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REWDLQHG KDYH EHHQ FKDUDFWHUL]HG E\ '6&� ,5� DQG FRQWDFW DQJOH PHDVXUHPHQWV� DQG WKHLU ZDWHU DEVRUSWLRQ

DQG HTXLOLEULXP VZHOOLQJ KDYH EHHQ H[DPLQHG� 7KH SHUFHQW RI JHO IRUPHG DQG GHJUHH RI VZHOOLQJ RI WKH

QHWZRUNV LQ ZDWHU ZHUH GHSHQGHQW RQ WKH DPRXQW RI %3 LQ WKH UHDFWLRQ PL[WXUH� LUUDGLDWLRQ WLPH DQG

PRODU PDVV RI 3(*� *HO IUDFWLRQ \LHOG H[FHHGHG ���� DQG HTXLOLEULXP VZHOOLQJ LQ ZDWHU YDULHG IURP �� WR

�����

,QWURGXFWLRQ

3RO\�HWK\OHQH R[LGH�V �3(2V� �DQG�RU 3(*V��

ZKLFK KDYH HWK\OHQH R[LGH OLQNDJHV LQ WKH PDLQ

FKDLQ� DUH ZDWHU�VROXEOH SRO\PHUV RI FRQVLGHUDEOH

LQGXVWULDO VLJQLILFDQFH �H�J�� LQ PHGLFLQH� SKDU�

PDF\� FRVPHWLFV� WH[WLOHV� DJULFXOWXUH� DQG IRRG

LQGXVWU\��
���
&URVVOLQNHG QHWZRUNV GHULYHG IURP

WKHP KDYH DOVR EHHQ VKRZQ WR KDYH D QXPEHU RI

DSSOLFDWLRQV VXFK DV� FRQWUROOHG GUXJ UHOHDVH V\V�

WHPV� SKDVH WUDQVIHU FDWDO\VWV� PHPEUDQHV DQG

PDQ\ RWKHUV�
�
)RU FURVVOLQNLQJ RI 3(2� YDULRXV

PHWKRGV FDQ EH LQWURGXFHG LQFOXGLQJ FKHPLFDO

DQG UDGLDWLRQ SURFHVVHV� 3(2V ZHUH FURVVOLQNHG E\

γ�LUUDGLDWLRQ���
RU E\ 89 LUUDGLDWLRQ LQ WKH SUHVHQFH

RI %3 DV D SKRWRLQLWLDWRU�
���
&KHPLFDO FURVVOLQNLQJ

RI 3(2V ZDV DOVR UHSRUWHG�
�
5HODWLYHO\ VDIH DQG

FRVW�HIIHFWLYH 89�LQGXFHG FURVVOLQNLQJ SURYLGHV

VLJQLILFDQW DGYDQWDJHV IRU PDQ\ DSSOLFDWLRQV RYHU

RWKHU PHWKRGV� $OWKRXJK %3 DQG LWV GHULYDWLYHV

FDQ HIILFLHQWO\ LQLWLDWH SKRWRFURVVOLQNLQJ RI 3(2

�DQG DFU\ODWH HQG�FDSSHG 3(*V�� WKH 89 LQLWLDWHG

FURVVOLQNLQJ RI ORZ PRODU PDVV 3(* KDV QRW \HW

EHHQ LQYHVWLJDWHG� 7KHUPDO� UDGLDWLRQ� DQG SKRWR�

UHDFWLRQ PHFKDQLVP RI KLJK PRODU PDVV 3(2 KDV

EHHQ ZHOO XQGHUVWRRG� KRZHYHU� WKHUH LV PXFK OHVV

LQIRUPDWLRQ DERXW WKH SKRWRUHDFWLRQ RI 3(*�

7KHUHIRUH� ZH GHFLGHG WR GHYHORS D QRYHO SKRWR�

FURVVOLQNLQJ SURFHVV RI ORZ PRODU PDVV 3(* LQ

RUGHU WR SURYLGH D PRUH FRQYLQHQW PHWKRG IRU

SURGXFLQJ D K\GURJHO EDVHG RQ FURVVOLQNHG 3(*V�

,Q WKLV VWXG\� ZH UHSRUW WKDW UHODWLYHO\ UREXVW

3(* QHWZRUN ILOPV FDQ EH REWDLQHG E\ 89 LQLWL�

DWHG FURVVOLQNLQJ RI ORZ PRODU PDVV� OLTXLG 3(*V�

:H DOVR LQYHVWLJDWHG WKH HIIHFWV RI WKH DPRXQW RI

%3 XVHG LQ WKH UHDFWLRQ PL[WXUH DQG WKH OHQJWK RI

3(* VHJPHQWV RQ FURVVOLQN GHQVLW\� JHO IUDFWLRQ

\LHOG� HTXLOLEULXP VZHOOLQJ� DQG WKH WKHUPDO SURS�

HUWLHV RI WKH QHWZRUNV�

([SHULPHQWDO

0DWHULDOV� 7KH 3(*V XVHG LQ WKLV ZRUN ZHUH

3(*���� 3(*���� 3(*���� 3(*�����

3(*����� 3(*���� DQG 3(*���� IURP $OGULFK�

%HQ]RSKHQRQH �%3� SXULW\ ! ���� IURP $OGULFK

&KHP� &R� ZDV XVHG DV D SKRWRLQLWLDWRU� $OO RWKHU

UHDJHQWV ZHUH SXUFKDVHG IURP FRPPHUFLDO VRXUFHV

�$OGULFK RU )LVKHU 6FLHQWLILF� DQG XVHG ZLWKRXW IXU�

WKHU SXULILFDWLRQ XQOHVV RWKHUZLVH QRWHG�

3UHSDUDWLRQ RI 3(* 1HWZRUN )LOPV� 7KH

UHDFWLRQ FRQGLWLRQV IRU WKH SKRWRSRO\PHUL]DWLRQ RI

YDULRXV PROHFXODU ZHLJKW 3(*V LV VKRZQ LQ 7DEOH

,� DQG RQO\ D UHSUHVHQWDWLYH H[DPSOH �L�H��
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3(*���� LV JLYHQ KHUH� 3(*��� �� J� ZDV DGGHG

XQGHU VWLUULQJ WR D PHWKDQRO �� P/� VROXWLRQ FRQ�

WDLQLQJ %3 ����� J�� 7KH VROXWLRQ ZDV FDVW RQWR D

JODVV SODWH RU D ��Ý�� PP UHFWDQJXODU DOXPLQXP

IRLO� DQG WKH VROYHQW ZDV DOORZHG WR HYDSRUDWH LQ

DLU SULRU WR LUUDGLDWLRQ� 7KH LUUDGLDWLRQ ZDV FDUULHG

RXW ZLWK D .,,&����� KLJK SUHVVXUH ��� : PHU�

FXU\ ODPS �-RLO ,OOXPLQDWLRQ &RPSDQ\� DW ��a��

FP GLVWDQFH IURP WKH OLJKW VRXUFH� 7KH GXUDWLRQ RI

LUUDGLDWLRQ ZDV a�� K� 7KH WKLFNQHVV RI WKH QHW�

ZRUN ILOP REWDLQHG ZDV PHDVXUHG ZLWK D PLFUR�

PHWHU DQG YDULHG EHWZHHQ ��� DQG ��� µP�
6DPSOH &KDUDFWHUL]DWLRQ� 7KH WKHUPDO FKD�

UDFWHUL]DWLRQ RI WKH SUHSDUHG VDPSOH ZDV FDUULHG

RXW E\ 'LIIHUHQWLDO 6FDQQLQJ &DORULPHWHU �'6&�

ZLWK D KHDWLQJ UDWH RI ��
R
&�PLQ RQ D '6& 7$

���� LQVWUXPHQW� 6DPSOHV RI �a� PJ ZHUH UXQ

LQ D QLWURJHQ DWPRVSKHUH RYHU D WHPSHUDWXUH UDQJH

RI ��� WR ���
R
&� ,QGLXP �7P  �����

R
&� ZDV

XVHG IRU WHPSHUDWXUH FDOLEUDWLRQ� 7KHUPDO VWDELOLW\

RI WKH VDPSOH ZDV PRQLWRUHG E\ D 7*$ 7$ ����

LQVWUXPHQW� ,5 VSHFWUD RI WKH VDPSOH ZHUH

UHFRUGHG RQ D 8QLFDP 0DWWVRQ ���� )7�,5 VSHF�

WURPHWHU�

*HO )UDFWLRQ 'HWHUPLQDWLRQ� 7KH LUUDGLDWLHG

3(* VDPSOHV ZHUH ZHLJKHG DQG WKHQ H[WUDFWHG

ZLWK GLVWLOOHG ZDWHU IRU �� K� $IWHU H[WUDFWLRQ WKH\

ZHUH GULHG XQGHU YDFXXP DQG ZHLJKHG� 7KH JHO

IUDFWLRQ ZDV VLPSO\ FDOFXODWHG E\ UDWLR RI LQLWLDO

ZHLJKW SRO\PHU WR ZHLJKW RI H[WUDFWHG SRO\PHU�

0HDVXUHPHQWV RI :DWHU $EVRUEHQF\� 7KH

HTXLOLEULXP GHJUHH RI VZHOOLQJ �(6� ZDV GHWHUPLQHG

DW URRP WHPSHUDWXUH� 'U\ VDPSOHV ZHUH HTXLOL�

EUDWHG LQ GLVWLOOHG ZDWHU IRU DW OHDVW ��� K� WKHQ

UHPRYHG IURP WKH VROYHQW� EORWWHG ZLWK ILOWHU SDSHU�

DQG ZHLJKHG� (6 ZDV VLPSO\ FDOFXODWHG E\ UDWLR RI

LQLWLDO ZHLJKW SRO\PHU WR ZHLJKW RI H[WUDFWHG SRO\�

PHU�

&RQWDFW $QJOH 0HDVXUHPHQWV� 7KH LUUDGLDWHG

3(* VDPSOHV RQ WKH JODVV SODWH ZHUH GULHG XQGHU

YDFXXP IRU �� K EHIRUH PHDVXUHPHQWV� &RQWDFW

DQJOH RI WKH VDPSOHV ZDV PHDVXUHG XVLQJ D &RQ�

WDFW $QJOHPHWHU �*RQLRPHWHU 7\SH� *���� 7KH

GDWD UHSRUWHG LQ 7DEOH , UHSUHVHQW DYHUDJH YDOXH

RI � UHSHDWV�

5HVXOWV DQG 'LVFXVVLRQ

3KRWRFURVVOLQNLQJ RI 3(*V ZDV FDUULHG RXW LQ

WKH SUHVHQFH RI %3 DV D SKRWRLQLWLDWRU� %3 ZDV WKH

LQLWLDWRU RI FKRLFH EHFDXVH RI LWV KLJK K\GURJHQ

DEVWUDFWLRQ SURSHUW\� 7KH UDWLR EHWZHHQ 3(* DQG

%3 ZDV YDULHG LQ WKH UDQJH RI � � ���� WR � � ����

ZHLJKW 3(* SHU ZHLJKW %3� 7KH WKLFNQHVV RI WKH

SUHSDUHG QHWZRUN ILOPV ZDV YDULHG EHWZHHQ ���

DQG ��� µP� ,W ZDV IRXQG WKDW 3(* XQGHUJRHV D

FURVVOLQNLQJ SURFHVV ZKHQ LUUDGLDWHG IRU UHODWLYHO\

ORQJ SHULRGV RI WLPH �a�� K� ZLWK VKRUW ZDYH�

OHQJWK 89 OLJKW WR IRUP D GLPHQWLRQDOO\ VWDEOH QHW�

ZRUN ILOP� 7KH GHJUHH RI FURVVOLQNLQJ FRXOG EH

7DEOH ,� &KDUDFWHULVWLFV RI 3(* 1HWZRUNV

(QWU\ 6DPSOH *HO )UDFWLRQ ��� &RQWDFW $QJOH �GHJUHH� 7J �°&�
� XQUHDFWHG � ���� ��

� 3(*����� ZW� %3 � ���� �

� 3(*����� ZW� %3 �� ���� ��

� 3(*����� ZW� %3 �� ���� ��

� 3(*������ ZW� %3 �� ���� �

� 3(*������ ZW� %3 �� ���� ��

� 3(*������ ZW� %3 �� ���� �

� 3(*������ ZW� %3 �� ���� ��

� 3(*����� ZW� %3 �� ���� �

�� 3(*����� ZW� %3 �� ���� �

�� 3(*������ ZW� %3 �� ���� �

�� 3(*������ ZW� %3 �� ���� �

�� 3(*������ ZW� %3 �� ���� �

�� 3(*������ ZW� %3 �� ���� �
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FRQWUROOHG E\ WXQLQJ WKH LUUDGLDWLRQ WLPH� %XW� D

FRPSOHWHO\ LQVROXEOH QHWZRUN ZDV REWDLQHG ZKHQ

LUUDGLDWHG IRU �� K� ([WHQGLQJ WKH LUUDGLDWLRQ WLPH

RYHU �� K GLG QRW SURYLGH JUHDWHU DPRXQWV RI JHO

IUDFWLRQ�

1HWZRUN ILOPV RI 3(* ZHUH FKDUDFWHUL]HG E\

'6& PHDVXUHPHQW DQG WKH FRUUHVSRQGLQJ GDWD RI

WKH QHWZRUN DUH SUHVHQWHG LQ 7DEOH ,� 1R HQGR�

WKHUPDO SHDN DSSHDUV LQ D WHPSHUDWXUH UDQJH

IURP ���� WR ���
R
&� '6& WUDFHV VKRZHG JODVV

WUDQVLWLRQ WHPSHUDWXUHV �7J� WKDW LQFUHDVHG UHJX�

ODUO\ ZLWK WKH SHUFHQWDJH RI %3 LQ WKH VROXWLRQ� ,W

VKRXOG EH SRLQWHG RXW WKDW WKH LUUDGLDWLRQ RI 3(*

RQO\ ZLWKRXW %3 DGGHG UHVXOWV LQ D WRWDOO\ XQDI�

IHFWHG SRO\PHU WKDW GRHV QRW FKDQJH VROXELOLW\�

)URP WKHVH '6& GDWD LW DSSHDUV WKDW WKH

FURVVOLQNHG 3(* LV DQ DPRUSKRXV SRO\PHU� ,Q

SDUWLFXODU� WKH VHFRQG VFDQ RI 3(*��� QHWZRUNV

VKRZV D 7J DW ��a��
R
&� ,Q WKH ILUVW VFDQ RI PRVW

VDPSOHV� EURDG HQGRWKHUPDO SHDN� ZKLFK LV PRVW

OLNHO\ GXH WR HYDSRUDWLRQ RI UHVLGXDO ZDWHU� ZDV

REVHUYHG� 7KH GLVDSSHDUDQFH RI D 7J IRU KLJKHU

DPRXQW RI %3 LV SUREDEO\ GXH WR WKH LQKLELWLRQ RI

SRO\PHU VHJPHQWDO PRWLRQV E\ WKH FRPSOHWHO\

FURVV�OLQNHG VWUXFWXUH RI WKH SRO\PHU� )URP WKH

W\SLFDO 7*$ DQDO\VLV RI 3(* QHWZRUN V\VWHP� WKH

PDWHULDO VHHPV WR EH VWDEOH XS WR ���
R
& XQGHU

QLWURJHQ�

7KH FURVVOLQNHG QHWZRUNV ZHUH DOVR FKDUDFWHUL]HG

DIWHU LUUDGLDWLRQ E\ ILUVW GHWHUPLQLQJ WKH SHUFHQW�

DJH RI JHO IRUPHG GXULQJ WKH 89 OLJKW H[SRVXUH

DQG VXFFHVVLYHO\ PHDVXULQJ WKHLU VZHOOLQJ FKDUDF�

WHULVWLFV� *HO IUDFWLRQ ZDV PHDVXUHG JUDYLPHWUL�

FDOO\ ILUVW E\ ZHLJKLQJ LUUDGLDWHG VDPSOHV RI 3(*V�

VXFFHVVLYHO\ E\ LPPHUVLQJ WKHP LQ ZDWHU DQG

PHWKDQRO� UHVSHFWLYHO\ WR H[WUDFW XQ�FURVVOLQNHG

SDUW �VROXEOH IUDFWLRQ� RI WKH ILOP� DQG HYHQWXDOO\

E\ ZHLJKLQJ WKH GU\ H[WUDFWHG ILOP �7DEOH ,�� ,Q

RUGHU WR LQYHVWLJDWH ZKHWKHU WKH FURVVOLQN GHQVLW\

GHSHQGV RQ WKH DPRXQW RI %3 XVHG� VHYHUDO VDP�

SOHV RI GLIIHUHQW FRPSRVLWLRQ ZHUH FURVVOLQNHG

XQGHU LGHQWLFDO LUUDGLDWLRQ FRQGLWLRQV� 7KH GDWD

VKRZQ LQ 7DEOH , DQG )LJXUH � LQGLFDWH WKDW

LQFUHDVLQJ WKH DPRXQW RI %3 LQ WKH UHDFWLRQ PL[�

WXUH JLYHV D KLJKHU YDOXH IRU JHO IUDFWLRQ DQG

GHJUHH RI FURVVOLQNLQJ� 3(*������ ZW� %3 V\V�

WHP JDYH WKH KLJKHVW JHO IUDFWLRQ \LHOG RI ���

�HQWU\ ��� 7KLV LV SUREDEO\ GXH WR WKH LQFUHDVHG

DPRXQW RI DFWLYH 3(* PDFURUDGLFDOV IRUPHG ZLWK

LQFUHDVLQJ %3 FRQWHQW�

7KH PRODU PDVV GHSHQGHQFH RI WKH HIILFLHQF\ RI

89�LUUDGLDWHG FURVVOLQNLQJ RI 3(* LV VKRZQ LQ

7DEOH , DQG )LJXUH �� ,W KDV EHHQ UHSRUWHG WKDW

ZLWK UHJDUG WR 3(2 QHWZRUN SHUFHQW RI JHO IRUPHG

XVXDOO\ LQFUHDVHV ZLWK ODUJHU PRODU PDVV RI 3(2�
��

+RZHYHU� LQ RXU H[SHULPHQWV� WKH JHO IUDFWLRQ \LHOG

IDOOV ZLWK WKH LQFUHDVH RI PRODU PDVV RI 3(*� 7KH

DPRXQW RI WKH LQVROXEOH 3(*�� ZW� %3 PL[WXUH

XSRQ LUUDGLDWLRQ GHFUHDVHV JRLQJ IURP ��� IRU

3(* RI ��� 'D WR ��� IRU 3(* RI ���� 'D

�7DEOH ,� HQWULHV � DQG ���� ,W LV OLNHO\ WKDW WKH SUR[�

LPLW\ RI K\GUR[\ JURXSV EHWZHHQ 3(* FRPSR�

QHQWV LQ WKH VDPSOH LV D YHU\ LPSRUWDQW IDFWRU IRU

FURVVOLQNLQJ UHDFWLRQV XSRQ LUUDGLDWLRQ� :H VXJ�

JHVW WKDW HIILFLHQW SKRWRFKHPLFDO UHDFWLRQV EHWZHHQ

WKH WZR 3(* FKDLQV LQ WKH VDPSOH DUH QRW SRVVLEOH

)LJXUH �� 'HSHQGDQFH RI WKH JHO IUDFWLRQ RQ WKH %3

FRQWHQW RI WKH 3(*��� QHWZRUN�

)LJXUH �� 3(*�� ZW� %3 QHWZRUNV DV D IXQFWLRQ RI 3(*

PRODU PDVV�
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LI WKH WZR SDUWQHUV RI UHODWLYHO\ KLJK PRODU PDVV LQ

WKH PL[WXUH DUH SK\VLFDOO\ VHJUHJDWHG LQ WKH GLIIHU�

HQW GRPDLQV� /RZHU PRODU PDVV 3(* IDYRXUHG

EHWWHU FURVVOLQNLQJ� VLQFH WKH JUHDWHU PRELOLW\ RI

WKH SRO\PHU VHJPHQWV SURYLGHV D LQFUHDVHG QXP�

EHU RI PXWXDO FRQWDFWV� 2Q WKH RWKHU KDQG� KLJKHU

PRODU PDVV 3(* FKDLQV DUH HQWDQJOHG WR UHQGHU

WKH DFWLYH PDFURUDGLFDO IRUPDWLRQ GLIILFXOW�

&RQWDFW DQJOH PHDVXUHPHQWV RI WKH QHWZRUN

ILOPV ZHUH FDUULHG RXW IRU VXUIDFH DQDO\VLV RI WKH

SUHSDUHG VDPSOHV� 7DEOH , DQG )LJXUH � VKRZ

FRQWDFW DQJOH YDOXHV RI 3(*��� QHWZRUNV WKDW

LQFUHDVHG ZLWK WKH SHUFHQWDJH RI %3 LQ WKH VROXWLRQ�

WKDW LV� WKH K\GURSKRELFLW\ RI 3(*��� QHWZRUN

LQFUHDVHV DV WKH FURVVOLQN GHQVLW\ LQFUHDVHV� 7KLV

UHVXOW LPSOLHV WKDW LQ DGGLWLRQ WR WKH UHFRPELQDWLRQ

UHDFWLRQ RI WZR PDFURUDGLFDOV SURGXFLQJ FDUERQ�

FDUERQ ERQGV EHWZHHQ 3(* PDLQ FKDLQV� WKH

K\GUR[\ XQLWV RI 3(* DUH DOVR FRQVXPHG GXULQJ

89 LUUDGLDWLRQ� SRVVLEO\ GXH WR WKH RQVHW RI K\�

GURJHQ DEVWUDFWLRQ UHDFWLRQV ERWK IURP HWK\OHQH

R[LGH JURXS DQG K\GUR[\ JURXS RI 3(* WR IRUP

KLJKO\ UHDFWLYH HWK\OHQH R[LGH UDGLFDO DQG 2� � 	

+�� UDGLFDOV� )LJXUH � VKRZV FRQWDFW DQJOH YDOXHV

RI 3(*�� ZW� %3 VDPSOHV WKDW LQFUHDVHG ZLWK WKH

PRODU PDVV RI 3(*� 7KLV UHVXOW LV PRVW SUREDEO\

GXH WR WKH LQFUHDVLQJ FRQFHQWUDWLRQ RI WKH K\GUR�

SKRELF SDUW LQ WKH QHWZRUNV�

,5 VSHFWURVFRS\ SURYLGHV PRUH LQIRUPDWLRQ RQ

WKH FKDQJHV WKDW RFFXU XSRQ LUUDGLDWLRQ� 7KH

FKDUDFWHULVWLF EDQG RI WKH K\GUR[\ JURXS RI 3(*

DSSHDUV DW ���� FP
��
� 7KH EDQG GHFUHDVHV ZLWK

LQFUHDVLQJ LUUDGLDWLRQ WLPHV� 7KLV FRQILUPV WKDW WKH

K\GUR[\ JURXSV DUH FRQVXPHG GXULQJ LOOXPLQD�

WLRQ� ZKLFK PD\ LQGLFDWH WKDW WKH K\GUR[\ JURXS

WDNHV SDUW LQ WKH QHWZRUN IRUPDWLRQ E\ K\GURJHQ

DEVWUDFWLRQ �QRW RQO\ IURP WKH &+�� JURXSV EXW

DOVR IURP WKH K\GUR[\ JURXS� WR IRUP D QHZ� QRW

ZHOO�GHILQHG� 2�& ERQG� 0RUHRYHU� WKH UHDFWLRQ RI

WKH NHW\O UDGLFDOV ZLWK 2· UDGLFDO VSHFLHV SUHVHQW

LQ WKH V\VWHP DOVR PD\ OHDG WR WKH FRQVXPSWLRQ RI

WKH K\GUR[\ JURXSV WKDW DUH UHVSRQVLEOH IRU WKH

LQFUHDVH RI FRQWDFW DQJOHV ZLWK LQFUHDVLQJ WKH

DPRXQW RI %3 LQ WKH VROXWLRQ� +RZHYHU� WKH SUHV�

HQFH RI UHPDLQLQJ K\GUR[\ JURXSV RQ WKH FURVV�

OLQNHG 3(* QHWZRUNV LV GHWHFWHG E\ WKH ,5 VSHFWUD

RI WKH FURVVOLQNHG ILOPV �)LJXUH ���

7KH FURVVOLQNHG 3(* QHWZRUNV ZHUH IRXQG WR

YHU\ HIILFLHQWO\ VZHOO ZKHQ LPPHUVHG LQ ZDWHU�

7KH %3 FRQWHQW DQG WKH PRODU PDVV RI 3(* GH�

SHQGHQFH RQ HTXLOLEULXP VZHOOLQJ ZHUH H[DPLQHG�

)LJXUH �� &RQWDFW DQJOHV RI 3(*��� QHWZRUNV DV D

IXQFWLRQ RI %3 FRQWHQW�

)LJXUH �� &RQWDFW DQJOHV RI 3(*�� ZW� %3 QHWZRUNV DV

D IXQFWLRQ RI 3(* PRODU PDVV�

)LJXUH �� ,5 VSHFWUD RI 3(* QHWZRUNV� �D� XQFXUHG

3(*��� DQG �E� 3(*����� ZW� %3�
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)LJXUH � VKRZV WKH HTXLOLEULXP VZHOOLQJ GHJUHH RI

3(*��� QHWZRUNV LQ ZDWHU DV D IXQFWLRQ RI VZHOO�

LQJ WLPH DQG %3 FRQWHQW� $OO VDPSOHV H[FHSW

3(*����� ZW� %3 DQG 3(*����� ZW� %3 UHD�

FKHG DQ HTXLOLEULXP VWDWH E\ VZHOOLQJ ZLWKLQ ���

WR ��� K� DQG WKH GHJUHH RI VZHOOLQJ LQFUHDVHG

ZLWK WKH KLJKHU %3 FRQWHQW� 3DUWLFXODUO\� DIWHU ��� K

RI HTXLOLEULXP VZHOOLQJ 3(*������ ZW� %3 V\V�

WHP JDYH WKH KLJKHVW (6 YDOXH RI ����� ,W KDV

EHHQ JHQHUDOO\ DFFHSWHG WKDW LQFUHDVHG QXPEHU RI

FURVVOLQNV EHWZHHQ 3(2 FKDLQV �DV REWDLQHG E\

XVLQJ KLJK DPRXQW RI FKURPRSKRUH� LV DEOH WR

GHFUHDVH WKH VZHOOLQJ UDWLR RI WKH LUUDGLDWHG

3(2�
��
7KLV GHFUHDVLQJ WHQGHQF\ UHVXOWV IURP WKH

LQFUHDVLQJ GHJUHH RI FURVVOLQNLQJ UHDFWLRQ DV %3

FRQWHQW LQFUHDVHV DQG WKH H[SHFWHG GHQVHU QHW�

ZRUN VWUXFWXUH� +RZHYHU� LQ RXU H[SHULPHQWV WKH

RSSRVLWH WUHQG ZDV REVHUYHG� 7KLV VWURQJO\ VXJ�

JHVWV WKDW ZKHQ WKH QHWZRUN FRQWDLQV ORZHU %3

FRQWHQW �L�H�� ORZHU FURVVOLQN GHQVLW\�� WKH XQUH�

DFWHG VROXEOH IUDFWLRQ RI WKH QHWZRUN ZDV ZDVKHG

DZD\ GXULQJ VRDNLQJ SURFHGXUH UHVXOWLQJ LQ ORZ

HTXLOLEULXP VZHOOLQJ� 2Q WKH FRQWUDU\� DQ LQFUHDVH

RI %3 LQ WKH UHDFWLRQ V\VWHP EULQJV DERXW WKH

LQFUHDVH LQ WKH FURVVOLQN GHQVLW\� ZKLFK LV DFFRP�

SDQLHG E\ D LQFUHDVH LQ WKH VZHOOLQJ FDSDELOLW\�

$ JHQHUDO DWWHPSW WR LPSURYH WKH ZHW VWUHQJWK

RI WKH K\GURJHOV LV WKH LQWURGXFWLRQ RI D K\GUR�

SKRELF FRPSRQHQW� KRZHYHU� WKLV UHGXFHV WKH

K\GURSKLOLFLW\ DQG XVXDOO\ UHVXOWV LQ D GURS LQ WKH

HTXLOLEULXP ZDWHU FRQWHQW� +RZHYHU� LQ RXU FDVH�

WKLV WUHQG ZDV QRW REVHUYHG� )LJXUH � VKRZV WKH

HTXLOLEULXP GHJUHH RI VZHOOLQJ RI 3(* QHWZRUNV LQ

ZDWHU DV D IXQFWLRQ RI PRODU PDVV RI 3(*� 7KH

GHJUHH RI VZHOOLQJ LQFUHDVHG ZLWK LQFUHDVLQJ PRODU

PDVV RI 3(*� ,W ZDV WKRXJKW WKDW (6 LQFUHDVHG

EHFDXVH FURVVOLQNLQJ GHQVLW\ GHFUHDVHG ZLWK

LQFUHDVLQJ PRODU PDVV RI 3(*� +RZHYHU� K\GUR�

SKLOLFLW\ RI D VOLJKWO\ FURVVOLQNHG 3(* QHWZRUN

LQFUHDVHG� 7KH LQFUHDVH RI (6 YDOXHV ZKHQ

LQFUHDVLQJ WKH PRODU PDVV RI 3(* LQ ZDWHU LV

SUREDEO\ FDXVHG E\ WKH KLJKHU SHUFHQW RI OHVV

FURVVOLQNHG IUDFWLRQ LQ WKH VDPSOH� )URP WKH JHO

IUDFWLRQ PHDVXUHPHQWV� WKH QHWZRUNV RI KLJK PRODU

PDVV 3(* VHHP WR FRQWDLQ D ORVHO\ FURVVOLQNHG

VWUXFWXUH� ZKLOH ORZHU PRODU PDVV 3(* SURYLGHV D

GHQVHO\ FURVVOLQNHG DPRUSKRXV IUDFWLRQ� 7KHVH

UHVXOWV LPSO\ WKDW VLQFH WKH ZDWHU DEVRUSWLRQ

FDSDFLW\ LV FORVHO\ DVVRFLDWHG ZLWK WKH PLFURVWUXF�

WXUH RI WKH QHWZRUN� FURVVOLQNHG SRO\PHUV RE�

WDLQHG IURP KLJKHU PRODU PDVV 3(* KDYH ORZHU

FURVVOLQN GHQVLW\ DQG DUH PRUH VHQVLWLYH WR SODVWL�

FL]DWLRQ E\ ZDWHU�

7KH SKRWRFKHPLFDO SURFHVV RI 89�LQGXFHG

FURVVOLQNLQJ RI 3(* LV PRVW OLNHO\ WR EH VLPLODU WR

WKDW RI 3(2�
�����

%DVHG RQ WKH DERYH VWXGLHV RI ,5

	 FRQWDFW DQJOH PHDVXUHPHQW� D VLPLODU PHFKD�

QLVP LQ WKH SKRWRLQLWLDWHG FURVVOLQNLQJ RI 3(* FDQ

EH SURSRVHG LQ 6FKHPH ,� :KHQ WKH SKRWRLQLWLD�

WRU� %3� DEVRUEV D SKRWRQ� LW LV H[FLWHG WR WKH VLQ�

JOHW VWDWH DQG WKHQ UDSLGO\ UHOD[HV WR WKH PRUH

VWDEOH WULSOHW VWDWH WKURXJK LQWHUV\VWHP FURVVLQJ

�,6&�� 7KLV FDQ DEVWUDFW K\GURJHQ IURP WKH 3(*

FKDLQV WR JLYH WKH IRUPDWLRQ RI HWK\OHQH R[LGH

)LJXUH �� (TXLOLEULXP VZHOOLQJ GHJUHH RI 3(*��� QHW�

ZRUNV DV D IXQFWLRQ RI VZHOOLQJ WLPH ZLWK GLIIHUHQW %3

FRQWHQW�

)LJXUH �� (TXLOLEULXP VZHOOLQJ GHJUHH RI 3(* QHWZRUNV

DV D IXQFWLRQ RI VZHOOLQJ WLPH ZLWK GLIIHUHQW 3(* PRODU

PDVV�
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UDGLFDOV LQ ERWK 3(* FRPSRQHQWV SURFHHGLQJ WR

WKH UHGXFWLRQ RI %3 DQG 3(* FKDLQ UDGLFDO IRUPD�

WLRQ� 7KH WZR SRO\PHU UDGLFDO FKDLQV FRPELQH

ZLWK HDFK RWKHU WR SURGXFH FDUERQ�FDUERQ ERQGV

EHWZHHQ WKH PDLQ FKDLQV� +RZHYHU� D K\GURJHQ

DEVWUDFWLRQ IURP K\GUR[\O JURXSV GXULQJ WKH 89�

LQGXFHG FURVVOLQNLQJ RI 3(* DOVR FDQ QRW EH

H[FOXGHG�

&RQFOXVLRQ

,Q WKLV SDSHU� QRYHO 3(* QHWZRUNV ZHUH

REWDLQHG E\ 89 LUUDGLDWLRQ RI ORZ PRODU PDVV

3(*V FRQWDLQLQJ %3 LQLWLDWRU� 7KH PLFURVWUXFWXUH�

ZDWHU DEVRUSWLRQ DQG HTXLOLEULXP VZHOOLQJ RI WKH

QHWZRUNV DUH VWURQJO\ DIIHFWHG E\ WKH %3 FRQWHQW

DQG WKH PRODU PDVV RI 3(*� 7KH SHUFHQW JHO

IRUPHG LQFUHDVHV ZLWK LQFUHDVLQJ WKH DPRXQW RI

%3 IRXQG LQ WKH VDPSOH� 7KH GHJUHH RI FURVVOLQN�

LQJ RI WKH LUUDGLDWHG 3(*�%3 PL[WXUHV LV WKH IDFWRU

GRPLQDWLQJ WKH VZHOOLQJ FDSDELOLW\ RI WKHVH PDWH�

ULDOV� HVSHFLDOO\ ZKHQ KLJKHU PRODU PDVV 3(*V

DUH LUUDGLDWHG�

$FNQRZOHGJHPHQWV� 7KH DXWKRUV JUDWHIXOO\

DFNQRZOHGJH WKH ILQDQFLDO VXSSRUW E\ WKH .RUHD

5HVHDUFK )RXQGDWLRQ *UDQW �.5)��������
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��� 0� 'R\WFKHYD� '� 'RWFKHYD� 5� 6WDPHQRYD� $�
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��� 0� 'R\WFKHYD� 5� 6WDPHQRYD� 9� =YHWNRY� DQG &K�

%� 7VYHWDPRY� 3RO\PHU� ��� �� �������

��� -� *QDQRQ� *� +LOG� DQG 3� 5HPSS� 0DFURPROH�
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���� )� 0LQWR� 0� *OHULD� $� 3HJRUHWWL� DQG /� )DPEUL�

0DFURPROHFXOHV� ��� ���� �������

���� 1� -� 7XUUR� 0RGHUQ 0ROHFXODU 3KRWRFKHPLVWU\� 7KH
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