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$PD]RQLDQ�NDROLQ�SXULILFDWLRQ�E\�VHOHFWLYH�IORFFXODWLRQ�
�

&�+��6DPSDLR
��)��/DUUR\G��&�2��3HWWHU��:��$OLDJD�
�

0LQHUDO�3URFHVVLQJ�/DERUDWRU\��&HQWHU�RI�7HFKQRORJ\��)HGHUDO�8QLYHUVLW\�RI�5LR�*UDQGH�GR�6XO��
3�2��ER[��������=,3������������3RUWR�$OHJUH��%UD]LO�

�
5HFHLYHG����$SULO�������DFFHSWHG����-XQH������

�

$%675$&7�
�
7KH� PRVW� LPSRUWDQW� NDROLQ� GHSRVLW� LQ� WKH� QRUWK� RI� %UD]LO� SUHVHQWV� WLWDQLIHURXV� FRQWDPLQDQWV� ILQHO\�

GLVVHPLQDWHG�LQ�WKH�EXON��7KRVH�FRQWDPLQDQWV�DIIHFW�WKH�FRPPHUFLDO�YDOXH�RI�WKH�PLQHUDO�XUJLQJ�D�SURFHVV�
IRU�UHPRYLQJ�WKHP��7KH�UHPRYDO�RI�WKRVH�FRQWDPLQDQWV�FDQ�QRW�EH�FDUULHG�RXW�E\�FRQYHQWLRQDO�WHFKQLTXHV��
GXH� WR� WKH� XOWUD�ILQH� VL]H� RI� WKH�PLQHUDOV�� 7KLV� SDSHU� SUHVHQWV� D�PLQHUDO� FRQFHQWUDWLRQ� SURFHVV� EDVHG� RQ�
VHOHFWLYH�DGVRUSWLRQ�RI�VROXEOH�SRO\PHUV��)ORFNV�RI�FRQVLGHUDEOH�VL]HV�DQG�TXLWH�FRQVLVWHQW�DUH�JHQHUDWHG�E\�
LQWHUDFWLRQV�EHWZHHQ�DQLRQLF�SRO\DFU\ODPLGH�PROHFXOHV�DQG� WLWDQLIHURXV�PLQHUDOV�ZKLFK�FDQ�EH�VHSDUDWHG�
IURP�D�NDROLQ�VXVSHQVLRQ�E\�VHGLPHQWDWLRQ��7KH�EHVW�UHVXOWV�ZHUH�REWDLQHG�DIWHU�D�SRO\PHU��KDYLQJ�D�ZHDN�
DQLRQLF�FKDUJH� �������ZDV�XVHG�DV� IORFFXODQW� IRU�NDROLQ� LPSXULWLHV��7KH�PLQHUDO�ZDV�GLVSHUVHG� LQ�DTXHRXV�
PHGLD� XVLQJ� D� KLJK� FRQFHQWUDWLRQ�RI� VRGLXP�KH[DPHWKDSKRVSKDWH� ����NJ�W�� DW� D�S+�YDOXH�DURXQG����� ,Q�
WKHVH�FRQGLWLRQV��WKH�FRQWHQW�RI�7L2� LQ�WKH�VDPSOH�ZDV�UHGXFHG�IURP�������WR�OHVV�WKDQ������DQG�NDROLQ�
UHFRYHULHV� UDQJHG� EHWZHHQ� ��� DQG� ����� 6HGLPHQWDWLRQ� RI� WKH� IORFNV� UHDFKHG� UDWHV� DURXQG����PP�PLQ������
� �����6'8��$OO�ULJKWV�UHVHUYHG��
�
.H\ZRUGV��.DROLQ��6HOHFWLYH�IORFFXODWLRQ��7L2�

���,1752'8&7,21��
�
.DROLQ� LV�HPSOR\HG�DV�D�SDSHU�FRDWLQJ�GXH�WR� LWV�KLJK�GHJUHH�RI�ZKLWHQHVV�DQG�EULJKWQHVV�ZKHQ�SXUH��

6XFK�D�SXUH�PLQHUDO�LV�DFKLHYDEOH�IURP�PLQHUDO�GHSRVLWV�RQO\�DIWHU�VHYHUDO�WUHDWPHQW�VWDJHV��7KH�WUHDWPHQWV�
DLP�WR�HOLPLQDWH�FRQWDPLQDQWV�VSHFLHV��VSHFLDOO\�FRORUHG�RQHV��ZKLFK�DIIHFW�RSWLFDO�SURSHUWLHV�RI�NDROLQ�RUHV��
7KH�PDLQ� LPSXULWLHV� IRXQG� LQ� VXFK� RUHV� DUH� LURQ�� WLWDQLXP� DQG� VLOLFD�PLQHUDOV�� $PRQJ� WKHP�� WLWDQLIHURXV�
LPSXULWLHV�DUH� WKH�PRVW�GLIILFXOW� WR� UHPRYH��7KH�PDLQ�NDROLQ�GHSRVLWV� LQ� WKH�ZRUOG�� ORFDWHG� LQ� WKH�*HRUJLD�
6WDWH� �86$��DQG� LQ� WKH�$PD]RQ� UHJLRQ� �QRUWK�RI�%UD]LO��SUHVHQW� WKRVH�NLQG�RI� LPSXULWLHV� �PDLQO\�DQDWDVH���
+HQFH�� WKH� FRPPHUFLDO� TXDOLW\� RI� WKRVH� NDROLQ� SURGXFWV� GHSHQGV� GLUHFWO\� RQ� WKH� EHQHILFLDWLRQ� SURFHVVHV�
HPSOR\HG�WR�UHPRYH�WKRVH�LPSXULWLHV��

$FFRUGLQJ� WR� <RRQ� DQG� 6KL� �������� FRQYHQWLRQDO� WHFKQLTXHV�� VXFK� DV� XOWUD�FHQWULIXJDWLRQ� DQG� KLJK�
JUDGLHQW�PDJQHWLF�VHSDUDWLRQ��DUH�QRW�HIILFLHQW�IRU�WKH�UHPRYDO�RI�LPSXULWLHV�KDYLQJ�YHU\�VPDOO�VL]HV��

&DUULHU�IORWDWLRQ��RQ�WKH�RWKHU�KDQG��ZKLFK�LV�XVHG�IRU�WKRVH�FDVHV��DOVR�SUHVHQWV�OLPLWDWLRQV�ZLWK�UHVSHFW�
WR�PDWHULDO�VL]H�GXH�WR�XQVSHFLILF� LQWHUDFWLRQV�XQGHUJRQH�E\�WKH�UHDJHQWV�XVHG�DV�FROOHFWRU�DJHQWV� �:DQJ�
DQG�6RPDVXQGDUDQ���������5HFHQW�UHVHDUFKHV�FDUULHG�RXW�XVLQJ�DON\O�K\GUR[DPDWHV�DV�FROOHFWRUV�SUHVHQWHG�
SURPLVLQJ�UHVXOWV��<RRQ�HW�DO�� �������

,Q�WKH�ODVW�\HDUV��VHOHFWLYH�IORFFXODWLRQ�KDV�DSSHDUHG�DV�WKH�PRVW�SURPLVLQJ�WHFKQLTXH�IRU�WUHDWLQJ�WKHVH�
W\SH� RI� PLQHUDOV�� SDUWLFXODUO\� WKRVH� ZKLFK� DSSHDU� WR� EH� WRR� ILQH� WR� UHVSRQG� WR� FRQYHQWLRQDO� SURFHVVHV��
5HFHQW�WHFKQRORJLFDO�DGYDQFHV��LQ�WHUPV�RI�SRO\PHU�QDWXUH��FKDUJH�GHQVLW\��PROHFXODU�ZHLJKW�DQG�VWUXFWXUH��
KDYH�VKRZQ�WR�SURGXFH�HIILFLHQW�VHSDUDWLRQV�DPRQJ� ILQH�PLQHUDOV� �0DUWKXU�HW�DO�� �������7KH� IORFFXODWLRQ�
WHFKQLTXH� LV� DQ� DJJUHJDWLRQ� SURFHVV� ZKLFK� JDWKHU� VHYHUDO� SDUWLFOHV� WKURXJK� SRO\PHUV� EULGJLQJ�� %ULGJLQJ�
RFFXUV�ZKHQ�KLJK�PROHFXODU�ZHLJKW�SRO\PHUV�DGVRUE�VLPXOWDQHRXVO\�RQWR�WZR�RU�PRUH�SDUWLFOHV��OHDGLQJ�WR�
SK\VLFDO� FURVV�OLQNDJHV� EHWZHHQ� WKHP�� 7KH� OLQNV�PD\� EH� HVWDEOLVKHG� E\� K\GURJHQ� ERQGLQJ�� K\GURSKRELF�
LQWHUDFWLRQV�DQG�RU�FKHPLFDO�ERQGLQJ�IRUFHV��2UXPZHQVH��������6KDQLQJ�DQG�$WWLD���������
�


 &RUUHVSRQGLQJ�DXWKRU��(�PDLO��VDPSDLR#FW�XIUJV�EU�
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7KH�6HOHFWLYH� IORFFXODWLRQ� WHFKQLTXH� LV�EDVHG�RQ�GLIIHUHQFHV�DPRQJ�VXUIDFH�SURSHUWLHV�RI� WZR�RU�PRUH�
FRPSRQHQWV� RI� D� VXVSHQVLRQ�� 7KRVH� GLIIHUHQFHV� DUH� UHVSRQVLEOH� IRU� WKH� GLVWLQFW� LQWHUDFWLRQV� GHJUHHV�
REVHUYHG�EHWZHHQ�PLQHUDOV�DQG�SRO\PHUV��0LQHUDO�SDUWLFOHV�ZKLFK�SUHVHQW�PRUH�DIILQLW\�IRU�WKH�IORFFXODQW�
DJJUHJDWH�HDVLO\�IRUPLQJ�WKH�VR�FDOOHG�IORFNV��7KH�GHQVLW\�RI�WKH�IORFNV�EHFRPHV�KLJKHU�WKDQ�WKDW�RI�ZDWHU�
DQG�KHQFH�WKH\�VHWWOH�GRZQ���

7KH�SURFHVV�FDQ�EH�GLYLGHG� LQ� ILYH� VWHSV� �)LJXUH��������0LQHUDO�GLVSHUVLRQ� LQ�ZDWHU�����$GGLWLRQ�RI� WKH�
SRO\PHU�LQWR�WKH�SXOS�����6HOHFWLYH�DGVRUSWLRQ�SRO\PHU�PLQHUDO�����)RUPDWLRQ�DQG�JURZLQJ�RI�WKH�IORFNV��DQG�
���6HSDUDWLRQ�IORFNV�VXVSHQVLRQ��6RPDVXQGDUDQ��������<DUDU�DQG�.LWFKHQHU��������$WWLD��������0DUWKXU�HW�
DO�� �������
�

)LJXUH����6FKHPDWLF�YLHZ�RI�WKH�VHOHFWLYH�IORFFXODWLRQ�
�

6HOHFWLYH� IORFFXODWLRQ� KDV� EHHQ� VWXGLHG� IRU�PRUH� WKDQ� ��� \HDUV� IRU� SXULILFDWLRQ� RI� WKH�*HRUJLD� NDROLQ�
�86$��DV�DQ�DOWHUQDWLYH�PHWKRG�WR�UHPRYH�DQDWDVH��D�WLWDQLXP�LPSXULW\�ZKLFK�LV�UHIUDFWRU\�WR�IORWDWLRQ��9HU\�
JRRG�UHVXOWV�ZHUH�REWDLQHG�LQ�ODERUDWRU\�WHVWV�DW�EHQFK�VFDOH��<RRQ�DQG�6KL���������

5HFHQWO\��VHOHFWLYH�IORFFXODWLRQ�KDV�EHHQ�LQYHVWLJDWHG�DOVR�RQ�WKH�$PD]RQLDQ�NDROLQ��IURP�WKH�QRUWK�SDUW�
RI�%UD]LO��WR�UHPRYH�DQDWDVH�LPSXULW\��7L2�� �/DUUR\G�HW�DO�� �������

7KLV�SDSHU�SUHVHQWV�D�VWXG\�RI�WKH�HIIHFW�RI�D�SRO\DFU\ODPLGH�SRO\PHU�FRQFHQWUDWLRQ��LWV�FKDUJH�GHQVLW\��
S+�DQG�GLVSHUVDQW�FRQFHQWUDWLRQ�RQ�SXULILFDWLRQ�RI�NDROLQ��7KH�HIILFLHQF\�RI�WKH�PHWKRG�ZDV�HYDOXDWHG�E\�
PHDVXULQJ� WKH� GHJUHH� DQDWDVH� UHPRYDO� �7L2� FRQWHQW���$GGLWLRQDOO\��PLFURVFRSLF� VWXGLHV� RI� WKH� OLEHUDWLRQ�
GHJUHH� RI� NDROLQLWH�DQDWDVH�ZHUH� DOVR� FDUULHG�RXW� WR� HYDOXDWH� VHSDUDWLRQ� IHDVLELOLW\�� )LQDOO\� VHGLPHQWDWLRQ�
YHORFLWLHV�RI�WKH�IORFNV�ZHUH�GHWHUPLQHG�DLPLQJ�DW�LQGXVWULDO�DSSOLFDWLRQV��
�

���0$7(5,$/6�$1'�0(7+2'6�
�

.DROLQ� VDPSOHV� XVHG� LQ� WKLV� ZRUN� FDPH� IURP� WKH� QRUWK� RI� %UD]LO�� 7KH� VDPSOHV� ZHUH� VXEPLWWHG� WR�
GLVSHUVLRQ��UHPRYDO�RI�FRDUVH�PDWHULDO��E\�VHWWOLQJ�DQG�FHQWULIXJDWLRQ�DQG��PDJQHWLF�VHSDUDWLRQ��LQ�RUGHU�WR�
JHW� D� KRPRJHQRXV� SURGXFW� LQ� WHUPV� RI� FRPSRVLWLRQ� DQG� VL]H� GLVWULEXWLRQ�� $� SXOS� KDYLQJ� ���� VROLG�ZDV�
SUHSDUHG�DW�D�FRQWUROOHG�S+�DQG�GLVSHUVDQW�GRVDJHV���

7KH�IORFFXODQW�VROXWLRQ�ZDV�SUHSDUHG�E\�GLVVROYLQJ�WKH�UHDJHQW�LQ�GLVWLOOHG�DQG�GHLRQL]HG�ZDWHU�WR�PDNH�
D ������ VWRFN�� $OLTXRWV� RI� WKLV� ZHUH� DGGHG� GLUHFWO\� WR� NDROLQ� SXOS� XQGHU� DJLWDWLRQ� ����USP�� DQG� OHIW�
FRQGLWLRQLQJ�IRU���PLQ��$IWHU�FHDVLQJ�WKH�DJLWDWLRQ��WKH�FRORUHG�IORFNV�IRUPHG�ZHUH�UHPRYHG�IURP�WKH�SXOS�
E\�VHGLPHQWDWLRQ��LW�WRRN�DERXW���PLQ���7KH�SURGXFWV��NDROLQ�SXOS�DQG�LPSXULW\�IORFNV��ZHUH�DQDO\]HG�E\�[�
UD\�IOXRUHVFHQFH�IRU�7L2� FRQWHQW��

7ZR�GLIIHUHQW�DQLRQLF�SRO\DFU\ODPLGH�SRO\PHUV��SDUWLDOO\�K\GURO\]HG��ZHUH�WHVWHG��6XSHUIORF� $�����DQG�
6XSHUIORF� $������ 7KH� FKDUJH� GHQVLWLHV� ZHUH� ���� DQG� ����� UHVSHFWLYHO\�� 'HVSLWH� WKH� KLJK� PROHFXODU�
ZHLJKW� �PRUH� WKDQ� ���[���J�PRO�� SRO\DFU\ODPLGH� SRO\PHUV� SUHVHQW� KLJK� VROXELOLW\� LQ� ZDWHU�� 7KHVH�
IORFFXODQWV��ZKLFK�ZHUH�FR�SRO\PHUV�LQGHHG��ZHUH�FRQVWLWXWHG�E\�DOWHUQDWH�DPLGR�DQG�FDUER[\OLF�JURXSV�LQ�
PDFURPROHFXODU�VWUXFWXUHV��)LJXUH������
� �$FU\ODWH���1D� �$FU\ODPLGH�

)LJXUH����6FKHPDWLF�FRQILJXUDWLRQ�RI�D�K\GURO\]DEOH�SRO\DFU\ODPLGH��*DU\�HW�DO�� ������
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3RO\DFU\ODPLGH�SRO\PHUV�DUH� VROXEOH� LQ�ZDWHU�DQG�DSSHDU� WR�KDYH�DQLRQLF�QDWXUH�GXH� WR� LRQL]DWLRQ�RI�
FDUER[\OLF� JURXSV� �5�&221D��DW�S+�YDOXHV�DERYH������ 7KH� LRQLF� FKDUJH� �����RU������ LV� FDOFXODWHG�DV�D�
SHUFHQWDJH�RI�PRQRPHU�XQLWV�WKDW�DUH�K\GURO\]HG��7KH�GLIIHUHQW�QHJDWLYH�FKDUJH�GHQVLWLHV�FDQ�EH�H[SODLQHG�
E\� WKH� IROORZLQJ� HTXLOLEULXP� K\GURO\VLV� RFFXUULQJ� DW� VHYHUDO� SDUWV� RI� WKH� PROHFXOHV� ZKHUH� WKH� r5�&22�

JURXSV�DSSHDU��

5�&22+�� 5�&22� � +� ����

1D2+� VROXWLRQV� ZHUH� XVHG� DV� S+� PRGLILHU� DQG� VRGLXP� KH[DPHWDSKRVSKDWH� VROXWLRQV� DV� NDROLQ�
GLVSHUVLQJ�DJHQW��

$ -(2/� EUDQG� �-(0� ������ VFDQQLQJ� HOHFWURQLF� PLFURVFRSH� �6(0��� HTXLSSHG� ZLWK� HQHUJ\� GLVSHUVLYH�
VSHFWURVFRS\� �('6��ZDV� XVHG� IRU� WKH� LQYHVWLJDWLRQ� RI� NDROLQ�DQDWDVH� OLEHUDWLRQ� GHJUHH� DQG� IRU� DQDO\]LQJ�
PRUSKRORJLFDO�VWUXFWXUHV��

7KH� UDWH� RI� VHGLPHQWDWLRQ� DQG� IORFNV� FRPSDFWLQJ� ZHUH� VWXGLHG� ZLWK� WKH� XVH� RI� D� 7XUELVFDQ�� 7KH�
PHDVXUHV�ZHUH�WDNHQ�HYHU\�PLQXWH�GXULQJ���PLQ�����PHDVXUHV���
�

���5(68/76�$1'�',6&866,21�
�
7KH� ���� NDROLQ� SXOS� SUHSDUHG� IRU� WKLV� VWXG\� SUHVHQWHG� D� YDULDEOH� YLVFRVLW\� DV� D� IXQFWLRQ� RI�

KH[DPHWDSKRVSKDWH� FRQFHQWUDWLRQ�� )LJXUH� �� VKRZV� WKH� UKHRORJLFDO� EHKDYLRU� RI� NDROLQLWH� VXVSHQVLRQV� DW�
GLIIHUHQW� GLVSHUVLQJ� DJHQW� FRQFHQWUDWLRQV�� &RPSDULQJ� WKH� VORSHV� RI� WKH� VWUHVV� FXUYHV� DV� D� IXQFWLRQ� RI�
JUDGLHQWV� LW�FDQ�EH�REVHUYHG�WKDW�YLVFRVLW\�GHFUHDVHV�DV�WKH�FRQFHQWUDWLRQ�RI�VRGLXP�KH[DPHWDSKRVSKDWH�
LQFUHDVHV��XS�WR�D�FRQFHQWUDWLRQ�DURXQG����NJ�W�DW�ZKLFK�YLVFRVLW\�OHYHOV�RII��7KH�LGHDO�NDROLQ�GLVSHUVLRQ�LV�
WKH�RQH�ZKLFK�KDV�D�PD[LPXP�IOXLGLW\��WKH�ORZHVW�YLVFRVLW\���+HQFH��WKH�IORFFXODWLRQ�VWXG\�ZDV�FDUULHG�RXW�
DW�WKH�ORZHVW�YLVFRVLW\�REVHUYHG��
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�
)LJXUH����5KHRORJLFDO�EHKDYLRU�RI�WKH�NDROLQ�SXOS�DW�GLIIHUHQW�GLVSHUVDQW�FRQFHQWUDWLRQ�

�
)LJXUHV���DQG���SUHVHQW�WKH�HIIHFW�RI�FKDUJH�GHQVLW\�RI�SRO\PHUV�RQ�WKH�JUDGH�RI�7L2� DQG�WKH�UHFRYHU\�

RI� NDROLQ�� UHVSHFWLYHO\�� )URP� WKHVH� ILJXUHV�� LW� FDQ� EH� VHHQ� WKDW� WKH� SRO\PHU� 6)$������ ZKLFK� KDV� KLJKHU�
DQLRQLF� FKDUJH�GHQVLW\� ������� GLG� QRW� UHGXFH� VLJQLILFDQWO\� WKH� 7L2� FRQWHQW� RI� WKH� NDROLQ�SXOS�� LQ� WKH�S+�
UDQJH� VWXGLHG�� 2Q� WKH� FRQWUDU\�� WKH� ORZ� FKDUJH� GHQVLW\� SRO\PHU� ������� LQ� DONDOLQH� PHGLXP�� DSSHDUV�
HQFRXUDJLQJ��7KH�JUDGH�RI�WKH�7L2� IHOO�IURP��������LQ�WKH�RULJLQDO�NDROLQ�VDPSOH��WR��������LQ�WKH�WUHDWHG�
VDPSOH��DW�D�S+�YDOXH�DURXQG�����)LJXUH�����8QIRUWXQDWHO\��WKH�UHFRYHU\�RI�NDROLQ�DOVR�GHFUHDVHV�DV�WKH�S+�RI�
WKH�PHGLXP�LQFUHDVHV��)LJXUH�����
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�
)LJXUH����7L2� JUDGH�YV�S+�DW�GLIIHUHQW�SRO\PHU�FKDUJH�GHQVLWLHV�
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6)$������
6)$������

�
)LJXUH����5HFRYHU\�RI�NDROLQ�YV�S+�DW�GLIIHUHQW�SRO\PHU�FKDUJH�GHQVLWLHV�

�
,Q�RUGHU�WR�LPSURYH�WKH�HIILFLHQF\�RI�VHSDUDWLRQ��D�VHULHV�RI�WHVWV�ZHUH�FDUULHG�RXW�DW�KLJKHU�FRQFHQWUDWLRQ�

RI�KH[DPHWKDSKRSKDWH����DQG��NJ�W�RYHU�WKH�RSWLPDO�FRQFHQWUDWLRQ�r����NJ�W���DW�D�S+�YDOXH�DURXQG�����,Q�
)LJXUHV��� DQG��� UHFRYHU\�DQG�JUDGH�DUH�SORWWHG�� UHVSHFWLYHO\�� DV� D� IXQFWLRQ�RI�SRO\PHU� FRQFHQWUDWLRQ� IRU�
GLIIHUHQW� KH[DPHWDSKRVSKDWH� �+0)�� GRVDJHV�� ,W� FDQ� EH� VHHQ� WKDW�� LQFUHDVLQJ� FRQFHQWUDWLRQ� RI� IORFFXODQW�
GHFUHDVHV� NDROLQ� UHFRYHU\� �)LJXUH� ����2Q� WKH� RWKHU� KDQG�� LQFUHDVLQJ� WKH�+0)� FRQFHQWUDWLRQ� WKH� UHFRYHU\�
LQFUHDVHV��+RZHYHU��WKH�7L2� JUDGHV�GHFUHDVH�ZKHQ�LQFUHDVLQJ�ERWK��WKH�FRQFHQWUDWLRQ�RI�SRO\PHU�DQG�WKDW�
RI�WKH�GLVSHUVDQW��)LJXUH�����
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�
)LJXUH����.DROLQ�PDVV�UHFRYHU\�DQG�SRO\PHU�FRQFHQWUDWLRQ�IRU�GLIIHUHQW�LRQLF�DPELHQWV�

�

���
���
���
���
���
���
���
�

���
���

�� �� �� �� �� ��� ��� ��� ��� ���
3RO\PHU��SSP�

7
L2

�
FR

Q
WH
Q
W�
��

�

+0)����NJ�WRQ
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�
)LJXUH����7L2� FRQWHQW�DQG�SRO\PHU�FRQFHQWUDWLRQ�IRU�GLIIHUHQW�LRQLF�DPELHQWV�

�
,Q�RUGHU� WR�VKHG�PRUH� OLJKW� WR� WKH�GDWD�VKRZQ� LQ�)LJXUHV���DQG���� WKH�VDPH�GDWD�ZHUH�SORWWHG� LQ�

)LJXUH� �� RQ� D� UHFRYHU\�JUDGH� JUDSK�� )URP� WKLV� SORW�� LW� FDQ� EH� FOHDUO\� VHHQ� WKDW� VHOHFWLYLW\� LQFUHDVHV� DV�
FRQFHQWUDWLRQ�RI�+0)�LQFUHDVHV��DV�FDQ�EH�FRQFOXGHG�E\�REVHUYLQJ�WKH�VKLIWLQJ�RI�WKH�FXUYHV�WRZDUG�ORZHU�
7L2� GHJUHHV� ZKHQ� +0)� FRQFHQWUDWLRQV� LQFUHDVHV�� 2Q� WKH� RWKHU� KDQG�� WKH� UHFRYHU\� GHFUHDVHV� DV� WKH�
FRQFHQWUDWLRQ�RI�WKH�SRO\PHU�LQFUHDVHV�IRU�DOO�WHVWHV��+RZHYHU��WKH�UHFRYHU\�LV�OHVV�DIIHFWHG�DW�KLJKHU�+0)�
FRQFHQWUDWLRQV�� DV� FDQ� EH� VHHQ� E\� FRPSDULQJ� SRLQWV� KDYLQJ� VLPLODU� SRO\PHU� FRQFHQWUDWLRQV� RQ� GLIIHUHQW�
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)LJXUH����5HFRYHU\�JUDGH�FXUYHV�IRU�7L2� IORFFXODWLRQ�IURP�NDROLQ�

�
$ VHGLPHQWDWLRQ� VWXG\� ZDV� FDUULHG� RXW� DW� GLIIHUHQW� KH[DPHWDSKRVSKDWH� FRQFHQWUDWLRQV� DW� FRQVWDQW�

SRO\PHU�GRVDJH����SSP��DQG�D�S+�YDOXH�DURXQG����� ,Q�)LJXUH���WKH�KHLJKW�RI� WKH� OD\HU�RI� IORFV�VHWWOHG� LV�
SORWWHG� DV� D� IXQFWLRQ� RI� WLPH�� ,W� FDQ� EH� VHHQ� IURP� WKH� JUDSK� WKDW� WKH� KHLJKW� LQFUHDVHV� IDVWHU� DV� WKH�
FRQFHQWUDWLRQ�RI�+0)�LQFUHDVHV��7KH�KLJKHVW�VHWWOLQJ�UDWH� �KHLJKW�WLPH��ZDV�REVHUYHG�IRU�WKH�KLJKHVW�+0)�
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)LJXUH����9DULDWLRQ�RI�WKH�KHLJKW�RI�WKH�VROLG�VHWWOHG�DV�D�IXQFWLRQ�RI�WLPH�

�
,PDJHV� RI� WKH� IORFFXODWHG� PDWHULDO� �)LJXUH� ����� WDNHQ� ZLWK� 6(0�('6�� UHYHDOHG� D� FRPSOHWH� OLEHUDWLRQ�
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,W� ZDV� VKRZQ� KHUH� WKDW� LW� LV� SRVVLEOH� WR� FDUU\� RXW� NDROLQLWH� SXULILFDWLRQ� E\� VHOHFWLYH� IORFFXODWLRQ�� 7KH�
IORFFXODWLQJ�SRO\PHUV�PXVW�KDYH�D�KLJK�PROHFXODU�ZHLJKW�DQG�D�ORZ�FKDUJH�GHQVLW\��

,Q� RUGHU� WR� LPSURYH� WKH� HIILFLHQF\� RI� WKH� PHWKRG�� LW� LV� QHFHVVDU\� WR� LQFUHDVH� WKH� VWDELOLW\� RI� WKH�
VXVSHQVLRQ�� 7KLV� ZDV� FDUULHG� RXW� E\� DGGLQJ� KH[DPHWDSKRVSKDWH� WR� WKH� SXOS�� 7KLV� UHDJHQW� DGVRUEV� RQWR�
NDROLQ� SDUWLFOHV� LQFUHDVLQJ� WKHLU� FKDUJH� GHQVLWLHV� DQG� SURYRNLQJ� VWURQJHU� HQHUJ\� RI� UHSXOVLRQ� DPRQJ�
SDUWLFOHV�DQG�KHQFH�VWDELOL]LQJ�WKH�VXVSHQVLRQ��

7KH�DGGLWLRQ�RI�+0)�DGGLWLRQDOO\�LPSURYHV�WKH�UDWH�RI�VHGLPHQWDWLRQ�RI�WKH�IORFFXODWHG�PDWHULDO��DV�VHHQ�
LQ�)LJXUH����7KH�LQFUHDVH�LQ�WKH�VHWWOLQJ�UDWH�RI�WKH�IORFV��PD\�EH�GXH�WR�D�FRPELQHG�HIIHFW��QDPHO\��LQFUHDVH�
LQ� WKH�GHQVLW\�RI� WKH� IRUPHG� IORFV�DQG�RU�YLVFRVLW\�GHFUHDVH�RI� WKH�SXOS��7KH�YLVFRVLW\�RI� WKH�NDROLQ�SXOS�
GHFUHDVHV� DV� WKH� FRQFHQWUDWLRQ� RI�+0)� LQFUHDVHV�� DV� LW� LV� VHHQ� LQ� )LJXUH���� 7KLV� HIIHFW�� WKRXJK�� UHDFKHV� D�
PD[LPXP�DW�D�GRVDJH�RI����NJ�WRQ�RI�+0)��%H\RQG� WKDW�FRQFHQWUDWLRQ�� WKH�YLVFRVLW\�GRHV�QRW�DSSHDU� WR�
KDYH�D�IXUWKHU�GHFUHDVH��DV�LW�LV�SUHVHQWHG�RQ�)LJXUH�����+RZHYHU��WKH�SUHVHQFH�RI�WKH�SRO\PHU�LQ�WKH�V\VWHP�
DSSHDUV�WR�KDYH�D�VRUW�RI�V\QHUJLVWLF�HIIHFW�ZLWK�WKH�+0)�RQ�WKH�UKHRORJLFDO�SURSHUWLHV�RI�WKH�SXOS�EHFDXVH�
WKH�VHWWOLQJ�UDWH�GRHV�QRW�VKRZ�VXFK�D�+0)�FRQFHQWUDWLRQ�OLPLWLQJ�YDOXH�REVHUYHG�RQ�)LJXUH����

,W� LV� VXVSHFWHG� WKDW� WKH� VHOHFWLYLW\� RI� WKH� SURFHVV� LV� DFFRPSOLVKHG� WKURXJK� 9DQ� GHU� :DDOV� IRUFHV� RU�
K\GURJHQ� ERQGLQJ� EHWZHHQ� WKH� SRO\PHU� DQG� PLQHUDOV� EHFDXVH�� DW� S+� YDOXHV� DURXQG� ���� ERWK� PLQHUDOV�
�NDROLQ� DQG� UXWLOH�� DSSHDU� KDYLQJ� QHJDWLYH� VXUIDFH� FKDUJH�� DV� FDQ� EH� FRQFOXGHG� E\� WKHLU� ]HUR� SRLQW� RI�
FKDUJHV� RI� ���� DQG� ���� UHVSHFWLYHO\�� 6XFK� W\SH� RI� LQWHUDFWLRQ� FDQ� DFFRXQW� IRU� WKH� IORFFXODWLRQ� EHKDYLRU�
REVHUYHG�RQ�)LJXUHV���DQG����,W�LV�VHHQ�IURP�WKRVH�ILJXUHV�WKDW�WKHUH�H[LVW�D�SUHIHUHQWLDO�IORFFXODWLRQ�RI�WKH�
WLWDQLIHURXV� VSHFLHV�� ,Q� DGGLWLRQ�� WKH� SUHVHQFH� RI� +0)� LQ� WKH� V\VWHP� UHLQIRUFH� WKH� QHJDWLYH� HOHFWURVWDWLF�
HIIHFW��

7KH�EHVW�FRQGLWLRQV�IRXQG�WR�HOLPLQDWH�PRVW�RI�WKH�WLWDQLIHURXV�LPSXULWLHV�IURP�NDROLQ�PLQHUDO�ZDV�DW�S+�
YDOXH�DURXQG��������NJ�WRQ�+0)�DQG����WR���SSP�RI�DQLRQLF�SRO\PHU�6)$������+HQFH��NDROLQ�SXULILFDWLRQ�
UHVXOWV�IHDVLEOH�WKRXJK�VDFULILFLQJ�VRPH�UHFRYHU\��8QGHU�WKRVH�FRQGLWLRQV��WKH�7L2� FRQWHQW�ZDV�GHFUHDVHG�
IURP��������LQ�WKH�RULJLQDO�VDPSOH��WR�OHVV�WKDQ������DIWHU�IORFFXODWLRQ��7KH�UHFRYHU\�UHDFKHG�ZDV�DURXQG�
�����

2QH�RI�WKH�LPSRUWDQW�FRQGLWLRQV�WR�EH�IXOILOOHG�LV�WKH�FRPSOHWH�OLEHUDWLRQ�RI�WKH�UXWLOH�VSHFLHV�IURP�NDROLQ��
7KLV�ZDV�REVHUYHG�WR�EH�WUXH�LQ�WKH�VDPSOHV�VWXGLHG�DV�LW�LV�VHHQ�LQ�WKH�SLFWXUH�VKRZQ�LQ�)LJXUH�����

7KH�UHVXOWV�JLYHQ�KHUH��DUH�IHDVLEOH�WR�EH�DSSOLHG�LQ�SODQW�SUDFWLFH�EHFDXVH�WKH�VHWWOLQJ�UDWHV�RI�WKH�IORFNV�
DUH�YHU\�UHDVRQDEOH���
�
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�
$WWLD�� <�$��� 'HVLJQ� RI� VHOHFWLYH� SRO\PHUV� IRU� ELRORJLFDO� DQG� FROORLG� VHSDUDWLRQ� E\� VHOHFWLYH� IORFFXODWLRQ��

)ORFFXODWLRQ� LQ� %LRWHFKQRORJ\� DQG� 6HSDUDWLRQ� 6\VWHPV�� HG�� <�$��$WWLD�� (OVHYLHU��1HWKHUODQGV�� ������ SS��
���������

*DU\��-���*UDYHOLQJ��.���5DJQDUVGRWWLU��9���$OOHQ��*�&���(DVWPDQ��-���%UDG��3�9���%DOVOH\��6�'���6NXVH��'�5���&RQWUROV�RQ�
SRO\DFU\ODPLGH�DGVRUSWLRQ�WR�TXDUW]��NDROLQLWH��DQG�IHOGVSDU��$FWD�*HRFKLPLFD�HW�&RVPRFKLPLFD��������
��� �����������

/DUUR\G��)���3HWWHU��&�2���6DPSDLR��&�+���3XULILFDWLRQ�RI�QRUWK�%UD]LOLDQ�NDROLQ�E\�VHOHFWLYH�IORFFXODWLRQ��0LQHUDOV�
(QJLQHHULQJ����������� �����������

/HH��/�7���5DKEDUL��5���/HFRXUWLHU�� -���&KDXYHWHDX��*���$GVRUSWLRQ�RI�SRO\DFU\ODPLGHV�RQ�WKH�GLIIHUHQW�IDFHV�RI�
NDROLQLWHV��-��&ROORLG��,QW��6FL������������� ���������

0DWKXU��6���6LQJK��3���0RXGJLO��%�0���$GYDQFHV�LQ�VHOHFWLYH�IORFFXODWLRQ�WHFKQRORJ\�IRU�VROLG�VROLG�VHSDUDWLRQV��
,QW��-��0LQHU��3URFHVV������������ ����������

2UXPZHQVH�� 2�)�)��� 'LVSHUVLRQ� IORFFXODWLRQ� VWXGLHV� RQ� D� JRHWKLWH�FOD\� V\VWHP�� -�� &KHP�� 7HFK�� %LRWHFKQRO���
��������� ���������

6KDQLQJ�� <�� DQG� $WWLD�� <�$��� )ORFFXODWLRQ� LQ� ELRWHFKQRORJ\� DQG� VHSDUDWLRQ� V\VWHPV�� )ORFFXODWLRQ� LQ�
%LRWHFKQRORJ\�DQG�6HSDUDWLRQ�6\VWHPV��HG��<�$��$WWLD��(OVHYLHU��1HWKHUODQGV�����������������

6RPDVXQGDUDQ��3���6HOHFWLYH�IORFFXODWLRQ�IORWDWLRQ�RI�VOLPHV�IURP�V\OYLQLWH�RUHV��)LQH�3DUWLFOHV�3URFHVVLQJ��HG��
3��6RPDVXQGDUDQ��60(�$,0(��1�<����������� ���������

:DQJ�� <�+�&�� DQG� 6RPDVXQGDUDQ�� 3��� $� VWXG\� RI� FDUULHU� IORWDWLRQ� RI� FOD\�� )LQH� 3DUWLFOHV� 3URFHVVLQJ�� HG�� 3��
6RPDVXQGDUDQ��60(�$,0(��1�<����������� �����������

<DUDU�� %�� DQG� .LWFKHQHU�� -�$��� 6HOHFWLYH� IORFFXODWLRQ� RI� PLQHUDOV� ��� %DVLF� SULQFLSOH�� ��� ([SHULPHQWDO�
LQYHVWLJDWLRQV�RI�TXDUW]��FDOFLWH�DQG�JDOHQD��7UDQV��,QVW��0LQ��0HWDOO������������ &���&����

<RRQ��5�+��DQG�6KL��-���3URFHVVLQJ�RI�NDROLQ�FOD\��$GYDQFHV�LQ�0LQHUDO�3URFHVVLQJ��3URFHHGLQJV�RI�WKH�$UELWHU�
6\PSRVLXP��HG��3��6RPDVXQGDUDQ��������$,0(��1HZ�<RUN��

<RRQ�� 5�1��� 1DJDUD�� '��� :DQJ�� 6�6��� +LGHUEUDQG�� 7�0��� %HQHILFLDWLRQ� RI� NDROLQ� FOD\� E\� IURWK� IORWDWLRQ� XVLQJ�
KLGUR[DPDWH�FROOHFWRUV��0LQHUDOV�(QJLQHHULQJ�������������������������


