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(IILFDF\�RI�3RWDVVLXP�2FW\O�6XOSKDWH�RQ�&LWULF�$FLG�
'LRSURGXFWLRQ�

8PHVK�3UDVDG�&KDXUDVLD

'HSDUWPHQW�RI�&KHPLVWU\��7�5��0��&DPSXV��%LUJDQM���7��8���1HSDO�
(PDLO��XFKDXUDVLD����#JPDLO�FRP�

$EVWUDFW�

7KH�HIILFDF\�RI���SRWDVVLXP�RFW\O�VXOSKDWH�RQ���SURGXFWLRQ�RI�FLWULF�DFLG�E\�VRPH�IXQJDO�VWUDLQV�VXFK�DV�
$VSHUJLOOXV�FDUERQDULXV�1&,0��������$VSHUJLOOXV�VDLWRL�1&,0��������$VSHUJLOOXV�XVXPLL�1&,0���������
$VSHUJLOOXV�ZHQWLL�1&,0��������DQG�$VSHUJLOOXV�QLJHU�1&,0��������KDV�EHHQ�DVVHVVHG��,W�KDV�EHHQ�IRXQG�
WKDW�WKH�IXQJDO�VWUDLQ�$VSHUJLOOXV�QLJHU�1&,0�������KDV�EHHQ�IRXQG�PRVW�VXLWDEOH�WR�JLYH�KLJKHU�\LHOG�RI�
FLWULF�DFLG��7KH�PLFHOOH��L�H����SRWDVVLXP�RFW\O�VXOSKDWH�XQGHU�WULDO�KDV�VWLPXODWRU\�HIIHFW�RQ�ELRSURGXFWLRQ�
RI�FLWULF�DFLG�DQG�HQKDQFHV�WKH�\LHOG�RI�FLWULF�DFLG�WR�DQ�H[WHQW�RI��������KLJKHU�LQ�FRPSDULVRQ�WR�FRQWURO�

IHUPHQWHU� IODVNV�� L�H��� ������ J����� PO� LQ� ��� GD\V� RI� RSWLPXP� LQFXEDWLRQ� SHULRG�� ���� S+� DQG� ���&�
WHPSHUDWXUH�ZLWK������Z�Y��PRODVVHV�VROXWLRQ�DORQJ�ZLWK�RWKHU�QXWULWLRQDO�LQJUHGLHQWV��

�.H\�ZRUGV��0RODVVHV��FLWULF�DFLG�IHUPHQWDWLRQ��SRWDVVLXP�RFW\O�VXOSKDWH�DQG�$VSHUJLOOXV�QLJHU�1&,0�������

,QWURGXFWLRQ��

0LFHOOHV� DUH� VSKHUHV�RI�OLSLGV�WKDW� IRUP� LQ� DTXHRXV� VROXWLRQV�� ,Q� KXPDQV�� WKH\� IRUP� IURP�ELOH� VDOWV��
7KHVH�PLFHOODU�DJJUHJDWHV�KHOS�WUDQVSRUW�WKH�GLJHVWLYH�SURGXFWV�RI�OLSLGV�WR�WKH�LQWHVWLQH�WR�EH�DEVRUEHG��
$OVR��WKH\�DUH�XVHG�DV�GHWHUJHQWV��

$�PLFHOOH�LV�IRUPHG�ZKHQ�D�YDULHW\�RI�PROHFXOHV�LQFOXGLQJ�VRDSV�DQG�GHWHUJHQWV�DUH�DGGHG�WR�ZDWHU��

7KH�PROHFXOH�PD\�EH�D�IDWW\�DFLG��D�VDOW�RI�D�IDWW\�DFLG��VRDS���SKRVSKROLSLGV��RU�RWKHU�VLPLODU�PROHFXOHV��

����7KH�PROHFXOH�PXVW�KDYH�D�VWURQJO\�SRODU�³KHDG´�DQG�D�QRQ�SRODU�K\GURFDUERQ�FKDLQ�³WDLO´���7KH�SRODU�
KHDG�RI�WKH�PROHFXOH�SUHVHQWV�LWVHOI�IRU�LQWHUDFWLRQ�ZLWK�WKH�ZDWHU�PROHFXOHV�RQ�WKH�RXWVLGH�RI�WKH�PLFHOOH�

0LFHOOHV�HLWKHU�DFFHOHUDWHV�RU�UHWDUGV�WKH�RUJDQLF�UHDFWLRQV�GHSHQGLQJ�RQ�LWV�QDWXUH
�����

��,W�LV�DVVXPHG�WKDW�

PLFHOOHV� DUH� PRGHUDWRUV� RI� HQ]\PH� DFWLRQV� LQ� VRPH� ELRORJLFDO� V\VWHPV
�����

�� 7KHUH� DUH� VHYHUDO� NQRZQ�

PLFHOOHV��EXW�D�YHU\�IHZ�PLFHOOHV�KDYH�EHHQ�XVHG�LQ�VXEPHUJHG�IHUPHQWDWLRQ�SURFHVVHV
�����

��6LQFH�PLFHOODU�
HIIHFW�RQ�IHUPHQWDWLRQ�VWXGLHV�HVSHFLDOO\�FLWULF�DFLG�IHUPHQWDWLRQ�LV�UHODWLYHO\�QHZ�DQG�DOPRVW�XQH[SORUHG��
LW�QHHGV�FDUHIXO�DQG�VSHFLILF�H[SHULPHQWDWLRQV��,Q�WKH�SUHVHQW�LQYHVWLJDWLRQ�WKH�DXWKRU�KDV�PDGH�DQ�DWWHPSW�
WR�VWXG\�WKH�HIIHFW�RI�SRWDVVLXP�RFW\O�VXOSKDWH�RQ��FLWULF�DFLG��IHUPHQWDWLRQ�E\� $VSHUJLOOXV�QLJHU�1&,0�
�����

��ŽƌƌĞƐƉŽŶĚŝŶŐ�ĂƵƚŚŽƌ�
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([SHULPHQWDO�0HWKRGV��

7KH� LQIOXHQFH�RI�SRWDVVLXP�RFW\O� VXOSKDWH�RQ�SURGXFWLRQ�RI� FLWULF� DFLG�E\�$VSHUJLOOXV�QLJHU�1&,0�
������ � 7KH� FRPSRVLWLRQ� RI� WKH� SURGXFWLRQ�PHGLXP� IRU� SURGXFWLRQ� RI� FLWULF� DFLG� E\�$VSHUJLOOXV� QLJHU
1&,0������ KDV� EHHQ� SUHSDUHG� DV� IROORZV��0RODVVHV�� ���� �Z�Y��� 1+�12��������� .+�32��� �������

0J62���+�2���������S+�������

7KH�S+�RI�WKH�SURGXFWLRQ�PHGLXP�ZDV�DGMXVWHG�WR�����E\�DGGLQJ�UHTXLVLWH�DPRXQW�RI�.&O�+&O�EXIIHU�
VROXWLRQ�� DQG� WKLV� S+�ZDV� DOVR� DVFHUWDLQHG� E\� D� S+�PHWHU�� 7KH� DERYH� FRPSRVLWLRQ�PHGLXP� UHSUHVHQWV�
YROXPH�RI�D�IHUPHQWHU�IODVN��L�H�������P/��SURGXFWLRQ�PHGLXP�IRU�SURGXFWLRQ�RI�FLWULF�DFLG�E\�$VSHUJLOOXV�
QLJHU�1&,0�������1RZ��WKH�VDPH�SURGXFWLRQ�PHGLXP�IRU�SURGXFWLRQ�RI�FLWULF�DFLG�E\�$VSHUJLOOXV�QLJHU�
1&,0������ZDV�SUHSDUHG�IRU����IHUPHQWHU�IODVN��L��H��HDFK�FRQWDLQHG�µ���P/
�RI�SURGXFWLRQ�PHGLXP���

7KH�DERYH����IHUPHQWHU�IODVNV�ZHUH�WKHQ�DUUDQJHG�WR����VHWV�HDFK�FRPSULVLQJ�RI���IHUPHQWHU�IODVNV��
(DFK� VHW� ZDV� WKHQ� UHDUUDQJHG� LQ� ��VXEVHWV�� HDFK� FRQVLVWLQJ� RI� ��IHUPHQWHU� IODVNV�� 7KH� UHPDLQLQJ� ��
IHUPHQWHU� IODVNV� RXW� RI� ���IHUPHQWHU� IODVNV�ZHUH� NHSW� DV� FRQWURO� DQG� WKHVH�ZHUH� DOVR� UHDUUDQJHG� LQ� ��
VXEVHWV�HDFK�FRQVLVWLQJ�RI���IHUPHQWHU�IODVNV��

$IWHU�SUHSDULQJ� WKH�DERYH�VHWV�RI� IHUPHQWHU� IODVNV�0������VROXWLRQ�RI�SRWDVVLXP�RFW\O�VXOSKDWH�ZDV�
SUHSDUHG�DQG�IURP�WKH�DERYH�SRWDVVLXP�RFW\O�VXOSKDWH�VROXWLRQ���������������������������������������������DQG�
���PO�ZDV�DGGHG�WR�WKH�IHUPHQWDWLRQ�IODVNV�RI�DERYH��VW�WR���WK�VHWV�UHVSHFWLYHO\��7KH�FRQWURO�IHUPHQWHU�
IODVNV�FRQWDLQHG�QR�SRWDVVLXP�RFW\O�VXOSKDWH��

1RZ��WKH�WRWDO�YROXPH�LQ�HDFK�IHUPHQWHU�IODVNV�ZDV�PDGH�XSWR�����P/�E\�DGGLQJ�UHTXLVLWH�DPRXQW�RI�
GLVWLOOHG�ZDWHU��7KXV��WKH�PRODU�FRQFHQWUDWLRQ�RI�SRWDVVLXP�RFW\O�VXOSKDWH�LQ��VW���QG���UG���WK���WK���WK��
�WK���WK���WK�DQG���WK�VXEVHWV�ZHUH�DSSUR[LPDWHO\�DV�JLYHQ�EHORZ��
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$� � DPRXQW�RI�SRWDVVLXP�RFW\O�VXOSKDWH��LQ�PO��L�H��������P/�������WR����P/��

[� � 0RODULW\�RI�WKH�SRWDVVLXP�RFW\O�VXOSKDWH�VROXWLRQ�� �

� 7KH� DERYH� IHUPHQWHU� IODVNV�ZHUH� WKHQ� VWHULOL]HG�� FRROHG� LQRFXODWHG� DQG� LQFXEDWHG� DW����&�DQG�
DQDO\VHG�DIWHU������DQG����GD\V�IRU�FLWULF�DFLG�IRUPHG����
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7DEOH�±���(IILFDF\�RI�SRWDVVLXP�RFW\O�VXOSKDWH�RQ�FLWULF�DFLG�ELRSURGXFWLRQ�
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� ��� ������ ������ ��
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� (DFK�YDOXH�UHSUHVHQWV�PHDQ�RI�WKUHH�WULDOV��



� 2SWLPXP�FRQFHQWUDWLRQ�RI�PLFHOOH�XVHG��




� 2SWLPXP�\LHOG�RI�FLWULF�DFLG�����YDOXHV�LQGLFDWH���LQFUHDVH�LQ�WKH�\LHOG�RI�FLWULF�DFLG�DIWHU����GD\V��
([SHULPHQWDO�GHYLDWLRQ������������
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5HVXOWV�DQG�'LVFXVVLRQ

7KH�LQIOXHQFH�RI�SRWDVVLXP�RFW\O�VXOIDWH

3RWDVVLXP�2FW\O�6XOIDWH�

7KH�GDWD�UHFRUGHG�LQ�WKH�WDEOH���VKRZV�WKDW�SRWDVVLXP�RFW\O�VXOIDWH�DOVR�KDV�VWLPXODWRU\�HIIHFW�RQ�FLWULF�
DFLG�SURGXFWLRQ�E\�$VSHUJLOOXV�QLJHU�1&,0�������

7KH� GDWD� �YLGH� WDEOH���� UHYHDOV� WKDW� WKH� PLFHOOH� SRWDVVLXP� RFW\O� VXOIDWH� VWLPXODWHV� WKH� FLWULF� DFLG�
IHUPHQWDWLRQ�SURFHVV�DQG�HQKDQFHV�WKH�\LHOG�RI�FLWULF�DFLG�XSWR�LWV��SRWDVVLXP�RFW\O�VXOIDWH��FRQFHQWUDWLRQV�

IURP������[������WR�����[�����0��7KH�HIIHFW�RI�SRWDVVLXP�RFW\O�VXOIDWH�RQ�WKH�SURGXFWLYLW\��\LHOG��RI�FLWULF�

DFLG�ZDV�JUDGXDOO\�LQ�LQFUHDVLQJ�RUGHU�DQG�DWWDLQV�LWV�EHVW�UROH�DW�����[�����0�ZKHUH�PD[LPXP�\LHOG�RI�
FLWULF� DFLG�� L�H��� �����J�����P/� LV� IHWFKHG� LQ� ��� GD\V� RI� RSWLPXP� LQFXEDWLRQ� SHULRG�ZKLFK� LV� �������
KLJKHU�LQ�FRPSDULVRQ�WR�FRQWURO�IHUPHQWRU�IODVN��L�H���������J�����P/���

,Q�WKH�VHFRQG�SKDVH�RI�PLFHOODU�HIIHFW�WKH�PRODU�FRQFHQWUDWLRQ����L��H���IURP�����[�����0�WR����[�����0�
WKH�SURGXFWLRQ�RI�FLWULF�DFLG�KDV�EHHQ�ELW�HQKDQFHG�EXW�WKH�RUGHU�RI�FLWULF�DFLG�SURGXFWLYLW\�LV�UHYHUVH�LQ�
UHVSHFW�WR�LQFUHDVLQJ�PRODU�FRQFHQWUDWLRQV�RI�SRWDVVLXP�RFW\O�VXOIDWH��+RZHYHU��WKH�FLWULF�DFLG�SURGXFWLRQ�
E\�$VSHUJLOOXV� QLJHU�1&,0������XQGHU� WKH� LQIOXHQFH�RI� HDFK� FRQFHQWUDWLRQ�RI� SRWDVVLXP�RFW\O� VXOIDWH�
XVHG�KDV�EHHQ� VWLPXODWLQJ� DQG� WKH� \LHOG� RI� FLWULF� DFLG� KDV� EHHQ� IRXQG�JUHDWHU� WKDQ� WKDW� REWDLQHG� LQ� WKH�
FRQWURO� IHUPHQWHU� IODVNV�� ,Q� ERWK� WKH� SKDVH� WKH� RUGHU�RI�SURGXFWLYLW\� DQG���RI� FLWULF� DFLG� IRUPHG� LV� DV�
EHORZ��

3KDVH��,

� &RQFHQWUDWLRQ�RI�SRWDVVLXP�RFW\O�VXOIDWH�IURP����[����0�WR�����[�����0���

3URGXFWLYLW\�RI�FLWULF�DFLG��

� ����������������������������������������DQG��������

3KDVH���,,

� &RQFHQWUDWLRQ�RI�SRWDVVLXP�RFW\O�VXOIDWH�IURP�����[�����0�WR������[�����0��

3URGXFWLYLW\�RI�FLWULF�DFLG���

�����������������������DQG���������

([SRVXUH� RI� IXQJDO� VWUDLQ�$VSHUJLOOXV� QLJHU�1&,0������ WR� SRWDVVLXP� RFW\O� VXOIDWH�PD\� SURGXFH� D�
YDULHW\� RI� HIIHFWV��'HSHQGLQJ� XSRQ� WKH� FRQFHQWUDWLRQ� RI� SRWDVVLXP�RFW\O� VXOIDWH� WR�ZKLFK� IXQJDO� VWUDLQ�
$VSHUJLOOXV� QLJHU� 1&,0������ ZHUH� H[SRVHG� PD\� LQIOXHQFH� GLVUXSWLRQ� RI� FHOOV�� SUHFLSLWDWLRQ� RI� FHOO�
SURWHLQ��LQDFWLYDWLRQ�RI�HQ]\PHV�DQG�OHDNDJH�RI�DPLQR�DFLGV�IURP�WKH�FHOOV��$OWKRXJK�WKH�VSHFLDO�PRGH�RI�
DFWLRQ�LV�QRW�YHU\�FOHDU��WKHUH�LV�D�FRQVHQVXV�WKDW�WKH�OHWKDO�HIIHFW�LV�DVVRFLDWHG�ZLWK�SK\VLFDO�GDPDJH�RI�
WKH�PHPEUDQH�VWUXFWXUH�RI�WKH�FHOO�VXUIDFH��ZKLFK�LQLWLDWHV�IXUWKHU�GHWHULRUDWLRQ���
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&RQFOXVLRQV�

7KXV��LW�LV�FRQFOXGHG�WKDW�SRWDVVLXP�RFW\O�VXOIDWH�DW�ORZHU�FRQFHQWUDWLRQV�LV�VWLPXODWRU\�DQG�DW�KLJKHU�
FRQFHQWUDWLRQV�LV�GHWULPHQWDO�IRU�FLWULF�DFLG�SURGXFWLRQ�E\�$VSHUJLOOXV�QLJHU�1&,0�������

$FNQRZOHGJHPHQW

7KH�DXWKRUV�DUH�WKDQNIXO�WR�WKH�+HDG�RI�WKH�7�5�0��&DPSXV��7ULEKXYDQ�8QLYHUVLW\��.DWKPDQGX��1HSDO�
IRU�SURYLGLQJ�WKH�DYDLODEOH�UHVHDUFK�IDFLOLWLHV�WR�FRQGXFW�WKLV�UHVHDUFK�ZRUN��

5HIHUHQFHV�

��� -�)��+RFKHSLHG�DQG�$�3�$��GH�2OLYHLUD��3RUJU��&ROORLG�3RO\P��6FL�����������������

��� %�&��6WHSKHQVRQ��$��*ROGVLSH��.�-��%HHUV�DQG�'��%ODQNVFKWHLQ�-��3K\V��&KHP���%�������������
������

��� $�*ROGVLSH�DQG�'��%ODQNVFKWHLQ��/DQJXPLU������������������

��� *��%DVX�5D\��,���&KDNUDERUW\�6��*KRVK�DQG�6�3��0RXOLN�&ROORLG�3RO\P��6FL�������������������

��� )�0��.XQL��$�.��6KFKHNLQ�,��5XVDQRYD�DQG�$�3��*ULQLQ��&ROORLG�-�������������������

��� .��6KLYDML�6KDUPD�DQG�$�.��5DNVKLW�-��6XUI��� 'HWHUJ�����������������

��� 1��<RVKLL��.��,ZDKDVKL�DQG�6��2ND]DNL�-��&KHP��3K\V���������������������

��� /��0DLOEDXP��$�5��'LQQHU�DQG�'��&KDQGOHU��-��3K\V���&KHP���%��������������������

��� 7��&KDNUDERUW\��6��*KRVK�DQG�6�3��0RXOLN�-��3K\V��&KHP���%���������������������

���� '��3��7LHOHPDQ��'��9DQ�GHU�6SRHO��+��-��&���%HUHQGVHQ�-��3K\V��&KHP�������������������

���� -��<��/LRQ��7��0��+XDQJ�DQG�*��*��&KDQJ��-��&KHP��6RF��3HUNLQ�7UDQV�����������������

���� +��-��/HH�DQG�*��*��&KDQJ��-��&ROORLG�,QWHUIDFH��6FL�����������������

���� $��0DOOLFN��%��+DOGDU�DQG�1��&KDWWRSDGK\D\��-��3K\V��&KHP���%���������������������

���� $��0DOOLFN��%��+DOGDU�� 6��0DLWL� DQG�1��&KDWWRSDGK\D\�� -��&ROORLG� ,QWHUIDFH�� 6FL�� ����������
�����

���� 6��.��*KRVK��3��.��.KDWXD��-��.��*KRVK�DQG�6��&��%KDWWDFKDU\D��6SHFWURFKLPLFD�$FWD��3DUW�$��
���������������

���� 6��.��6DKD��*��.ULVKQDPRRUW\�DQG�6��.��'RJUD��-��3KRWRFKHP��3KRWRELRO��$��&KHP�������������
�����

���� *��.ULVKQDPRRUW\�DQG�6��.��'RJUD��&KHP��3K\V��/HWW������������������

���� 0�$��(O�.HPDU\��5��$��.KHGU��6��(O���'LQ�DQG�+��(WDLZ��6SHFWURFKLPLFD�$FWD��3DUW�$� ������
����������

���� 6��.��*KRVK�DQG�6��&��%KDWWDFKDU\D��&KHP��3K\V��/LSLGV������������������

����� 6��.��*KRVK�DQG�3��.��.KDWXD��-��&ROORLG�,QWHUIDFH� 6FL��������������

���� /DODQ�.XPDU��6��1��3UDVDG�DQG�6�3��6LQJK��-��&KHPWUDFNV���������������

���� $QLWD�6LQJK��6�3��6LQJK�'��&��0DQGDO�9��.XPDU�DQG�%��6LQJK�9LMQDQD�3DULVKDG�$QXVDQGKDQ�
3DWULND������������������

���� �)��5��)DL]L��0��$�.KDQ��9LMD\�.XPDU�3�.���&KDXUDLVD�DQG�6��3��6LQJK��-��&KHPWUDFNV����������
����
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�������)��5��)DL]L��.��$KPDG��2��3��6ULYDVWDYD��9LQLWD�DQG�6�3��6LQJK�-��&KHPWUDFNV�����������������
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