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$EVWUDFW$�FDVH�VWXG\� LV�SUHVHQWHG� LQ�ZKLFK� WZR�PRGLILFDWLRQV�RI�DFWLYDWHG�VOXGJH� WUHDWPHQW�RI�FRPSOH[�FKHPLFDO�ZDVWHZDWHU�DUH�H[SHULPHQWDOO\�FRPSDUHG��D�FRPELQDWLRQ�RI�FRPPRQ�DFWLYDWHG� VOXGJH� ZLWK SRZGHUHG� DFWLYDWHG� FDUERQ� WUHDWPHQW� �3$&7��� DQG�ELRDXJPHQWDWLRQ� RI� DFWLYDWHG� VOXGJH� WUHDWPHQW� �%$67�� ,QGXVWULDO�ZDVWHZDWHU� RI�3DUV�2LO�5HILQHU\�WKDW�ZDV�SDVVHG�WKURXJK�DQ�RLO�UHFRYHU\�VWDJH�ZDV�XVHG�WR�LQYHVWLJDWH�WKH�HIIHFW� RI� IXUIXUDO� RQ� WZR� WUHDWPHQW� SURFHVVHV� LQ� WKH� UDQJH� EHWZHHQ� ��������� SSP��)XUIXUDO� ZDV� DGGHG�PDQXDOO\�� )RU� FRPSDULVRQ�� IXUIXUDO��&2'��0/66� �0L[HG� /LTXRU�6XVSHQGHG�6ROLGV��FRQFHQWUDWLRQV�DQG�69,��6OXGJH�9ROXPH�,QGH[��ZHUH�PHDVXUHG�GDLO\��7KH�UHVXOWV�VKRZ�D�OLWWOH�KLJKHU�&2'�UHPRYDO�HIILFLHQF\�LQ�3$&7�V\VWHP�DQG�WKH�VDPH�IXUIXUDO� UHPRYDO� LQ� ERWK� PHWKRGV� %XW� LW� VKRXOG� EH� PHQWLRQHG� WKDW� DW ORZ� +57��+\GUDXOLF� 5HWHQWLRQ� 7LPH��� %$67� V\VWHP� VKRZHG� EHWWHU� UHVXOWV� LQ� ERWK� IXUIXUDO� DQG�&2'� UHPRYDO� WKDQ� 3$&7� V\VWHP�� 69,� PHDVXUHPHQW� VKRZV� WKDW� VHWWDELOLW\� RI� HIIOXHQW�VOXGJH� LQ� %$67� V\VWHP� ZDV� DOZD\V� EHWWHU� WKDQ� LQ� 3$&7� V\VWHP�� %HFDXVH� RI� UDSLG�JURZWK� RI� PLFURELDO� ELRPDVV� LQ� %$67� V\VWHP�� WKH� 0/66� FRQFHQWUDWLRQ� LQ� WKLV�PRGLILFDWLRQ�ZDV�KLJKHU�WKDQ�LQ�3$&7�V\VWHP�DQG�LQ�WKLV�ZD\��%$67�V\VWHP�KDV�D�ORZHU�UHTXLUHPHQW� WR� UHWXUQ� VOXGJH� WKDQ� 3$&7� V\VWHP� )LQDOO\�� LW� FRXOG� EH� FRQFOXGHG� WKDW�%$67�V\VWHP�PD\�EH�DQ�DWWUDFWLYH�DOWHUQDWLYH�WR�H[LVWLQJ�3$&7�V\VWHP�DQG�LI�WKH�IRUPHULV�XVHG��LW�ZLOO�UHVXOW LQ ERWK�KLJK�SHUIRUPDQFH�DQG�RSWLPXP�FRQGLWLRQV�ZLWK�HFRQRPLFDO�RSHUDWLRQ�.H\ZRUGV� $FWLYDWHG� 6OXGJH�� 3RZGHUHG� $FWLYDWHG� &DUERQ� �3$&��� %LRDXJPHQWDWLRQ��)XUIXUDO
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,QWURGXFWLRQ7KH�SUHVHQFH�RI�WR[LF�RUJDQLF�FRPSRXQGV�LQ�UHFHLYLQJ� ZDWHUV� DQG� ZDWHU� VXSSOLHV� KDV�PRGLILHG� WKH� HPSKDVLV� RI� ZDVWHZDWHU� WUHDW�PHQW� GXULQJ� WKH� SDVW� VHYHUDO� GHFDGHV���+LVWRULFDOO\�� ZDVWHZDWHU� WUHDWPHQW� V\VWHPV�KDYH� EHHQ� GHVLJQHG� WR� UHPRYH� %2'��VXVSHQGHG�VROLGV��SDWKRJHQLF�RUJDQLVPV��DQG�QLWURJHQ�DQG�SKRVSKRUXV��EXW�WKH�UHPRYDO�RI�WKHVH�VXEVWDQFHV�DORQH�LV�QR�ORQJHU�VXIILFLHQW�

WR� SURWHFW� WKH TXDOLW\� RI� WKH� HQYLURQPHQW��'LVFKDUJH�UHJXODWLRQV�WKDW�LPSRVH�OLPLWDWLRQV�RQ� VSHFLILF� VXEVWDQFHV�� VXFK� DV� WKH� ����RUJDQLF� FRPSRXQGV� GHVLJQDWHG� DV� SULRULW\�SROOXWDQWV�E\� WKH�8�6�(QYLURQPHQWDO�3URWHF�WLRQ� DJHQF\� �86(3$�� UHTXLUH� HYDOXDWLRQV�RI�WKH� FDSDELOLWLHV� RI� FRQYHQWLRQDO� ZDVWHZDWHU�WUHDWPHQW� V\VWHPV� IRU� UHPRYLQJ� VXFK�VXEVWDQFHV�6RPH� VWXGLHV� KDYH� LQGLFDWHG� WKDW� FRQYHQ�
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WLRQDO� ELRORJLFDO� WUHDWPHQW� VXFK� DV� DFWLYDWHG�VOXGJH�� ZLOO� QRW� EH� HIIHFWLYH� HQRXJK� LQ�UHPRYLQJ�DOO�FRPSRXQGV�WR�OHYHOV�FRQVLGHUHG�DFFHSWDEOH� IRU� GLVFKDUJH� >�@�� 5HPRYDO� RI�WKHVH� VXEVWDQFHV� ZLOO� UHTXLUH� PRGLILFDWLRQV�LQ� RU� DOWHUQDWLYHV� RI� WKH� H[LVWLQJ� WUHDWPHQW�V\VWHPV�� $� YDULHW\� RI� PRGLILFDWLRQV� DQG�DOWHUQDWLYHV� WR� FRQYHQWLRQDO� ELRORJLFDO� WUHDW�PHQW� SURFHVVHV� KDYH� EHHQ� VXJJHVWHG� DQG�HYDOXDWHG LQ� EHQFK�� SLORW� DQG� IXOO�VFDOH�WUHDWPHQW� V\VWHPV� GXULQJ� WKH� SDVW� ������\HDUV�� 2I� WKHVH�� WKH� DGGLWLRQ� RI� SRZGHUHG�DFWLYDWHG�FDUERQ��3$&��WR�WKH�DHUDWLRQ�EDVLQV�RI�DFWLYDWHG� VOXGJH�IDFLOLWLHV�KDV�HPHUJHG�DV�DQ� DWWUDFWLYH�� LQWHJUDWHG� DSSOLFDWLRQ� RI� ERWK�ELRORJLFDO� GHJUDGDWLRQ� DQG� DGVRUSWLRQ�WHFKQRORJ\� IRU� UHPRYDO� RI� RUJDQLF� FRP�SRXQGV�>�@��$FWLYDWHG�FDUERQV�GLIIHU� LQ� WKHLU�HIIHFWLYHQHVV� LQ� UHPRYLQJ� WR[LFLW\�� DQG�UHJHQHUDWLRQ� PD\� DIIHFW� DGVRUSWLRQ� HI�ILFLHQF\��6LQFH�FDUERQV�YDU\� LQ�FRVW�� WHVWV�RI�YDULRXV� FDUERQV� RQ� VSHFLILF�ZDVWHZDWHUV� DUH�UHTXLUHG�WR�VHOHFW�WKH�PRVW�FRVW�HIIHFWLYH�RQH�>�@��2Q�WKH�RWKHU�KDQG��EHFDXVH�RI�HFRQRPLF�DQG�VROLG�ZDVWH�GLVSRVDO�FRQVLGHUDWLRQV�� LW�LV�JHQHUDOO\� QHFHVVDU\� WR� UHJHQHUDWH� VSHQW�FDUERQ� IRU� UHXVH�� YLD� RQH� RI� VHYHUDO�WHFKQLTXHV >�@�� ,Q� WKLV� ZD\�� WKH� XVH� RI�DFWLYDWHG� FDUERQV� WR� UHPRYH� RUJDQLF� FRP�SRXQGV�PLJKW� QRW� EH� DQ� HFRQRPLFDO� SURFHVV�LQ�GHYHORSLQJ�FRXQWULHV�VXFK�DV�,UDQ�,Q� WKLV� UHSRUW� D� QRYHO� PRGLILFDWLRQ��ELRDXJPHQWDWLRQ�RI�DFWLYDWHG�VOXGJH��%$67��V\VWHP� LV� LQWURGXFHG� ZKLFK� PD\� EH� DQ�DWWUDFWLYH� DOWHUQDWLYH� WR� WKH� FRQYHQWLRQDO��3$&7�� V\VWHP� IRU� UHPRYLQJ� WR[LF�FRPSRXQGV� LQ� ZDVWHZDWHU�� %DFWHULDO� DXJ�PHQWDWLRQ� DQG� ELRDXJPHQWDWLRQ� DUH� WHUPV�WKDW�GHVFULEH�WKH�GLUHFW�DGGLWLRQ�RI�D�VHOHFWHG�PLFURELDO� ELRPDVV� LQ� RUGHU� WR� LPSURYH�FHUWDLQ� ELRORJLFDO� SURSHUWLHV� RI� D� SDUWLFXODU�HFRV\VWHP�>�@��7KLV�SURFHGXUH�KDV�EHHQ�XVHG�IRU�GHFDGHV�LQ�VRPH�HFRV\VWHPV�VXFK�DV�VRLO��,Q� WKH� ILHOG� RI� ZDVWHZDWHU� WUHDWPHQW�� WKH�OLWHUDWXUH� UHSRUWV� D� IHZ� FDVHV� RI� VXFFHVVIXO�ELRDXJPHQWDWLRQ�>�@��%HFDXVH�RI�ZLGHVSUHDG�XVH� RI� IXUIXUDO� ���IXUDQFDUER[DOGHK\GH�

2&+2+& �� �� DV� WKH� VROYHQW� LQ� PRWRU� RLO�UHILQHULHV� LQ� ,UDQ�� ZKLFK� LQFUHDVHV� WKH�WR[LFLW\� RI�ZDVWHZDWHU� DQG�PDNHV�ELRORJLFDO�WUHDWPHQW� YHU\� GLIILFXOW�� WKLV� FKHPLFDO� KDV�EHHQ� FKRVHQ� DV� D� WR[LF� FRPSRXQG� WR� EH�WHVWHG�0DWHULDOV�DQG�0HWKRGV$�&DVH�6WXG\�ZLWK�D�5HDO�:DVWHZDWHU6HYHUDO� VWXGLHV� KDYH� GHDOW� ZLWK� DFWLYDWHG�VOXGJH�ELRWUHDWPHQW��+RZHYHU��PRVW�RI�WKHP�KDYH� EHHQ� FDUULHG� RXW� XVLQJ� PRGHO�FRPSRXQGV� LQVWHDG�RI� UHDO�ZDVWHV��$OWKRXJK�XVH�RI�PRGHO�FRPSRXQGV�PD\�KHOS�LQ�JDLQLQJ�LQVLJKW� LQWR� VXLWDELOLW\� RI� WKH� SURFHVV� XQGHU�VWXG\�� WKH� HIILFLHQF\� RI� D� VSHFLILF� WUHDWPHQW�PD\� VLJQLILFDQWO\� YDU\� GHSHQGLQJ� RQ� WKH�FRPSRVLWLRQ�DQG�QDWXUH�RI� WKH�ZDVWHZDWHU�WR�EH� SURFHVVHG�� 7KHUHIRUH�� LQ� WKLV� ZRUN��H[SHULPHQWV� KDYH�EHHQ�FRQGXFWHG�XVLQJ� UHDO�ZDVWHZDWHU�JHQHUDWHG�LQ�WKH�3DUV�RLO�UHILQHU\�ORFDWHG� ��� NP�ZHVW� RI� 7HKUDQ�� ,UDQ�� ,Q� WKLV�UHILQHU\�� RLO� PDWHULDO� LV� H[WUDFWHG� IURP� OXEH�FXWV�XVLQJ�VROYHQWV�OLNH�IXUIXUDO��PHWK\O�HWK\O�NHWRQH� DQG� WROXHQH�� 3UHVHQFH� RI� WKHVH�VROYHQWV�� HVSHFLDOO\� IXUIXUDO�� LQFUHDVHV� WKH�WR[LFLW\� RI�ZDVWHZDWHU� DQG�PDNHV�ELRORJLFDO�WUHDWPHQW� YHU\� GLIILFXOW�� 7KH� HIIOXHQW�ZDVWHZDWHU�IURP�WKH�RLO�UHFRYHU\�SODQW�LQ�WKH�PDLQ� VLWH� RI� WKLV� UHILQHU\� ZDV� WDNHQ� WR�LQYHVWLJDWH� WKH� ELRWUHDWPHQW� RI� IXUIXUDO�FRQWDLQLQJ� ZDVWHZDWHU� E\� PRGLILFDWLRQ� RI�DFWLYDWHG� VOXGJH�� 7DEOH� �� VKRZV� FKDUDF�WHULVWLFV RI� WKH� UHDO� ZDVWHZDWHU� �XSSHU� DQG�ORZHU�OLPLWV��
7DEOH��� &KDUDFWHULVWLFV�RI WKH UHDO�ZDVWHZDWHU
7HPSHUDWXUH S+ &2' )XUIXUDO
���� �� &$ ����� ��������SSP ��������SSP

([SHULPHQWDO�6HW�XS7KH� WUHDWPHQW� SURFHVV� LQ� WKLV� UHVHDUFK� ZDV�SHUIRUPHG�LQ�WZR�DHURELF�ELRUHDFWRUV�RI�SLORW�VFDOH��2QH�RI� WKHP�ZDV� WKH�ELRDXJPHQWDWLRQ�RI�DFWLYDWHG�VOXGJH��%$6��DQG�WKH�RWKHU�ZDV�
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WKH� FRPPRQ� DFWLYDWHG� VOXGJH� V\VWHP� ZLWK�SRZGHUHG� DFWLYDWHG� FDUERQ� �3$&��� (DFK� RI�WKHVH� ELRUHDFWRUV� ZDV� D� FRPSOHWHO\� PL[HG�DFWLYDWHG� VOXGJH� XQLW� WKDW� FRQVLVWHG� RI� D�UHFWDQJXODU�DHUDWLRQ�EDVLQ�DQG�D�VHWWOLQJ�XQLW�ZLWK� D� ZRUNLQJ� YROXPH� RI� �� OLWHUV� DQG� ����OLWHUV�� UHVSHFWLYHO\��%RWK�XQLWV�ZHUH�PDGH�RIWUDQVSDUHQW�DFU\OLF� VKHHW��$LU�ZDV� LQWURGXFHG�WR� WKH� DHURELF� ELRUHDFWRU� WKURXJK� GLIIXVHU�VWRQHV� ZKLFK� SURYLGHG� DGGLWLRQDO� PL[LQJ� DV�ZHOO� DV� R[\JHQ� DW� D� UDWH� HQVXULQJ� VXIILFLHQW�R[\JHQ� FRQFHQWUDWLRQ ����� PJ�O��� $�FRQWLQXRXV� IORZ� RI� IHHG� ZDV� PDLQWDLQHG�XVLQJ�SHULVWDOWLF�SXPSV�
'HWHUPLQDWLRQ� RI�2SWLPXP�3$&�&RQFHQWUD �WLRQ(IIHFWLYHQHVV� RI� 3$&� LQ� UHGXFLQJ� IXUIXUDO�ZDV�HYDOXDWHG�E\�DGVRUSWLRQ�H[SHULPHQWV�LQ�D�EDWFK�PRGH��>�@7KH� H[SHULPHQWV� ZHUH� FRQGXFWHG� ZLWK� D�PXOWLSOH� VKDNLQJ� DSSDUDWXV�� &RQVWDQW�YROXPHV� ���� PO�� RI� WKH� ZDVWHZDWHU� ZHUH�VXSSOHPHQWHG� ZLWK� WKUHH� GLIIHUHQW� IXUIXUDO�FRQFHQWUDWLRQV� DQG� ZLWK� VWHDG\� VKDNLQJ� IRU���K� DW� URRP� WHPSHUDWXUH�� $IWHU� UHPRYDO� RI�WKH�FDUERQ�E\� ILOWUDWLRQ� WKURXJK�D�PHPEUDQH�ILOWHU� �����P P� SRUH� VL]H��� WKH� UHVLGXDO�IXUIXUDO�ZDV�GHWHUPLQHG�6RXUFH� RI� )XUIXUDO�'HJUDGLQJ� 0LFUR�RUJDQLVP,W� KDV� EHHQ� HVWDEOLVKHG� WKDW� PLFURELDO�PHWDEROLVP�RI�VSHFLILF�RUJDQLF�FRPSRXQGV�LV�LQFUHDVHG�E\�SULRU�H[SRVXUH�WR�WKH�FRPSRXQG�>�@��7KXV��SROOXWDQW�GHJUDGDWLRQ�LV�PRUH�UDSLG�LQ� FRQWDPLQDWHG� HQYLURQPHQWV� WKDQ� LQ�SULVWLQH� HQYLURQPHQWV�� 7KLV� VXJJHVWV� WKDW� D�JUHDWHU�QXPEHU�RI�PLFURRUJDQLVPV�FDSDEOH�RI�XWLOL]LQJ� IXUIXUDO� DV� D� VROH� VRXUFH� RI� FDUERQ�DQG�HQHUJ\�ZRXOG�EH�LVRODWHG�IURP�WKH�VLWH�RI�KLJKHVW�IXUIXUDO�FRQWDPLQDWLRQ�LQ�WKH�SROOXWHG�VOXGJH�� ,Q� WKLV�VWXG\��PLFURELDO� LVRODWHV�ZHUH�REWDLQHG�E\�VOXGJH�VDPSOLQJ�IURP�RQH�RI�WKH�ZDVWHZDWHU� FKDQQHOV� RI� 3DUV� RLO� UHILQHU\��ZKLFK� KDG� EHHQ� FKURQLFDOO\� H[SRVHG� WR�IXUIXUDO��

,VRODWLRQ�RI�)XUIXUDO�'HJUDGLQJ�%DFWHULD7KH� HQULFKPHQW� FXOWXUH� WHFKQLTXH� ZDV� XVHG�IRU�WKH�LVRODWLRQ�RI�GHVLUHG�RUJDQLVPV�>�@��$W�ILUVW�� RQH� JUDP� RI� FRQWDPLQDWHG� VOXGJH� ZDV�VXVSHQGHG� LQ� ��� PO� RI� GLVWLOOHG� ZDWHU� DQG�WKHQ� DOORZHG� WR� VLW� IRU� VXIILFLHQW� WLPH� IRU�VHGLPHQWDWLRQ� RI� VROLG� SDUWLFOHV�� 7KH� OLTXLG�SKDVH� ZDV� DVVD\HG� IRU� WKH� SUHVHQFH� RI�IXUIXUDO�GHJUDGLQJ� EDFWHULD�� 7KLV� PL[HG�FXOWXUH� ZDV� IXUWKHU� HQULFKHG� LQ� D� PLQHUDO�PHGLXP� �J�O� �����62�1+����+32. ����� �)H62�����2+�&D&O�O�PJ������2+��0J62 ����� ����2+� � � E\� VXFFHVVLYH� GDLO\� DGGLWLRQ� RI�IXUIXUDO� �DV� D� VROH� VRXUFH� RI� FDUERQ� IRU�PLFURELDO� JURZWK�� DQG� URXWLQHO\� WUDQVIHUUHG�WR�D�QHZ�PHGLXP�HYHU\���ZHHNV��7KH�S+�RI�WKH�PHGLXP�ZDV�PDLQWDLQHG� DW� ��� ,QGLYLGXDO�VWUDLQV� IURP� WKLV� FRQVRUWLXP� ZHUH� LVRODWHG�DQG�VXEVHTXHQWO\�PDLQWDLQHG�RQ�QXWULHQW�DJDU�SODWHV�DQG�VWRUHG�DV�VODQW�FXOWXUHV�XQGHU�RLO�DW�� &$ �� &XOWXUHV� ZHUH� JURZQ� WR� D� GHQVLW\� RI���� FHOOV�JU DQG�WKHQ�XVHG�IRU�%$67�V\VWHP�LQRFROXP�
$QDO\VLV&KHPLFDO� R[\JHQ� GHPDQG�� PL[HG� OLTXRU�VXVSHQGHG� VROLG� �0/66�� DQG� VOXGJH�YROXPH�LQGH[� �69,�� ZHUH� PHDVXUHG� XVLQJ� VWDQGDUG�PHWKRGV� >��@�� )XUIXUDO� FRQFHQWUDWLRQ� ZDV�PHDVXUHG� XVLQJ� 89� DEVRUSWLRQ�VSHFWUXP� DW�����QP��6KLPDG]X��
0DWHULDOV3RZGHUHG�DFWLYDWHG�FDUERQ�DQG�IXUIXUDO�ZHUH�REWDLQHG� IURP� 0HUFN� FRPSDQ\�� 2WKHU�FKHPLFDOV� XVHG� LQ� WKLV� VWXG\� ZHUH� RI�DQDO\WLFDO�RU KLJKHU�JUDGHV�
5HVXOWV�DQG�'LVFXVVLRQ$W� ILUVW�� DGVRUSWLRQ� H[SHULPHQWV� ZHUH�FRQGXFWHG� WR� GHWHUPLQH� WKH� RSWLPXP� 3$&�FRQFHQWUDWLRQ��DV�GHVFULEHG�SUHYLRXVO\�7DEOHV� �� DQG� �� VKRZ� WKH� UHVXOWV� RI� WKHVH�H[SHULPHQWV�� 7KH� H[SHULPHQWV� VKRZHG� WKDW�&2'�UHPRYDO� LQFUHDVHG�ZLWK�LQFUHDVHG�3$&�FRQFHQWUDWLRQ� XS� WR� ��� SSP�� EXW� DW� KLJKHU�
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YDO 3$&7%$6FRQFHQWUDWLRQV��&2'�UHPRYDO�SHUFHQW�GLG QRW�FKDQJH� VLJQLILFDQWO\� DQG� FRQVHTXHQWO\�� ���SSP�ZDV� FKRVHQ� DV� WKH� RSWLPXP� FRQFHQWUD�WLRQ�ZLWK�HFRQRPLFDO�FRQVLGHUDWLRQ�IRU�3$&7�V\VWHP�
7DEOH��� 'HWHUPLQDWLRQ�RI� WKH�RSWLPXP�FRQFHQWUDWLRQ�RI�3$&��ZLWK�����SSP�IXUIXUDO�
&RQFHQWUDWLRQ�RI�3$&��SSP� 5HVLGXO�)XUIXUDO��SSP� )XUIXUDO�5HPRYDO�3HUFHQW�� ��� ����� ��� ������� � ��

7DEOH��� 'HWHUPLQDWLRQ�RI� WKH�RSWLPXP�FRQFHQWUDWLRQ�RI�3$&��ZLWK�����SSP�IXUIXUDO�
&RQFHQWUDWLRQ�RI�3$&��SSP� 5HVLGXO�)XUIXUDO��SSP� )XUIXUDO�5HPRYDO�3HUFHQW�� ��� ����� �� ��7R� FRPSDUH� %$67� DQG� 3$&7� V\VWHPV�� WKH�WZR�DHUDWLRQ�WDQNV�ZHUH�LQLWLDOO\�VHHGHG�ZLWK�DFWLYDWHG� VOXGJH�� REWDLQHG� IURP� RQH� RI� WKH�ZDVWHZDWHU� FKDQQHOV�RI�3DUV�RLO� UHILQHU\�DQG�RSHUDWHG� LQ� D� FRQWLQXRXV� IORZ� PRGH� ZLWK�LQIOXHQW� FRPSRVHG� RI� UHDO� ZDVWHZDWHU� DQG�DGGLWLRQDO� IXUIXUDO� ZDV� DGGHG� PDQXDOO\� WR�FRQWURO�WKH�FRQWHQW�LQ�WKH�IHHG�3RZGHUHG� DFWLYDWHG� FDUERQ� ZDV� DGGHG� ZLWK�RSWLPXP�FRQFHQWUDWLRQ�WR�DHUDWLRQ�WDQN�RI�WKH�3$&7� V\VWHP�� 2Q� WKH� RWKHU� KDQG�� WKH�DHUDWLRQ�WDQN�RI�%$67�V\VWHP�ZDV�LQRFXODWHG�ZLWK� IXUIXUDO�GHJUDGLQJ� EDFWHULD�� 7KHQ�� LQ�SDUDOOHO�� 3$&7� DQG� %$67� V\VWHPV� ZHUH�RSHUDWHG�DW�WKH�LGHQWLFDO�RSHUDWLQJ�FRQGLWLRQV��WR� SURYLGH� IRU� FRPSDULVRQ� RI� H[SHULPHQWDO�UHVXOWV�)LJXUH� �� VKRZV� WKH� &2'� UHPRYDO� SHUFHQW�YHUVXV�+57� IRU�ERWK� V\VWHPV��$V� WKLV� ILJXUH�VKRZV�� WKH� &2'� UHPRYDO� SHUFHQW� LQ� WKH�3$&7� V\VWHP� ZDV� DERYH� ����� H[FHSW� LQ�+57� HTXDO� WR� �� KRXUV�� LQ� ZKLFK� FDVH� WKH�HIILFLHQF\�RI�WKH�V\VWHP�GHFUHDVHG�EHFDXVH�RI�ZDVKRXW� SUREOHP� IRU� ERWK� VOXGJH� DQG�DFWLYDWHG� FDUERQ��7KH�&2'� UHPRYDO� SHUFHQW�LQ� %$67� V\VWHP� ZDV� D� OLWWOH� ORZHU� WKDQ�3$&7�V\VWHP�LQ�KLJK�+57¶V�������DQG����K��

)LJXUH� �� &2' � UHPRYDO� YV�� +57 �K\GUDXOLF�UHWHQWLRQ�WLPH��LQ�3$&7�	�%$6�V\VWHPV
