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��� &KHPLFDOV�DQG�UHDJHQWV

7KH� FKHPLFDOV� DQG� UHDJHQWV� XVHG� LQ� WKH� ODE� H[SHULPHQWV� ZHUH� PRVWO\� SURFXUHG� IURP�

FRPSDQLHV� VXFK� DV 6�'��)LQH�&KHPLFDOV� �,QGLD���0HUFN� �,QGLD���+LPHGLD� �0XPEDL�� ,QGLD���

6LVFR� 5HVHDUFK� /DERUDWRULHV� �0XPEDL�� ,QGLD��� 4XDOLJHQV )LQH� &KHPLFDOV� /WG�� �,QGLD� DQG�

6LJPD�$OGULFK��%DQJDORUH�,QGLD��

��� ,QVWUXPHQWV�DQG�HTXLSPHQW XVHG

,Q� 7DEOH� ����� WKH� OLVW� RI� HTXLSPHQW DQG� LQVWUXPHQWV� PDLQO\� XVHG� IRU� WKH� H[SHULPHQWV� DQG�

DQDO\VLV�DUH�PHQWLRQHG�

7DEOH�����/LVW�RI�HTXLSPHQW XVHG�IRU�H[SHULPHQWDWLRQV

6O��1R� (TXLSPHQWV�,QVWUXPHQWV 0DQXIDFWXULQJ�&RPSDQ\

�� /DPLQDU�$LU�)ORZ� &OHDQ�DLU

�� +RW�$LU�2YHQ ,NRQ�,QVWUXPHQWV

�� &HQWULIXJH 7KHUPR�ILVKHU

��� 6KDNLQJ�,QFXEDWRU 2UELWHN��6FLJHQLFV�%LRWHFK�

�� S+�PHWHU (VLFR

��� 89�9LV�6SHFWURSKRWRPHWHU 6KLPDG]X��89������

� 7KHUPRF\FOHU /DEQHW�0XOWL�*HQH ,,

�� $LU�/LIW�5HDFWRUV ,QGLJHQRXVO\�GHVLJQHG

�� /\RSKLOL]HU /DEFRQFR

��� 7KHUPREORFN *HQHL�

���� 9RUWH[�0L[HU 0R[FDUH�3URGXFWV��,QF�

��� 6WLUUHG�7DQN�%LRUHDFWRU 6FLJHQLFV�,QGLD�3YW��/WG�

��� /LJKW�0LFURVFRSH 2O\PSXV�&.;��

���� 6FDQQLQJ�(OHFWURQ�0LFURVFRSH (YR����5HVHDUFK��=HLVV�6(0

��� *DV�&KURPDWRJUDSK 1XFRQ��������

��� *HO�'RFXPHQWDWLRQ�6\VWHP %LR�5DG
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��� ,VRODWLRQ�DQG�LGHQWLILFDWLRQ�RI�PLFURDOJDH

7KH�PLFURDOJDH�VDPSOHV�ZHUH�FROOHFWHG�IURP�GLIIHUHQW�ZDWHU�ERGLHV�LQ�9DUDQDVL�L�H��%DQN�RI�

5LYHU� *DQJD� DW� 5DYLGDV� *KDW� DQG� 5DPQDJDU�� 'XUJDNXQG� SRQG�� DQG� %+8� 3RQG� 7KH�

PLFURDOJDH� ZHUH� JURZQ� LQ� %ROGV� %DVDO� 0HGLD� �%%0�� DJDU� SODWHV� DQG� VLQJOH� FRORQLHV� RI�

GLIIHUHQW� PLFURDOJDH� ZHUH� WUDQVIHUUHG� LQ� VHSDUDWH� 3HWUL� SODWHV� 7KH� FRPSRVLWLRQ� RI� %%0�

PHGLD�LV�JLYHQ�LQ�7DEOH����� 0LFURDOJDH�ZHUH�FKDUDFWHUL]HG EDVHG�RQ PRUSKRORJ\��7KH\�ZHUH�

REVHUYHG� XQGHU� D� FRPSRXQG PLFURVFRSH �0DJQXV�0/;� DW� ����;� PDJQLILFDWLRQ� DQG�

SLFWXUHV� ZHUH� WDNHQ� XVLQJ D� FRPSRXQG PLFURVFRSH �2O\PSXV�&.;���� DW� ���;�

PDJQLILFDWLRQ��,QLWLDOO\� WHQ�GLIIHUHQW�PLFURDOJDH�ZHUH�LVRODWHG�DQG�JURZQ�LQ�FRQLFDO�IODVNV�DW�

��R&� DQG� ���� USP� 0LFURDOJDH�ZHUH� FKRVHQ� EDVHG� RQ KLJK� FDUERK\GUDWH� FRQWHQW� DQG� WZR�

GLIIHUHQW� PLFURDOJDH� ZHUH� FKRVHQ� IRU� IXUWKHU� VWXG\� 7KH� PLFURDOJDH ZHUH� DOVR� LGHQWLILHG�

EDVHG�RQ�WKH����6 U51$�JHQH�VHTXHQFH�

����� ([WUDFWLRQ�RI�'1$

$ERXW���PJ�RI�O\RSKLOL]HG�PLFURDOJDH�ELRPDVV�ZDV�KRPRJHQL]HG�LQ�WKH�PRUWDU�ZLWK���PO�RI�

67(�EXIIHU�H[WUDFWLRQ�����P0�VXFURVH����P0�7ULV�S+��������P0�('7$�1D��������ERYLQH�

VHUXP�DOEXPLQ�������EHWD�PHUFDSWRHWKDQRO��DQG�ODVW�WZR�FRPSRQHQWV�ZHUH�DGGHG�MXVW�EHIRUH�

WKH� H[SHULPHQW���7KH�KRPRJHQDWH�ZDV� ILOWHUHG� WKURXJK�D�����O�Q\ORQ�PHVV� DQG� WKH� H[WUDFW�

ZDV�FHQWULIXJHG�DW�����USP�IRU����WR����PLQ��7KH�SHOOHW�ZDV�FROOHFWHG�ZKLOH�WKH�VXSHUQDWDQW�

ZDV�GLVFDUGHG���7KH�&7$%�EXIIHU�����&7$%�����SRO\YLQ\OS\UUROLGRQH�����0�1D&O����P0�

('7$�S+������DQG���� P0�7ULV�+&O�S+������ZDV�DGGHG�WR�WKH�SHOOHW�DQG�WKH�VDPSOH�ZDV�

KHDWHG�LQ�D�WKHUPREORFN DW����&�IRU���K��2QH�YROXPH�RI�FKORURIRUP��LVRDP\O�DOFRKRO��������

ZDV�DGGHG�WR�WKH�SHOOHW�DQG�PL[HG�IRU����PLQ��DQG�IXUWKHU�FHQWULIXJHG�IRU����PLQ�DW�������

USP��7KH� DTXHRXV� SKDVH�ZDV� FROOHFWHG� LQWR� D� FOHDQ�PLFURFHQWULIXJH� WXEH� DQG� WKH� UHVW�ZDV�
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GLVFDUGHG��7ZR�YROXPH�RI�HWKDQRO�ZDV DGGHG�ZLWK�����YROXPH�RI�VRGLXP�DFHWDWH��0�S+�����

DQG�PL[HG� JHQWO\�� 7KH� VDPSOH�ZDV� SXW� DW� ����&� DQG� DIWHUZDUGV� FHQWULIXJHG� IRU� ���PLQ� DW�

������USP��7KH�VXSHUQDWDQW�ZDV�GLVFDUGHG�DQG� WKH�SHOOHW ZDV�ZDVKHG�LQ������HWKDQRO�DQG�

GULHG�DW�URRP�WHPSHUDWXUH��7KH�SHOOHW�ZDV�GLVVROYHG�LQ�����O�RI�7(�EXIIHU�DQG�WKH�TXDQWLW\�

DQG� VL]H� RI� LVRODWHG� ZHUH� FKHFNHG� E\� DJDURVH� JHO� HOHFWURSKRUHVLV �9DUHODǦÈOYDUH]� HW� DO���

������

����� $PSOLILFDWLRQ�RI�'1$

'1$� VDPSOH� DERXW� ��QJ� ZDV� XVHG� DV� D� WHPSODWH� IRU� ��6� U51$� JHQH� 3&5� DPSOLILFDWLRQ�

SHUIRUPHG� ZLWK� 5HDG\�WR�XVH� 3&5� .LW� �7KHUPR)LVKHU� 6FLHQWLILF�� 86$��� 7KH� 3&5�

$PSOLILFDWLRQ� ZDV� SHUIRUPHG� LQ� D� WKHUPRF\FOHU �/DEQHW� 0XOWL� *HQH ,,� ZLWK� WKH� SULPHUV

,76�� IRUZDUG�� �¶�7&&*7$**7*$$&&7*&**� �¶DQG ,76�� UHYHUVH� �¶�

*&7*&*77&77&$7&*$7*&� �¶�*U]HE\N� HW� DO��� ������� 7KH� 3&5� UHDFWLRQ� PL[WXUH�

FRQVLVWHG�RI�D�����O�VROXWLRQ�FRQWDLQLQJ����O�RI�'1$�WHPSODWH�����O�RI�IRUZDUG SULPHU� ���O�

RI� UHYHUVH� SULPHU�� ����� RI� �;�3&5�7DT PL[� DQG����� VWHULOH�ZDWHU��7KH� 3&5�DPSOLILFDWLRQ�

UHDFWLRQ�ZDV�SHUIRUPHG�XQGHU�WKH�IROORZLQJ F\FOLQJ�FRQGLWLRQV��3UHKHDWLQJ�DW����&�IRU���PLQ��

IROORZHG� E\� ��� F\FOHV� RI� GHQDWXUDWLRQ� DW� ���&� IRU� �� PLQ�� $QQHDOLQJ� DW� ���&� IRU� �� PLQ��

H[WHQVLRQ�DW����&�IRU���PLQ�IROORZHG�E\�DQRWKHU����PLQ�H[WHQVLRQ�DW����&��7KH�ILQDO�3&5�

SURGXFW� ZDV� VHSDUDWHG� RQ� �� �� 7$(� DJDURVH� JHO� DQG� WKH� DPSOLILHG� '1$� VHTXHQFH� ZDV�

DSSUR[LPDWHO\�����EDVHSDLUV��7KH�'1$�VHTXHQFH�ZDV�IXUWKHU�SXULILHG�E\�'1$�SXULILFDWLRQ�

NLW�� 4,$ TXLFN� �4LDJHQ�� *HUPHQ\��� 7KH� SXULILHG� '1$� ZDV� VHTXHQFHG� XVLQJ� DXWRPDWHG�

VHTXHQFHU�$%,������JHQHWLF�DQDO\]HU�DQG VHTXHQFLQJ�DQDO\VLV�VRIWZDUH�9�����$%,�86$��
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ϰϮ
6FKRRO�RI�%LRFKHPLFDO�(QJLQHHULQJ��,,7��%+8��9DUDQDVL

)LJXUH������7KH�DUUDQJHPHQW�RI���V�����V�DQG���V�U51$�JHQHV

����� %ODVW�DQG�SK\ORJHQHWLF�DQDO\VLV

5HVXOWDQW� VHTXHQFHV�ZHUH�DQDO\VHG�ZLWK�%/$671�DJDLQVW�QXFOHRWLGH�FROOHFWLRQ� IRU� VSHFLHV�

LGHQWLILFDWLRQ��0D[LPXP� OLNHOLKRRG� SK\ORJHQHWLF� WUHH� RI�PLFURDOJDH� ���6� U51$� JHQH�ZDV�

FRQVWUXFWHG�ZLWK�0(*$�����VRIWZDUH��1XPEHUV�DERYH�EUDQFKHV�LQGLFDWH�ERRWVWUDS�YDOXHV�RI�

PD[LPXP�OLNHOLKRRG�DQDO\VLV�IURP������UHSOLFDWHV�

��� *URZWK�VWXG\�RI�PLFURDOJDH

%RWK� LVRODWHG� PLFURDOJDH� ZHUH� JURZQ� LQLWLDOO\� LQ� WKUHH� GLIIHUHQW� JURZWK� PHGLD� L�H�� %%0��

%*���� DQG� &+8� 0�� PHGLD ZLWK� � GLIIHUHQW� LQRFXOXPV� YROXPH ������� ��� DQG� ��� DW�

GLIIHUHQW�WHPSHUDWXUHV ����&�����&�����&�����&�DQG����&���S+ �������������������DQG����� DQG�

DJLWDWLRQ�UDWHV��������������DQG������� 7KH�FRPSRVLWLRQ�RI�%%0� %*�� DQG�&+8�0��� PHGLD�

DUH� VKRZQ� LQ� WDEOH� ����� ����� DQG� ��� UHVSHFWLYHO\� 7KH� HIIHFWV� RI� WKHVH� SDUDPHWHUV� ZHUH�

REVHUYHG�DV�D�FKDQJH LQ�WKH�JURZWK�SURILOHV�DQG�VSHFLILF�JURZWK�UDWHV� 7KH�VWRFN�VROXWLRQV�IRU�

HDFK�RI�WKH�LQJUHGLHQWV�ZHUH�SUHSDUHG�LQ�GLVWLOOHG�ZDWHU�DQG�DXWRFODYHG�DW����SVL�SUHVVXUH�IRU�

���PLQ�DW�D�WHPSHUDWXUH�RI�����&� DQG�ZHUH�VWRUHG�XQWLO�VXEVHTXHQW�XVH��

7HQ� PLOOLOLWUHV RI� PLFURDOJDO� FXOWXUH� ZDV� XVHG� WR� LQRFXODWH� ���� P/� RI� PHGLD�� 7KH� DOJDO�

FXOWXUH�ZDV�JURZQ�DXWRWURSKLFDOO\����&�LQ�DQ�HQYLURQPHQWDO�FKDPEHU�ZLWK�GLIIHUHQW�VKDNLQJ

FRQGLWLRQV��DQG�LOOXPLQDWHG�ZLWK�FRRO�LQIORUHVFHQFH�ODPSV�DW�DQ�LQWHQVLW\�RI�����PRO�P�� V��



&KDSWHU��
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LQ�D�������K�OLJKW��GDUN SHULRG��6DPSOLQJ�ZDV�GRQH�SHULRGLFDOO\�WR�PHDVXUH�WKH�JURZWK�RI�WKH�

DOJD�DW�D�ZDYHOHQJWK�RI���� QP��7KH�FHOO�PDVV�RI�WKH�PLFURDOJDH�ZDV�GHWHUPLQHG�E\�SORWWLQJ�

D�JUDSK�EHWZHHQ�DEVRUEDQFH�DQG�GU\�FHOO�ZHLJKW��7KH�DOJDO�JURZWK�ZDV�DOVR PHDVXUHG�E\�GU\�

FHOO�ZHLJKW DQDO\VLV �6LQJK�HW�DO���������:DQJ�HW�DO���������

7DEOH������&RPSRVLWLRQ�RI�%ROG¶V�%DVDO�0HGLXP��%%0�

6WRFNV &KHPLFDOV 3HU����PO

� 1D12� �����J

� 0J62���+�2 ����J

� 1D&O ����J

� .�+32� ����J

� .+�32� ����J

� &D&O���+�2 ����J

� 7UDFH�HOHPHQWV��DXWRFODYH�WR�GLVVROYH� 3HU�OLWHU

=Q62���+�2 �����J

0Q&O���+�2 �����J

0R2� �����J

&X62���+�2 �����J

&R�12����+�2 �����J

� +�%2� ������J

�
('7$ �����J

.2+ �����J

�� )H62���+�2 �����J

�� +�62� �&RQF�� ����PO

)RU�%%0�PHGLD�SUHSDUDWLRQ��VWRFN�VROXWLRQV�IURP�����DUH�WDNHQ������PO�HDFK�DQG�VWRFN�

VROXWLRQV�������DUH�WDNHQ�����PO�HDFK�DQG�GLVWLOOHG�ZDWHU�LV�DGGHG�WR�PDNH�XS�WR���OLWUH��
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7DEOH ���� &RPSRVLWLRQ�RI�%*�� �%OXH�± *UHHQ� PHGLXP

6WRFNV &KHPLFDOV 3HU����PO

� 1D12� �����J

� .�+32� ����J

�� 0J62���+�2 ���� J

� &D&O���+�2 ����J

� &LWULF�DFLG ����

� $PPRQLXP�IHUULF�FLWUDWH�JUHHQ �����J

� ('7$�1D� �����J

� 1D�&2� ����J

� 7UDFH�HOHPHQWV��DXWRFODYH�WR�GLVVROYH� 3HU�OLWUH

=Q62���+�2 �����J

0Q&O���+�2 �����J

1D0R2���+�2 �����J

&X62���+�2 �����J

&R�12����+�2 �����J

+�%2� �����J

)RU�%*���PHGLD�SUHSDUDWLRQ��VWRFN�VROXWLRQV�IURP���� DUH�WDNHQ������PO�HDFK�DQG�VWRFN�

VROXWLRQ�� LV WDNHQ�����PO�DQG�GLVWLOOHG�ZDWHU�LV�DGGHG�WR�PDNH�XS�WR���OLWUH��
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7DEOH���� &RPSRVLWLRQ�RI &+8�0 �� PHGLD

6WRFNV &KHPLFDOV 3HU����PO

� &D�12�����+�2 ����PJ

� .+�32� ����� PJ

�� 0J62����+�2 ����PJ

� 1D�&2� ����PJ

� 1D�6L2���+�2 ����PJ

� +&O ������P/

� 1D�('7$��+�2 ����PJ

� )H&O���+�2 ����PJ

� +�%2� �����

�� 0Q&O���+�2 ������PJ

�� �1+��0R�2����+�2 ����PJ

�� 9LWDPLQ�%�� ���J

�� 7KLDPLQH�+&O �����J

�� %LRWLQ ��� �J

7KH�PHGLD�ZDV�DXWRFODYHG�DW����SVL�IRU����PLQXWHV��6WRFNV���DQG���ZHUH�DXWRFODYHG�VHSDUDWHO\�LQ�

���PO�GHLRQL]HG�ZDWHU�WR�UHGXFH�SUHFLSLWDWLRQ�DQG�WKHQ�UHVW�RI�PHGLXP��DXWRFODYHG��ZDV�DGGHG�

DVHSWLFDOO\�ZKHQ�FRROHG�DQG��0DGH�XS WR���OLWUH ZLWK�GHLRQL]HG�ZDWHU��7KH�S+�ZDV�DGMXVWHG�ZLWK �0�

1D2+�RU���0�+&O�

����� 'U\�FHOO�ZHLJKW�DQDO\VLV

)RU� WKH�GU\�FHOO�ZHLJKW�DQDO\VLV����PO�RI�VDPSOH�ZDV�ZLWKGUDZQ�DQG�FHQWULIXJHG� LW�DW������

USP�IRU����PLQ�DQG� WKH� VXSHUQDWDQW ZDV�GHFDQWHG�ZKHUHDV� WKH�SHOOHW�ZDV� WUDQVIHUUHG� LQ�DQ�
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DOXPLQLXP FXS�DQG�IXUWKHU�WKH�DOXPLQLXP FXSV�ZHUH�SXW�LQWR�D�KRW DLU�RYHQ�DW����&�IRU����K�

WLOO�WKH�FRQVWDQW�ZHLJKW�ZDV�REWDLQHG�

����� &KDUDFWHUL]DWLRQ�RI�PLFURDOJDH

������� 7RWDO��FDUERK\GUDWH DQDO\VLV

$���PJ�RI�DOJDO�ELRPDVV�ZDV�GLVVROYHG�LQ����PO�RI�GLVWLOOHG�ZDWHU��7KHQ����PO�RI������Y�Y��

VXOSKXULF�DFLG�ZDV�DGGHG�LQ���PO�RI�DOJDO�VDPSOH��2QH�PO�RI������Z�Y��SKHQRO�ZDV�DGGHG�LQ�

WKH�UHDFWLRQ PL[WXUH���7KH�PL[WXUH�ZDV�SXW�DW�URRP�WHPSHUDWXUH�IRU����PLQXWHV WR�FRRO�GRZQ��

7KH�WRWDO�VXJDU�ZDV�HVWLPDWHG�LQ�DOJDO�VDPSOHV�E\�WDNLQJ�WKH�DEVRUEDQFH�DW�����QP��*OXFRVH�

ZDV�XVHG�WR�SORW�WKH�VWDQGDUG�FXUYH��)RU�LQGLYLGXDO�VXJDU�DQDO\VLV����� PJ�RI�DOJDO�ELRPDVV�

ZDV�K\GURO\]HG�E\�VXOIXULF�DFLG�LQ�WZR�VWDJHV��,Q�WKH�ILUVW VWDJH��ELRPDVV�ZDV�WUHDWHG�ZLWK����

ZW���VXOIXULF�DFLG IRU���K�DW����&�DQG�LQ�WKH�VHFRQG�VWDJH��E\ ��ZW���VXOIXULF�DFLG IRU � K�DW�

����&�LQ DQ DXWRFODYH���&HUDPLF�ILOWHULQJ�FUXFLEOHV ZHUH�XVHG�IRU�VHSDUDWLRQ�RI�DFLG�LQVROXEOH

UHVLGXHV�� $� VROXEOH IRUP� RI� FDUERK\GUDWHV� �[\ORVH�� DUDELQRVH�� PDQQRVH�� JOXFRVH DQG

JDODFWRVH�� ZHUH� DQDO\]HG E\� :DWHUV� +3/& ZLWK� ����� 5,� 'HWHFWRU �'XERLV� HW� DO��� ������

/DXUHQV�HW�DO���������

������� 6WDUFK�DQDO\VLV

7KH� VWDUFK� FRQWHQW� LQ� PLFURDOJDH� ZDV� PHDVXUHG� E\� VWDUFK� �+.�� DVVD\� NLW� �6$����.7��

SXUFKDVHG�IURP�6LJPD�$OGULFK��6LJPD�VWDUFK�DVVD\ NLW�ZDV�XVHG�DQG ����PJ�RI�ELRPDVV�ZDV�

PL[HG�ZLWK� ��P/�RI� ��0�+&O DQG����P/�RI�'062�ZKLFK�ZDV LQFXEDWHG� DW� ���& �ZDWHU�

EDWK� IRU��� PLQ���í� S+�ZDV�PDLQWDLQHG�XVLQJ ��0�1D2+�DQG�PDGH�XS WR�����P/���PO�RI�

WKH� VROXELOL]HG� VDPSOH� ZDV� WUHDWHG ZLWK� D� 6WDUFK� $VVD\� 5HDJHQW� ZLWK� DP\ORJOXFRVLGDVH�

HQ]\PH IRU��� PLQV LQ�D�ZDWHU�EDWK�WR����&��7KHQ����PO�RI�WKH�PL[WXUH�ZDV�LQFXEDWHG�ZLWK�

*OXFRVH�$VVD\�5HDJHQW�ZKLFK� FRQWDLQHG�$73�� JOXFRVH���SKRVSKDWH GHK\GURJHQDVH� 1$'�
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ϰϳ
6FKRRO�RI�%LRFKHPLFDO�(QJLQHHULQJ��,,7��%+8��9DUDQDVL

KH[RNLQDVH��� IRU����PLQV� 7KH�DEVRUEDQFH�RI� WKH� UHVXOWLQJ PL[WXUH�ZDV�GHWHUPLQHG�XVLQJ�D�

VSHFWURSKRWRPHWHU�DW�����QP�

)LJXUH������5HDFWLRQV�LQYROYHG�LQ�WKH�VWDUFK GHWHUPLQDWLRQ

������� /LSLG�DQDO\VLV

���� PJ� DOJDO� ELRPDVV� ZDV� PHDVXUHG� LQ� VLQJOH� WKLFNQHVV� FRWWRQ� FHOOXORVLF� WKLPEOHV DQG�

HQFORVHG�XVLQJ D�ILOWHU�PDGH�RI�JODVV�ILEUH��$�VWDQGDUG�6R[KOHW�DSSDUDWXV�ZDV�VKRZQ�LQ�)LJXUH�

����DQG�XVHG�IRU�UHIOX[�RI�����PO�RI�FKORURIRUP�DQG�PHWKDQRO LQ�D�UDWLR RI���� �Y�Y��RYHU�WKH�

WKLPEOH��EHWZHHQ����WR ���K�DQG D�V\SKRQ UDWH�RI��í��WLPHV��7KH�H[WUDFWHG�VDPSOH ZDV�WKHQ�

WUDQVIHUUHG WR�D�VHSDUDWLQJ�IXQQHO�� 7KH�DOLTXRW�ZDV�PL[HG����í������1D&O�DTXHRXV VROXWLRQ�

DQG�D�UDWLR�RI� �������1D&O��DT���FKORURIRUP��PHWKDQRO�ZDV�DGGHG WR�HOLPLQDWH WKH�QRQ�OLSLG�

FRQWHQW IURP� WKH�VROYHQW� DV�GHVFULEHG�E\� )ROFK�HW�DO����7KH ELSKDVLF�PL[WXUH�ZDV� OHIW� IRU�

VHWWOLQJ�IRU DERXW ���K� 7KH�ORZHU�OLSLG�FRQWDLQLQJ RUJDQLF SKDVH�ZDV�WKHQ�WUDQVIHUUHG�LQWR�D�

SUH�ZHLJKHG� URXQG�ERWWRP� IODVN� IURP�ZKLFK WKH� VROYHQW�ZDV� WDNHQ� RXW ZLWK� WKH� KHOS� RI� D�

YDFXXP URWDU\�HYDSRUDWRU DW�D�WHPSHUDWXUH�RI���í����&��7KH�IODVNV�ZHUH�WKHQ�NHSW DW ���&�LQ�

D� YDFXXP� RYHQ� IRU� WKH� SXUSRVH� RI� GU\LQJ�� 7KH� DPRXQW� RI� OLSLG� SUHVHQW� ZDV� HVWLPDWHG�

JUDYLPHWULF�PHWKRG �)ROFK�HW�DO���������%OLJK�DQG�'\HU��������
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ϰϴ
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)LJXUH �����$ VHWXS�RI�VR[KOHW�DSSDUDWXV��$���VHSDUDWLQJ IXQQHO�FRQWDLQLQJ�

FKORURIRUP ZLWK�FUXGH�OLSLG�PL[WXUH DQG�PHWKDQRO �%�

������� 3URWHLQ�DQDO\VLV��)ROLQ�/RZU\�PHWKRG�

� PJ� RI� GULHG ELRPDVV� ZDV� FOHDQHG ZLWK� SKRVSKDWH EXIIHUHG� VDOLQH� VROXWLRQ�� ,W� ZDV� WKHQ

VROXELOL]HG� LQ� ��PO RI� DONDOLQH� FRSSHU� WDUWUDWH VROXWLRQ �5HDJHQW�$��� 7KHQ�� WKH� VROXELOL]HG�

VDPSOH� ZDV� IXUWKHU� GLOXWHG� LQ� 5HDJHQW� $�PDNLQJ� XS� WKH� YROXPH� ���� ȝ/� DQG� ZDV� IXUWKHU�

PL[HG�ZLWK ��P/�)ROLQ� UHDJHQW� �5HDJHQW�%���7KLV PL[WXUH ZDV�NHSW� IRU� ���PLQV DQG� WKHQ�

DQDO\]HG XVLQJ�D� VSHFWURSKRWRPHWHU�DW�����QP ��PD[LPXP�DEVRUEDQFH���%DVHG�RQ�WKH %6$

VWDQGDUG�FXUYH��WKH�FRQFHQWUDWLRQ�RI�WKH�VDPSOH�ZDV�FDOFXODWHG �/ySH]�HW�DO���������

������� 0RLVWXUH�FRQWHQW

���PJ�RI�GULHG�DOJDO ELRPDVV�ZDV�WDNHQ�LQ�D�FHUDPLF FUXFLEOH�DQG�SXW�LW�LQWR�D�KRW DLU�RYHQ�DW�

����&� IRU� RYHUQLJKW� 7KH VDPSOH� ZDV� FRROHG� LQWR� GHVLFFDWRU� DW� URRP� WHPSHUDWXUH�� � 7KH�

VDPSOH�ZDV�ZHLJKWHG�DQG�PRLVWXUH�FRQWHQW�ZDV�GHWHUPLQHG�E\�VXEWUDFWLQJ�WKH�SUHVHQW�YDOXH�

IURP�WKH�IRUPHU YDOXH�9DQ�:\FKHQ�DQG�/DXUHQV��������

��
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ϰϵ
6FKRRO�RI�%LRFKHPLFDO�(QJLQHHULQJ��,,7��%+8��9DUDQDVL

������� $VK�9DOXH

$IWHU�FDOFXODWLQJ�WKH�PRLVWXUH�FRQWHQW��WKH RYHQ�GULHG�PLFURDOJDH�VDPSOH�ZDV�WDNHQ�RQ�VLOLFD�

FUXFLEOH� DQG�SXW� LQWR�PXIIOH� IXUQDFH� DW� ����&�XQWLO� FRQVWDQW�ZHLJKW�ZDV� REWDLQHG��7KH�DVK�

FRQWHQW�ZDV�GHWHUPLQHG�E\�VXEWUDFWLRQ�WKH�FUXFLEOH�ZHLJKW�9DQ�:\FKHQ�DQG�/DXUHQV���������

������� &+16 DQDO\VLV

6LPXOWDQHRXV� GHWHUPLQDWLRQ� RI� PDMRU� FRPSRQHQWV� VXFK� DV� FDUERQ�� K\GURJHQ�� VXOIXU� DQG�

QLWURJHQ� ZDV� FDUULHG� RXW� E\� FRPEXVWLRQ� LQ� &+16� DQDO\]HU� �(XUR� ($����� &+16�2�

$QDO\]HU��� *DV� ZDV� GHWHFWHG� DQG� TXDQWLILHG� XVLQJ� WKHUPDO� FRQGXFWLYLW\� GHWHFWRU� �7&'���

+HOLXP��+H��ZDV�XVHG�DV�D�FDUULHU�JDV�DW�D� IORZ�UDWH�RI�����P/�PLQ����5HODWLYH�SHUFHQW RI�

R[\JHQ�ZDV�FDOFXODWHG�E\�GHGXFWLQJ�WKH�UHODWLYH�SHUFHQW RI�&��+��1��DQG�6 IURP�����

����� 0HDVXUHPHQW�RI�6SHFLILF�JURZWK�UDWH����

7KH�QHW�VSHFLILF�JURZWK�UDWH�RI�PLFURDOJDH�ZDV�FDOFXODWHG�E\�JLYLQJ�HTXDWLRQ�

ௗ௑

ௗ௧
 ���[

:KHUH�;� LV� WKH� FHOO� PDVV� FRQFHQWUDWLRQ�� � LV� WKH� VSHFLILF� JURZWK� UDWH� DQG� W� LV� WLPH�� 7KLV�

HTXDWLRQ�FDQ�EH�UHZULWWHQ�DV�

�� �
௟௡ ேమି௟௡ ேభ

௧మି௧భ

:KHUH 1� DQG�1� DUH� WKH�ELRPDVV�FRQFHQWUDWLRQ�DW� WLPH� W� DQG� W� UHVSHFWLYHO\��7KH�VSHFLILF�

JURZWK�UDWH�ZDV�JLYHQ�LQ�WKH�H[SRQHQWLDO SKDVH�RI�WKH�JURZWK�F\FOH�

����� %LRPDVV�SURGXFWLYLW\��ࢄࡼ�

7KH�ELRPDVV�SURGXFWLYLW\�LV�WKH�DPRXQW�RI�FHOO�PDVV�JHQHUDWHG�SHU�XQLW�WLPH�SHU�XQLW�YROXPH�

DQG� LWV� XQLWV�PD\� EH� J�/�K� RU� J�/�G�� 7KH� ELRPDVV� SURGXFWLYLW\� LV� UHSUHVHQWHG� DV� E\� JLYHQ�

HTXDWLRQ�



&KDSWHU��

ϱϬ
6FKRRO�RI�%LRFKHPLFDO�(QJLQHHULQJ��,,7��%+8��9DUDQDVL

௑ܲ ൌ
ܺଶ െ ܺଵ
ଶݐ െ ଵݐ

:KHUH ;� DQG�;� DUH�WKH�ELRPDVV�FRQFHQWUDWLRQ�DW�WLPH�W� DQG�W� UHVSHFWLYHO\�

����� &DUERK\GUDWH�SURGXFWLYLW\�࡯ࡼ�

7KH�FDUERK\GUDWH�SURGXFWLYLW\�LV�WKH�DPRXQW�RI�FDUERK\GUDWH�JHQHUDWHG�SHU�XQLW�WLPH�SHU�XQLW�

YROXPH�DQG� LWV�XQLWV�PD\�EH�J�/�K�RU�J�/�G��7KH�ELRPDVV�SURGXFWLYLW\� LV� UHSUHVHQWHG�DV�E\�

JLYHQ�HTXDWLRQ�

௑ܲ ൌ
ଶܥ െ ଵܥ
ଶݐ െ ଵݐ

:KHUH ;� DQG�;� DUH�WKH�FDUERK\GUDWH�FRQFHQWUDWLRQ�DW�WLPH�W� DQG�W� UHVSHFWLYHO\�

����� 6WDUFK�SURGXFWLYLW\ሺࡿࡼ�

7KH�FDUERK\GUDWH�SURGXFWLYLW\�LV�WKH�DPRXQW�RI�FDUERK\GUDWH�JHQHUDWHG�SHU�XQLW�WLPH�SHU�XQLW�

YROXPH�DQG� LWV�XQLWV�PD\�EH�J�/�K�RU�J�/�G��7KH�ELRPDVV�SURGXFWLYLW\� LV� UHSUHVHQWHG�DV�E\�

JLYHQ�HTXDWLRQ�

ௌܲ ൌ
ܵଶ െ ܵଵ
ଶݐ െ ଵݐ

:KHUH 6� DQG�6� DUH�WKH�VWDUFK�FRQFHQWUDWLRQ�DW�WLPH�W� DQG�W� UHVSHFWLYHO\�

��� 7KH�JURZWK RI�PLFURDOJDH�LQ�GLIIHUHQW�SKRWRELRUHDFWRUV

0LFURDOJDH�ZHUH� JURZQ� LQ�GLIIHUHQW�SKRWRELRUHDFWRUV� WR� DFKLHYH�KLJK�ELRPDVV� \LHOG��7KHUH�

ZHUH�IRXU�SKRWRELRUHDFWRUV�XVHG�IRU�WKH�PLFURDOJDO�JURZWK�VWXG\��7KHUH�DUH�EXEEOH�FROXPQ��

VWLUUHG�WDQN��LQWHUQDO�ORRS�DLUOLIW�DQG�H[WHUQDO�ORRS�SKRWRELRUHDFWRUV�

����� %XEEOH�FROXPQ�SKRWRELRUHDFWRU

7KH� EXEEOH� FROXPQ� UHDFWRU�ZDV� IDEULFDWHG� XVLQJ� SOH[LJODVV� �SRO\PHWK\O�PHWKDFU\ODWH� DQG�

VKRZQ�LQ�)LJXUH������7KH�ZRUNLQJ�YROXPH�RI�EXEEOH�FROXPQ�UHDFWRU�ZDV��OLWUH��7KH�LQWHUQDO�



&KDSWHU��

ϱϭ
6FKRRO�RI�%LRFKHPLFDO�(QJLQHHULQJ��,,7��%+8��9DUDQDVL

GLDPHWHU�RI� WKH�EXEEOH FROXPQ�ZDV�����FP�DQG�WKH�OHQJWK�ZDV���FP��7KH�PLFURDOJDH�ZHUH�

JURZQ DW����& DQG�LQLWLDO�S+�RI�����LQ�%*���PHGLD��7KH�EXEEOH�FROXPQ�ZDV�RSHUDWHG�ZLWK�D�

IORZ UDWH�RI����YYP ZLWK�DLU�DQG����&2���7KH PLFURDOJDH�ZHUH JURZQ�LQ�%*�� LQWR�EXEEOH�

FROXPQ�UHDFWRU PHGLD�ZLWK�WKH�OLJKW�LQWHQVLW\�RI�������/X[�

)LJXUH������7KH�EXEEOH�FROXPQ�SKRWRELRUHDFWRU�XVHG�IRU�PLFURDOJDO JURZWK

����� 6WLUUHU�WDQN�SKRWRELRUHDFWRU

7KH�6WLUUHG� WDQN� ELRUHDFWRU� �6FLJHQLFV� ,QGLD� 3YW� OWG���ZDV� XVHG� LQ� WKH� VWXG\ DQG� VKRZQ� LQ�

)LJXUH� ����� 7KH� ZRUNLQJ� YROXPH� LQ� VWLUUHG� WDQN� UHDFWRU� ZDV� NHSW� �� OLWHUV DQG� WKH� DOO� WKH�

SDUDPHWHUV� OLNH� WHPSHUDWXUH�� S+� DQG� DJLWDWLRQ� ZHUH� NHSW� FRQVWDQW� DQG� DW� RSWLPXP� YDOXHV�

WKURXJKRXW�WKH�VWXG\���7KH�PLFURDOJDH��&��VRURNLQLDQD DQG�7��REOLTXXV ZHUH�JURZQ�LQ�VWLUUHG�

WDQN� SKRWRELRUHDFWRU� ZLWK� ��� ����PO�� RI� LQRFXOXPV� YROXPH� KDYLQJ� D� FHOO GHQVLW\� RI� ����

PJ�/�IRU����GD\V��7KH�IORZ�UDWH�RI�JDV�XVHG�LQ�WKH�VWXG\�ZDV����YYP��7KH�OLJKW�LQWHQVLW\�ZDV�



&KDSWHU��

ϱϮ
6FKRRO�RI�%LRFKHPLFDO�(QJLQHHULQJ��,,7��%+8��9DUDQDVL

PDLQWDLQHG�DW������� OX[�XVLQJ� WKH�FRRO� LQFDQGHVFHQW OLJKW EXOEV� 7KH�JURZWK�RI�PLFURDOJDH�

ZDV�PHDVXUHG�ZLWK�DLU�DQG����&2� E\�PHDVXULQJ�WKH�VDPSOHV�SHULRGLFDOO\��

)LJXUH ����� 6HW�XS�RI�VWLUUHG�WDQN�SKRWRELRUHDFWRU

����� ,QWHUQDO�ORRS�DQG�H[WHUQDO�ORRS DLUOLIW SKRWRELRUHDFWRUV

7KH�LQWHUQDO�ORRS�DQG�H[WHUQDO�ORRS�DLUOLIW�SKRWRELRUHDFWRUV ZHUH�IDEULFDWHG�XVLQJ�SOH[LJODVV�

�SRO\PHWK\O� PHWKDFU\ODWH��� 7KH� ZRUNLQJ� YROXPH� RI� WKH� LQWHUQDO ORRS� DQG� H[WHUQDO� ORRS�

$/3%5�ZHUH��� OLWUH� DQG��� OLWUHV� UHVSHFWLYHO\��7KH�FRQILJXUDWLRQV�RI� WKH� DLUOLIW� UHDFWRUV� DUH�

PHQWLRQHG� LQ�7DEOH������7KH�VFKHPDWLF�GLDJUDP�RI� LQWHUQDO� ORRS�$/3%5�DQG�H[WHUQDO� ORRS�

$/3%5�DUH�VKRZQ�LQ�)LJXUH�����$��DQG���� �%� UHVSHFWLYHO\� 7KH PLFURDOJDH�ZHUH JURZQ�LQ�

%*���PHGLD� LQWR� SKRWRELRUHDFWRUV� ZLWK D� IORZ UDWH� RI� ���� YYP RI� DLU� DQG� ��� &2��� 7KH�

JURZWKV�RI�PLFURDOJDH�ZHUH PHDVXUHG�E\� WDNLQJ� WKH�DEVRUEDQFH� DW� ���QP�DQG�DOVR�E\�GU\�

ZHLJKW�DQDO\VLV�PHWKRG� $IWHU� WKH�JURZWK�� WKH�PLFURDOJDH�ELRPDVV�ZDV�KDUYHVWHG�DQG�XVHG�

IRU�WKH�HVWLPDWLRQ�RI�ELRPDVV��FDUERK\GUDWH�DQG�VWDUFK�SURGXFWLYLWLHV�



&KDSWHU��

ϱϯ
6FKRRO�RI�%LRFKHPLFDO�(QJLQHHULQJ��,,7��%+8��9DUDQDVL

)LJXUH ������ 6FKHPDWLF�GLDJUDP�RI�LQWHUQDO�ORRS SKRWRELRUHDFWRU��$� DQG�H[WHUQDO�ORRS�

SKRWRELRUHDFWRU �%�

7DEOH������7KH�FRQILJXUDWLRQV�RI�WKH�LQWHUQDO�DQG�H[WHUQDO�DLUOLIW�SKRWRELRUHDFWRUV

5HDFWRU�3DUDPHWHUV
,QWHUQDO�ORRS�$LUOLIW�

UHDFWRU

([WHUQDO�ORRS�$LUOLIW�

UHDFWRU

7KH�ZRUNLQJ YROXPH�RI�WKH�

UHDFWRU
��/ ��/

&ROXPQ�GLDPHWHU ��PP ��PP

&ROXPQ�KHLJKW ���PP ���PP

'UDIW�WXEH�GLDPHWHU ��PP ��PP

'UDIW�WXEH�KHLJKW ���PP ���PP

7KH�KHLJKW RI�GUDIW�WXEH�DERYH

WKH�UHDFWRU�EDVH
��PP ���PP

6LQJOH�6SDUJHU�1R]]OH ���PP ���PP

� �
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��� &DUERK\GUDWH HQKDQFHPHQW�VWUDWHJLHV

����� 8VLQJ�DQWLELRWLFV

������� 3URWHLQ�V\QWKHVLV�LQKLELWLRQ��F\FORKH[LPLGH WUHDWPHQW�

&\FORKH[LPLGH�ZDV�DGGHG�LQWR�WKH�KDUYHVWHG�PLFURDOJDH�FXOWXUH�DQG�D�ILQDO�FRQFHQWUDWLRQ�RI�

� PJ�/� ZDV� PDLQWDLQHG�� 7KH� SUHVHQFH� RI� F\FORKH[LPLGH� ��� PJ�/�� SUHYHQWHG� PLFURDOJDO�

SURWHLQ� V\QWKHVLV� DQG� OHDGV� WR� WKH� DFFXPXODWLRQ� RI� FDUERK\GUDWH� LQVLGH� WKH� FHOOV�� 7KH�

PLFURDOJDH�ZHUH�JURZQ�LQ�RSWLPXP�FRQGLWLRQV�XSWR VWDWLRQDU\�SKDVH�DQG�WKHQ�KDUYHVWHG��7KH�

KDUYHVWHG�FHOOV�ZHUH�DJDLQ�SXW�LQ�PHGLD�FRQWDLQLQJ�F\FORKH[LPLGH�DQG�JURZQ�IRU�ILYH�GD\V�LQ�

SUHVHQFH�RI�F\FORKH[LPLGH�DW����� USP�DQG����&� 7KH�VDPSOHV�ZHUH WDNHQ�SHULRGLFDOO\� DQG�

WKH�FHOOXODU�FRQWHQW�RI�PLFURDOJDH�PDLQO\�FDUERK\GUDWH��VWDUFK�DQG�OLSLG�ZHUH�PHDVXUHG�

������� /LSLG�V\QWKHVLV�LQKLELWLRQ��FHUXOHQLQ WUHDWPHQW�

$� ���ȝO� RI� VWRFN� VROXWLRQ� ����� PJ�P/�� RI� FHUXOHQLQ� ZDV� DGGHG� WR� PDNH� WKH� ILQDO

FRQFHQWUDWLRQ�RI� FHUXOHQLQ� ���PJ�/�� LQ�����PO�RI�PLFURDOJDH� FXOWXUH�� ZKHQ� WKH�JURZWK�RI�

PLFURDOJDH�UHDFKHG�WR WKH�VWDWLRQDU\�SKDVH��%RWK�WKH�FRQWURO�DQG�WUHDWHG�FXOWXUH�ZHUH�JURZQ�

LQ�DQ LQFXEDWRU DW�����USP�DQG����&�WHPSHUDWXUH�IRU���GD\V��7KH�FDUERK\GUDWH��VWDUFK��DQG�

OLSLG�FRQWHQW�LQ�ERWK�WUHDWHG�DQG�XQWUHDWHG�FXOWXUHV�ZHUH�PHDVXUHG��7KH�HIIHFWV�RI�FHUXOHQLQ�LQ�

ERWK�PLFURDOJDH�ZHUH�REVHUYHG�ZLWK�UHVSHFW�WR�WLPH�LQ�WHUPV�RI�FDUERK\GUDWH��VWDUFK�DQG�OLSLG�

FRQWHQW�

����� 7KH�JURZWK RI�PLFURDOJDH�XQGHU�QXWULHQW�OLPLWDWLRQ

1XWULHQW�OLPLWDWLRQ�VWXG\�ZDV�SHUIRUPHG�LQ�WKH�DEVHQFH�RI�VSHFLILF�QXWULHQWV��QLWURJHQ��

SKRVSKRUXV�DQG�VXOSKXU��LQ�PHGLD��7KH�PLFURDOJDH�ZHUH�JURZQ LQ�VWUHVV�FRQGLWLRQV�WR�

HQKDQFH�WKH�FDUERK\GUDWH�FRQWHQW�
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������� 8QGHU�QLWURJHQ OLPLWDWLRQ JURZWK

7KH�PLFURDOJDH�ZHUH�JURZQ�LQ�%*���PHGLD�WR�WKH�HDUO\�VWDWLRQDU\�SKDVH�DW����&�DQG����&�

IRU�&��VRURNLQLDQD DQG�7��REOLTXXV UHVSHFWLYHO\�ZLWK�����USP�DQG WKHQ FHOOV�ZHUH�KDUYHVWHG�

E\�FHQWULIXJDWLRQ�� 7KH�FHOOV�ZHUH�DJDLQ�UH�VXVSHQGHG�LQ�%*���QLWURJHQ�GHSOHWHG PHGLD�DQG�

JURZQ�IRU�ILYH�GD\V DW�WKH�VDPH�FXOWXUH�FRQGLWLRQV�� 7KH�VDPSOHV�ZHUH�WDNHQ�RXW�SHULRGLFDOO\�

WR�PHDVXUH� WKH� FDUERK\GUDWH�� VWDUFK� DQG� OLSLG� FRQWHQW� (DFK� H[SHULPHQW� ZDV� SHUIRUPHG� LQ�

WULSOLFDWH�

������� 8QGHU�SKRVSKRUXV OLPLWDWLRQ�JURZWK

7KH� PLFURDOJDH ZHUH� JURZQ� LQ� %*��� PHGLD� WR� WKH� HDUO\� VWDWLRQDU\� SKDVH ZLWK� WKH� VDPH�

FRQGLWLRQ� DV� IRU� QLWURJHQ� OLPLWDWLRQ DQG� WKHQ� FHOOV� ZHUH� KDUYHVWHG� E\� FHQWULIXJDWLRQ�� � 7KH�

FHOOV�ZHUH�DJDLQ�UH�VXVSHQGHG�LQ�%*��SKRVSKRUXV�GHSOHWHG�PHGLD�DQG�JURZQ�IRU�ILYH�GD\V�DW�

WKH� VDPH� FXOWXUH� FRQGLWLRQV�� � 7KH� VDPSOHV� ZHUH� WDNHQ� RXW� SHULRGLFDOO\� WR� PHDVXUH� WKH�

FDUERK\GUDWH��VWDUFK�DQG�OLSLG�FRQWHQW� (DFK�H[SHULPHQW�ZDV�SHUIRUPHG�LQ�WULSOLFDWH�

������� 8QGHU�VXOSKXU�OLPLWDWLRQ�JURZWK

7KH� PLFURDOJDH� ZHUH� JURZQ� LQ� %*��� PHGLD� WR� WKH� HDUO\� VWDWLRQDU\� SKDVH ZLWK� WKH� VDPH�

FRQGLWLRQ� DV� IRU� QLWURJHQ� OLPLWDWLRQ DQG� WKHQ� FHOOV� ZHUH� KDUYHVWHG� E\� FHQWULIXJDWLRQ�� � 7KH�

FHOOV�ZHUH�DJDLQ�UH�VXVSHQGHG�LQ�%*��SKRVSKRUXV�GHSOHWHG�PHGLD�DQG�JURZQ�IRU�ILYH�GD\V�DW�

WKH� VDPH� FXOWXUH� FRQGLWLRQV�� � 7KH� VDPSOHV� ZHUH� WDNHQ� RXW� SHULRGLFDOO\� WR� PHDVXUH� WKH�

FDUERK\GUDWH��VWDUFK�DQG�OLSLG�FRQWHQW� (DFK�H[SHULPHQW�ZDV�SHUIRUPHG�LQ�WULSOLFDWH�

,QLWLDOO\�� QXWULHQW� OLPLWDWLRQ� VWXG\�ZDV�SHUIRUPHG� LQ� VKDNH� IODVN� DQG� IXUWKHU�XVHG� LQ� DLU� OLIW

UHDFWRU�WR�DFKLHYH�KLJK�ELRPDVV�FRQWHQW�
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ϱϲ
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��� 3UHWUHDWPHQW�RI�PLFURDOJDH

7KH�SUHWUHDWPHQW�RI�PLFURDOJDH ZDV�SHUIRUPHG�ZLWK�GLIIHUHQW�PHWKRGV�DQG�WKH�SUHWUHDWPHQW�

HIILFLHQF\�RI�WKHVH PHWKRGV ZDV PHDVXUHG�E\�FDOFXODWLQJ�WKH DPRXQW�RI�FDUERK\GUDWH�

UHOHDVHG�SHU�JUDP�RI�WRWDO�FDUERK\GUDWH�SUHVHQW�LQ�WKH�FHOOV��7KH�SUHWUHDWPHQW�HIILFLHQF\ DQG�

GLVVROYHG�FDUERK\GUDWH�\LHOG�DUH FDOFXODWHG�E\ WKH JLYHQ HTXDWLRQ�

([WUDFWLRQ�(IILFLHQF\� �
ሺ୥ ୭୤ ୢ୧ୱୱ୭୪୴ୣୢ ୡୟ୰ୠ୭୦୷ୢ୰ୟ୲ୣሻ

ሺ୥ ୭୤ ୲୭୲ୟ୪ ୡୟ୰ୠ୭୦୷ୢ୰ୟ୲ୣሻ
î����

'LVVROYHG�FDUERK\GUDWH�\LHOG� �
ሺ୥ ୭୤ ୢ୧ୱୱ୭୪୴ୣୢ ୡୟ୰ୠ୭୦୷ୢ୰ୟ୲ୣሻ

ሺ୥ ୭୤ ୟ୪୥ୟୣሻ

7KH� FHOO� EUHDNDJH� E\� GLIIHUHQW� SUHWUHDWPHQWV� ZDV� DOVR� FRQILUPHG� E\� YLVXDOL]LQJ� WKH� FHOOV�

XQGHU� WKH�PLFURVFRSH�DQG� VFDQQLQJ� HOHFWURQ�PLFURVFRS\� $Q�2O\PSXV�&.;���PLFURVFRSH�

ZDV�HPSOR\HG�LQ�WKH�EULJKW�ILHOG�FRQILJXUDWLRQ��XVLQJ�EHWZHHQ���;�DQG����;�REMHFWLYHV����;�

REMHFWLYH�ZDV�XVHG�IRU�DOO�FRXQWLQJ�SURFHGXUHV��7KH�PLFURVFRSH�ZDV�HTXLSSHG�ZLWK�D�GLJLWDO�

FDPHUD�WR�WDNH�WKH�PLFURDOJDH�SKRWRJUDSKV�

����� $FLGLF�SUHWUHDWPHQW

6LQFH�WKH�SUH�WUHDWPHQW�ZLWK�VXOIXULF�RU K\GURFKORULF�DFLG�KDG�YHU\�VLPLODU�UHVXOWV��WKH�IRUPHU�

ZDV� VHOHFWHG VLQFH� VXOIDWH� LV� D� QXWULHQW� SUHVHQW� LQ� WKH� \HDVW� IHUPHQWDWLRQ�PHGLXPV�� 6XOIDWH�

DOVR�KDV�D� ORZHU� WR[LFLW\� WR�\HDVWV�ZKHQ�FRPSDUHG WR FKORULGH��DQG� LW� LV� HDVLO\� UHPRYHG�E\�

QHXWUDOL]LQJ�ZLWK�FDOFLXP�FDUERQDWH��&D&2����$IWHU�QHXWUDOL]DWLRQ��FDOFLXP�VXOIDWH��&D62����

D�SURGXFW�RI�WKH�FKHPLFDO�UHDFWLRQ��ZDV�UHPRYHG�XVLQJ�D�FHQWULIXJH�RSHUDWHG�DW������USP�IRU�

��PLQ��$����PO�RI�D�VDPSOH KDYLQJ�PLFURDOJDH FRQFHQWUDWLRQ�RI���PJ�P/�ZDV�XVHG�IRU�DFLG�

SUHWUHDWPHQW�VWXG\���7KH�RSWLPXP�VXOIXULF�DFLG�FRQFHQWUDWLRQ�ZDV�GHWHUPLQHG�E\�SHUIRUPLQJ�

GLIIHUHQW� H[SHULPHQWV� LQ� WKH� GLIIHUHQW� FRQFHQWUDWLRQ� ������� ����� ����� ����� DQG� ���� 1�� RI�

VXOSKXULF� DFLG�� $FLG� SUH�WUHDWPHQW� RI PLFURDOJDH�ZDV� SHUIRUPHG� DW� ����& IRU� ���PLQ� IRU�
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FHOOXODU� GLVUXSWLRQ� DQG� VXJDU� H[WUDFWLRQ� ZKLFK� ZDV� PHDVXUHG� E\� SKHQRO�VXOSKXULF DFLG�

PHWKRG �/DXUHQV�HW�DO���������1JX\HQ�HW�DO���������

����� $ONDOL�SUHWUHDWPHQW

$����PO�RI� WKH�VDPSOH KDYLQJ�D�PLFURDOJDH� FRQFHQWUDWLRQ�RI���PJ�P/�ZDV�XVHG� IRU�DONDOL�

WUHDWPHQW��,Q�PLFURDOJDH�VDPSOH��GLIIHUHQW�FRQFHQWUDWLRQV������������������DQG�������RI�1D2+�

ZHUH� DGGHG� DQG� DXWRFODYHG� DW� ����&� IRU� ��� PLQ�� 7KH� VDPSOHV� ZHUH� FRROHG GRZQ� DQG

FHQWULIXJHG�DW������USP�IRU���PLQ��7KH�VXSHUQDWDQW�ZDV�WDNHQ DQG�VXJDUV FRQFHQWUDWLRQ�ZDV

HVWLPDWHG�WR�PHDVXUH�WKH�SUHWUHDWPHQW�HIILFLHQF\ E\�SKHQRO�VXOSKXULF DFLG�PHWKRG �+DUXQ�HW�

DO��������� 7KH�RSWLPXP�DFLG�FRQFHQWUDWLRQ�ZDV�XVHG�IRU�IXUWKHU�VWXG\�

����� +\GUR[\O�UDGLFDO�DLGHG�WKHUPDO�SUHWUHDWPHQW

7KH�K\GUR[\O�UDGLFDOV�SURGXFHG�GXULQJ�WKH�)HQWRQ¶V�UHDFWLRQ�WDNH�SDUW�LQ�WKH�K\GUR[\O�DLGHG�

WKHUPDO�SUHWUHDWPHQW���,Q�WKLV�SUHWUHDWPHQW��GLIIHUHQW�FRQFHQWUDWLRQ�RI�K\GURJHQ�SHUR[LGH�ZDV�

XVHG�DQG�LURQ�VXOSKDWH�ZDV�XVHG�DV�D�FDWDO\VW�IRU�)HQWRQ¶V�UHDFWLRQ��7KH�GLIIHUHQW�K\GURJHQ�

FRQFHQWUDWLRQV�ZHUH�WDNHQ�DV������������������������DQG �����J�/��7KH�LURQ�VXOSKDWH�ZDV�WDNHQ�

�����P0�IRU�HYHU\�UHDFWLRQ� $����PO�RI�PLFURDOJDH�KDYLQJ D FRQFHQWUDWLRQ RI���PJ�P/�ZDV�

WDNHQ� DQG� DGGHG� K\GURJHQ� SHUR[LGH� DQG� LURQ� VXOSKDWH�� 7KH�PL[WXUHV� ZHUH� DXWRFODYHG� IRU�

WKHUPDO�WUHDWPHQW�DW�����&�IRU����PLQ��$IWHU�WKH�UHDFWLRQ��WKH�VDPSOHV�ZHUH�FRROHG�GRZQ�DQG�

FHQWULIXJHG� DW� ����� USP� IRU� �PLQ�� 7KH� VXSHUQDWDQW� ZDV IXUWKHU� XVHG� IRU WKH� GLVVROYHG�

FDUERK\GUDWH�DQDO\VLV�XVLQJ�SKHQRO�VXOSKXULF DFLG�PHWKRG��*DR�HW�DO���������

����� 8OWUDVRQLFDWLRQ�SUHWUHDWPHQW

7KH�XOWUDVRQLF�GHYLFH�XVHG�IRU�PLFURDOJDH�SUHWUHDWPHQW�ZDV�DQ XOWUDVRQLF SURFHVVRU�83���6

�+LHOVFKHU�± 8OWUDVRXQG�7HFKQRORJ\��*HUPDQ\��ZLWK�D�ZRUNLQJ�IUHTXHQF\�RI����N+]�DQG�D�
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UDWHG�VXSSOLHG�SRZHU�RI����:�IURP�WKH�XOWUDVRQLF�JHQHUDWRU�XVHG��7KH�LQVWUXPHQW�ZDV�ILWWHG�

ZLWK� D� VRQRWURGH �PLFURWLS� 6���� 7KH� VRQLFDWRU� ZDV� RSHUDWHG� DW� ����� DPSOLWXGH� DQG� ����

F\FOHV��7KH�DFRXVWLF�SRZHU�JHQHUDWHG�E\�WKH�LQVWUXPHQW�ZDV�UHSRUWHG�DV�����:�P����$����PO�

RI�PLFURDOJDH� VDPSOH� KDYLQJ� FHOO� PDVV� FRQFHQWUDWLRQ� RI� �PJ�P/�ZDV� SUHWUHDWHG� DW� �����

DPSOLWXGH�DQG�����F\FOHV�IRU�����������������������DQG����PLQ��7KH�VDPSOHV�ZHUH�FHQWULIXJHG�

DW� ����� USP� IRU� ���PLQXWHV�� $IWHU� FHOO� EUHDNDJH�� WKH� SDUWLDOO\ GLJHVWHG� FDUERK\GUDWH� ZDV�

UHOHDVHG�LQWR�WKH�VXSHUQDWDQW��ZKLFK�ZDV�PHDVXUHG�E\�3KHQRO�VXOSKXULF�DFLG�PHWKRG��,Q�WKLV�

PHWKRG�� D� ���� �/� RI� VXSHUQDWDQW� IURP� ZDV� WDNHQ� IURP� HDFK� RI� FHQWULIXJHG� SUHWUHDWHG�

VDPSOHV��6DPSOHV�ZHUH�PDGH�XS�WR���PO��$���PO�RI�����+�62� DQG���PO�RI����SKHQRO�ZHUH�

DGGHG� LQ� HDFK� VDPSOH��7KH� VDPSOHV�ZHUH�KHDWHG� DW� ���&� IRU���PLQXWHV��7KH� VDPSOHV�ZHUH�

FRROHG�WR�URRP�WHPSHUDWXUH�DQG�WKH�DEVRUEDQFH�ZDV�WDNHQ�DW����QP��0DVXNR�HW�DO����������

����� 8OWUDVRQLFDWLRQ�IROORZHG�E\�HQ]\PDWLF�SUHWUHDWPHQW

,Q� WKH ILUVW� VWHS� XOWUDVRQLFDWLRQ�RI�PLFURDOJDH�ELRPDVV�ZDV�SHUIRUPHG� DV�PHQWLRQHG� LQ� WKH�

XOWUDVRQLFDWLRQ� SUHWUHDWPHQW� VHFWLRQ�� $IWHU� WKH� XOWUDVRQLFDWLRQ�� DOJDO� FDUERK\GUDWH� LV�

K\GURO\]HG�E\�HQ]\PHV��7KHUH�ZHUH�WKUHH�HQ]\PHV��Į�DP\ODVH �����8�J���DP\ORJOXFRVLGDVH

�IURP� $VSHUJLOOXV� QLJHU�� �8�PJ� DQG� FHOOXODVH� �IURP� 7�� UHHVHL $7&&� ������ �� �� XQLW�PJ�

VROLG� ZHUH XVHG�IRU�K\GURO\VLV�RI�FDUERK\GUDWH� PDLQO\�VWDUFK�DQG�FHOOXORVH��$IWHU�DGGLQJ�WKH�

HQ]\PHV� LQ� XOWUDVRQLFDWHG� PLFURDOJD� ELRPDVV�� WKH� UHDFWLRQ� ZDV� SHUIRUPHG� DW� S+� ����

WHPSHUDWXUH����&�IRU���K DW�����USP� 7KH�UHDFWLRQ�ZDV�VWRSSHG�E\�SXWWLQJ�WKH�VDPSOHV�LQWR�D�

ERLOLQJ ZDWHU�EDWK��7KH�VDPSOHV�ZHUH�FRROHG�GRZQ�DQG�FHQWULIXJHG�DW������USP�IRU���PLQ��

7KH� VXSHUQDWDQW�ZDV� WDNHQ� WR�PHDVXUH� WKH� UHOHDVHG� UHGXFLQJ� VXJDU� DIWHU� WKH� K\GURO\VLV� E\�

'16�PHWKRG �6KRNUNDU�HW�DO���������
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��� )HUPHQWDWLRQ

����� <HDVW�FXOWXUH�DQG�FXOWXUH�FRQGLWLRQV

7KH�\HDVW��6DFFKDURP\FHV�FHUHYLVLDH 1&,0�������ZDV�DOVR�SURFXUHG�IURP�1&,0��1DWLRQDO�

&KHPLFDO�/DERUDWRULHV�3XQH�� ,QGLD��<HDVW�FXOWXUH�ZDV�UHYLYHG�RQ�0*<3�PHGLD��ZKLFK�KDV�

WKH�IROORZLQJ�FRPSRVLWLRQ�DV�����J�/�RI�PDOW�H[WUDFW�������J�/�RI�JOXFRVH������J�/�RI�SHSWRQH��

����J�/�RI�\HDVW�H[WUDFW� DQG�S+������7KH�\HDVW�FXOWXUH�ZDV�JURZQ�LQ�0*<3�PHGLD�DW����&�

DQG� ���� USP� IRU� ��� K�� 7KH� IUHVK� FXOWXUH� EURWK� RI� ���ZDV� XVHG� DV� LQRFXOXPV� IRU� HWKDQRO�

IHUPHQWDWLRQ�� *URZWK� DQG� PRQLWRULQJ� RI� \HDVW� FHOOV� ZHUH� GRQH� E\� XVLQJ� ERWK� WXUELGLW\�

PHDVXUHPHQW� DW�2'��� �89�9,6�6SHFWURSKRWRPHWHU��89�������/$%,1',$�� DQG� VWDQGDUG�

GU\�FHOO�ZHLJKW�PHWKRG���4XLUyV�HW�DO���������

����� 6HSDUDWH�K\GURO\VLV�DQG�IHUPHQWDWLRQ��6+)�

)HUPHQWDWLRQ� RI� DOJDO� FDUERK\GUDWH ZDV� GRQH� LQ� WZR�VWHS SURFHVV�� ,Q� WKH� ILUVW� VWHS��

FDUERK\GUDWHV DUH K\GURO\]HG�LQWR�VLPSOH�VXJDUV�DQG�LQ�WKH�VHFRQG�VWHS��WKH�UHGXFLQJ�VXJDUV�

ZHUH� XWLOL]HG� E\� \HDVW� 6DFFKDURP\FHV FHUHYLVLDH� IRU� SURGXFWLRQ RI� HWKDQRO�� )RU� WKH�

FDUERK\GUDWH� K\GURO\VLV�� WZR� PHWKRGV� ZHUH� DGRSWHG� RQH� DFLGLF� DQG� DQRWKHU� LV� HQ]\PDWLF�

WUHDWPHQW�� ,Q� WKH� DFLGLF� SUHWUHDWPHQW� ERWK� SUHWUHDWPHQW� DQG� K\GURO\VLV� WRRN� SODFH

VLPXOWDQHRXVO\�

������� $FLG�K\GURO\VLV

,Q� DFLG� K\GURO\VLV�� WKH� GLIIHUHQW� FRQFHQWUDWLRQV ���� ���� ���� ���� ��� �� Z�Y� RI� PLFURDOJDH�

ELRPDVV�ZHUH PL[HG�VHSDUDWHO\ ZLWK��1�+�62� DW�����USP�IRU���PLQ��7KH�UHVXOWLQJ�VOXUULHV�

ZHUH� DXWRFODYHG� DW� ���R&� IRU� ���PLQ��$IWHU� K\GURO\VLV�� WKH� VDPSOHV�ZHUH� FRROHG� GRZQ� WR�

URRP� WHPSHUDWXUH� &HQWULIXJDWLRQ� RI� VDPSOHV� ZDV� SHUIRUPHG DW� ����� USP� IRU� �� PLQ WR�

UHPRYH�WKH�FHOOXODU�GHEULV�DQG�WKH�VXSHUQDWDQW�ZDV�WDNHQ�WR�PHDVXUH�WKH�WRWDO�UHGXFLQJ�VXJDU�
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ϲϬ
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SUHVHQW�LQ�WKH�VDPSOH� 7KH�VXSHUQDWDQW�RI�S+�ZDV�DGMXVWHG�WR�����ZLWK�VROLG�&D&2� DQG�WKH�

SUHFLSLWDWH� RI� &D62� ZDV� UHPRYHG� E\� FHQWULIXJDWLRQ�� 7KH� VXSHUQDWDQW� ZDV� WDNHQ� IRU�

IHUPHQWDWLRQ�

������� (Q]\PDWLF�K\GURO\VLV

,Q�HQ]\PDWLF�K\GURO\VLV��WKH�GLIIHUHQW�FRQFHQWUDWLRQV����������������������Z�Y��RI�PLFURDOJDH�

ELRPDVV� ZHUH� SUHWUHDWHG� ZLWK� XOWUDVRQLFDWLRQ DQG� IXUWKHU� K\GURO\]HG� E\� DOSKD� DP\ODVH��

DP\ORJOXFRVLGDVH� DQG� FHOOXODVH HQ]\PHV�� $IWHU� DGGLQJ� WKH� HQ]\PHV� LQ� XOWUDVRQLFDWHG�

PLFURDOJD�ELRPDVV��WKH�UHDFWLRQ�ZDV�SHUIRUPHG�DW�S+������WHPSHUDWXUH����&�IRU���K�DW�����

USP��7KH�UHDFWLRQ�ZDV�VWRSSHG�E\�SXWWLQJ�WKH�VDPSOHV�LQWR�D�ERLOLQJ ZDWHU�EDWK��7KH�VDPSOHV�

ZHUH�FRROHG�GRZQ�DQG�FHQWULIXJHG�DW������USP�IRU���PLQ��7KH�VXSHUQDWDQWV�ZHUH WDNHQ IRU�

WKH�IHUPHQWDWLRQ�

������� )HUPHQWDWLRQ RI�DOJDO�FDUERK\GUDWH

$IWHU� WKH�DFLGLF�RU HQ]\PDWLF�K\GURO\VLV�RI�DOJDO�ELRPDVV�� WKH�RWKHU�QXWULHQWV�QHFHVVDU\�IRU�

HWKDQRO� SURGXFWLRQ� ZHUH� DGGHG� LQWR� WKH� IHUPHQWDWLRQ�PHGLD�� 7KH� IHUPHQWDWLRQ� PHGLD ZDV�

SUHSDUHG� LQ�����P/�RI�(UOHQPH\HU IODVN�E\�DGGLQJ�DOO� WKH� FRPSRQHQWV� DV� WKH� FRPSRVLWLRQ�

JLYHQ� LQ�7DEOH����� 7KH�K\GURO\]HG�VXJDU ZDV�DGGHG� LQWR� IHUPHQWDWLRQ�PHGLD�DV� WKH�PDLQ�

VXEVWUDWH�IRU�HWKDQRO�IHUPHQWDWLRQ��7KH�S+�ZDV�DGMXVWHG�����XVLQJ���1�1D2+�DQG���1�+&O��

7KH�PHGLD�ZDV�DXWRFODYHG�DW�����&�IRU����PLQXWHV�DQG�FRROHG�GRZQ�WR� URRP�WHPSHUDWXUH��

$IWHU�FRROLQJ� D ����Y�Y��RI�DFWLYH�FHOOV�RI�\HDVW�6DFFKDURP\FHV�FHUHYLVLDH 1&,0������DV�

LQRFXOXPV�� 7KH� HWKDQRO� IHUPHQWDWLRQ� ZDV� GRQH� DW� ��R&� IRU� ��� K� XQGHU� QRQ�DJLWDWHG� DQG�

VKDNLQJ� ����� USP�� FRQGLWLRQ�� ,Q� IHUPHQWDWLRQ� EURWK�� JOXFRVH�� HWKDQRO� DQG� FHOO� PDVV� ZHUH�

DQDO\]HG�DW�UHJXODU�LQWHUYDOV��*OXFRVH�REWDLQHG�IURP�FDUERK\GUDWH�K\GURO\VLV�ZDV�PHDVXUHG�
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E\�'16 PHWKRG �0LOOHU���������7KH�HVWLPDWLRQ�RI�HWKDQRO�GXULQJ�IHUPHQWDWLRQ�ZDV�GRQH�E\�

XVLQJ�JDV�FKURPDWRJUDSK\�PHWKRG �6WDFNOHU�DQG�&KULVWHQVHQ���������7KH�JURZWK�NLQHWLFV�RI�

6��FHUHYLVLDH�ZDV�FDOFXODWHG�E\�PHDVXULQJ�WKH�ZHLJKW�RI�GU\�FHOO�PDVV��

7DEOH���� &RPSRVLWLRQ�RI�IHUPHQWDWLRQ�PHGLD�XVHG�LQ�6+) RI�&��VRURNLQLDQD

)HUPHQWDWLRQ�PHGLD $FLGLF�+\GURO\VLV (Q]\PDWLF�+\GURO\VLV

*OXFRVH�REWDLQHG�IURP�

DOJDO�FDUERK\GUDWH
������J �����

.+�32� ����J� ����J

�1+���62� ����J� ����J

0J62���+�2� ����J� ����J

<HDVW�H[WUDFW� ����J� ����J

'LVWLOOHG�ZDWHU� ����P/� ����P/

S+� ���� ���

7DEOH�����&RPSRVLWLRQ�RI�IHUPHQWDWLRQ�PHGLD�XVHG�LQ�6+) RI�7��REOLTXXV

)HUPHQWDWLRQ�PHGLD $FLGLF�+\GURO\VLV (Q]\PDWLF�+\GURO\VLV

*OXFRVH�REWDLQHG�IURP�DOJDO�FDUERK\GUDWH �����J �����

.+�32� ����J ����J

�1+���62� ����J ����J

0J62���+�2 ����J ����J

<HDVW�H[WUDFW ����J ����J

'LVWLOOHG�ZDWHU ����P/ ����P/

S+ ��� ���
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����� 6LPXOWDQHRXV�VDFFKDULILFDWLRQ�DQG�IHUPHQWDWLRQ��66)�

)HUPHQWDWLRQ� RI� DOJDO� FDUERK\GUDWH ZDV� SHUIRUPHG WKURXJK� 6LPXOWDQHRXV� 6DFFKDULILFDWLRQ�

DQG� )HUPHQWDWLRQ� �66)��� ,Q� WKLV� SURFHVV�� ILUVWO\� DOJDO� ELRPDVV ZDV� SUHWUHDWHG� ZLWK�

XOWUDVRQLFDWLRQ VR� WKDW� DOO� WKH� FDUERK\GUDWH� FRQWHQW� FRPH� RXW� RI� WKH� FHOOV� $IWHU WKH�

SUHWUHDWPHQW�� WKH� FDUERK\GUDWH� ZDV� K\GURO\]HG WR� JOXFRVH� E\ HQ]\PHV� �Į�DP\ODVH�

�����8�J���DP\ORJOXFRVLGDVH��IURP�$VSHUJLOOXV�QLJHU���8�PJ��DQG�FHOOXODVH��IURP�7��UHHVHL

$7&&�����������XQLW�PJ�VROLG���DQG�DIWHU�WKDW�6��FHUHYLVLDH VWUDLQ�ZDV�XVHG IRU�IHUPHQWDWLRQ�

RI�UHGXFLQJ�VXJDUV�WR�ELRHWKDQRO��7KH�RWKHU�QXWULHQWV�UHTXLUHG�IRU�WKH�JURZWK�RI�6��FHUHYLVLDH

DQG�SURGXFWLRQ�RI�HWKDQRO�ZHUH�DGGHG�LQWR�WKH�VRQLFDWHG DOJDO�VDPSOH�WR�PDNH�D�IHUPHQWDWLRQ�

PHGLD��7KHQ��WKLV�IHUPHQWDWLRQ�PHGLXP�ZDV�DXWRFODYHG�DW����SVL�IRU����PLQXWHV�WR�VWHULOL]H�

WKH�PHGLD��7KH�LQLWLDO�S+�RI�WKH�PHGLXP�ZDV�DGMXVWHG�WR ����XVLQJ�����1�1D2+�DQG���1�+&O�

�$VDGD�HW�DO��������� 7KH�FRPSRVLWLRQ�RI�IHUPHQWDWLRQ�PHGLD�LV�JLYHQ LQ�7DEOH�����

$IWHU�WKH�VWHULOL]DWLRQ� WKH�IHUPHQWDWLRQ�PHGLD�ZDV�FRROHG�GRZQ�WR�URRP�WHPSHUDWXUH��$�����

PJ�RI Į�DP\ODVH����PJ�RI�DP\ORJOXFRVLGDVH�DQG����PJ�RI�FHOOXORVH�ZHUH DGGHG�DVHSWLFDOO\�

WR� WKDW�PHGLD��$W� WKH�VDPH�WLPH�����RI�\HDVW� LQRFXOXP�ZDV�DGGHG LQWR�IHUPHQWDWLRQ�PHGLD�

FRQWDLQLQJ�DOJDO�FDUERK\GUDWH�DV�WKH�PDLQ FDUERQ�VXEVWUDWH��7KH�FXOWXUH�EURWK�ZDV�LQFXEDWHG�

DW� ��R&� IRU� ��� KRXUV� XQGHU QRQ�DJLWDWHG� DQG� VKDNLQJ� ����� USP�� FRQGLWLRQV�� 6DPSOHV�ZHUH�

FROOHFWHG�DW�GLIIHUHQW�WLPH�LQWHUYDOV��DQG�DQDO\VLV�RI�WRWDO�FDUERK\GUDWH��JOXFRVH��HWKDQRO�DQG�

FHOO�PDVV�ZHUH�SHUIRUPHG DFFRUGLQJO\��*OXFRVH�REWDLQHG�IURP�FDUERK\GUDWH�K\GURO\VLV�ZDV�

PHDVXUHG E\� WKH� '16 PHWKRG� �+RGJH�� ������� 7KH� UHVLGXDO� FDUERK\GUDWH� FRQFHQWUDWLRQ�

GXULQJ� IHUPHQWDWLRQ� ZDV� PHDVXUHG� XVLQJ� SKHQRO�VXOSKXULF DFLG PHWKRG �0DVXNR� HW� DO���

������� 7KH� HVWLPDWLRQ� RI� HWKDQRO� DV� HQG� SURGXFW� GXULQJ� IHUPHQWDWLRQ� ZDV� GRQH E\� JDV�
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FKURPDWRJUDSKLF� PHWKRG� �6WDFNOHU� DQG� &KULVWHQVHQ�� ������� 7KH� \HDVW� FHOO� PDVV� ZDV�

PHDVXUHG�E\�WDNLQJ�WKH�DEVRUEDQFH�DW�����QP�DQG�DOVR�E\�D�GU\ ZHLJKW�PHWKRG�

7DEOH�����&RPSRVLWLRQ�RI�IHUPHQWDWLRQ�PHGLD�XVHG�LQ�66)

)HUPHQWDWLRQ�PHGLD $PRXQW

$OJDO�%LRPDVV ���J

.+�32� ����J

�1+���62� ����J

0J62���+�2 ����J

<HDVW�H[WUDFW ����J

'LVWLOOHG�ZDWHU ����P/

S+ ���

����� (VWLPDWLRQ�RI�HWKDQRO

7KH� HWKDQRO� FRQFHQWUDWLRQV LQ� WKH� EURWK� GXULQJ� WKH� IHUPHQWDWLRQ� SURFHVV� ZHUH� GHWHUPLQHG�

XVLQJ�JDV�FKURPDWRJUDSK\��1XFRQ ������HTXLSSHG�ZLWK�D�IODPH�LRQL]DWLRQ�GHWHFWRU��),'��DQG�

3RUDSDN�4�FROXPQ����P�OHQJWK�DQG�������LQFK�,'��� ,Q�WKH�JDV�FKURPDWRJUDSK�� WKH�LQMHFWRU��

GHWHFWRU��DQG�RYHQ�WHPSHUDWXUHV�ZHUH�VHW WR����R&�����R&��DQG����R&��UHVSHFWLYHO\��1LWURJHQ�

JDV�ZDV�XWLOL]HG DV�D�FDUULHU�DW�D�IORZ�UDWH�RI ���P/�PLQXWH�ZKLOH�+\GURJHQ�DV�D�IXHO�JDV�DQG�

2[\JHQ� KHOSHG� LQ� EXUQLQJ�� � 7KH� VWDQGDUG� FDOLEUDWLRQ� FXUYH� IRU� HWKDQRO� FRQFHQWUDWLRQ� ZDV�

SORWWHG DJDLQVW�WLPH�E\�LQMHFWLQJ�GLIIHUHQW�FRQFHQWUDWLRQV�RI�VWDQGDUG�HWKDQRO�VROXWLRQ�UDQJLQJ�

IURP�����WR���������Y�Y��HWKDQRO� LQ�ZDWHU��$�IL[HG�SHUFHQWDJH RI ����Y�Y��RI�Q�SURSDQRO� LV�

DGGHG DV� LQWHUQDO� VWDQGDUG� LQ�HDFK�HWKDQRO� VDPSOHV������ȝ/�RI�HWKDQRO� VDPSOH�ZDV� LQMHFWHG�

LQWR WKH�JDV�FKURPDWRJUDSK�DQG�WKH�UHWHQWLRQ�WLPH�ZDV�GHWHUPLQHG DV������PLQ��6WDFNOHU�DQG�

&KULVWHQVHQ��������
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��� 0DWKHPDWLFDO PRGHOOLQJ IRU�SURGXFWLRQ�RI�HWKDQRO�IURP�PLFURDOJDH

����� 0DWKHPDWLFDO�PRGHOOLQJ RI�6+)�IRU�SURGXFWLRQ�RI�HWKDQRO�IURP�PLFURDOJDH

7KH� UHODWLRQVKLSV� GXULQJ� VHSDUDWH� K\GURO\VLV� DQG� IHUPHQWDWLRQ� RI� PLFURDOJDH� FDUERK\GUDWH�

EHWZHHQ�WKH�FHOO�JURZWK�DQG�VXEVWUDWH�FRQVXPSWLRQ��DQG�FHOO�JURZWK�DQG�SURGXFW�V\QWKHVLV�KDYH�

EHHQ� JLYHQ� E\� -LPpQH]�,VODV�HW� DO� XVLQJ� ORJLVWLF�� 3LUW�� DQG�/XHGHNLQJ�3LUHW� HTXDWLRQV� >�@��7KH�

LQWHJUDWLRQ�RI� WKH� ORJLVWLF�HTXDWLRQ� LV�JLYHQ� LQ�HTXDWLRQ� ��� ZKLFK�GHVFULEHV� WKH� UHODWLRQVKLS�RI�

FHOO�ELRPDVV�ZLWK�WLPH��7KH�UHODWLRQVKLS�EHWZHHQ�VXEVWUDWH�FRQVXPSWLRQ�DQG�FHOO�JURZWK�LV�JLYHQ�

E\�HTXDWLRQ���ZKLFK�LV�REWDLQHG�E\�GLYLGLQJ�WKH�3LUW HTXDWLRQ�E\�WKH�ORJLVWLF�HTXDWLRQ�IROORZHG�

E\�LQWHJUDWLRQ��(TXDWLRQ���GHVFULEHV�WKH�UHODWLRQ�EHWZHHQ�SURGXFW�V\QWKHVLV�DQG�FHOO�JURZWK�DQG�

REWDLQHG� E\� GLYLGLQJ� WKH� /XHGHNLQJ�3LUHW� HTXDWLRQV� E\� WKH� ORJLVWLF� HTXDWLRQ� IROORZHG� E\�

LQWHJUDWLRQ�-LPpQH]�,VODV�HW�DO���������6RWRǦ&UX]�HW�DO���������

ܺ ሺݐሻ ൌ
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:KHUH ߙ DQG� ߚ DUH� JURZWK� DVVRFLDWHG� DQG� QRQ�JURZWK� DVVRFLDWHG� IDFWRU� UHVSHFWLYHO\�� 7KH�

H[SHULPHQWDO�GDWD�RI� IHUPHQWDWLRQ�SURFHVVHV�ZHUH�FRPSDUHG�ZLWK�PRGHO�GDWD�RI�HTXDWLRQV� �����

7KH�VLPXODWLRQ�SURJUDP�ZDV�GHVLJQHG�LQ�VXFK�D�ZD\�WKDW�LW�FDQ�PLQLPL]H�QRUPDOL]HG�HUURU��WKH�

VXP�RI�GLIIHUHQFH�VTXDUH�RI�PRGHO�GDWD�DQG�H[SHULPHQWDO�GDWD��LQ�VROYHU�IXQFWLRQ��7KH�GLIIHUHQW�

NLQHWLF� SDUDPHWHUV� IRU� PLFURELDO� JURZWK�� VXJDU� FRQVXPSWLRQ�� DQG� HWKDQRO� SURGXFWLRQ� ZHUH�

HYDOXDWHG�E\�ILWWLQJ�WKH�H[SHULPHQWDO�GDWD�ZLWK�HTXDWLRQV������7KH�H[SHULPHQWDO�GDWD�ZLWK�PRGHO�

GDWD�ZHUH�DQDO\VHG�E\�XVLQJ�WKH�UHJUHVVLRQ�FXUYH�ILWWLQJ�ZLWK�VWDWLVWLFDO�VLJQLILFDQFH��S ������
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����� 0DWKHPDWLFDO�PRGHOOLQJ RI�66)�IRU�SURGXFWLRQ�RI�HWKDQRO�IURP�PLFURDOJDH

7KH�XQVWUXFWXUHG�PRGHO��IRU�HWKDQRO�IHUPHQWDWLRQ�WKURXJK�66)��LV�PDLQO\�FRPSRVHG�RI�IRXU�

YDULDEOHV��&DUERK\GUDWH �6���JOXFRVH��*���ELRHWKDQRO��(��DQG�FHOO�ELRPDVV��;��

������� 6DFFKDULILFDWLRQ�RI�DOJDO�FDUERK\GUDWH WR�JOXFRVH

,Q WKH�66)�SURFHVV��PLFURDOJDH FDUERK\GUDWH ZDV�HQ]\PDWLFDOO\�K\GURO\]HG LQWR�JOXFRVH�WKDW�ZDV�

IXUWKHU�XWLOL]HG�E\�\HDVW�FHOOV��7KH�IROORZLQJ�HTXDWLRQ�JLYHV�WKH�QHW�JOXFRVH�DFFXPXODWLRQ�UDWH�

݀ሾܩሿ

ݐ݀
ൌ ሺܴܽ݁ݐ ݂݋ ݁ݏ݋ܿݑ݈݃ ݊݋݅ݐܽ݉ݎ݋݂ Ȃܴܽ݁ݐ ݂݋ ݁ݏ݋ܿݑ݈݃ ሻ݊݋݅ݐܽݖ݈݅݅ݐݑ

ௗሾீሿ

ௗ௧
ൌ ୤ݎ െ ୳ݎ ���

:KHUH݂ݎ�� LV�WKH�UDWH�RI�JOXFRVH�IRUPDWLRQ��DQGݑݎ� LV�WKH�UDWH�RI�JOXFRVH�FRQVXPSWLRQ�XWLOL]DWLRQ�

E\�\HDVW�GXULQJ�66)�SURFHVV��(NOXQG�DQG�=DFFKL��������

0LFKDHOLV�0HQWHQ�NLQHWLFV�ZDV�XVHG�WR�GHVFULEH�WKH�HQ]\PDWLF�VDFFKDULILFDWLRQ�RI�FDUERK\GUDWH

WR�JOXFRVH��7KXV�

ݎ ୱ ൌ ୫ܸ
ௌ

௞ౣା ௌ
���

:KHUH� ݎ ୱ LV�WKH�UDWH�RI�VDFFKDULILFDWLRQ�RI�FDUERK\GUDWH WR�JOXFRVH��7KH�SURSRVHG�PRGHO�LQ�WKH�

VDFFKDULILFDWLRQ� SURFHVV� LV� EDVHG� RQ� WKH� PRGHO� WR� GHVFULEH� FDUERK\GUDWH VDFFKDULILFDWLRQ�

�.URXPRY�HW�DO���������

7KH� HQ]\PH� FRQFHQWUDWLRQ� ZDV� FRQVLGHUHG DV� FRQVWDQW� IRU� PRGHO� VLPSOLILFDWLRQ�� 7KH� PDVV�

WUDQVIHU�OLPLWDWLRQV�DQG�YDULDWLRQ�LQ�HQ]\PH VWUXFWXUH�ZHUH�QRW�VWXGLHG LQ�WKH�PRGHO��(WKDQRO�ZDV�

IRXQG DV� WKH�SULPDU\�SURGXFW��RWKHU�E\SURGXFWV�ZHUH�QRW�FRQVLGHUHG LQ� WKLV�VWXG\�EHFDXVH� LW� LV�

YHU\�FRPSOH[�WR�PRGHO�HDFK�E\SURGXFW�GXULQJ�IHUPHQWDWLRQ�



&KDSWHU��

ϲϲ
6FKRRO�RI�%LRFKHPLFDO�(QJLQHHULQJ��,,7��%+8��9DUDQDVL

������� 0LFURELDO�JURZWK

'XULQJ� 66)�� JOXFRVH� SURGXFHG� IURP� VDFFKDULILFDWLRQ� RI� VWDUFK� ZDV� XWLOL]HG IRU� HWKDQRO�

SURGXFWLRQ� DQG� JURZWK� RI� WKH� FHOOV�� 7KH� VSHFLILF� JURZWK� UDWH� RI� 6�� FHUHYLVLDH ZDV� JLYHQ� E\�

0RQRG�HTXDWLRQ�DV�

� ൌ Ɋ୫
ீ

௞౩ା ீ
���

:KHUH� � LV� WKH�VSHFLILF�JURZWK� UDWH�RI� \HDVW� FHOOV��*� LV� WKH�JOXFRVH�FRQFHQWUDWLRQ��Ɋ௠LV�PWKH�

D[LPXP�VSHFLILF�JURZWK�UDWH��DQG��݇௦ LV�WKH�VDWXUDWLRQ�FRQVWDQW��7KH�VXEVWUDWH�LQKLELWLRQ�FDXVHG�

E\�WKH�KLJK�FRQFHQWUDWLRQ�RI�JOXFRVH�ZDV�QRW�FRQVLGHUHG�LQ�WKH�PRGHO�HTXDWLRQ�EHFDXVH�JOXFRVH�

GLG�QRW�DFFXPXODWH�XS�WR�DQ�LQKLELWRU\�OHYHO� LQ� WKH�66)�SURFHVV��7KH�HIIHFW�RI�HWKDQRO�RQ�\HDVW�

FHOOV�KDV�EHHQ�QHJOHFWHG�EHFDXVH�ORZWKH� FRQFHQWUDWLRQ�RI�HWKDQRO�ZDV�SURGXFHG��-DQJ�DQG�&KRX��

������

7KH�JURZWK�UDWH�RI�PLFURRUJDQLVPV�LV�DVVXPHG�WR�EH�GLUHFWO\�SURSRUWLRQDO WR LWV�GU\�FHOO�ZHLJKW��

7KH�IROORZLQJ�HTXDWLRQ�JLYHV�WKH�JURZWK�UDWH�RI�FHOOV�

ௗ௑

ௗ௧
ൌ ߤ ܺ ���

:KHUH [� LV� WKH� GU\� FHOO� ZHLJKW�� 6RPH� RI� WKH� VXJDU� SURGXFHG� GXULQJ� VDFFKDULILFDWLRQ� ZDV�

FRQVXPHG�E\� \HDVW� FHOOV� IRU� LWV�PDLQWHQDQFH��7KH� VXJDU� FRQVXPHG� IRU�PDLQWHQDQFH� LV� GLUHFWO\�

SURSRUWLRQDO�WR�WKH�GU\�FHOO�ZHLJKW��0DWKHPDWLFDOO\��LW�LV�GHVFULEHG�E\�WKH�JLYHQ HTXDWLRQ�

୫ݎ ൌ ݉ୱ ܺ ���

:KHUHݎ��௠ LV�WKH�FRQVXPSWLRQ�UDWH�IRU�FHOO�PDLQWHQDQFH��DQG�݉௦ LV�WKH�PDLQWHQDQFH�FRHIILFLHQW�

IRU�\HDVW�FHOOV��-LPpQH]�,VODV�HW�DO���������
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������� )HUPHQWDWLRQ�RI�JOXFRVH�WR�HWKDQRO

(WKDQRO�LV�SURGXFHG IURP�IHUPHQWDWLRQ�RI�JOXFRVH�E\�6��FHUHYLVLDH� 7KH�SURGXFWLRQ�RI�HWKDQRO�LV�

DVVXPHG� WR� EH� GLUHFWO\� SURSRUWLRQDO� WR� WKH� FHOO� FRQFHQWUDWLRQ� DQG� VXEVWUDWH�� L�H�� JOXFRVH�� 7KH�

IROORZLQJ�HTXDWLRQ�GHVFULEHG�WKH�HWKDQRO�SURGXFWLRQ�UDWH�

୉ݎ ൌ ୫Ǥݍ 
Ǥ�� ሺͻሻ

:KHUHݍ��௠ LV�WKH�PD[LPXP�HWKDQRO�SURGXFWLRQ�UDWH��-DQJ�DQG�&KRX��������

������� $ PDWKHPDWLFDO PRGHO�RI�66)

7KH�GHVLJQ�RI�66)�LV�GHVFULEHG DV�EDVHG�RQ�WKH�DERYH�PHQWLRQHG�UDWH�RI�UHDFWLRQV�

&DUERK\GUDWH GHSOHWLRQ�UDWH��

െ
ௗௌ

ௗ௧
ൌ ୫ܸ

ௌ

௞ౣା ௌ
����

&HOO�PDVV�JURZWK�UDWH��

ௗ௑

ௗ௧
ൌ Ɋ୫

ீ

௞౩ା ீ
ܺ ����

(WKDQRO�SURGXFWLRQ�UDWH��

ௗா

ௗ௧
ൌ ୫ݍ

ீ

௞౩భା ீ
�; ����

*OXFRVH�DFFXPXODWLRQ�UDWH��� ,Q�HTXDWLRQݎ�����୤ WKH�UDWH�RI�JOXFRVH�IRUPDWLRQ�LV�GLUHFWO\�UHODWHG�WR�

WKH�FDUERK\GUDWH�GHSOHWLRQ�DQG�FDQ�EH�FDOFXODWHG�E\�PXOWLSO\LQJ������LQ ݎ ୱ��WKH�FDUERK\GUDWH�

XWLOL]DWLRQ��+HQFH�

ݎ ୤ ൌ ͳǤͳͳ כ ݎ ୱ

ݎ ୤ ൌ ͳǤͳͳ ୫ܸ
ௌ

௞ౣା ௌ
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�*OXFRVH�XWLOL]HG�GXULQJ�HWKDQRO�IHUPHQWDWLRQ�� ��*OXFRVH�XWLOL]HG�IRU�(WKDQRO�SURGXFWLRQ������������������������������������

*OXFRVH�XWLOL]HG�IRU�FHOO�JURZWK���*OXFRVH�XVHG�IRU�FHOO�PDLQWHQDQFH�
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௒౦
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ௗா

ௗ௧
൅

ଵ

௒౮
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ௗ௑

ௗ௧
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$QG ��௨ݎ WKH� UDWH� RI� JOXFRVH� XWLOL]DWLRQ� LV� WKH� VXPPDWLRQ� RI� UDWHV� RI� JOXFRVH� XVHG� IRU� HWKDQRO�

SURGXFWLRQ��FHOO�JURZWK�DQG�FHOOXODU�PDLQWHQDQFH��+DUL�.ULVKQD�DQG�&KRZGDU\��������/LX�HW�DO���

������

7KHUHIRUH��

ௗሾீሿ

ௗ௧
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ௌ
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7KHVH�PRGHO�HTXDWLRQV�ZHUH�XVHG�IRU�WKH�SUHGLFWLRQ�RI�GLIIHUHQW�YDULDEOHV�RI�IHUPHQWDWLRQ�E\�

PLQLPL]LQJ�WKH�QRUPDOL]HG�HUURU�DPRQJ�NLQHWLF�GDWD�ZLWK�PRGHO�GDWD�


