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$EVWUDFW�
*HODWLQ�SUHWUHDWHG� JUDSKLWH� SDUWLFOHV� ZHUH� XVHG� WR� SUHSDUH� DQRGHV� IRU� XVH� LQ� OLWKLXP� LRQ�

UHFKDUJHDEOH� EDWWHULHV��7KH� DPRXQW� RI� DGVRUEHG�JHODWLQ� DW� YDULRXV� FRQGLWLRQV� LV� HVWLPDWHG�

XVLQJ� JUDYLPHWU\� DQG� WKHUPRJUDYLPHWU\�� (OHFWURFKHPLFDO� SURSHUWLHV�� VXFK� DV� LUUHYHUVLEOH�

ORVV�RI�FKDUJH��UHYHUVLEOH�FDSDFLW\�DQG�HIILFLHQF\�RI�JHODWLQ�SUHWUHDWHG�JUDSKLWH�DQRGHV�DUH�

FRPSDUHG� WR� WKH� SURSHUWLHV� RI� FRQYHQWLRQDO� JUDSKLWLF� DQRGHV� SUHSDUHG� XVLQJ� SRO\PHULF�

ELQGHUV��$�PRGHO�H[SODLQLQJ�WKH�GLIIHUHQW�EHKDYLRXU�LV�SUHVHQWHG��$W�WKH�HQG��D�SUHOLPLQDU\�

WHVWLQJ�RI�D�IXOO�OLWKLXP�LRQ�EDWWHU\�SUHSDUHG�ZLWKRXW�XVH�RI�FRQYHQWLRQDO�ELQGHUV�LV�VKRZQ��

�

�

,QWURGXFWLRQ�

$OWKRXJK�JHODWLQ�KDV�EHHQ�NQRZQ�DQG�XVHG�IRU�KXQGUHGV�RI�\HDUV�� LWV�DSSOLFDWLRQ�

KDV� LPSRUWDQWO\� LQFUHDVHG� RQO\� LQ� UHFHQW� GHFDGHV��7RGD\�� LW� LV� H[WHQVLYHO\� XVHG� LQ� WKH�

IRRG��SKRWRJUDSKLF��DQG�SKDUPDFHXWLFDO� LQGXVWULHV�
�
�*HODWLQ� LV�SURGXFHG�E\� WKH�DFLG�RU�

DONDOL�GHQDWXUDWLRQ�RI�FROODJHQ��2ULJLQDOO\��FROODJHQ�KDV�D�IRUP�RI�WULSOH�KHOL[��FRQVLVWLQJ�

RI� WKUHH� DVVRFLDWHG� OHIW�KDQGHG� KHOLFHV�
�
� ,Q�ZDWHU� VROXWLRQ�� JHODWLQ� FDQ� IRUP� VWUXFWXUHV�

VXFK� DV� UDQGRP� FRLOV� RU� UDQGRP� FRLOV� ZLWK� FROODJHQ�IROGHG� VWUXFWXUH�� 7KH� VWUXFWXUH�

GHSHQGV�PDLQO\�RQ�WKH�DPLQR�DFLG�FRPSRVLWLRQ��WKH�FRQFHQWUDWLRQ�RI�WKH�JHODWLQ�VROXWLRQ�

DQG�RQ�WHPSHUDWXUH�DQG�S+�RI�WKH�VROXWLRQ�
���
�*HODWLQ�LV�DQ�DPSKRWHULF�SRO\HOHFWURO\WH��

ZKLFK� FRQWDLQV�ERWK� DFLGLF� DQG�EDVLF� DPLQR�JURXSV�� ,Q� VROXWLRQ�� WKHVH�JURXSV�EHFRPH�

QHJDWLYHO\� RU� SRVLWLYHO\� FKDUJHG�� 6RPHWLPHV� JHODWLQ� LV� XVHG� DV� VWDELOL]HU� LQ� ERWK�

FROORLGDO�GLVSHUVLRQV�DQG�HPXOVLRQV��

'XH� WR� LWV� VWUXFWXUH�DQG�FRPSRVLWLRQ��JHODWLQ�KDV�D�VWURQJ� WHQGHQF\� WR�DGVRUE�RQ�

YDULRXV� NLQGV� RI� VXUIDFHV�� 2QH� RI� WKH� LPSRUWDQW� SDUDPHWHUV�� ZKLFK� KDYH� D� GLUHFW�

LQIOXHQFH� RQ� DGVRUSWLRQ� PHFKDQLVP�� LV� LWV� VKDSH�� $W� JLYHQ� WHPSHUDWXUH� DQG�
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FRQFHQWUDWLRQ��WKH�VKDSH�LV�PDLQO\�GHWHUPLQHG�E\�WKH�S+�YDOXH�RI�JHODWLQ�VROXWLRQ�GXULQJ�

DGVRUSWLRQ��)RU�H[DPSOH��,VUDHODFKYLOL�HW�DO��>UHI�����VHH�)LJ����WKHUHLQ@�KDYH�VKRZQ�WKDW�

QHDU� LVRHOHFWULF� SRLQW� �,(3��� JHODWLQ� LV� QRW� H[SDQGHG� GXH� WR� WKH� HOHFWURVWDWLF� DWWUDFWLRQ�

EHWZHHQ� WKH� SRVLWLYHO\� DQG� QHJDWLYHO\� FKDUJHG� JURXSV� RI� DGMDFHQW� VHJPHQWV�� 7KH�

VLWXDWLRQ�LV�RSSRVLWH�DW�S+�YDOXHV�PXFK�KLJKHU�RU�ORZHU�WKDQ�,(3��%DVHG�RQ�WKLV�PRGHO��

RQH�PLJKW� VSHFXODWH� WKDW� QHDU� ,(3� D� ODUJHU� DPRXQW� RI� JHODWLQ�ZLOO� EH� DGVRUEHG�RQ� WKH�

VXEVWUDWH� �RU� SDUWLFOH�� VXUIDFH� WKDQ� DW� RWKHU� S+� YDOXHV�� )RU� WKLV� UHDVRQ�� S+� RI� JHODWLQ�

VROXWLRQ� KDV� EHHQ� RQH� RI� WKH� PRVW� LPSRUWDQW� SDUDPHWHUV� WR� FRQWURO� WKH� SURSHUWLHV� RI�

JHODWLQ�SUHWUHDWHG�EDWWHU\�PDWHULDOV��

2ULJLQDOO\�� WKH� LGHD� WR� XVH� JHODWLQ� LQ� SUHSDUDWLRQ� RI� HOHFWURGHV� LQ� UHFKDUJHDEOH�

EDWWHULHV�UHOLHG�PRVWO\�RQ�LWV�³VWLFN\´�QDWXUH��)RU�H[DPSOH��ZH�ZDQWHG�WR�XVH�JHODWLQ�DV�D�

ELQGHU�WR�JOXH�WRJHWKHU�WKH�SDUWLFOHV�RI�DFWLYH�DQRGH�PDWHULDO��FRNH�RU�JUDSKLWH�SDUWLFOHV�

RI� W\SLFDO� GLPHQVLRQV� RI� ����P�� DQG�� DW� WKH� VDPH� WLPH�� WR� JOXH� WKH�ZKROH� FRPSRVLWH�

DQRGH�PDWHULDO� RQWR� D� FRSSHU� IRLO�ZKLFK� XVXDOO\� VHUYHV� DV� D� FXUUHQW� FROOHFWRU�
�
� ,W�ZDV�

DVVXPHG�WKDW�JHODWLQ�FRXOG�EH�D�PRUH�HIIHFWLYH�ELQGHU�DV�WKH�SRO\PHULF�HTXLYDOHQWV��VXFK�

DV� WHIORQ� �3RO\�WHWUDIOXRURHWK\OHQH��� 37)(�� RU� 3RO\�YLQ\OLGHQH� GLIOXRULGH��� 39')���

$OUHDG\� SUHOLPLQDU\� HOHFWURFKHPLFDO� H[SHULPHQWV� FRQILUPHG� RXU� DVVXPSWLRQ� DQG��

EH\RQG�WKDW��UHYHDOHG�WKDW�JHODWLQ�KDG�DOVR�RWKHU�EHQHILFLDO�UROHV�LQ�DQRGH�SHUIRUPDQFH�
�
�

7KH� SUHVHQW� SDSHU� WULHV� WR� H[SODLQ� WKH� LPSDFW� RI� JHODWLQ� RQ� WKH� HOHFWURFKHPLFDO�

SHUIRUPDQFH� RI� JHODWLQ�WUHDWHG� DQRGH� PDWHULDOV� WKURXJK� WKH� LQKHUHQW� SURSHUWLHV� RI�

JHODWLQ��HVSHFLDOO\�LWV�VWUXFWXUH��

�

5HVXOWV�DQG�GLVFXVVLRQ�

�

*HODWLQ�SURSHUWLHV�WKDW�DUH�UHOHYDQW�IRU�LWV�XVH�LQ�EDWWHULHV�

7KH� LVRHOHFWULF� SRLQW� RI� JHODWLQ� W\SH� $� OLHV� DW� D� S+� RI� DERXW� ���� �)LJ�� ���� 8VLQJ�

WKHUPRJUDYLPHWU\�DQG�JUDYLPHWU\�ZH�KDYH�EHHQ�DEOH� WR�PRQLWRU� WKH�DPRXQW�RI�JHODWLQ�

DGVRUEHG�RQ�WKH�VXUIDFH�RI�JUDSKLWH�SDUWLFOHV�DV�D�IXQFWLRQ�RI�S+�RI�WKH�JHODWLQ�VROXWLRQ�

�)LJ�����7KH��UHVXOWV��FRQILUP��WKH�SUHGLFWLRQ��EDVHG�RQ�WKH�PRGHO�RI��,VUDHODFKYLOL�HW��DO��
�
�
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)LJXUH����&KDUJH�GHQVLW\�DV�D�IXQFWLRQ�RI�S+�RI�JHODWLQ�W\SH�$��,(3� �LVRHOHFWULF�SRLQW��

�

L�H��� WKDW�WKH�PD[LPXP�DPRXQW�RI�JHODWLQ�LV�DGVRUEHG�DW�D�S+�YDOXH�QHDU�WKH�LVRHOHFWULF�

SRLQW� �JHODWLQ� KDV� D� VWDEOH� EXW� QRW� H[SDQGHG� VWUXFWXUH��� ,Q� WKH� SDUWLFXODU� FDVH� RI�

DGVRUSWLRQ� RQ� JUDSKLWH� SDUWLFOHV�� WKH� PD[LPXP� FRQWHQW� RI� JHODWLQ� LQ� JUDSKLWH�JHODWLQ�

FRPSRVLWHV�LV�DERXW�����ZW�����ZKLFK�FRUUHVSRQGV�WR���PJ�RI�JHODWLQ�SHU���P
�
�JUDSKLWH�LI�

WKH�%(7�VXUIDFH�LV�XVHG�IRU�WKH�FDOFXODWLRQ��7KLV�YDOXH�LV�ZLWKLQ�WKH�UDQJH�RI�����PJ�P
�
��

L�H���WKH�UDQJH�IRXQG�LQ�VWXGLHV�RI�DGVRUSWLRQ�RI�GLIIHUHQW�NLQGV�RI�JHODWLQ�RQWR�GLIIHUHQW�

VXEVWUDWHV�
�
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)LJXUH� ��� *HODWLQ� FRQWHQW� LQ� JUDSKLWLF� DQRGH�PDWHULDO� DV� D� IXQFWLRQ� RI� S+�� 7KH� VROLG�

FXUYH� UHSUHVHQWV� DYHUDJH� YDOXHV� RI� D� VHULHV� RI� WKHUPRJUDYLPHWULF� DQG� JUDYLPHWULF�

GHWHUPLQDWLRQV�� 7KH� GDVKHG� OLQHV� UHSUHVHQW� WKH� HVWLPDWHG� HUURU� GXH� WR� H[SHULPHQWDO�

SURFHGXUH��WKH�HUURU�GXH�WR�SURFHGXUH�LV�PXFK�ODUJHU�WKDQ�WKH�HUURU�GXH�WR�ERWK�PHWKRGV�

XVHG����
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7KH� UHODWLRQVKLS� EHWZHHQ� WKH� DGVRUEHG� DPRXQW� RI� JHODWLQ� DQG� S+� RI� WKH�

FRUUHVSRQGLQJ� VROXWLRQ� LV� YHU\� LPSRUWDQW� IRU� DQRGH� WHFKQRORJ\�EHFDXVH� WKH� DPRXQW�RI�

JHODWLQ� SUHVHQW� RQ� WKH� DQRGH� VXUIDFH� VLJQLILFDQWO\� DIIHFWV� ERWK� WKH� PHFKDQLFDO� DQG�

HOHFWURFKHPLFDO�SURSHUWLHV�RI�JUDSKLWH�DQRGH��F�I��)LJ�������

,Q�RXU�SUHYLRXV�ZRUNV
���
�XVLQJ�$WRPLF�)RUFH�0LFURVFRS\�LW�ZDV�IRXQG� WKDW�RQFH�

DGVRUEHG�RQ�D�VXEVWUDWH��JHODWLQ�DGRSWV�D�³KDLU\´�VWUXFWXUH��L�H���PDQ\�ORRSV�DQG�WDLOV�DUH�

VWLFNLQJ� IURP� WKH� VXUIDFH� LQWR� WKH� VROXWLRQ�� ,W� KDV� EHHQ� DVVXPHG� WKDW� VXFK� D� VWUXFWXUH�

PLJKW� VHUYH� DV� D� VWHULF� VWDELOL]HU� RI� FROORLGDO� GLVSHUVLRQ�� )XUWKHUPRUH�� WKH� JHODWLQ�

PRGLILHG� VXUIDFH� RI� D� VXEVWUDWH� FDQ� DWWUDFW� PDQ\� NLQGV� RI� SDUWLFOHV� EHFDXVH� JHODWLQ�

FRQWDLQV� PDQ\� NLQGV� RI� DFWLYH� JURXSV�� FDWLRQLF�� DQLRQLF� DQG�� DOVR�� QRQLRQLF�� 2Q� D�

PDFURVFRSLF� VFDOH�� WKHVH� SURSHUWLHV� DUH� REVHUYHG� DV� WKH� ³VWLFN\´� QDWXUH� RI� JHODWLQ��$V�

DOUHDG\�PHQWLRQHG��WKH�RULJLQDO�LGHD�WR�XVH�JHODWLQ�LQ�DQRGH�PDWHULDO�IRU�OLWKLXP�EDWWHULHV�

ZDV� WR� XVH� LW� DV� D� JOXH� WR� ELQG� WKH� DQRGH� SDUWLFOHV� DQG� WR� IDVWHQ� WKHP� RQWR� D� FRSSHU�

FXUUHQW�FROOHFWRU��5HFHQWO\�� LQ�D�QHZ�VHW�RI�$)0�VWXGLHV�
��
�ZH�KDYH�GLUHFWO\�PHDVXUHG�

WKH� IRUFH� EHWZHHQ� JHODWLQ� DQG� WKH� JUDSKLWH� SDUWLFOHV� 6)*��� WKDW� DUH� XVXDOO\� XVHG� LQ�

DQRGH� SUHSDUDWLRQ�� ,W� KDV� EHHQ� IRXQG� WKDW� WKH� ZRUN� QHHGHG� WR� EUHDN� DOO� WKH� ³ERQGV´�

EHWZHHQ� JHODWLQ� DQG� JUDSKLWH� VXUIDFH� LV� VHYHUDO� WKRXVDQGV� N7� DQG� WKDW� WKH� IRUFH� LV�

GHWHFWHG�WR�D�GLVWDQFH�RI�DERXW�����PP��%RWK�UHVXOWV�MXVWLI\�WKH�XVH�RI�JHODWLQ�DV�D�ELQGLQJ�

PDWHULDO�LQ�JUDSKLWH�EDVHG�FRPSRVLWHV��

�

,PSDFW�RI�JHODWLQ�RQ�FDUERQ�DQRGH�SURSHUWLHV�

)LJXUH� �� VKRZV� WKH� ILUVW� FKDUJH�GLVFKDUJH� F\FOH� RI� WKUHH� GLIIHUHQWO\� SUHSDUHG�

DQRGHV��7KH�GDVKHG�DQG� WKH�GRWWHG�FXUYHV�FRUUHVSRQG� WR�DQRGHV�SUHSDUHG�DFFRUGLQJ� WR�

WKH�FRQYHQWLRQDO�SURFHGXUH�XVLQJ�37)(�DQG�39')�DV�ELQGHUV��7KH�VROLG�FXUYH�EHORQJV�

WR� DQ� DQRGH� SUHSDUHG� ZLWK� JHODWLQ�� 7KH� GLIIHUHQFH� LQ� FDSDFLW\� DW� WKH� ODVW� SRLQW� RI�

GHLQWHUFDODWLRQ�FXUYH�DQG�WKH�FDSDFLW\�DW�WKH�ILUVW�SRLQW�RI�LQWHUFDODWLRQ�FXUYH�LV�GHILQHG�

DV� WKH� DEVROXWH� LUUHYHUVLEOH� ORVV�RI� FKDUJH��7KH� UDWLR�EHWZHHQ� WKH�DEVROXWH� LUUHYHUVLEOH�

ORVV�RI�FKDUJH�DQG�WKH�WRWDO�LQWHUFDODWLRQ�FKDUJH�LV�NQRZQ�DV�WKH�UHODWLYH�LUUHYHUVLEOH�ORVV�

RI� FKDUJH� RU� VLPSO\� ³LUUHYHUVLEOH� ORVV´��7KH� LUUHYHUVLEOH� ORVV� RI� FKDUJH� LV� GXH� WR� QRQ�

)DUDGDLF�FRQVXPSWLRQ�RI�FKDUJH��,Q�WKH�FDVH�RI�JUDSKLWLF�HOHFWURGHV��WKH�LUUHYHUVLEOH�ORVV�
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LV�PRVWO\�GXH�WR�IRUPDWLRQ�RI�D�SDVVLYH�ILOP�RQ�WKH�JUDSKLWH�VXUIDFH�LPPHGLDWHO\�EHIRUH�

DQG�GXULQJ�ILUVW�LQWHUFDODWLRQ�RI�OLWKLXP�LQWR�WKH�JUDSKLWH�VWUXFWXUH���
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)LJXUH� ��� )LUVW� LQWHUFDODWLRQ� DQG� GHLQWHUFDODWLRQ� FXUYHV� IRU� DQRGHV� SUHSDUHG� ZLWK�

GLIIHUHQW� ELQGLQJ�PDWHULDOV�� 37)(�� 39')� DQG� JHODWLQ� �VHH� ([SHULPHQWDO��� 7KH� FXUYHV�

ZHUH�UHFRUGHG�DW�D�FRQVWDQW�FXUUHQW�RI�����$��

�

7KH�LUUHYHUVLEOH�ORVV�LV�WKH�KLJKHVW�LQ�DQRGHV�PDGH�IURP�37)(��DQG�WKH�ORZHVW�LQ�

WKH�FDVH�RI�JHODWLQ�WUHDWHG�DQRGHV��7DEOH���VKRZV�WKDW�WKH�LUUHYHUVLEOH�ORVV�LV�DOVR�SUHVHQW�

LQ�WKH�VHFRQG��WKLUG�DQG�IRXUWK�F\FOH��L�H���VHYHUDO�F\FOHV�DUH�QHHGHG�EHIRUH�WKH�DQRGH�KDV�

EHHQ�IXOO\�SDVVLYDWHG���

�

7DEOH� ��� ,UUHYHUVLEOH� ORVV� ���� LQ� ILUVW� �� LQWHUFDODWLRQ�GHLQWHUFDODWLRQ� F\FOHV� IRU� DQRGHV�

SUHSDUHG�XVLQJ���GLIIHUHQW�W\SHV�RI�ELQGHUV��
�

%LQGHU� &\FOH�1R���� &\FOH�1R���� &\FOH�1R���� &\FOH�1R����

37)(� ����� ����� ���� ����

39')� ����� ���� ���� ����

*HODWLQ� ����� ���� ���� ����

�

7KH� GDWD� LQ�7DEOH� �� UHYHDO� WKDW� JHODWLQ� LPSURYHV� WKH� SDVVLYDWLRQ�SURFHVV� VR� WKDW�

OHVV�FKDUJH�LV�VSHQW�IRU�ILOP�IRUPDWLRQ�LQ�HYHU\�F\FOH�PHDVXUHG��7KHVH�UHVXOWV�WRJHWKHU�

ZLWK�WKH�UHVXOWV�RI�LPSHGDQFH�VSHFWURVFRS\�PHDVXUHPHQWV
�
�LQGLFDWH�WKDW�LQ�WKH�SUHVHQFH�
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RI�JHODWLQ�WKH�SDVVLYDWLRQ�SURFHHGV�PRUH�XQLIRUPO\�DQG�UHVXOWV�LQ�D�WKLQQHU�SDVVLYH�ILOP�

�)LJ�������

SRUH SRUH�IUHH�WKLQ
�SDVVLYH�ILOP

VWDJH��
VWDJH��

VWDJH�� VWDJH��

VWDJH��
VWDJH��

JUDSKLWH
�SDUWLFOH

JUDSKLWH
�SDUWLFOH

D� E� �

)LJXUH����$�PRGHO�H[SODLQLQJ� WKH�GLIIHUHQW�SDVVLYDWLRQ�RI�D��XQWUHDWHG�DQG�E��JHODWLQ�

WUHDWHG� JUDSKLWH� SDUWLFOH�� 7KH� VWDJHV� VKRZQ� DUH� DUELWUDU\�� 7KH� VL]H� RI� ILOP� FU\VWDOOLWHV�

ZLWK�UHVSHFW�WR�WKH�VL]H�RI�JUDSKLWH�SDUWLFOH�LV�H[DJJHUDWHG�IRU�WKH�VDNH�RI�FODULW\��

�

7KH�PRUH�XQLIRUP�ILOP�JURZWK�LV�PRVW�OLNHO\�GXH�WR�D�PRUH�XQLIRUP�GLVWULEXWLRQ�RI�

QXFOHDWLRQ�VLWHV��1DPHO\��LQ�DEVHQFH�RI�JHODWLQ�WKH�RQO\�DSSURSULDWH�QXFOHDWLRQ�VLWHV�IRU�

ILOP� JURZWK� DUH� WKH� SULVPDWLF� VXUIDFHV� RQ� JUDSKLWH
��
� ZKLFK� DUH� QRW� YHU\� DEXQGDQW��

&RQYHUVHO\�� WKH� SUHVHQFH� RI� JHODWLQ� ZLWK� WKH� PDQ\� WDLOV� DQG� ORRSV� LQYROYLQJ� YDULRXV�

VSHFLILF� JURXSV� VLJQLILFDQWO\� LQFUHDVHV� WKH� GHQVLW\� RI� VXUIDFH� VLWHV� DSSURSULDWH� IRU�

QXFOHDWLRQ�DQG�JURZWK�RI�SDVVLYH�ILOP���
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)LJXUH� ��� 'HSHQGHQFH� RI� LUUHYHUVLEOH� ORVV� RQ� WKH� JHODWLQ� FRQWHQW� LQ� DQRGH� PDWHULDO��

3OHDVH�QRWH�WKDW�DQRGHV�ZLWK�D�JHODWLQ�FRQWHQW�ORZHU�WKDQ�����ZW����FDQQRW�EH�SUHSDUHG�

GXH�WR�PHFKDQLFDO�LQVWDELOLW\��

,W� LV� LQWHUHVWLQJ� WR� REVHUYH� WKH� LUUHYHUVLEOH� ORVV� DV� D� IXQFWLRQ� RI� WKH� FRQWHQW� RI�

JHODWLQ� LQ� WKH� DQRGH� FRPSRVLWH� �)LJ����� 2EYLRXVO\�� VPDOOHU� FRQWHQWV� OHDG� WR� VPDOOHU�
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LUUHYHUVLEOH�ORVV��DW�OHDVW�XQWLO�WKH�FRQWHQW�RI�����ZW����LV�UHDFKHG��%HORZ�WKDW�WKH�DQRGHV�

EHFRPH� PHFKDQLFDOO\� XQVWDEOH� DQG� WHQG� WR� GLVLQWHJUDWH� EHIRUH� RU� LPPHGLDWHO\� DIWHU�

EHJLQQLQJ�RI�WKH�HOHFWURFKHPLFDO�WHVWLQJV��
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)LJXUH����5HYHUVLEOH�FDSDFLW\�DV�D�IXQFWLRQ�RI�F\FOH�QXPEHU�IRU�D��FRQYHQWLRQDO�DQRGH�

ZLWK����RI�39')�DQG�E��QHZ�DQRGH�SUHSDUHG�E\�JHODWLQ�SUHWUHWPHQW�RI�JUDSKLWH��2Q�WKH�

ULJKW�D[LV�F\FOH�HIILFLHQ\�IRU�WKH�VDPH�DQRGH�PDWHULDOV�LV�GLVSOD\HG��F\FOH�HIILFLHQF\�LV�

GHILQHG�DV�WKH�UDWLR�EHWZHHQ�WKH�WRWDO�FDSDFLW\�DFKLHYHG�GXULQJ�LQWHUFDODWLRQ�DQG�WKH�WRWDO�

FDSDFLW\�DFKLHYHG�GXULQJ�GHLQWHUFDODWLRQ�LQ�WKH�JLYHQ�EDWWHU\�F\FOH���

�

7KH� QH[W� LPSRUWDQW� HOHFWURFKHPLFDO� SDUDPHWHU� UHOHYDQW� WR� HVWLPDWLRQ�RI� DQRGH�

HIILFLHQF\� LV� WKH� UHYHUVLEOH� FDSDFLW\��� WKH� SRUWLRQ� RI� FKDUJH� WKDW� FDQ� EH� GHLQWHUFDODWHG�

DIWHU� SULRU� IXOO� LQWHUFDODWLRQ�� 7KH� SUHVHQFH� RI� JHODWLQ� GRHV� QRW� FKDQJH� WKH� UHYHUVLEOH�

FKDUJH� RI� WKH� JUDSKLWLF� DQRGH� �)LJ�� ���� 7KH� YHU\� VORZ� GHFUHDVH� RI� UHYHUVLEOH� FDSDFLW\�

ZLWK� F\FOH� QXPEHU� LV� DQ� LQGLUHFW� HYLGHQFH� WKDW� JHODWLQ� ELQGV� JUDSKLWLF� SDUWLFOHV�

HIIHFWLYHO\��1DPHO\��LQ�FDVHV�ZKHQ�ELQGLQJ�LV�LQHIIHFWLYH��WKH�DQRGH�UDSLGO\�GLVLQWHJUDWHV�



$FWD�&KLP��6ORY���������������������

6��3HMRYQLN��0��%HOH��5��'RPLQNR��-��'URIHQLN��0��*DEHUãþHN��8VH�RI�0DWHULDOV�6FLHQFH�3ULQFLSOHV��� �

����

IURP�F\FOH�WR�F\FOH�DQG�WKH�UHYHUVLEOH�FDSDFLW\�GURSV�VLJQLILFDQWO\�LQ�RQO\�D�IHZ�F\FOHV��

7KH� UHDVRQ� IRU� WKH� GLVLQWHJUDWLRQ� LV� UHODWLYHO\� ODUJH� GLPHQVLRQDO� FKDQJHV� RI� JUDSKLWH�

SDUWLFOHV�����������
��
�GXULQJ�LQWHUFDODWLRQ�DQG�GHLQWHUFDODWLRQ��:H�KDYH�VKRZQ

��
�WKDW�WKH�

VWDELOLW\�RI�DQRGHV�LV�EHWWHU�DW�KLJKHU�JHODWLQ�FRQWHQWV��$V�WKLV�RSSRVHV�WKH�UHTXLUHPHQW�

IRU� ORZ� LUUHYHUVLEOH� ORVVHV� �F�I��)LJ������D�FRPSURPLVH�DV� UHJDUGV� WKH�JHODWLQ�FRQWHQW� LV�

QHHGHG�� 7KH� DOWHUQDWLYH� VHHPV� WR� EH� D� FRPELQDWLRQ� RI� JHODWLQ� SUHWUHDWPHQW� DQG�

DSSOLFDWLRQ�RI�39')��2SWLPL]DWLRQ�LQ�WKLV�UHVSHFW�LV�WDNLQJ�SODFH��
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)LJXUH����9ROWDJH�SURILOHV�GXULQJ���FRQVHFXWLYH�F\FOHV�RI�D�IXOO�OLWKLXP�LRQ�UHFKDUJHDEOH�

EDWWHU\�SUHSDUHG�ZLWKRXW�XVH�RI�FODVVLFDO�ELQGHUV��,QVWHDG�SRO\HOHFWURO\WHV�ZHUH�XVHG�DV�

ELQGHUV� DQG�RU� VXUIDFH� PRGLILHUV�� 7KH� GDVKHG� OLQH� UHSUHVHQWV� WKH� SRWHQWLDO� SURILOH� RI�

DQRGH�DQG�WKH�GRWWHG�OLQH�LV�GXH�WR�WKH�SRWHQWLDO�RI�FDWKRGH��ERWK�PHDVXUHG�DJDLQVW�WKH�

SRWHQWLDO�RI�D�/L�/L��FRXSOH��7KH�VROLG� OLQH�VKRZV�WKH� WRWDO�YROWDJH�RI� WKH�EDWWHU\��7KH�

FXUYHV�ZHUH�REWDLQHG�DW�D�FRQVWDQW�FXUUHQW�RI�����$��$W�WKH�HQG�RI�HDFK�F\FOH�ERWK�WKH�

DQRGH�DQG�WKH�FDWKRGH�ZHUH�DOPRVW�IXOO\�FKDUJHG�GLVFKDUJHG��

�

5HFHQWO\��SRO\HOHFWURO\WHV�VXFK�DV�JHODWLQ�HWF���KDYH�DOVR�EHHQ�VXFFHVVIXOO\�DSSOLHG�

LQ� WKH� WHFKQRORJ\�RI�FDWKRGH�SUHSDUDWLRQ� WR� LPSURYH� WKH�HOHFWURQLF�FRQGXFWLYLW\�RI� WKH�

R[LGHV�XVHG�DV�DFWLYH�PDWHULDOV�±�LQ�RXU�FDVH�/L0Q�2��DQG�/L&R2��KDYH�EHHQ�WHVWHG��$�

IXOO� UHSRUW� RI� WKLV� UHVHDUFK� ZLOO� IROORZ� DIWHU� FRPSOHWLRQ� RI� WKH� SDWHQW� SURFHGXUH�� 7KH�

PDLQ�PHVVDJH� LV� WKDW� DOVR� LQ� WKH� FDWKRGH� WHFKQRORJ\�� SRO\HOHFWURO\WHV� FDQ� HIIHFWLYHO\�

UHSODFH� WKH� FRQYHQWLRQDO� SRO\PHULF� ELQGHUV� DQG� GHFUHDVH� WKH� FRQWHQW� RI�

HOHFWURFKHPLFDOO\�LQDFWLYH�PDVV�LQ�WKH�HOHFWURGH�FRPSRVLWH��+HQFH�D�FRPSOHWH�SRO\PHU�
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ELQGHU�IUHH� OLWKLXP� DFFXPXODWRU� FDQ� EH�PDQXIDFWXUHG��$� IHZ�F\FOHV� RI� D� SURWRW\SH�RI�

VXFK�DQ�DFFXPXODWRU�DUH�VKRZQ�LQ�)LJ�����

&RQFOXVLRQV�

$QRGHV�SUHSDUHG�IURP�JHODWLQ�SUHWUHDWHG�JUDSKLWH�SDUWLFOHV�KDYH�ORZHU�LUUHYHUVLEOH�

ORVVHV�DQG�FRPSDUDEOH�UHYHUVLEOH�FDSDFLW\�DQG�F\FOLQJ�VWDELOLW\�DV�DQRGHV�SUHSDUHG�XVLQJ�

FRQYHQWLRQDO�ELQGHUV��)XUWKHUPRUH��WKH�FRQWHQW�RI�JHODWLQ�LQ�DQRGHV�ZLWK�JRRG�SURSHUWLHV�

FDQ� EH� ORZHU� WKDQ� ��ZW���%\� FRQWUDVW�� WKH� W\SLFDO� FRQWHQW� RI� FRQYHQWLRQDO� ELQGHUV� LQ�

FODVVLFDO� DQRGH� WHFKQRORJ\� LV� DERXW� �� ZW�� ��� ZKLFK� UHGXFHV� WKH� FRQWHQW� RI�

HOHFWURFKHPLFDOO\� DFWLYH�PDVV� DQG��KHQFH�� WKH� HQHUJ\�GHQVLW\�RI�DQRGHV�� ,W� LV� DVVXPHG�

WKDW� WKH� SUHVHQFH� RI� JHODWLQ� LQFUHDVHV� WKH� GHQVLW\� RI� QXFOHDWLRQ� VLWHV� IRU� SDVVLYH� ILOP�

IRUPDWLRQ�RQ�WKH�VXUIDFH�RI�JUDSKLWH�SDUWLFOHV��7KH�UHVXOWLQJ�ILOP�LV�GHQVHU�DQG�WKLQQHU�

WKDQ�LQ�WKH�FDVH�RI�FRQYHQWLRQDO�DQRGHV��

,W� LV� DOVR� SRVVLEOH� WR� SUHSDUH� FDWKRGHV� ZLWKRXW� XVH� RI� FRQYHQWLRQDO� ELQGHUV��

6LPLODUO\� DV� LQ� DQRGHV�� DSSOLFDWLRQ� RI� SRO\HOHFWURO\WHV� DNLQ� WR� JHODWLQ� LQFUHDVHV� WKH�

FRQWHQW�RI�DFWLYH�FDWKRGH�PDVV�WR����ZW����RU�HYHQ�KLJKHU��

�

([SHULPHQWDO�

7,05(;�6)*���VSHFLDO�JUDSKLWH�REWDLQHG�IURP�7,0&$/�/WG���6LQV��6ZLVV��ZDV�

XVHG�IRU�SUHSDUDWLRQ�RI�DQRGH�FRPSRVLWH�PDWHULDOV��7KH�%UXQDXHU��(PPHWW��7HOOHU��%(7��

VXUIDFH�RI�WKLV�PDWHULDO�LV�����P
�
�J�DQG�DYHUDJH�SDUWLFOH�VL]H�LV����PP��GDWD�VXSSOLHG�E\�

7,0&$/�/WG����*HODWLQ�ZDV�XVHG�DV�WKH�VXUIDFH�PRGLILHU�DQG�ELQGHU�RI�FDUERQ�SDUWLFOHV�

LQ� DQRGH� SUHSDUDWLRQ��0HGLXP�JHO� SRZHU� JHODWLQ�� ����J�%ORRP�� W\SH�$�� GHULYHG� IURP�

SLJVNLQ� ZDV� REWDLQHG� IURP� )OXND� 1U������� �)OXND� &KHPLH� $*�� %XFKV�� 6ZLVV��� 7ZR�

W\SHV� RI� VXUIDFWDQWV� ZHUH� XVHG�� FDWLRQLF� VXUIDFWDQW�� FHW\OWULPHWK\ODPPRQLXP� EURPLGH�

�&7$%���$OGULFK�1U�����������$OGULFK��0LOZDXNHH��:,��8�6�$���DQG�DQLRQLF�VXUIDFWDQW��

VRGLXP�GL�LVR�RFW\O��VXFFLQ�O�VXOIRQDWH��$HURVRO�27��$27����&\WHF�,QGXVWULHV�,QF���:HVW�

3DWHUVRQ�� 1-�� 8�6�$����0HWDOOLF� OLWKLXP� IRLO� �����PP� WKLFN��ZDV� REWDLQHG� IURP� $OID�

$HVDU� �-RKQVRQ� 0DWWKH\� *PE+�� .DUOVUXKH�� *HUPDQ\��� )RU� FRPSDULVRQ�� FODVVLFDO�

JUDSKLWLF�DQRGHV�ZLWK���ZW����RI�37)(�RU���ZW����RI�39')�DV�D�ELQGHU�ZHUH�SUHSDUHG�

DFFRUGLQJ�WR�D�SURFHGXUH�GHVFULEHG�HOVHZKHUH�
�
�
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*HODWLQ�FRQWHQW�LQ�JUDSKLWH�JHODWLQ�FRPSRVLWHV�ZDV�GHWHUPLQHG�IURP�WKH�GLIIHUHQFH�

LQ� WKH� PDVV� RI� JUDSKLWH� SDUWLFOHV� EHIRUH� DQG� DIWHU� WKH� WUHDWPHQW� ZLWK� JHODWLQ� DQG� E\�

WKHUPRJUDYLPHWULF� DQDO\VLV�� 7KHUPRJUDYLPHWULF� DQDO\VLV� �7*�� ZDV� SHUIRUPHG� LQ� WKH�

WHPSHUDWXUH�UDQJH�IURP���
R
&�WR����

R
&�LQ�DLUIORZ�RI����O�PLQ�DQG�DW�D�KHDWLQJ�UDWH�RI����

R
&�PLQ�XVLQJ�D�0HWWOHU�7$������DSSDUDWXV��0HWWOHU��6ZLVV����

&KDUJH�FRPSHVDWLQJ� SRO\HOHFWURO\WH� WLWUDWLRQ� ZDV� SHUIRUPHG� XVLQJ� D� .2/%�

�&KHP��)DEULN��$*�&+�������+HGLQJHQ��FKDUJH�GHWHFWRU�DQG�D�����'RVLPDW��0HWURKP��

6ZLVV��WLWUDWRU���

7KH�HOHFWURFKHPLFDO�WHVWV�ZHUH�SHUIRUPHG�XVLQJ�D�ODERUDWRU\�PDGH�WKUHH�HOHFWURGH�

WHVWLQJ� FHOO� DV� GHVFULEHG� HOVHZKHUH�
�
� 7KH�ZRUNLQJ� HOHFWURGH�ZDV� D� JUDSKLWLF� HOHFWURGH�

SUHSDUHG�DV�GHVFULEHG�DERYH�ZKLOH�WKH�FRXQWHU�DQG�WKH�UHIHUHQFH�HOHFWURGHV�ZHUH�PDGH�

RI�PHWDOOLF� OLWKLXP��7KH� HOHFWURO\WH�XVHG�ZDV���0�VROXWLRQ�RI�/L3)�� LQ�(&�'0&������

UDWLR��DV�UHFHLYHG�IURP�0HUFN�.*D$��'DUPVWDGW��*HUPDQ\����

7KH� HOHFWURFKHPLFDO� PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� XVLQJ� D� 6RODUWURQ� �����

(OHFWURFKHPLFDO� ,QWHUIDFH� �6RODUWURQ�0REUH\�/WG��%HUNV��8��.����7KH� FRQVWDQW� FXUUHQW�

GXULQJ� FHOO� F\FOLQJ�ZDV� ���P$� �FRUUHVSRQGLQJ� WR� &�����ZKLOH� WKH� JHRPHWULFDO� VXUIDFH�

DUHD�RI�WKH�ZRUNLQJ�HOHFWURGH�ZDV�DOZD\V�����FP
�
��

�

$FNQRZOHGJHPHQWV�

7KLV� UHVHDUFK� LV� VSRQVRUHG� E\� 1$72¶V� 6FLHQWLILF� $IIDLUV� 'LYLVLRQ� LQ� WKH�

IUDPHZRUN� RI� WKH� 6FLHQFH� IRU� 3HDFH� 3URJUDPPH�� 7KH� ILQDQFLDO� VXSSRUW� IURP� WKH�

0LQLVWU\�RI�6FLHQFH�DQG�7HFKQRORJ\�RI�6ORYHQLD�LV�DOVR�IXOO\�DFNQRZOHGJHG��

�

5HIHUHQFHV�
�

��� $OOHDYLWFK�� -��� 7XUQHU�� :�� $��� )LQFK�� &�� $�� ,Q� 8OOPDQQ¶V� (QF\FORSDHGLD� RI� ,QGXVWULDO� &KHPLVWU\ ��

*HODWLQ�� (GV��� (OYHUV�� %��� +DZNLQV�� 6��� 5DYHQVURIW�� 0��� 5RXQVDYLOOH�� -�� )��� 6KXO]�� *��� 9&+�

9HUODJVJHVHOOVFKDIW�*PE+��:HLQKHLP��������S������

��� .UDPHU��5��=���%HOOD��-���0D\YLOOH��3���%URGVN\��%���%HUPDQ��+��0��1DWXUH�6WUXFW��%LRO��������������

�����

��� (QJHO�� -�� $GYDQFHV� LQ� 0HDW� 5HVHDUFK� )ROGLQJ� DQG� 8QIROGLQJ� RI� &ROODJHQ� 7ULSOH� +HOLFHV �� (GV���

3HDUVRQ�$��0���'XWVRQ��7��5���%DLOH\��$��-���$Q�$9,�%RRN��1HZ�<RUN��������S������

��� .DPL\DPD��<���,VUDHODFKYLOL��-��0DFURPROHFXOHV����������������������

��� *DEHUãþHN��0���%HOH��0���'URIHQLN��-���'RPLQNR��5���3HMRYQLN��6��(OHFWURFKHP��6ROLG�6WDWH�/HWW��������

������������

��� 9D\QEHUJ��.��$���:DJQHU��-��1���6KDUDPD��5���0DUWLF��3��-��&ROORLG�,QWHUI��6FL�����������������������

��� %HOH��0���3HMRYQLN��6���%HVHQKDUG��-�2���5LELWVFK��9��&ROORLG��6XUIDFH��$��������������������
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��� %HOH��0���.RþHYDU��.���3HMRYQLN��6���%HVHQKDUG��-�2���0XãHYLþ��,��/DQJPXLU����������������������

��� %HOH��0���.RþHYDU��.���0XãHYLþ��,���%HVHQKDUG��-�2���3HMRYQLN��6��&ROORLG��6XUIDFH��$����������������
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���� %HOH��0���*DEHUãþHN��0���'RPLQNR��5���'URIHQLN��-���=XSDQ��.���.RPDF��3���.RþHYDU��.���0XãHYLþ��,���

3HMRYQLN��6��VXEPLWWHG�WR�&DUERQ��������

���� :LQWHU��0���1RYDN��3���0RQQLHU��$��-��(OHFWURFKHP��6RF����������������������

���� %HVHQKDUG��-�2���:LQWHU��0���<DQJ��-���%LEHUDFKHU��:��-��3RZHU�6RXUFHV��������������������

���� 'URIHQLN��-���*DEHUãþHN��0���'RPLQNR��5���%HOH��0���3HMRYQLN��6��-��3RZHU�6RXUFHV�������������������

�

�

�

�

3RY]HWHN�

$QRGH� ]D� OLWLMHYH� LRQVNH� DNXPXODWRUMH� VPR� SULSUDYLOL� L]� JUDILWQLK� GHOFHY�� NL� VPR� MLK�

SUHGKRGQR� REGHODOL� Y� UD]WRSLQL� åHODWLQH�� .ROLþLQR� DGVRUELUDQH� åHODWLQH� VPR� RFHQLOL� V�

WHKWDQMHP� Y]RUFHY� SUHG� LQ� SR� DGVRUSFLML� LQ� V� WHUPRJUDYLPHWULþQR� DQDOL]R� DQRGQHJD�

PDWHULDOD�� 9� þODQNX� SULPHUMDPR� HOHNWURNHPLMVNH� ODVWQRVWL� �LUHYHU]LELOQD� L]JXED� QDERMD��

UHYHU]LELOQD�NDSDFLWHWD��XþLQNRYLWRVW�FLNOLUDQMD��DQRG��SULSUDYOMHQLK�SR�NODVLþQHP�SRVWRSNX�

LQ�DQRG��SULSUDYOMHQLK�]�XSRUDER�åHODWLQH�NRW�YH]LYD��5D]OLNR�Y�HOHNWURNHPLMVNLK�ODVWQRVWLK�

UD]ODJDPR�QD�RVQRYL�SUHSURVWHJD�PRGHOD��NL�SRMDVQMXMH�YORJR�åHODWLQH�SUL�QXNOHDFLML�LQ�UDVWL�

SDVLYQHJD�ILOPD��3ULSUDYLOL�LQ�WHVWLUDOL�VPR�WXGL�NDWRGH��Y�NDWHULK�QDPHVWR�SROLPHUQLK�YH]LY�

XSRUDELPR� SROLHOHNWUROLWH�� 6HVWDYLOL� VPR� FHORWHQ� GHOXMRþ� OLWLMHY� DNXPXODWRU�� NL� QH� YVHEXMH�

NODVLþQLK�SROLPHUQLK�YH]LY���
�


