 5H� DUH� )DQQLQJ� IULFWLRQ� IDFWRU�DQG�5H\QROGV�QXPEHU��UHVSHFWLYHO\��)RU�IXOO\�GHYHORSHG�IORZ��1HZWRQLDQ�IOXLG��DQG�VWHDG\�VWDWH� FRQGLWLRQV� LQ� WKH� FDVH� RI� ���� DUHD�UHGXFWLRQ�� WKH� SURGXFW� RI� IULFWLRQ� IDFWRU� DQG�5H\QROGV�QXPEHU�ZDV���������ZKLFK� LV�YHU\�FORVH� WR� WKH� DQDO\WLFDO� UHVXOWV� �(T�� ��� $OVR��WKH�YHORFLW\�SURILOH� IRU� Q ��ZDV� LQ�H[FHOOHQW�DJUHHPHQW�ZLWK WKH�SURILOH�REWDLQHG�IURP�WKH�DQDO\WLFDO�VROXWLRQ�*HQHUDOO\�� EORRG� YHORFLW\� LQFUHDVHV� ZKHQ�HQWHULQJ� VWHQRVLV�� DQG� DV� D� UHVXOW�� EORRG�SUHVVXUH� GHFUHDVHV�� 7KHUHIRUH�� WKH� YHORFLW\�UHDFKHV� LWV� PD[LPXP� YDOXH� LQ� SDVVLQJ�WKURXJK� WKH� VWHQRVLV� WKURDW�� :KHQ� EORRG�OHDYHV�VWHQRVLV��EHFDXVH�RI�VXGGHQ�H[SDQVLRQ�WKH� YHORFLW\� GHFUHDVHV� JUDGXDOO\�� 6R��ERXQGDU\� OD\HU� VHSDUDWLRQ� KDSSHQV� QHDU�DUWHU\�ZDOOV��&RQVHTXHQWO\��ZDOO� VKHDU� VWUHVV�EHFRPHV�]HUR�DQG�UHYHUVH�IORZ�RFFXUV��$OVR��YRUWLFHV� EHFRPH� LQHYLWDEOH��$V�EORRG�PRYHV�IRUZDUG�� IORZ� SDUDPHWHUV� UHFRYHU� WR� VRPH�H[WHQW��GHSHQGLQJ�RQ�WKH�EORRG�EHKDYLRU�DQG�WKH� PRGHO� HPSOR\HG�� )RU� H[DPSOH�� LQ� QRQ�1HZWRQLDQ� FDVH�� EORRG� LQOHW� FRQGLWLRQV� DUH�REWDLQHG� IDUWKHU� IURP� VWHQRVLV� �LQ�GRZQVWUHDP� UHJLRQ�� FRPSDUHG� WR� WKH�1HZWRQLDQ� FDVH�� 6R� GRPLQDQW� VHFRQGDU\�IORZV� DUH� VHHQ� XQWLO� EORRG� EHFRPHV� IXOO\�GHYHORSHG� LQ� GRZQVWUHDP� UHJLRQ�� )RU� EHWWHU�XQGHUVWDQGLQJ� RI� IORZ� IHDWXUHV�� WKH� UHJLRQ�GRZQVWUHDP� RI� VWHQRVLV� LV� GLYLGHG� LQWR�GLIIHUHQW�VXE�UHJLRQV�VHSDUDWHG�E\�SODQHV��'���'�� �'�� �'�� ��'� DQG� ��'� ZKHUH�'� LV� WKH�YHVVHO� GLDPHWHU� DQG� WKH� QXPEHUV� GHQRWH� WKH�GLVWDQFH�E\�ZKLFK�WKH�SODQH�LV�DZD\�IURP�WKH�VWHQRVLV�� )RU� LQVWDQFH�� �'� LV� D� SODQH� WKUHH�GLDPHWHUV�GRZQVWUHDP�RI�WKH�VWHQRVLV��
6WHDG\�6WDWH�%ORRG�)ORZ1HZWRQLDQ�0RGHO,Q� WKLV� FDVH�� IORZ� VHSDUDWLRQ� ]RQHV� DQG�UHYHUVH�IORZV�DUH�VWURQJ�DQG�GRPLQDQW�DV�WKH\�H[LVW�HYHQ�DW��'�DQG�DOVR�WKHUH�DUH�FLUFXODWLQJ�IORZV�HYHQ�DW���'��:DOO�VKHDU�VWUHVV�UHDFKHV�
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]HUR� LPPHGLDWHO\� DIWHU� OHDYLQJ� VWHQRVLV� DQG�WKHQ� EHFRPHV� QHJDWLYH� XQWLO� ����� PHWHU� RI�DUWHU\� OHQJWK� DQG� DIWHU� WKDW� LW� EHFRPHV�SRVLWLYH�� )LJXUH� �� VKRZV� ZDOO� VKHDU� VWUHVV�GLVWULEXWLRQ� DQG� WKH� IORZ� VHSDUDWLRQ� ]RQH��7KH�YHORFLW\�SURILOH�DW�SODQH��'�LV�SUHVHQWHG�LQ� )LJXUH� ��� )URP� WKLV� ILJXUH�� WKH�PD[LPXP�YHORFLW\� YDOXH� FRUUHVSRQGV� WR� WKH� DUWHU\�V\PPHWU\� OLQH��$OVR� UHYHUVH�YHORFLW\�YHFWRUV�H[LVW�QHDU�ZDOOV�RFFXS\LQJ�D�ODUJH�UDGLDO�DUHD�RI� WKH� DUWHU\��)LJXUHV� �� DQG� �� VKRZ�YRUWLFHV�QHDU� DQG� IDU� IURP� VWHQRVLV� �DW� �'� DQG� �'���UHVSHFWLYHO\�
1RQ�1HZWRQLDQ�0RGHO,Q�WKH�QRQ�1HZWRQLDQ�PRGHO��IORZ�VHSDUDWLRQ

)LJXUH���:DOO�VKHDU�VWUHVV��1HZWRQLDQ��VWHDG\�VWDWH

)LJXUH� �� 9HORFLW\� SURILOH�� 1HZWRQLDQ�� VWHDG\� VWDWH��SODQH��'

]RQHV�DUH�ZHDNHU�FRPSDUHG�WR�WKH�1HZWRQLDQ�FDVH� DV� WKH\�H[LVW� RQO\�XS� WR��'�DQG�GR�QRW�VSUHDG� YDVWO\� OLNH� LQ� WKH� 1HZWRQLDQ PRGHO��:DOO� VKHDU� VWUHVV�� YHORFLW\� SURILOH� DQG�FLUFXODWLQJ�IORZV�DUH�GHPRQVWUDWHG�LQ�)LJXUHV���������DQG�����UHVSHFWLYHO\��:DOO�VKHDU�VWUHVV�YDOXH� FKDQJHV� XQWLO� LW� UHDFKHV� ]HUR� DIWHU�VWHQRVLV�DQG�WKHQ�EHFRPHV�QHJDWLYH�LQ�����P�RI�DUWHU\�OHQJWK��)LJXUH���� )URP�)LJXUH����LW�LV� FOHDU� WKDW� UHYHUVH� IORZV� DUH� OLPLWHG� WR� D�YHU\� WKLQ OD\HU�� $FFRUGLQJ� WR� )LJXUHV� �� DQG�����FLUFXODWLQJ�IORZV�UHPDLQ�XQWLO��'��ZKLFK�DUH� DJDLQ� IRUPHG� LQ� PRUH� OLPLWHG� DUHD�� $OO�RWKHU� GLVWXUEDQFHV�� ZKLFK� UHPDLQ� ORQJHU� LQ�QRQ�1HZWRQLDQ�PRGHO�� DUH� GXH� WR� VHFRQGDU\�IORZV�

)LJXUH� �� ��'� YHORFLW\� YHFWRU�� 1HZWRQLDQ�� VWHDG\�VWDWH��SODQH��'

)LJXUH� �� ��'� YHORFLW\� YHFWRU�� 1HZWRQLDQ�� VWHDG\�VWDWH��SODQH��'
����

�������

� ����� ���� ������ ��� ���������������� ������ ���������������������3RVLWLRQ��P�
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)LJXUH� �� :DOO� VKHDU� VWUHVV�� QRQ�1HZWRQLDQ�� VWHDG\�VWDWH

)LJXUH� �� 9HORFLW\� SURILOH�� QRQ�1HZWRQLDQ�� VWHDG\VWDWH��SODQH��'

)LJXUH��� ��'�YHORFLW\�YHFWRU��QRQ�1HZWRQLDQ��VWHDG\VWDWH��SODQH��'3XOVDWLOH�%ORRG�)ORZ

1HZWRQLDQ�0RGHO�)LJXUH� ��� SUHVHQWV� WKH� ZDOO� VKHDU� VWUHVV� IRU�V\VWROH� SHDN�� SXOVDWLOH� IORZ� DQG� 1HZWRQLDQ�PRGHO� ZKLOH� YHORFLW\� YHFWRU� DQG� FRQWRXU�SORWV�DUH�GHPRQVWUDWHG�WKURXJK�ILJXUHV�������,Q WKH�HDUO\�SDUW�RI�V\VWROH�IURP�W�WS ��WR������EORRG�IORZ�GHFHOHUDWHV��7KXV��IORZ�VHSDUDWLRQ�]RQH�DQG�UHYHUVH�IORZ�RFFXU�XQWLO��'��,Q�WKLV�VWDJH��QR�VLJQLILFDQW�YRUWH[� LV�VHHQ��%HWZHHQ�W�WS �����WR������EORRG�IORZ�DFFHOHUDWHV�DQG�DW����� LW� UHDFKHV� D� V\VWROH� SHDN�� 6R�� UHYHUVH�IORZV� KDSSHQ� HYHQ� DW� ��'� LQ� SRVW� VWHQRWLF�UHJLRQ�� EXW� IXOO\�GHYHORSHG� FRQGLWLRQV� DUH�REWDLQHG� DW RXWOHW�� $OVR�� VPDOO� YRUWLFHV� DUH�SHUFHLYHG� DW� SODQH� �'�� %ORRG� IORZ� YHORFLW\�GHFUHDVHV�XQWLOO�W�WS ������

)LJXUH� ��� ��'� YHORFLW\� YHFWRU�� QRQ�1HZWRQLDQ��VWHDG\�VWDWH��SODQH��'

)LJXUH���� :DOO�VKHDU�VWUHVV��1HZWRQLDQ��V\VWROH�SHDN��SXOVDWLOH
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7KHUHIRUH�� UHYHUVH� IORZ� GRHVQ
W� H[LVW� DIWHU��'��EXW�YRUWLFHV�EHFRPH�ODUJHU�VR�DW��'�WKH\�H[LVW�� DQG� WKH\� DSSHDU� WR� EH� SXVKHG� WRZDUG�WKH� OLQH� RI� V\PPHWU\�� )URP� W�WS � ����� WR������ UHYHUVH� IORZV� H[LVW� XQWLO� �'�� 7KH� ODVW�VWDJH� IURP� W�WS ���� WR� ������ ZKHUH� IORZ�FRPSOHWHO\� GHFHOHUDWHV� DQG� EORRG� IORZ�SDWWHUQ�ZHDNHQV�DQG�DW�W�WS ������WKHUH�LV�QRW�D� UHYHUVH� IORZ� DW� �'�� DQG� FLUFXODWLQJ� IORZV�EHFRPH�ZHDN�HYHQ�DW��'��DQG�YRUWH[�PRYHV�WR� WKH� V\PPHWU\� OLQH�� :DOO� VKHDU� VWUHVV�UHDFKHV� LWV� PD[LPXP� YDOXH� DW� W�WS ���� �DW�V\VWROH�SHDN��
1RQ�1HZWRQLDQ�0RGHO)LJXUH� ������ SUHVHQW� WKH� ZDOO� VKHDU� VWUHVV��YHORFLW\� YHFWRU� DQG� FRQWRXU� SORWV� IRU� V\VWROH�SHDN�� SXOVDWLOH� IORZ� DQG� QRQ�1HZWRQLDQ�PRGHO��)URP W�WS �� WR� ������ ZKHQ� EORRG� IORZ�GHFHOHUDWHV�� UHYHUVH� IORZ� LV� QRW� VHHQ� LQ� SRVW�VWHQRWLF�UHJLRQ��EXW�FLUFXODWLQJ�IORZV�LQFUHDVH�ZKHQ� YHORFLW\� GHFUHDVHV�� :KHQ� EORRG� IORZ�DFFHOHUDWHV� DQG� UHDFKHV� WKH� PD[LPXP� SHDN�YDOXH� LQ� V\VWROH� �W�WS�  ������ UHYHUVH� IORZV�H[LVW� HYHQ� DIWHU� �'�� &LUFXODWLQJ� YHORFLW\�YHFWRUV�DUH�VHHQ�LQ�D�ZLGH�UHJLRQ�LQ�SODQH��'�QHDU�ZDOO��7KLV�LV�WUXH�XS�WR��'��$W�WKLV�SODQH��QR�UHYHUVH�IORZV�RFFXU�EXW�LPPHGLDWHO\�DIWHU�WKDW�� EHWZHHQ� SODQH� �'� XS� WR� ��'��GLVWXUEDQFH� LQ� YHORFLW\� YHFWRUV� DUH� VHHQ�� $V�YHORFLW\� GHFUHDVHV� UHYHUVH� IORZV� GLVFRXUDJH�EXW�FLUFXODWLQJ�FRUH �W�WS ����WR��������UHYHUVH�IORZV� ZHDNHQ�� RI� FRXUVH�� DW� ����� WKHUH� LV� D�IORZ� VHSDUDWLRQ� ]RQH� DW� �'�� 7RWDOO\� LQ�GHFHOHUDWLQJ�SKDVH� LQ�RQH� WLPH�VWHS�DV�EORRG�JRHV�DZD\�IURP�VWHQRVLV��YRUWH[�PRYHV�DZD\�IURP� V\PPHWU\� OLQH� WR� WKH� RWKHU� V\PPHWU\�IDFH��ZKLFK�GRHV�QRW� FRQWDLQ� V\PPHWU\� OLQH��,Q�WKH�VHFRQG�YHORFLW\�LQFUHDVLQJ�SKDVH��W�WS ������WR��������EHLQJV�DW�V\PPHWU\�IDFH��ZKLFK�GRHV� QRW� FRQWDLQ� V\PPHWU\� OLQH��� ,Q� WKH�VHFRQG� GHFHOHUDWLQJ� SKDVH� IURP� W�WS � ���� WR�������UHYHUVH�IORZ�LV�VHHQ�DW�SODQH��'�DQG�DV�YHORFLW\�GHFUHDVHV�� UHYHUVH� IORZ�DQG�YRUWLFHV�ZHDNHQ�� %XW�� IORZ� GLVWXUEDQFH� LV� VHHQ� HYHQ�

IDU� IURP� VWHQRVLV� DQG� DW� RXW� IORZ� YHORFLW\�YHFWRUV�DUH�LQFOLQHG�WR�WKH�V\PPHWU\�IDFH�DQG�ZDOO�FRUQHU�

)LJXUH� ��� 9HORFLW\� FRQWRXUV�� 1HZWRQLDQ�� SODQH� �'��V\VWROH�SHDN��SXOVDWLOH

)LJXUH����� ��'�YHORFLW\�YHFWRU��1HZWRQLDQ�SODQH��'��V\VWROH�SHDN��SXOVDWLOH

)LJXUH� ���� 9HORFLW\� FRQWRXUV 1HZWRQLDQ�� SODQH� �'�V\VWROH�SHDN��SXOVDWLOH
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)LJXUH���� ��'�YHORFLW\�YHFWRU��1HZWRQLDQ��SODQH��'��W�WS ����

)LJXUH���� :DOO� VKHDU� VWUHVV�� QRQ�1HZWRQLDQ�� V\VWROH�SHDN��W�WS ����

)LJXUH���� ��'�YHORFLW\�YHFWRU��QRQ�1HZWRQLDQ��SODQH��'��W�WS ���

)LJXUH� ��� ��'� YHORFLW\� YHFWRU�� QRQ� 1HZWRQLDQ��SODQH�'��W�WS ���

)LJXUH���� ��'�YHORFLW\�YHFWRU��QRQ�1HZWRQLDQ��SODQH��'��W�WS �

)LJXUH� ���� 9HORFLW\� FRQWRXU�� QRQ�1HZWRQLDQ�� SODQH��'��W�WS ����
�����

������
���

�� ����� ����� �������������������������� ������ ������� ����� ������ ����3RVLWLRQ��P�
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&RQFOXVLRQV,Q� WKLV� LQYHVWLJDWLRQ�� EORRG� IORZ� IHDWXUHV�DORQJ� VWHQRVLV� ZHUH� FRQVLGHUHG�� ,Q� VWHDG\�VWDWH�DQG�1HZWRQLDQ�EORRG�IORZ��UHYHUVH�DQG�FLUFXODWLQJ�IORZV�DUH�VWURQJHU�WKDQ�LQ�WKH�QRQ�1HZWRQLDQ� FDVH� DQG� WKH\� H[LVW� IDUWKHU� IURP�VWHQRVLV�FRPSDUHG�WR�WKH�QRQ�1HZWRQLDQ�RQH��0D[LPXP� VKHDU� VWUHVV� UHDFKHV� LWV� JUHDWHVW�YDOXH� IRU� 1HZWRQLDQ� IOXLGV DPRQJ� DOO�PRGHOV�� EXW� VHFRQGDU\� IORZV� H[LVW� ORQJHU� LQ�WKH� QRQ�1HZWRQLDQ� FDVH�� ,Q� SXOVDWLOH� PRGHO�DQG� LQ� WKH� 1HZWRQLDQ� FDVH�� UHYHUVH� IORZ�H[LVWV�HYHQ�IDU�IURP�VWHQRVLV��EXW�LW�EHFRPHV�D� OLPLWHG� UHJLRQ� LQ� WKH� QRQ�1HZWRQLDQ� FDVH��9RUWLFHV� H[LVW� LQ� ERWK�PRGHOV�� $V� 5H\QROGV�QXPEHU� UHDFKHV�������DW�V\VWROH�SHDN�DQG�DW�VWHQRVLV� WKURDW��� EORRG� IORZ� EHFRPHV�WXUEXOHQW��1RQ�1HZWRQLDQ� EHKDYLRU� HQIRUFHV�YRUWLFHV� DQG� IORZ� UHPDLQV� GLVWXUEHG� IRU� D�ORQJ�WLPH��
5HIHUHQFHV�� 7X�� &��� DQG� 'HYLOOH�� 0�� �3XOVDWLOH� IORZ RI�QRQ�1HZWRQLDQ� IOXLGV� WKURXJK� DUWHULDO�VWHQRVLV��� -RXUQDO� RI� %LRPHFK ��� ���������������� 7H[RQ��0���7KH�UROH�RI�YDVFXODU�G\QDPLFV�LQ�WKH� GHYHORSPHQW� RI� DWKHURVFOHURVLV���$FDGHPLF�3UHVV��S�������������� 0D\�� $��� :HHVH�� -�$�*��� DQG� 5RE�� &�*����+HPRG\QDPLF� HIIHFW� RI� DUWHULDO� VWHQRVLV���-RXUQDO�RI�6XUJHU\������������������ )LGG�� 5�9��� %\DU�� '��� DQG� (GZDUGV�� (�$����)DFWRUV� DIIHFWLQJ� IORZ� WKURXJK� D� VWHQRVHG�YHVVHO���$UFKLYHV�RI�VXUJHU\����������������� .LQGW��*�:���DQG�$XOLDQ��5�����7KH�HIIHFW�RI�VWULFWXUH� OHQJWK� RQ� FULWLFDO� DUWHULDO� VWHQRVLV���6XUJHU\�� *\QHFRORJ\� DQG� 2EVWHWULFV �� ����������������� %XJOLDUHOOR�� *��� .DSXU�� &��� DQG� +VLDR�� *����7KH� SURILOH� YLVFRVLW\� DQG� RWKHU�FKDUDFWUHVWLFV�RI�EORRG�IORZ�LQ�D�QRQ �XQLIRUP�VKHDU� ILHOG��� 3URFHHGLQJ RI 7KH� )RXUWK� ,QW��&RQJ��RQ�5KHRORJ\���6\PS��2I��%LRUKHRORJ\��SS������������������� 5DQG��3�:���/DFRPEH��(���DQG�$XVWLQ��:�+����9LVFRVLW\� RI� QRUPDO� EORRG� XQGHU�QRUPRWKHUPLF� DQG� K\SRWKHUPLF� FRQGLWLRQV ���-�DSSO�3K\VLRO�����������������

�� 0HUULOO�� )�:��� %HQLV�� $�0��� DQG� 6DO]PDQ��(�:��� �3UHVVXUH�IORZ� UHODWLRQV� RI� KXPDQ�EORRG�LQ�KROORZ�ILEHUV�DW�ORZ�IORZ�UDWHV ����-��DSSO��3K\VLR������������������� $KPHG�� 6�$��� DQG� *LGGHQV�� '�3��� �3XOVDWLOH�SRVWVWHQRWLF� IORZ� VWXGLHV�ZLWK� ODVHU�'RSSOHU�DQHPRPHWU\���-��%LRPHFK�������������������� /LHEHU�� %��� �2UGHU� DQG� UDQGRP� VWUXFWXUHV� LQ�SXOVDWLOH� IORZ� WKURXJK� FRQVWULFWHG� � WXEHV���3K�'� 7KHVLV�� *HRUJLD� ,QV�� 7HFK�� $WODQWD����������� 2MKD�� 0��� DQG� &REEROG�� 5�6�&��� �3XOVDWLOH�IORZ� WKURXJK� FRQVWULFWHG� WXEHV�� DQ�H[SHULPHQWDO� LQYHVWLJDWLRQ� XVLQJ�SKRWRFURPLF�WUDFHU�PHWKRGV���-��)OXLG�0HFK��������������������� *LMVHQ�� )�-�+��� DQG� 3DOPHQ�� '�(�0����$QDO\VLV�RI�WKH�D[LDO�IORZ��IXLOG�LQ�VWHQRVHG�FDULWLG� DUWHU\� ELIXUFDWLRQ� PRGHOV� /'$�H[SHULPHQWV����-��%LRPHFK�������������������� 6KXNOD�� -�%���3DULKDU�� 5�6��� DQG�*XSWD�� 6�3����(IIHFWV� RI� SHULSKHUDO� OD\HU� YLVFRVLW\� RQ�EORRG� IORZ� WKURXJK� WKH� DUWHU\� ZLWK� PLOG�VWHQRVLV���%XOO��0DWK��%LRO�������������������� 0LVUD��-�&���3DWUD��0�.���DQG�0LVUD��6�&����$�QRQ�1HZWRQLDQ� IOXLG� PRGHO� IRU� EORRG� IORZ�WKURXJK� DUWHULHV� XQGHU� VWHQRWLF� FRQGLWLRQV� ��-�%LRPHFK������ �������������� 'DPRGDUDQ�� 9��� DQG� &KDQJ�� &��� �1XPHULFDO�VWXG\� RI� VWHDG\� ODPLQDU� IORZ� WKURXJK� WXEHV�ZLWK�PXOWLSOH� FRQVWULFWLRQV�XVLQJ�FXUYLOLQHDU�FR�RUGLQDWHV��� -�� 1XP�0HWK�� IOXLGV�� � ������������������ 6PLWK��)�7��� ��7KH�VHSDUDWLRQ�IORZ�WKURXJK�D�VHYHUHO\� FRQVWULFWHG� V\PPHWULF� WXEH��� -��)OXLG�0HFK�������������������� 'HVKSDQGH�� 0�'��� *LGGHQV�� '�3��� DQG�0DERQ�� 5�)��� �6WHDG\� ODPLQDU� IORZ� WKURXJK�PRGHOHG� YDVFXODU� VWHQRVHV��� -�%LRPHFK��� ���������������� )XNXVKLPD�� 7��� $]XPD�� 7��� DQG�0DWVX]DZD��7����1XPHULFDO�DQDO\VLV�RI�EORRG�IORZ�LQ�WKH�YHUWHEUDO� DUWHU\��� -�%LRPHFK�(QJ��� ������������������ 7KHRGRURX�� *��� DQG� � %HOOHW�� '��� �/DPLQDU�IORZV� RI� D� QRQ�1HZWRQLDQ� IOXLG� LQ� PLOG�VWHQRVLV��� &RPSXWHU� PHWKRGV� LQ� DSSOLHG�0HFK��DQG�(QJ�������������������� 1DNDPXUD��0��� DQG� 6DZDGD�� 7��� �1XPHULF DO�VWXG\� RQ� WKH� XQVWHDG\� IORZ� RI� 1RQ�1HZWRQLDQ� IOXLG��� � -�� %LRPHFK�� (QJ��� ���������������
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��� 7KHRGRURX�� *��� DQG� %HOOHW�� %��� �/DPLQDU�IORZV� RI� D� QRQ�1HZWRQLDQ� IOXLG� LQ� PLOG�VWHQRVLV��� &RPSXWHU� PHWKRGV� LQ� DSSOLHG�0HFK��DQG�(QJ�������������������� 0RD\HUL��0�6���DQG�9DOL��$����(IIHFWV�RI�QRQ�1HZWRQLDQ� SURSHUWLHV� RI� EORRG� RQ� IORZ�FKDUDFWHULVWLFV� WKURXJK� D� VWHQRVLV��� � ,UDQLDQ�-��6FLHQFH�DQG�7HFKQRORJ\��������������������� 'HSODQR��(��� DQG�6LRXIIL��0��� �([SHULPHQWDO�DQG� QXPHULFDO� VWXG\� RI� SXOVDWLOH� IORZV�WKURXJK� VWHQRVLV�ZDOO� VKHDU� VWUHVV� DQDO\VLV���-��%LRPHF��������������������� /RQJ�� 4��� DQG� ;X�� ;�<��� �1XPHULFDO�LQYHVWLJDWLRQ�RI�SK\VLRORJLFDOO\�UHDOLVWLF�IORZ�WKURXJK� DUWHULDO� VWHQRVLV��� -�� %LRPHFK��� ���������������


