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PROHFXOHV� VXFK� DV� JOXWDWKLRQH��PHODWRQLQ� DQG�ELOLUXELQ��DQG�HOHPHQWV�VXFK�DV�VHOHQLXP�
7KH� SLQHDO� KRUPRQH� PHODWRQLQ� �1�DFHW\O���PHWKR[\� WU\SWDPLQ�� KDV� EHHQ� IRXQG� WR� EH� D�KLJKO\� HIIHFWLYH� DQWLR[LGDQW� DQG� D� IUHH� UDGLFDO�VFDYHQJHU�� HVSHFLDOO\� IRU�K\GUR[\O� DQG�SHUR[\O�UDGLFDOV��� 0HODWRQLQ� DOVR� FRQWUROV� VXSHUR[LGH�DQLRQ� OHYHO� LQ� YLYR�� %HFDXVH� RI� LWV� OLSRSKLOLF�FKDUDFWHU�� ZKLFK� DOORZV� LW� WR� FURVV� WKH� EORRG�EUDLQ� EDUULHU�� LWV� KLJKO\� HIILFLHQW� IUHH� UDGLFDO�VFDYHQJLQJ� SURSHUWLHV� DQG� LWV� FDSDFLW\� RI�LQGXFLQJ�DQWLR[LGDWLYH�HQ]\PHV��PHODWRQLQ�KDV�EHHQ� SURSRVHG� WR� EH� WKH� HQGRJHQRXV�SURWHFWLYH� DJHQW� DJDLQVW� EUDLQ� R[LGDWLYH�GDPDJH�� 7KHUH�DUH�TXLWH�D�QXPEHU�RI�UHSRUWV�RQ� WKH� LQ� YLYR DQWLR[LGDQW� HIIHFWV� RI�PHODWRQLQ����
7KH� DLP� RI� WKLV� ZRUN� ZDV� WR� FRQVWUXFW� DQ� LQ�YLWUR DVVD\�LQ�RUGHU�WR�GHPRQVWUDWH�WKH�UDGLFDO�VFDYHQJLQJ� FDSDFLW\� RI� PHODWRQLQ�� 7KH�H[SHULPHQW� ZDV� SODQQHG� RQ� WKH� EDVLV� RI�PHODWRQLQ¶V� DELOLW\� WR� LQKLELW� VRPH� REVHUYDEOH�SURFHVV�� )RU� WKLV� UHDVRQ�� WKH� PHWKRG�GHYHORSHG� E\� 0F&RUG� DQG� )ULGRZLFK� IRU� WKH�GHWHUPLQDWLRQ� RI� 62'� DFWLYLW\� LV� PRGLILHG� E\�UHSODFLQJ�62'�ZLWK�PHODWRQLQ�
0$7(5,$/�$1'�0(7+2'6
0DWHULDOV�� ;DQWKLQH�� [DQWKLQH� R[LGDVH� �;2'��IURP� EXWWHUPLON��� F\WRFKURPH� F �F\W� F�� IURP�ERYLQH� KHDUWK��� PHODWRQLQ�� )H62��� +�2���.+�32���1D�+32���('7$�ZHUH�SXUFKDVHG�IURP�6LJPD�&KHPLFDO�&RPSDQ\��6W��/RXLVH��86$���$�6KLPDG]X� ����� 89�9,6� VSHFWURSKRWRPHWHU�ZLWK� D� *UDQG� /7'�� WKHUPRVWDELOLW\� XQLW�DGMXVWHG� WR� ���r ����&�ZDV�HPSOR\HG� IRU� WKH�DVVD\V�
0HWKRG��7KH�IROORZLQJ�VROXWLRQV�ZHUH�SUHSDUHG�IRU�WKH�DVVD\�
6ROXWLRQ� $�� ����� PJ� ;DQWKLQH� LQ� ��� P/� RI������1� 1D2+� VROXWLRQ� ZDV� PL[HG� ZLWK� �����PJ�F\W�F LQ�����P/�RI����P0�SKRVSKDWH�EXIIHU��S+ �����FRQWDLQLQJ�����P0�('7$�6ROXWLRQ� %�� ���� 8�� P/� ;2'� LQ� ���� P0� ('7$�VROXWLRQ�

'HWHUPLQDWLRQ� RI� WKH� UDWH� RI� F\W� F� �)H����UHGXFWLRQ�LQ�WKH�SUHVHQFH�RI�PHODWRQLQ������P/�RI�LURQ��,,��VXOSKDWH�VROXWLRQ�ZDV�DGGHG�WR�����P/� RI� VROXWLRQ� $�� ��� P/� RI� HWKDQRO� VROXWLRQ� RI�PHODWRQLQ� �WR� JLYH� D� ILQDO� FRQFHQWUDWLRQ� RI� ���SJ���P/��ZDV�DGGHG�WR�WKLV�VROXWLRQ��7KHQ������P/� RI� +�2� VROXWLRQ� ������ P0� LQ� SKRVSKDWH�EXIIHU�� ZDV� DGGHG� WR� WKH� UHDFWLRQ� PL[WXUH��$IWHU� LQFXEDWLRQ� IRU� ��V�� ��� P/� RI� VROXWLRQ� %�ZDV�DGGHG�DQG�DEVRUEDQFH�FKDQJH�DW�����QP�ZDV� IROORZHG� IRU� �� PLQ�� 7KH� DVVD\� ZDV�UHSHDWHG�ZLWK�LQFUHDVHG�DPRXQWV�RI�PHODWRQLQ��(DFK�DVVD\�ZDV� UHSHDWHG� WKUHH� WLPHV�DQG�WKH�DULWKPHWLF�PHDQV�ZHUH�FDOFXODWHG��$�EODQN�ZDV�UXQ�E\�VXEVWLWXWLQJ������HWKDQRO�VROXWLRQ�ZLWK�PHODWRQLQ�VROXWLRQ��
5(68/76�$1'�',6&866,21
7KH� VWUDWHJ\� WR� WHVW� PHODWRQLQ¶V� UDGLFDO�VFDYHQJLQJ� FDSDFLW\� ZDV� HVWDEOLVKHG� E\�FRPELQLQJ� D� UHDFWLRQ� WKDW� JHQHUDWHV�VXSHUR[LGH� UDGLFDO� IURP� +�2� ZLWK� D� UHDFWLRQ�WKDW� JHQHUDWHV� LQGRO\O� UDGLFDO� IURP�PHODWRQLQ��;DQWKLQH�[DQWKLQH�R[LGDVH�V\VWHP�ZDV�XWLOL]HG�WR�JHQHUDWH�WKH�VXSHUR[LGH�IOX[��UHDFWLRQ����

7KH�DPRXQW�RI�2� SURGXFHG�ZDV�PHDVXUHG�E\�LWV�FDSDFLW\�WR�UHGXFH�WKH�R[LGL]HG�F\W�F��ZKLFK�LV� WKH�HOHFWURQ�DFFHSWRU�DQG� WKH� FKURPRSKRUH�IRU� WKH� UHDFWLRQ� WKDW� PD\� EH� IROORZHG�VSHFWURSKRWRPHWULFDOO\�DW�����QP��UHDFWLRQ����

,Q� WKH� PHWKRG� GHYHORSHG� E\� 0F&RUG� DQG�)ULGRYLFK� WKH� DIRUHPHQWLRQHG� UHDFWLRQV� ZHUH�XVHG�WR�PHDVXUH�62'�DFWLYLW\��:KHQ�62'�ZDV�DGGHG�WR�WKH�UHDFWLRQ�PHGLXP�WKH�UDWH�RI�F\W�F��)H��� UHGXFWLRQ� ZDV� SURJUHVVLYHO\� LQKLELWHG��2QH� XQLW� RI� 62'� DFWLYLW\� ZDV� GHILQHG� DV� WKH�DPRXQW� RI� HQ]\PH� QHFHVVDU\� WR� GHFUHDVH� WKH��UHIHUHQFH�� UDWH� WR� ���� RI� PD[LPXP�LQKLELWLRQ�� 62' LV� WKH� PHWDOORHQ]\PH� ZKLFK�FDWDO\VHV� WKH� GLVPXWDWLRQ� RI� 2�� LQWR� 2� DQG�+�2���

;2';DQWKLQH��2� �+�2� ���o 2� �+�2��8ULF�DFLG��������

2� �F\W�F��)H���������o 2� ��F\W�F �)H�����������
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,W� ZDV� VXJJHVWHG� WKDW� ZKHQ� 62'� LV� UHSODFHG�ZLWK� PHODWRQLQ�� LQGRO\O� UDGLFDO� SURGXFHG� IURP�PHODWRQLQ�ZLOO�VFDYHQJH�WKH�VXSHUR[LGH�UDGLFDO�DQG� WKH� H[SHFWHG� UHVXOW� ZDV� WKH� LQKLELWLRQ� RI�WKH�UHGXFWLRQ�RI�R[LGL]HG�F\W�F�
+\GUR[\O� UDGLFDO� LV� JHQHUDWHG� E\� )HQWRQ�UHDFWLRQ� �UHDFWLRQ� ��� DQG� LQGRO\O� UDGLFDO� LV�JHQHUDWHG� E\� WKH� UHDFWLRQ� RI� K\GUR[\O� UDGLFDO�DQG�PHODWRQLQ��UHDFWLRQ����

7KH� LQKLELWLRQ� REVHUYHG� LQ� F\W� F �)H����UHGXFWLRQ�E\�LQFUHDVHG�DPRXQW�RI�PHODWRQLQ�LV�OLVWHG�LQ�7DEOH����&RUUHODWLRQ�DQDO\VLV�LV�DSSOLHG�WR�WKH�GDWD�DQG�S ������DQG�U ������LV�IRXQG��5HJUHVVLRQ� HTXDWLRQ� LV� FDOFXODWHG� WR� EH� ��,QKLELWLRQ ����������������/RJ��>0HODWRQLQ@ ���
,Q�WKLV�VWXG\��IUHH�UDGLFDO�VFDYHQJLQJ�DFWLYLW\�RI�PHODWRQLQ� IRU� VXSHUR[LGH� UDGLFDO� ZDV� FOHDUO\�GHPRQVWUDWHG�� 0HODWRQLQ� FRQFHQWUDWLRQV� ZHUH�EHWZHHQ� ��� SJ�P/� WR� ��� SJ�P/�� ILUVW� WKH�DYHUDJH� GD\WLPH� VHUXP� PHODWRQLQ�FRQFHQWUDWLRQ�DQG�WKH�ODWWHU�DYHUDJH�QRFWXUQDO�VHUXP� PHODWRQLQ� FRQFHQWUDWLRQ� LQ� KXPDQ�VHUXP� ���� � 6FDYHQJLQJ� DFWLYLW\� H[KLELWHG� D�GRVH�GHSHQGHQW�PDQQHU� XS� WR� ��� SJ�P/� DQG�DFWLYLW\� ZDV� FDOFXODWHG� WR� EH� ������ r ������62'� HTXLYDOHQW� XQLWV�SJ� RI� PHODWRQLQ� �Q ���ZKLFK�PHDQV�D�FRQFHQWUDWLRQ�RI�DSSUR[LPDWHO\���� SJ�P/�PHODWRQLQ� VHUYHV� DV� �� XQLW� RI� 62'�HQ]\PH�

,Q�RUGHU�WR�HVWLPDWH�WKH�PDJQLWXGH�RI�SRWHQF\�RI� PHODWRQLQ� DV� D� VXSHUR[LGH� UDGLFDO�VFDYHQJHU�� LW� PD\� EH� FRPSDUHG� ZLWK� WKH�WKHUDSHXWLF� DJHQW�� JOLFOD]LGH�� ZKLFK� LV� DOVR�NQRZQ�WR�EH�D�JHQHUDO� IUHH�UDGLFDO�VFDYHQJHU��,Q� D� VWXG\� WKH� HIIHFW� RI� JOLFOD]LGH� RQ� IUHH�UDGLFDOV� ZHUH� H[DPLQHG� LQ� YLWUR DQG� LW� ZDV�VKRZQ� WKDW� JOLFOD]LGH� VFDYHQJHG� VXSHUR[LGH�UDGLFDO� LQ� D� GRVH�GHSHQGHQW� PDQQHU� ZLWK� D�FDOFXODWHG� VXSHUR[LGH� VFDYHQJLQJ� DFWLYLW\� RI������ r ���� 62'� HTXLYDOHQW� XQLWV�PJ� RI�JOLFOD]LGH�� ZKLFK� LV� IDU� OHVV� WKDQ� WKDW� RI�PHODWRQLQ���
,W�LV�QRW�FOHDU�ZKHWKHU�WKH� LQ�YLWUR REVHUYDWLRQV�ZLWK�PHODWRQLQ�DV�D�IUHH�UDGLFDO�VFDYHQJHU�DUH�UHODWHG� GLUHFWO\� WR� WKH� LQ� YLYR EHKDYLRU�� 6LQFH�������ZKHQ�/HUQHU�HW�DO GLVFRYHUHG�WKH�SLQHDO�KRUPRQH� PHODWRQLQ�� D� EURDG VSHFWUXP� RI�PHWDEROLF� DQG� SK\VLRORJLFDO� HIIHFWV� RI�PHODWRQLQ� KDYH� EHHQ� GHVFULEHG� LQ� D� ZLGH�YDULHW\� RI� VSHFLHV��� 0HODWRQLQ� FRQVWLWXWHV� WKH�SULPDU\� QRQ�HQ]\PDWLF� DQWLR[LGDQW� DJHQW�DJDLQVW� K\GUR[\O� UDGLFDOV�� EHFDXVH� WKHUH� LV� QR�SK\VLRORJLFDO� HQ]\PDWLF� V\VWHP� IRU� WKH�GHWR[LILFDWLRQ� RI� WKLV� KLJKO\� UHDFWLYH� DQG� WR[LF�UDGLFDO�� 6XSHUR[LGH� UDGLFDO� LV� SULPDULO\�VFDYHQJHG� E\� 62'� HQ]\PH� LQ� WKH� FHOO�� %XW�WKHUH�PD\�EH� FDVHV� LQ�ZKLFK�62'� LV� LQKLELWHG�RU� LV�QRW�SURGXFHG�HQRXJK� WR�ZRUN�HIILFLHQWO\��RU� WKH�DPRXQW�RI� VXSHUR[LGH� UDGLFDO�SURGXFHG�LQ� WKH� FHOO� LV� PRUH� WKDQ� WKH� DPRXQW� WKDW� LV�VFDYHQJHG� E\� 62'�� ,Q� UHFHQW� \HDUV�� LW� LV�VXJJHVWHG� WKDW�PHODWRQLQ� LV�SURWHFWLYH�DJDLQVW�IUHH� UDGLFDO� GDPDJH� DW� SK\VLRORJLFDO�FRQFHQWUDWLRQV� DQG� ZRXOG� WKHUHE\� FRQWULEXWH�WR�WKH�WRWDO�DQWLR[LGDWLYH�GHIHQVH�V\VWHP�RI�WKH�RUJDQLVPV������ 7KLV� LQ� YLWUR VWXG\� LPSOLHV� WKDW�

)H�� �� +�2� ����o )H�� ����2+�����2+���� ���2+���� 0HODWRQLQ�����o ,QGRO\O�UDGLFDO���������������

7DEOH��� 3HUFHQWDJH�RI�LQKLELWLRQ�REVHUYHG�LQ�F\W�F UHGXFWLRQ�ZLWK�LQFUHDVHG�PHODWRQLQ�FRQFHQWUDWLRQ�5HDFWLRQ�PHGLXP�����P0�SKRVSKDWH�EXIIHU��S+������FRQWDLQLQJ�����P0�('7$��������P0�;DQWKLQH������ PJ���P/�F\W�F����P8�P/�;2'�������P0�)H62���
>0HODWRQLQ@ �SJ���P/� ��,QKLELWLRQ /RJ��>0HODWRQLQ@� ��� ����� ���� ������� ���� ������� ���� ������� ���� ������� ���� ������� ���� ������� ���� ������� ���� �����S ���������U ��������5HJUHVVLRQ�HTXDWLRQ�����,QKLELWLRQ� ����������������/RJ�>0HODWRQLQ@�
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HQGRJHQRXV� RU� H[RJHQRXV� PHODWRQLQ� PD\�FRPSHQVDWH� IRU� 62'� DQG� LW� LV� KLJKO\� HIIHFWLYH�IRU�WKH�GHWR[LILFDWLRQ�RI�VXSHUR[LGH�UDGLFDO�
5()(5(1&(6
�� 6ODWHU� 7�)�� )UHH� UDGLFDO� PHFKDQLVP�LQ� WLVVXH� LQMXU\�� %LRFKHP� -�� ������������������ $XVW�6�'���6YLQJHQ�%�$���)UHH�UDGLFDO�LQ�ELRORJLFDO�V\VWHPV��� $FDG��3UHVV�������������� *XHPRXUL�/���<XHV�$���+HUEHUW�%��%LRORJLFDO�YDULDELOLW\�RI�62'��*6+�3[��DQG�&$7�LQ�EORRG��&OLQ��&KHP��������������������� 5HLWHU�5�-�� ,QWHUDFWLRQV�RI� WKH�SLQHDO�KRUPRQH�PHODWRQLQ�ZLWK�R[\JHQ�FHQWHUHG� IUHH� UDGLFDOV�$� EULHI� UHYLHZ�� %UD]�-�0HG�%LRO�5HV�� ������ �������������� 0DHVWURQL�*�-�0���&RQWL�$���3LHUSRDOL�:��0HODWRQLQ��R[LGDWLYH�VWUHVV�DQG�LPPXQH�V\VWHP��3LQHDO�5HV��5HY�����������������

�� 5�-�5HLWHU�� %�� 3RHJJHOHU�� '�;�� 7DQ�� /�'�&KHQ�� /�&�� 0DQFKDVWHU� DQG�-�0�*XHUUHUR��0HODWRQLQ� DV� D� IUHH� UDGLFDO� VFDYHQJHU�� �$QQ��1�<��$FDG��6FL������������������ 0RUL� $��� (GDQDWVX� 5�� �� 2KPRUL 6�� $� QHZ� K\GUR[LO� UDGLFDO� VFDYHQJHU���1HXURVFLHQFHV������������������� $NNXú�ø��6HUEHVW�UDGLNDOOHU�YH�IL]\RSDWRORMLN�HWNLOHUL����0LPR]D�<D\ÕQODUÕ��������S��������� 0F&RUG�-�0����)ULGRYLFK�,��$Q�HQ]\PDWLF�IXQFWLRQ�IRU�HU\WURFXSUHLQ��7KH�-��2I�%LRO�&KHP������������������������ ,JXFKL� +��� .DWR� .��� %D\DVKL� +�� $JH� GHSHQGHQW� UHGXFWLRQ� LQ� VHUXP�PHODWRQLQ� FRQFHQWUDWLRQV� LQ� KHDOW\� KXPDQ� VXEMHFWV�� -�� &OLQ��(QGRFU�0HWDE������������������� 1RGD�<����0RUL�$����3DFNHU�/���*OLFOD]LGH�VFDYHQJHV�K\GUR[LO��VXSHUR[LGH�DQG� QLWULF� R[LGH�UDGLFDOV�DQ� (65��0RO�� 3DWK�� $QG� 3KDUP��������������������� /HUQHU� $�%��� &DVH� <��� 7DNDKDVKL� 7�+�� 0HODWRQLQ� DQG� LWV� SKV\RORJLFDO�HIIHFWV��-��$P��&KHP�6RF���������������������� %DUEHU� '�$��� +DUULV� 6�$�� 2[\JHQ� IUHH� UDGLFDOV� DQG� DQWLR[LGDQWV�� $�UHYLHZ��$P�-��3KDUP��1�6�������������������� -RQHV�'�3��7KH�UROH�RI�R[\JHQ�FRQFHQWUDWLRQ� LQ�R[LGDWLYH�VWUHVV��$FDG��3UHVV��SS����������������


