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�����0RGHUDWRU
7KH�ILUVW�VWHS�LQ�RSWLPL]DWLRQ�SURFHVV�RI�D�QHXWURQ�EHDP�FRQVLVWV�RI�WKH�WKHUPDOL]DWLRQ�RI�WKH�SDUWLFOHV��L�H��WKH\�DUHVORZHG�GRZQ�XQWLO�WKH\�UHDFK�DQ�HTXLYDOHQW�WHPSHUDWXUH�HTXDO�WR�WKH�HQYLURQPHQW��7KXV��WKH�PRGHUDWRU�PDWHULDO�PXVWKDYH�KLJK�DYHUDJH�ORJDULWKPLF�HQHUJ\�ORVV��[���'XGHUVWDGW�DQG�+DPLOWRQ��������ZKLFK�LV�GHILQHG�E\

¹̧·©̈§ ����� �$ �$OQ�$���$�� � ���
:KHUH�$�LV�WKH�PDVV�QXPEHU�RI�WKH�PRGHUDWRU�PDWHULDO��7KLV�PDWHULDO�VKRXOG�KDYH�D�KLJK�VFDWWHULQJ�FURVV�VHFWLRQ��6V��� DQG� D� ORZ�DEVRUSWLRQ� FURVV� VHFWLRQ�� �6D��� EHFDXVH�� RWKHUZLVH�� WRR�PDQ\� QHXWURQV� DUH� ORVW� GXH� WR� DEVRUSWLRQ��1RH[LVWLQJ�PDWHULDO�SRVVHVVHV�DOO� WKHVH�SURSHUWLHV��KRZHYHU�� LW� LV�SRVVLEOH� WR�SXW� WRJHWKHU� WKHVH�SDUDPHWHUV� DQG�GHILQH� DPRGHUDWLQJ�UDWLR��5P��E\�PHDQV�RI�WKH�H[SUHVVLRQ�

DVP �5 ¦¦ ���
7KH�PRGHUDWLQJ�UDWLR�LV�D�UHODWLYH�PHDVXUH�RI�WKH�FDSDFLW\�RI�D�PRGHUDWRU�LQ�VSUHDGLQJ�QHXWURQV�ZLWKRXW�DEVRUELQJ�DJUHDW�QXPEHU�RI�WKHP��,W�LV�VXSSRVHG�WR�EH�DV�ODUJH�DV�SRVVLEOH�VR�WKDW�D�JRRG�PRGHUDWLQJ�PDWHULDO�FDQ�EH�PHW��3URSHUWLHVRI�VRPH�PRGHUDWRUV�DUH�VKRZQ�LQ�7DE������

7DEOH����3URSHUWLHV�RI�WKH�PRGHUDWRU�PDWHULDOV�VWXGLHG�
0DWHULDO &KHPLFDOFRPSRVLWLRQ 'HQVLW\�J�FP�� [ [¦V �FP��� 5P/LJKW�:DWHU +�2 ��� ����� ���� ��
3DUDIILQ &��+�� ���� ����� ���� ��+LJK�'HQVLW\3RO\HWK\OHQH &�+� ���� ����� ���� ��

7KHVH�PRGHUDWRUV�ZHUH�VHOHFWHG�IRU�WKH�RSWLPL]DWLRQ�VWXG\�RI�WKH�PRGHUDWLQJ�VKLHOGLQJ�V\VWHP�RI�QHXWURQV�DULVLQJIURP�D����$P�%H�VRXUFH�ZLWK�����*%T�RI�DFWLYLW\����&L���)LJXUH�����VKRZV�WKH�JHRPHWULF�FRQILJXUDWLRQ�RI�WKH�QHXWURQVRXUFH� XVHG� LQ� WKLV� ZRUN�� )DEULFDWHG� ZLWK� D� FRPSDFWHG� PL[WXUH� RI� DPHULFLXP� R[LGH� ZLWK� EHU\OOLXP� PHWDO� SRZGHU�$PHUVKDP�� ������ DQG� GRXEO\� HQFDSVXODWHG� LQ� YDFXXP�PHOWHG� VWDLQOHVV� VWHHO� �JUDGH� $,6,������ VHDOHG� E\� DUJRQ� DUFZHOGLQJ�

)LJXUH����*HRPHWULF�FRQILJXUDWLRQ�RI����$P�%H�VRXUFH��+HUH��D��RXWHU�HQFDSVXODWHG�RI���FP�GLDPHWHU���FP�RI�KHLJKW�DQG�����FP�RI�ZDOO�WKLFNQHVV�� �E�� LQQHU�HQFDSVXODWHG�RI������FP�GLDPHWHU�� DQG������FP�RI�ZDOO�WKLFNQHVV�� �F�� ���$P�%HF\OLQGULFDO�VRXUFH�DQG��G��JHQHUDO�FRQILJXUDWLRQ�
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7KHUPDOL]DWLRQ�)DFWRU
:KHQ� WKH�XVH�RI� UDGLRLVRWRSHV�DV� VRXUFHV� IRU� WKHUPDO�QHXWURQ� UDGLRJUDSK\� LV� GHVLUHG�� WKH� UROH�RI� WKH�PRGHUDWLQJERG\�WKDW�KRVWV�WKH�VRXUFH�LV�WR�SURYLGH�WKH�ODUJHVW�SRVVLEOH�IOX[�RI�WKHUPDO�QHXWURQV��HQHUJLHV�OHVV�WKDQ���H9��LQ�D�UHJLRQIURP�ZKLFK� WKH� EHDP�PD\� EH� H[WUDFWHG� E\� WKH� FROOLPDWRU��+HQFH�� D� YHU\� LPSRUWDQW� SDUDPHWHU� LV� WKH� 7KHUPDOL]DWLRQ)DFWRU��7)��ZKLFK�LV�GHILQHG�E\��%DUWRQ��������

����IOX[WKHUPDO3HDN �Q�V�\LHOGQHXWURQ)DVW�7)�FP �� VFPQ ���
7KH�EHVW�PRGHUDWRU�WR�XVH�ZLWK�DQ�LVRWRSH�QHXWURQ�VRXUFH�LV�XVXDOO\�WKH�RQH�LQ�ZKLFK�D�VPDOO�YDOXH�IRU�7)��)RU�WKHILUVW� DQDO\VLV�� FDOFXODWLRQV� ZHUH� FDUULHG� RXW� WR� HYDOXDWH� WKH� HIILFLHQF\� RI� WKH� WKHUPDO� PRGHUDWLRQ� RI� VRPH� VHOHFWHGPDWHULDOV��7KH�FKRVHQ�JHRPHWULF�FRQILJXUDWLRQ�ZDV�D�F\OLQGHU�V\VWHP�ZLWK�UDGLXV�RI����FP��7KH� ���$P�%H�VRXUFH�ZDVSODFHG�LQ�WKH�FHQWHU�RI�WKH�VLPXODWHG�F\OLQGHU�V\VWHP�

�����&ROOLPDWRU
,Q� RUGHU� WR� GHDO� ZLWK� WKH� QHFHVVLW\� WR� HQKDQFH� WKH� DUHD� RI� UDGLRJUDSK\� LQVSHFWLRQ� RI� WKH� REMHFW�� DORQJ�ZLWK� WKHLVRWURS\�DQG�F\OLQGHU�JHRPHWU\�RI�WKH�VRXUFH��D�GLYHUJHQW�W\SH�FROOLPDWRU�ZDV�FRQVLGHUHG�LQ�WKLV�ZRUN��7KH�FROOLPDWRURSWLPL]DWLRQ�ZDV�IHDVLELOLW\�FRQVLGHUDWLRQ�WR�UHDFKLQJ� WKH�PD[LPXP� LQWHQVLW\�RI� WKHUPDO�QHXWURQV�DW� WKH� LPDJH�SODQH�)LJXUH�����VKRZV�WKH�JHRPHWULF�FRQILJXUDWLRQ�RI�WKH�SURSRVHG�V\VWHP�RI�WKHUPDO�QHXWURQV��7KH�V\VWHP�LV�FRPSRVHG�RI�D���$P�%H� VRXUFH� LPEHGGHG� LQ� D� ��� FP�WKLFN� PRGHUDWLQJ� FXEH� RI� KLJK� GHQVLW\� SRO\HWK\OHQH� DQG� D� FRQLF� GLYHUJHQWFROOLPDWRU� ZLWK� D� �� PP�WKLFN� OD\HU� RI� FDGPLXP� DWWDFKHG� WR� WKH� LQWHUQDO� ZDOOV�� ZKDW� HQVXUHV� WKDW� RQO\� WKH� WKHUPDOQHXWURQV� IURP� WKH� SULPDU\� EXQGOH� FDQ� DFWXDOO\� DUULYH� DW� WKH� LPDJH� SODQH�� 7KH� FROOLPDWRU� EDVH� ZDV� SRVLWLRQHGWDQJHQWLDOO\�DW������FP�IURP�WKH�VRXUFH��ZKLFK�LV�WKH�UHJLRQ�RI�PD[LPXP�RI�WKHUPDO�QHXWURQ�SURGXFHG�LQ�KLJK�GHQVLW\SRO\HWK\OHQH�� VHH� 7DE�� ����� 7KUHH� FRQLF� GLYHUJHQW� FROOLPDWRU� RI� GLIIHUHQW� VL]HV� ZHUH� DQDO\]HG� VR� DV� WR� HVWLPDWH� WKHWKHUPDO�QHXWURQ�IOX[�DW�WKH�LPDJH�SODQH�

)LJXUH����*HRPHWULF�FRQILJXUDWLRQ�RI�WKH�PRGHUDWLQJ�V\VWHP�
�����6KLHOGLQJ

$PRQJ�WKH�PDQ\�PDWHULDOV� WKDW�FDQ�EH�XVHG�WR�VKLHOG� WKH�SURSRVHG�15�V\VWHP�� WKH�SRO\HWK\OHQH�ERURQ��*XMUDWKLDQG�'¶DXULD��������ZDV�VHOHFWHG�EHFDXVH��EHVLGHV�EHLQJ�HIIHFWLYH�VKLHOGLQJ�PDWHULDOV�DQG�UHTXLULQJ�D�VPDOOHU�WKLFNQHVVWR�FRYHU�WKH�LUUDGLDWLQJ�V\VWHP�WKDQ�XVXDO�PDWHULDOV�IRXQG�LQ�WKH�OLWHUDWXUH��LW�FDQ�DOVR�EH�XWLOL]HG�LQ�H[WHUQDO�VWUXFWXUHV�DUH�VXLWDEOH�IRU� ORZ�EXGJHW�SURMHFWV�DQG�DUH�VDWLVIDFWRU\�KHDW�UHVLVWDQW��7KH�JHRPHWULF�FRQILJXUDWLRQ�RULJLQDOO\�FKRVHQIRU�WKH�VWXG\�RQ�WKH�VKLHOGLQJ�HIILFLHQF\�RI�WKH�PDWHULDO�SRLQWHG�RXW�LV�GHSLFWHG�LQ�)LJ������

)LJXUH����6LPXODWHG�JHRPHWULF�FRQILJXUDWLRQ�� UP��UDGLXV�RI� WKH�PRGHUDWLQJ�F\OLQGHU�RI�KLJK�GHQVLW\�SRO\HWK\OHQH� ���FP��DQG��UE��UDGLXV�RI�WKH�VKLHOGLQJ�F\OLQGHU�



7KH�PRGHO�RI�WKH�LUUDGLDWLQJ�V\VWHP�LV�FRPSULVHG�RI�D�KLJK�GHQVLW\�SRO\HWK\OHQH�PRGHUDWLQJ�F\OLQGHU�RI�IL[HG�UDGLXV���FP��UP���ZLWK�D�IL[HG�VRXUFH�DW�GH�FHQWHU��DQG�D�YDULDEOH�H[WHUQDO�UDGLXV�RI�WKH�VKLHOG��UE���DLPLQJ�DW�REWDLQLQJ�UDWHHVWLPDWHV�RI�WKH�GRVH�HTXLYDOHQWV�DW�WKH�H[WHUQDO�VXUIDFH�RI�WKH�VKLHOG�
���0RQWH�&DUOR�0&13�6LPXODWLRQ

7KH� /RV� $ODPRV� 1DWLRQDO� /DERUDWRU\� 0RQWH� &DUOR� 1�3DUWLFOH� UDGLDWLRQ� WUDQVSRUW� FRGH�� 0&13� LQ� �%� YHUVLRQ�%ULHVPHLVWHU�� ������ ZDV� HPSOR\HG� WR� SHUIRUP� WKH� FDOFXODWLRQV� LQ� WKLV� ZRUN�� 0&13� LV� D� JHQHUDO� SXUSRVH�� WKUHH�GLPHQVLRQDO�JHQHUDO�JHRPHWU\��WLPH�GHSHQGHQW��0RQWH�&DUOR�1�3DUWLFOH�FRGH� WKDW� LV�ZLGHO\�XVHG�DURXQG�WKH�ZRUG�IRUPDQ\� UDGLDWLRQ� SURWHFWLRQ� DQG� VKLHOGLQJ� DSSOLFDWLRQV�� 3KRWRQ� LQWHUDFWLRQV� LQ� WKH� 0&13�%� FRGH� DUH� SHUIRUPHG� E\0&13�SKRWRQ�OLEUDU\�0&3/,%��ZKLFK�LV�EDVHG�RQ�HYDOXDWHG�GDWD�IURP�(YDOXDWHG�1XFOHDU�'DWD�)LOHV��(1')���0&13KDV� D� JHQHUDOL]HG� LQSXW� ILOH� FDSDELOLW\� ZLWK� DOORZV� WKH� XVHU� WR� VSHFLI\� DQ� LQILQLWH� YDULHW\� RI� VRXUFH� DQG� GHWHFWRUFRQGLWLRQV�ZLWKRXW�KDYLQJ�WR�PDNH�PRGLILFDWLRQV�WR�WKH�0RQWH�&DUOR�VRXUFH�FRGH�LWVHOI��7KH�VL]H��VKDSH�DQG�VSHFWUXP�RIWKH�UDGLDWLRQ�VRXUFH��WKH�FRPSRVLWLRQ�DQG�FRQILJXUDWLRQ�RI�WKH�PHGLXP�WKURXJK�ZKLFK�SKRWRQV�DUH�WUDQVSRUWHG��DQG�WKHGHWHFWRU�JHRPHWU\�DQG�W\SH��HQHUJ\��IOX[�GHWHFWLRQ��HWF��DUH�DOO�XVHU�GHILQHG�SDUWV�RI�WKLV�LQSXW�ILOH�
���5HVXOWV

7KH� PRGHUDWLRQ� HIILFLHQF\�� GHILQHG� DV� WKH� IOX[� WKHUPDO� QHXWURQV� REWDLQHG� LQ� WKH� PRGHUDWRU� SHU� QHXWURQ� VRXUFH�,0(/���������WR�DQDO\]HG�PDWHULDOV�FDQ�EH�VHHP�LQ�)LJ�������7KH�IOX[�RI�WKHUPDO�QHXWURQV�IRU�SDUDIILQ��& ��+�����KLJKGHQVLW\�SRO\HWK\OHQH��&�+���DQG�OLJKW�ZDWHU��+����LV�DERXW�WKH�VDPH��VLQFH�WKH\�SRVVHVV�DSSUR[LPDWHO\�WKH�VDPH�QXPEHURI�K\GURJHQ�DWRPV�SHU�YROXPH�XQLW��,Q�DVVRFLDWLRQ�ZLWK�WKHVH�PDWHULDOV��WKH�IOX[�RI�WKHUPDO�QHXWURQV�GHFUHDVHV�UDSLGO\DV�WKH�UDGLXV�RI�WKH�PRGHUDWLQJ�F\OLQGHU�LQFUHDVHV�
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'LVWDQFH�IURP�WKH�FHQWHU�RI�WKH�VLPXODWHG�F\OLQGHU�V\VWHP��FP�

+LJK�'HQVLW\�3RO\HWK\OHQH/LJKW�:DWHU3DUDIILQ

)LJXUH����1RUPDOL]HG� WKHUPDO�QHXWURQ� IOX[� YDOXH�� FRQVLGHULQJ� WR� ���$P�%H� VRXUFH� LPPHUVHG� LQ�PRGHUDWRU�PDWHULDOV�KLJK�GHQVLW\�SRO\HWK\OHQH��OLJKW�ZDWHU�DQG�SDUDIILQ�
7DEOH�����VKRZV�WKH�WKHUPDOL]DWLRQ�IDFWRU��7)��YDOXHV�REWDLQHG�IURP�WKH�QRUPDOL]HG�WKHUPDO�QHXWURQ�IOX[����WKHUPDOIOX[���WKH�SRVLWLRQ�DW�ZKLFK�WKH�SHDN�RI�WKHUPDO�QHXWURQV�IOX[�WDNHV�SODFH�LQ�WKH�PRGHUDWLQJ�F\OLQGHU�ZLWK�LWV�UHVSHFWLYHYDOXH��WKH�HSLWKHUPDO�DQG�IDVW�IOX[�IRU�D����$P�%H�VRXUFH��7KH�HVWLPDWHV�DUH�QRUPDOL]HG�E\�VRXUFH�SDUWLFOH�

7DEOH����0RGHUDWLQJ�HIILFLHQF\�RI�WKH�DQDO\]HG�PDWHULDOV�
0DWHULDO &RPSRVLWLRQ 7)�FP�� 3RVLWLRQ�FP� 7KHUPDO)OX[D (SLWKHUPDO)OX[D )DVW)OX[D/LJKW�:DWHU +�2 ��� ��� ����(�� ����(�� ����(��3DUDIILQ &��+�� ��� ���� ����(�� ����(�� ����(��+LJK�'HQVLW\�3RO\HWK\OHQH &�+� ��� ���� ����(�� ����(�� ����(��D �Q�FP���V�� SHU�VRXUFH�QHXWURQ�UDWH�
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