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0HURSHQHP� �)LJ�� ��� LV� WKH� S\UUROLGLQ\O� GLPHWK\O� FDUEDPR\O� GHULYDWLYH� RI�
WKLHQDP\FLQ� WDNHQ� IURP� VWUHSWRP\FHV� FDWWOH\D�� ,W� LV� FRQVLGHUHG� DV� RQH� RI� WKH�
LQMHFWDEOH�DQWLELRWLFV�ZKLFK�FXUUHQWO\�KDYH�WKH�EURDGHVW�DQWLEDFWHULDO�VSHFWUXP�LQ�WKH�
FDUEDSHQHP�JURXS�>�@�

)LJXUH��� 6WUXFWXUDO�IRUPXOD�RI�PHURSHQHP

0HURSHQHP� ZDV� LQGHHG� LQWURGXFHG� WR� WKHUDSHXWLF� DUHDV DV� WKH� VWURQJHVW�
DQWLELRWLFV� WR� NLOO� KDUPIXO� PLFURRUJDQLVPV� ZKLFK DUH� UHVLVWDQW� WR� SHQLFLOOLQ� DQG�
FHSKDORVSRULQ�DQWLELRWLFV��3DUWLFXODUO\��WKH�FDUEDSHQHPV�KDYH�EHHQ�XVHG�DV�WKH�ODVW�
UHVRUW�DQWLELRWLFV IRU�SDWLHQWV�LQ�FDVHV�RI�LQIHFWLRXV�GLVHDVHV�DQG�LQWHQVLYH�FDUH�XQLWV
ZKR� DUH� VHULRXVO\� LQIHFWHG� DQG�RU� PXOWLGUXJ�UHVLVWDQW�� 6R� IDU�� WKH� DQDORJXHV� RI�
FDUEDSHQHPV� LQ� ELRORJLFDO� DQG� SKDUPDFHXWLFDO PDWULFHV� KDYH� PRVWO\� EHHQ
GHWHUPLQHG�ZLWK�FRPPRQ�VHSDUDWLRQ�PHWKRGV�LQFOXGH�OLTXLG�OLTXLG�H[WUDFWLRQ��VROLG�
OLTXLG� H[WUDFWLRQ� �63(��� KRZHYHU� WKH\� DOO� DVN� IRU� VHYHUDO� VWHSV� DQG� WKH� VHOHFWLYLW\�
WRZDUGV� DQDO\WHV� LV� VWLOO� OLPLWHG� 6DPSOH� WUHDWPHQW� FRXSOHG� ZLWK� PDJQHWLF�
QDQRSDUWLFOHV�FDQ�SURYLGH�IDVWHU�SKDVH�VHSDUDWLRQ�E\�DSSO\LQJ�DQ�H[WHUQDO�PDJQHWLF�
ILHOG� DQG� EH� HDV\� WR� UHXVH�� 7R� HQKDQFH� WKH� VHSDUDWLRQ� HIILFDF\��PDJQHWLF� SDUWLFOHV�
KDYH�EHHQ�VXUIDFHG�IXQFWLRQDOL]HG�ZLWK�VPDOO�RUJDQLF�PROHFXOHV��SRO\PHU��DSWDPHU��
DQWLERG\�DQG�QDQR�PHWDO�SDUWLFOHV�>�@�

$PRQJ�PDJQHWLF�PDWHULDOV��&R)H�2� QDQRSDUWLFOHV�DUH�ZLGHO\�XVHG�WKDQNV�WR�
ODUJH� DQLVRWURS\�� KLJK� FRHUFLYH� ILHOG��PRGHUDWH� VDWXUDWLRQ�PDJQHWL]DWLRQ�� FKHPLFDO�
VWDELOLW\� DQG� JRRG� HOHFWULFDO� FRQGXFWLYLW\ >��� �@��7KH� VWUXFWXUH� RI� WKH� FRUH�VKHOO� RI�
LURQ�JROG�DWWUDFWHG�PXFK�DWWHQWLRQ�GXH�WR�WKH�REYLRXV�EHQHILWV�RI�JROG�QDQRSDUWLFOHV��
*ROG�LV�DQ�LQHUW�HOHPHQW�DQG�XVHIXO�WR�EH�D�FRDWLQJ�PDWHULDO�IRU�SURWHFWLQJ�PDJQHWLF�
QDQRSDUWLFOHV�� 0RUHRYHU�� JROG� LV� YHU\� SRSXODU� IRU� LWV� YHUVDWLOLW\� LQ� VXUIDFH�
PRGLILFDWLRQ��KLJK�FDWDO\WLF�SURSHUWLHV��XQLTXH�ELRFRPSDWLELOLW\�DQG�KLJK�DIILQLW\�WR�
VXOIXU�RU�QLWURJHQ�FRQWDLQLQJ�FRPSRXQGV >�@�
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,Q�WKLV�VWXG\��D�FRPSRVLWH�&R)H�2�#$X�ZDV�V\QWKHVL]HG�DQG�DSSOLHG�IRU� WKH�
HIIHFWLYH� DGVRUSWLRQ� RI� PHURSHQHP�� ZKLFK� FDQ� EH� ODWHU� XVHG� IRU� VHSDUDWLRQ� DQG�
HQULFKPHQW�RI�PHURSHQHP�IURP�FRPSOLFDWHG�PDWULFHV��7KH�QDQR�DGVRUEHQW�PDWHULDO�
FRQWDLQV�QDQR�JROG�SDUWLFOHV�WKDW�KDYH�KLJK�DGVRUSWLRQ�WRZDUGV�PHURSHQHP�WKDQNV�WR�
KLJK� DIILQLW\� EHWZHHQ� 6� DWRP� LQ� PHURSHQHP� VWUXFWXUH� DQG� $X� VXUIDFH�� DQG� WKH�
&R)H�2� FRUH�WKDW�KHOSV�WR�HDVLO\�FROOHFW�PDWHULDOV�IURP�VDPSOH�VROXWLRQ�>�@��+HUH�LQ�
RXU�VWXG\��WKH�QDQR�JROG�SDUWLFOHV�ZHUH�V\QWKHVL]HG�E\�UHGXFLQJ�+$X&O� E\�1D%+�

LQ�WKH�SUHVHQFH�RI�3'$'0$&��D�SRO\FDWLRQ SRO\PHU��DV�VWDELOL]HU�LQVWHDG�RI�XVLQJ�
WKH�FRQYHQWLRQDO�FLWUDWH��7R�RXU�NQRZOHGJH�� WKHUH�LV�\HW�QR�UHVHDUFKHV�WKDW�FRQGXFW�
RQ�WKH�XVLQJ�RI�3'$'0$&�DV�VWDELOL]HU�IRU�JROG�QDQR�SDUWLFOHV�DV�ZHOO�DV�WKH�VWXG\�
RI�DGVRUSWLRQ�EHKDYLRU�RI�PHURSHQHP�RQ�&R)H�2�#$X�

���0$7(5,$/6�$1'�0(7+2'6

���� 0DWHULDOV

$OO� FKHPLFDOV� XVHG� LQ� WKH� H[SHULPHQWV� DUH� RI� DQDO\WLFDO� JUDGH�� 0HURSHQHP�
VRGLXP� VDOW� ���� �7RURQWR� 5HVHDUFK� &KHPLFDOV�� &DQDGD�� FKORURDXULF� DFLG�
WHWUDK\GUDWH� �+$X&O���+�2��� VRGLXP� ERURK\GULGH� �1D%+��� VRGLXP� K\GUR[LGH��
SRWDVVLXP� K\GUR[LGH� K\GURFKORULF� DFLG� ������ �0HUFN�� *HUPDQ\��� 3RO\
�GLDOO\OGLPHWK\ODPPRQLXP FKORULGH� VROXWLRQ� ZLWK� PROHFXODU� ZHLJKW� RI� ����
���NJ�PRO� �3'$'0$&� ��ZW��� LQ� +�2� )Hሺ�Ͳଷሻଷ����ଶ2ܪ &R�12��� ��+�2� ���
$PLQRSURS\O� WULHWKR[\VLODQH �$37(6���6LJPD�$OGULFK���'HLRQL]HG�ZDWHU�ZDV�XVHG�
IRU�SUHSDULQJ�DOO�WKH�VROXWLRQV�IRU�WKH�H[SHULPHQWV�

���� 0HURSHQHP�GHWHUPLQDWLRQ�E\�89�9LV�PHDVXUHPHQWV�

7KH� FRQFHQWUDWLRQV� RI� PHURSHQHP� DQWLELRWLF� EHIRUH� DQG� DIWHU� DGVRUSWLRQ� RQ�
&R)H�2�#$X�PDWHULDO�DUH�GHWHUPLQHG�E\� WKH�89�9LV�VSHFWURSKRWRPHWHU�XVLQJ� WKH�
TXDUW]�FXYHWWHV�ZLWK�D�SDWK�OHQJWK�RI���FP�DW�WKH�$QDO\WLFDO�&KHPLVWU\�GHSDUWPHQW��
)DFXOW\� RI� &KHPLVWU\�� 918� 8QLYHUVLW\� RI� 6FLHQFH� $� VHULHV� RI� VWDQGDUG�
FRQFHQWUDWLRQV� RI� PHURSHQHP LQ� WKH� UDQJH� RI� ����� PJ�/� LV� SUHSDUHG� LQ� ��� P/�
YROXPHWULF� IODVNV�� DQG� WKHQ� ILOOHG� XS� WR� WKH�PDUN� E\� GRXEOH�GLVWLOOHG�ZDWHU�� $IWHU�
WKDW�� WKH� FDOLEUDWLRQ� FXUYH� RI� PHURSHQHP� ZDV� FRQVWUXFWHG� E\� PHDVXULQJ� DW� WKH�
DEVRUSWLRQ�PD[LPD�ZDYHOHQJWK�RI�����QP��

���� 6\QWKHVLV�RI�PDWHULDOV

������ 6\QWKHVLV�RI &R)H�2� QDQRSDUWLFOHV

3RZGHUHG� IHUURPDJQHWLF� &)2� PDWHULDOV� ZHUH� V\QWKHVL]HG� E\� K\GURWKHUPDO�
PHWKRG�� 6ROXWLRQ� FRQWDLQLQJ� &R�12�����+�2� DQG� )H�12�����+�2� ZLWK� WKH� PRODU�
UDWLR�RI�&R����)H�� RI��������ZHUH�DGGHG�LQ�D�EHDNHU��7KHQ�S+�VROXWLRQ�ZDV�DGMXVWHG�
WR� ��� E\� XVLQJ� D� S+� PHWHU�� 7KH� REWDLQHG� PL[WXUH� ZDV� WUDQVIHUUHG� WR� D� WKHUPR�
K\GURO\VLV�YHVVHO�DQG K\GURO\]HG�DW����ႏ�DQG�IRU���KRXUV��$IWHU�EHLQJ�K\GURO\]HG��
WKH�VDPSOH�ZDV�WDNHQ�RXW�DQG�ZDVKHG�VHYHUDO�WLPHV�ZLWK�GLVWLOOHG�DQG�WKHQ�ILOWHUHG��
)LQDOO\�� WKH� SUHFLSLWDWH� ZDV� GULHG� DW� ��ႏ� WR� SURGXFH�&R)H�2�� SURGXFW� DV� D� EODFN�
SRZGHU�� 7KH FU\VWDO� VWUXFWXUH� DQG� PLFURVWUXFWXUH� RI� REWDLQHG� &R)H�2�� ZDV
LQYHVWLJDWHG� E\� ;5'� PHDVXUHPHQW� �XVLQJ� DQ� ;�UD\� GLIIUDFWRPHWHU� '�� $GYDQFH�
�%UXNHU��*HUPDQ\� ZLWK WKH�ZDYHOHQJWK�&X.D  ��������c DQG��T DQJOH� RI� ��q WR�
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��q�� DQG� )(�6(0� PHDVXUHPHQW� �XVLQJ DQ XOWUD�KLJK� UHVROXWLRQ� ILHOG� HPLVVLRQ�
VFDQQLQJ� HOHFWURQ� PLFURVFRS\ )(�6(0� 6����� �+LWDFKL�� -DSDQ� ZLWK� DFFHOHUDWHG�
YROWDJH�XS�WR����N9���UHVSHFWLYHO\�

�������6\QWKHVLV�RI�&R)H�2�#$X�FRPSRVLWHV

7KH�$X�QDQR�SDUWLFOHV�ZHUH�V\QWKHVL]HG�E\�UHGXFLQJ�+DX&O� E\�1D%+� LQ�WKH�
SUHVHQFH�RI�3'$'0$&��D�SRO\FDWLRQ�SRO\PHU��DV�VWDELOL]HU��7KH�IUHVKO\�SUHSDUHG�
GLVSHUVLRQ�RI�&R)H�2������PJ�LQ����PO�RI�ZDWHU��ZDV�DFLGLILHG�ZLWK ���0�RI�+&O�DW
S+� ���� :KLOH� FRQWLQXRXV� VWLUULQJ�� VXFFHVVLYHO\� ���ρܮ RI ���$PLQRSURS\O�
WULHWKR[\VLODQH �$37(6� DQG� ���ρܮ RI� ��P0� +$X݈ܥସ ZHUH� DGGHG�� ��ρܮ RI�
3'$'0$&�ZDV�DGGHG� LQWR�WKH�IRUPHG�GDUN�EURZQ FROORLGDO�QDQRSDUWLFOH�VROXWLRQ�
DQG� WKH�PL[WXUH�ZDV� VWLUUHG� IRU� ���PLQXWHV��$IWHU� WKDW�� �P/�RI� D� IUHVKO\� SUHSDUHG�
VROXWLRQ� RI� 1D%�ସ ������0��ZDV� DGGHG� GURSZLVH� LQWR� WKH� IRUPHG� UHGGLVK� EURZQ�
FROORLGDO�QDQRSDUWLFOH�VROXWLRQ��DQG�WKHQ�WKH�PL[WXUH�ZDV�VWLUUHG�IRU�WKUHH�KRXUV��7KH�
REWDLQHG� VXEVWDQFH�ZDV� SUHFLSLWDWHG� E\� FHQWULIXJDWLRQ� ������ UHY�PLQ�� IRU� ���PLQ���
ZDVKHG� ZLWK� ZDWHU� DQG� DOFRKRO�� DQG� WKHQ� LW� ZDV� GULHG� ��ႏ IRU� ��� KRXUV�� 7KH�
REWDLQHG� FRPSRVLWH� QDQRSDUWLFOHV� FRPSRVHG� RI� PDJQHWLWH� DQG� JROG� DFWLYHO\�
UHVSRQGHG�WR�DQ�DSSOLHG�H[WHUQDO�PDJQHWLF�ILHOG��

�������%DWFK DGVRUSWLRQ�RI�0HURSHQHP�RQ�&R)H�2�#$X

7R�HYDOXDWH� WKH�FDSDFLW\�DGVRUSWLRQ�� WKH DGVRUEHQW� ���������J��ZDV�FRQWDFWHG�
ZLWK����P/�RI�PHURSHQHP�VROXWLRQV��S+ �·�� KDYLQJ�LQLWLDO�FRQFHQWUDWLRQV UDQJLQJ�
IURP��������DQG����PJ�/�LQ����P/�IDOFRQ�WXEHV� 7KH�IDOFRQ�WXEHV ZHUH�WKHQ�VKDNHQ�
IRU� ��� WR� ���� PLQXWHV�� 7KH� FRQFHQWUDWLRQV� RI� PHURSHQHP� DIWHU� DGVRUSWLRQ� ZHUH�
GHWHUPLQHG�E\ XVLQJ�89�9LV�VSHFWURSKRWRPHWHU��

7KH� DGVRUSWLRQ� FDSDFLW\ TH �PJ�J�� RI� PHURSHQHP� RQWR� &R)H�2�#$X� ZDV�
FDOFXODWHG�E\�HTXDWLRQ�

TH  �
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ZKHUH� �଴ �PJ�/�� DQG� �ୣ �PJ�/�� DUH� WKH� LQLWLDO� FRQFHQWUDWLRQ� DQG� ILQDO�
FRQFHQWUDWLRQ�RI�PHURSHQHP��UHVSHFWLYHO\��9�/��LV�WKH YROXPH RI�WKH VROXWLRQ��DQG�P�
�J��LV�WKH�PDVV�RI�WKH�PDWHULDO�

)RU�DGVRUSWLRQ�LVRWKHUPV��/DQJPXLU�DQG�)UHXQGOLFK�PRGHOV�ZHUH�LQYHVWLJDWHG��
7KH�OLQHDU�IRUP RI�/DQJPXLU�HTXDWLRQ�LV�
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ZKHUH� TH DQG� TP DUH� HTXLOLEULXP� DGVRUSWLRQ� FDSDFLW\� �PJ�J�� DQG� PD[LPXP�
DGVRUSWLRQ� FDSDFLW\� �PJ�J��� UHVSHFWLYHO\� DQG� ./ LV� /DQJPXLU� DGVRUSWLRQ� FRQVWDQW�
�/�PJ��

7KH�OLQHDU�IRUP�RI�WKH�)UHXQGOLFK�PRGHO�FDQ�EH�ZULWWHQ�DV��
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ZKHUH�NI LV�)UHXQGOLFK�DGVRUSWLRQ�FDSDFLW\��/�J��DQG�Q�LV�DGVRUSWLRQ�VWUHQJWK�
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���5(68/76�$1'�',6&866,21

���� &KDUDFWHUL]DWLRQ�RI�&R)H�2�

7KH� ;5'� SDWWHUQ� RI� &R)H�2�� �&)2�� LV� SUHVHQWHG� LQ� )LJ�� ��� VKRZLQJ� WKH�
GLIIUDFWLRQ SHDNV�DW��ș� ������������������������������DQG��������ZKLFK�FRUUHVSRQG�WR�
������� ������� ������� ������� ������ DQG� ������ SODQHV�� &RPSDULQJ� WKLV� UHVXOW�ZLWK� WKH�
VWDQGDUG� ;5'� GDWD� RI� &)2�� ZH� FDQ� VHH� WKDW� DOO� SHDNV� EHORQJ� WR� FXELF� VSLQHO�
VWUXFWXUH��,W�LQGLFDWHG�WKDW�&)2�SKDVH�KDV�EHHQ�IRUPHG�LQ�WKH�K\GURWKHUPDO�SURFHVV
DQG�WKH�VDPSOH�LV�VLQJOH�SKDVH�

)LJXUH �� ;5'�SDWWHUQ�RI &)2

7KH�PLFURVWUXFWXUH� RI� WKH� IDEULFDWHG� &)2� VDPSOH ZDV� UHYHDOHG� LQ� )(�6(0�
LPDJH�SURYLGHG�LQ�)LJ���� &)2�SDUWLFOHV�DUH�VSKHULFDO��TXLWH�XQLIRUP�ZLWK�WKH�SDUWLFOH�
VL]H�UDQJLQJ�IURP����WR����QP��

)LJXUH��� )(�6(0�LPDJH�RI�&)2�VDPSOH
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�����%DWFK DGVRUSWLRQ�RI�0HURSHQHP�RQ�&R)H�2�#$X

�������(IIHFW�RI�S+

S+� LV� XVXDOO\� D� IDFWRU� WKDW� FDQ� JUHDWO\� DIIHFW� WKH� DGVRUSWLRQ� RI� PDWHULDOV
HVSHFLDOO\�WKRVH�KDYH�FKDUJH�GHSHQGHQW�RQ�S+��7KH�LQIOXHQFH�RI�WKH�S+�PHGLXP�RQ�
WKH� DGVRUSWLRQ� FDSDFLW\� RI� &���� &R)H�2��� DQG� &R)H�2�#$X PDWHULDOV� ZDV�
LQYHVWLJDWHG�XVLQJ�������P/�RI����SSP�0HURSHQHP�VROXWLRQ�ZLWK�S+�YDU\LQJ�IURP�
�� WR� ��� $V� FDQ� EH� VHHQ� IURP� )LJ�� ��� RXW� RI� WKH� WKUHH� PDWHULDOV� WKH� HTXLOLEULXP�
DGVRUSWLRQ� FDSDFLW\� RQ� &R)H�2�#$X� DW� S+� ��ZDV� KLJKHVW�� 6LQFH� JROG� KDV� VWURQJ�
DIILQLW\�WRZDUGV��6+�JURXS�LQ�PHURSHQHP�VWUXFWXUH��PHURSHQHP�LV�HDVLO\�DGVRUEHG�
RQ�JROG�VXUIDFH��7KHUHIRUH��WKH�DGVRUSWLRQ�FDSDFLW\�RI�QDQR�FRPSRVLWH�&R)H�2�#$X�
LV� PXFK� KLJKHU� WKDQ� VLQJOH� &R)H�2�� DQG� &���� ZKLFK� DGVRUE� PHURSHQHP� RQO\�
WKURXJK�ZHHN�9DQGHUZDDO� LQWHUDFWLRQ��&����RU�WKURXJK�K\GUR[\O�IXQFWLRQDO�JURXSV�
RQ�&R)H�2��VXUIDFH�

7KH�KLJKHVW�TH ZDV�REWDLQHG� IRU�&R)H�2��DW�S+� ����EXW�VWLOO��� WLPHV� ORZHU� WKDQ�
PD[LPXP�TH REWDLQHG�RI�&R)H�2�#$X� 7KH�FRPPRQ DGVRUEHQW�&���KDV�SRRU�DGVRUSWLRQ�
FDSDFLW\�WRZDUGV�PHURSHQHP�DW�DOO�S+� )RU�&R)H�2�#$Xǡ ZKHQ�S+�RI�VROXWLRQ�LQFUHDVHV�
IURP���WR����WKH�DGVRUSWLRQ�FDSDFLW\�WHQGV�WR�LQFUHDVH�DQG�UHDFKHV�WKH�PD[LPXP�DW�
S+� ��� WKHQ� GHFUHDVH� ODWHU� ZLWK� IXUWKHU� LQFUHDVLQJ� S+� IURP� �� WR� ��� 7KH�PD[LPXP�
DGVRUSWLRQ� DW� S+� ��� ZKLFK� OLHV� DURXQG� WKH� LVRHOHFWULF� SRLQW� �S,a��� RI� PHURSHQHP�
VXJJHVWV�WKH�GRPLQDQW�FRQWULEXWLRQ�RI�K\GURSKRELF�LQWHUDFWLRQ�EHWZHHQ�PHURSHQHP�
DQG�3'$'0$&�FDSSLQJ�RI�$X13V�LQ�FRPSDULVRQ�ZLWK�WKH�HOHFWURVWDWLF�LQWHUDFWLRQ�

)LJXUH��� 7KH�HIIHFW�RI�S+�RQ�WKH�DGVRUSWLRQ�FDSDFLW\�RI�&����&R)H�2���
DQG�&R)H�2�#$X PDWHULDOV

�������(IIHFW�RI�DGVRUEHQW�PDVV�

$V� WKH�PDVV� RI�&R)H�2�#$X ZDV� YDULHG� IURP� ����J� WR� ���J�� WKH� DGVRUSWLRQ�
FDSDFLW\� LQFUHDVHV� DQG� WHQGV� WR� JHW�PD[LPXP DW� ����J�� 7KH� LQFUHDVH� RI� DGVRUSWLRQ�
FDSDFLW\� ZLWK� LQFUHDVLQJ� DGVRUEHQW� PDVV� FDQ� EH� H[SODLQHG� E\� WKH� LQFUHDVH� RI� WKH�
QXPEHU� RI� DGVRUSWLRQ� FHQWHUV��+RZHYHU��ZKHQ� WKH�PDVV� RI� WKH�PDWHULDO� LV� DERYH� D�
FHUWDLQ�DPRXQW��WKH�DGVRUSWLRQ�FDSDFLW\�ZLOO�UHDFK�VDWXUDWLRQ�DQG�HYHQ�WHQG�WR�GHFUHDVH�
VOLJKWO\��,Q�WKH�QH[W�H[SHULPHQWV��WKH�RSWLPDO�DGVRUEHQW�PDVV�ZDV�VHOHFWHG�DV�����J�
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�������(IIHFW�RI�1D&O�FRQFHQWUDWLRQ

,RQLF�VWUHQJWK�XVXDOO\�VWURQJO\ LQIOXHQFHV�WKH�GRXEOH�FKDUJH�OD\HU�DW�DGVRUEHQW�
VXUIDFH�� KHQFH� VWURQJO\� DIIHFWV� WKH� DGVRUSWLRQ� FDSDFLW\� LQ� WKH� FDVH� RI� HOHFWURVWDWLF�
LQWHUDFWLRQ��6WURQJ�HOHFWURO\WH�1D&O�ZLWK FRQFHQWUDWLRQV�YDU\LQJ�IURP����îͳͲିଷ 0�
WR����� 0�ZDV�DGGHG�LQ�&R)H�2�#$X VROXWLRQ�LQ�WKH�SUHVHQFH�RI�PHURSHQHP�������
SSP�� ,QWHUHVWLQJO\�� WKH� FRQFHQWUDWLRQ� RI� 1D&O� KDV� VOLJKW� HIIHFW� RQ� WKH DGVRUSWLRQ�
FDSDFLW\� RI� PHURSHQHP�� ZKLFK� RQFH� DJDLQ� UHYHDOV� WKH� OHVV� LPSRUWDQW� HIIHFW� RI�
HOHFWURVWDWLF� LQWHUDFWLRQ� EHWZHHQ� PHURSHQHP� DQG� &R)H�2�#$X�3'$'0$&�
DGVRUEHQW��2QO\ ZLWK�LQFUHDVLQJ�WKH�FRQFHQWUDWLRQ�RI�1D&O�LQ� WKH�UDQJH�IURP�����î�
ͳͲିଷ0�WR������0��WKH DGVRUSWLRQ�FDSDFLW\ GHFUHDVHV�VORZO\�DQG�WHQGV�WR�VDWXUDWH�DW�
����0�1D&O�

������ (IIHFW�RI�DGVRUSWLRQ�WLPH

7KH� HIIHFW� RI� DGVRUSWLRQ� WLPH� RQ� WKH� DGVRUSWLRQ� EHKDYLRU� RI�PHURSHQHP� RQ�
&R)H�2�#$X ZDV� LQYHVWLJDWHG� LQ� WKH� UDQJH� IURP� �� WR� ���� PLQ�� DW� WKUHH� LQLWLDO�
0HURSHQHP�FRQFHQWUDWLRQV�RI�������SSP��������SSP�DQG������SSP��5HVXOWV� VKRZ�
WKDW�WKH�XSWDNH�RI�PHURSHQHP��TW���PJ�J��LQFUHDVHG�ZLWK�LQFUHDVLQJ DGVRUSWLRQ�WLPH
DQG� UHPDLQHG�QHDUO\� FRQVWDQW� DIWHU� ����PLQ��7KH� DPRXQW� RI PHURSHQHP�DGVRUEHG�
�TW�� DW� HTXLOLEULXP� LQFUHDVHG� IURP� ������ ����� DQG� ���� PJ�J� DV� WKH� PHURSHQHP�
FRQFHQWUDWLRQ�LQFUHDVHG�IURP��������������DQG������ SSP��UHVSHFWLYHO\��

)LJXUH����(IIHFW�RI�DGVRUSWLRQ�WLPH�RQ�NLQHWLF�DGVRUSWLRQ

7KH� DGVRUSWLRQ� LV� UDSLG� LQ� WKH� LQLWLDO� VWDJHV� DQG� JUDGXDOO\� GHFUHDVHV� ZLWK
SURJUHVV�RI�DGVRUSWLRQ �)LJ� ����$OO�SORWV�DUH�VLQJOH��VPRRWK�DQG�FRQWLQXRXV�FXUYHV�
OHDGLQJ�WR VDWXUDWLRQ��VXJJHVWLQJ�WKH�SRVVLEOH�PRQROD\HU�FRYHUDJH�RI�PHURSHQHP�RQ�
WKH�VXUIDFH�RI WKH�DGVRUEHQW�

������ (IIHFW�RI�LQLWLDO�PHURSHQHP�FRQFHQWUDWLRQV

,Q� VWDWLF� DGVRUSWLRQ� SURFHVV�� LQLWLDO�PHURSHQHP� FRQFHQWUDWLRQ� LQ� WKH� VROXWLRQ�
SOD\V� DQ� LPSRUWDQW� UROH� DV� WKH�PRYHPHQW�RI� WKH� FRQVWLWXHQWV� LQ� VROXWLRQ�REH\V� WKH�
PDVV�WUDQVIHU�SURFHVV�EHWZHHQ�WKH�VROXWLRQ�DQG�WKH�DGVRUEHQW�VXUIDFH��6\VWHPDWLFDO�
LQYHVWLJDWLRQ RQ� WKH� LQLWLDO� PHURSHQHP� FRQFHQWUDWLRQ� ZDV� IXUWKHU� FDUULHG� RXW� LQ� D�
ZLGH�FRQFHQWUDWLRQ�UDQJH�IURP�������SSP�WR��������SSP��
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$V�FDQ�EH�VHHQ�IURP�)LJ� �� WKH�HTXLOLEULXP�DGVRUSWLRQ�FDSDFLW\�RI�PHURSHQHP
LQFUHDVHV� VLJQLILFDQWO\� DW� LQLWLDO� PHURSHQHP� FRQFHQWUDWLRQV� IURP� ��� WR� ��� SSP��
UHDFKHV�D�PD[LPXP�RI������PJ�J�DW����SSP�WKHQ�WHQGV�WR�VDWXUDWH�DW�FRQFHQWUDWLRQV�
KLJKHU�WKDQ����SSP��7KH�REWDLQHG�GDWD�ZLOO�EH�IXUWKHU�XVHG�WR�GHGXFH�WKH�DGVRUSWLRQ�
LVRWKHUPV�RI�PHURSHQHP�RQ�&R)H�2�#$X�

�����6WXG\�RQ�WKH�DGVRUSWLRQ�LVRWKHUPV

)RU�DGVRUSWLRQ�LVRWKHUPV��/DQJPXLU�DQG�)UHXQGOLFK�PRGHOV�DUH�RIWHQ�DSSOLHG�
LQ� PDQ\ FDVHV�� 7KH� /DQJPXLU� PRGHO� GHVFULEHV� WKH� DGVRUSWLRQ� RI� PROHFXOHV� RQ� D�
VROLG�VXUIDFH�WR�JDV�SUHVVXUH�RU�FRQFHQWUDWLRQ�RI�D�PHGLXP�DERYH�WKH�VROLG�VXUIDFH�DW�
D�IL[HG�WHPSHUDWXUH��,W�VXJJHVWV�WKDW�WKH�DGVRUSWLRQ�SURFHVV�RFFXUV�LQ�PRQROD\HUV�RI�
WKH� DGVRUEHQW� VXUIDFH�� 7KH� )UHXQGOLFK� PRGHO� LV� XVHG� IRU� FKDUDFWHUL]LQJ� WKH�
DGVRUSWLRQ� ZKLFK� HQWDLOV� WKH� KHWHURJHQHLW\� RI� VROLG� DGVRUEHQW� VXUIDFH� LQWHUDFWLQJ�
ZLWK�DQ�DGVRUEDWH�

$V FDQ�EH�VHHQ�LQ�)LJ� �� ORJ�TH GRHV�QRW� OLQHDUO\�GHSHQG�RQ�ORJ�&H��ZLWK�WKH�
FRUUHODWLRQ� FRHIILFLHQW� RI� ������� PXFK� ORZHU� WKDQ� �� �)LJ� ���� LQGLFDWLQJ� WKH�
LQFRQVLVWHQF\� RI� H[SHULPHQWDO� UHVXOWV� ZLWK� WKH� WKHRUHWLFDO� PRGHO� )UHXQGOLFK��
0HDQZKLOH�� WKH� KLJKO\� OLQHDU� GHSHQGHQFH� RI� &�T� YHUVXV� ��଴ܥ �)LJ� ��� ZLWK� D�
FRUUHODWLRQ�FRHIILFLHQW�RI���������SURYHV� WKH�DJUHHPHQW�RI� WKH� H[SHULPHQWDO� UHVXOWV�
ZLWK� WKH� /DQJPXLU� WKHRUHWLFDO�PRGHO� DQG� WKH�PRQROD\HU� LVRWKHUPDO� DGVRUSWLRQ� RI�
0HURSHQHP�RQ�&R)H�2�#$X PDWHULDO�

�

���

�

���

�

���

�

���

� �� �� �� ���

T
H�
�P

J�
J�

&R��SSP�

\� �������[���������
5ð� �������

�

���

���

���

���

���

���

� ��� � ��� � ���

/
RJ
�T
H

/RJ�&H

)LJXUH �� (IIHFW�RI�LQLWLDO�
FRQFHQWUDWLRQ�RI�0HURSHQHP�RQ�WKH�
DGVRUSWLRQ�FDSDFLW\�RI�WKH�PDWHULDO

)LJXUH����7KH�GHSHQGHQFH�RI�
ORJ�TH RQ�WKH�ORJ�&H
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)LJXUH����7KH�GHSHQGHQFH�RI��଴ RQ�&�T

���&21&/86,216

:H� KDYH VXFFHVVIXOO\� V\QWKHVL]HG� PDJQHWLF� &R)H�2�#$X PDWHULDO� KDYLQJ�
VHOHFWLYH� DGVRUSWLRQ� WRZDUGV� PHURSHQHP�� ZKLFK� FDQ� EH� XVHG� IRU� VHSDUDWLRQ� DQG�
HQULFKPHQW� RI� PHURSHQHP� IURP� DTXHRXV� VROXWLRQ� 7KH RSWLPXP� FRQGLWLRQV� IRU
DGVRUSWLRQ�RI 0HURSHQHP�RQ�&R)H�2�#$X ZHUH�IRXQG�WR�EH�S+����DGVRUSWLRQ�WLPH�
���� PLQXWHV�� DGVRUEHQW� PDVV� ����J�� 7KH� DGVRUSWLRQ� LVRWKHUP� RI� PHURSHQHP�
&R)H�2�#$X IROORZV� ZHOO� /DQJPXLU� WKHRUHWLFDO� PRGHO�� 7KH� &R)H�2�#$X
FRPSRVLWH�PDWHULDO�DOVR�FDQ�EH�D�SRWHQWLDO�FDQGLGDWH�IRU�RWKHU DSSOLFDWLRQV�VXFK�DV�
ELRORJLFDO�VHSDUDWLRQ��WDUJHW�GUXJ�GHOLYHU\��DQG�ELRVHQVRU�

5()(5(1&(6

�� =KDQHO�� *HRUJH� *��� HW� DO��� &RPSDUDWLYH� UHYLHZ� RI� WKH� FDUEDSHQHPV� 'UXJV�
����������������������

�� &KHQ��&KXQ�+VLHQ��HW�DO���1DQRPDWHULDO�EDVHG�DGVRUEHQWV�DQG�RSWLFDO�VHQVRUV�
IRU�LOOLFLW�GUXJ�DQDO\VLV��-RXUQDO�RI�)RRG�	�'UXJ�$QDO\VLV������� ������

�� $\\DSSDQ�6���-RKQ�3KLOLS��DQG�%DOGHY�5DM���$�IDFLOH�PHWKRG�WR�FRQWURO�WKH�VL]H�
DQG�PDJQHWLF�SURSHUWLHV�RI�&R)H�2� QDQRSDUWLFOHV� 0DWHULDOV�&KHPLVWU\� DQG�
3K\VLFV� �����������������������

�� 6KDWHULDQ�� 0DU\DP�� HW� DO��� 6\QWKHVLV�� FKDUDFWHUL]DWLRQ� DQG� HOHFWURFKHPLFDO�
VHQVLQJ� DSSOLFDWLRQ� RI� &R)H�2��JUDSKHQH� PDJQHWLF� QDQRFRPSRVLWH� IRU�
DQDO\VLV�RI�DWHQRORO��3RO\KHGURQ������� ����������

�� .DUDPL��&KDQJL]��DQG�0RKDPPDG�$OL�7DKHU��$�FDWHFKRO�ELRVHQVRU�EDVHG�RQ�
LPPRELOL]LQJ� ODFFDVH� WR� )H�2�# $X� FRUH�VKHOO� QDQRSDUWLFOHV�� ,QWHUQDWLRQDO�
MRXUQDO�RI�ELRORJLFDO�PDFURPROHFXOHV������� ����������

�� %DVNDNRY� $�2��� HW� DO���0DJQHWLF� DQG� LQWHUIDFH� SURSHUWLHV� RI� WKH� FRUH�VKHOO�
)H�2��$X�QDQRFRPSRVLWHV��$SSOLHG�VXUIDFH�VFLHQFH������� ������������
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6800$5<

,Q�WKLV�VWXG\��D�PDJQHWLF�FRUH�VKHOO�&R)H�2�#$X�ZDV�V\QWKHVL]HG�DQG�DSSOLHG�
IRU� WKH� HIIHFWLYH�DGVRUSWLRQ�RI�0HURSHQHP��ZKLFK�FDQ�EH� ODWHU�XVHG� IRU� VHSDUDWLRQ�
DQG� HQULFKPHQW� RI� 0HURSHQHP IURP� FRPSOLFDWHG� PDWULFHV�� &R)H�2�#$X� H[KLELW�
EHWWHU� DGVRUSWLRQ� RI�PHURSHQHP� WKDQ� VLQJOH� SKDVH�&R)H�2� DQG� FRQYHQWLRQDO�&���
DGVRUEHQW��%DWFK�NLQHWLF�DGVRUSWLRQ�VWXG\�UHYHDOHG�WKDW� WKH�RSWLPXP�FRQGLWLRQV�IRU�
0HURSHQHP�RQ�&R)H�2�#$X ZHUH� S+���� DGVRUSWLRQ� WLPH�����PLQXWHV�� DGVRUEHQW�
PDVV ���� J��7KH�0HURSHQHP�DGVRUSWLRQ�LVRWKHUP�ZDV�LQ�DFFRUGDQFH�ZLWK /DQJPXLU�
DGVRUSWLRQ�

.H\ZRUGV� 0HURSHQHP��&R)H�2���&R)H�2�#$X�

1K̵Q�EjL�QJj\��� WKiQJ���QăP�����

3K̫Q�EL͏Q�[RQJ�QJj\��� WKiQJ�� QăP�����

+RjQ�WKL͏Q�QJj\��� WKiQJ�� QăP�����

����)DFXOW\�RI�&KHPLVWU\��918�8QLYHUVLW\�RI�6FLHQFH
����)DFXOW\�RI�0DWHULDOV�6FLHQFH�DQG�(QJLQHHULQJ��3KHQLNDD�8QLYHUVLW\�1DQR�
,QVWLWXWH��3KHQLNDD�8QLYHUVLW\


