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,� ZRXOG� OLNH� WR� DYDLO� WKH� RSSRUWXQLW\� WR� H[SUHVV� P\� PRVW� VLQFHUH� DSSUHFLDWLRQ� DQG� GHHS�

JUDWLWXGH� WR� DOO� WKRVH� SHRSOH� ZKR� LQ� D� ZD\� RU� RWKHU� KDYH� FRQWULEXWHG� SRVLWLYHO\� LQ� WKH�

FRPSOHWLRQ�RI�WKLV�GLVVHUWDWLRQ��)LUVW�DQG�IRUHPRVW��,�ZRXOG�OLNH�WR�WKDQN�*RG�IRU�JLYLQJ�PH�

VWUHQJWK��NQRZOHGJH��DELOLW\�DQG�RSSRUWXQLW\�WR�XQGHUWDNH�WKLV�VWXG\�DQG�WR�SUHVHUYH�FRPSOHWH�

LW�VDWLVIDFWRULO\�

(YHU\�DFFRPSOLVKPHQW�UHTXLUHV�HIIRUW�DQG�WKLV�ZRUN�LV�QR�GLIIHUHQW�� ,�ZRXOG�OLNH�WR�H[SUHVV�

P\� JUDWLWXGH� WR� 'U�� 9LNDV� 7\DJL�� $VVLVWDQW 3URIHVVRU�� 6FKRRO� RI� &KHPLVWU\� DQG�

%LRFKHPLVWU\�� 7KDSDU� ,QVWLWXWH� RI� (QJLQHHULQJ� DQG� 7HFKQRORJ\� IRU� KLV� LQQRYDWLYH� LGHDV��

SUHVHQFH��DQG�YDOXDEOH�ZRUGV DQG�IRU�SURYLGLQJ�PH�ZLWK�SURSHU�NQRZOHGJH�DQG�HTXLSPHQWV��

+H�GLVFXVVHG�DERXW�P\�ZRUN�GDLO\�DQG�JDYH�DSSURSULDWH�VXJJHVWLRQV IRU�LW�

,� DP� WKDQNIXO� WR 'U�� $PMDG� $OL�� 3URIHVVRU� DQG� +HDG�� 6FKRRO� 2I� &KHPLVWU\� DQG� %LR�

&KHPLVWU\ IRU�JLYLQJ�PH�WKLV�RSSRUWXQLW\�WR�ZRUN�DQG�DOORZHG�PH�WR�XVH�YDULRXV�IDFLOLWLHV�LQ�

WKH�GHSDUWPHQW�� ,�DP�WKDQNIXO� WR�'U��.DPDOGHHS�3DXO��$VVRFLDWHV�3URIHVVRU��IRU�EHLQJ�RXU�

FRRUGLQDWH�DQG�DOVR�IRU�KLV�VXSSRUW�WKURXJKRXW�WKLV�HQWLUH�0�6F�GLVVHUWDWLRQ�

,�DP�DOVR�WKDQNIXO�WR�DOO�WKH�ODE�UHVHDUFK�VFKRODUV 0U��6XQLO�'XWW DQG�0U�,PUDQ�.KDQ��'XH�

WR�WKHLU�JXLGDQFH�DQG�FRRSHUDWLRQ��,�ZDV�DEOH�WR�OHDUQ�QHZ�WKLQJV�DQG�H[SORUH�QHZ�HTXLSPHQWV�

LQ�WKH�ODE� ,�DP�DOVR�WKDQNIXO�WR�P\�IULHQGV�+DVKPLWD�*DED DQG�6KDJXQ IRU�PRWLYDWLQJ�PH�

DQG�NHHSLQJ�WKH�HQWKXVLDVP�XS�LQ�PH��/DVW�EXW�QRW�WKH�OHDVW��,�ZRXOG�OLNH�WR�WKDQN�P\�SDUHQWV�

ZKRVH�SDWLHQFH�DQG�VXSSRUW�KDYH�EHHQ�LQVWUXPHQWDO�LQ�DFFRPSOLVKLQJ�WKLV�SURMHFW�

'DWH��-XO\���������������������������������������������������������������������������������������������35,<$�.$0%2-
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&RQVLGHULQJ� WKH� ZLGH� H[WHQW� RI� DSSOLFDWLRQV� RI� ELV�LQGRO\O�PHWKDQHV� LQ� DJURFKHPLFDO� DQG�

SKDUPDFHXWLFDO� LQGXVWULHV��QHZ�DQG�HIILFLHQW�PHWKRGRORJLHV�IRU� WKHLU V\QWKHVLV�KDYH�EHHQ� LQ�

FRQWLQXRXV� GHPDQG�� 7KH�&�+� IXQFWLRQDOLVDWLRQ� RI� LQGROHV� KDV� UHFHQWO\� EHHQ� D� KRW� WRSLF� LQ�

RUJDQLF�FKHPLVWU\�EHLQJ�DWRP�HFRQRPLF�DQG�HQYLURQPHQW�IULHQGO\��'HVSLWH�WKH�XVHIXOQHVV�RI�

FDUEHQH� LQVHUWLRQ� FKHPLVWU\� IRU� &�+� IXQFWLRQDOL]DWLRQ RI� LQGROH�� LW� VXIIHUV� IURP� FHUWDLQ�

GUDZEDFNV� RI� FDUEHQH� LQVHUWLRQ� DW�&��� DQG�1��� SRVLWLRQV� RI� LQGROHV�� ,Q� RUGHU� WR� LQYHQW DQ

FRPSHWHQW�PHWKRGRORJ\�IRU�GHVLJQLQJ ELV�LQGRO\O�PHWKDQHV �%,0V��KDYLQJ QR�VXEVWLWXHQW�DW�

PHWK\OHQH� EULGJH� ZH� GHVFULEHG� KHUH� D� QHZ PHWKRGRORJ\� IRU WKH� GHYHORSPHQW RI�

ELV�LQGRO\O�PHWKDQHV�XVLQJ�FRSSHU�FDWDO\VHG�UHJLRVHOHFWLYH�&�+�IXQFWLRQDOL]DWLRQ�RI� LQGROHV�

XVLQJ� LQGROH���WRV\OK\GUD]RQH� DV� FDUEHQH� SUHFXUVRU�� 0RUHRYHU�� WR� WKH� EHVW� RI� RXU�

XQGHUVWDQGLQJ�� WKLV� LV� WKH� ILUVW� UHSRUW� RI� XVLQJ� FDUEHQH� LQVHUWLRQ� FKHPLVWU\� IRU V\QWKHVLV� RI�

ELV�LQGRO\O�PHWKDQHV��)XUWKHU��EHLQJ�IHDVLEOH�WR�RQH�SRW�V\QWKHVLV�PDNHV�WKLV�PHWKRG�KLJKO\�

WLPH�VDYLQJ�DQG�HFRQRPLFDO�
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����� ,QWURGXFWLRQ� %LV�LQGROHV� FRQVWLWXWH� D� VWUXFWXUDOO\� IDVFLQDWLQJ� DQG� LPSHUDWLYH� FODVV� RI�

KHWHURF\OHV� DV� WKH\� DUH� EURDGO\� IRXQG� LQ� D� QXPEHU� RI� SKDUPDFRORJLFDOO\� DQG� ELRORJLFDOO\�

LPSRUWDQW�QDWXUDO�DORQJ�ZLWK�V\QWKHWLF�FRPSRXQGV�� 0RUHRYHU��ELV�LQGRO\O�PHWKDQHV��%,0V��

GHULYDWLYHV� FRQWDLQHG� PRUH� WKDQ� RQH LQGROH� XQLWV� MRLQHG� WRJHWKHU� E\� D� PHWK\OHQH� EULGJH�

H[KLELWHG� UHPDUNDEOH� ELRORJLFDO� DFWLYLWLHV� VXFK� DV� DQWL�LQIODPPDWRU\��� DQWLK\SHUJO\FHPLF�

DQWLYLUDO���DQWLEDFWHULDO���DQWLFDQFHU� DQG�RWKHUV��)LJXUH�������

)LJXUH����([DPSOHV RI�ELRORJLFDOO\�DFWLYH�ELV�LQGRO\O�PHWKDQH�FRQWDLQLQJ�QDWXUDO�RU�V\QWKHWLF�

FRPSRXQGV�

7KHUHIRUH�� WKH�SUHSDUDWLRQ�RI�ELV�LQGRO\O�PHWKDQHV�GHULYDWLYHV�KDYH�DWWUDFWHG�JUHDW�DWWHQWLRQ�

IURP� WKH� FKHPLFDO� FRPPXQLW\� IURP�SUHYLRXV� \HDUV��7UDGLWLRQDOO\�� WKH� ELV�LQGRO\O�PHWKDQHV�

FDQ�EH�V\QWKHVL]HG E\�PHDQV�RI�UHDFWLQJ�LQGROHV�ZLWK�D�QXPEHU�RI FDUERQ\O�FRPSRXQGV XVLQJ�

/HZLV�%URQVWHG� DFLGV�� $OWKRXJK�� WKH� WUDGLWLRQDO�PHWKRGV� KDYH� D� QXPEHU� RI� GLVDGYDQWDJHV�

VXFK� DV� ORQJHU� UHDFWLRQ� WLPH�� PRUH� WKDQ� VWRLFKLRPHWULF� DPRXQWV� PD\� EH� QHHGHG�� UHTXLUH�

WHGLRXV�DTXHRXV�ZRUN�XS�DQG�GHDFWLYDWLRQ�RI�/HZLV�DFLGV�RU�VRPHWLPHV�PLJKW�EH�GHFRPSRVHG

ZLWK�QLWURJHQ�KDYLQJ�FRPSRXQGV�� 2Q�WKH�RWKHU�KDQG��FDUHEHQH�LQVHUWLRQ�UHDFWLRQ�GHDOV�ZLWK�

WKH� LQFRUSRUDWLRQ� RI� FDUEHQH� LQWR� D� &�+� RU� ;�+� �; 2�� 6�� 1�� ERQGV�� )XUWKHU�� &�+�

IXQFWLRQDOLVDWLRQ�RI� LQGROHV�XVLQJ�FDUEHQH�LQVHUWLRQ�UHDFWLRQV�KDV�JUDEEHG�ORW�RI�DWWHQWLRQ�LQ�

WKH� ODVW� IHZ� \HDUV� VLQFH� WKH\� DUH� HFR�IULHQGO\� DQG� DWRP�HFRQRPLFDO��� +RZHYHU��

UHJLRVHOHFWLYLW\�LV�RQH�RI�WKH�SULPH�FRQFHUQV�LQ�WKH�IXQFWLRQDOL]DWLRQ�RI�LQGROHV�XVLQJ�FDUEHQH�

LQVHUWLRQ�UHDFWLRQV�GXH�WR WKH�IRUPDWLRQ�RI�VLGH�SURGXFWV�DW�&���DQG�1���SRVLWLRQV��$�QXPEHU�

RI� HIIRUWV� KDYH� EHHQ� PDGH� IRU� WKH� UHJLRVHOHFWLYH� IXQFWLRQDOL]DWLRQ� RI� LQGROHV� XVLQJ� EXON\�

OLJDQGV�FDWDO\VW� RU� E\� SURWHFWLQJ� WKH� XQXVHG� SRVLWLRQV��� 'XH� WR� LQFUHDVLQJ� DWWHQWLRQ� WR�

FXOWLYDWH� KLJKO\� HIILFLHQW� PHWKRGRORJLHV� IRU� V\QWKHVLV� RI� %,0V�� ZH� UHSRUWHG� KHUH� WKH�

SUHSDUDWLRQV� RI� ELV�LQGRO\O�PHWKDQHV� XVLQJ� FRSSHU� FDWDO\VHG� UHJLRVHOHFWLYH� &�+�

IXQFWLRQDOL]DWLRQ�RI�LQGROHV�



ϯ

�����/LWHUDWXUH�5HYLHZ�

������� 5HFHQW� VWUDWHJLHV� IRU� V\QWKHVL]LQJ� ELV�LQGRO\O�PHWKDQHV�� &RQVLGHULQJ� WKH� ZLGH�

H[WHQW� RI� DSSOLFDWLRQV� RI� ELVLQGROHV� WKH� GHYHORSPHQW� RI� QHZ� FDSDEOH� DQG� HFR�IULHQGO\�

PHWKRGV� KDYH� EHHQ� LQ� FRQWLQXRXV� GHPDQG�� ,Q� WKH� UHFHQW� \HDUV�� ELV�LQGRO\O�PHWKDQHV� KDYH�

EHHQ� SURGXFHG� E\ QRYHO VWUDWHJLHV� HVSHFLDOO\� PDGH� E\� WUDQVLWLRQ� PHWDOV�� LRQLF� OLTXLGV� RU

QDQRPDWHULDOV�FDWDO\]HG�UHDFWLRQV�RI GLIIHUHQW�DOGHK\GHV�RU�FDUERQ\O�FRPSRXQGV ZLWK�LQGROHV�

YLD�HOHFWURSKLOLF�VXEVWLWXWLRQ�UHDFWLRQV�

,Q� WKLV� FRQWH[W�� *RSDODLDK� DQG� FR�ZRUNHUV UHSRUWHG� LURQ� FDWDO\VHG� R[LGDWLYH� FRXSOLQJ� RI� D�

QXPEHU� RI� DOLSKDWLF� DPLQHV� ZLWK� LQGROHV� DORQJ� ZLWK� PROHFXODU� R[\JHQ WR� SUHSDUHG�

ELV�LQGRO\O�PHWKDQHV�%,0V��� 7KLV� SURWRFRO� JLYHV� DQ� DSSHDOLQJ� DQG� QRUPDOO\� FRQVLGHUDWH�

VWUDWHJ\ WR�V\QWKHVL]H�WKH�ELV�LQGRO\O�PHWKDQHV�LQ�D�RQH�SRW�PHWKRG��6FKHPH������

6FKHPH����2[LGDWLYH�FRXSOLQJ�RI�EHQ]\O�DPLQHV�DQG�LQGROHV

)XUWKHU��=KRX�HW��DO� XVHG�FRSSHU�DQG�SDOODGLXP�EDVHG�FRPSOH[HV�WR�FDWDO\]H�WKH�SDUWLFXODU�&�

+�IXQFWLRQDOL]DWLRQ�RI�LQGROHV�ZLWK�GLD]R�FRPSRXQGV�6FKHPH������

6FKHPH�����&KHPHRVHOHFWLYH�SUHSDUDWLRQV RI�&���ELV�LQGRO\O�DONDQHV�WKURXJK�3G�&X�FDWDO\VWV�

)XUWKHU��%HOWUi¶V�JURXS�GHYHORSHG�ELV�LQGRO\O�PHWKDQHV ZLWK�H[FHOOHQW \LHOGV��ZKHUH�$J27I�

ZDV�XVHG�IRU�DFWLYDWLRQ�RI�DOGHK\GHV��JLYLQJ�YDULRXV ELVLQGROH�GHULYDWLYHV��6FKHPH������

6FKHPH����&DWDO\WLF GHYHORSPHQW RI�%,0�GHULYDWLYHV
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$� YHU\� HIILFLHQW�� DWRP� HFRQRPLF� DQG� JUHHQ� SURWRFRO� ZDV� GHVLJQHG WR� V\QWKHVL]H

ELV�LQGRO\O�PHWKDQHV E\�$]L]L�DQG�FR�ZRUNHUV�E\�UHDFWLQJ LQGROH�LQ�WKH�FRPSDQ\�RI�FDUERQ\O�

FRPSRXQGV�ZLWK WKH�SUHVHQFH�RI KHWHURSRO\� DFLGV DQG� VPDOO� TXDQWLW\�RI�ZDWHU� DV� D� VROYHQW

PHGLXP��6FKHPH������

6FKHPH����5HDFWLRQ�RI� LQGROH ZLWK�FDUERQ\OV XVLQJ KHWHURSRO\�DFLG

$QRWKHU� ZRUN� XQFRYHUHG� E\� 'HE� DQG� FR�ZRUNHUV� UHSRUWHG� WKH� &�+� IXQFWLRQDOLVDWLRQ� RI�

LQGROHV�ZLWK�'0)�'0$� LQ� WKH�PHWDO�IUHH HQYLURQPHQW IRU� SUHSDULQJ� ELV�LQGRO\O�PHWKDQHV

DQG�WULV�LQGRO\O�PHWKDQHV �6FKHPH �����

6FKHPH����6\QWKHVLV�RI�LQGROHV�ZLWK�'0)�'0$ DV�FDUEHQH�SUHFXUVRU

������ 5HFHQW� DSSURDFKHV� IRU� PDNLQJ� %,06� ZLWKRXW� VXEVWLWXHQW� RQ� WKH� PHWK\OHQH�

EULGJH� +RZHYHU�� WKH�GHYHORSPHQW RI�ELV�LQGRO\O�PHWKDQHV�KDYLQJ�XQVXEVWLWXWHG�PHWK\OHQH�

EULGJH�LV�VWLOO�D�FKDOOHQJH��,Q�WKLV�FRQWH[W��RQO\�D�VPDOO�QXPEHU�RI�PHWKRGV�DUH�UHSRUWHG�LQ�WKH�

OLWHUDWXUH�� 'HE� DQG� FR�ZRUNHUV� LQYHQWHG� WKH� GHYHORSPHQW� RI� ELV�LQGRO\O�PHWKDQHV� XVLQJ�

5X�,,,��7%+3�LQ�WKH UHDFWLRQ�RI�LQGROHV�ZLWK�WHWUDPHWK\OXUHD�DVVLVWHG�E\�PLFURZDYH�KHDWLQJ�

�6FKHPH������

6FKHPH��� 6\QWKHVLV�RI�LQGROHV�ZLWK�GLIIHUHQW�FDUEHQH�SUHFXUVRUV
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)XUWKHU�� /RK� HW�� DO�� VWDWHG� WKH� FRXSOLQJ� RI� LQGROHV� ZLWK� PHWKDQRO� ZLWKRXW� DGGLQJ� H[WUD�

VXEVWDQFHV XVLQJ 0J�$O� EOHQGHG� R[LGHV� XSKHOG� LULGLXP� LPSHWXV� IRU� WKH� GHYHORSPHQW RI�

ELV�LQGRO\O�PHWKDQHV �6FKHPH������

6FKHPH����&RXSOLQJ�RI�LQGROHV ZLWK�PHWKDQRO�XVLQJ�0J�$O�EOHQGHG�R[LGHV

�������2XU�DSSURDFK�

'XH� WR� FRQWLQXHV� LQWHUHVW� WR� FXOWLYDWH� H[WUHPHO\� YDOXDEOH� PHWKRGRORJLHV� IRU� SURGXFLQJ

ELV�LQGRO\O�PHWKDQHV�KDYLQJ XQVXEVWLWXWHG�PHWK\OHQH�EULGJH��:H�GHVLJQHG�D�PHWKRGROJ\�IRU�

WKH� SUHSDUDWLRQ RI� ELV�LQGRO\O�PHWKDQHV� XVLQJ� FRSSHU� FDWDO\VHG� UHJLRVHOHFWLYH� &�+�

IXQFWLRQDOL]DWLRQ�RI�LQGROH�ZLWK LQGROH���WRV\OK\GUD]RQH DV�FDUEHQH�SUHFXUVRU� ,Q�WKLV�PHWKRG�

LQGROH���FDUER[\DOGHK\GH� KDYH� EHHQ� SUHSDUHG� XVLQJ� 9LOVPH\HU�+DFN� UHDFWLRQ� ZKLFK� ZDV�

IXUWKHU� FRQYHUWHG� WR� LQGROH���WRV\OK\GUD]RQH� ZKLFK� DFWV� DV� D� FDUEHQH� SUHFXUVRU� IRU�

GHYHORSLQJ ELV�LQGRO\O�PHWKDQHV�FRQWDLQLQJ XQVXEVWLWXWHG�PHWK\OHQH�EULGJH �6FKHPH����

6FKHPH� ��� 'HYHORSPHQW RI� ELV�LQGRO\O�PHWKDQHV� YLD� FRSSHU�FDWDO\VHG� UHJLRVHOHFWLYH� &�+�
IXQFWLRQDOL]DWLRQ�RI�LQGROH
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�����2SWLPLVDWLRQ�RI�UHDFWLRQ�SDUDPHWHUV��)LUVW��ZH�FRQVLGHUHG�WKH�UHDFWLRQ�RI��+�LQGROH �D

DQG�LQGROH���WRV\OK\GUD]RQH��D DV�WKH�WHPSODWH UHDFWLRQ�IRU�WKH�LQYHVWLJDWLRQ�RI�WKH�UHDFWLRQ�

SDUDPHWHUV��0RUHRYHU��WKH�HYHQWXDO�RXWFRPHV�RI�VFUHHQLQJ�YDULRXV UHDFWLRQ�SDUDPHWHUV�ZHUH�

DEEUHYLDWHG� LQ�7DEOH� ��� )LUVW� WKH� UHDFWLRQ� RI� LQGROH� ��D� DQG LQGROH���WRV\OK\GUD]RQH ��D�

XVLQJ��� PRO��RI�&X,�DQG� WZR HTXLY��RI�&V�&2� LQ�����GLR[DQH DV�VROYHQW DW������&�ZHUH�

H[DPLQHG� LQ�D� VHDOHG� WXEH� �� DQG�REWDLQHG�����\LHOG� IRU� WKH� H[SHFWHG�SURGXFW �D� �7DEOH����

HQWU\�����

7DEOH����9DULDWLRQV RI�WKH UHDFWLRQ SDUDPHWHUV IRU�WKH�UHJLRVHOHFWLYH�&�+�IXQFWLRQDOL]DWLRQ�RI�
LQGROHD

6�1R� &DWDO\VW %DVH 6ROYHQW �<LHOG

� &X, .�&2� ����GLR[DQH ��

� 3G�2$F�� .�&2� ����GLR[DQH 7UDFH

� 3G�2$F�� .2W%X ����GLR[DQH 7UDFH

� &X, 1D2+ ����GLR[DQH ��

� &X, &V�&2� ����GLR[DQH ��

� &X, .2W%X ����GLR[DQH ��

� &X, /L2W%X ����GLR[DQH ��

� &X, &V�&2� ����GLR[DQH ��F

� &X62� &V�&2� ����GLR[DQH 7UDFH

�� &X�2$F�� &V�&2� ����GLR[DQH 7UDFH

�� &X, &V�&2� 7ROXHQH ��

�� &X, &V�&2� '0) ��

�� &X, &V�&2� 7+) ��

�� � &V�&2� ����GLR[DQH �G

�� &X, � ����GLR[DQH �G

�� &X, &V�&2� ����GLR[DQH ��F

D5HDFWLRQ�FRQGLWLRQV��$OO�UHDFWLRQV�ZHUH�SHUIRUPHG�LQ�D����P/�UHDFWLRQ�YLDO XVLQJ�LQGROH��D �����HXLY����LQGROH�
��WRV\OK\GUD]RQH�������HTXLY����EDVH������HTXLY����FDWDO\VW�����PRO���DQG�VROYHQW��P/�DW�����&�IRU�������KRXUV�
DW�FRQYHQWLRQDO�KHDWLQJ��ELVRODWHG�\LHOG��FXVHG�����HTXLY�RI�EDVH��GQR�UHDFWLRQ��HXVHG���PRO��RI�FDWDO\VW�

7KLV� UHVXOW� HQFRXUDJHG� XV� WR� GR� IXUWKHU� RSWLPLVDWLRQ� RI� UHDFWLRQ� FRQGLWLRQV� WR� LQFUHDVH� WKH�

\LHOG� RI� ��D���$� QXPEHU� RI� YDULDWLRQV� LQ� WKH� UHDFWLRQ� FRQGLWLRQV�ZHUH� WULHG� XVLQJ� GLIIHUHQW�
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EDVHV�� VROYHQWV�� FDWDO\VWV� DQG� GLIIHUHQW� HTXLYDOHQWV� RI� HDFK� VXEVWUDWH� DV� VWDWHG� LQ�7DEOH� ���

)LUVW��WKH�UHDFWLRQ�ZDV�H[DPLQHG�XVLQJ�GLIIHUHQW�PHWDO�FDWDO\VWV�DQG�EDVHV�DQG�WR�RXU�GHOLJKW

&X,� UHPDLQHG WKH� EHVW� FDWDO\VW� DQG�&V�&2� DV� WKH� EHVW� EDVH� LQ� ����GLR[DQH� DV� WKH� VROYHQW��

�7DEOH����HQWULHV�������)XUWKHU� UHGXFLQJ� WKH� HTXLYDOHQWV RI�EDVH� WR�KDOI� WKDW� LV� �� HTXLY� WKDW�

VKRZHG�FRPSDUDWLYHO\� ORZHU�\LHOG� WKDQ� WKH�VWDQGDUG�UHDFWLRQ�FRQGLWLRQV� �7DEOH����HQWU\�����

7KH� VFUHHQLQJ� RI� YDULRXV VROYHQWV� XVLQJ� &X, DV� FDWDO\VW� DORQJ� ZLWK &V�&2� DV� EDVH�

GHPRQVWUDWHG� WKDW� ����GLR[DQH�ZDV� WKH� SHUIHFW� UHDFWLRQ�PHGLXP�ZKLOH� RWKHUV�� IRU� LQVWDQFH��

WROXHQH��'0)��7+)�JDYH� ORZHU�\LHOGV�RI�ELV�LQGRO\O�PHWKDQHV��D �7DEOH����HQWULHV���������

6RPH�FRQWUROOHG� UHDFWLRQ�FRQGLWLRQV�ZHUH�PRUHRYHU� HQGHDYRXUHG�ZLWKRXW� FDWDO\VW� DQG�EDVH�

DQ\ZD\�WKH�UHDFWLRQ�GLG�QRW�RFFXU�XQGHU�WKHVH�UHDFWLRQ�FRQGLWLRQV��7DEOH����HQWULHV���������

%\� GHFUHDVLQJ� WKH� SURSRUWLRQ� RI� FDWDO\VW� WR �� PRO�� WKH� LQIHULRU� \LHOG� RI� SURGXFW� �D ZDV�

REWDLQHG �7DEOH����HQWU\������$V�VXFK�WKH�JHQHUDO�RSWLPL]HG�UHDFWLRQ�FRQGLWLRQV�JDLQHG�ZHUH�

���PRO��RI�FRSSHU�,�� LRGLGH�DV�FDWDO\VW�DQG���HTXLY�� RI�&V�&2� DV�WKH�EDVH GLVVROYDEOH�LQ�

����GLR[DQH�DW�����&�ZLWK�FRQVLVWHQW�VWLUULQJ�JDYH�WKH�SHUIHFW�FRXSOLQJ�SURGXFW��D�

�����6XEVWUDWH�VFRSH�RI�UHDFWLRQ�

+DYLQJ� WKH� RSWLPL]HG� UHDFWLRQ� SDUDPHWHUV��ZH� DVVHVVHG� WKH� GHJUHH� RI� ELVLQGROH� IRUPDWLRQV

ZLWK�GLIIHUHQW�LQGROH�GHULYDWLYHV�DQG�UHVXOWV�ZHUH�OLVWHG LQ�7DEOH����$W�WKDW SRLQW�WKH�UHDFWLRQ�

SURFHHGHG� HIIHFWLYHO\� IRU� D�ZLGH� UDQJH� RI VXEVWLWXWHG� DV�ZHOO� DV� XQVXEVWLWXWHG� LQGROHV�� WR�

FRQYH\� WKH� SURGXFW � LQ� GHFHQW� \LHOGV�� 7KH� UHDFWLRQ� RI� XQVXEVWLWXWHG� LQGROHV� FRQYH\HG� WKH�

SURGXFW�� LQ ��� UHPDUNDEOH�\LHOG��7DEOH����HQWU\�����

7DEOH����6FRSH�RI�WKH�VXEVWUDWH�IRU�WKH�UHJLRVHOHFWLYH�&�+�IXQFWLRQDOL]DWLRQ�RI�LQGROH�XVLQJ�

LQGROH���WRV\OK\GUD]RQHD

(QWU\ 5� 5� �\LHOG
� + + ��
� ��%U ��%U ��
� ��&+� ��&+� ��
� ��12� ��12� ��������������������������������
� + ��&+� ��
� + ��20H ��
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D5HDFWLRQ�FRQGLWLRQV��$OO�UHDFWLRQV�ZHUH�SHUIRUPHG�LQ�D����P/�UHDFWLRQ�YLDO�XVLQJ�LQGROH��D �����HTXLY����LQGROH�
��WRV\OK\GUD]RQH������HTXLY��� EDVH������HTXLY����FDWDO\VW�����PRO���DQG�VROYHQW���P/�

:KLOH�WKH�SUR[LPLW\�RI�DQ\�VXEVWLWXHQW�HOHFWURQ�GRQDWLRQJ�RU�ZLWKGUDZLQJ�SURGXFHG D�EDUHO\�

ORZHU�\LHOG LQ�UHODWLRQ�WR�XQVXEVWLWXWHG�LQGROHV��7KH�SUHVHQFH�RI�EURPR�JURXS�DW���SRVLWLRQ�RI�

� DQG � SURGXFHV�V\PPHWULFDO���LQ�FRUUHVSRQGLQJO\�ORZHU�DPRXQW �7DEOH����HQWU\�����$ORQJ�

WKHVH��KDYLQJ HOHFWURQ�GRQDWLQJ�JURXS�RQ�LQGROH�DW���SRVLWLRQ�GRHV�QRW�KDYH�PXFK�LPSDFW�RQ�

WKH� \LHOG RI� WKLV� WUDQVIRUPDWLRQ� �7DEOH� ��� HQWU\� ���� 7KH� VXEVWUDWH��� DQG���KDYLQJ� GLIIHUHQW�

VXEVWLWXWLRQV SURGXFHV� V\PPHWULFDO� DQG� XQV\PPHWULFDO� ELV�LQGRO\O�PHWKDQH� GHULYDWLYHV� ���

ZKHUH�WKH�V\PPHWULFDO�ELVLQGROH�GHULYDWLYHV�FRQYH\HG� EHWWHU�FRQYHUVLRQV �7DEOH����HQWULHV���

�� DV�FRPSDUHG� WR�XQV\PPHWULFDO�ELVLQGROHV� �7DEOH����HQWULHV��������7KH� WUDQVIRUPDWLRQ RI�

XQVXEVWLWXWHG�LQGROH � ZLWK�HOHFWURQ�GRQDWLQJ�JURXS�DVVRFLDWHG�ZLWK � PDGH�WR�VRPH�GHJUHH�

ORZHU� \LHOG� DV� FRPSDUHG� WR� V\PPHWULFDO� ELVLQGROHV� �7DEOH� �� HQWULHV� ������ )XUWKHU�� WKH�

UHDFWLRQ�RI� HOHFWURQ�GRQDWLQJ� � VXEVWLWXHQW� RQ� LQGROH � ZLWK�HOHFWURQ�GRQDWLQJ�VXEVWLWXHQW�RQ�

K\GUD]RQH � PDGH� D� EHWWHU� WKDQ� DYHUDJH� \LHOG� ZKLOH� HOHFWURQ� ZLWKGUDZLQJ� VXEVWLWXHQW� RQ�

K\GUD]RQH�FRQYH\HG�PRGHUDWHO\�ORZHU�\LHOG��7DEOH����HQWULHV��������0RUHRYHU��WKH�UHDFWLRQ�

RI�LQGROH�� ZLWK�VXEVWLWXHQW�RQ���SRVLWLRQ�RI�K\GUD]RQH�PDGH�QR�UHDFWLRQ�SURGXFW��7DEOH����

HQWU\������

����� &RQWUROOHG� ([SHULPHQWV�� $� QXPEHU� RI� FRQWUROOHG� WULDOV� DOVR� FDUULHG� RXW� WR� JHW� DQ�

LQIRUPDWLRQV�DERXW WKH�UROH�RI�VXEVWLWXWLRQ�DW�1���SRVLWLRQ �6FKHPH�����)LUVW��WKH�UHDFWLRQ�RI�

�D�DQG��D�DORQJ�ZLWK FRSSHU�LRGLGH ����PRO����&V�&2� ���HTXLY��� LQ�����GLR[DQH�DW�����&�

FDUULHG� RXW� DQG� LW� VKRZHG� QR� UHDFWLRQ� �6FKHPH� �D��� ZKLOH� WKH� UHDFWLRQ� RI� LQGROH� ZLWK�

PHWK\OLQGROH���WRV\OK\GUD]RQH�VKRZHG�WUDFH�DPRXQWV RI�SURGXFW�DORQJ�ZLWK�IRUPDWLRQ�RI�DQ�

XQGHVLUHG�SURGXFW�ZKLFK�LQGLFDWHV�WKH�UROH�RI�1�+�JURXS�LQ�WKH�UHDFWLRQ�WR�SURFHHG�VPRRWKO\

�6FKHPH��E��
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6FKHPH�� ��&RQWURO�H[SHULPHQWV�WR�H[DPLQH�WKH�UROH�RI�VXEVWLWXWLRQV�RQ�1��SRVLWLRQ

�����2QH�SRW� V\QWKHVLV��0RUHRYHU��ZH� WHVWHG� WKH� IHDVLELOLW\� RI� UHDFWLRQ� LQ� RQH�SRW�ZLWKRXW�

SXULI\LQJ� WKH� LQGROH� EDVHG� K\GUD]RQHV� �6FKHPH� ����� 7KH� UHDFWLRQ� RI� LQGROH���

FDUER[\DOGHK\GH�DQG�WRV\OK\GUD]LGH�LQ�����GLR[DQH�ZDV�VWDUWHG�DW����&�DQG�REVHUYHG�E\�7/&�

DQG�DIWHU�WKH�FRPSOHWH�FRQYHUVLRQ�RI LQGROH���FDUER[\DOGHK\GH�DV�LQGLFDWHG�E\�7/&��LQGROH�

�D��&V�&2� ���HTXLY���DQG�&X,� ����PRO���ZHUH�PL[HG�DQG� WKH� UHDFWLRQ�ZDV�NHSW� LQ� VHDOHG�

WXEH�IRU����KRXUV�DW�����&��7KH�\LHOG�RI�SURGXFW�REWDLQHG�ZDV�����ZKLFK�ZDV�VOLJKWO\�ORZHU�

WKDQ�WKH�VWHSZLVH�WUDQVIRUPDWLRQ�

6FKHPH����2QH�SRW�&���IXQFWLRQDOL]DWLRQ�RI��ELV�LQGRO\O�PHWKDQHV

�����3URSRVHG�UHDFWLRQ�PHFKDQLVP��%DVHG�RQ�UHSRUWHG�OLWHUDWXUHV�DQG RQ REVHUYDWLRQV�� WKH�

SODXVLEOH UHDFWLRQ� PHFKDQLVP� LV� UHSUHVHQWHG� LQ 6FKHPH� ��� 7KH UHDFWLRQ� VWDUWHG� ZLWK�

GHYHORSPHQW�RI���IRUP\O�LQGROHV IURP�LQGROHV�YLD�9LOVPHLHU�+DFN�UHDFWLRQ����ZKLFK�LV�D�YHU\�

ZHOO�NQRZQ�PHWKRG�IRU�WKH�SUHSDUDWLRQ�RI���IRUP\O�LQGROHV��)XUWKHU��WKH�IRUPDWLRQ�RI�LQGROH�

��WRV\OK\GUD]RQH� IURP� ��IRUP\O�LQGROH� LQ� SUHVHQFH� RI� 7RV\O K\GUD]LQH� LQ� PHWKDQRO WDNHQ�

SODFH��L���7KH�LQGROH���WRV\O�K\GUD]RQH �L� LQ�WKH�SUHVHQFH�RI�EDVH�DEVWUDFW�WKH�SURWRQ�IRUPLQJ�

GLD]R� LQWHUPHGLDWH �LL� ZKLFK� RQ� UHDFWLRQ� ZLWK� WKH� FRSSHU�,�� LRGLGH� IRUPV� ���+�LQGRO���

\O�PHWK\OHQH�FRSSHU FRPSOH[ �LLL�� ZKLFK� LV� HOHFWURSKLOH LQ� QDWXUH DQG� XQGHUJRHV� IXUWKHU�

UHDFWLRQ�ZLWK� LQGROH DQG�JLYHV� LQWHUPHGLDWH� �LY���ZKLFK� IXUWKHU�JLYHV� WKH�ELV�LQGROH�SURGXFW�

DQG�&X�,��IRU�IXUWKHU�FDWDO\WLF�F\FOH�
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6FKHPH�� � 3RVVLEOH�RXWFRPH�IRU�WKH�SUHSDUDWLRQV�RI�ELV�LQGRO\O�PHWKDQH



ϭϭ

&+$37(5����(;3(5,0(17$/

�����*HQHUDO�PDWHULDO��

$OO�WKH�FKHPLFDOV�DQG�VROYHQW�ZDV�ERXJKW�IURP�HDVLO\�DYDLODEOH�VRXUFHV�DQG�ZDV�XVHG�ZLWKRXW�

SXULILFDWLRQ��7KH�105�VSHFWUD�ZDV�UHFRUGHG�XVLQJ�706�DV� LQWHUQDO� UHIHUHQFH� LQ�GHXWHUDWHG�

VROYHQWV�RQ�-HRO�RU�%UXNHU�VSHFWURPHWHU�DW�����������DQG����������0+] IRU��+�DQG���&�105�

UHVSHFWLYHO\��7KH�FKHPLFDO�VKLIWV�į�LV�UHSRUWHG�LQ� SSP�DQG�FRXSOLQJ�FRQVWDQW�-�LV�UHSRUWHG�LQ�

+]��7KH�SHDNV�DUH�GLIIHUHQWLDOO\� UHSUHVHQWHG�DV�� VLQJOHW� �V���GRXEOHW� �G��� WULSOHW� �W���PXOWLSOHW�

�P��� DQG� EURDG� VLQJOHW� �EUV�� )RU� FKHFNLQJ� UHDFWLRQ� FRPSOHWLRQ� WKLQ� OD\HU� FKURPDWRJUDSK\�

�7/&��XVLQJ� VLOLFD�JHO� SODWHV�ZDV�XVHG��7KH�FROXPQ�FKURPDWRJUDSK\�ZDV�GRQH� IRU�SURGXFW�

SXULILFDWLRQ� XVLQJ� VLOLFD� JHO� RI� SDUWLFOH� VL]H� �������� PLFURQ�� 7KH� FRPSRXQGV� ZHUH�

FKDUDFWHULVHG�XVLQJ 7/&���+�105����&�105 DQG�+506 WHFKQLTXHV�

�����*HQHUDO�PHWKRG IRU�WKH�UHJLRVHOHFWLYH SUHSUDWLRQ�RI�ELVLQGRO\O�PHWKDQHV��

,QLWLDOO\�� WKH� SUHSDUDWLRQV� RI� LQGROH���FDUER[\DOGHK\GH� ZDV� GRQH� XVLQJ� 9LOVPH\HU�+DFN�

UHDFWLRQ�� 1H[W�� LQGROH���FDUER[\DOGHK\GH�� WRV\OK\GUD]LQH� ������ HTXLY��� DQG� S�

7ROXHQHVXOIRQLF� DFLG� �FDWDO\WLF� DPRXQW�� LQ� PHWKDQRO� �a� �� PO�� DV� VROYHQW� ZHUH� DGGHG� DQG�

UHIOX[�IRU�RYHUQLJKW�WR�SURGXFH�LQGROH���WRV\OK\GUD]RQH�ZKLFK�ZDV�SXULILHG�E\�ILOWUDWLRQ�DQG�

IXUWKHU�ZDVKHG�WKH�VROLG�ZLWK���PO�RI�0H2+����WLPHV���1H[W��WR�VHW�XS�WKH�ILQDO�VWHS��LQGROH���

WRV\OK\GUD]RQH� ��� HTXLY��� LQGROH ����� HTXLY����&X, ����PRO����&V�&2���� HTXLY���� DQG� ����

GLR[DQH�DV�D�VROYHQW�ZHUH�DGGHG� LQ�D�JODVV�VHDOHG� WXEH KDYLQJ D�VWLUULQJ EDU�DQG�VWLUUHG� WKH�

UHDFWLRQ�PL[WXUH�DW����R&�DQG�WKH�GHYHORSPHQW�RI�WKH�FRQYHUVLRQ�ZDV�FKHFNHG�E\ XVLQJ 7/&��

)ROORZLQJ�WKH�FRPSOHWH�FRQVXPSWLRQ�RI�LQGROH���K\GUD]RQH�RQ�7/&��UHDFWLRQ�ZDV�TXHQFKHG�

E\ DGGLQJ�ZDWHU����PO��DQG�H[WUDFWHG�WKH�RUJDQLF�OD\HU�ZLWK�HWK\O�DFHWDWH�����PO�[�����$IWHU�

HYDSRUDWLQJ� WKH� YRODWLOHV� XVLQJ� KLJK� YDFXXP�� WKH SXULILFDWLRQ� RI� WKH� FRXSOLQJ� SURGXFW� ZDV�

GRQH� XVLQJ� FROXPQ� FKURPDWRJUDSK\ ZKLFK� DIIRUGHG� WKH� FRUUHVSRQGLQJ� FRXSOLQJ� SURGXFW� LQ�

������ \LHOGV�

�����&KDUDFWHULVDWLRQ�GDWD�IRU�&RPSRXQGV�

GL��+�LQGRO���\O�PHWKDQH�����
�+�105 �����0+]��'062���į������ �EUV���+������� �G��-  ��+]���+������� �W��-  �+]���+���

���� �G��-  ���+]���+������������ �P���+��������������P���+���������V���+��SSP����&�105�

���� 0+]� '062����������������������������������������������������������������SSP��+506�

�(6,��&DOFG��IRU�&��+��1�. >0���@� ��������� )RXQG���������
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ELV���EURPR��+�LQGRO���\O�PHWKDQH�����
�+�105������0+]��'062���į��������EUV���+���������V���+���������G��-� ����+]���+��������

�V�� �+��� ����� �G�� -  ����+]�� �+��� ���� �V�� �+�� SSP�� ��&�105� ���� 0+]� '062��� �������

������� ������� ������� ������� ������� ������� ������� ���� SSP�� +506� �(6,�� &DOFG�� IRU�

&��+��%U�1� >0�+@� ��������� )RXQG����������

ELV���PHWK\O��+�LQGRO���\O�PHWKDQH�����
�+�105������0+]��&'&O� ��0H2'���į����� �W��-  ��+]���+������� �G��-� ����+]���+�������

�W��-  ��+]���+������� �W��-  ����+]���+������� �V���+������� �V���+� SSP����&�105������0+]��

&'&O� ��0H2'��� ������� ������� ������� ������� ������� ������� ������� ������� ������ ���� SSP��

+506��(6,��&DOFG��)RU�&��+��1�1D�>0���@� ��������� )RXQG����������

ELV���QLWUR��+�LQGRO���\O�PHWKDQH�����
�+�105������0+]��'062���į������ �EUV���+������� �V���+������������ �P� �+������� �G��-� �

���+]�� �+��� ���� �V�� �+� SSP� ��&� 105� �����0+]� '062��������� ������� ������� �������

������� ������� ������� ������� ���� SSP�� +506� �(6,�� &DOFG�� )RU� &��+��1�2� >0�+@�

���������� )RXQG ���������

�����+�LQGRO���\O�PHWK\O����PHWK\O��+�LQGROH�����
�+�105������0+]� &'&O� ��0H2'���į����� �G��-  ����+]���+������� �G��-  ����+]���+���

��������� �P���+������� �W� -� ��+]���+�� ���� �V���+�� ������W��-  ��+]���+������� �V���+���

���� �V���+������� �V���+� SSP ��&�105������0+]� &'&O� ��0H2'�� ���������������������

������� ������� ������� ������� ������� ������� ������� ������� ������� ������� ������� ������� �������

���������� SSP��+506��(6,��&DOFG��)RU�&��+��1�1D�>0���@� ���������� )RXQG����������

�����+�LQGRO��\O�PHWK\O���PHWKR[\��+�LQGROH�����
�+�105������0+]��'062���į������ �EUV���+�������� �EUV���+������� �G��-� ����+]���+���

���� �G��-  ��+]���+������� �G��-  ����+]���+������� �V���+������������ �P���+������� �W��-  �

���+]���+������� �G��-  ����+]���+������� �V���+������� �V���+� SSP����&�105 �����0+]�

'062����������������������������������������������������������������������������������������

�������������������������������������� SSP��+506��(6,��&DOFG��)RU�&��+��1�21D�>0���@�

���������� )RXQG����������
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,Q� WKLV� UHSRUW��ZH� LQYHQWHG ELV�LQGRO\O�PHWKDQHV� XVLQJ� FRSSHU� FDWDO\VHG� UHJLRVHOHFWLYH�&�+�

IXQFWLRQDOL]DWLRQ� RI� LQGROH� XVLQJ� LQGROH���WRV\OK\GUD]RQH� DV� FDUEHQH� SUHFXUVRU� JLYLQJ ���
�

ELV�LQGRO\O�PHWKDQHV� LQ� VXSHULRU \LHOGV��0RUHRYHU�� WKH� XQV\PPHWULFDO� ELV�LQGRO\O�PHWKDQHV�

KDYH� DOVR� EHHQ� REWDLQHG� LQ� JRRG� \LHOG� E\� WKLV� PHWKRG��:H� RUJDQL]HG� D� FRSSHU� FDWDO\]HG�

UHJLRVHOHFWLYH�&�+�IXQFWLRQDOLVDWLRQ�RI�LQGROHV�IRU�GHYHORSLQJ ELV�LQGRO\O�PHWKDQHV�ZKLFK�LV�

RWKHUZLVH�GLIILFXOW� WR�SUHSDUH�ZLWK�QR�VXEVWLWXHQW�DW�PHWK\OHQH�EULGJH��'HYHORSPHQW�RI�QHZ�

SURFHGXUHV� IRU� ELV�LQGRO\O�PHWKDQHV� XVLQJ� FRSSHU� FDWDO\VHG� UHJLRVHOHFWLYH� &�+�

IXQFWLRQDOL]DWLRQ� RI� LQGROH�ZRXOG� EH� SDUWLFXODUO\� DWWUDFWLYH� WDNLQJ� LQWR� DFFRXQW WKH� HDVH� RI�

FRQYHUVLRQ� 0RUHRYHU�� WKH� RQH�SRW� V\QWKHVLV� RI� WKH� UHDFWLRQ� VWDUWLQJ� IURP� LQGROH���

FDUER[\DOGHK\GH�DOVR�SURGXFHG�D�JRRG�\LHOG�FRPSDULQJ�WR�VWHSZLVH�V\QWKHVLV�ZKLFK�PDNHV�LW�

KLJKO\�HIILFLHQW�PHWKRG��
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