%HFDXVH�RI�KLJK�0/66�FRQFHQWUDWLRQ��������PJ�O�� DQG� SRRU� PL[LQJ� �R[\JHQ� GHILFLHQF\���WKH� UHPRYDO� SHUFHQW� GHFUHDVHG� DERXW� ����ZKHQ�+57�ZDV� LQFUHDVHG� WR� ��� K� LQ� %$67�V\VWHP�)LJXUH� �� VKRZV� WKH� IXUIXUDO� UHPRYDO� SHUFHQW�YHUVXV� +57� IRU� ERWK� V\VWHPV�� )XUIXUDO�UHPRYDO� SHUFHQW� ZDV� YHU\� KLJK� LQ� ERWK�V\VWHPV�DQG�GLG QRW�FRPH�XQGHU������,Q�DOO�+57¶V�� WKH� IXUIXUDO� UHPRYDO� SHUFHQW� ZDV�KLJKHU� WKDQ� WKH� &2'� UHPRYDO� SHUFHQW� IRU�ERWK�V\VWHPV�� ,W� LV�GXH� WR� WKH�IDFW� WKDW� LQ� WKH�ZDVWHZDWHU�� WKHUH� ZHUH� RWKHU� RUJDQLF�LQKLELWRUV� OLNH� WROXHQH�� PHWK\O� HWK\O� NHWRQH�HWF���DV�ZHOO�7KH� UHVXOWV� RI� H[SHULPHQWV� LQ� 3$&7� V\VWHP�VKRZV� D� GHFUHDVH� LQ� &2'� DQG� IXUIXUDO�UHPRYDO HIILFLHQF\�ZLWK�GHFUHDVLQJ�WKH�+57��ZKLFK� DOVR� LQFUHDVHG� WXUELGLW\� LQ� HIIOXHQW�IORZ�� ,W� VKRXOG� EH� PHQWLRQHG� WKDW� LQ� ORZ�+57¶V����K�� ERWK�&2'�DQG�IXUIXUDO�UHPRYDO�SHUFHQW�LQ�%$67�ZHUH�KLJKHU�WKDQ�LQ�3$&7��,W� FRXOG� EH� FRQFOXGHG� WKDW� %$67� V\VWHP�VKRZHG� KLJK� VWDELOLW\� HYHQ� LQ� VKRUWHU�K\GUDXOLF� UHWHQWLRQ� WLPHV� DQG� SURFHVV�HIILFLHQF\� ZDV� KLJK� HYHQ� LQ� ORZ� +57¶V��)LJXUH� �� VKRZV� WKDW�0/66� FRQFHQWUDWLRQ� LQ�%$67� ZDV� PXFK� KLJKHU� WKDQ� LQ� 3$&7�� VR�WKDW� LW� DSSURDFKHG� ������ PJ�O�� 7KH� JUHDW�GLIIHUHQFH� EHWZHHQ� WKH�0/66� FRQFHQWUDWLRQ�RI� WZR� V\VWHPV� VKRZV� WKDW� WKH� JURZWK� RI�IXUIXUDO�GHJUDGLQJ� EDFWHULD� �LVRODWHG� VWUDLQ��
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ZDV�PRUH� UDSLG� WKDQ� WKH�JURZWK�RI�FRPPRQ�PL[HG�RUJDQLVPV�LQ�3$&7�V\VWHP�DQG�WKLV�LV�RQH� RI� WKH� PRVW� LPSRUWDQW� DGYDQWDJHV� RI�DSSO\LQJ�%$67�V\VWHP�

)LJXUH� �� )XUIXUDO � UHPRYDO� YV�+57� �K\GUDXOLF�UHWHQWLRQ�WLPH��LQ�3$&7�	�%$6�V\VWHPV

)LJXUH� �� 0/66 �PL[HG� OLTXRU VXVSHQGHG� VROLG�� YV��+57 �K\GUDXOLF� UHWHQWLRQ� WLPH�� LQ� 3$&7� 	� %$6�V\VWHPV
6OXGJH� YROXPH� LQGH[� �69,�� ZDV� DOVR�PHDVXUHG�GXULQJ� WKH�FRQWLQXRXV�RSHUDWLRQ�WR�FRPSDUH� WKH� VHWWDELOLW\� RI� HIIOXHQW� VOXGJH�IURP�HDFK�V\VWHP�)LJXUH���VKRZV�WKDW�69,�YDULHG�EHWZHHQ����WR����PO�J� IRU� %$67� DQG� EHWZHHQ� ���� WR� ����PO�J� IRU� 3$&7�� 7KHUHIRUH�� LQ� WKH� %$67�V\VWHP�� WKH�VHWWDELOLW\�RI�HIIOXHQW� VOXGJH�ZDV�H[FHOOHQW�HYHQ�LQ�DQ�+57�RI���K��DQG�HIIOXHQW�IORZ�IURP�WKH�VHWWOLQJ�VHFWLRQ�ZDV�FRPSOHWHO\�

ZLWKRXW� WXUELGLW\� LQ� DOO� +57¶V� DQG� VOXGJH�ZDV�VR�VWLFN\�DQG�PDVVLYH�WKDW�LW�GLG QRW�H[LW�HYHQ� ZLWK� LQFUHDVLQJ� WKH� IORZ� UDWH��FRQVHTXHQWO\�� XQGHU� WKLV� FRQGLWLRQ�� WKHUH� LV�QR� UHTXLUHPHQW� WR� UHF\FOH� DFWLYDWHG� VOXGJH��7KLV� LV� DQRWKHU� LPSRUWDQW� DGYDQWDJH� RI�DSSO\LQJ�%$67�V\VWHP�

)LJXUH� �� 69, �VOXGJH� YROXPH� LQGH[�� YV�� +57��K\GUDXOLF�UHWHQWLRQ�WLPH��LQ�3$&7�	�%$6�V\VWHPV
7R� VWXG\� WKH� LQIOXHQFH� RI� IXUIXUDO� DQG�&2'�FRQFHQWUDWLRQV�RQ�UHPRYDO�HIILFLHQF\��VHYHUDO�H[SHULPHQWV�ZHUH�FDUULHG�RXW�,Q� HDFK� +57�� IXUIXUDO� FRQFHQWUDWLRQ� LQ� WKH�LQIOXHQW� ZDV LQFUHDVHG� XS� WR� ����� SSP� IRU�WKH� WZR�V\VWHPV��$V� LW� LV�VKRZQ�LQ�)LJXUH����DW� DQ� +57� RI� ��� K�� FKDQJHV� LQ� IXUIXUDO�FRQFHQWUDWLRQ�GLG QRW�KDYH�D�VLJQLILFDQW�HIIHFW�RQ� WKH� IXUIXUDO� UHPRYDO� SHUIRUPDQFH� DQG� LQ�DOO�FRQGLWLRQV��WKHVH�HIILFLHQFLHV�ZHUH�KLJK��,W�GHPRQVWUDWHV� WKDW� WKH� V\VWHPV� DUH� QRW�VHQVLWLYH� WR� IXUIXUDO� FRQFHQWUDWLRQ� VKRFNV��7KH� VDPH� UHVXOWV�ZHUH� REWDLQHG� IRU� DQ�+57�RI� �� K� �)LJXUH ���� )XUIXUDO� UHPRYDO�SHUIRUPDQFH�� HVSHFLDOO\� IRU� %$67� V\VWHP��ZDV� KLJK� ������� 7KH�&2'� FRQFHQWUDWLRQ� LQ�WKH�LQIOXHQW�ZDV�LQFUHDVHG�XS�WR������PJ�O��,Q�WKLV� FDVH�� DJDLQ� WKH� FKDQJH� LQ� &2'� SHUFHQW�UHPRYDO� ZDV QRW� VKDUS� EXW� VKDUSHU� WKDQ�IXUIXUDO� UHPRYDO� HIILFLHQF\� �)LJXUHV� ������HVSHFLDOO\� DW� +57�  � �� K� IRU� 3$&7� V\VWHP��ZKLFK� DV� PHQWLRQHG� EHIRUH�� LV� GXH� WR� WKH�ZDVKRXW�SUREOHP�
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)LJXUH� �� )XUIXUDO � UHPRYDO� YV�� IXUIXUDO� LQSXW� IRU�+57 �� KU�LQ�3$&7�	�%$6�V\VWHPV

)LJXUH� �� )XUIXUDO � UHPRYDO� YV�� IXUIXUDO� LQSXW� IRU�+57 � KU�LQ�3$&7�	�%$6�V\VWHPV

)LJXUH� �� &2' �� UHPRYDO� YV�� &2'� LQSXW� IRU�+57 �� KU�LQ�3$&7�	�%$6�V\VWHPV�

)LJXUH��� &2' ��UHPRYDO�YV��&2'�LQSXW�IRU�+57 �KU�LQ�3$&7�	�%$6�V\VWHPV
&RQFOXVLRQV%DVHG� RQ� WKH� UHVXOWV� REWDLQHG� IURP� WKH�H[SHULPHQWV�� LW� FDQ� EH� FRQFOXGHG� WKDW� WKH�PDLQ� EDVLV� RI� SUHVHUYDWLYH� SHUIRUPDQFH� RI�3$&7� V\VWHP� IRU� KLJK� IXUIXUDO�FRQWDLQLQJ�ZDVWHZDWHU� WUHDWPHQW�� LV� WKH� DGVRUSWLRQ�DELOLW\�RI�SRZGHUHG�DFWLYDWHG�FDUERQ�,Q� RWKHU� ZRUGV�� ZKHQ� IXUIXUDO� DQG� RWKHU�SROOXWDQWV� HQWHU� WKH� V\VWHP�� DFWLYDWHG�FDUERQ�DFWV� DV� SROOXWLRQ VLQNV�� DQG� DIWHU� WKLV� UDSLG�SULPDU\� DGVRUSWLRQ� LQ� WKH� SRUHV� RI� FDUERQ��ELRORJLFDO� WUHDWPHQW� EHJLQV�� %XW�� ZKHQ� WKH�LQIOXHQW� IORZ� UDWH� LQFUHDVHV� FDUERQ� DQG�0/66�JR�RXW�RI� WKH� V\VWHP�DQG� LW� UHVXOWV� LQ�SRRU�WUHDWPHQW�SHUIRUPDQFH�9LFH� YHUVD�� LQ� %$67� V\VWHP�� WKH� VWLFN\�VOXGJH�SURGXFHG� LQ� WKH� V\VWHP�GRHV�QRW� H[LW�IURP�WKH�V\VWHP�HDVLO\��HYHQ�LQ�ORZ�K\GUDXOLF�UHWHQWLRQ�WLPHV�7KH�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�69,¶V�RI� WKH� WZR� V\VWHPV� VKRZV�KLJK�VHWWDELOLW\�RI�%$67� V\VWHP� HIIOXHQW�� &RQVHTXHQWO\�� XQGHU�WKHVH� FRQGLWLRQV�� WKHUH� LV� QR� UHTXLUHPHQW� IRU�ILQDO� FODULILFDWLRQ� DQG� UHFLUFXODWLRQ� RI� WKH�DFWLYDWHG� VOXGJH�� ,W� LV� VXIILFLHQW� WR� GHVLJQ� D�FRQLFDO� UHDFWRU� LQ�ERWWRP� WR�GLVFKDUJH�ZDVWH�DFWLYDWHG�VOXGJH�E\�JUDYLW\�$V� PHQWLRQHG� EHIRUH�� &2'� UHPRYDO� SHU�IRUPDQFH�ZDV�D�OLWWOH�KLJKHU�LQ�3$&7�V\VWHP�WKDQ� LQ� %$67� V\VWHP�� EXW� WKHLU� IXUIXUDO�UHPRYDO� SHUFHQW� ZDV� WKH� VDPH�� %XW�� GXH� WR�
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HFRQRPLFDO� FRQVLGHUDWLRQV�� KLJK� SULFH� RI� DF�WLYDWHG� FDUERQ� DQG� FDSDFLW\� VXEVLGHQFH� RI�FDUERQ�� LW� FDQ� EH� FRQFOXGHG� WKDW� LI� %$67�V\VWHP� LV� XVHG�� LW� ZLOO� UHVXOW� LQ� ERWK� KLJK�SHUIRUPDQFH� DQG� RSWLPXP� FRQGLWLRQV� ZLWK�HFRQRPLFDO�RSHUDWLRQ�,Q�FRQFOXVLRQ��RXU�VWXGLHV�KDYH�GHPRQVWUDWHG�WKDW� %$67� V\VWHP� PD\� EH� DQ� DWWUDFWLYH�DOWHUQDWLYH� WR� H[LVWLQJ� 3$&7� V\VWHP� IRU�IXUIXUDO�FRQWDLQLQJ� ZDVWHZDWHU� WUHDWPHQW��HVSHFLDOO\�LQ�GHYHORSLQJ�FRXQWULHV�
5HIHUHQFHV�� :HEHU��:�-��� -RQH]��%��.DW]�� ������� �)DWH�RI� 7R[LF� 2UJDQLF� FRPSRXQGV� LQ� $FWLYDWHG�VOXGJH� DQG� LQWHUDWHG� 3$&� V\VWHPV ��� :DW�6FL�7HFK������������������ 2NDGD�0���0RULQDJD��+���DQG�1LVKLMLPD��:��������� �$FWLYDWHG�FDUERQ�DV�D�EHWWHU�KDELWDW�IRU� ZDWHU� DQG� ZDVWHZDWHU� WUHDWPHQW�PLFURRUJDQLVPV��� :DW�6FL�7HFK� �� ���������������� 5DPLUH]�� =DPRUD�5�0��� 6FKRXZHQDDUV�� 5���'XUDQ�� 0RUHQR�� $�� DQG� %XLWURQ�� *�� ��������3URGXFWLRQ� RI� DFWLYDWHG� FDUERQ� IURP�SHWUROHXP� FRNH� DQG� LWV� DSSOL FDWLRQ� ZDWHU�WUHDWPHQW� IRU� WKH� UHPRYDO� RI� PHWDOV� DQG�SKHQRO���:DW�6FL�7HFK� �� � �� �����������

�� /DQNIRUG�� 3��� (FNHQIHOGHU�� :�� 7RUUHQV�.��������� �5HGXFLQJ� ZDVWHZDWHU� 7R[LFLW\���&KHPLFDO�(QJLQHHULQJ ������������ )XMUWD�� 0��� ,NF�� 0��.DZDJRVKL �<���������%LRWUHDWPHQW�RI�SHUVLVWHQW�VXEVWDQFHV�XVLQJ�HIIHFWLYH�PLFURRUJDQLVPV���:DW�6FL�7HFK� ������������������ %RXFKH]�� 7��� 3DWXUHRX�� '�� DQG� 'DEHUW�� 3��������� �6XFFHVVIXO� DQG� XQVXFFHVVIXO�ELRDXJPHQWDWLRQ� H[SHULPHQWV� PRQLWRUHG� E\�IOXRUHVFHQW� LQ� VLWX� K\EULGL]DWLRQ���:DW�� 6FL��7HFK� ���������������� .LP��.�6��&KR��.�0��&KRL�+��DQG�.LP��,�6���������� �39$�FRDWHG� DFWLYDWHG� FDUERQ� IRU�DHURELF�ELRORJLFDO� WUHDWPHQW�RI�FRQFHQWUDWHG�UHIUDFWRU\� RUJDQLF� ZDVWHZDWHU ��� :DW� 6FL�7HFK� �������������� 5LWWPDQQ�� %�(�� DQG� :KLWHPDQ�� 5�� ��������%LRDXJPHQWDWLRQ�� D� FRPLQJ� RI� DJH ���%LRWHFKQRORJ\� ����������� %HLVKLU�/��0LFURELRORJ\�LQ�SUDFWLFH���+DUSHU�&ROOLQV����������� $PHULFDQ� 3XEOLF� +HDOWK� $VVRFLDWLRQ��$PHULFDQ� :DWHU� :RUNV� $VVRFLDWLRQ�� DQG�:DWHU� (QYLURQPHQW� )HGHUDWLRQ� �������6WDQGDUG� 0HWKRGV� IRU� WKH� ([DPLQDWLRQ� RI�:DWHU�DQG�:DVWHZDWHU����WK (G� :DVKLQJWRQ��'�&�


