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&RUURVLRQ�,QKLELWLRQ�RI�0LOG�6WHHO�LQ�$FLGLF�0HGLXP�
XVLQJ�+LJK�$OWLWXGH�3ODQW�([WUDFW��

5RVKDQ�/DPD���$QMX�.XPDUL�'DV���%UDKDPGHR�<DGDY���<RJHVK�&KDXGKDU\���3UDNDVK�&KDQGUD�/DPD���

6XPDQ�/DO�6KUHVWKD� ��'LSDN�.�*XSWD����1DELQ�.DUNL��DQG�$PDU�3�<DGDY��

�&HQWUDO�'HSDUWPHQW�RI�&KHPLVWU\��7ULEKXYDQ�8QLYHUVLW\��.LUWLSXU��1HSDO�
�'HSDUWPHQW�RI�FKHPLVWU\��7UL�&KDQGUD�0XOWLSOH�&DPSXV��.DWKPDQGX��1HSDO�

�'HSDUWPHQW�RI�FKHPLVWU��3DWDQ�0XOWLSOH�&DPSXV��7ULEKXYDQ�8QLYHUVLW\�/DOLWSXU��1HSDO�
�'HSDUW�RI�&KHPLVWU\��55�0XOWLSOH�&DPSXV��7ULEKXYDQ�8QLYHUVLW\��-DQDNSXU��1HSDO�

(PDLO��VXPVUW����#JPDLO�FRP�

$EVWUDFW

&RUURVLRQ� LQKLELWLRQ�RI�PHWKDQRO�H[WUDFW�RI�$UWHPLVLD�YXOJDULV�RQ� WKH�FRUURVLRQ�RI�PLOG�VWHHO� LQ��0�
+�62�� KDV� EHHQ� LQYHVWLJDWHG� XVLQJ�ZHLJKW� ORVV�PHDVXUHPHQWV�� 7KH� LQKLELWLRQ� HIILFLHQF\� LQFUHDVHV�ZLWK�
LQFUHDVH� LQ� FRQFHQWUDWLRQ� DQG� GHFUHDVHV� ZLWK� LQFUHDVH� LQ� WHPSHUDWXUH� EH\RQG� ���� .�� $GVRUSWLRQ� RI�
H[WUDFW� RQ� PHWDO� IROORZV� /DQJPXLU� DGVRUSWLRQ� LVRWKHUP�� 7KH� DFWLYDWLRQ� DQG� IUHH� HQHUJLHV� IRU� WKH�
LQKLELWLRQ� UHDFWLRQV� VXSSRUW� WKH� PHFKDQLVP� RI� SK\VLFDO� DGVRUSWLRQ�� 9DOXHV� RI� HQWKDOS\� DQG� HQWURS\�
VXSSRUWV�WKDW�WKH�SURFHVV�LV�HQGRWKHUPLF�DQG�VSRQWDQHRXV��6XUIDFH�DQG�SURWHFWLYH�ILOP�DQDO\VLV�KDYH�EHHQ�
FDUULHG�RXW�E\�HQHUJ\�GLVSHUVLYH�[�UD\��(';��DQG�VFDQQLQJ�HOHFWURQ�PLFURVFRS\��6(0����

.H\ZRUGV��$UWHPLVLD��LQKLELWRU��PLOG�VWHHO���WKHUPRG\QDPLF�

,QWURGXFWLRQ�

0LOG� VWHHO� KDV� ZLGH� VSUHDG� DSSOLFDWLRQ� LQ� D� EURDG� ILHOG� RI� LQGXVWU\� DQG� PDFKLQHU\� GXH� WR� LWV�
DYDLODELOLW\� DQG� ORZ� FRVW�� $FLG� VROXWLRQV� DUH� H[WHQVLYHO\� XVHG� LQ� WKH� SURFHVVHV� VXFK� DV� DFLG� SLFNOLQJ��
FOHDQLQJ�RI�ERLOHUV��GHVFDOLQJ�DQG�GULOOLQJ�RSHUDWLRQV�LQ�RLO�DQG�JDV�LQGXVWULHV��%DVH�PHWDO�DSSOLHG�LQ�WKHVH�
SURFHVVHV� XQGHUJRHV� XQGHVLUDEOH� GLVVROXWLRQ�� ,Q� RUGHU� WR� UHGXFH� PHWDO� GLVVROXWLRQ�� YDULRXV� PHDQV� OLNH�
VXUIDFH�PRGLILFDWLRQ��DOOR\�IRUPDWLRQ�DUH�DGRSWHG���+RZHYHU��PRUH�DFFHSWHG�SUDFWLFH�IRU�WKH�UHGXFWLRQ�RI�
FRUURVLRQ�LV�WKH�XVH�RI�LQKLELWRUV�ZKLFK�ZKHQ�DGGHG�LQ�VPDOO�DPRXQW�UHWDUGV�UDWH�RI�FRUURVLRQ�VLJQLILFDQWO\�
DQG�SUHYHQWV�IURP�HFRQRPLF�ORVV�GXH�WR�PHWDOOLF�FRUURVLRQ���$�VXEVWDQFH�WR�EH�XVHG�DV�FRUURVLRQ�LQKLELWRU�
PXVW� IXOILO� VRPH� UHTXLUHPHQWV�� $Q� LQRUJDQLF� FRPSRXQGV� PXVW� EH� DEOH� R[LGL]H� WKH� PHWDO�� IRUPLQJ� D�
SDVVLYH�OD\HU�RQ�LWV�VXUIDFH��2UJDQLF�PROHFXOHV�VKRXOG�KDYH�IHDWXUH�OLNH�D�ODUJH�VWUXFWXUH��GRXEOH�ERQGV��
DQ� DFWLYH� FHQWUH� RU� JURXSV� ZKLFK� JLYHV� WKHP� WR� EH� DGVRUEHG� RQ� PHWDO� VXUIDFH� E\� GLVSODFLQJ� ZDWHU�
PROHFXOHV� DQG� FRYHU� D� ODUJH� DUHD� RI� D� PHWDO� VXUIDFH� ZLWK� D� FRPSDFW� EDUULHU� ILOP��� ,Q� FKHPLVRUSWLRQ��
HOHFWURQ�WUDQVIHU�IURP�LQKLELWRU�WR�PHWDO�WR�IRUP�FRRUGLQDWH�FRYDOHQW�ERQG�LV�IDFLOLWDWHG�E\�WKH�SUHVHQFH�RI�
ORQH�SDLUV�RU� �HOHFWURQV�LQ�LQKLELWRU�PROHFXOHV�����

0DQ\�RUJDQLF�DQG� V\QWKHWLF�FKHPLFDO� FRQWDLQLQJ�R[\JHQ�� VXOSKXU��QLWURJHQ�DUH� VWXGLHG�DV� FRUURVLRQ�
LQKLELWRU� DQG� IRXQG� HIIHFWLYH� DV� ZHOO�� 8QIRUWXQDWHO\�� PRVW� RI� WKHP� DUH� KD]DUGRXV� WR� KXPDQ� DQG�

&RUUHVSRQGLQJ�DXWKRU
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HQYLURQPHQW� GXULQJ� WKHLU� V\QWKHVLV� RU� DSSOLFDWLRQ�� 7KLV�PRWLYDWHV� LQYHVWLJDWLRQV� WR� GHYHORS� QRQ� WR[LF��
ELRGHJUDGDEOH�� HQYLURQPHQWDOO\� DFFHSWDEOH�� UHQHZDEOH� DQG� FKHDS� LQKLELWRU� DV� WKH� GHPDQG� RI� UHFHQW�
DZDUHQHVV� RI� JUHHQ� FKHPLVWU\�� 7KHVH� UHTXLUHPHQWV� PD\� EH� DFKLHYHG� LQ� WKH� LQKLELWRU� SUHSDUHG� IURP�
GLIIHUHQW� SDUWV� RI� SODQW� H[WUDFWV�� 3K\WRFKHPLFDOV� SUHVHQW� LQ� SODQW� H[WUDFWV� KDYH� VLPLODU� PROHFXODU� DQG�
HOHFWURQLF� VWUXFWXUHV� WR� WKH� FRQYHQWLRQDO� RUJDQLF� LQKLELWRU� PROHFXOHV��0DQ\� LQYHVWLJDWLRQV� UHYHDOV� WKDW�
SODQW� H[WUDFWV� FDQ� EH� XVHG� DV� HIIHFWLYH� JUHHQ� LQKLELWRU� VXFK� DV� KHQQD��� FRFRQXW� FRLU��� ROLYH��� &DVVLD�
DXULFXODWD���$ORHV���+XQWHULD�XPEHOODWD����3URJRVWHPRQ�EHQJKDOHVLV�� HWF��3ODQW�H[WUDFWV�VKRZV�LQKLELWLRQV�
HIILFLHQF\�GXH�WR�SUHVHQFH�LQ�WKHLU�FRPSRVLWLRQ�RI�FRPSOH[�RUJDQLF�VSHFLHV�VXFK�DV�DONDORLGV��IODYRQLRGV��
SRO\SKHQRO��WDQQLQV��QLWURJHQ�EDVHV��FDUERK\GUDWHV��SURWHLQ�DV�ZHOO�DV�K\GURO\VLV�SURGXFWV���

/LNH�LQ�FKHPLFDO�UHDFWLRQV��UDWH�RI�FRUURVLRQ�LQFUHDVHV�ZLWK�LQFUHDVH�LQ�WHPSHUDWXUH��$FLG�SLFNOLQJ�LV�
GRQH�XVXDOO\�DW�HOHYDWHG�WHPSHUDWXUH�XS�WR�����&�LQ�+&O�DQG�XS�WR����&�LQ�+�62�

����6RPH�FRQFOXVLRQ�
UHJDUGLQJ�PHFKDQLVP�RU�LQKLELWLQJ�DFWLRQ�FDQ�EH�GUDZQ�IURP�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�LQKLELWRU�
HIILFLHQF\� DQG� WKH� FRPSDULVRQ� RI� WKH� REWDLQHG� WKHUPRG\QDPLF� GDWD� RI� WKH� FRUURVLRQ� SURFHVV� LQ� ERWK�
SUHVHQFH�DQG�DEVHQFH�RI�LQKLELWRU��6R��WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�D�FRUURVLRQ�SURFHVV�KDV�SUDFWLFDO�DQG�
WKHRUHWLFDO�LPSRUWDQFH��

([SHULPHQWDO�0HWKRGV��

3UHSDUDWLRQ�RI�VSHFLPHQV��

$�IODW�VKHHW�RI�PLOG�VWHHO�DYDLODEOH�IURP�PLOG�VWHHO�VXSSOLHU�RI�.DWKPDQGX�YDOOH\�ZDV�FXW�LQWR�FRXSRQV�
RI� GLDPHWHU� �� FPî�� FPî����FP�� 7KH� FRXSRQV� ZHUH� SROLVKHG� ZLWK� VLOLFRQ� FDUELGH� SDSHU� RI� GLIIHUHQW�
JUDGHV��VWDUWLQJ�ZLWK�FRDUVH�RQH������JUDGH��DQG�SURFHHGLQJ�LQ�VWHSV�WR�ILQHVW�������JUDGH���'LPHQVLRQ�RI�
HDFK�FRXSRQV�ZHUH�PHDVXUHG�ZLWK�GLJLWDO�YHUQLHU�FDOOLSHU���XOWUDVRQLFDWHG�LQ�HWKDQRO��GULHG�DQG�VWRUHG�LQ�
PRLVWXUH�IUHH�GHVLFFDWRUV��

3UHSDUDWLRQ�RI�PHWKDQRO�H[WUDFW��

$HULDO�SDUWV�RI�$UWHPLVLD�YXOJDULV�ZHUH�FROOHFWHG�IURP�*XQGX��%KDNWDSXU���VKDGH�GULHG�DQG�SRZGHUHG��
����J�RI�SRZGHU�ZDV�H[WUDFWHG�ZLWK�PHWKDQRO�IRU����KUV�IROORZHG�E\�ILOWUDWLRQ�WR�REWDLQ�H[WUDFW�DV�ILOWUDWH��
3URFHVV�ZDV�UHSHDWHG�XQWLO�FRORXUOHVV�H[WUDFW�ZDV�REWDLQHG��7KH�H[WUDFW�ZDV�LQLWLDOO\�FRQFHQWUDWHG�XVLQJ�
URWDU\�HYDSRUDWRU�WKHQ�GULHG�RQ�ZDWHU�EDWK�WR�REWDLQ�VROLG�UHVLGXH���

3UHSDUDWLRQ�RI�VROXWLRQ�

��0�+�62��ZDV�SUHSDUHG�E\�GLOXWLQJ������P/�FRQFHQWUDWHG��+�62��LQ���OLWUH�YROXPHWULF�IODVN�XS�WR�WKH�
PDUN� ZLWK� GLVWLOOHG� ZDWHU�� �� J� H[WUDFW� ZDV� GLVVROYHG� LQ� ����� P/� ��0� +�62�� DW� ���� .� WHPSHUDWXUH��
8QGLVVROYHG�H[WUDFW�ZDV�UHPRYHG�E\�ILOWUDWLRQ��)LOWUDWH�ZDV�WDNHQ�DV������SSP�VWRFN�VROXWLRQ�RI�DFLG�LQ�
SUHVHQFH�RI�LQKLELWRU��6WRFN�VROXWLRQ�ZDV�GLOXWHG�ZLWK�FDOFXODWHG�YROXPH�RI��0�+�62��WR�SUHSDUH�VROXWLRQ�
RI�GLIIHUHQW�FRQFHQWUDWLRQ�RI���������������DQG�����SSP���

:HLJKW�ORVV�PHDVXUHPHQWV�

7KH� GLIIHUHQW� SDUDPHWHUV� XVHG� IRU� WKH� VWXG\� E\� ZHLJKW� ORVV� PHDVXUHPHQWV� ZHUH� HIIHFW� RI� WLPH��
FRQFHQWUDWLRQ�RI�LQKLELWRU�VROXWLRQ�DQG�WHPSHUDWXUH��3ROLVKHG�FRXSRQV�ZHUH�UHPRYHG�IURP�GHVLFFDWRUV�DQG�
ZHLJKWV�ZHUH� WDNHQ� LQ� DQ� HOHFWURQLF� EDODQFH��:HLJKHG� FRXSRQV�ZHUH� LPPHUVHG� LQ� ����P/� DFLG� ���0�
+�62���ZLWKRXW�DQG�ZLWK������SSP�FRQFHQWUDWLRQ�RI� WKH� LQKLELWRU� LQ�GLIIHUHQW�EHDNHUV� IRU�YDULRXV� WLPH�
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LQWHUYDOV� �������������DQG����KRXUV��DW� VDPH� WHPSHUDWXUH�����.� WR�VWXG\� WKH�HIIHFW�RI� WLPH� LQ� LQKLELWLRQ�
HIILFLHQF\�� 7R� VWXG\� HIIHFW� RI� FRQFHQWUDWLRQ�� ZHLJKHG� FRXSRQV� ZHUH� LPPHUVHG� LQ� ���� P/� DFLG� ��� 0�
+�62���ZLWKRXW�DQG�ZLWK�GLIIHUHQW�FRQFHQWUDWLRQV�RI�LQKLELWRU���������������������������SSP��LQ�GLIIHUHQW�
EHDNHUV� IRU� �� � KRXUV� DW� VDPH� WHPSHUDWXUH� ���� .�� 6LPLODUO\�� HIIHFW� RI� WHPSHUDWXUH� ZDV� VWXGLHG� E\�
LPPHUVLQJ�SROLVKHG�FRXSRQV�LQ�����P/�DFLG����0�+�62���ZLWKRXW�DQG�ZLWK������SSP�FRQFHQWUDWLRQ�RI�
WKH�LQKLELWRU�LQ�GLIIHUHQW�EHDNHUV�IRU���KRXUV�DW�YDULRXV�WHPSHUDWXUHV�����.�����.�����.�����.�����.���
7HPSHUDWXUH� LQ� H[SHULPHQWV� ZDV� DGMXVWHG� E\� XVLQJ� FOLIWRQ� ZDWHU� EDWK� PRGHO� QR�� 1(���'�� $IWHU� WKH�
HODSVHG�WLPH��FRXSRQV�ZHUH�WDNHQ�RXW��ZDVKHG�WKRURXJKO\�ZLWK�GLVWLOOHG�ZDWHU��ULQVHG�ZLWK�DFHWRQH��GULHG��
VWRUHG� LQ� GHVLFFDWRUV� DQG� UHZHLJKHG��$OO� H[SHULPHQWV� ZHUH� LQ� WULSOLFDWHV� DQG� LOOXVWUDWHG� GDWD� DUH�PHDQ�
YDOXHV�RI�REWDLQHG�UHVXOWV��

7KH�FRUURVLRQ�UDWH��&5���VXUIDFH�FRYHUDJH�� ��DQG�LQKLELWLRQ�HIILFLHQF\��,(���ZHUH�FDOFXODWHG�XVLQJ�
IROORZLQJ�HTXDWLRQV����
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POJVWHHOPLOGRI'HQVLW\'

KLPPHUVLRQRI7LPHW

LPPHUVHGFRXSRQRIDUHD6XUIDFH$

PJVROXWLRQLQORVV:HLJKW::KHUH
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::

O\UHVSHFWLYHLQKLELWRURISUHVHQFHDQG

DEVHQFHLQORVVZHLJKWWKHDUH:DQG::KHUH ��

6XUIDFH�DQDO\VLV�

7KUHH�SROLVKHG�FRXSRQV�ZHUH�LPPHUVHG�LQ�DFLG�VROXWLRQ�ZLWKRXW�DQG�ZLWK�LQKLELWRU�RI�����DQG������
SSP�FRQFHQWUDWLRQV�IRU����KRXUV��7KHQ�FRXSRQV�ZHUH�ZDVKHG��GULHG�DQG�VWRUHG�LQ�GHVLFFDWRUV���

6(0�DQDO\VLV�

6XUIDFH�DQDO\VLV�RI�PLOG� VWHHO�FRXSRQV�ZHUH�SHUIRUPHG�XVLQJ�VFDQQLQJ�HOHFWURQ�PLFURVFRSH�DW����[�
PDJQLILFDWLRQ�DW�WKUHH�GLIIHUHQW�ORFDWLRQV�WR�HQVXUH�UHSURGXFLELOLW\��,W�ZDV�SHUIRUPHG�E\�XVLQJ�%LR�/RJLF�
0����$F�6(&0�VFDQQLQJ�HOHFWURQ�PLFURVFRSH���

(QHUJ\�GLVSHUVLYH�[�UD\��(';��DQDO\VLV��

(QHUJ\�GLVSHUVLYH�[�UD\� �(';��DQDO\VLV�ZDV� FDUULHG�RXW�ZLWK�%LR�/RJLF�0����$F�6(&0�VFDQQLQJ�
HOHFWURQ� PLFURVFRSH� LQ� FRQMXJDWLRQ� ZLWK� DQ� HQHUJ\� GLVSHUVLYH� VSHFWURPHWHU� HPSOR\LQJ� EHDP� RI�
DFFHOHUDWLQJ�YROWDJH����.9�WR�H[DPLQH�VXUIDFH�ILOP�IRUPHG�RQ�WKH�PHWDO�VSHFLPHQ��

5HVXOWV�DQG�'LVFXVVLRQ�
(IIHFW�RI�LPPHUVLRQ�WLPH��

&RUURVLRQ�UDWH�DQG�LQKLELWLRQ�HIILFLHQF\�E\�PHWKDQRO�H[WUDFW�RI�$UWHPLVLD�YXOJDULV�LQ�YDULRXV�WLPH�DUH�
FDOFXODWHG� IURP� ZHLJKW� ORVV� GDWD� LV� VKRZQ� LQ� WDEOH� �� DQG� UHSUHVHQWHG� LQ� ILJXUH� ��� 5HVXOW� VKRZV� WKDW�
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FRUURVLRQ� UDWH� LV� LQKLELWHG� E\� H[WUDFW� ZKLFK� LV� GXH� WR� DGVRUSWLRQ� RI� SKRWRFKHPLFDO� SUHVHQW� LQ� H[WUDFW��
,QKLELWLRQ�HIILFLHQF\�GHFUHDVHV�JUDGXDOO\�ZLWK�LQFUHDVH�LQ�WLPH�RI�LPPHUVLRQ��,W�LV�DOPRVW�VDPH�DW���DQG���
KUV��2Q�WKH�EDVLV�RI�WDEOH����ZHLJKW�ORVV�IRU����J�PLOG�VWHHO�FRXSRQ�ZLWK����FP��VXUIDFH�DUHD�LV�FDOFXODWHG�
ZKHQ� FRXSRQ�ZDV� LPPHUVHG� LQ� DFLG� ZLWK� DQG� ZLWKRXW� LQKLELWRU� DQG� SORW� RI� ZHLJKW� ORVV� RI� FRXSRQ� LQ�
GLIIHUHQW� WLPH� LV� VKRZQ� LQ� ILJXUH� ��� 7KLV� GDWD� FOHDUO\� VKRZV� WKDW� ORVV� RI� PHWDO� E\� XVLQJ� LQKLELWRU� LV�
GHFUHDVHG��7KLV�GDWD�UHYHDOV�WKDW�DGVRUEHG�FRPSRXQGV�VWDUWV�GHVRUSWLRQ�IURP�PHWDO�VXUIDFH�DIWHU�FHUWDLQ�
WLPH�DQG�PRUH�PHWDO�VXUIDFH�LV�H[SRVHG�WR�DFLGLF�PHGLD���

7DEOH� �� �� &RUURVLRQ� UDWH� RI� PLOG� VWHHO� DQG� LQKLELWLRQ� HIILFLHQF\� RI� $UWHPLVLD� YXOJDULV� IRU� PLOG� VWHHO�
FRUURVLRQ�DW�YDULRXV�WLPH�

7LPH��KRXUV��
&RUURVLRQ�5DWH��PJ�FP�K�� ,QKLELWLRQ�

(IILFLHQF\�����
)RU�$FLG�ZLWKRXW�LQKLELWRU� )RU�DFLG�ZLWK�LQKLELWRU�

�� ������ ������ ������

�� ������ ������ ������

�� ������ ������ ������

��� ������ ������ ������

��� ������ ������ ������

)LJXUH� ��� 9DULDWLRQ� RI� LQKLELWLRQ� HIILFLHQF\� ZLWK�
GLIIHUHQW� LPPHUVLRQ� WLPHV� RI�$�� YXOJDULV� H[WUDFW� RQ�
PLOG�VWHHO�VXUIDFH�

)LJXUH� ��� 9DULDWLRQ� LQ� ZHLJKW� RI� PLOG� VWHHO�
LPPHUVHG�LQ�DFLG�ZLWK�DQG�ZLWKRXW�LQKLELWRU�
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&RQFHQWUDWLRQ��SSP��

(IIHFW�RI�&RQFHQWUDWLRQ�

&RUURVLRQ� UDWH� DQG� LQKLELWLRQ� HIILFLHQF\� E\� PHWKDQRO� H[WUDFW� RI� $UWHPLVLD� YXOJDULV� LQ� YDULRXV�
FRQFHQWUDWLRQ� DW� ���� .� IRU� �� KRXUV� DUH� FDOFXODWHG� IURP� ZHLJKW� ORVV� GDWD� LV� VKRZQ� LQ� WDEOH� �� DQG�
UHSUHVHQWHG�LQ�ILJXUH�����

7DEOH� ��� &RUURVLRQ� UDWH� RI� PLOG� VWHHO� DQG� LQKLELWLRQ� HIILFLHQF\� RI� $UWHPLVLD� YXOJDULV� IRU� PLOG� VWHHO�
FRUURVLRQ�DW�YDULRXV�FRQFHQWUDWLRQ�

&RQFHQWUDWLRQ��SSP�� &RUURVLRQ�5DWH� ,QKLELWLRQ�HIILFLHQF\� 6XUIDFH�&RYHUDJH�� ��

%ODQN����� ������ � �

���� ������ ������ ������

���� ������ ������ ������

���� ������ ������ ������

���� ������ ������ ������

����� ������ ������ ������

)LJXUH����9DULDWLRQ�RI�LQKLELWLRQ�HIILFLHQF\�ZLWK�GLIIHUHQW�FRQFHQWUDWLRQ�RI�$��YXOJDULV�H[WUDFW�RQ�PLOG�
VWHHO�VXUIDFH�

5HVXOWV�VKRZ�WKDW�LQKLELWLRQ�HIILFLHQF\�LQFUHDVHV�ZLWK�LQFUHDVH�LQ�FRQFHQWUDWLRQ�RI�LQKLELWLRQ�LQ�DFLG��,W�LV�
GXH�WR�WKH�PRUH�VXUIDFH�FRYHUDJH�RI�PLOG�VWHHO�ZLWK�PRUH�DGVRUSWLRQ�RI�SK\WRFKHPLFDO�FRPSRXQGV�RQ�LW���

$GVRUSWLRQ�LVRWKHUP��

$GVRUSWLRQ�LVRWKHUP�SURYLGHV�WKH�EDVLF�LQIRUPDWLRQ�RQ�WKH�LQWHUDFWLRQ�EHWZHHQ�WKH�LQKLELWRU�DQG�PLOG�
VWHHO�VXUIDFH�VLQFH�LQKLELWLRQ�HIILFLHQF\�LV�GXH�WR�DGVRUSWLRQ�RI�FRPSRXQGV�RQ�PHWDO�VXUIDFH�WKURXJK�WKHLU�
SRODU� IXQFWLRQV�PDNLQJ� D�EDUULHU� IRU� FKDUJH� DQG�PDVV� WUDQVIHU�EHWZHHQ� WKH�PHWDO� DQG� WKH� HQYLURQPHQW��
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:DWHU� PROHFXOHV� DUH� DGVRUEHG� RQ� PHWDO� VXUIDFH� LQ� DTXHRXV� VROXWLRQ�� 6R�� WKH� DGVRUSWLRQ� RI� LQKLELWRU�
PROHFXOHV�IURP�DTXHRXV�VROXWLRQ�LV�D�TXDVL�VXEVWLWXWLRQ�SURFHVV����7KH�OLQHDU�UHODWLRQ�EHWZHHQ� �YDOXH�DQG�
&LQK��FRQFHQWUDWLRQ�RI�LQKLELWRU��VKRXOG�EH�NQRZQ�WR�ILQG�WKH�DGVRUSWLRQ�LVRWKHUP��7R�ILW� �9DOXH��DWWHPSWV�
ZHUH� PDGH� WR� YDULRXV� LVRWKHUPV� LQFOXGLQJ� /DQJPXLU�� 7HPSNLQ�� )UHXQGOLFK�� (O�$ZDG\�� %RWK� YDOXH� RI�
OLQHDU�FRUUHODWLRQ�FRHIILFLHQW��5���DQG�VORSH�LV�DOPRVW�HTXDO�WR���LQ�/DQJPXLU�DGVRUSWLRQ�LVRWKHUP�VKRZQ�
LQ�ILJXUH���ZKLFK�LQGLFDWHV�WKDW�PRQR�OD\HU�RI�WKH�LQKLELWRU�KDYH�EHHQ�DGVRUEHG�RQ�PHWDO�VXUIDFH�ZLWKRXW�
LQWHUDFWLRQ�EHWZHHQ�WKH�DGVRUEHG�PROHFXOHV���

)LJXUH����/DQJPXLU�DGVRUSWLRQ�LVRWKHUP�SORW�IRU�PLOG�VWHHO�LQ���0�+�62��ZLWK�GLIIHUHQW�FRQFHQWUDWLRQ�RI�
$��9XOJDULV�H[WUDFW���

$FFRUGLQJ� WR� /DQJPXLU� DGVRUSWLRQ� LVRWKHUP� HTXDOWLRQ�� � LQK
DGV

LQK &
.

& �
�� � � YDOXH� RI� DGVRUSWLRQ�

FRQVWDQW�.DGV�LV�FDOFXODWHG�IURP�LQWHUFHSW�RI�VWUDLJKW�OLQH��7KLV�YDOXH�FDQ�EH�XVHG�LQ�WKH�HTXDWLRQ��� *�� �±�
57�OQ�����.DGV���WR�FDOFXODWH�WKH�YDOXH�RI�IUHH�HQHUJ\�RI�DGVRUSWLRQ�� *����ZKHUH������LV�FRQFHQWUDWLRQ�RI�
ZDWHU� LQ� VROXWLRQ� LQ� PRO�/� DQG� 5� LV� XQLYHUVDO� JDV� FRQVWDQW� ������-�PRO� .��� &DOFXODWHG� YDOXH� RI� *��
DFFRUGLQJ� WR� UHODWLRQ� LV� �������.-�PRO��ZKLFK� LV� OHVV� WKDQ� WKH� WKUHVKROG� YDOXH� ����.-�PRO� UHTXLUHG� IRU�
FKHPLVRUSWLRQ��9DOXH�RI� *��OHVV�WKDQ�RU�DURXQG�����.-�PRO�PHDQV�DGVRUSWLRQ�LV�SK\VLFDO�DGVRUSWLRQ��6R��
DGVRUSWLRQ�RI�$UWHPLVLD�YXOJDULV�H[WUDFW�LV�SK\VLFDO�DGVRUSWLRQ���

(IIHFW�RI�WHPSHUDWXUH��

&RUURVLRQ� UDWH� DQG� LQKLELWLRQ� HIILFLHQF\� E\� ����� SSP� PHWKDQRO� H[WUDFW� RI� $UWHPLVLD� YXOJDULV� LQ�
YDULRXV�WHPSHUDWXUH�IRU���KRXUV�DUH�FDOFXODWHG�IURP�ZHLJKW�ORVV�GDWD�LV�VKRZQ�LQ�WDEOH���DQG�UHSUHVHQWHG�
LQ�ILJXUH����,(�LQFUHDVHV�ZLWK�LQFUHDVH�LQ�WHPSHUDWXUH�XS�WR�����.�DQG�EH\RQG�WKLV�,(�GHFUHDVHV��'HFUHDVH�
LQ� ,(� ZLWK� LQFUHDVH� LQ� WHPSHUDWXUH� PLJKW� EH� GXH� WR� GHVRUSWLRQ� RU� GHFRPSRVLWLRQ� LQKLELWRU� DW� KLJKHU�
WHPSHUDWXUH�������7KLV�GDWD�DOVR�VXSSRUWV�WKH�DGVRUSWLRQ�LV�SK\VLFDO�DGVRUSWLRQ��
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$EVROXWH�7HPSHUDWXUH��.�
)LJXUH����9DULDWLRQ�RI�LQKLELWLRQ�HIILFLHQF\�RI�$��YXOJDULV�H[WUDFW�RQ�PLOG�VWHHO�VXUIDFH�DW�GLIIHUHQW�

WHPSHUDWXUH��

7DEOH� ��� &RUURVLRQ� UDWH� RI� PLOG� VWHHO� DQG� LQKLELWLRQ� HIILFLHQF\� RI� $UWHPLVLD� YXOJDULV� IRU� PLOG� VWHHO�
FRUURVLRQ�DW�YDULRXV�WHPSHUDWXUH�

7HPSHUDWXU��
&RUURVLRQ�5DWH��PJ�FP�K�� ,QKLELWLRQ�

(IILFLHQF\�����
)RU�$FLG�ZLWKRXW�LQKLELWRU� )RU�DFLG�ZLWK�LQKLELWRU�

���� ������ ������ ������

���� ������� ������ ������

���� ������� ������ ������

���� ������� ������� ������

���� ������� ������� ������

&DOFXODWLRQ�RI�DFWLYDWLRQ�HQHUJ\�DQG�WKHUPRG\QDPLF�SDUDPHWHUV��

7KH� DFWLYDWLRQ� HQHUJ\� �(D�� FDQ� EH� FDOFXODWHG� IURP� $UUKHQLXV� SORWV� IRU� FRUURVLRQ� UDWH� DW� GLIIHUHQW�

WHPSHUDWXUH�DFFRUGLQJ�WR�UHODWLRQ����ORJ�&�5��� �ORJ$�±�
57

(D

�����

:KHUH��$�LV�WKH�$UUKHQLXV�SUH�H[SRQHQWLDO�FRQVWDQW��7�LV�DEVROXWH�WHPSHUDWXUH��

)URP�WKH�$UUKHQLXV�SORW�VKRZQ�LQ�ILJXUH����&DOFXODWHG�YDOXHV�RI�(D�IRU�DFLG�ZLWKRXW�DQG�ZLWK�LQKLELWRU�DUH�
������ .-�PRO� DQG� ������ .-�PRO� UHVSHFWLYHO\� DQG� YDOXH� RI� $� IRU� DFLG� ZLWKRXW� DQG� ZLWK� LQKLELWRU� DUH�
����������PJ�&P��DQG������������PJ�&P��UHVSHFWLYHO\��,QFUHDVH�LQ�(D�ZLWK�DGGLWLRQ�RI�LQKLELWRU�VKRZV�
WKH�VWURQJ�DGVRUSWLRQ�RI�LQKLELWRU�PROHFXOHV�RQ�WKH�PHWDO�VXUIDFH�������7KLV�YDOXH�LV�ORZHU�WKDQ�WKUHVKROG�
YDOXH�RI���.-�PRO��UHTXLUHG�IRU�FKHPLVRUSWLRQ��7KLV�LQGLFDWHV�WKDW�DGVRUSWLRQ�LV�SK\VLFDO�DGVRUSWLRQ��

�$Q�DOWHUQDWLYH�IRUP�RI�$UUKHQLXV�HTXDWLRQ�LV�WUDQVLWLRQ�VWDWH�HTXDWLRQ����
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:KHUH�K�LV�SODQN
V�FRQVWDQW��������î��±���-V�DQG�1�LV�WKH�$YRJDGUR
V�QXPEHU��������î�����PRO±��

)LJXUH��� ��$UUKHQLXV�SORW� IRU�PLOG�VWHHO� LQ� ���0�
+�62��ZLWK�DQG�ZLWKRXW�$��YXOJDULV�H[WUDFW�

)LJXUH�����7UDQVLWLRQ�VWDWH�SORW�IRU�PLOG�VWHHO�LQ����
0�+�62��ZLWK�DQG�ZLWKRXW�$��YXOJDULV�H[WUDFW�

7KH�VORSH�RI�VWUDLJKW�OLQH�REWDLQHG�E\�SORWWLQJ�ORJ�&�5��7��YV���������7�VKRZQ�LQ�ILJXUH�LV�HQWKDOS\�RI�
DFWLYDWLRQ�� +��DQG�WKH�HQWURS\�RI�DFWLYDWLRQ�� 6�FDQ�EH�FDOFXODWHG�IURP�LWV�LQWHUFHSW��&DOFXODWHG�YDOXHV�
RI� +� IRU� DFLG�ZLWKRXW� DQG�ZLWK� LQKLELWRU� DUH� ������ .-�PRO� DQG� ������.-�PRO� UHVSHFWLYHO\�� 3RVLWLYH�
YDOXH�RI� +�LQGLFDWHV�WKH�HQGRWKHUPLF�QDWXUH�RI�PHWDO�GLVVROXWLRQ�SURFHVV��,QFUHDVH�LQ�YDOXH�RI� +�ZLWK�
DGGLWLRQ�RI�LQKLELWRU�VKRZV�WKH�GHFUHDVH�LQ�FRUURVLRQ�UDWH�LV�FRQWUROOHG�E\�NLQHWLF�SDUDPHWHUV�RI�DFWLYDWLRQ��
������ $ERYH� FDOFXODWLRQV� VKRZ� WKDW� YDOXH� RI� (D� LV� KLJKHU� WKDQ� WKDW� RI� +�� ZKLFK� LQGLFDWHV� WKH�
LQYROYHPHQW�RI�D�JDVHRXV�UHDFWLRQ��VLPSO\�WKH�K\GURJHQ�HYROXWLRQ�UHDFWLRQV��UHVXOWLQJ�WKH�GHFUHDVH�LQ�WKH�
WRWDO� UHDFWLRQ�YROXPH����7KH� FRUURVLRQ�SURFHVV� LV� XQLPROHFXODU� LQ� WKH� FRQGLWLRQ��(D�±� +� �57��+HUH�
GLIIHUHQFH�LQ�YDOXH�RI�(D�±� +�LV������.-�PRO�ZKLFK�LV�QHDUO\�HTXDO�WR�57���

&DOFXODWHG�YDOXH�RI� 6�IRU�DFLG�ZLWKRXW�DQG�ZLWK�LQKLELWRU�DUH�±�������-�PRO�.�DQG�±������-�PRO�.�
UHVSHFWLYHO\�� /DUJH� DQG� QHJDWLYH� YDOXHV� RI� 6� LQGLFDWHV� WKDW� WKH� DFWLYDWHG� FRPSOH[� LQ� WKH� UDWH�
GHWHUPLQLQJ� VWHS� UHSUHVHQWV� DQ� DVVRFLDWLRQ� UDWKHU� WKDQ� D� GLVVRFLDWLRQ� VWHS�� PHDQLQJ� WKDW� GHFUHDVH� LQ�
GLVRUGHULQJ�WDNHV�SODFH�RQ�JRLQJ�IURP�UHDFWDQWV�WR�WKH�DFWLYDWHG�FRPSOH[��,Q�DFLG��WUDQVLWLRQ�VWDWH�RI�WKH�
UDWH�GHWHUPLQLQJ�UHFRPELQDWLRQ�VWHS�UHSUHVHQWV�D�PRUH�RUGHUO\�DUUDQJHPHQW�UHODWLYH�WR�WKH�LQLWLDO�VWDWH�VR�D�
KLJK� YDOXH� IRU� WKH� 6� LV� REWDLQHG�� ,Q� SUHVHQFH� RI� LQKLELWRU�� WKH� VXUIDFH� LV� FRYHUHG� ZLWK� DGVRUEHG�
PROHFXOHV� DQG� UDWH� RI� GLVFKDUJH� RI� K\GURJHQ� LRQV� LQ� UDWH� GHWHUPLQLQJ� VWHS� LV� GHFUHDVHG� UHVXOWLQJ� WKH�
V\VWHP�WR�SDVV�IURP�UDQGRP�DUUDQJHPHQW��KHQFH�YDOXH�RI� 6�LV�LQFUHDVHG��7KH�LQFUHDVH�LQ�YDOXH�RI� 6�

ZLWK�DGGLWLRQ�RI� LQKLELWRU� LPSOLHV� WKH� LQFUHDVH� LQ�GLVRUGHU�RQ�JRLQJ�IURP�UHDFWDQW� WR�DFWLYDWHG�FRPSOH[��
7KLV�EHKDYLRXU�LV�GXH�WR�UHSODFHPHQW�RI�ZDWHU�PROHFXOHV�GXULQJ�DGVRUSWLRQ�RI�H[WUDFW�RQ�PHWDO�VXUIDFH���
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6XUID

(Q
VXUIDF
VKRZQ
���'DW
LPPH
SK\WR

D

)LJXU
H[WUDF

7DEOH
GLIIHU

6XUI

3ROLV

$FLG

$FLG

$FLG

)LJX

SDO�&KHP��6R

DFH�DQDO\VLV�

QHUJ\� GLVSHUV
FH�RI�PLOG� VWH
Q�LQ�ILJXUH����
WD�VKRZV�WKDW�
HUVHG� LQ� DFLG�Z
RFKHPLFDOV�FRQ

UH� �� �� (';� VS
FW�VROXWLRQ�LQ��

H�����3HUFHQWDJ
HQW�VROXWLRQ��

IDFH�GLSSHG�LQ�

VKHG�PHWDO�VDP

G�ZLWKRXW�LQKLE

G�ZLWK�LQKLELWR

G�ZLWK�LQKLELWR

D

XUH�����6(0�P
H[WU

RF���9RO��������

LYH� [�UD\� �('
HHO� VDPSOH� LP
3HUFHQWDJH�FR
WKHUH�LV�GHFUH
ZLWK� LQKLELWRU
QWDLQLQJ�1��&�

SHFWUD� RI�PLOG
��0�+�62���F�

JH�RI�ZHLJKW�R

PSOH�

ELWRU

RU�RI�����SSP

RU�RI������SSP

D

LFURJUDSKV�RI
UDFW�VROXWLRQ�L

���

';�� LV� HPSOR
PPHUVHG� LQ�DF
RPSRVLWLRQ�RI
HDVH�LQ�LURQ�DQ
U�ZKLFK� LQGLF
DQG�2�RQ�VXUI

E

G VWHHO� FRXSR
�������SSP�H[

RI�GLIIHUHQW�HOH

,U

��

���

P� ��

P� ���

I�PLOG�VWHHO�FRX
LQ���0�+�62�

����

R\HG� WR� JHW� WK
LG�ZLWKRXW� DQ
I�GLIIHUHQW�HOHP
QG�LQFUHDVH�LQ
FDWHV� WKH� IRUP
IDFH�DQG�LQKLE

RQV� DIWHU� ��� K
[WUDFW�VROXWLRQ

HPHQW�RQ�WKH�P

URQ� &DUE

����

���� ����

���� ����

���� ����

E

XSRQV�DIWHU���
�F�������SSP

KH� LQIRUPDWLR
QG�ZLWK� LQKLEL
PHQWV�SUHVHQW�
Q�1�&�DQG�2�R
PDWLRQ� RI� SURW
ELW�WKH�LURQ�GLV

KU�� LPPHUVLRQ
Q�LQ���0�+�62

PLOG�VWHHO�VXUI

ERQ� 1LWURJ

��� �

��� �����

��� �����

��KU��LPPHUVLR
P�H[WUDFW�VROXW

RQ� DERXW� WKH�
LWRU� IRU����KR
LQ�PHWDO�VXUI

RQ�VXUIDFH�RI�P
WHFWLYH� ILOP� G
VVROXWLRQ��

F�

Q� LQ� �D�� ��0�+
2�

IDFH�DIWHU�LPP

JHQ� 2[\J

�����

�� �����

�� �����

RQ�LQ��D����0�+
WLRQ�LQ���0�+�

FRPSRVLWLRQ�
RXUV��7KH� UHVX
IDFH�LV�OLVWHG�LQ
PLOG�VWHHO�LQ�V
GXH� WR� DGVRUSW

+�62�� �E�� ��

PHUVLQJ�LQ�VDP

JHQ� 3KRVSK

�

�

�� ����

F�

+�62���E�����

�62�

RI� WKH�
XOWV�DUH�
Q�WDEOH�
VDPSOH�
WLRQ� RI�

��� SSP�

PSOH�LQ�

KRUXV�

���

��SSP�
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7R� VWXG\� WKH� VXUIDFH� PRUSKRORJ\� RI� PLOG� VWHHO�� 6FDQQLQJ� HOHFWURQ� PLFURVFRSH� �6(0�� LPDJHV� RI�
FRXSRQ� LPPHUVHG� IRU����KRXUV� LQ� DFLG�ZLWKRXW� DQG�ZLWK� LQKLELWRU�ZHUH� WDNHQ�E\�%LR�/RJLF�0����$F�
6(&0�VFDQQLQJ�HOHFWURQ�PLFURVFRSH��,Q�6(0�LPDJH�RI�VXUIDFH�RI�PHWDO�VDPSOH�LPPHUVHG�LQ�DFLG�ZLWKRXW�
LQKLELWRU� VKRZQ� LQ� ILJXUH� ��� VXUIDFH� ZDV� KLJKO\� SRURXV� ZLWK� GHHS� DQG� ODUJH� FUDFNV� EXW� VXUIDFH� ZDV�
UHODWLYHO\� VPRRWK� E\� WKH� IRUPDWLRQ� RI� SURWHFWLYH� ILOP� RQ� VXUIDFH� ZKHQ� LPPHUVHG� IRU� VDPH� WLPH� DIWHU�
DGGLWLRQ�RI�LQKLELWRU��

&RQFOXVLRQV�

��� $UWHPLVLD�YXOJDULV�H[WUDFW�DFWV�DV�D�JRRG�LQKLELWRU�IRU�FRUURVLRQ�RI�PLOG�VWHHO�LQ���0��62��VROXWLRQ��

��� ,QKLELWLRQ� HIILFLHQF\� LQFUHDVHV� ZLWK� LQFUHDVH� LQ� FRQFHQWUDWLRQ� DQG� GHFUHDVHV� ZLWK� LQFUHDVH� LQ�
WHPSHUDWXUH�EH\RQG�����.��

��� 7KH�DGVRUSWLRQ�RI�H[WUDFW�RQ�PLOG�VWHHO�IROORZV�WKH�/DQJPXLU�DGVRUSWLRQ�LVRWKHUP��

��� 9DOXHV� RI� *�� DQG�(D� LQGLFDWHV� WKH� DGVRUSWLRQ� RI�PROHFXOHV� RQ�PHWDO� VXUIDFH� WKURXJK� SK\VLFDO�
DGVRUSWLRQ��

��� 9DOXHV�RI� +�DQG�(D�LQGLFDWHV�WKDW�WKH�FRUURVLRQ�SURFHVV�LV�XQLPROHFXODU�DQG�UDWH�LV�FRQWUROOHG�E\�
NLQHWLF�SDUDPHWHUV�RI�DFWLYDWLRQ��

��� 9DOXHV�RI� +��� 6�LQGLFDWHV�WKDW�DGVRUSWLRQ�SURFHVV�LV�VSRQWDQHRXV�DQG�HQGRWKHUPLF���

���� (';� DQG� 6(0� FRQILUP� WKH� IRUPDWLRQ� RI� SURWHFWLYH� ILOP� H[WUDFW� RQ� PHWDO� VXUIDFH� DQG� LQKLELW�
FRUURVLRQ��

5HIHUHQFHV��

���� (�(��2JX]LH��<��/L��)�+��:DQJ��(OHFWURFKLPLFD�$FWD������������������
���� +�$��6RUNKDEL��'��6HLI]DGHK�DQG�0�*��+RVVHLQL��&RUURV��6FL������������������
��� 6��0XUDOLGKDUDQ��.�/�1�� 3KDQL�� 6�� 3LWFKXPDQL�� 6�� 5DYLFKDQGUDQ�� 6�9�.�� ,\HU�� -�� (OHFWURFKHP��

6RF��������������������
��� 1��+DFNHUPDQ��5��0��+DUG��3URF��,QW��&RQJUHVV�RI�0HWDOOLF�&RUURVLRQ��%XWWHUZRUWK��/RQGRQ��

������������
��� $��+DPG\��1RXU�6K���(O�*HQG\��(J\SWLDQ�-RXUQDO�RI�3HWUROLXP�����������������
��� 6�$��8PRUHQ��,�%��2ERW��$�8��,VUDHO��3�2��$VXTXR��0�0��6RORPRQ��8�0��(GXRN��$�3��8GRK��

-RXUQDO�RI�,QGXVWULDO�DQG�(QJLQHHULQJ�&KHPLVWU\������������������
��� $�<��(/�(WUH��-RXUQDO�RI�&ROORLG�DQG�,QWHUIDFH�6FLHQFH������������������
��� -��5RVDOLQH�9LPDOD��$��/HHPD�5RVH��6��5DMD��,QWHUQDWLRQDO�-RXUQDO�RI�&KHP7HFK�5HVHDUFK��

���������������
��� +��&DQJ��=��)HL��-��6KDR��:��6KL��4��;X��,QW��-��(OHFWURFKHP��6FL����������������
���� $�6��)RXGD��$�6��$ERXVDOHP��*�<��(O�(ZDG\��,QW��-��,QG��&KHP����������������������
���� <��&KDXGKDU\��1��.DUNL��$�3��<DGDY��-��1HSDO�&KHP��6RF������������������
���� (�$��1RRU��,QW��-��(OHFWURFKHP��6FL�����������������
���� /�5��&KDXKDQ��*��*XQDVHNDUDQ��&RUURV��6FL�������������������
���� )��%HQWLVV��0��/HEULQL��+��9H]LQ��)��&KDL��0��7UDLVQHO��0��/DJUHQH��&RUU��6FL������������������
���� 6�.��6KXNOD��(�(��(EHQVR��,QW��-��(OHFWURFKHP��6FL������������������
���� -�,��%KDW��'�3��9LMD\D��9��$OYD��$UFK��$SSO��6FL��5HV�����������������
���� $�+��2VWRYDUL��6�0��3HLNDUL��6�5��6KDGL]DGHK��6�-��+DVKHPL��&RUURV��6FL������������������


