
,62/$7,21�$1'�&+$5$&7(5,=$7,21�2)�$�
02/<%'(180�5('8&,1*�$1'�3+(12/,&��$1'�

&$7(&+2/�'(*5$',1*�&OUFSPCBDUFS�VS��675$,1�6$:��

02+'�.+$/,=$1�6$%8//$+
���
 � �
��02+'�)$'+,/�5$+0$1 ��6,7,�$4/,0$�$+0$' ��

02+'�5261,�68/$,0$1 ��02+'�6+8.5,�6+8.25 ���$=/$1�-8$/$1*�*$16$8 �
� � �

125�$5,3,1�6+$0$$1 �DQG�02+'�<8186�6+8.25
� �

�
)DFXOW\�RI �6FLHQFH�DQG�1DWXUDO�5HVRXUFHV��8QLYHUVLWL�0DOD\VLD�6DEDK��.RWD�.LQDEDOX��������6DEDK��0DOD\VLD
�
'HSDUWPHQW�RI �%LRFKHPLVWU\��)DFXOW\�RI �%LRWHFKQRORJ\�DQG�%LRPROHFXODU�6FLHQFHV��8QLYHUVLWL�3XWUD�0DOD\VLD�

6HUGDQJ��������6HODQJRU��0DOD\VLD
�
)DFXOW\�RI �)RRG�6FLHQFH�DQG�1XWULWLRQ��8QLYHUVLWL�0DOD\VLD�6DEDK��.RWD�.LQDEDOX��������6DEDK��0DOD\VLD

�
6QRF�,QWHUQDWLRQDO�6GQ�%KG��/RW������,QODQG�3RUW��������1HJHUL�6HPELODQ��0DOD\VLD

�
)DFXOW\�RI �0HGLFLQH�DQG�+HDOWK�6FLHQFHV��,VODPLF�6FLHQFH�8QLYHUVLW\�RI �0DOD\VLD��.XDOD�/XPSXU��������0DOD\VLD

5HFHLYHG����2FWREHU������$FFHSWHG����$XJXVW�����

$%675$&7

� 0RO\EGHQXP�LV�DQ�HPHUJLQJ�SROOXWDQW�ZRUOGZLGH��7KH�REMHFWLYH�RI �WKLV�VWXG\�LV�WR�LVRODWH�PRO\EGHQXP�UHGXFLQJ�
EDFWHULXP�ZLWK�WKH�DELOLW\�WR�JURZ�RQ�SKHQROLF�FRPSRXQGV��SKHQRO�DQG�FDWHFKRO���7KH�VFUHHQLQJ�SURFHVV�ZDV�FDUULHG�
RXW�RQ�D�PLFURSODWH��7KH�EDFWHULXP�UHGXFHG�PRO\EGHQXP�LQ�WKH�IRUP�RI �VRGLXP�PRO\EGDWH�WR�PRO\EGHQXP�EOXH�
�0R�EOXH���7KH�EDFWHULXP�UHTXLUHG�D�QDUURZ�S+�UDQJH�IRU�RSWLPDO�UHGXFWLRQ�RI �PRO\EGHQXP��L�H��EHWZHHQ��S+�����DQG�

R
�����ZLWK�WHPSHUDWXUH�EHWZHHQ����DQG���� &��0RO\EGDWH�UHGXFWLRQ�WR�0R�EOXH�ZDV�EHVW�VXSSRUWHG�E\�JOXFRVH�DV�WKH�
FDUERQ�VRXUFH��+RZHYHU��ERWK�SKHQRO�DQG�FDWHFKRO�FRXOG�QRW�VXSSRUW�PRO\EGDWH�UHGXFWLRQ��2WKHU�UHTXLUHPHQWV�IRU�
PRO\EGDWH� UHGXFWLRQ� LQFOXGHG� VRGLXP� PRO\EGDWH� FRQFHQWUDWLRQV� EHWZHHQ� ��� DQG� ��� P0�� DQG� SKRVSKDWH�
FRQFHQWUDWLRQ�RI �����P0��7KH�EDFWHULXP�H[KLELWHG�D�0R�EOXH�DEVRUSWLRQ�VSHFWUXP�ZLWK�D�VKRXOGHU�DW�����QP�DQG�D�
PD[LPXP�SHDN�QHDU�WKH�LQIUDUHG�UHJLRQ�DW�����QP��7KH�0R�UHGXFLQJ�EDFWHULXP�ZDV�SDUWLDOO\�LGHQWLILHG�DV�(QWHUREDFWHU�
VS��VWUDLQ�6DZ����7KH�FDSDELOLW\�RI �WKLV�EDFWHULXP�WR�JURZ�RQ�WR[LF�SKHQROLF�FRPSRXQGV�DQG�WR�GHWR[LI\�PRO\EGHQXP�
PDGH�LW�D�VLJQLILFDQW�DJHQW�IRU�ELRUHPHGLDWLRQ��

� .H\ZRUGV��&DWHFKRO��(QWHUREDFWHU��VS���0RO\EGHQXP��PRO\EGHQXP�EOXH��SKHQRO

,1752'8&7,21

+HDY\� PHWDOV� DUH� WR[LF� WR� RUJDQLVPV�� 6RPH�
PLFURRUJDQLVPV�DUH�DEOH�WR�GHWR[LI\�KHDY\�PHWDOV�
E\� HPSOR\LQJ�PHFKDQLVPV� VXFK� DV� ELRVRUSWLRQ��
VHTXHVWUDWLRQ� RU� FKHODWLRQ�� DFWLYH� SXPSLQJ� DQG�
UHGXFWLRQ� �%DWWD� HW� DO�� ������ 2YHV� HW� DO�� ������
%DQHUMHH� HW� DO�� ������� 0LFURRUJDQLVPV� KDYLQJ�
FDSDELOLW\� WR� UHGXFH� KHDY\� PHWDOV� VXFK� DV�
FKURPLXP��PRO\EGHQXP�PHUFXU\�LQWR�OHVV�WR[LF�
IRUPV�ZHUH�GRFXPHQWHG�� �0RO\EGHQXP��0R��LV�
HVVHQWLDO�WR�RUJDQLVPV�DV�LW�LV�D�FRIDFWRU�WR�PDQ\�
LPSRUWDQW� HQ]\PHV� VXFK� DV� QLWURJHQDVH�� VXOILWH�
R[LGDVH�� DOGHK\GH� R[LGDVH� DQG� [DQWKLQH�
R[LGRUHGXFWDVH��'DQLHOV�HW�DO��������/HLPN�KOHU�HW�

DO���������0RO\EGHQXP�LV�QRW�JHQHUDOO\� WR[LF� WR�
KXPDQ��+RZHYHU��PRO\EGHQXP� LV�YHU\� WR[LF� WR�
UXPLQDQWV�� VXFK� DV� VKHHS� DQG� FDWWOH� DW�
FRQFHQWUDWLRQV�DV�ORZ�DV�VHYHUDO�SDUWV�SHU�PLOOLRQ�
�SSP��� $Q� HOHYDWHG� OHYHO� RI � PRO\EGHQXP� LQ�
UXPLQDQWV� FDXVHV� D� GLVHDVH� NQRZQ� DV�
K\SHUFXSURVLV��:DUG��������5HFHQW�GDWD�VKRZHG�
WKDW�PRO\EGHQXP�LV�WR[LF�WR�VSHUPDWRJHQHVLV�DQG�
HPEU\RJHQHVLV� LQ�DQLPDOV�� LQFOXGLQJ�FDWILVK�DQG�
PLFH��0HHNHU�HW�DO��������%L�HW�DO��������=KDL�HW�DO��
������ =KDQJ� HW� DO�� ������� 7R[LF� HIIHFW� RI �
PRO\EGHQXP�WR�WKHVH�DQLPDOV�ZDUUDQWV�UHPRYDO�
RI �PRO\EGHQXP� IURP� WKH� HQYLURQPHQW��+HDY\�
XVDJH�RI �PRO\EGHQXP�LQ�YDULRXV�VWHHO�SURGXFWV�
DQG�OXEULFDQWV�UHVXOWHG�LQ�KLJK�FRQFHQWUDWLRQ�RI �
PRO\EGHQXP�UHDFKLQJ�KXQGUHGV�RI �SSP� LQ� WKH�
ZDWHU� ERGLHV� RI � WKH� %ODFN� 6HD� DQG� 7RN\R� %D\�
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�'DYLV� ������ 1HXQKlXVHUHU� HW� DO�� �������
7HUUHVWULDOO\��LQ�WKH�PLQH�WDLOLQJV�RI �D�PRO\EGHQXP�
PLQH� LQ�1HZ�0H[LFR�� DV�KLJK�DV�������SSP�RI �
PRO\EGHQXP� FRQFHQWUDWLRQ� ZHUH� GRFXPHQWHG�
�5XQQHOOV�HW�DO���������7RJHWKHU�ZLWK�KHDY\�PHWDOV��
RLO��JUHDVH�DQG�SKHQROLFV�DUH�K\GURFDUERQ�ZKLFK�
DUH� UHSRUWHG� WR� EH� WKH� QXPEHU� RQH� VFKHGXOHG�
ZDVWH� �<DG]LU� HW� DO���������3KHQRO� DQG�SKHQROLF�
FRPSRXQGV��)LJ�����DUH�QRW�RQO\�WR[LF�WR�KXPDQ��
EXW� �DOVR�WR�PDQ\�RWKHU�RUJDQLVPV��6KXNRU�HW�DO��
����D��6KXNRU� HW� DO�� ����E��5DKPDQ� HW� DO�� ������
<XQXV�HW�DO��������
7KH�SUHVHQFH�RI �PXOWLSOH�SROOXWDQWV� UHTXLUHV�

PLFURRUJDQLVPV� ZLWK� PXOWLSOH� GHWR[LILFDWLRQ�
DELOLW\�� 7KXV�� WKH� REMHFWLYH� RI � WKLV� VWXG\� LV� WR�
LVRODWH� VXFK� D�PLFURRUJDQLVP�� ,Q� WKLV� VWXG\��ZH�
UHSRUWHG� RQ� WKH� LVRODWLRQ� RI � D� PRO\EGHQXP�
UHGXFLQJ� EDFWHULXP�ZLWK� WKH� DELOLW\� WR� JURZ�RQ�
SKHQROLF�FRPSRXQGV��SKHQRO�DQG�FDWHFKRO��

0$7(5,$/6�$1'�0(7+2'6

&KHPLFDOV

� &KHPLFD OV � VXFK� DV � 1D 0R2 ��+ 2��� � �

0J62 ��+ 2�� �1+ � �62 1D&O� DQG� 1D +32 �� � � � ��� � �

ZHUH� SXUFKDVHG� IURP� 6LJPD�$OGULFK� �6W�� /RXLV��
02�� 86$�� DQG� ZHUH� RI � DQDO\WLFDO� JUDGH� ZKLOH�
JOXFRVH� DQG� \HDVW� H[WUDFW� ZHUH� SXUFKDVHG� IURP�
)LVKHU��0DOD\VLD��

,VRODWLRQ� RI � 0RO\EGHQXP�5HGXFLQJ�

%DFWHULXP

� 0RO\EGHQXP�UHGXFLQJ�EDFWHULXP�ZDV�LVRODWHG�
XVLQJ� WZR� NLQGV� RI � PHGLD�� L�H�� ORZ� SKRVSKDWH�
PRO\EGDWH��/30��DQG�KLJK�SKRVSKDWH�PRO\EGDWH�
�+30�� PHGLD�� /30� PHGLXP� FRQVLVWV� RI � WKH�
IROORZLQJ� FRPSRVLWLRQ�� 0J62 ��+ 2� �������� �

Z�Y��� ���������RU����P0���\HDVW�1D 0R2 ��+ 2� � �

H[WUDFW� ������� Z�Y��� �1+ � �62 ������ Z�Y���� � ��

JOXFRVH� ���� Z�Y��� 1D&O� ������ Z�Y�� DQG�
1D +32 � ��������Z�Y� RU� ��P0��� � 7KH� /30�� �

PHGLXP� ZDV� DGMXVWHG� WR� S+� ����� $JDU� KDYLQJ�
FRQFHQWUDWLRQ�RI �������Z�Y��ZDV�DGGHG� WR� WKH�
/30�VROLG�PHGLD��%DFWHULDO�FHOO�KDUYHVWLQJ�IURP�
WKH�/30�PHGLXP�FRXOG�QRW�EH�FDUULHG�RXW��DV�EOXH�
DJJUHJDWHV� IRUPHG� LQ� WKH� /30� OLTXLG� PHGLD��
+HQFH�� WKH� SKRVSKDWH� FRQFHQWUDWLRQ� ZDV�
LQFUHDVHG� WR�����P0�ZKLFK�PDGH� WKH�PHGLXP�
EHFDPH�+30� �*KDQL� �������6RLO�PDWHULDOV�HW�DO��
IRU� WKH� LVRODWLRQ� RI � 0RO\EGHQXP�UHGXFLQJ�
EDFWHULD�ZHUH�WDNHQ�IURP�WRSVRLO�GHSWK�RI ���FP�LQ�
D�SROOXWHG�DUHD�LQ�.XFKLQJ��6DUDZDN����������1��
����������(�� LQ�$SULO�� ����� $� FHOO� VXVSHQVLRQ��
FRQWDLQLQJ���J�RI �VRLO�DQG����P/�RI �VWHULOH�GLVWLOOHG�
ZDWHU�ZDV�SUHSDUHG�� �6RLO�VXVSHQVLRQ�RI �����P/� �
DOLTXRW�ZDV�LPPHGLDWHO\�VSUHDG�RQ�DQ�DJDU�SODWH�
FRQWDLQLQJ� /30� PHGLD�� 7KH� SODWHV� ZHUH�
LQFXEDWHG� IRU� ��� KRXUV� DW� URRP� WHPSHUDWXUH�
���� &���6HYHUDO�ZKLWH�DQG�EOXH�FRORQLHV�DSSHDUHG�

R

DIWHUZDUGV�� &RORQ\� ZLWK� WKH� VWURQJHVW� EOXH�
LQWHQVLW\�ZDV�UHVWUHDNHG�RQ�/30�DJDU�XQWLO�D�SXUH�
FXOWXUH�ZDV�REWDLQHG��+30�PHGLD�ZDV�XWLOL]HG�WR�
SUHSDUH�IRU�WKH�UHVWLQJ�FHOOV�RI �WKH�PRO\EGHQXP�
UHGXFLQJ� EDFWHULXP�� *URZWK� RI � WKH� EDFWHULXP�
ZDV�FDUULHG�RXW�LQ�D���/�FXOWXUH�YROXPH��VKDNHQ�
XVLQJ�RUELWDO�VKDNHU��VHW�DW�����USP��DQG�LQFXEDWHG�
IRU����KRXUV�DW�URRP�WHPSHUDWXUH����� &���&HOOV�

R

ZHUH�KDUYHVWHG�YLD�FHQWULIXJDWLRQ���������[J��IRU�
���PLQXWHV���'LVWLOOHG�ZDWHU�ZDV�XWLOL]HG�WR�ZDVK�
WKH� EDFWHULDO� SHOOHWV� DIWHU� FHQWULIXJDWLRQ� WZLFH��
7KH�SHOOHWV�ZHUH�WKHQ�UHVXVSHQGHG�LQ����P/�RI �
/30�PHGLD����P0��ZLWK�WKH�JOXFRVH�RPLWWHG�

3UHSDUDWLRQ�RI �5HVWLQJ�&HOOV

� 3UHSDUDWLRQ� DQG� XVH� RI � UHVWLQJ� FHOOV� LQ� D�
PLFURWLWHU� IRUPDW� ZHUH� FDUULHG� RXW� EDVHG� RQ� �
6KXNRU� DQG� 6KXNRU� � �������� &HOO� VXVSHQVLRQ�
SUHSDUHG�SUHYLRXVO\������P/��ZDV�WUDQVIHUUHG�WR�
HDFK�ZHOO�RI �D�VWHULOH�PLFURSODWH��6WHULOH�JOXFRVH�
����P/�� IURP�D� ���� �Z�Y�� VWRFN� VROXWLRQ�ZDV�

��
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� %DFWHULDO�PRO\EGHQXP�UHGXFWLRQ�WR�0R�EOXH�
LV� D� SKHQRPHQRQ� WKDW� KDV� EHHQ� GHVFULEHG� IRU�
PRUH�WKDQ�RQH�KXQGUHG�\HDUV�DQG�LV�D�SURVSHFWLYH�
ELRUHPHGLDWLRQ� WRRO� �6KXNRU� HW� DO�� ������� 7KLV�
SKHQRPHQRQ� ZDV� LQLWLDOO\� REVHUYHG� LQ� ����� LQ�
(��FROL�EDFWHULXP��/HYLQH��������&RPSUHKHQVLYH�
UHVHDUFK�DERXW�WKLV�SKHQRPHQRQ�ZDV�RQO\�VWDUWHG�
LQ������LQ�WKH�(��FROL�.���EDFWHULXP��&DPSEHOO�HW�
DO���������/DWHU�RQ��VRGLXP�PRO\EGDWH�UHGXFWLRQ�
LQWR� 0R�EOXH� E\� WKH� 7KLREDFLOOXV� IHUURR[LGDQV�
EDFWHULXP�� D� FKHPROLWRWURSK�� ZDV� UHSRUWHG� E\�
6XJLR�HW�DO���������ZLWKRXW�PHQWLRQLQJ�WKH�ZRUNV�
RI � &DPSEHOO� HW� DO�� �������� 7KLV� VXJJHVWHG� WKH�
VFDUFLW\� RI � SXEOLFDWLRQV� RQ� WKLV� SKHQRPHQRQ��
(QWHUREDFWHU� FORDFDH� VWUDLQ� ��� �(&����� LV� WKH� ILUVW�
EDFWHULXP�LVRODWHG�IURP�WKH�0DOD\VLDQ�VRLOV�ZLWK�
WKH� FDSDFLW\� WR� UHGXFH�PRO\EGDWH� �*KDQL� HW� DO��
������� 7KH� ILUVW� 0RO\EGHQXP�UHGXFLQJ�
EDFWHULXP� UHSRUWHG�ZLWK� WKH� DELOLW\� WR� GHWR[LI\�
RWKHU�[HQRELRWLFV�LV�WKH�6'6�GHJUDGLQJ�.OHEVLHOOD�
R[WRFD� �+DOPL� HW� DO�� ������� ,VRODWLRQ� RI � PRUH�
[HQRELRWLFV�GHWR[LI\LQJ� 0RO\EGHQXP�UHGXFLQJ�
EDFWHULXP�FDQ�H[SDQG�WKH�FDSDELOLW\�RI �H[LVWLQJ�
LVRODWHV� IRU� ELRUHPHGLDWLRQ� RI � VLWHV� FRQWDLQLQJ�
PRO\EGHQXP��WRJHWKHU�ZLWK�RWKHU�[HQRELRWLFV�

3DUWLDO� ,GHQWLILFDWLRQ� RI � WKH� 0RO\EGHQXP�
5HGXFLQJ�%DFWHULXP

� 7KH� EDFWHULXP� ZDV� *UDP�QHJDWLYH�� URG�
VKDSHG�DQG�PRWLOH��7KH�ELRFKHPLFDO�WHVW�UHVXOWV�
XVLQJ� WKH� $%,6� RQOLQH� VRIWZDUH� VKRZHG� WKDW�
EDFWHULXP� KDYLQJ� WKH� KLJKHVW� KRPRORJ\� ������
DQG�WKH�KLJKHVW�DFFXUDF\�������ZDV�(QWHUREDFWHU�
FORDFDH��7DEOH����
� 7KH�EDFWHULXP�LV�WHQWDWLYHO\�QDPHG�(QWHUREDFWHU�
VS��VWUDLQ�6DZ����,GHQWLILFDWLRQ�RI �WKH�EDFWHULXP�
XS� WR� WKH� VSHFLHV� OHYHO� FDQ�RQO\� EH� FDUULHG�RXW�
WKURXJK�WKH�DGGLWLRQ�RI �VHYHUDO�PRUH�SRO\SKDVLF�
PHWKRGV�� VXFK� DV��6� U51$� JHQH� VHTXHQFLQJ��
'1$²'1$� K\EULGL]DWLRQ� GHWHUPLQDWLRQ� RI �
JHQRPLF� '1$� *�&� FRQWHQW� DQG� IDWW\� DFLG�
SURILOH� �$KPDG� HW� DO�� �������7ZR�PRO\EGHQXP�
UHGXFLQJ�EDFWHULD�IURP�WKLV�JHQXV��L�H��(QWHUREDFWHU�
FORDFDH�VWUDLQ�����*KDQL�HW�DO��������DQG�(QWHUREDFWHU�
VS�� VWUDLQ� 'U�<��� �6KXNRU� HW� DO�� ������ ZHUH�
SUHYLRXVO\�UHSRUWHG��$�EDFWHULXP�IURP�WKLV�JHQXV�
KDV�EHHQ� UHSRUWHG� IRU�KDYLQJ� DELOLW\� WR� WROHUDWH�
KLJK� FRQFHQWUDWLRQV� RI � KHDY\� PHWDOV� VXFK� DV�
QLFNHO��FDGPLXP�DQG�OHDG�DW�OHYHOV�RI �XS�WR������

PL[HG�ZLWK� WKH�FHOO� VXVSHQVLRQ��7KH�PLFURSODWH�
ZDV�FRYHUHG�ZLWK�D�VWHULOH�VHDOLQJ�WDSH��&RUQLQJ��
PLFURSODWH��� 7KH� PLFURSODWH� ZDV� LQFXEDWHG� DW�

R
URRP�WHPSHUDWXUH����� &��IRU����KRXUV��0R�EOXH�
SURGXFWLRQ� ZDV� GHWHUPLQHG� DW� ���� QP� LQ� D�
PLFURWLWHU�SODWH�UHDGHU�0RGHO�1R��������%LR5DG��
5LFKPRQG�� &$��� 7KH� VSHFLILF� H[WLQFWLRQ�

�� ��
FRHIILFLHQW� RI � ������ P0 FP � ZDV� XWLOL]HG� WR�
GHWHUPLQH�0R�EOXH�FRQFHQWUDWLRQ� �6KXNRU� HW� DO��
�������+HDY\�PHWDOV�VXFK�DV�OHDG��,,���DUVHQLF��9���
PHUFXU\��,,���VLOYHU��,���FKURPLXP��9,��FRSSHU��,,��
DQG�FDGPLXP��,,��RQ�0R�EOXH�SURGXFWLRQ�ZHUH�
REWDLQHG�IURP�$WRPLF�$EVRUSWLRQ�6SHFWURPHWU\�
�$$6��FDOLEUDWLRQ�VROXWLRQV��0HUFN�&KHPLFDO�&R���
*HUPDQ\���7KH�FDSDELOLW\�RI �SKHQROLFV�WR�DFW�DV�
HOHFWURQ�GRQRUV�ZDV�WHVWHG�XVLQJ�WKH�PLFURSODWH�
IRUPDW��7KH�SKHQROLFV� WHVWHG�ZHUH� SKHQRO�� ����
G LQ L W URSKHQRO � � SHQWDFK ORURSKHQRO � � � �
FKORURSKHQRO����FKORURSKHQRO��FDWHFKRO��VDOLF\OLF�
DFLG�� ��QRQ\OSKHQRO�� S�K\GUR[\EHQ]RLF� DFLG��
EHQ]RDWH�DQG���QDSWKRO��7KH�SKHQROLFV�UHSODFHG�
JOXFRVH� DQG�ZHUH� WHVWHG� DW� ����PJ�/�� EXW� LQ� D�
YROXPH� RI � ��� P/� �$ULI � HW� DO�� ������� ,I � WKH�
SKHQROLFV�FRXOG�EH�XVHG�DV�HOHFWURQ�GRQRUV��0R�
EOXH�SURGXFWLRQ�ZLOO�LQFUHDVH��2Q�WKH�RWKHU�KDQG��
DELOLW\� RI � WKH� DERYH� SKHQROLFV� WR� VXSSRUW� WKH�
JURZWK� RI � WKLV� EDFWHULXP� LQGHSHQGHQWO\� IURP�
PRO\EGHQXP�UHGXFWLRQ�ZDV�FDUULHG�RXW�LQ�+30�
PHGLD� PLQXV� PRO\EGHQXP�� 7KH� LQFUHDVH� RI �
EDFWHULDO�JURZWK�DIWHU����KRXUV�RI �LQFXEDWLRQ�DW�
URRP� WHPSHUDWXUH�� ZKLFK� ZDV� DQ� LQGLFDWLRQ� RI �
SKHQROLFV�DVVLPLODWLRQ��ZDV�PHDVXUHG�DW�����QP�

,GHQWLILFDWLRQ�RI �WKH�0RO\EGHQXP�5HGXFLQJ�
%DFWHULXP

� 6WDQGDUG� ELRFKHPLFDO� WHVWV� DFFRUGLQJ� WR� WKH�
%HUJH\
V�0DQXDO� �+ROW� HW� DO��������ZDV� XVHG� WR�
LGHQWLI\�WKH�0RO\EGHQXP�UHGXFLQJ�EDFWHULXP��,Q�
DGGLWLRQ��D�VRIWZDUH�EDVHG�PHWKRG��$%,6�RQOLQH�
V\VWHP�� ZDV� XWLOL]HG� WR� LQWHUSUHW� WKH� UHVXOWV�
�&RVWLQ� 	� ,RQXW� ������� %ULHIO\�� %ULHIO\�� WKH�
VWDQGDUG� PHWKRGV� LQFOXGHG� JUDP� VWDLQLQJ��
GHWHFWLRQ� RI � PRWLOLW\� YLD� WKH� KDQJLQJ� GURS�
PHWKRG��DQG�YDULRXV�ELRFKHPLFDO�WHVWV�

6WDWLVWLFDO�$QDO\VLV

� 'DWD�DQDO\VHV�ZHUH�FDUULHG�RXW�XVLQJ�*UDSKSDG�
3ULVP�Y������ZZZ�JUDSKSDG�FRP���7KH�6WXGHQW
V�
W�WHVW�RU�$129$�ZLWK�7XNH\
V�WHVW�DV�WKH�SRVW�KRF�
DQDO\VLV� ZDV� FDUULHG� RXW� WR� FRPSDUH� PHDQV� RI �
JURXSV��

��

,VRODWLRQ�DQG�&KDUDFWHUL]DWLRQ�RI �(QWHUREDFWHU�VS��VWUDLQ�6DZ���²�6DEXOODK�HW�DO�



����DQG�������SSP��UHVSHFWLYHO\� �%DQHUMHH� HW�DO��
������� �7KLV�SKHQRPHQRQ�VXJJHVWHG� WKDW�EHLQJ�
KHDY\�PHWDO�WROHUDQW�DQG�FRQGXFWLQJ�KHDY\�PHWDO�
UHGXFWLRQ�DUH�SDUW�RI �WKH�VWUDWHJLHV�HPSOR\HG�E\�
EDFWHULD�IURP�WKLV�JHQXV�WR�FRPEDW�KHDY\�PHWDO�

WR[LFLW\��1LFNHO�ZDV�GHWHFWHG�WR�EH�PRUH�WR[LF������
SSP���IROORZHG�E\�FDGPLXP������SSP��DQG�OHDG�
������� SSP��� 2SWLPDO� S+� WKDW� VXSSRUWHG�
PRO\EGHQXP�UHGXFWLRQ�ZDV�EHWZHHQ�����DQG�����
�)LJ������LQ�WHPSHUDWXUH�UDQJH�RI ����������&��)LJ�����

��
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)LJXUH��� (IIHFW�RI �LQLWLDO�S+�RQ�PRO\EGHQXP�UHGXFWLRQ�E\�(QWHUREDFWHU��VS��VWUDLQ�6DZ��
���������������1RWH��(UURU�EDUV�UHSUHVHQW�PHDQ�VWDQGDUG�GHYLDWLRQ��Q� ���



� +LJK�WKURXJKSXW�PHWKRG� XVLQJ� D�PLFURSODWH�
IRUPDW�ZDV�HPSOR\HG�LQ�WKLV�VWXG\��7KLV�PHWKRG�
FDQ� DFFHOHUDWH� FKDUDFWHUL]DWLRQ� ZRUNV�� ZKLOH�
DFTXLULQJ� PRUH� LQIRUPDWLRQ� DV� RSSRVHG� WR� WKH�
UHJXODU� VKDNH�IODVN� PHWKRG� �,\DPX� HW� DO�� ������
6KXNRU�	�6KXNRU��������7KH�XVH�RI �UHVWLQJ�FHOOV�
IRU�VWXG\LQJ�0R�EOXH�SURGXFWLRQ�ZDV�LQLWLDWHG�LQ�
(&�����*KDQL�HW�DO����������5HVWLQJ�FHOOV�ZHUH�DOVR�
XVHG�LQ�VWXG\LQJ�KHDY\�PHWDOV�UHGXFWLRQ�VXFK�DV�LQ��
FKURPDWH��/ORYHUD�HW�DO���������VHOHQDWH��/RVL�	�-U

������ DQG� [HQRELRWLFV� ELRGHJUDGDWLRQ� VXFK� DV�
GLHVHO��$XIIUHW�HW�DO��������DQG�SKHQRO��6HGLJKL�	�
9DKDE]DGHK�������

0RO\EGHQXP�$EVRUEDQFH�6SHFWUXP

� 7KH� VFDQQLQJ� DEVRUSWLRQ� VSHFWUXP� RI � WKH�
UHVXOWDQW� 0R�EOXH� IURP� (QWHUREDFWHU� VS�� VWUDLQ�
6DZ��� VKRZHG� D� PD[LPXP� SHDN� DW� ���� QP��
DQG� D� FKDUDFWHULVWLF� VKRXOGHU� DW� DERXW� ���� QP�
�)LJ�����
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)LJXUH�����6FDQQLQJ�DEVRUSWLRQ�VSHFWUXP�RI �0R�EOXH�IURP�(QWHUREDFWHU��VS��VWUDLQ�6DZ���DW��GLIIHUHQW�WLPH�LQWHUYDOV

,VRODWLRQ�DQG�&KDUDFWHUL]DWLRQ�RI �(QWHUREDFWHU�VS��VWUDLQ�6DZ���²�6DEXOODK�HW�DO�



� ,W� ZDV� REVHUYHG� WKDW� WKH� UHVXOWLQJ� VSHFWUXP�
UHVHPEOHG�WKH�VSHFWUXP�RI �WKH�0R�EOXH�SURGXFHG�
E\�WKH�SKRVSKDWH�GHWHUPLQDWLRQ�PHWKRG��&OHVFHUL�
HW� DO�� ������� 6SHFWUXP� SURGXFHG� E\� SKRVSKDWH�
GHWHUPLQDWLRQ� H[KLELWHG� D�PD[LPXP�DEVRUSWLRQ�
DURXQG�����WR�����QP��$�FKDUDFWHULVWLF�VKRXOGHU�
ZDV�VHHQ�DURXQG�����WR�����QP��+RUL�HW�DO���������
$OO� RI � WKH� 0R�EOXH� VSHFWUD� IURP� SUHYLRXVO\�
LVRODWHG�0RO\EGHQXP�UHGXFLQJ� EDFWHULD� VKRZHG�
VLPLODU� VSHFWUD�� %DVHG� RQ� WKLV� NQRZOHGJH�� D�
K\SRWKHVLV� ZDV� GHYHORSHG� IRU� WKLV� VWXG\� L�H��
PRO\EGHQXP� UHGXFWLRQ� VKRXOG� SURFHHG� YLD� WKH�
LQWHUPHGLDWH� SKRVSKRPRO\EGDWH� �6KXNRU� HW� DO��
������� $QRWKHU� EDVLV� IRU� WKH� K\SRWKHVLV� ZDV�
WKH� FRQILUPDWLRQ� RI � WKH� SUHVHQFH� RI � SKRVSKR�
PRO\EGDWH� VSHFLHV� WKURXJK� VSHFWURSKRWRPHWULF�
DQDO\VLV� RI � WKH� UHVXOWDQW� DEVRUSWLRQ� VSHFWUXP�
�6LPV� ������ <RVKLPXUD� HW� DO�� ������ +RUL� HW� DO��
������
� $VLGH�IURP�WKH�GHPRQVWUDWLRQ�RI �WKH�XQLTXH�
VSHFWURVFRSLF� SURILOH� RI � WKH� EOXH� SURGXFW�� WKH�
SUHVHQFH�RI �0R�EOXH�E\�LWVHOI �FDQ�YLVXDOO\�SURYH�
WKDW� PRO\EGHQXP� UHGXFWLRQ� KDV� WDNHQ� SODFH��
5HGXFHG� SKRVSKRPRO\EGDWH� RU� 0R�EOXH� KDV� D�
IUDFWLRQDO� R[LGDWLRQ� VWDWH� EHWZHHQ� ��� DQG� ���
�6LGJZLFN� ������ .D]DQVN\� 	� )HGRWRY� ������� �
2WKHU� PHWDOV�� VXFK� DV� PHUFXU\� DQG� FKURPDWH��
VKRZ� QR� YLVLEOH� FRORU� ZKHQ� H[SHULHQFLQJ�
UHGXFWLRQ�WKURXJK�EDFWHULDO�SURFHVV��6X]XNL�HW�DO��
�������7KHUHIRUH��FRQILUPDWLRQ�RI �UHGXFWLRQ�KDV�
WR� EH� FDUULHG� RXW� WKURXJK� (35�(OHFWURQ�
3DUDPDJQHWLF�5HVRQDQFH��6X]XNL�HW�DO���������7KH�
SUHVHQFH�RI �DQ�LQWHUPHGLDWH�VSHFLHV�LV�QRW�XQLTXH�

WR�0R�EOXH�SURGXFWLRQ�� DV� WKLV� LV� DOVR� UHSRUWHG� � � �
LQ�EDFWHULDO�FKURPDWH�UHGXFWLRQ��VXFK�DV�EDFWHULD�
3VHXGRPRQDV� DPELJXD� �6X]XNL� HW� DO�� ������ � � � � � � �
DQG� 6KHZDQHOOD� SXWUHIDFLHQV� �QRZ� NQRZQ� DV� � � � � � �
6��RQHLGHQVLV���0\HUV�HW�DO���������,Q�WKHVH�EDFWHULDO�
UHGXFWLRQ�SURFHVVHV��DQ�LQWHUPHGLDWH�VSHFLHV�&U

���

ZDV�REVHUYHG���0\HUV�HW�DO��������

(IIHFW� RI � (OHFWURQ� 'RQRU� RQ� 0RO\EGDWH�

5HGXFWLRQ

� 0RO\EGDWH� UHGXFWLRQ� WR� 0R�EOXH� ZDV� EHVW�
VXSSRUWHG� E\� WKH� VXJDU� JOXFRVH�� 7KLV� ZDV� � � � � �
IROORZHG� E\� VXFURVH�� PDOWRVH�� O�UKDPQRVH��
UDIILQRVH��G�PDQQRVH��ODFWRVH��PXFDWH��FHOORELRVH��
G�PDQQLWRO�� G�DGRQLWRO�� PHOLELRVH�� JO\FHURO��
G�VRUELWRO� DQG� O�DUDELQRVH� LQ� GHVFHQGLQJ� RUGHU�
�)LJ������0R�EOXH�SURGXFWLRQ�E\�RWKHU�VXJDUV�VXFK�
DV�GXOFLWRO��VDOLFLQ�DQG�P\R�LQRVLWRO�ZHUH�IRXQG�WR�
EH� QRW� VLJQLILFDQWO\� GLIIHUHQW� � !� ������ IURP�S�

FRQWURO� EDVHG� RQ� $129$ ��� ZLWK� 7XNH\
V� WHVW
3UHYLRXV�ZRUNV�GHPRQVWUDWHG�WKDW�0RO\EGHQXP�
UHGXFLQJ�EDFWHULD�SUHIHU�VLPSOH�DVVLPLODEOH�VXJDUV��
VXFK�DV�VXFURVH��JOXFRVH�DQG�IUXFWRVH��&DPSEHOO�HW�
DO� HW� DO HW� DO� ������*KDQL� ��������5DKPDQ� ��������
<XQXV� ��������HW�DO 6KXNRU�HW�DO��������$KPDG�HW�DO��
������ 2WKPDQ� HW� DO�� ������ $ER�6KDNHHU� HW� DO��
�������7KH�PHWDEROLF�SDWKZD\V�JO\FRO\VLV��.UHE
V�
F\FOH�DQG�HOHFWURQ�WUDQVSRUW�FKDLQ�ZHUH�XVHG�WR�
FRQYHUW� WKHVH� VXJDUV� WR�1$'+� DQG�1$'3+��
%RWK�UHGXFLQJ�HTXLYDOHQWV�DUH�HOHFWURQ�GRQDWLQJ�
VXEVWUDWHV�IRU�WKH�PRO\EGHQXP�UHGXFLQJ�HQ]\PH�
�6KXNRU�HW�DO��������

��
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)LJXUH��� �(IIHFW�RI �GLIIHUHQW�HOHFWURQ�GRQRU�VRXUFHV�����Z�Y��RQ�PRO\EGHQXP�UHGXFWLRQ
� 1RWH��(UURU�EDUV�UHSUHVHQW�PHDQ�VWDQGDUG�GHYLDWLRQ��Q� ���



(IIHFW� RI � 3KRVSKDWH� DQG� 0RO\EGDWH�
&RQFHQWUDWLRQV�WR�0RO\EGDWH�5HGXFWLRQ

� 7KH� RSWLPDO� FRQFHQWUDWLRQ� RI � SKRVSKDWH�
VXSSRUWLQJ� RSWLPDO� PRO\EGHQXP� UHGXFWLRQ�
RFFXUUHG� DW� ��P0�� &RQFHQWUDWLRQV� KLJKHU� WKDQ�
WKLV�GUDPDWLFDOO\� FHDVHG�SURGXFWLRQ�RI �0R�EOXH�
�)LJ�� ���� +LJK� SKRVSKDWH� FRQFHQWUDWLRQV� LQKLELW�
WKH� VWDELOLW\� RI � SKRVSKRPRO\EGDWH�� RI � ZKLFK�
XSRQ� UHGXFWLRQ�� LW� LV� FRQYHUWHG� WR� 0R�EOXH�
*OHQQ�	� &UDQH� ������ 6LPV� ������ 6KXNRU� HW� DO��
������� 0RO\EGHQXP�UHGXFLQJ� EDFWHULD� LVRODWHG�
SUHYLRXVO\� DUH� DOVR� VWURQJO\� LQKLELWHG� E\

SKRVSKDWH� FRQFHQWUDWLRQ� KLJKHU� WKDQ� �� P0�
�6KXNRU�	�6\HG�������/LP�HW�DO��������$KPDG�HW�DO��
������+DOPL�HW�DO��������2WKPDQ�HW�DO��������$ER�
6KDNHHU�HW�DO��������.KDQ�HW�DO��������6KXNRU�HW�DO��
������
� (QWHUREDFWHU�VS��VWUDLQ�6DZ���FDQ� WROHUDWH�DQG�
UHGXFH� PRO\EGHQXP� DW� VRGLXP� PRO\EGDWH�
FRQFHQWUDWLRQV� DV� KLJK� DV� ��� P0�� EXW� WKH�
SURGXFWLRQ� RI �0R�EOXH� ZDV� VHYHUHO\� LQKLELWHG�� �
7KH�RSWLPDO�FRQFHQWUDWLRQV�RI �PRO\EGDWH�ZKLFK�
VXSSRUWHG�WKH�UHGXFWLRQ��ZHUH�EHWZHHQ����DQG����
P0� �)LJ�� ���� 7KH� RWKHU�0RO\EGHQXP�UHGXFLQJ
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)LJXUH���0RO\EGHQXP�UHGXFWLRQ�E\�(QWHUREDFWHU�VS��VWUDLQ�6DZ���DW�YDULRXV�VRGLXP�PRO\EGDWH�FRQFHQWUDWLRQV
� 1RWH��(UURU�EDUV�UHSUHVHQW�PHDQ�VWDQGDUG�GHYLDWLRQ��Q� ���

,VRODWLRQ�DQG�&KDUDFWHUL]DWLRQ�RI �(QWHUREDFWHU�VS��VWUDLQ�6DZ���²�6DEXOODK�HW�DO�



EDFWHULD� LVRODWHG� WR� GDWH�� UHTXLUH� RSWLPDO�
PRO\EGDWH�FRQFHQWUDWLRQ�EHWZHHQ����DQG����P0�
�6KXNRU��5DKPDQ� ��������6KXNRU�	�6\HG�������HW�DO
/LP� �� ������$KPDG� �� ������+DOPL� ��HW� DO HW� DO HW� DO
������ 2WKPDQ� �� ������ $ER�6KDNHHU� ��HW� DO HW� DO
������6KXNRU� ���������5HGXFWLRQ�DW�WKHVH�YHU\�HW�DO
KLJK� FRQFHQWUDWLRQV� LV� DQ� DGYDQWDJH� IRU�
PRO\EGHQXP� ELRUHPHGLDWLRQ� LQ� DQ� DUHD� KDYLQJ�
KLJK�FRQFHQWUDWLRQ�RI �WKLV�PHWDO��)RU�LQVWDQFH��LQ�
1HZ�0H[LFR�ZKHUH�PRO\EGHQXP�FRQFHQWUDWLRQ�
DV� KLJK� DV� ������ SSP� RU� DERXW� ��� P0� ZDV�
UHSRUWHG��-DFREV�HW�DO��������

(IIHFW�RI �+HDY\�0HWDOV

� %DFWHULDO�PRO\EGDWH�UHGXFWLRQ�WR�0R�EOXH�ZDV�
LQKLELWHG�E\�RWKHU�KHDY\�PHWDOV��ZKLFK�LQFOXGHG�
FDGPLXP��,,���PHUFXU\��,,���FRSSHU��,,��DQG�VLOYHU�
�,��DW���SSP�ZLWK�LQKLELWLRQ�OHYHOV�RI �������������
����� DQG� ������� UHVSHFWLYHO\�� � 7KHVH� LQKLELWLRQ�
OHYHOV� ZHUH� FRPSDUHG� WR� FRQWURO�� ZKLFK� ZDV�
DVVLJQHG�DV�KDYLQJ������DFWLYLW\��)LJ�����
� 0RO\EGDWH�UHGXFWLRQ�WR�0R�EOXH�LQ�PDQ\�RI �
WKH� SUHYLRXVO\� LVRODWHG� 0RO\EGHQXP�UHGXFLQJ�
EDFWHULD� ZHUH� LQKLELWHG� E\� VLPLODU� WR[LF� KHDY\�
PHWDOV� �6KXNRU� 	� 6\HG� ������ /LP� HW� DO�� ������
2WKPDQ� HW� DO�� ������ 6KXNRU� HW� DO�� ������� ,Q�
KH[DYDOHQW� FKURPDWH� UHGXFWLRQ� WR� WKH� WULYDOHQW�
VWDWH�E\�%DFLOOXV�VS�� �$UXWFKHOYDQ�HW�DO��������DQG�
(QWHUREDFWHU�FORDFDH�VWUDLQ�+����5HJH�HW�DO���������WKH�

PHWDO� LRQV�RI �PHUFXU\� DQG�FRSSHU�ZHUH� VWURQJ�
LQKLELWRUV��7KH�VXSSRVHG�WDUJHW�RI � WKHVH�PHWDOV�
ZDV�FKURPDWH�UHGXFWDVH��7KLV�HQ]\PH�XWLOL]HG�WKH�
HOHFWURQ�GRQRUV�1$'+�DQG�1$'3+�WR�FRQYHUW�
VROXEOH�WR[LF�FKURPLXP����WR�WKH�LQVROXEOH�OHVV�
WR[LF� FKURPLXP�����0HUFXU\� ELQGV� VWURQJO\� WR�
VXOIK\GU\O� JURXSV�� $GGLWLRQDOO\�� PHUFXU\� DOVR�
ELQGV��ZLWK�YDULDEOH�VWUHQJWK��WR�FDUER[\O��DPLGH��
SKRVSKRU\O�DQG�DPLQH�JURXSV�RI �SURWHLQ��7KLV�LV�
WKH�UHDVRQ�ZK\�PHUFXU\�LV�RQH�RI �WKH�PRVW�WR[LF�
PHWDO�LRQV�NQRZQ�WR�KXPDQ��6LOYHU�DOVR�ELQGV�WR�
WKH� VXOIK\GU\O� JURXS� RI � HQ]\PHV�� &RSSHU�
SUHIHUHQWLDOO\� ELQGV� WR� F\VWHLQH�� KLVWLGLQH� DQG�
PHWKLRQLQH�UHVLGXHV�RI �HQ]\PHV��&DPDNDULV�HW�DO��
������� 7KH� WR[LFLW\� RI � WKHVH�PHWDO� LRQV� FDQ� EH�
UHPHGLHG� WKURXJK� WKH� DGGLWLRQ� RI � FKHPLFDO�
DGGLWLYHV�LQFOXGLQJ�SKRVSKDWH��FDOFLXP�FDUERQDWH���
PDQJDQHVH� R[LGH� DQG� PDJQHVLXP� K\GUR[LGH�
�+HWWLDUDFKFKL�HW�DO��������'HHE�	�$OWDOKL�������

3KHQR O L FV � DV � &DUERQ � 6RXUFHV � I R U �
0RO\EGHQXP� 5HGXFWLRQ� DQG� ,QGHSHQGHQW�
*URZWK

� 3UHOLPLQDU\�VFUHHQLQJ�ZRUNV�RQ�SKHQROLFV�DV�
FDUERQ� VRXUFHV� VXSSRUWLQJ� PRO\EGHQXP�
UHGXFWLRQ�IDLOHG�WR�JLYH�SRVLWLYH�UHVXOWV��'DWD�QRW�
VKRZQ���+RZHYHU��WKH�EDFWHULXP�ZDV�DEOH�WR�JURZ�
RQ� WKH� SKHQROLF� FRPSRXQGV� �SKHQRO� DQG�
FDWHFKRO���)LJ�����
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)LJXUH�����7KH�HIIHFW�RI �RWKHU��KHDY\�PHWDOV�RQ�0R�EOXH�SURGXFWLRQ�E\�(QWHUREDFWHU�VS��VWUDLQ�6DZ��
������������������1RWH��(UURU�EDUV�UHSUHVHQW�PHDQ�VWDQGDUG�GHYLDWLRQ��Q� ���



� %LRGHJUDGDWLRQ� RI � SKHQRO� DQG� SKHQROLF�
FRPSRXQGV�E\�PLFURRUJDQLVPV�KDV�ORQJ�EHHQ�DQ�
REMHFW� RI � UHVHDUFK�� %DFWHULD� WKDW� FRXOG� GHJUDGH�
SKHQRO� DQG� SKHQROLF� FRPSRXQGV� LQFOXGH�
3VHXGRPRQDV�VSHFLHV��)ROVRP�HW�DO��������7RPDVL�HW�
DO��������$UDYLQGKDQ�HW�DO�������� �+DVDQ�	�-DEHHQ�
������� %DFLOOXV� EUHYLV� �$UXWFKHOYDQ� HW� DO�� �������
$OFDOLJHQHV� VS�� �%DL� HW� DO�� �������2FKUREDFWUXP� VS��
�.LOLo��������$FLQHWREDFWHU�VS�� �$KPDG�HW�DO��������
<DG]LU�HW�DO��������DQG�5KRGRFRFFXV�VSHFLHV��$ULI �HW�DO��
����������

&21&/86,216

� (QWHUREDFWHU� VS�� VWUDLQ� 6DZ��� VKRZHG� WKH�
QRYHO�DELOLW\�WR�UHGXFH�KHDY\�PHWDO�PRO\EGHQXP�
WR�0R�EOXH���7KLV�EDFWHULXP�FDQ�DOVR�JURZ�RQ�WKH�
SKHQROLF�FRPSRXQGV��SKHQRO�DQG�FDWHFKRO���7KH�
LGHQWLW\� RI � WKLV� EDFWHULXP� LV� QRW� FRPSOHWHO\�
UREXVW�� WKHUHIRUH�� PROHFXODU� LGHQWLILFDWLRQ� LV�
QHHGHG� WR� IXUWKHU� LGHQWLI\� WKLV� VSHFLHV�� 7KLV�
EDFWHULXP� GHPRQVWUDWHG� D� QDUURZ� S+� DQG�
WHPSHUDWXUH� UDQJHV� IRU� RSWLPDO� UHGXFWLRQ��
*OXFRVH�ZDV� WKH�PRVW� HIIHFWLYH� HOHFWURQ� GRQRU�
IRU� RSWLPDO� PRO\EGHQXP� UHGXFWLRQ�� 7KH�
EDFWHULXP� QHHGHG� D� FULWLFDO� SKRVSKDWH�
FRQFHQWUDWLRQ�RI �����P0��7KH�RSWLPDO�PRO\EGDWH�
FRQFHQWUDWLRQV� ZHUH� EHWZHHQ� ��� DQG� ��� P0��
7KH� DEVRUSWLRQ� VSHFWUXP� RI � WKH� 0R�EOXH�
JHQHUDWHG� LQGLFDWHG� WKDW� LW� ZDV� D� UHGXFHG�
SKRVSKRPRO\EGDWH��&DGPLXP��,,���PHUFXU\��,,���

FRSSHU��,,��DQG�VLOYHU��,��LQKLELWHG�WKH�SURFHVV�RI �
PRO\EGHQXP� UHGXFWLRQ� WR� 0R�EOXH�� 3UHVHQWO\��
HIIRUWV�DUH�RQJRLQJ�WR�SXULI\�WKH�0RO\EGHQXP�
UHGXFLQJ� HQ]\PH� DQG� WR� FKDUDFWHUL]H� SKHQROLFV�
ELRGHJUDGDWLRQ� VWXGLHV� LQ� JUHDWHU� GHWDLO�� )URP�
ELRUHPHGLDWLRQ� SRLQW� RI � YLHZ�� WKLV� UHSRUWHG�
EDFWHULXP� PLJKW� EH� DQ� LPSRUWDQW� ELR�WRRO� LQ�
UHGXFLQJ� HQYLURQPHQWDO� SROOXWDQWV� OLNH�
PRO\EGHQXP�

$&.12:/('*(0(176

� 7KLV� SURMHFW� ZDV� IXQGHG� E\� WKH� 5HVHDUFK�
8QLYHUVLW\�*UDQW�6FKHPH��58*6���3URMHFW�QR�����
����������58�)��

5()(5(1&(6

$ER�6KDNHHU�/.$��$KPDG�6$��6KXNRU�0<��6KDPDDQ�1$��
6\HG�0$��������,VRODWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI �D�
PRO\EGHQXP�UHGXFLQJ�%DFLOOXV� SXPLOXV� VWUDLQ� OEQD��
-�(QYLURQ�0LFURELRO�7R[LFRO����²���

$KPDG�6$��6KXNRU�0<��6KDPDDQ�1$��0DF�&RUPDFN�:3��
6\HG� 0$�� ������ 0RO\EGDWH� UHGXFWLRQ� WR�
PRO\EGHQXP�EOXH�E\�DQ�$QWDUFWLF�EDFWHULXP��%LR�
0HG�5HV�,QW�������� $U W LF OH � QXPEHU � ������� �
GRL���������������������

$KPDG�6$��6\HG�0$��$ULI �10��6KXNRU�0<$��6KDPDDQ�
1$�� ������ ,VRODWLRQ�� LGHQWLI LFDWLRQ� DQG�
FKDUDFWHUL]DWLRQ� RI � HOHYDWHG� SKHQRO� GHJUDGLQJ�
$FLQHWREDFWHU�VS��VWUDLQ�$4�12/���$XVW�-�%DVLF�$SSO�
6FL�������²���
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)LJXUH�����*URZWK�RI �(QWHUREDFWHU�VS��VWUDLQ�6DZ���RQ�SKHQROLFV�LQGHSHQGHQW�RI �PRO\EGHQXP�UHGXFWLRQ
������������������1RWH��(UURU�EDUV�UHSUHVHQW�PHDQ�VWDQGDUG�GHYLDWLRQ��Q� ���

,VRODWLRQ�DQG�&KDUDFWHUL]DWLRQ�RI �(QWHUREDFWHU�VS��VWUDLQ�6DZ���²�6DEXOODK�HW�DO�



$UDYLQGKDQ�5��1DYHHQ�1��$QDQG�*��5DR�-5��1DLU�%8��������
.LQHWLFV� RI � ELRGHJUDGDWLRQ� RI � SKHQRO� DQG� D�
SRO\SKHQROLF� FRPSRXQG� E\� D� PL[HG� FXOWXUH�
FRQWDLQLQJ�3VHXGRPRQDV�DHUXJLQRVD�DQG�%DFLOOXV�VXEWLOLV��
$SSO�(FRO�(QYLURQ�5HV�������²���

$ULI �10��$KPDG�6$��6\HG�0$��6KXNRU�0<��������,VRODWLRQ�
DQG� FKDUDFWHUL]DWLRQ� RI � D� SKHQRO�GHJUDGLQJ�
5KRGRFRFFXV�VS��VWUDLQ�$4�12/���.&7&������%3��
-�%DVLF�0LFURELRO�����²���

$UXWFKHOYDQ�9��.DQDNDVDEDL�9��(ODQJRYDQ�5��1DJDUDMDQ�6��
0XUDOLNULVKQDQ�9��������.LQHWLFV�RI �KLJK�VWUHQJWK�
SKHQRO� GHJUDGDWLRQ� XVLQJ� %DFLOOXV� EUHYLV�� -� +D]DUG�
0DWHU��������²���

$XIIUHW�0'��<HUJHDX�(��/DEEp�'��)D\ROOH�*XLFKDUG�)��*UHHU�
&:��������,PSRUWDQFH�RI �5KRGRFRFFXV�VWUDLQV�LQ�D�
EDFWHULDO� FRQVRUWLXP� GHJUDGLQJ� D� PL[WXUH� RI �
K\GURFDUERQV�� JDVROLQH�� DQG� GLHVHO� RLO� DGGLWLYHV�
UHYHDOHG� E\� PHWDWUDQVFULSWRPLF� DQDO\VLV�� $SSO� �
0LFURELRO�%LRWHFKQRO��������²���

%DL�-��:HQ�-3��/L�+0��-LDQJ�<��������.LQHWLF�PRGHOLQJ�RI �
JURZWK�DQG�ELRGHJUDGDWLRQ�RI �SKHQRO�DQG�P�FUHVRO�
XVLQJ�$OFDOLJHQHV�IDHFDOLV��3URFHVV�%LRFKHP�������²��

%DQHUMHH� *�� 3DQGH\� 6�� 5D\� $.�� .XPDU� 5�� ������
%LRUHPHGLDWLRQ�RI �KHDY\�PHWDOV�E\�D�QRYHO�EDFWHULDO�
VWUDLQ�(QWHUREDFWHU�FORDFDH�DQG�LWV�DQWLR[LGDQW�HQ]\PHV�
DFWLYLW\�� IORFFXODQWV� SURGXFWLRQ� DQG� SURWHLQ�
H[SUHVVLRQ� LQ� SUHVHQFH� RI � WKHVH� KHDY\� PHWDOV�� �
:DWHU�$LU�6RLO�3ROO����������

%DQHUMHH� *�� 3DQGH\� 6�� 5D\� $.�� .XPDU� 5�� ������ $Q�
DOWHUQDWLYH� DSSURDFK� RI � ZDWHU� WUHDWPHQW� E\�
$UWKUREDFWHU�SKHQDQWKUHQLYRUDQV��$VVHVVPHQW�RI �PHWDO�
UHPRYDO��VXUIDFWDQW�SURGXFWLRQ�DQG�R[LGDWLYH�VWUHVV��
&XUU�6FL����������������

%DWWD�1��6XEXGKL�6��/DO�%��'HYL�$��������,VRODWLRQ�RI �OHDG�
WROHUDQW� QRYHO� EDFWHULDO� VSHFLHV�� $FKURPREDFWHU� VS��
7/����$VVHVPHQW�RI �ELRIORFFXODQW�DFWLYLW\��,QGLDQ�-�
([S�%LRO������������

%L�&0��=KDQJ�</��/LX�)-��=KRX�7=��<DQJ�=-��*DR�6<��:DQJ�
6'��&KHQ�;/��=KDL�;:��0D�;*�� -LQ�/-��:DQJ�6��
������ 7KH� HIIHFW� RI � PRO\EGHQXP� RQ� WKH� LQ� YLWUR�
GHYHORSPHQW� RI � PRXVH� SUHLPSODQWDWLRQ� HPEU\RV��
6\VW�%LRO�5HSURG�0HG���������²���

&DPDNDULV� -�� 9RVNRERLQLN� ,�� 0HUFHU� -)�� ������ 0ROHFXODU�
PHFKDQLVPV� RI � FRSSHU� KRPHRVWDVLV�� %LRFKHP�
%LRSK\V�5HV�&RPPXQ��������²���

&DPSEHOO� $0�� 'HO� &DPSLOOR�&DPSEHOO� $�� 9LOODUHW� '%��
������0RO\EGDWH� UHGXFWLRQ�E\�(VFKHULFKLD� FROL�.����
DQG� LWV� FKO� PXWDQWV�� 3URF� 1DWO� $FDG� 6FL� 86$�
������²���

&OHVFHUL� /6��*UHHQEHUJ�$(��7UXVVHOO� 55�� ������ 6WDQGDUG�
PHWKRGV� IRU� WKH� H[DPLQDWLRQ� RI � ZDWHU� DQG�
ZDVWHZDWHU��%DOWLPRUH��86��3RUW�&LW\�3UHVV��S��������

&RVWLQ�6��,RQXW�6��������$%,6�RQOLQH�EDFWHULDO�LGHQWLILFDWLRQ�
VRIWZDUH��� $YDLODEOH� IURP� KWWS���ZZZ�WJZ������
QHW�EDFWHULDBORJDUH�KWPO��GDWDEDVH�YHUVLRQ��%DFLOOXV�
�������������5HWULHYHG�RQ�0DUFK������

'DYLV�*.��������0RO\EGHQXP��,Q��0HULDQ�(��HGLWRU��0HWDOV�
DQG� WKHLU� FRPSRXQGV� LQ� WKH� HQYLURQPHQW��
RFFXUUHQFH��DQDO\VLV�DQG�ELRORJLFDO�UHOHYDQFH��1HZ�
<RUN��86���9&+�:HLQKHLP��S������²����

'DQLHOV�-1��:XHEEHQV�00��5DMDJRSDODQ�.9��6FKLQGHOLQ�+��
������ &U\VWDO� VWUXFWXUH� RI � D� PRO\EGRSWHULQ�
V\QWKDVH�SUHFXUVRU� =� &RPSOH[�� ,QVLJKW� LQWR� LWV�
VXOIXU� WUDQVIHU� PHFKDQLVP� DQG� LWV� UROH� LQ�
PRO\EGHQXP� FRIDFWRU� GHILFLHQF\�� %LRFKHPLVWU\�
������²���

'HHE�%(��$OWDOKL�$'��������'HJUDGDWLYH�SODVPLG�DQG�KHDY\�
PHWDO�UHVLVWDQFH�SODVPLG�QDWXUDOO\�FRH[LVW�LQ�SKHQRO�
DQG� F\DQLGH� DVVLPLODWLQJ� EDFWHULD�� $P� -� %LRFKHP�
%LRWHFKQRO�����²���

)ROVRP�%5��&KDSPDQ�3-��3ULWFKDUG�3+��������3KHQRO�DQG�
WULFKORURHWK\OHQH�GHJUDGDWLRQ�E\�3VHXGRPRQDV�FHSDFLD�
*��� NLQHWLFV� DQG� LQWHUDFWLRQV� EHWZHHQ� VXEVWUDWHV��
$SSO�(QYLURQ�0LFURELRO��������²���

*KDQL�%��7DNDL�0��+LVKDP�1=��.LVKLPRWR�1��,VPDLO�$.0��
7DQR� 7� � 6XJLR� 7� � ����� � ,VRODW LRQ� DQG�
FKDUDFWHUL]DWLRQ� RI � D� 0R���UHGXFLQJ� EDFWHULXP��
$SSO�(QYLURQ�0LFURELRO��������²���

*OHQQ�-/��&UDQH�)/��������6WXGLHV�RQ�PHWDOORIODYRSURWHLQV��
9��7KH�DFWLRQ�RI �VLOLFRPRO\EGDWH�LQ�WKH�UHGXFWLRQ�RI �
F\WRFKURPH�F�E\�DOGHK\GH�R[LGDVH��%LRFKLP�%LRSK\V�
$FWD�������²��

+DOPL�0,(��=XKDLQLV� 6:��<XVRI �07�� 6KDKDUXGGLQ�1$��
+HOPL�:�� 6KXNRU�<�� 6\HG�0$��$KPDG�6$�� ������
+H[DYDOHQW�PRO\EGHQXP�UHGXFWLRQ�WR�0R�EOXH�E\�D�
VRGLXP�GRGHF\O�VXOIDWH�GHJUDGLQJ� .OHEVLHOOD� R[\WRFD�
VWUDLQ� '5<���� %LR� 0HG� 5HV� ,QW� ������ $UWLFOH�
QXPEHU���������GRL������H�������

+DVDQ� 6$�� -DEHHQ� 6�� ������ 'HJUDGDWLRQ� NLQHWLFV� DQG�
SDWKZD\� RI � SKHQRO� E\� 3VHXGRPRQDV � DQG� �
%DFLOOXV�VSHFLHV��%LRWHFKQRO�(TXLS������²���

+HWWLDUDFKFKL� *0�� 3LHU]\QVNL� *0�� 5DQVRP� 0'�� ������
,Q� VLWX� VWDELOL]DWLRQ�RI � VRLO� OHDG� XVLQJ�SKRVSKRUXV�
DQG� PDQJDQHVH� R[LGH�� (QYLURQ� 6FL� 7HFKQRO�
�������²��

+ROW�-*��.ULHJ�15��6QHDWK�3+$��6WDOH\�-7��������:LOOLDPV�
67��%HUJH\
V�PDQXDO�RI �GHWHUPLQDWLYH�EDFWHULRORJ\��
� �HGLWLRQ��%DOWLPRUH��86���/LSSLQFRWW�:LOOLDPV�	�
WK

:LONLQV������S�

+RUL� 7�� 6XJL\DPD� 0�� +LPHQR� 6�� ������ 'LUHFW�
VSHFWURSKRWRPHWULF�GHWHUPLQDWLRQ�RI �VXOSKDWH�� LRQ�
EDVHG�RQ�WKH�IRUPDWLRQ�RI �D�EOXH�PRO\EGRVXOSKDWH�
FRPSOH[��$QDO\VW�������������

,\DPX�(:��$VDNXUD�7��:RRGV�*0��������$�FRORULPHWULF�
PLFURSODWH� DVVD\� PHWKRG� IRU� KLJK�� WKURXJKSXW�
DQDO\VLV�RI �DUJLQDVH�DFWLYLW\� LQ�YLWUR��$QDO�%LRFKHP�
�������²��

-DFREV�-$��/HKU�-+��7HVWD�60��������$FLG�PLQH�GUDLQDJH��
URFN� GUDLQDJH�� DQG� DFLG� VXOIDWH� VRLOV�� FDXVHV��
DVVHVVPHQW� � SUHGLFW LRQ�� SUHYHQWLRQ�� DQG�
UHPHGLDWLRQ�� +RERNHQ�� 1HZ� -HUVH\� �86��� -RKQ�
:LOH\�	�6RQV��,QF��S��������

��
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.D]DQVN\� /3�� )HGRWRY� 0$�� ������ 3KRVSKRUXV� � DQG�
��

R[\JHQ� �1�0�5��HYLGHQFH�RI �WUDSSHG��HOHFWURQV� LQ�
��

UHGXFHG����PRO\EGRGLSKRVSKDWH�9���3 0R 2 ��-�
��

� �� ��

&KHP�6RF��& K HP � & RPPXQ � � � � � ² � � � G R L � �
��������&������������

.KDQ�$��+DOPL�0,(��6KXNRU�0<��������,VRODWLRQ�RI �0R�
UHGXFLQJ�EDFWHULXP�LQ�VRLOV�IURP�3DNLVWDQ��-�(QYLURQ�
0LFURELRO�7R[LFRO�����²���

.LOLo�1.��������(QKDQFHPHQW�RI �SKHQRO�ELRGHJUDGDWLRQ�E\�
2FKUREDFWUXP�VS��LVRODWHG�IURP�LQGXVWULDO�ZDVWHZDWHUV��
,QW�%LRGHWHULRU�%LRGHJUDG�������²���

/HLPN�KOHU�6��:XHEEHQV�00���5DMDJRSDODQ�.9��������7KH�
KLVWRU\� RI � WKH� GLVFRYHU\� RI � WKH� PRO\EGHQXP�
FRIDFWRU� DQG� QRYHO� DVSHFWV� RI � LWV� ELRV\QWKHVLV� LQ�
EDFWHULD��&RRUG�&KHP�5HY���������²���

/HYLQH� 9(�� ������ 7KH� UHGXFLQJ� SURSHUWLHV� RI �
PLFURRUJDQLVPV� ZLWK� VSHFLDO� UHIHUHQFH� WR� �
VHOHQLXP�FRPSRXQGV��-�%DFWHULRO�������²���

/LP� +.�� 6\HG� 0$�� 6KXNRU� 0<�� ������ 5HGXFWLRQ� RI �
PRO\EGDWH� WR� PRO\EGHQXP� EOXH� E\� .OHEVLHOOD� VS��
VWUDLQ�KNHHP��-�%DVLF�0LFURELRO�������²����

/ORYHUD�6��%RQHW�5��6LPRQ�3XMRO�0'��&RQJUHJDGR�)��������
&KURPDWH�UHGXFWLRQ�E\�UHVWLQJ�FHOOV�RI �$JUREDFWHULXP�
UDGLREDFWHU� (36������ $SSO� (QYLURQ� 0LFURELRO�
�������²��

/RVL�0(��-U�:7)��������5HGXFWLRQ�RI �VHOHQLXP�R[\DQLRQV�
E\�(QWHUREDFWHU�FORDFDH�VWUDLQ�6/'�D����5HGXFWLRQ�RI �
VHOHQDWH� WR� VHOHQLWH�� (QYLURQ� 7R[LFRO� &KHP�
�������²��

0HHNHU�-'��5RVVDQR�0*��3URWDV�%��'LDPRQG�03��3XVFKHFN�
(��'DO\�'�� ����:LUWK� --��������&DGPLXP�� OHDG�� DQG�
RWKHU�PHWDOV� LQ� UHODWLRQ� WR� VHPHQ� TXDOLW\��+XPDQ�
HYLGHQFH�� IRU�PRO\EGHQXP�DV�D�PDOH�UHSURGXFWLYH�
WR[LFDQW��(QYLURQ�+HDOWK�3HUVSHFW������������

0\HUV�&5��&DUVWHQV�%3��$QWKROLQH�:(��0\HUV�-0��������
&KURPLXP�9,��UHGXFWDVH�DFWLYLW\�LV�DVVRFLDWHG�ZLWK�
WKH�F\WRSODVPLF�PHPEUDQH�RI �DQDHURELFDOO\�JURZQ�
6KHZDQHOOD� SXWUHIDFLHQV� 05���� -� $SSO� 0LFURELRO�
�����²����

1HXQKlXVHUHU�&��%HUUHFN�0��,QVDP�+��������5HPHGLDWLRQ�
RI �VRLOV�FRQWDPLQDWHG�ZLWK�PRO\EGHQXP�XVLQJ�VRLO�
DPHQGPHQWV�DQG�SK\WRUHPHGLDWLRQ��:DWHU�$LU�6RLO�
3ROO�������²���

2WKPDQ�$5��%DNDU�1$��+DOPL�0,(��-RKDUL�:/:��$KPDG�
6$�� -LUDQJRQ� +�� 6\HG� 0$�� 6KXNRU� 0<�� ������
.LQHWLFV�RI �PRO\EGHQXP�UHGXFWLRQ�WR�PRO\EGHQXP�
EOXH� E\�%DFLOOXV� VS�� VWUDLQ�$�U]L�� %LR�0HG�5HV� ,QW��
������ $UWLFOH� QXPEHU� �������� GRL���������������
�������

2YHV�0��.KDQ�06�� �=DLGL�$��������%LRVRUSWLRQ�RI �KHDY\�
PHWDOV� E\� %DFLOOXV� WKXULQJLHQVLV� VWUDLQ� 260���
RULJLQDWLQJ� IURP� LQGXVWULDO� HIIOXHQW� FRQWDPLQDWHG�
QRUWK�,QGLDQ�VRLO��6DXGL�-�%LRO�6FL�������²��

5DKPDQ�0)$��6KXNRU�0<��6XKDLOL�=��0XVWDID�6��6KDPDDQ�
1$��6\HG�0$��������5HGXFWLRQ�RI �0R��9,��E\�WKH�

EDFWHULXP�6HUUDWLD�VS��VWUDLQ�'5<���-�(QYLURQ�%LRO�
�����²���

5HJH�0$��3HWHUVHQ�-1��-RKQVWRQH�'/��7XULFN�&(��<RQJH�
'5�� $SHO� :$�� ������ %DFWHULDO� UHGXFWLRQ� RI �
KH[DYDOHQW� FKURPLXP� E\�(QWHUREDFWHU� FORDFDH� VWUDLQ�
+���JURZQ�RQ�VXFURVH��%LRWHFKQRO�/HWW�������²��

5XQQHOOV� ''�� .DEDFN� '6�� 7KXUPDQ� (0�� ������
*HRFKHPLVWU\� DQG� VDPSOLQJ� RI � PRO\EGHQXP� LQ�
VHGLPHQWV��VRLOV��DQG�SODQWV�LQ�&RORUDGR��,Q��&KDSSHO�
:5�� 3HWHUVRQ� ..�� HGLWRUV�� 0RO\EGHQXP� LQ� WKH�
HQYLURQPHQW��1HZ�<RUN��86���0DUFHO�DQG�'HNNHU��
,QF�

6HGLJKL� 0�� 9DKDE]DGHK� )�� ������ .LQHWLF� 0RGHOLQJ� RI �
FRPHWDEROLF� GHJUDGDWLRQ� RI � HWKDQHWKLRO� �
DQG� SKHQRO� E\� 5DOVWRQLD� HXWURSKD�� %LRWHFKQRO�
%LRSURFHVV�(QJ�������²���

6KXNRU�06�� 6KXNRU�0<�� ������ $�PLFURSODWH� IRUPDW� IRU�
FKDUDFWHUL]LQJ� WKH� JURZWK� RI � PRO\EGHQXP�
UHGXFLQJ� EDFWHULD�� -� (QYLURQ� 0LFURELRO� 7R[LFRO�
����²��

6KXNRU� 0<�� +DELE� 6+0�� 5DKPDQ� 0)$�� -LUDQJRQ� +��
$EGXOODK� 03$�� 6KDPDDQ� 1$�� 6\HG� 0$�� ����D��
+H[DYDOHQW�PRO\EGHQXP�UHGXFWLRQ�WR�PRO\EGHQXP�
EOXH�E\�6��PDUFHVFHQV� VWUDLQ�'U��<���$SSO�%LRFKHP�
%LRWHFKQRO�������²���

6KXNRU�0<��+DOPL�0,(��5DKPDQ�0)$��6KDPDDQ�1$��6\HG�
0$��������0RO\EGHQXP�UHGXFWLRQ�WR�PRO\EGHQXP�
EOXH� LQ�6HUUDWLD� VS�� VWUDLQ�'5<�� LV� FDWDO\]HG� E\� D�
QRYHO�PRO\EGHQXP�UHGXFLQJ�HQ]\PH��%LR0HG�5HV�
,QW��������$UWLFOH�,'���������GRL���������������
�������

6KXNRU� 0<�� /HH� &+�� 2PDU� ,�� .DULP� 0,$�� 6\HG� 0$��
6 K DP D D Q � 1$ � � � � � � � � , V R O D W L R Q � D Q G � �
FKDUDFWHUL]DWLRQ� RI � D� PRO\EGHQXP�UHGXFLQJ�
HQ]\PH�LQ�(QWHUREDFWHU�FORDFDH�VWUDLQ������3HUWDQLND�
-�6FL�7HFKQRO�������²���

6KXNRU�0<��5DKPDQ�0)$��6KDPDDQ�1$��/HH�&+��.DULP�
0,$��6\HG�0$������E��$Q�LPSURYHG�HQ]\PH�DVVD\�
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