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7KH�DLP�RI�WKLV�UHVHDUFK�ZDV�WR�XQGHUVWDQG�WKH�GHSHQGHQFH�RI�WKH�PHFKDQLFDO�EHKDYLRXU�RI�

ELWXPHQ�HPXOVLRQ�FHPHQW�FRPSRVLWHV�RQ�WKH�VWUXFWXUDO�WUDQVLWLRQ�RI�WKH�FR�ELQGHU�V\VWHP��7KH�

H[SHULPHQWDO�SURJUDPPH�PDLQO\�FRQVLVWHG�RI�F\FOLF�LQGLUHFW�WHQVLOH�WHVWLQJ�DW�D�UDQJH�RI�

WHPSHUDWXUHV�DQG�IUHTXHQFLHV� LQWHJUDWHG�E\�;�UD\�PLFURWRPRJUDSK\��7KH�UHVXOWV�VKRZHG�WKH�

H[LVWHQFH�RI�D�FULWLFDO�FRPSRVLWLRQ�RI�WKH�FR�ELQGHU�V\VWHP�DW�WKH�ELWXPHQ�WR�FHPHQW�UDWLR�

EHWZHHQ���DQG���DW�ZKLFK�WKH�PHFKDQLFDO�EHKDYLRXU�WUDQVIRUPHG�IURP�FHPHQW�GRPLQDWHG�WR�

ELWXPHQ�GRPLQDWHG��7KLV�ZDV�FDXVHG�E\�ERWK�WKH�SHUFRODWLRQ�RI�WKH�ELWXPLQRXV�SKDVH�DQG�WKH�

SRUH�VSDFH��DQG�WKH�YROXPH�FRQWUDFWLRQ�RI�WKH�FR�ELQGHU�V\VWHP� +RZHYHU��WKLV�FULWLFDO�

FRPSRVLWLRQ�GLG�QRW�GLUHFWO\�PDWFK�ZLWK�WKH�SHUFRODWLRQ�RI�WKH�SKDVHV�RQ�WKH�OHQJWK�VFDOH�RI�

WKH�PHVRVWUXFWXUH��EXW�OLNHO\�FRUUHVSRQGHG�ZLWK�WKH�YROXPHWULF�FRQWHQW�RI�DOO�HODVWLF�SKDVHV�

ZLWK�WKH�DJJUHJDWH�SOD\LQJ�D�IXQGDPHQWDO�UROH��

.H\ZRUGV��ELWXPHQ�HPXOVLRQ�FHPHQW�FRPSRVLWHV��PXOWLSKDVH�PDWHULDO��VWLIIQHVV�PRGXOXV��

SKDVH�DQJOH��;�UD\�WRPRJUDSK\��SHUFRODWLRQ�WKUHVKROG�

5HYLVHG�0DQXVFULSW
&OLFN�KHUH�WR�YLHZ�OLQNHG�5HIHUHQFHV
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� ,QWURGXFWLRQ

7KH�FRPSRVLWHV�RI�ELWXPHQ�HPXOVLRQ�DQG�FHPHQW�DSSOLHG�IRU�VWUXFWXUDO�OD\HUV�RI�URDG�

SDYHPHQWV DUH�KHWHURJHQHRXV�PDWHULDOV FRQVLVWLQJ�RI�IRXU�SKDVHV��ELWXPHQ�HPXOVLRQ�DQG�

FHPHQW��DV�ELQGHUV��PLQHUDO�DJJUHJDWH DV�D�JUDQXODU�VNHOHWRQ��DQG�SRUH�VSDFH��7KHVH IRXU�

SKDVHV�KDYH�VXEVWDQWLDOO\ GLIIHUHQW�SK\VLFDO�SURSHUWLHV DQG ZHOO�GHILQHG�LQWHUIDFHV�

7KH�XVH�RI�ELWXPHQ HPXOVLRQ�EDVHG PDWHULDOV�LQVWHDG�RI�FRQYHQWLRQDO�KRW�DVSKDOW HOLPLQDWHV�

QXPHURXV�HQYLURQPHQWDO�ULVNV�GXULQJ�WKH�FRQVWUXFWLRQ�RI�D�SDYHPHQW�OD\HU� DQG�VLJQLILFDQWO\�

GHFUHDVHV HQHUJ\�FRQVXPSWLRQ�DQG�&2� HPLVVLRQV� %LWXPHQ�LV�D KLJKO\�YLVFRXV� DPRUSKRXV�

K\GURSKRELF�K\GURFDUERQ�PDWHULDO ZLWK�D�W\SLFDO�WLPH�DQG�WHPSHUDWXUH�GHSHQGHQW�PHFKDQLFDO�

EHKDYLRXU��7R�GHFUHDVH LWV�RULJLQDOO\�KLJK�YLVFRVLW\�DW�DPELHQW�WHPSHUDWXUH� ZKLFK�LV�QHFHVVDU\�

IRU�WKH�PL[LQJ�ZLWK�DJJUHJDWH� ELWXPHQ�LV�GLVSHUVHG LQ ZDWHU�LQ�WKH�SUHVHQFH�RI�HPXOVLILHU�

PRVWO\�FDWLRQLF��WKXV�SURGXFLQJ D�ELWXPHQ�HPXOVLRQ�ZLWK�GURSOHW�VL]H�W\SLFDOO\�UDQJLQJ�IURP���

WR����ȝP >�������@� ,Q�FRQWDFW�ZLWK�FHPHQW�DQG�DJJUHJDWH��FDWLRQLF�HPXOVLRQV�DUH GHVWDELOLVHG

E\ FKDQJHV LQ�S+�FDXVHG�E\�UHOHDVH�RI�FDWLRQV�DW�YHU\�GLIIHUHQW�UDWHV�IURP�WKHVH PLQHUDO�

FRQVWLWXHQWV >�������������@� &RQVHTXHQWLDOO\��WKH�FDWLRQLF�HPXOVLRQV EUHDN DQG�WKH�ELWXPHQ�

GURSOHWV IORFFXODWH��FRDOHVFH� DQG WKHQ IRUP�D ELWXPHQ�ILOP�ZKRVH PRUSKRORJ\�LV�GHWHUPLQHG�

E\�WKH�PHFKDQLVP�DQG�NLQHWLFV�RI�GHVWDELOLVDWLRQ�RI�HPXOVLRQ >�����������������������@��$OO�

WKHVH�SK\VLFR�FKHPLFDO�SURFHVVHV�GHWHUPLQH�WKH�W\SLFDO�WLPH�GHSHQGHQFH RI�WKH�SURSHUWLHV�RI�

ELWXPHQ�HPXOVLRQ�EDVHG�PDWHULDOV� 7KLV�WHPSRUDO�HYROXWLRQ�LV�RQ�WKH�FRQWUDU\�DEVHQW LQ�

FRQYHQWLRQDO�DVSKDOW�

,Q�FRQWUDVW�WR�ELWXPHQ��FHPHQW�LV�D�PLQHUDO�ELQGHU�ZKLFK�KDUGHQV�LQ�D�FKHPLFDO�UHDFWLRQ�ZLWK

ZDWHU FUHDWLQJ K\GUDWLRQ�SURGXFWV ZLWK�D�ULJLG�VWUXFWXUH��:KHQ�FHPHQW�LV�PL[HG�ZLWK�ELWXPHQ�

HPXOVLRQ��WKH�EUHDNLQJ�RI�WKH�HPXOVLRQ�LV�DFFHOHUDWHG� DQG�SDUW�RI�WKH�ZDWHU�EHFRPHV�

FKHPLFDOO\ DQG�SK\VLFDOO\�ERXQG�LQ�WKH�K\GUDWLRQ�SURGXFWV��7KH�ZDWHU�UHOHDVHG�E\�WKH�

HPXOVLRQ�ZHWV WKH�K\GURSKLOLF�SKDVHV�LQFOXGLQJ�XQK\GUDWHG�FHPHQW��K\GUDWLRQ�SURGXFWV��ILOOHU

�LQ�DVSKDOW��DOO�PLQHUDO�SDUWLFOHV�VPDOOHU�WKDQ����ȝP�� DQG�WKH�UHVW�RI�WKH�DJJUHJDWH �DOO�ODUJHU�

PLQHUDO�SDUWLFOHV��DQG�LV�KHOG�E\�FDSLOODU\�IRUFHV�LQ�WKH�VPDOO�SRUHV��%HFDXVH�RI�WKH�H[SRVXUH�

WR�WKH�HQYLURQPHQW��WKH�ZDWHU�SURJUHVVLYHO\�PLJUDWHV RXW WKURXJK�WKH�SRUH�VSDFH >������@�

3UHYLRXV�UHVHDUFK�>��@ LGHQWLILHG�D�VLJQLILFDQW�HIIHFW�RI�WKH�HPXOVLILHU�RQ WKH�PHFKDQLFDO�

SURSHUWLHV� OLNHO\�UHVXOWLQJ�IURP�LWV�LQIOXHQFH�RQ�WKH K\GUDWLRQ�NLQHWLFV�RI�FHPHQW��UKHRORJ\�RI�
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HPXOVLRQ DQG�ELWXPHQ��DQG�ELQGLQJ�RI�ZDWHU��7KH�HPXOVLILHU�DQG�LWV�LQWHUDFWLRQ�ZLWK�FHPHQW�

FRQWUROV�WKH�VWDELOLW\�RI�WKH�HPXOVLRQ�DQG�WKH�IRUPDWLRQ�RI�WKH�ELWXPLQRXV�ILOP�>��@��%\�

UHGXFLQJ�WKH�VXUIDFH�WHQVLRQ��WKH�HPXOVLILHU�LQIOXHQFHV�WKH�YLVFRVLW\�RI�WKH�HPXOVLRQ�>��@ DQG�

WKXV�LW�LPSURYHV�WKH�UKHRORJLFDO�SURSHUWLHV�DQG�WKH�ZRUNDELOLW\�RI�WKH�PL[WXUH�>��������������@��

'HSHQGLQJ�RQ�LWV�W\SH�>������@ LW�FDQ�HLWKHU�DFFHOHUDWH�RU�GHFHOHUDWH WKH�K\GUDWLRQ�NLQHWLFV�>����

������@ DQG�WKH�UHVXOWLQJ�PLFURVWUXFWXUH�>������@��7KHUHIRUH��WKH�HPXOVLILHU�ZDV�UHFRJQLVHG�DV�

D�NH\�IDFWRU�IRU�XQGHUVWDQGLQJ�WKH�RYHUDOO�EHKDYLRXU�RI�ELWXPHQ�HPXOVLRQ�FHPHQW�FRPSRVLWHV�

7KH�UHVLGXDO�ELWXPHQ��FHPHQW�K\GUDWHV��DQG�DJJUHJDWH�SOD\�D�GRPLQDQW�UROH�LQ�WKH�PHFKDQLFDO�

EHKDYLRXU�RI WKHVH�PXOWLSKDVH�V\VWHPV� ,Q�WKHVH�V\VWHPV��WKH�DJJUHJDWH�FDQ�EH�FRQVLGHUHG�DV�

WKH�LQHUW�VNHOHWRQ��VLQFH LW�LV�ULJLG��LQGHSHQGHQW�IURP�ORDGLQJ�WLPH�DQG�WHPSHUDWXUH� DQG�

WHPSRUDOO\�LQYDULDEOH��7KH�PDLQ�HPSKDVLV�IRU�XQGHUVWDQGLQJ�WKH�UHVXOWLQJ�PHFKDQLFDO�

EHKDYLRXU��HVSHFLDOO\�WKHLU�WHPSRUDO�FKDQJH >��@ LV� WKHUHIRUH� RQ�WKH�LQWHUDFWLRQV�LQ�WKH�WZR�

SKDVH�V\VWHP�RI�ELWXPLQRXV DQG�FHPHQWLWLRXV�ELQGHU� K\SRWKHVLVHG�WR�EH DFWLQJ�DV�D�FR�ELQGHU��

7KLV�SHUVSHFWLYH LV�DQDORJRXV�WR�WKH�PRGHO�V\VWHPV�RI ELWXPHQ�ILOOHU�PDVWLF�XVHG�LQ�

FRQYHQWLRQDO�ELWXPLQRXV�PDWHULDOV >����������@� KRZHYHU� ZLWK�PXFK�KLJKHU�GHJUHH�RI�

FRPSOH[LW\� DV�WKH LQWULQVLF�PHFKDQLFDO�SURSHUWLHV�RI�WKHVH�WZR FR�ELQGHUV�DUH�UDGLFDOO\

GLIIHUHQW� ,Q�WKLV�UHJDUG� ELWXPHQ�LV�D�YLVFRHODVWLF�UKHRGLFWLF�PDWHULDO�FKDUDFWHULVHG�E\ WLPH�

DQG�WHPSHUDWXUH�GHSHQGHQW�PHFKDQLFDO�EHKDYLRXU��2Q�WKH�FRQWUDU\��FHPHQW�K\GUDWHV�DUH�

HODVWLF�DQG�EULWWOH� ZLWK�WLPH�GHSHQGHQW�GHIRUPDWLRQV �VKULQNDJH�DQG�FUHHS��QHJOLJLEOH�

FRPSDUHG�WR�WKRVH�RI�ELWXPHQ�

,Q�SULQFLSOH��GHSHQGLQJ�RQ WKH�FRQFHQWUDWLRQV�DQG�WKH�LQWHUFRQQHFWLYLW\�RI�WKH�FR�ELQGHUV DV�

WZR�LQGLYLGXDO�SKDVHV� WKHVH�V\VWHPV�FDQ�VKRZ ZLGHO\�GLIIHUHQW�PLFURVWUXFWXUHV WKDW�PDQLIHVW�

WKHPVHOYHV�LQ�ZLGHO\�GLIIHUHQW�PHFKDQLFDO�EHKDYLRXU� %\�UHSUHVHQWLQJ�WKH�FR�ELQGHUV�DV�D�

JHQHUDO�WZR�GLPHQVLRQDO�V\VWHP�RI�RYHUODSSLQJ�SDUWLFOHV��DV�VKRZQ�LQ�)LJXUH����DW�ORZ�

FRQFHQWUDWLRQ�RI�RQH�RI�WKH�FR�ELQGHUV��WKDW�SKDVH�LV�D�GLVSHUVHG�GLVFRQQHFWHG�SKDVH �)LJXUH�

�D���+RZHYHU��DERYH�WKH�FULWLFDO�YDOXH��FDOOHG�WKH�SHUFRODWLRQ�WKUHVKROG���WKDW�SKDVH�EHFRPHV�

FRQQHFWHG >��@ �)LJXUH��E�� 6XFK�D�WUDQVIRUPDWLRQ�LQ�WKH�SKDVH�JHRPHWU\�>��@ RI�WKH�ELWXPHQ�

HPXOVLRQ�FHPHQW�FRPSRVLWH�UHVXOWV�LQ�PHFKDQLFDO�SURSHUWLHV�VKLIWLQJ�IURP�ELWXPHQ�GRPLQDWHG�

WR�FHPHQW�GRPLQDWHG� 7KXV��DW WKH�OHYHO�RI�FR�ELQGHUV ZLWK�ORZ�UHODWLYH�FRQFHQWUDWLRQV RI�

FHPHQW��WKH\�PD\�IRUP�D�WZR�SKDVH�VXVSHQVLRQ� ZLWK WKH�ELWXPLQRXV ELQGHU DV FRQWLQXRXV

SKDVH DQG�WKH�FHPHQWLWLRXV�SKDVH�DV�ULJLG�LQFOXVLRQV�HPEHGGHG�LQ�WKH�PDWUL[ >��@��$W�WKH�RWKHU�

HQG� DW�ORZ�UHODWLYH�FRQFHQWUDWLRQV RI�ELWXPHQ��WKH�FHPHQWLWLRXV�SKDVH�IRUPV WKH�FRQWLQXRXV�
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PDWUL[�ZLWK�GLVFUHWH�ELWXPLQRXV�LQFOXVLRQV� ,Q�WKH�LQWHUPHGLDWH�FDVH��PRUH�FRPSOH[�

PLFURVWUXFWXUHV�FDQ IRUP�GHSHQGLQJ RQ�WKH�ELWXPHQ�WR�FHPHQW�UDWLR��E�F���OLNHO\ UHVXOWLQJ�LQ�

ERWK�SKDVHV�SHUFRODWHG�DW�WKH�VDPH�WLPH� +RZHYHU��WKH�SUHVHQFH�RI�ODUJH�SRUHV��DERYH�URXJKO\�

����ȝP� DQG�SDUWLFOHV�RI�PLQHUDO�ILOOHU IXUWKHU�FRPSOLFDWHV�WKH�PLFURVWUXFWXUH� 7KHUHIRUH� LW�LV�

K\SRWKHVLVHG�WKDW��ZKHQ�WKH�ELWXPHQ�FRQWHQW LV�LQFUHDVHG� WKH�WUDQVLWLRQ�RI�WKH�PHFKDQLFDO�

EHKDYLRXU�PD\ WDNH�SODFH�DIWHU�WKH�GHSHUFRODWLRQ�RI�WKH�FHPHQWLWLRXV�SKDVH�RU�DW�D�FHUWDLQ�

RYHUDOO�YROXPHWULF�FRQWHQW�RI�HODVWLF�SKDVHV�

)LJXUH��

7KH�YROXPHWULF�FKDQJHV�LQ�WKH�V\VWHP�GULYHQ�E\�EUHDNLQJ�RI�HPXOVLRQ�DQG�SDUWLDO�HOLPLQDWLRQ�

RI�ZDWHU��EXW�DOVR�K\GUDWLRQ�RI�FHPHQW��GLUHFWO\�LQIOXHQFH�WKH�WRWDO�YROXPH�IUDFWLRQ�RI�WKH�SRUH�

VSDFH DQG�LWV�GHSHQGHQFH�RQ�WLPH��7KLV�LV�WKH�PDLQ�IDFWRU�WKDW�GHWHUPLQHV�WKH�RYHUDOO�

EHKDYLRXU�RI�WKH�PDWHULDO��2WKHU�IDFWRUV�DUH�WKH�DELOLW\�RI�WKH�HPXOVLRQ�WR�ZHW�WKH�VROLGV��

PDLQO\�UHVSRQVLEOH�IRU�WKH�DGKHVLRQ�SURSHUWLHV >��@� DQG�WKH�ILQDO�PRUSKRORJ\ RI�WKH�

ELWXPLQRXV�ILOP�>��@��'HSHQGLQJ�RQ�WKH�FRPSRVLWLRQ RI�WKH�FR�ELQGHU�V\VWHP��FRPPRQO\�

H[SUHVVHG�E\�E�F��L�H��RQ�WKH�GRPLQDQFH�RI�RQH�RU�DQRWKHU�FR�ELQGHU� GLIIHUHQW�VFHQDULRV RI�

WHPSRUDO�FKDQJH�LQ�YROXPHWULF�VWUXFWXUH� DQG�FRQVHTXHQWLDOO\�PDFURVFRSLF�PHFKDQLFDO�

SURSHUWLHV DV�DQ�LQWHUSOD\�EHWZHHQ�D�YLVFRXV�DQG�DQ�HODVWLF�PDWHULDO�PD\�H[LVW >��@�

7KH�PDFURVFRSLF�PHFKDQLFDO�SURSHUWLHV�RI�VXFK�KHWHURJHQHRXV�PHGLD�GHSHQG�RQ�WKH�

PHFKDQLFDO�SURSHUWLHV�RI�WKH�LQGLYLGXDO SKDVHV��DV�ZHOO�DV�RQ WKHLU�SKDVH�JHRPHWU\ >��@��ZKLFK�

LV LQIOXHQFHG�E\ FRPSOH[�WHPSRUDO�LQWHUDFWLRQV�EHWZHHQ�WKH�SKDVHV� 3UHGLFWLQJ�WKH�

PDFURPHFKDQLFDO�EHKDYLRXU�RI�FRPSRVLWHV�EDVHG�RQ�WKH�PHFKDQLFDO�SURSHUWLHV RI�WKH�

LQGLYLGXDO SKDVHV�DQG�WKH�PLFURVWUXFWXUH�KDV�SURYHQ�WR�EH�D FKDOOHQJLQJ�WDVN >��@� )RU�WKLV�

UHDVRQ��D�SURYHQ�H[SHULPHQWDO�DSSURDFK�LQ�WKH�UHVHDUFK�RI�ELWXPHQ�HPXOVLRQ�FHPHQW

FRPSRVLWHV�LV EDVHG�RQ�PHDVXULQJ�WKH�PDFURPHFKDQLFDO�SURSHUWLHV�RI�PRGHO�V\VWHPV�DW�WKH�

OHQJWK�VFDOH�RI PRUWDU >�������������@�

7KH�RYHUDOO�DLP RI�WKLV�UHVHDUFK�ZDV�WR�GHVFULEH WKH�PHFKDQLFDO�EHKDYLRXU�RI�ELWXPHQ�

HPXOVLRQ�FHPHQW�FRPSRVLWHV��ZLWK�VSHFLDO�IRFXV�RQ WKH�VWUXFWXUDO�WUDQVLWLRQ�RI�WKH�FR�ELQGHU�

V\VWHP� 7KLV�JRDO�ZDV�DFKLHYHG�E\�WKH�IROORZLQJ�LQGLYLGXDO�REMHFWLYHV�
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² $�FRPSUHKHQVLYH�FKDUDFWHULVDWLRQ RI�WKH�PHFKDQLFDO�EHKDYLRXU�RI�ELWXPHQ�HPXOVLRQ�

FHPHQW�FRPSRVLWHV�XQGHU�F\FOLF�LQGLUHFW�WHQVLOH�ORDGLQJ�LQ�D UDQJH�RI�WHPSHUDWXUHV�DQG�

IUHTXHQFLHV DW�GLIIHUHQW�VWDJHV�RI�FXULQJ�

² $Q DQDO\VLV�RI�LPSDFW�RI�WKH�VWUXFWXUDO�WUDQVLWLRQ�RI�WKH�FR�ELQGHU�IURP�FHPHQW�

GRPLQDWHG�WR�ELWXPHQ�GRPLQDWHG�RQ�WKH�PHFKDQLFDO�SURSHUWLHV�DFURVV�D�UDQJH�RI E�F

DQG ZLWK GLIIHUHQW�HPXOVLILHU�FRQWHQWV��DQG�

² 7KH�LGHQWLILFDWLRQ�RI�D�FULWLFDO�E�F FRUUHVSRQGLQJ�WR�WKH�VWUXFWXUDO�WUDQVLWLRQV RI�WKHVH�

FRPSRVLWHV�

7KHVH�REMHFWLYHV�ZHUH�DGGUHVVHG�E\�H[DPLQLQJ �D��WKH�PHFKDQLFDO�EHKDYLRXU E\�F\FOLF�

LQGLUHFW�WHQVLOH�WHVWLQJ DQG��E��WKH�VWUXFWXUDO�PRUSKRORJ\�RI�ELWXPHQ�HPXOVLRQ�FHPHQW�

FRPSRVLWHV E\�;�UD\�PLFURWRPRJUDSK\ RI D PRGHO�V\VWHP�RI�VWDQGDUGLVHG�ELWXPHQ�HPXOVLRQ�

PRUWDU��%(0� ZLWK�WKUHH�GLIIHUHQW�E�F DQG�WZR HPXOVLILHU�FRQWHQWV�

� 0DWHULDOV�DQG�PHWKRGV

��� 0DWHULDOV

7R�LQYHVWLJDWH WKH�HIIHFW�RI�GLIIHUHQW HPXOVLILHU�FRQWHQWV��WZR�ELWXPHQ�HPXOVLRQV�RI�W\SH�

&��%���DFFRUGLQJ�WR�(1��������ZHUH�SURGXFHG�ZLWK�D�TXDWHUQDU\�DPPRQLXP�VDOW�FDWLRQLF�

HPXOVLILHU�LQ�WKH�DPRXQW�RI�� � �FRPPRQO\�DSSOLHG DPRXQW�LQ�HPXOVLRQV��DQG��������KLJK�

DPRXQW�RI�HPXOVLILHU��E\�PDVV�RI�WKH�HPXOVLRQ��7KH�EDVH�ELWXPHQ�XVHG�IRU�WKH�HPXOVLRQ�ZDV�

SDYLQJ�JUDGH�ELWXPHQ ������ IURP�QDSKWKHQLF�FUXGH� ZKLFK�FRPSULVHG��� � E\�PDVV�RI�WKH�

HPXOVLRQ��ZKRVH PDLQ�SURSHUWLHV�DUH�SURYLGHG LQ�7DEOH���� 7KH�S+�YDOXH�RI�WKH�DTXHRXV�SKDVH�

LQ�ERWK�HPXOVLRQV�ZDV�DGMXVWHG�WR�����ZLWK K\GURFKORULF�DFLG WR�DFWLYDWH�WKH�HPXOVLILHU�DQG�

LQFUHDVH�WKH�VWDELOLW\�RI�WKH�HPXOVLRQ�

7DEOH��

7KH�FHPHQW�XVHG LQ�WKLV�UHVHDUFK�ZDV�RUGLQDU\�3RUWODQG�FHPHQW�&(0�,������1��DFFRUGLQJ�WR�

(1���������ZLWK�WKH�PDVV�FRQWHQW�RI�FOLQNHU�SKDVHV &�6��&�6��&�$��DQG�&�$)�RI�������������

�����DQG��������UHVSHFWLYHO\ FDOFXODWHG�IRUP�LWV�R[LGH�FRPSRVLWLRQ�>��@��7KH�%ODLQH�ILQHQHVV�

DQG�WKH�GHQVLW\�ZHUH����� FP��J�DQG������ J�FP���UHVSHFWLYHO\��7KH�SRWHQWLDO�KHDW�RI�
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K\GUDWLRQ�ZDV�GHWHUPLQHG�DV ��� -�J�DQG�ZDV�REWDLQHG�E\�D�OLQHDU�FRPELQDWLRQ�RI WKH�PDVV�

IUDFWLRQV�RI�WKH�LQGLYLGXDO�SKDVHV�ZLWK�WKHLU�PDVV�QRUPDOLVHG�HQWKDOSLHV �DVVXPHG�WR�EH������

�����������DQG�����-�J��UHVSHFWLYHO\�>������@���7KH�FKHPLFDOO\� DQG�SK\VLFDOO\�ERXQG�ZDWHU�

FRUUHVSRQGLQJ�WR�IXOO�K\GUDWLRQ�>��@ ZDV FDOFXODWHG�DV ����� E\�PDVV�RI�WKH�FHPHQW�

7KH�PL[WXUH�XVHG�LQ�WKLV�UHVHDUFK�ZDV�EDVHG�RQ�WKH�ELWXPHQ�HPXOVLRQ�PRUWDU�FRQFHSW�ZKLFK�

ZDV�GHYHORSHG�DQG�VWXGLHG�LQ�SUHYLRXV�UHVHDUFK�>�������������@��7KH�%(0 LV�D�PRGHO�V\VWHP�

GHYHORSHG�ZLWK�WKH�SXUSRVH�RI�IRFXVVLQJ RQ�WKH�IXQGDPHQWDO�LQWHUDFWLRQ�PHFKDQLVPV�EHWZHHQ�

ELWXPHQ�HPXOVLRQ�DQG�FHPHQW��7KH�%(0�PL[WXUH�ZDV�FRPSRVHG�RI�ELWXPHQ�HPXOVLRQ��

FHPHQW��DQG�VWDQGDUGLVHG�VDQG��7KH�SDUWLFOH�VL]H�GLVWULEXWLRQ�RI�WKH VDQG�LV�SURYLGHG�LQ�7DEOH�

���7KH�XVH�RI�VWDQGDUGLVHG�ILQH�DJJUHJDWH�LV�PHDQW�WR H[FOXGH�DQ\�YDULDWLRQ�LQ�FKHPLFDO��

JHRPHWULFDO��DQG�RWKHU�SURSHUWLHV�RI�WKH�DJJUHJDWH��7KH�H[FOXVLRQ�RI�ODUJH�DJJUHJDWHV LQ�WKLV�

PRGHO�V\VWHP DOORZV�PL[LQJ�VPDOOHU�TXDQWLWLHV�RI�PDWHULDOV�DQG�REWDLQLQJ�VPDOOHU�

UHSUHVHQWDWLYH�YROXPH�HOHPHQWV��ZKLFK�LV XVHIXO�IRU�YDULRXV WHVWV�EH\RQG�WKLV�VSHFLILF�

UHVHDUFK��

7DEOH��

7R�LQYHVWLJDWH�WKH�HIIHFW�RI�D�UDQJH�RI�E�F DQG�GLIIHUHQW�HPXOVLILHU�FRQWHQWV��PL[WXUHV�ZHUH�

SUHSDUHG�ZLWK�HPXOVLRQV�FRQWDLQLQJ���DQG�������RI�HPXOVLILHU�DQG�ZLWK�WKH�WKUHH�E�F RI�������

DQG����L�H���VL[�GLIIHUHQW�PL[WXUHV���7KH�FRQWHQW�RI�VDQG�E\�PDVV�ZDV��������IRU�DOO�PL[WXUHV��

7KH�FRPSRVLWLRQ�RI�WKH�%(0�PL[WXUHV�DQG�WKH�PDVV�UDWLRV�RI�WKH�LQGLYLGXDO�SKDVHV�DUH�VKRZQ�

LQ�7DEOH����

7DEOH��

��� 6SHFLPHQ�FRPSDFWLRQ DQG�FXULQJ

7KH�PRUWDU�PL[WXUH�ZDV�SURGXFHG E\�PL[LQJ�WKH�VDQG�SDUWLFOHV�ZLWK�WKH�ELWXPHQ�HPXOVLRQ�

ILUVW�DQG DGGLQJ�WKH�FHPHQW�DIWHUZDUGV� 7KH�PL[WXUH�ZDV�FRPSDFWHG�LPPHGLDWHO\�DIWHU�PL[LQJ�

E\�D�J\UDWRU\�FRPSDFWRU��DFFRUGLQJ�WR�(1�����������WR�REWDLQ�WKH�F\OLQGULFDO�VSHFLPHQV�RI�

����PP�LQ�GLDPHWHU�DQG����PP�LQ�KHLJKW�ZLWK�WKH WDUJHW�LQLWLDO�YRLG�FRQWHQW�RI�������7KH�

VSHFLPHQV�ZHUH�FRPSDFWHG�E\�DSSO\LQJ�WKH YHUWLFDO�SUHVVXUH�RI�����N3D��FRUUHVSRQGLQJ�WR�WKH
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WRWDO�YHUWLFDO�IRUFH�RI������N1�ZLWK�WKH UDWH�RI����J\UDWLRQV�SHU�PLQXWH��7KH�YHUWLFDO�SUHVVXUH�

ZDV�UHGXFHG�IURP�VWDQGDUG���� N3D WR�����N3D�WR�VOLJKWO\�H[WHQG�WKH�WLPH�RI�FRPSDFWLRQ��DQG�

WKXV�VWLPXODWH�WKH�HPXOVLRQ�EUHDNLQJ�DQG�UH�SRVLWLRQLQJ�RI�WKH�DJJUHJDWH�>������@��$�JURXS�RI�

IRXU�VSHFLPHQV�ZDV SUHSDUHG�IRU�HDFK�RI�WKH�VL[�FRPSRVLWHV DQG�DOO�WKH�UHVXOWV DERXW�WKHVH�

JURXSV�ZHUH�UHSRUWHG��$W�WKH�HQG�RI�WKH�FRPSDFWLRQ��WKH�DYHUDJH�EXON�GHQVLWLHV�E\�GLPHQVLRQV�

RI�WKH�VSHFLPHQV��DFFRUGLQJ�WR�(1����������ZLWK�WKH�E�F RI������ DQG���ZHUH���������������DQG�

������J�FP���UHVSHFWLYHO\��7KH DFWXDO LQLWLDO�DYHUDJH�YROXPHWULF�FRPSRVLWLRQ�RI�WKH�VSHFLPHQV�

FDOFXODWHG�IURP WKH�UHVXOWLQJ�YRLG�FRQWHQWV EDVHG�RQ�WKH�KHLJKW�RI�WKH�VSHFLPHQV�LV SURYLGHG�

LQ�7DEOH���

7DEOH��

7KH�UHVLVWDQFH�RI�WKH�LQGLYLGXDO�PL[WXUHV�WR�FRPSDFWLRQ�ZDV HYDOXDWHG E\�WKH�WRWDO�HQHUJ\�RI�

FRPSDFWLRQ�DQG WKH�FRPSDFWDELOLW\��D SDUDPHWHU�REWDLQHG�E\ D�ORJDULWKPLF�PRGHO EDVHG�RQ�WKH�

GDWD�RQ�WKH�YHUWLFDO�GLVSODFHPHQWV �DFFRUGLQJ�WR�(1����������� E\�WKH�IROORZLQJ�HTXDWLRQV�
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ZKHUH�(F LV�WKH�FRPSDFWLRQ�HQHUJ\��ıF LV WKH�DYHUDJH�YHUWLFDO�FRPSDFWLRQ�SUHVVXUH� $ LV�WKH�

VXUIDFH�RI�WKH�VSHFLPHQ�EDVH��YL LV�WKH�YHUWLFDO�GLVSODFHPHQW FRUUHVSRQGLQJ�WR�L�WK�J\UDWLRQ��Q

LV�WKH�QXPEHU�RI�J\UDWLRQV��9 LV�WKH�YRLG�FRQWHQW��DQG�. LV�WKH�FRPSDFWDELOLW\� ,Q�(TXDWLRQ������

9����DQG�. ZHUH GHWHUPLQHG�DV�UHJUHVVLRQ�SDUDPHWHUV� $V�FRPPRQ�SUDFWLFH�IRU�WKLV�W\SH�RI�

DQDO\VLV��WKH�LQLWLDO�FRQVROLGDWLRQ�RI�WKH�PL[WXUH�DW�WKH�EHJLQQLQJ�RI�WKH�FRPSDFWLRQ ZDV�

GLVUHJDUGHG� 7KH�UHDVRQ�IRU�WKLV�LV�WKDW�WKH�LQLWLDO�FRQVROLGDWLRQ�LV LQ�IDFW�VLJQLILFDQWO\�DIIHFWHG�

E\�RWKHU�QRW�PDWHULDO�UHODWHG�HIIHFWV OLNH�WKH�ZD\�WKH�PRXOGV�ZHUH�ILOOHG DQG�FDQQRW�EH�

DWWULEXWHG�WR�WKH�PL[WXUH�FRPSRVLWLRQ� 7KHUHIRUH��WKH�PRGHO�ILWWLQJ�ZDV�EDVHG�RQO\�RQ�WKH�

J\UDWLRQV�ZLWK�YRLG�FRQWHQW�EHORZ������

$�SKRWRJUDSK�RI�WKH�VSHFLPHQV�RI�WKH�VL[�FRPSRVLWHV�VHYHQ�GD\V�DIWHU�FRPSDFWLRQ�LV�VKRZQ�LQ�

)LJXUH����,W�FDQ�EH�VHHQ WKDW�WKH�VSHFLPHQV�ZLWK�WKH�ORZHVW�E�F KDG�OLJKWHU�VXUIDFH�DQG�

UHVHPEOHG FHPHQWLWLRXV�PDWHULDOV��ZKLOH WKH�VXUIDFH�EHFDPH GDUNHU�ZLWK�WKH�LQFUHDVH�LQ�E�F��
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)XUWKHUPRUH��VSHFLPHQV�ZLWK�KLJKHU�HPXOVLILHU�FRQWHQW��6���ZHUH�VOLJKWO\�GDUNHU� ZKLFK�LV�D�

UHVXOW�RI�EHWWHU�FRDWLQJ�RI�WKH�DJJUHJDWH�E\�WKH�HPXOVLRQ�FRQWDLQLQJ�PRUH�HPXOVLILHU�

)LJXUH��

$IWHU�FRPSDFWLRQ��WKH�VSHFLPHQV�ZHUH�FXUHG�DW�WKH�UHODWLYH�KXPLGLW\�RI���� ���� ��DQG�WKH�

WHPSHUDWXUH�RI���� � ���� �&�DQG�VWRUHG�RQ�D�SODLQ�PHWDO�VXUIDFH�HQDEOLQJ�IUHH�HYDSRUDWLRQ�RI�

ZDWHU�IURP�DOO�VLGHV�H[FHSW�IRUP�WKH�ERWWRP��7KDQNV�WR�WKLV�DSSURDFK��WKH�FXULQJ�FRQGLWLRQV�

ZHUH SUHFLVHO\�GHILQHG�DQG�UHSURGXFLEOH�LQ�ODERUDWRU\�FRQGLWLRQV��$W�WKH�VDPH�WLPH��LW�PXVW�EH�

UHPDUNHG�WKDW� GXH�WR�GLIIHUHQW ERXQGDU\�FRQGLWLRQV��WKH�DYHUDJH�ZDWHU�FRQWHQW�DQG�WKH�

GLVWULEXWLRQ�RI WKH UHVLGXDO�ZDWHU�FDQ�EH�GLIIHUHQW�WR�WKRVH LQ�DQ�DFWXDO SDYHPHQW�OD\HU��7KH�

VSHFLPHQV�ZHUH�FXUHG�IRU����GD\V��HYHQ�DIWHU�WKH�HQG�RI�PHFKDQLFDO�WHVWLQJ��ZLWK�UHJXODU�

PHDVXUHPHQWV RI�WKHLU�PDVV��%DVHG�RQ�WKH�UHVXOWV� WKH�UHVLGXDO�WR�LQLWLDO�ZDWHU�FRQWHQW�PDVV�

UDWLR��Z�W��ZLQ��ZDV�FDOFXODWHG�DV�
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DQG�PRGHOOHG�E\�WKH�IROORZLQJ�ORJDULWKPLF�UHJUHVVLRQ�PRGHO�DV�D�IXQFWLRQ�RI�WLPH�RQ�WKH�

GRPDLQ�ZLWK�GHFUHDVH�LQ�PDVV�RI�VSHFLPHQV�EHLQJ DSSDUHQW�
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ZKHUH Z�W� LV�WKH�PDVV�IUDFWLRQ�RI�ZDWHU�LQ�WKH�VSHFLPHQ�DW WKH WLPH�W� ZLQ LV WKH�LQLWLDO�PDVV�

IUDFWLRQ�RI�ZDWHU��PVSHF�LQ LV�WKH�LQLWLDO�PDVV�RI�WKH�VSHFLPHQ��PVSHF�W��LV�WKH�PDVV�RI�WKH�

VSHFLPHQ�DW�WKH�WLPH�W��DQG�D� DQG�D� DUH�SDUDPHWHUV�RI�WKH�UHJUHVVLRQ�PRGHO� 7KH�LQLWLDO�PDVV�

IUDFWLRQ�RI�ZDWHU�LQ�WKH�VSHFLPHQ�RQ�WKH�ULJKW�KDQG VLGH�RI�(TXDWLRQ���� ZDV FDOFXODWHG�EDVHG�

RQ�WKH�DERYH�GHILQHG�FRPSRVLWLRQ DQG�EXON�GHQVLWLHV�DQG�UDQJHG�IURP������WR��������

GHSHQGLQJ�RQ�WKH�JURXS�RI�VSHFLPHQV�

$IWHU�FXULQJ�DQG�DOO�PHFKDQLFDO�WHVWV�ZHUH�FRPSOHWHG��WKUHH�XQGLVWXUEHG�FXELF�VSHFLPHQV�ZLWK�

WKH�DSSUR[LPDWH�VL]H�RI���FP� ZHUH�VDZHG�IURP�WKH�PLGGOH�LQWDFW�SDUW�RI�WKH�RULJLQDO�

F\OLQGULFDO�VSHFLPHQV�ZLWK�����RI�HPXOVLILHU� DSSUR[LPDWHO\����PP�IURP�WKH�D[HV��VHH�)LJXUH�
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�� E\�XVLQJ�D�VLQWHUHG�VHJPHQWHG�GLDPRQG�EODGH��1HLWKHU�ZDWHU�QRU�RWKHU�OXEULFDQW�ZDV�XVHG�

WR�SUHYHQW�DQ\�FKDQJH�LQ�WKH�FRQWHQW�RI�WKH�UHVLGXDO�ZDWHU�

��� 0HFKDQLFDO�WHVWLQJ

7KH�VSHFLPHQV�ZHUH�WHVWHG�E\�DSSO\LQJ�F\FOLF�LQGLUHFW�WHQVLRQ�WR�GHWHUPLQH�WKHLU�VWLIIQHVV

PRGXOL DW�WKH�WHPSHUDWXUHV�RI��������DQG�����& DQG�HDFK�DW�WKH�IUHTXHQFLHV�RI���������������������

DQG����+] �DFFRUGLQJ�WR�(1���������� ZLWK�WKH�IUHTXHQF\�RI�GDWD DFTXLVLWLRQ RI�����UHDGLQJV�

SHU�ORDGLQJ�F\FOH� 7KH�VSHFLPHQV�ZHUH�WHVWHG�DIWHU�������DQG����GD\V RI�FXULQJ� 7KLV QDUURZ�

WHPSHUDWXUH�UDQJH�ZDV�VHOHFWHG�WR�SUHYHQW�GDPDJH�DW�ERWK�HQGV�RI�WKH�WHPSHUDWXUH�UDQJH��2Q�

WKH�RQH�KDQG� WR�SUHYHQW�IUHH]LQJ�RI�WKH�UHVLGXDO�ZDWHU�LQ�WKH�VSHFLPHQV DW�WHPSHUDWXUHV�EHORZ�

���& DQG� RQ�WKH�RWKHU� WR�DYRLG�DQ�H[WHQVLYH�SHUPDQHQW�GHIRUPDWLRQ�RI WKLV ORZ�VWLIIQHVV�

PDWHULDO�DW�WHPSHUDWXUHV DERYH�����&��

7KH�YHUWLFDO�F\FOLF�ORDG�ZDV�DSSOLHG�RYHU�D �����PP�ZLGH ORDGLQJ�VWULS��7KH�WHVWLQJ�ZDV�

SHUIRUPHG�LQ WKH VWUHVV�FRQWUROOHG�PRGH LQ�WKH�OLQHDU�YLVFRHODVWLF�UDQJH�RI�WKH�PDWHULDOV�WR�

PLQLPLVH WKH SHUPDQHQW�GDPDJH��7KXV��WKH�ORZHU�YDOXH�RI�WKH�KRUL]RQWDO QRUPDO�VWUHVV�LQ�WKH�

FHQWUH RI�WKH�VSHFLPHQV�ZDV�IL[HG�DW ������03D��ZKLOH�LWV XSSHU�YDOXH�ZDV�DGMXVWHG WR REWDLQ�

WDUJHW YDOXHV RI�WKH�FRUUHVSRQGLQJ�KRUL]RQWDO�HODVWLF�VWUDLQ�LQ�WKH�FHQWUH RI�WKH�VSHFLPHQ

�FRPPRQO\�UHIHUUHG�WR�DV�LQLWLDO�HODVWLF�VWUDLQ�� 3UHOLPLQDU\�WHVWLQJ�VKRZHG�WKDW WKH�VSHFLPHQV

ZLWK�WKH�KLJKHVW�FHPHQW�FRQWHQW ZHUH�VWURQJ�HQRXJK�WR�UHVLVW�KLJKHU�ORDGV��EXW�EHFDXVH�RI�WKHLU

SRWHQWLDO�EULWWOHQHVV WKH\�ZHUH DW ULVN�RI�VXGGHQ�IUDFWXUH��HVSHFLDOO\�DW�HDUO\�VWDJHV�RI�FXULQJ�

2Q�WKH�RWKHU�KDQG��VSHFLPHQV�ZLWK�WKH�ORZHVW�FHPHQW�FRQWHQW�ZHUH�TXLWH�GXFWLOH DQG�ZHUH�

VXEMHFWHG�WR�RQO\�ORZ�ORDGLQJ�WR�DYRLG�WKH GHYHORSPHQW�RI�KLJK�SODVWLF�GHIRUPDWLRQV��

$GGLWLRQDOO\��LW�LV�LPSRUWDQW�WR�UHPDUN�WKDW�DOO�WKH�VSHFLPHQV�ZHUH�IRUHVHHQ�WR�EH�WHVWHG�

PXOWLSOH�WLPHV�RYHU�WKH�HQWLUH�FXULQJ�SHULRG��)RU�WKLV�UHDVRQ��LW�ZDV�QHFHVVDU\ WR UHPDLQ�LQ�WKH�

OLQHDU�YLVFRHODVWLF�UHJLRQ�DQG PLQLPLVH WKH�DFFXPXODWLRQ�RI�GDPDJH��

)RU�WKH�DERYH�UHDVRQV��LQVWHDG�RI�DSSO\LQJ�DQ�XSSHU�VWUHVV OHYHO�FRUUHVSRQGLQJ�WR�WKH�LQLWLDO�

HODVWLF�VWUDLQ�LQ�WKH�UDQJH�IURP �����WR������Å� DV�SURSRVHG�E\�WKH�VSHFLILFDWLRQV��HDFK�

VSHFLPHQ�ZDV�VXEMHFWHG WR�WKH�XSSHU�VWUHVV�VZHHS ZLWK�WHQ�F\FOHV�RI�ORDGLQJ�SHU�HDFK�VWUHVV�

OHYHO DW�DOO�WHPSHUDWXUHV��IUHTXHQFLHV��DQG�FXULQJ�VWDJHV� 7R�DYRLG�WKH�LQIOXHQFH�RI�WUDQVLHQW�

HIIHFW >��@��ILUVW�WKUHH�DQG�ODVW�WZR�ORDGLQJ�F\FOHV�ZHUH�GLVUHJDUGHG��DQG�WKH�DQDO\VLV�RI�WKH�

UHVXOWV�ZDV�EDVHG�RQ�ILYH LQWHUPHGLDWH ORDGLQJ�F\FOHV� $V�D�UHVXOW��XSSHU�VWUHVVHV�UDQJLQJ�
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IURP������WR������03D�FRUUHVSRQGLQJ�WR�LQLWLDO�HODVWLF�VWUDLQV�UDQJLQJ IURP������Å��IRU�KLJKHU

VWLIIQHVVHV �L�H��ORZ�E�F��ORZHU�WHPSHUDWXUHV��DQG�KLJKHU�IUHTXHQFLHV���WR�����Å��IRU�ORZHU

VWLIIQHVVHV��ZHUH�DGRSWHG IRU�IXUWKHU�DQDO\VLV��'XULQJ�WKH�WHVWLQJ��YHUWLFDO�IRUFH��WRWDO�ODWHUDO

GLVSODFHPHQWV��DQG�WRWDO�YHUWLFDO�GLVSODFHPHQWV�ZHUH�PHDVXUHG��)RU�WKH�UHSUHVHQWDWLYH�VWUHVV�

OHYHOV� WKHVH�YDOXHV�ZHUH�DSSUR[LPDWHG E\�WKH�IROORZLQJ�UHJUHVVLRQ�PRGHOV�

� � � �VLQ � ʌ) W $ % I W & � � � ���
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ZKHUH�) LV�WKH�DSSOLHG�YHUWLFDO�IRUFH��I LV�WKH�ORDGLQJ�IUHTXHQF\��W LV�WLPH��X LV�WKH�WRWDO�ODWHUDO�

GLVSODFHPHQW� DQG�Y LV�WKH�WRWDO�YHUWLFDO�GLVSODFHPHQW��7KH�UHJUHVVLRQ�SDUDPHWHUV $��DX��DQG�DY

DUH VKLIWV��%��EX��DQG�EY DUH�DPSOLWXGHV��&��FX��DQG�FY DUH�SKDVH�DQJOHV��DQG�GX��DQG�GY DUH�OLQHDU�

GULIWV� $IWHU�WKHVH UHJUHVVLRQ�SDUDPHWHUV�ZHUH�GHWHUPLQHG� UHOHYDQW�SDUDPHWHUV�RI�WKH�

PHFKDQLFDO�EHKDYLRXU�ZHUH�EDVHG�RQ�WKH�IROORZLQJ�UHODWLRQV�
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ZKHUH�ǻ)��ǻı[��ǻİ[��DQG�ǻX DUH�WKH�UDQJHV�RI�WKH�YHUWLFDO�IRUFH��KRUL]RQWDO�QRUPDO�VWUHVV��

KRUL]RQWDO�VWUDLQ��UHIHUUHG�WR�DV�WKH�HODVWLF�VWUDLQ��İ[�HO���DQG�WRWDO�ODWHUDO�GLVSODFHPHQW��

UHVSHFWLYHO\��' DQG�+ DUH�WKH�VSHFLPHQ�GLDPHWHU�DQG�KHLJKW��UHVSHFWLYHO\� _(_�LV�WKH�DEVROXWH�

YDOXH�RI�WKH�FRPSOH[�VWLIIQHVV�PRGXOXV��UHIHUUHG�WR�DV�WKH�VWLIIQHVV�PRGXOXV���_Ȟ_�LV�WKH�

DEVROXWH�YDOXH�RI�WKH�FRPSOH[�3RLVVRQ¶V�UDWLR��UHIHUUHG�WR�DV�WKH�3RLVVRQ¶V�UDWLR���ĳ( LV�WKH�

SKDVH�DQJOH�FRUUHVSRQGLQJ�WR�WKH�VWLIIQHVV�PRGXOXV��DQG�ĳȞ LV�WKH�SKDVH�DQJOH�FRUUHVSRQGLQJ�

WR�WKH�3RLVVRQ¶V�UDWLR���.QRZLQJ�WKDW E\�GHILQLWLRQ
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ZKHUH�ĳ)��ĳX��DQG�ĳY DUH�WKH�SKDVH�DQJOHV�RI�WKH�YHUWLFDO�IRUFH��WRWDO�ODWHUDO�GLVSODFHPHQW��DQG�

WRWDO�YHUWLFDO�GLVSODFHPHQW��WKH�PHFKDQLFDO�SDUDPHWHUV�ZHUH�FDOFXODWHG�DV�IROORZV�
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7KH�SULQFLSOH�RI�WKH�PHFKDQLFDO�WHVWLQJ ZLWK�WKH�UHOHYDQW�VWUHVV�DQG�VWUDLQ�VWDWH�LQ�WKH�FHQWUH�RI�

WKH�VSHFLPHQ�DV�ZHOO�DV�WKH�DFTXLVLWLRQ�RI H[SHULPHQWDO�GDWD�DUH VKRZQ�LQ�)LJXUH��� 7KH�

LQGLFDWHG�VWUDLQ İ[ �)LJXUH��D��UHSUHVHQWV�D�KRUL]RQWDO�VWUDLQ�WKH�HODVWLF�SDUW�RI�ZKLFK�LV�WKH�

DERYH�PHQWLRQHG�İ[�HO��

)LJXUH��

%DVHG�RQ�WKHVH�GDWD��WKH�PHFKDQLFDO�UHVXOWV�ZHUH�UHSUHVHQWHG�E\�PDVWHU�FXUYHV IRU�WKH�

UHIHUHQFH�WHPSHUDWXUH�RI�����&��%ODFN�GLDJUDPV��DQG�&ROH�&ROH�GLDJUDPV��7KH�PDVWHU�FXUYHV�

ZHUH�GHWHUPLQHG E\�WKH�IROORZLQJ�PRGHO >��@ E\�DSSO\LQJ�WKH�WLPH�WHPSHUDWXUH�VXSHUSRVLWLRQ�

SULQFLSOH�XVLQJ�WKH�$UUKHQLXV�HTXDWLRQ�
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ZKHUH D7 LV�WKH�VKLIW�IDFWRU��(D LV�WKH�DFWLYDWLRQ�HQHUJ\ DV�D�PDWHULDO�VSHFLILF�FRQVWDQW��5  �

������-��PRO�.��LV�WKH�XQLYHUVDO�JDV�FRQVWDQW �FRPSULVLQJ�± (D�5 DV�D�VLQJOH�PDWHULDO�VSHFLILF�

UHJUHVVLRQ�SDUDPHWHU���7 DQG�7U DUH�WKH�WHVW�WHPSHUDWXUH�DQG�WKH�UHIHUHQFH�WHPSHUDWXUH��

UHVSHFWLYHO\� _(_±� DQG�_(_�� DUH�WKH�VWDWLF�DQG�WKH�JODVV\�PRGXOXV��UHVSHFWLYHO\�DQG�]� DQG�]�

DUH�PDWHULDO�VSHFLILF�UHJUHVVLRQ�SDUDPHWHUV� )RU�WKH�&ROH�&ROH�GLDJUDPV��WKH�VWRUDJH�PRGXOXV��

(���DV�D�PHDVXUH�RI WKH�HODVWLFLW\��DQG�WKH�ORVV�PRGXOXV��(�� DV�D�PHDVXUH�RI�WKH�GDPSLQJ�RI�WKH�

PDWHULDO ZHUH�FDOFXODWHG�E\�WKH�IROORZLQJ�HTXDWLRQV�

� 5H  _ _ FRV (( ( ( ĳ  DQG� � ,P  _ _ VLQ (( ( ( ĳ  � ����

%HFDXVH�RI�WKH�FRPSOH[ VWUHVV�DQG�VWUDLQ�VWDWH LQ�WKH�LQGLUHFW�WHQVLOH�WHVW�FRQILJXUDWLRQ��LW�LV�

GLIILFXOW�WR�GHWHUPLQH WKH�3RLVVRQ¶V�UDWLR�EDVHG�RQ�WKH�H[SHULPHQWDO�GDWD >����������@��

7KHUHIRUH��WKH�3RLVVRQ¶V�UDWLR�ZDV�GHWHUPLQHG�E\�WKH�IROORZLQJ HPSLULFDO�HTXDWLRQ�>��@ ZLWK�

WKH�WHPSHUDWXUH DV�WKH�RQO\�YDULDEOH��DOWKRXJK�LW�LV�NQRZQ�WKDW�WKH�3RLVVRQ¶V�UDWLR�LV�D�FRPSOH[�

IXQFWLRQ�RI�ERWK�ORDGLQJ�IUHTXHQF\�DQG�WHPSHUDWXUH >��@�
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ZKHUH�7 LV�WHPSHUDWXUH�LQ��&��)RU�WKH�DIRUHPHQWLRQHG�UHDVRQ��WKH�UHVXOWV�RI�WKH�3RLVVRQ¶V�UDWLR

ZHUH�XVHG�RQO\ IRU�D�FRPSDUDWLYH�RYHUYLHZ�EHWZHHQ�WKH�FRPSRVLWHV LQ�WKH�&ROH�&ROH�GLDJUDP�

ZLWK�UHVSHFW�WR�WKH�FRUUHVSRQGLQJ�SKDVH�DQJOH��ĳȞ��,W�LV�WR�QRWH�WKDW�WKH�DERYH�HPSLULFDO�

HTXDWLRQ�ZDV�DVVXPHG�WR�EH�UHOHYDQW�IRU�ELWXPHQ�HPXOVLRQ�EDVHG�PDWHULDOV��DOWKRXJK�WKH�LVVXH�

RI�LWV�DSSOLFDELOLW\�GHSHQGLQJ�RQ�WKH�W\SH�RI�PDWHULDO�GHVHUYHV�PRUH�DWWHQWLRQ�LQ�IXWXUH�

UHVHDUFK� $QDORJRXVO\�WR�(TXDWLRQ����� DQG�ZLWK�WKH�VDPH�LQWHUSUHWDWLRQ��WKH�UHDO��Ȟ���DQG�WKH�

LPDJLQDU\�SDUW�RI�WKH�3RLVVRQ¶V�UDWLR��Ȟ���ZHUH�FDOFXODWHG�E\�WKH�IROORZLQJ�HTXDWLRQV�

� 5H  _ _ FRV ȞȞ Ȟ Ȟ ĳ  DQG� � ,P  _ _ VLQ ȞȞ Ȟ Ȟ ĳ  � ����

��� ;�UD\�PLFURWRPRJUDSK\�WHVWLQJ

7KH�;�UD\�PLFURWRPRJUDSK\�WHVWLQJ�ZDV�SHUIRUPHG�WR�H[SODLQ�WKH�REWDLQHG�PHFKDQLFDO�

UHVSRQVH�IURP�WKH�SHUVSHFWLYH�RI�WKH�VWUXFWXUDO�PRUSKRORJ\��(DFK�RI�WKH�VPDOO�FXELF�



��

VSHFLPHQV�ZDV�WHVWHG�XVLQJ�D�VHWXS��(DV\�7RPR�;/�E\�5;�6ROXWLRQV��ZLWK�D�PLFUR�IRFXV��

GLUHFW�WUDQVPLVVLRQ�;�UD\�VRXUFH�DQG�D�IODW�SDQHO�;�UD\�GHWHFWRU��7KH�;�UD\�VRXUFH�

�+DPDPDWVX�/����������LV�HTXLSSHG�ZLWK�D�/D%� ILODPHQW�DQG�D�:�WDUJHW�RQ�D���ɊP�WKLFN�

GLDPRQG�VXSSRUW��DOORZLQJ�DFKLHYLQJ�VXE�PLFURPHWUH ;�UD\�VRXUFH�IRFDO�VSRW�VL]H��7KH�;�UD\�

GHWHFWRU��E\�9DULDQ��FRQVLVWHG RI�D��'�DUUD\�RI�DPRUSKRXV�6L�SL[HOV������ î��������HDFK�ZLWK�

WKH�SK\VLFDO�VL]H RI S  ���� ȝP��FRYHUHG�ZLWK�D WKLQ�OD\HU�RI &V,��7KH�ODWWHU�DFWHG DV�D�

VFLQWLOODWRU�IRU�WKH�;�UD\�SKRWRQV�DQG�FRQYHUWHG WKHP�LQWR�YLVLEOH�OLJKW�SKRWRQV�GHWHFWHG�E\�

WKH�DPRUSKRXV�6L�SL[HOV�

7KH�;�UD\�VRXUFH�ZDV�VHW�WR����N9�DQG����Ɋ$��)RU�HDFK�VSHFLPHQ��WKH�VSHFLPHQ�WR�VRXUFH�

GLVWDQFH��GV6��ZDV�������PP�ZKLOH�WKH�VRXUFH�WR�GHWHFWRU GLVWDQFH��G6'��ZDV��������PP��

*LYHQ�WKH�VPDOO�VL]H�RI�WKH�;�UD\�VRXUFH�VSRW��WKH�;�UD\�EHDP�KDG FRQH�JHRPHWU\�ZLWK�D�

PD[LPXP�DQJOH�RI����� �GHSHQGHQW�RQ ;�UD\�VRXUFH�YROWDJH�DQG�FXUUHQW���7KLV�EHDP�

JHRPHWU\�OHG�WR�D�JHRPHWULFDO�PDJQLILFDWLRQ�RI�WKH�VSHFLPHQ�SURMHFWLRQ�RQ�WKH�GHWHFWRU�SODQH�

GHSHQGLQJ RQ GV6 DQG G6'��7KH�FRUUHVSRQGLQJ�JHRPHWULFDO�PDJQLILFDWLRQ�IDFWRU��0  �G6'�GV6��

ZDV�DSSUR[LPDWHO\�HTXDO�WR������OHDGLQJ�WR�DQ�HIIHFWLYH�SL[HO�YR[HO�WKH�VL]H RI� S  �S�0  

������ȝP IRU�WKH�SURMHFWHG�LPDJHV��UDGLRJUDSKV��

(DFK�PLFURWRPRJUDSK\�PHDVXUHPHQW�FRQVLVWHG�RI������DFTXLUHG�UDGLRJUDSKV�RYHU������RI�

URWDWLRQ�DQJOH�IRU�HDFK�VSHFLPHQ�DURXQG�WKH�YHUWLFDO�D[LV� 7KH�ILQDO�WRPRJUDP�IRU�HDFK�VDPSOH�

ZDV�REWDLQHG�E\��'�UHFRQVWUXFWLRQ�RI�WKH�VHW�RI�UDGLRJUDSKV�XVLQJ�D�*38�RSWLPL]HG�FRQH�

EHDP�ILOWHUHG�EDFN�SURMHFWLRQ�DOJRULWKP�>��@ DYDLODEOH�LQ�5;�6ROXWLRQV¶�VRIWZDUH��;$&7�9HU��

����� 7KH�UHFRQVWUXFWHG�GDWD�ZHUH�VDYHG�DV�D�VWDFN�RI��'�FURVV�VHFWLRQ GLJLWDO�VOLFHV�FRGHG�DV�

���ELW XQVLJQHG�LQWHJHU�7,))�LPDJHV��7KH�YR[HO�YDOXHV LQ�WKH�WRPRJUDPV�FRUUHVSRQGHG WR�WKH�

;�UD\�DWWHQXDWLRQ�FRHIILFLHQW ȝ RI�WKH�FRPSRVLWHV��ZKLFK�LV�LWVHOI�SURSRUWLRQDO�WR�WKH�DWRPLF�

GHQVLW\��1D �QXPEHU�RI�DWRPV�SHU�XQLW�RI�YROXPH��DQG�WR�WKH�DWRPLF�QXPEHU��=��DW�HDFK�YR[HO�

SRVLWLRQ�LQ�VSDFH��³%ULJKWHU´�YR[HOV�LQGLFDWHG KLJKHU�ȝ YDOXHV DQG ³GDUNHU´�YR[HOV�LQGLFDWHG

ORZHU�ȝ YDOXHV� 7KH�HIIHFWLYH�VSDWLDO�UHVROXWLRQ�RI�WKH�ILQDO WRPRJUDPV ZDV�DSSUR[LPDWHO\�

WZLFH�WKH�HIIHFWLYH�YR[HO�VL]H��LQ�WKLV�FDVH DERXW����ȝP��HVWLPDWHG�EDVHG�XSRQ�FDOLEUDWLRQ�

PHDVXUHPHQWV��
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� 5HVXOWV

��� &RPSDFWLRQ�UHODWHG�SURSHUWLHV

7KH�UHVXOWV�RI�WKH�FRPSDFWLRQ�UHODWHG�SDUDPHWHUV�RI�WKH�PL[WXUHV�DUH FRQWDLQHG�LQ�7DEOH�� DQG�

GLDJUDPV�RI�FKDQJH�LQ�WKH�YRLG�FRQWHQW�DQG�WKH�WRWDO�HQHUJ\�RI�FRPSDFWLRQ�DUH�VKRZQ�LQ�

)LJXUH��� ,W�FDQ�EH�REVHUYHG�WKDW�WKH�WRWDO�QXPEHU�RI�J\UDWLRQV�DQG�WKH�YRLG�FRQWHQW�DW�RQH�

J\UDWLRQ�GHFUHDVH�ZLWK�E�F� 7KH�HQHUJ\�RI�FRPSDFWLRQ�GUDVWLFDOO\�GHFUHDVHG�ZLWK�WKH�FRQWHQW

RI�HPXOVLRQ� DQG�ZLWK�E�F RI��� LW�GURSSHG�DOPRVW�WR�KDOI�RI�WKH�YDOXH�ZLWK�E�F RI��� 7KH�YDOXHV�

RI�FRPSDFWDELOLW\�RI�WKH�PL[WXUHV�ZLWK�E�F RI���DQG���ZHUH DURXQG������DQG�ZHUH YHU\�VLPLODU�

+RZHYHU��WKH�FRPSDFWDELOLW\�RI�WKH�PL[WXUHV�ZLWK�E�F RI���ZDV�VLJQLILFDQWO\�ORZHU��)URP�WKH

FRPSDFWLRQ�SDUDPHWHUV DQG�WKH�VKDSHV�RI�WKH�REWDLQHG�FRPSDFWLRQ�FXUYHV��LW�LV�DSSDUHQW�WKDW�

WKH�KLJKHU�HPXOVLILHU�FRQWHQW�LQFUHDVHG�WKH�FRPSDFWDELOLW\�

7DEOH��

)LJXUH��

��� /RVV�RI�ZDWHU

7KH�UHVXOWV�RI�WKH�UDWLR�RI�UHVLGXDO�WR�LQLWLDO�ZDWHU�FRQWHQW EDVHG�RQ�WKH�PDVV�PHDVXUHPHQWV RI�

WKH�VSHFLPHQV��Z�W��ZLQ� DUH�VKRZQ�LQ�)LJXUH�� ZLWK�WKH�UHJUHVVLRQ�SDUDPHWHUV�RI�WKH�

ORJDULWKPLF�PRGHO SURYLGHG�LQ�7DEOH����,W�FDQ�EH�REVHUYHG�WKDW�WKH�VSHFLPHQV�ZLWK�KLJKHU�

HPXOVLILHU�FRQWHQW�ORVW�PRUH�ZDWHU��ZKLOH�WKH�ZDWHU�ORVV�LQFUHDVHG ZLWK�E�F��$V�XVXDO�IRU�WKLV�

W\SH�RI�PDWHULDO��WKH�ORVV�RI�ZDWHU�ZDV�PRVW�SURPLQHQW�LQ�WKH�ILUVW�IHZ�GD\V�RI�FXULQJ >��������

����������@� (YHQ�DIWHU����GD\V�RI�FXULQJ��WKH�VSHFLPHQV FRQWDLQHG�D�VLJQLILFDQW�DPRXQW�RI�

ZDWHU�WKDW�LV�H[SHFWHG�WR�KDYH�D�GLUHFW�HIIHFW�RQ�WKHLU�PHFKDQLFDO�SURSHUWLHV��7KH�GHFUHDVH�LQ�

WKH�PDVV�IUDFWLRQ�RI�ZDWHU LQ VSHFLPHQV�ZLWK�E�F RI�� DQG���HQGHG�DIWHU�DSSUR[LPDWHO\���DQG�

���GD\V��UHVSHFWLYHO\��DQG�WKHUHDIWHU�WKH�ZDWHU�FRQWHQW�UHPDLQHG� DOPRVW FRQVWDQW��,Q�FRQWUDVW�

WR�WKDW��VSHFLPHQV�ZLWK�E�F RI���ZHUH�VWLOO ORVLQJ ZDWHU�HYHQ�DIWHU����GD\V RI�FXULQJ��7KH�

ORJDULWKPLF�UHJUHVVLRQ�IXQFWLRQV�ILWWHG�UHPDUNDEO\�ZHOO�WR�WKH�VHTXHQFH�RI�WKH�PHDVXUHPHQW�

GDWD�ZLWK�ORVV�RI�ZDWHU� 7KH�FKDQJHV�LQ�GLPHQVLRQV�RI�WKH�VSHFLPHQV��SURYLGHG�LQ�7DEOH����
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VKRZ�D�URXJK�WUHQG�RI�LQFUHDVH�LQ�YROXPHWULF�FKDQJHV�ZLWK�E�F��ZKLFK�ZHUH��KRZHYHU��PRVWO\�

ZLWKLQ�WKH�PHDVXULQJ�XQFHUWDLQW\�

)LJXUH��

7DEOH��

7DEOH��

��� 0HFKDQLFDO�SURSHUWLHV

7KH�PDVWHU�FXUYHV�RI�WKH�VSHFLPHQV�ZLWK���DQG������ RI HPXOVLILHU�LQ�WKH�HPXOVLRQ�DUH�VKRZQ�

LQ�)LJXUH����UHVSHFWLYHO\� %HFDXVH�WKH�PHDVXUHPHQWV�ZHUH�GRQH�RQO\�LQ�WKH�WHPSHUDWXUH�UDQJH�

IURP���WR�����&��WKH�FXUYHV�DUH�SUHVHQWHG�RQO\ IRU�WKH�FRUUHVSRQGLQJ�UDQJH�RI�UHGXFHG�

IUHTXHQFLHV��7ZR�JURXSV�RI�FXUYHV ZLWK�UHPDUNDEO\�GLIIHUHQW�YDOXHV�RI�VWLIIQHVV�PRGXOXV FDQ�

EH�LGHQWLILHG��2Q�RQH�KDQG��WKH�VSHFLPHQV�ZLWK�E�F RI�� KDG�YHU\�KLJK�VWLIIQHVV�PRGXOXV LQ�

FRPSDULVRQ WR�FRQYHQWLRQDO�KRW�DVSKDOW�PL[WXUHV� ZLWK�WKH�VWLIIQHVV PRGXOXV�FRQVLGHUDEO\�

DERYH������03D��2Q�WKH�RWKHU�KDQG��WKH�VWDWLF PRGXOXV RI�WKH�VSHFLPHQV ZLWK�E�F RI���DQG���

ZDV GUDVWLFDOO\�UHGXFHG��L�H� IRU�PRUH�WKDQ������03D�RQ�DYHUDJH��7KH�REWDLQHG�H[SHULPHQWDO�

GDWD�GLG�QRW�SHUPLW�DQ\�UHOLDEOH�SUHGLFWLRQ�RI�WKH�JODVV\�PRGXOL�RI�DQ\�RI�WKH�VSHFLPHQV� GXH�

WR�WKH�OLPLWHG�H[SHULPHQWDO�WHPSHUDWXUH�UDQJH� 7KH�FXUYHV IRU�E�F RI���VKRZ�D�KLJKHU�LQFUHDVH�

LQ�VWLIIQHVV�EHWZHHQ���DQG���GD\V RI�FXULQJ��ZKLFK�VORZHG�GRZQ�EHWZHHQ���DQG����GD\V��ZKLOH�

WKH�VSHFLPHQV�ZLWK�E�F RI���DQG���VKRZHG�WKH�RSSRVLWH�WUHQG��([FHSW�IRU�WKH�VSHFLPHQV�ZLWK�

E�F RI����WKH�KLJKHU�HPXOVLILHU�FRQWHQW�OHG�WR�LQFUHDVHV LQ�WKH�VWLIIQHVV�PRGXOXV�

)LJXUH��

%DVHG�RQ�WKH�FDOFXODWHG�SDUDPHWHUV�RI�WKH�WLPH�WHPSHUDWXUH�VXSHUSRVLWLRQ�RI�WKH�VSHFLPHQV��

WKH�UHODWLRQVKLS EHWZHHQ WKH�VKLIW�IDFWRUV�DQG WHPSHUDWXUH�ZDV GHWHUPLQHG DQG�FKDUDFWHULVWLF�

H[DPSOHV�DW���GD\V�RI�FXULQJ�DUH�VKRZQ�LQ�)LJXUH����$V�H[SHFWHG��LW�FDQ�EH�REVHUYHG�IURP�

)LJXUH��D�WKDW�WKH�WHPSHUDWXUH�GHSHQGHQFH RI�WKH�VWLIIQHVV�PRGXOXV�RI�WKH�PDWHULDO�GLUHFWO\�

LQFUHDVHG ZLWK�E�F��0RUHRYHU��ZLWK�WKH�LQFUHDVH�LQ�WKH�FRQWHQW�RI�HPXOVLILHU� WKLV�GHSHQGHQFH

ZDV�OHVV�HYLGHQW��HVSHFLDOO\�DW�KLJKHU�E�F���ZKLOH�DW�E�F RI���WKH�HPXOVLILHU�KDG�SUDFWLFDOO\�QR�
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HIIHFW� $W�WKH�VDPH�WLPH��LW�LV�QRWLFHDEOH WKDW�WKH�VKLIW�IDFWRUV RI�WKH�VSHFLPHQV DUH�LQIOXHQFHG�

E\�WKH�WLPH RI�FXULQJ��DV�VKRZQ�LQ�)LJXUH��E��UHJDUGOHVV�RI�WKH�DEVROXWH�YDOXHV�RI�WKH�VWLIIQHVV�

PRGXOXV�LWVHOI� 7KLV�SKHQRPHQRQ�LV�PRUH�SURQRXQFHG�LQ�WKH�SHULRG�IURP���WR����GD\V�RI�

FXULQJ� 7KH�DSSOLHG�HODVWLF�VWUDLQV�DW�ZKLFK�WKH�PHDVXUHPHQWV�WRRN�SODFH�DV�D�IXQFWLRQ�RI�

UHGXFHG�IUHTXHQF\�DUH�VKRZQ�LQ�)LJXUH��� $V�H[SODLQHG�LQ�6HFWLRQ������WKH�HODVWLF�VWUDLQV�

LQFUHDVHG�ZLWK�E�F��L�H��WKH�GHIRUPDELOLW\�RI�WKH�VSHFLPHQV GHFUHDVHG�ZLWK�WKH�UHGXFHG�

IUHTXHQF\� 7KH�EOXH�DUHD�UHSUHVHQWV�WKH�UDQJH�RI�YDOXHV�VSHFLILHG�IRU�FRQYHQWLRQDO�DVSKDOW�

PL[WXUHV �DFFRUGLQJ�WR�(1�����������

)LJXUH��

)LJXUH��

%ODFN�GLDJUDPV�DQG�&ROH�&ROH�GLDJUDPV�RI�VSHFLPHQV�ZLWK�� � HPXOVLILHU�DUH�VKRZQ�LQ�

)LJXUH�� WR�)LJXUH���� ZKLOH�WKRVH�RI�WKH�VSHFLPHQV�ZLWK���� � HPXOVLILHU�DUH�VKRZQ�LQ�)LJXUH�

�� WR�)LJXUH���� 7KH�SKDVH�DQJOHV�RI�WKH�VSHFLPHQV�ZLWK�E�F RI���DUH�FRQFHQWUDWHG�LQ�D�QDUURZ�

UDQJH��URXJKO\�IURP����WR������7KH\ VKRZ�QR�FOHDU�HIIHFW�RI�WHPSHUDWXUH DQG�KDYH�D PLQRU�

UHGXFWLRQ�RI�YDOXHV�RYHU�WLPH� LQGLFDWLQJ�D�GLVWLQFW HODVWLF�EHKDYLRXU WKDW�GRHV�QRW�GHSHQG�RQ�

WLPH�DQG�WHPSHUDWXUH��7KH�&ROH�&ROH�GLDJUDP�KDUGO\�UHSUHVHQWV�WKH YLVFRHODVWLF�EDODQFH�DQG�

KDV�D�ODUJH�VFDWWHU�RI�YDOXHV��DOWKRXJK�WKHUH�LV�D�VKLIW�LQ�IDYRXU�RI�WKH�VWRUDJH�PRGXOXV�RYHU�

WLPH RI FXULQJ� &RQWUDU\�WR�WKLV��WKH�VSHFLPHQV�ZLWK E�F RI�� KDG D�QRWLFHDEOH�GHFUHDVH�LQ�

VWLIIQHVV�PRGXOXV ZLWK�SKDVH�DQJOH� DQG�SKDVH�DQJOHV�H[WHQGLQJ RYHU�D�PXFK�ZLGHU�UDQJH DV�

WKH�WHVWLQJ�WHPSHUDWXUH�LQFUHDVHG��LQGLFDWLQJ�D�SURQRXQFHG�YLVFRHODVWLF QDWXUH RI�WKHVH

FRPSRVLWHV��,Q�DGGLWLRQ��DV�H[SHFWHG�WKH SKDVH�DQJOHV�JUDGXDOO\�UHGXFHG RYHU�WLPH RI�FXULQJ DV�

WKH�PDWHULDO�EHFDPH�PRUH�HODVWLF�DQG�OHVV�YLVFRXV��7KLV�WUHQG�FRQWLQXHG IRU�E�F RI����$V�

YLVLEOH�IURP�WKH &ROH�&ROH�GLDJUDPV��WKH�LQFUHDVH�LQ�E�F IURP���WR���JUDGXDOO\�OHG�WR�FKDQJHV

LQ�WKH�YLVFRHODVWLF�EDODQFH RI�WKH�PDWHULDO�LQ IDYRXU�RI�WKH�ORVV�PRGXOXV��7KH�FRQWHQW�RI�

HPXOVLILHU�KDG�D�VOLJKW�LQIOXHQFH�RQ�WKHVH�YDOXHV�WRZDUGV�HODVWLF EHKDYLRXU��7KH�GLVSHUVLRQ RI�

WKH�YDOXHV QRWDEO\�GHFUHDVHG�ZLWK�E�F DQG�WLPH��

)LJXUH��

)LJXUH���

)LJXUH���
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)LJXUH���

)LJXUH���

)LJXUH���

7KH�&ROH�&ROH�GLDJUDPV�RI�WKH�3RLVVRQ¶V UDWLR�DUH�VKRZQ�LQ�)LJXUH��� DQG�)LJXUH���� $V�

H[SODLQHG�LQ�6HFWLRQ �����WKH�DSSOLHG�HPSLULFDO�HTXDWLRQ�UHVXOWHG�LQ�WKUHH�LQGLYLGXDO�YDOXHV�RI�

3RLVVRQ¶V�UDWLR�RI���������������DQG�������DW WKH WKUHH�WHVWLQJ�WHPSHUDWXUHV�RI��������DQG�����&��

UHVSHFWLYHO\� 7KH�UHVXOWV�VKRZ�DQ�DSSDUHQW LQFUHDVH�LQ�WKH�LPDJLQDU\�SDUW�RI�3RLVVRQ¶V�UDWLR�

ZLWK�WKH�LQFUHDVH�LQ�E�F DQG�WKH�WHVWLQJ�WHPSHUDWXUH��ZKLOH�WKH�LQIOXHQFH�RI�FXULQJ�ZDV�HYLGHQW�

RQO\ DW�E�F RI���DQG����

)LJXUH���

)LJXUH���

��� ;�UD\�PLFURWRPRJUDSK\

7KH�GLJLWDO�VOLFHV�VHOHFWHG�IURP�;�UD\�WRPRJUDPV�IRU�WKH�VSHFLPHQV ZLWK�� ��HPXOVLILHU DUH�

VKRZQ�LQ�)LJXUH���� 7KH�ORFDO�LQFUHDVH�LQ�WHPSHUDWXUH�FDXVHG�E\ VDZLQJ�DIIHFWHG�WKH�VWUXFWXUH�

RI�WKH�PDWHULDO�RQO\�ORFDOO\��ZLWKLQ�DERXW���PP�IURP�WKH�VXUIDFH��7KH�HIIHFW�RI�VDZLQJ�ZDV�

PDQLIHVWHG�E\�D�ORFDO�GHQVLILFDWLRQ�FOHDUO\�YLVLEOH�LQ�WKH�WRPRJUDPV� +RZHYHU��WKH�VWUXFWXUH�

VKRZQ�LQ�)LJXUH��� FRUUHVSRQGV�WR�WKH�PLGGOH�SDUW�RI�WKH�VSHFLPHQV�DQG�LV�IDU�DZD\�IURP�WKH�

DIIHFWHG�]RQH� ,W�FDQ�EH�REVHUYHG�WKDW�WKH�VWUXFWXUH RI�WKH�FRPSRVLWH�JUDGXDOO\�FKDQJHG DV E�F

LQFUHDVHG��)RU�WKH�ORZHVW�E�F��WKH�VDQG SDUWLFOHV�ZHUH GHQVHO\�SDFNHG� 7KH�UHVLGXDO�ELWXPHQ�

DOPRVW�HYHU\ZKHUH�DSSHDUV�WR�FRQWDLQ DOVR�PDWHULDO�ZLWK�KLJKHU�;�UD\�DWWHQXDWLRQ �L�H��FHPHQW��

K\GUDWLRQ�SURGXFWV��DQG�ILOOHU�� ZKLFK�PDNHV�LW�KDUG�WR�GLVWLQJXLVK�WKH�FR�ELQGHU�V\VWHP�IURP�

WKH�VXUURXQGLQJ�VDQG SDUWLFOHV� 7KH�SUHVHQFH�RI�VRPH�XQK\GUDWHG�FHPHQW�SDUWLFOHV�RI�

FKDUDFWHULVWLFDOO\�KLJK�DWWHQXDWLRQ�LV�QRWLFHDEOH� :LWK�WKH�LQFUHDVH�LQ�E�F��WKH�YRLG�FRQWHQW�

LQFUHDVHG �FRUURERUDWLQJ�WKH�ILQGLQJV�LQ�7DEOH��� DQG�WKH�DWWHQXDWLRQ RI�WKH�;�UD\V LQ�WKH�VSDFH�

EHWZHHQ�WKH�VDQG SDUWLFOHV GHFUHDVHG� FRQILUPLQJ�WKH�ORZHU�FRQWHQW�RI�WKH�FHPHQW DQG�

XQK\GUDWHG�FHPHQW� $W�E�F RI����WKH�VSDFH�EHWZHHQ�WKH�PLQHUDO�SDUWLFOHV�LV�ILOOHG�ZLWK�WKH�FR�

ELQGHU�V\VWHP�ULFK�LQ�ELWXPHQ� UHVHPEOLQJ WKH�PHVRVWUXFWXUH�>��@ RI�FRQYHQWLRQDO�DVSKDOW�

%DVHG RQ�WKH�SUHVHQFH�RI�YRLGV�DORQJ�WKH�VXUIDFH�RI�WKH�FRDUVHU�SDUWLFOHV�>��@��LW�FDQ�EH�
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LQIHUUHG�WKDW�WKH�DGKHVLRQ EHWZHHQ�WKH�PDVWLF��L�H��WKH�PL[WXUH�RI�WKH�FR�ELQGHU�V\VWHP�DQG�

FHPHQW SDUWLFOHV��DQG�FRDUVHU�VDQG�SDUWLFOHV�EHFDPH ZRUVH�DV�E�F GHFUHDVHG�

)LJXUH���

� 'LVFXVVLRQ

%DVHG�RQ�WKH�UHVXOWV�RQ�WKH�WRWDO�UHVLGXDO�FRQWHQW�RI�ZDWHU�DW�WKH�WLPH�RI PHFKDQLFDO�WHVWLQJ�

�7DEOH�����WKH�UHVLGXDO�Z�F��WKH�YRLG�FRQWHQW� DQG�WKH�YROXPH�FRQWUDFWLRQ RI WKH ELWXPLQRXV�

SKDVH �GHFUHDVH�LQ�YROXPH�RI�WKH�ELWXPLQRXV�SKDVH E\�HYDSRUDWLQJ DQG�ELQGLQJ�RI�ZDWHU�LQ�

K\GUDWLRQ SURGXFWV���ș%(��ZDV�FDOFXODWHG DQG�JLYHQ�LQ�7DEOH����7KH�YROXPH�FRQWUDFWLRQ ZDV

FDOFXODWHG�DVVXPLQJ�IXOO�K\GUDWLRQ�RI�WKH�FHPHQW� ZKLFK�LV�D�URXJK�EXW�FRQYHQLHQW�

DSSUR[LPDWLRQ� EHFDXVH�RI�LQVXIILFLHQW�NQRZOHGJH�DERXW�WKH�ORQJ�WHUP�K\GUDWLRQ�NLQHWLFV�RI�

FHPHQW�LQ�WKHVH�FRPSRVLWHV��)RU�WKH�VDPH�UHDVRQ�DQG�WR�DYRLG�GHDOLQJ�ZLWK�XQUHDOLVWLF�YDOXHV

DW�HDUOLHU�DJHV��WKH�YROXPH�FRQWUDFWLRQ ZDV�FDOFXODWHG RQO\�IRU����GD\V�RI�FXULQJ��$V�LW�LV�

REYLRXV�IURP�WKH�UHODWLRQV�LQ )LJXUH�� DQG�FRQVLGHULQJ�WKDW�WKH�WRWDO�FKHPLFDOO\�DQG�SK\VLFDOO\�

ERXQG Z�F RI�WKH�XVHG�FHPHQW�LV��������LW�ZDV�LPSRVVLEOH WKDW�WKH�FHPHQW�LQ WKH FRPSRVLWHV

ZLWK�E�F RI�� FRXOG�DSSURDFK IXOO�K\GUDWLRQ �GHSHQGLQJ�DOVR�RQ�WKH�ORFDO�GLVWULEXWLRQ�RI�ZDWHU�

DQG�LWV�JUDGLHQWV LQ�WKH�VSHFLPHQV���7KH DPRXQW�RI�ZDWHU LQ�FRPSRVLWHV�ZLWK�WKH�RWKHU�WZR�

YDOXHV�RI�E�F ZDV�WKHRUHWLFDOO\�PRUH�WKDQ�HQRXJK��DOWKRXJK�LW�LV�NQRZQ�WKDW�FHPHQW�GRHV�QRW�

IXOO\�K\GUDWH�HYHQ�LQ�V\VWHPV�ZLWK�KLJK�Z�F��

$V�LW�FDQ�EH�REVHUYHG�IURP�WKH�YDOXHV�RI�WKH�YROXPH�FRQWUDFWLRQ� WKH�ELWXPLQRXV�SKDVH�

H[SHULHQFHG�ODUJH�YROXPHWULF�FKDQJHV�GXULQJ�WKH�FXULQJ�SHULRG�ZKLOH�WUDQVIRUPLQJ�IURP�

ELWXPHQ�HPXOVLRQ�WR�UHVLGXDO�ELWXPHQ� 7KH�IDFW�WKDW QR�PHDVXUDEOH�YROXPHWULF�FKDQJHV�FRXOG�

EH�GHWHFWHG�RQ�WKH�VXUIDFH�RI�WKH�VSHFLPHQV RYHU�WLPH �7DEOH�����SUREDEO\�EHFDXVH�RI�WKH�KLJK�

DYHUDJH�YROXPH�IUDFWLRQ�RI�VDQG RI�DSSUR[LPDWHO\ ������7DEOH����DQG�WKH�VSDWLDO�RUJDQLVDWLRQ�

RI�LWV SDUWLFOHV��PHDQV�WKDW�WKH�YROXPH�FRQWUDFWLRQ DQG�SRVVLEO\�GHSHUFRODWLRQ�RI�WKH�

ELWXPLQRXV�SKDVH�WRRN�SODFH�LQ�IDYRXU�RI�WKH SRUH�VSDFH >��@� )RU�WKLV�UHDVRQ��LQ�LPSURYLQJ�

WKH�PHFKDQLFDO�EHKDYLRXU�RI�WKHVH�PDWHULDOV��RQH�SRVVLEOH�GLUHFWLRQ FRXOG�EH�WR�OLPLW�WKH�

WHPSRUDO�LQWHUQDO�YROXPHWULF�FKDQJHV��L�H��FRQWUDFWLRQ�RI�WKH�FR�ELQGHU�V\VWHP��DQG�WKXV��NHHS�

WKH�LQWHJULW\�RI�WKH�DGKHVLRQ�EHWZHHQ�WKH�FR�ELQGHUV�DQG�WKH�DJJUHJDWH�GXULQJ�WKH�SHUFRODWLRQ�

RI�WKH�SRUH�VSDFH�
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7DEOH��

7KH�PL[LQJ�PHWKRG�DSSOLHG�KHUH�LV�NQRZQ�LQ�FRQYHQWLRQDO�DVSKDOW WHFKQRORJ\�DV�VHTXHQWLDO�

PL[LQJ�DQG�DOORZHG WR REWDLQ�D�KRPRJHQHRXV�PL[WXUH�DQG�WKLFNHU�FRDWLQJ�DURXQG�WKH�FRDUVHU�

SDUWLFOHV�>��@� 7KLV�PL[LQJ�PHWKRG�PLQLPLVHG WKH�ULVN�RI�IRUPLQJ�FOXVWHUV�RI�FHPHQW�SDUWLFOHV�

>��@ WKDW�ZHUH KDUG�WR�EUHDN�DQG WKDW�PLJKW FDSWXUH SDUW�RI�WKH�HPXOVLRQ E\�VXUIDFH�WHQVLRQ RI

OLTXLG EULGJHV�EHWZHHQ WKH�FHPHQW�SDUWLFOHV >������@��WKXV PDNLQJ�LW�XQDYDLODEOH�IRU�FRDWLQJ

WKH�DJJUHJDWHV��0RUHRYHU��LQ�WKH�FDVH�RI�HPXOVLRQV�VXVFHSWLEOH�WR�SUHPDWXUH�EUHDNLQJ��JUDGXDO�

DGGLWLRQ�RI�FHPHQW�RQ�WKH�VXUIDFH�RI�WKH�ILOP�RI�ELWXPHQ�HPXOVLRQ�WKDW�LV�DOUHDG\�SDUWLDOO\�

DGKHUHG�WR�WKH�SULPDU\�VWUXFWXUH�>��@ SUHYHQWV�WKH�DJJORPHUDWLRQ�RI�ELWXPHQ�GURSOHWV >��@�

:LWK�WKLV�PHWKRG�RI�PL[LQJ� DIWHU�WKH�DGGLWLRQ�RI�FHPHQW�RQ�SUHYLRXVO\�FRDWHG�VDQG�SDUWLFOHV��

WKHUH�ZDV�QR�FKDQFH�RI�LWV�VHJUHJDWLRQ�RQ�WKH�VXUIDFH�EHFDXVH�LW�LPPHGLDWHO\�VWXFN WR�WKH�

HPXOVLRQ ZLWKRXW�WKH�QHHG�IRU�H[FHVVLYH�PL[LQJ�

7KH�UHVXOWV�REWDLQHG�E\�WKH�WRWDO�HQHUJ\�RI�FRPSDFWLRQ�DQG�WKH�SDUDPHWHU�RI�FRPSDFWDELOLW\�

FDQ�EH�H[SODLQHG�DV�IROORZV� )LUVW��DV�H[SODLQHG�LQ�6HFWLRQ������WKH�LQLWLDO�FRQVROLGDWLRQ�RI�WKH�

PL[WXUHV�ZDV�GLVFDUGHG�E\�FRQVLGHULQJ�MXVW�WKH�SDUW�ZLWK�WKH�YRLG�FRQWHQW�EHORZ������ ZKLFK�

ILWWHG ZHOO�WR�WKH�ORJDULWKPLF�PRGHO��,Q�WKLV�SKDVH�RI�WKH�FRPSDFWLRQ SURFHVV� WKH�DSSOLHG�

HQHUJ\�ZDV�SUHGRPLQDQWO\�XVHG�IRU�YROXPHWULF�GHIRUPDWLRQ�ZLWKRXW�VLJQLILFDQW�VKHDU�IRUFHV�

RQ�WKH�DJJUHJDWH�>��@� +RZHYHU��WKH�VWDQGDUG�DSSURDFK�LQ�GLVFDUGLQJ�WKH�LQLWLDO�FRQVROLGDWLRQ

>������@ ZDV�QRW�DSSOLFDEOH�WR�WKH�PL[WXUHV�ZLWK�E�F RI�� EHFDXVH�WKHLU�WRWDO�QXPEHU�RI�

J\UDWLRQV�ZDV�DOUHDG\�YHU\�ORZ��ZKLOH�WKH�DFWXDO�YRLG�FRQWHQWV�DW�RQH�J\UDWLRQ�ZHUH DURXQG�

��������VOLJKWO\�EHORZ�WKH�DGRSWHG�WKUHVKROG��7KLV�VXJJHVWV WKDW�WKH�XVHG�PRGHO�ZDV�VLPSO\�

LQDSSOLFDEOH� DQG�WKH�REWDLQHG�SDUDPHWHUV�DUH�LUUHOHYDQW��7KLV�LV�DOVR�UHIOHFWHG�RQ�WKH�VOLJKWO\�

ORZHU FRHIILFLHQWV�RI�GHWHUPLQDWLRQ�JLYHQ�LQ�7DEOH����

6HFRQG� EDVHG�RQ�WKH�H[SHULPHQWDO�UHVXOWV�LW�FDQ�EH�K\SRWKHVLVHG WKDW�WKH�VDQG�SDUWLFOHV�LQ�

PL[WXUHV�ZLWK KLJK E�F ZHUH�FRYHUHG�ZLWK�D VRIW�SRURXV�VWUXFWXUH�RI�ILQH�FHPHQW�SDUWLFOHV�

EULGJHG�E\ WKH�ELWXPHQ�HPXOVLRQ��ZKLFK FDXVHG WKH�KLJK�YRLG�FRQWHQW�DW�RQH�J\UDWLRQ��

&RQVHTXHQWLDOO\��WKH�WRWDO�QXPEHU�RI�J\UDWLRQV DQG�WKH�WRWDO�HQHUJ\�RI�FRPSDFWLRQ�RI�WKHVH�

PL[WXUHV�ZHUH UHODWLYHO\�KLJK��:LWK�DQ�LQFUHDVH�LQ�WKH�FRQWHQW�RI�HPXOVLRQ��WKLV�SRURXV�

VWUXFWXUH�JUDGXDOO\�FKDQJHG�WR�FRQWLQXRXV�ELWXPLQRXV�ILOP RI�ORZHU�YLVFRVLW\ DQG�WKH�HQHUJ\�

RI�FRPSDFWLRQ�WR�UHDFK�WKH�WDUJHW�YRLG�FRQWHQW�SURJUHVVLYHO\�GHFUHDVHG��7KLV�ZDV�FRQILUPHG�
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E\�WKH�WRWDO�HQHUJ\�RI�FRPSDFWLRQ��7DEOH���� ZKLFK�LV�D�PHDVXUH�RI�WKH�ZRUNDELOLW\�DQG�DELOLW\�

RI�WKH�PL[WXUH�WR�GHYHORS�DJJUHJDWH�FRQWDFWV�DQG�UHVLVW�DJJUHJDWH�UHRULHQWDWLRQ�>����������@��,Q�

IDFW��WKH�WRWDO�HQHUJ\�RI�FRPSDFWLRQ�JUDGXDOO\ UHGXFHG�E\�KDOI�ZLWK WKH�LQFUHDVH�RI�E�F IURP���

WR���

)URP�WKH�PDVWHU�FXUYHV�RI�VWLIIQHVV�PRGXOXV� ZKLFK�LQGLFDWH�WKH�WLPH�GHSHQGHQFH RI�WKH�

PDWHULDO >��@� LW�LV�FOHDU�WKDW�E�F SOD\HG D�GHFLVLYH�UROH�LQ�GHILQLQJ�WKH�PHFKDQLFDO�EHKDYLRXU�RI�

WKH�PDWHULDOV�DQG WKH�HPXOVLILHU�FRQWHQW�LQIOXHQFHG�LW�WR D PXFK�OHVVHU H[WHQW��&RQVHTXHQWLDOO\��

WKH�VSHFLPHQV�ZLWK�E�F RI���ZLWK�WKHLU�KLJK�VWLIIQHVV�SHUIRUPHG�FORVHU�VLPLODUO\�DV�FHPHQW�

EDVHG�PDWHULDOV��ZKLOH�WKH�VSHFLPHQV�ZLWK�E�F RI���DQG���ZHUH�FRPSDUDEOH�WR�RWKHU�ELWXPLQRXV�

PDWHULDOV��7KLV�VXJJHVWV WKDW�WKH�VWLIIQHVV�DW WKH�ORZHVW�E�F ZDV�GRPLQDWHG�E\ WKH�FHPHQW�

K\GUDWLRQ�SURGXFWV��ZKLOH�DW�KLJKHU�E�F��WKH�REWDLQHG�VWLIIQHVV�ZDV�FRQWULEXWHG E\�WKH�UHVLGXDO�

ELWXPLQRXV ELQGHU��VXJJHVWLQJ WKH�H[LVWHQFH�RI�D�SHUFRODWLRQ�WKUHVKROG�

7KH�WHPSHUDWXUH�GHSHQGHQFH RI�WKH�PDWHULDO�UHSUHVHQWHG�E\�WKH�VKLIW�IDFWRU�WHPSHUDWXUH�

IXQFWLRQV�>��@ �)LJXUH����XQDPELJXRXVO\�VKRZHG�D�JUDGXDO�WUHQG�WR LQFUHDVH ZLWK�E�F��7KLV�LV�

FRQWUDU\�WR�WKH�WLPH�GHSHQGHQFH REWDLQHG E\�WKH�PDVWHU�FXUYHV WKDW�ZHUH JURXSHG WRJHWKHU IRU�

WKH�VSHFLPHQV�ZLWK�E�F RI���DQG��� +RZHYHU��WKLV�FRQILUPV�WKDW�WKH�ELWXPLQRXV�SKDVH LQ�WKH�

VWUXFWXUH�RI�WKH�FR�ELQGHU�V\VWHP�SHUFRODWHV DV�WKH�FRQWHQW�RI�ELWXPHQ�LQFUHDVHG��OHDGLQJ�WR

WKH�WHPSHUDWXUH�GHSHQGHQFH�W\SLFDO�IRU�ELWXPHQ�EDVHG� $W�WKH�VDPH�WLPH��WKH VOLJKW LQFUHDVH�

LQ�WKH�WHPSHUDWXUH�GHSHQGHQFH RI�WKH�PDWHULDO�RYHU�WKH�WLPH�RI�FXULQJ�LQGLFDWHV WKH�HIIHFW RI�

HPXOVLRQ�EUHDNLQJ� DV�WKH�ELWXPLQRXV�ILOP WUDQVIRUPV�IURP HPXOVLRQ�WR�UHVLGXDO�ELWXPHQ�

7KH�%ODFN�GLDJUDPV�LQGLFDWH�WKDW�WKH�WHVWLQJ�WHPSHUDWXUH�KDG�DOPRVW�QR�HIIHFW�RQ�WKH�PDWHULDO�

ZLWK�E�F RI����ZKLOH LWV HIIHFW�EHFDPH�HYLGHQW ZLWK�DQ�LQFUHDVH�LQ�WKH�ELWXPHQ�FRQWHQW��L�H��DW�

E�F RI���DQG�DERYH��7KLV�LQGLFDWHV WKDW�WKH�FRPSRVLWHV�ZLWK�KLJK�FHPHQW�FRQWHQW ZHUH

SUDFWLFDOO\ WZR�SKDVH�DUUKHRGLFWLF��L�H��VROLG�OLNH� PDWHULDOV EHFDXVH�WKH�FHPHQWLWLRXV�PDWUL[�

UHPDLQV�HODVWLF�UHJDUGOHVV�RI�WKH�WHPSHUDWXUH� ZKLOH�WKH�ELWXPHQ�GURSOHWV�EHKDYH�

YLVFRHODVWLFDOO\� :LWK�LQFUHDVH�LQ�E�F��WKH�FR�ELQGHU�ORVW WKH�LQWHUQDO�HODVWLF�FRQVWUDLQWV�DQG�WKH�

UKHRORJLFDO�EHKDYLRXU EHFDPH�GHILQHG�E\�WKH�YLVFRHODVWLF�SURSHUWLHV RI�ELWXPHQ��DQG�WKXV�

WLPH�DQG�WHPSHUDWXUH FDQ EH�EURXJKW�LQWR�VXSHUSRVLWLRQ�E\�D�VLPSOH�VKLIW�DORQJ�WKH�

ORJDULWKPLF�IUHTXHQF\�D[LV�>��@��+RZHYHU��WR�EH�DEOH�WR�MXGJH�DERXW�WKH�SUHVHQFH�RI�WKH�WLPH�

WHPSHUDWXUH�VXSHUSRVLWLRQ�SULQFLSOH IRU�WKH�FRPSRVLWHV�ZLWK�KLJK�FHPHQW�FRQWHQW��WKH\�VKRXOG�
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EH�DGGLWLRQDOO\�VWXGLHG E\�UKHRORJLFDO�WHVWLQJ�LQ�D�FRQILJXUDWLRQ�WKDW�DOORZV�PHDVXULQJ�DFURVV�

D�PXFK�ZLGHU�WHPSHUDWXUH�DQG�IUHTXHQF\�UDQJH�

%DVHG�RQ�WKH�UHVXOWV�RI�WKH�PHFKDQLFDO�SURSHUWLHV��WKH�FULWLFDO�FRPSRVLWLRQ RI�WKH�FR�ELQGHU�

V\VWHP DW�ZKLFK WKH�WUDQVLWLRQ IURP�FHPHQW�GRPLQDWHG�WR�ELWXPHQ�GRPLQDWHG PHFKDQLFDO�

EHKDYLRXU�WRRN SODFH�DW�E�F LQWHUPHGLDWH EHWZHHQ ��DQG����DV�LOOXVWUDWHG�LQ )LJXUH���� ZKLFK�LV�

VXSSRUWHG�E\�WKH�OLWHUDWXUH >������������������@� ,Q�WKLV�FRQFHSWXDO�LOOXVWUDWLRQ��WKH�SHUFRODWLRQ�

IHDWXUH�DQG�WKH�VKDUH�RI�WKH�ELWXPHQ�GRPLQDWHG�EHKDYLRXU�DUH�H[SUHVVHG�LQ�WKH�UDQJH�IURP���WR�

���ZKHUH�E�F LV�XVHG�DV�WKH�RUGHU�SDUDPHWHU�IRU�WKH�ERWK�SURFHVVHV��&RQVLGHULQJ WKH SKDVH�

JHRPHWU\�RI�WKH�FR�ELQGHU�V\VWHP��WKLV�SRLQW�ZDV�VKLIWHG�WR�WKH�ULJKW�IRUP�WKH�SHUFRODWLRQ�

WKUHVKROG�RI�ELWXPLQRXV�SKDVH�DQG�ZDV�LQ�WKH�GRPDLQ�RI�WKH�VXVSHQVLRQ�RI�GLVFUHWH

FHPHQWLWLRXV�SDUWLFOHV�LQ�WKH�FRQWLQXRXV�ELWXPLQRXV�ELQGHU DV�YLVLEOH�LQ�)LJXUH���F� ,W�LV�

LPSRUWDQW�WR�VD\�WKDW WKH�FULWLFDO�FRQFHQWUDWLRQV�OHDGLQJ�WR�SHUFRODWLRQ RI�ERWK SKDVHV��

ELWXPLQRXV�DQG�FHPHQWLWLRXV� L�H��SHUFRODWLRQ�WKUHVKROGV� WKHRUHWLFDOO\�GR�QRW�QHFHVVDULO\�

PDWFK �VR�FDOOHG��PL[HG�JHRPHWU\ >��@���7KHUHIRUH��WKH�REVHUYHG�VKLIW�FDQ�EH�H[SODLQHG E\�

FRUUHVSRQGHQFH�RI WKH�WUDQVLWLRQ�RI�WKH�PHFKDQLFDO�EHKDYLRXU�ZLWK�D�FULWLFDO�YROXPHWULF�

FRQWHQW�RI�DOO�HODVWLF�SKDVHV ZLWK�DJJUHJDWH�SOD\LQJ�WKH�LPSRUWDQW�UROH� 0RUHRYHU��WKH�

SHUFRODWLRQ�WKUHVKROGV DUH�GHFLGHG�E\�YDULRXV�PDWHULDO� DQG�PHWKRGRORJ\�VSHFLILF LQIOXHQFHV

OLNH�YLVFRVLW\�DQG�VWDELOLW\�RI�WKH�HPXOVLRQ��LQWHUDFWLRQ�ZLWK�FHPHQW�GXULQJ�WKH�SUHSDUDWLRQ�RI�

VSHFLPHQV��DJJORPHUDWLRQ�RI�FHPHQW�SDUWLFOHV��SRVVLEOH SUH�PDWXUH�GHPXOVLILFDWLRQ��PL[LQJ

SURFHGXUH��HWF� $W�WKH�VDPH�WLPH� WKH�HIIHFW�RI WKH�LQWHUIHUHQFH RI�WKH�FR�ELQGHU�V\VWHP�E\�

YRLGV�DQG�ILOOHU�SDUWLFOHV�RQ�WKH�UHVSHFWLYH�OHQJWK�VFDOH RQ�WKH�REWDLQHG�SURSHUWLHV�LV�QRW�WR�EH�

QHJOHFWHG� )LQDOO\��LW�VKRXOG�EH�VWUHVVHG�WKDW�WKH�SHUFRODWLRQ�RI�SRUH�VSDFH�ZDV�DQ�DGGLWLRQDO

LPSRUWDQW�IDFWRU�IRU�WKH�WHPSRUDO�GHYHORSPHQW�RI�PHFKDQLFDO�SURSHUWLHV�RI�WKH�VSHFLPHQV�

)LJXUH���

� &RQFOXVLRQV

7KLV UHVHDUFK�FRPSUHKHQVLYHO\�FRQVLGHUHG WKH�F\FOLF�LQGLUHFW�WHQVLOH�EDVHG�PHFKDQLFDO�

EHKDYLRXU�RI�ELWXPHQ�HPXOVLRQ�FHPHQW�FRPSRVLWHV�LQ�UHODWLRQ�WR�WKH VWUXFWXUDO�WUDQVLWLRQ�RI�

WKH�FR�ELQGHU�V\VWHP�WDNLQJ�SODFH�DFURVV�D�ZLGH�UDQJH�RI�E�F DQG�HPXOVLILHU�FRQWHQWV�
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$W ORZ�E�F��WKH�FRPSRVLWH�KDG D GRPLQDQWO\�HODVWLF�EHKDYLRXU��L�H��KLJK�VWLIIQHVV�PRGXOXV�DQG�

ORZ�SKDVH�DQJOHV� ZLWK�ORZ�WHPSHUDWXUH�VHQVLWLYLW\ RI�WKHVH�SURSHUWLHV� DSSURDFKLQJ�WKH�

EHKDYLRXU�RI�FHPHQWLWLRXV�PDWHULDOV��2Q�WKH�RWKHU�KDQG� ZLWK�WKH�LQFUHDVH�LQ�E�F� WKH�VWLIIQHVV�

PRGXOXV�ZDV�VLJQLILFDQWO\�UHGXFHG� DQG�WKH�SKDVH�DQJOHV�LQFUHDVHG� ZLWK�SURQRXQFHG�

WHPSHUDWXUH�VHQVLWLYLW\�RI�WKHVH�SURSHUWLHV��,Q�RWKHU�ZRUGV� DW�KLJKHU�E�F WKH�FRPSRVLWH

H[KLELWHG�PHFKDQLFDO�EHKDYLRXU�W\SLFDO IRU ELWXPLQRXV�PDWHULDOV��7KH�FRQWHQW�RI�HPXOVLILHU�

VKRZHG�D�OHVV�VLJQLILFDQW HIIHFW RQ�WKH�PHFKDQLFDO�SURSHUWLHV��7RJHWKHU�ZLWK WKH�LQVLJKW�LQWR�

WKH�PRUSKRORJ\�RI�WKHVH�PDWHULDOV E\�;�UD\�FRPSXWHG�PLFURWRPRJUDSK\��LW�FDQ�EH�FRQFOXGHG�

WKDW�WKH WUDQVLWLRQ�IURP�FHPHQW�GRPLQDWHG�WR�ELWXPHQ�GRPLQDWHG�PHFKDQLFDO�EHKDYLRXU�WRRN

SODFH�DW�E�F EHWZHHQ���DQG����FRUUHVSRQGLQJ�WR�WKHLU�YROXPH�UDWLR�EHWZHHQ���DQG��� 7KH�

SUHVHQFH�RI�WKH�FULWLFDO�SRLQW�IRU WKH�PHFKDQLFDO�EHKDYLRXU�FDQ�EH�FDXVHG�E\�ERWK�WKH�

SHUFRODWLRQ RI�WKH�FHPHQWLWLRXV SKDVH� E\�WKH�GHFUHDVH�LQ�E�F��DQG�SHUFRODWLRQ�RI�WKH�SRUH�

VSDFH DQG�YROXPH�FRQWUDFWLRQ RI�WKH�FR�ELQGHU�V\VWHP DV�E�F LQFUHDVHV� +RZHYHU��NHHSLQJ�WKH�

VDPH�YRLG�FRQWHQWV�RI�DOO�WKH�FRPSRVLWHV DFURVV E�F RYHU�WLPH�ZDV�LPSRVVLEOH EHFDXVH�RI WKH�

GLIIHUHQW�UDWHV�RI�YROXPHWULF�FKDQJH�IRU�GLIIHUHQW�E�F�
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H[SODQDWLRQ�RI WKH�WUDQVLWLRQ�RI UKHRORJLFDO�SURSHUWLHV�RI�WKH�FR�ELQGHU�V\VWHP LQ�UHODWLRQ�WR�
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7KH�DXWKRUV�WKDQN�+LOGH�6RHQHQ��1\QDV�1�9���%HOJLXP��IRU�SURYLGLQJ�DQG�WHVWLQJ�WKH�ELWXPHQ�

WKH�HPXOVLRQV�ZHUH�SURGXFHG�ZLWK� 7RPDV�6YHQVRQ��$N]R1REHO�6XUIDFH�&KHPLVWU\�$%��

6ZHGHQ��IRU�SURGXFLQJ�WKH�ELWXPHQ�HPXOVLRQV��DQG�3HWHU�%RRV��1RUPHQVDQG�*PE+�DQG�

+HLGHOEHUJ&HPHQW�$*��*HUPDQ\��IRU�SURGXFLQJ�WKH�PRGLILHG�VWDQGDUG�VDQG DQG�SURYLGLQJ�

WKH�FHPHQW��0LFKHOH�*ULIID��(PSD��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�

7HFKQRORJ\��6ZLW]HUODQG� LV�DFNQRZOHGJHG IRU�UHFRQVWUXFWLQJ�WKH�;�UD\�WRPRJUDPV�

FRQVLGHUHG�LQ�WKLV�UHVHDUFK�
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������RI�HPXOVLILHU�LQ�HPXOVLRQ
'HVLJQDWLRQ 6� 6� 6�
Z�F ���� ���� ����
E�F ���� ���� ����
E�F ² YROXPHWULF�UDWLR�RI�FHPHQW�WR�ELWXPHQ
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7DEOH��² ,QLWLDO�DYHUDJH�YROXPHWULF�FRPSRVLWLRQ�RI�WKH�VSHFLPHQV�EDVHG�RQ�WKH�DFWXDO�YRLG�
FRQWHQW�

&RQVWLWXHQW
&RQWHQW�E\�YROXPH����

E�F  �� E�F  �� E�F  ��
����RI�HPXOVLILHU�LQ�HPXOVLRQ
%LWXPHQ ��� ���� ����
(PXOVLILHU ��� ��� ���
:DWHU ��� ��� ���
&HPHQW ��� ��� ���
6DQG ���� ���� ����
9RLGV ��� ��� ���
������RI�HPXOVLILHU�LQ�HPXOVLRQ
%LWXPHQ ��� ���� ����
(PXOVLILHU ��� ��� ���
:DWHU ��� ��� ���
&HPHQW ��� ��� ���
6DQG ���� ���� ����
9RLGV ��� ��� ���
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7DEOH��² 2YHUYLHZ�RI�WKH�SDUDPHWHUV�IURP�WKH�J\UDWRU\�FRPSDFWLRQ�RI�WKH�VSHFLPHQV�

3DUDPHWHU

9DOXH
E�F  �� E�F  �� E�F  ��

$YHUDJH
6WDQGDUG�
GHYLDWLRQ

$YHUDJH
6WDQGDUG�
GHYLDWLRQ

$YHUDJH
6WDQGDUG�
GHYLDWLRQ

����RI�HPXOVLILHU�LQ�HPXOVLRQ
7RWDO�QXPEHU�RI�J\UDWLRQV��QWRWDO ���� ���� ���� ���� ��� ����
,QLWLDO�YRLG�FRQWHQW��9LQ��

��� ��� ���� ��� ���� ��� ����
7RWDO�HQHUJ\�RI�FRPSDFWLRQ��(F�- ���� ���� ���� ���� ���� ����
9RLG�FRQWHQW�DW�RQH�J\UDWLRQ��9�������� ���� ���� ���� ���� ���� ����
&RPSDFWDELOLW\��.��� ���� ���� ���� ���� ���� ����
5� RI�WKH�ORJDULWKPLF�PRGHO ����� ����� ����� ����� ����� �����
������RI�HPXOVLILHU�LQ�HPXOVLRQ
7RWDO�QXPEHU�RI�J\UDWLRQV��QWRWDO ���� ���� ���� ���� ��� ����
7RWDO�HQHUJ\�RI�FRPSDFWLRQ��(F�- ���� ���� ���� ���� ���� ����
,QLWLDO�YRLG�FRQWHQW��9LQLWLDO�� ��� ���� ��� ���� ��� ����
9RLG�FRQWHQW�DW�RQH�J\UDWLRQ��9����� ��� ���� ���� ���� ���� ���� ����
&RPSDFWDELOLW\��.��� ���� ���� ���� ���� ���� ����
5� RI�WKH�ORJDULWKPLF�PRGHO ����� ����� ����� ����� ����� �����
��� 9RLG�FRQWHQW�DFKLHYHG�DW�WKH�HQG�RI�WKH�FRPSDFWLRQ��FRUUHVSRQGLQJ�WR�WKH�LQLWLDO�VWDJH�RI�FXULQJ�
��� 9DOXHV�SUHGLFWHG�E\�UHJUHVVLRQ�



��

7DEOH��² 2YHUYLHZ�RI�WKH�UHJUHVVLRQ�SDUDPHWHUV�RI�WKH�ORJDULWKPLF�PRGHO�DSSOLHG�WR�D�
GRPDLQ�RI�WKH�WLPH�RI�FXULQJ�

5HJUHVVLRQ�
SDUDPHWHU

9DOXH
6� 6� 6� 6� 6� 6�

'RPDLQ�RI�W�GD\ �±� �±�� �±�� �±� �±�� �±��
D� ±���� ±���� ±���� ±���� ±���� ±����
D� ���� ���� ���� ���� ���� ����
5� ����� ����� ����� ����� ����� �����
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7DEOH��² &KDQJH�LQ�GLPHQVLRQV�RI�WKH�VSHFLPHQV�ZLWKLQ�WKH�FXULQJ�SHULRG RI����GD\V�

'LPHQVLRQ

&KDQJH�IURP���WR����GD\V�RI�FXULQJ��Å�
E�F  �� E�F  �� E�F  ��

$YHUDJH
6WDQGDUG�
GHYLDWLRQ

$YHUDJH
6WDQGDUG�
GHYLDWLRQ

$YHUDJH
6WDQGDUG�
GHYLDWLRQ

����RI�HPXOVLILHU�LQ�HPXOVLRQ
+HLJKW ±���� ��� ���� ��� ���� ���
'LDPHWHU ±��� ��� ±��� ��� ±���� ���
������RI�HPXOVLILHU�LQ�HPXOVLRQ
+HLJKW ���� ��� ±��� ���� ���� ����
'LDPHWHU ±��� ��� ±��� ��� ±��� ���
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7DEOH��²$YHUDJH�UHVLGXDO�Z�W��F��YRLG�FRQWHQW��DQG�YROXPH�FRQWUDFWLRQ�RI�WKH�ELWXPLQRXV�
SKDVH�DW�WKH�WLPH�RI�PHFKDQLFDO�WHVWLQJ��DVVXPLQJ�D�GHJUHH�RI�K\GUDWLRQ�RI�Į  ���
7LPH�RI�
FXULQJ��W

Z�W��F 9 ��� ș%(
E�F  �� E�F  �� E�F  �� E�F  �� E�F  �� E�F  �� E�F  �� E�F  �� E�F  ��

����RI�HPXOVLILHU�LQ�HPXOVLRQ
��GD\V ����� ����� ���� ���� ���� ���� ² ² ²
��GD\V ����� ����� ���� ���� ���� ���� ² ² ²
���GD\V ����� ����� ���� ���� ���� ���� ����� ����� �����
������RI�HPXOVLILHU�LQ�HPXOVLRQ
��GD\V ����� ����� ���� ���� ���� ���� ² ² ²
��GD\V ����� ����� ���� ���� ���� ���� ² ² ²
���GD\V ����� ����� ����� ���� ���� ���� ����� ����� �����
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