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7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�
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7KH PDLQ WHFKQLFDO�HFRQRPLF UHVXOWV RI WKH ILUVW VL[

PRQWKV DUH LQGLFDWLYH RI SURJUHVVLYH GHYHORSPHQW RI

10(3 DQG DUH ��� w ��� WLPHV KLJKHU� WKDQ ODVW \HDUsV
ILJXUHV� 7HFKQLFDO UHQRYDWLRQ SURJUDPV KDYH EHHQ
IXQGHG IRU WKH VXP RI ��� POQ� DQG ���� GHYHORSPHQW
SODQ LV FXUUHQWO\ EHHQ GLVFXVVHG DW WKH SODQW�

7KH ILUVW VL[ PRQWKV KDG PDQ\ PLOHVWRQHV� 7KLV LV
VHWWLQJ XS D VKRS DUHD WR PDNH WRROV WKDW ZLOO LQFUHDVH

SURGXFWLYLW\ E\ ��� WR ��� WLPHV DQG ZLOO JUHDWO\ LP�

SURYH SURGXFW TXDOLW\� $ GHHS GHJDVVLQJ XQLW KDV EHHQ

FRPPLVVLRQHG DQG QRZ YHU\ KLJK TXDOLW\ VWHHO LV SUR�

GXFHG LQ 10(3� 7KH DFFXUDF\ RI PDNLQJ WHHWK DQG
JHDULQJ LQ WKH QHZ JHDU�FXWWLQJ DUHD LV KLJKHU� WKDQ

WKH *267 UHTXLUHPHQWV� DQG LWV SURGXFWV DUH LQ GH�

PDQG� )URP WKH EHJLQQLQJ RI WKH \HDU �� QHZPDFKLQH

WRROV KDYH EHHQ SXW LQWR RSHUDWLRQ LQ WKH PHFKDQLFDO

VKRSV� 7KLV PHDQV QHZ MREV� QHZ OHYHO RI TXDOLW\�

,Q DGGLWLRQ� D WHFKQRORJ\ RI PDQXIDFWXULQJ UROOV
ZLWK D ZRUNLQJ OD\HU RI VSHFLDO JUDGHV RI VWHHO DQG

FDVW LURQ LV EHLQJ PDVWHUHG� WKDW ZLOO ZLGHQ WKH UDQJH

RI FRPSRVLWH UROOLQJ UROOV� LQFOXGLQJ VXSSRUWLQJ UROOV�

%HIRUH WKH HQG RI WKH \HDU� XSJUDGLQJ IRXU YHUWLFDO
IXUQDFHV ZLOO EH FRPSOHWHG WR LPSURYH WKH TXDOLW\ RI
KHDW WUHDWPHQW DQG VDYH HQHUJ\ FDUULHUV� DQ DUHD IRU
FXWWLQJ XS WKLFN PHWDO DQG DQRWKHU 1& WKHUPDO�FXW�

WLQJ XQLW ZLOO EH FRPPLVVLRQHG� DQG D VWDWLRQ IRU LQHUW

JDV PL[LQJ ZLOO EH VHW XS�

$PRQJ WKH PDMRU HYHQWV RI WKH FXUUHQW \HDU LV
FRPSOHWLRQ RI GHOLYHU\ WR WKH (QDNLHYR 0HWDOOXUJLFDO

:RUNV RI DQ LQVWDOODWLRQ� LQFOXGLQJ D �IXUQDFH�ODGOH�

XQLW DQG D FRQWLQXRXV�FDVWLQJ PDFKLQH� WKDW ZLOO EH

FRPPLVVLRQHG LQ 1RYHPEHU� $ PHOWLQJ XQLW ZDV

VKLSSHG WR &KHUHSRYHWV �6HYHUVWDO� 0HWDOOXUJLFDO

:RUNV� 6L[WHHQ VKDIW�VLQNLQJ VHWV ZHUH VKLSSHG RXW�

EXW XQIRUWXQDWHO\ DOPRVW DOO RI WKHP ZHQW WR 5XVVLD�
10(3 KDV PDGH YHU\ VXEVWDQWLDO SODQV IRU WKH

VHFRQG KDOI RI WKH \HDU� 7KH RXWFRPH RI VHYHUDO WHQ�

GHUV� LQ ZKLFK WKH SODQW SDUWLFLSDWHV� ZLOO EH NQRZQ�

7KHUH LV KRSH RI 1RYRNUDPDWRUVN SHRSOH ZLQQLQJ

WKHP� 6KLSPHQWV WR )UDQFH� %HOJLXP� WR 1RYROLSHWVN

0HWDOOXUJLFDO :RUNV DQG �6HYHUVWDO� DUH EHLQJ FRQ�

VLGHUHG� XSJUDGLQJ ���� PLOO LQ ,]KRUVN :RUNV DQG

0DULXSRO ,O\LFK :RUNV LV XQGHU GLVFXVVLRQ� DQG UHQR�
YDWLRQ RI �.ULYRUR]KVWDO� DQG �$]RYVWDO� LV EHFRPLQJ

D UHDOLW\�

5LJKW QRZ WKH SODQW LV LQWURGXFLQJ IRXU LQYHVWPHQW
SURMHFWV XQGHU WKH SURJUDPV RI SULRULW\ GHYHORSPHQW

WHUULWRULHV� DQG WKHLU LPSOHPHQWDWLRQ ZLOO SURYLGH D

QHZ LPSHWXV IRU WKH SODQW GHYHORSPHQW�

,W ZDV SODQQHG WKDW LQ ���� WKH VDODU\ DW 10(3

ZLOO EH ���� KUYQ� DW WKH PLQLPXP� ,Q WKH VHFRQG

TXDUWHU WKH LQGH[ ZDV ���� KUYQ� 7KH ILQDQFLDO VLWX�

DWLRQ RI WKH SODQW DOORZHG QRW RQO\ PDLQWDLQLQJ KROL�

GD\ FDPSV� EXW DOVR VWDUWLQJ UHSDLUV LQ WKH �0DVKL�
QRVWURLWHO� KROLGD\ KRPH DW WKH $]RY VHD� UHQRYDWLRQ

RI RQH EXLOGLQJ LQ WKH SODQWVs UHVW KRPH DQG UHQWLQJ

D VDQDWRULXP LQ WKH &ULPHD IRU �� \HDUV� 0HGLFDO

HTXLSPHQW LV EHLQJ SXUFKDVHG QRZ IRU WKH PHGLFDO

LQVWLWXWLRQV RI WKH FLW\� (TXLSPHQW IRU ������� KUYQ�

ZLOO EH VXSSOLHG EHIRUH WKH HQG RI -XO\� DQG WKH UHVW�

IRU ������� KUYQ�� ZLOO GHOLYHUHG EHIRUH WKH HQG RI

WKH \HDU� ,Q NHHSLQJ ZLWK D UHFHQW GHFLVLRQ RI WKH

%RDUG RI 'LUHFWRUV DQG 0DQDJLQJ &RPPLWWHH RI WKH

6WRFN &RPSDQ\� DLG IRU WKH VXP RI ������ KUYQ� ZLOO

EH SURYLGHG WR IRXU FLW\ VFKRROV�
5DWKHU JRRG QHZV IRU WKH .UDPDWRUVN SHRSOH LV

WKH IDFW� WKDW GHVSLWH D VLJQLILFDQW UHGXFWLRQ RI WD[

DOORFDWLRQV WR WKH FLW\ EXGJHW WKLV \HDU� WKH SODQW KDV

WUDQVIHUUHG ���� POQ KUYQ� WR WKH FLW\ WUHDVXU\ VLQFH

WKH EHJLQQLQJ RI WKH \HDU� WKLV VXP EHLQJ E\ ��� POQ

KUYQ� ODUJHU� WKDQ LQ WKH ILUVW KDOI RI ODVW \HDU�
7KH FLW\ SHQVLRQ IXQG KDV DOUHDG\ UHFHLYHG

���� POQ KUYQ� IURP 10(3 WKLV \HDU� WKLV EHLQJ
��� WLPHV PRUH� WKDQ WKH VXP� WUDQVIHUUHG LQ WKH ILUVW

KDOI RI ODVW \HDU� ,I WKH SODQW NHHSV XS VXFK D SDFH RI

2Q -XO\ ��� ����� 0U� *�0� 6NXGDU� &KDLUPDQ RI WKH %RDUG RI -6& ©1RYR�NUD�

PDWRUVN0HFKDQLFDO (QJLQHHULQJ 3ODQWª �.UDPDWRUVN� 'RQHWVN UHJLRQ�� 'LUHF�

WRU *HQHUDO RI 10(3� KHOG KLV WUDGLWLRQDO SUHVV�FRQIHUHQFH� LQ ZKLFK KH

VXPPHG XS WKH UHVXOWV RI SURGXFWLRQ DQG FRPPHUFLDO DFWLYLW\ GXULQJ WKH ILUVW

VL[ PRQWKV RI WKH \HDU ����� 6XFK PHHWLQJV DOZD\V JR EH\RQG WKH VFRSH RI WKH

DQQRXQFHG VXEMHFWV� )LUVW RI DOO� 0U� 6NXGDU LV D NH\ ILJXUH IRU .UDPDWRUVN� KLV

ZRUGV FDUU\ ZHLJKW DQG KLV H[DPSOH LV IROORZHG� 6HFRQGO\� 10(3� DV D

FLW\�PDNLQJ HQWHUSULVH� LV VWUXFWXUHG DURXQG WKH IROORZLQJ SULQFLSOH ©7KH SODQW

LV WKH FLW\� DQG WKH FLW\ LV WKH SODQWª� DQG IRU .UDPDWRUVN WKLV LV DVVRFLDWHG ZLWK

GHYHORSPHQW�
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GHYHORSPHQW� LWV GHGXFWLRQV ZLOO DPRXQW WR �� � RI
DOO WKH UHWLUHPHQW SD\PHQW IXQGV RI .UDPDWRUVN�

:H DUH QRW MXVW OHIW WR VXUYLYH� 7KH ZRUOG UHFNRQV
ZLWK XV� ZH GHOLYHU SURGXFWV WR LQGXVWULDOL]HG FRXQ�
WULHV� DQG XSJUDGH RXU RZQ SURGXFWLRQ�

10(3 KDV EHHQ WKH SODQW RI SODQWV DQGZLOO UHPDLQ
WR EH VR� 7RPRUURZ SHRSOH ZLOO DOVR GULYH FDUV� PHOW
PHWDO� PDNH PRXOGV DQG H[WUDFW PLQHUDO UHVRXUFHV�

2QH FRXOG WKLQN DERXW .KDUWVL]VN� IRU LQVWDQFH�
WKDW WKLV FLW\ ZDV GRRPHG� %XW LW WXUQHG RXW WKDW WKH
FLW\ KDG OHDGHUV DQG WHDPV� ZKR VDLG �QR� WR IDOOLQJ
LQWR WKH SUHFLSLFH� 7RJHWKHU ZLWK WKH SLSH SURGXFHUV
ZH FUHDWHG D OLQH IRU IDEULFDWLRQ RI VLQJOH�ZHOG SLSHV
RI ���� PP GLDPHWHU� 7KLV LV ZRUOG�FODVV GHYHORS�
PHQW� 1RZ D SLSH RI ���� PP GLDPHWHU LV QHHGHG�
7RJHWKHU ZLWK WKHP� ZH YHU\ TXLFNO\ GHYHORSHG D QHZ
PRGH DQG WRGD\ WKH OLQH SURGXFHV WKH SLSH RI WKH
UHTXLUHG GLDPHWHU� L�H� WKLV LV EH\RQG WKH VFRSH RI WKH
OLQH SUHOLPLQDU\ GHVLJQ� ,Q 6HSWHPEHU D QHZ SLSH ZLOO
KDYH WR JR LQWR SURGXFWLRQ� QDPHO\ RI ��� PP GLDPH�
WHU� EHFDXVH WKH SODQW KDV ZRQ D WHQGHU IRU GHOLYHU\
WR ,UDQ�

$W SUHVHQW ZH KDYH IXQGHG D FRQWUDFW IRU �� POQ
KUYQ� ZLWK .UDPDWRUVN 0DFKLQH�7RRO 3ODQW �.073�
IRU GHOLYHU\ RI IRXU PDFKLQH�WRROV� ,Q DGGLWLRQ� .073
XQGHUWRRN WR SHUIRUP XSJUDGLQJ RI HLJKW 6KNRGD ERU�
LQJ PDFKLQHV IRU 10(3� HYHQ WKRXJK WKH\ GLG QRW
GR LW EHIRUH�

7KHUH LV QR GRXEW WKDW RXU HQWHUSULVHV ZLOO OLYH
RQ� &HUWDLQO\� D ORW RI KDUG ZRUN LV UHTXLUHG WR FUHDWH
QHZ MREV� 7KLV LV D JUHDW HIIRUW� DQG D JUHDW QHHG DW
WKH VDPH WLPH� ,W LV WKH SDWK IROORZHG E\ WKH HQWLUH
ZRUOG�

,Q FRQFOXVLRQ� OHW PH EULHIO\ GZHOO RQ WKH LPSUHV�
VLRQV WKDW , KDYH EURXJKW EDFN IURP WKH (XURSHDQ
&RPPXQLW\ VXPPLW� KHOG LQ 6DOVEXUJ� 3DUWLFLSDWLRQ

LQ LW DOORZHG VHHLQJ WKH WHQGHQFLHV LQ WKH &RPPXQLW\
GHYHORSPHQW� DQG GHILQLQJ WKH UROH RI 8NUDLQH DQG
10(3 LQ WKH ZRUOG PDUNHW�

7RGD\ WKH (XURSHDQ FRPPXQLW\ KDV FKDQJHG WKH
DGPLVVLRQ FRQGLWLRQV IRU WKH FDQGLGDWH FRXQWULHV� )LUVW
RI DOO� HOLPLQDWLRQ RI DOO FXVWRPV EDUULHUV LQ WKH JRRGV
WUDIILF LV VWLSXODWHG� 6HFRQGO\� LW LV WKH TXHVWLRQ RI
XQUHVWUDLQHGPLJUDWLRQ RI ODERXUZLWKLQ(XURSH� 1DWX�
UDOO\� DQ (QJOLVKPDQ ZLOO QRW FRPH RYHU WR ZRUN LQ
RXU PLQH� VR LW ZLOO PHDQ RXU ODERXU GULIWLQJ RYHU
WKHUH� 7KLUG FRQGLWLRQ LV IUHH VDOH RI ODQG� 2Q WKH
RWKHU KDQG� UHWLUHPHQW SD\PHQWV� VRFLDO VSKHUH DQG
XSEULQJLQJ RI FKLOGUHQ DQG RYHUDOO SURJUHVV DUH WKH
LQWHUQDO DIIDLU RI WKH FRXQWU\�

$QG LI ZH GR QRW WDNH LPPHGLDWH PHDVXUHV LQ RXU
FRXQWU\ IRU D GUDVWLF LPSURYHPHQW RI ODERXU SURGXF�
WLYLW\� LQWURGXFWLRQ RI QHZ WHFKQRORJLHV� FUHDWLRQ RI
QHZ SURGXFWV DQG QHZ VRFLDO FRQGLWLRQV� LI ZH GR QRW
EHJLQ WR PDUNHGO\ LQFUHDVH RXU SURGXFWLRQ YROXPHV�
WKHQ ZH ZLOO OHW (XURSH WHDU XV WR SLHFHV ZLWKRXW
RIIHULQJ DQ\ UHVLVWDQFH DW DOO� 7KLV ZDV P\ FKLHI FRQ�
FOXVLRQ IURP WKH VXPPLW�

6R� WRGD\� ZKHWKHU ZH ZDQW LW RU QRW� 8NUDLQH
ZLOO QHYHU EH LVRODWHG DQG LQGHSHQGHQW RI (XURSH� :H
PDQXIDFWXUH MXVW ���� RI SURGXFWV DQQXDOO\ SHU KHDG�
,Q )UDQFH� *HUPDQ\ DQG *UHDW %ULWDLQ WKH SURGXFW
RXWSXW LV ������� SHU SHUVRQ� ,I ZH ZLVK WR KDYH D
ZRUWK\ OLIH XQGHU PDUNHW HFRQRP\� ZH PXVW ZRUN
YHU\ KDUG� $QG UHO\ RQO\ RQ RXUVHOYHV�

*�0� 6NXGDU

&KDLUPDQ RI -6& %RDUG

©1RYRNUDPDWRUVN 0HFKDQLFDO (QJLQHHULQJ 3ODQWª
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(�9� &+(5(3,96.$<$ DQG 9�5� 5<$%29

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

&XUUHQWO\ DSSOLHG PHWKRGV RI SURGXFLQJ GLVSHUVLRQ�VWUHQJWKHQHG DOXPLQLXP�EDVHG FRPSRVLWH PDWHULDOV� UHLQIRUFHG ZLWK

VLOLFRQ FDUELGH SDUWLFOHV� DUH SUHVHQWHG� 7KH PDLQ SK\VLFR�FKHPLFDO DQG PHFKDQLFDO FKDUDFWHULVWLFV RI WKHVH PDWHULDOV DUH

JLYHQ� DQG WKH FXUUHQW PHWKRGV RI MRLQLQJ GLVSHUVLRQ�VWUHQJWKHQHG DOXPLQLXP�EDVHG PDWHULDOV� DV ZHOO DV WKH SUREOHPV

DULVLQJ LQ VROLG� DQG OLTXLG�SKDVH ZHOGLQJ RI WKHVH PDWHULDOV� DUH FRQVLGHUHG LQ GHWDLO�

.H\ ZRU G V � FRPSRVLWH PDWHULDO� ZHOGLQJ� DOXPLQLXP PD�

WUL[� UHLQIRUFHU� SDUWLFOH� VLOLFRQ FDUELGH� DOXPLQLXP FDUELGH�
GHFRPSRVLWLRQ� VWUXFWXUH� FRPSRVLWLRQ� VWUHQJWK

$OXPLQLXP DOOR\V UHLQIRUFHG ZLWK KLJK�VWUHQJWK FH�
UDPLF SDUWLFOHV RI 6L& ZLWK D KLJK HQHUJ\ RI LQWHUD�

WRPLF ERQGV� DUH EHFRPLQJ ZLGHO\ DFFHSWHG DPRQJ

WKH PRGHUQ GLVSHUVLRQ�VWUHQJWKHQHG FRPSRVLWH PDWH�

ULDOV �'6&0�� $ VSHFLDO IHDWXUH RI WKHVH PDWHULDOV LV

WKH IDFW WKDW WKH PDWUL[ LV WKHLU PDLQ ORDG�FDUU\LQJ

HOHPHQW� ZKLOH WKH UROH RI WKH UHLQIRUFLQJ SKDVH LV

PDLQO\ UHGXFHG WR SURPRWLQJ WKH IRUPDWLRQ RI D GLV�

ORFDWLRQ VXEVWUXFWXUH LQ WKH SURFHVVHV RI WKH DOOR\
SURGXFWLRQ� PRVWO\ DW GHIRUPDWLRQ DQG KHDW WUHDW�

PHQW� DV ZHOO DV WR VWDELOLVLQJ WKLV VXEVWUXFWXUH XQGHU

WKH FRQGLWLRQV RI VHUYLFH� 8VH RI DOXPLQLXP DV WKH

PDWUL[ PDWHULDO LV GXH WR LWV H[WHQVLYH DSSOLFDWLRQ LQ

HQJLQHHULQJ� DQG WKH DELOLW\ WR FRQWURO WKH SURSHUWLHV

RI DOXPLQLXP DOOR\V E\ KHDW WUHDWPHQW�

7KHVH'6&0KDYH DQXPEHURI DGYDQWDJHV FRPSDUHG

WR WKH PDWUL[ >�� �@� LQFUHDVHG VWUHQJWK �E\ �� w �� ��

DW URRP DQG PHGLXP �XS WR ��� �&� WHPSHUDWXUHV� UL�

JLGLW\ �E\ �� w ��� ��� DQG ZHDU UHVLVWDQFH �� w �

WLPHV�� ORZHU OLQHDU WKHUPDO H[SDQVLRQ FRHIILFLHQW

�/7(&� ���� w ��� WLPHV�� &RPSDUHG WR ILEUH�UHLQ�
IRUFHG FRPSRVLWHPDWHULDOV �&0��'6&0KDYH LVRWURSLF
SURSHUWLHV� HQDEOH DSSOLFDWLRQ RI WUDGLWLRQDO NLQGV RI

SODVWLF WUHDWPHQW �SUHVVLQJ� UROOLQJ� VWDPSLQJ� WR PDNH

VHPL�ILQLVKHG SURGXFWV DQG LWHPV RI WKHP DQG KDYH D

VLJQLILFDQWO\ ORZHU FRVW �� w �� WLPHV��

8VHG DV PDWUL[ PDWHULDOV LQ '6&0 DUH DOOR\V
$'�� �86 DQDORJ ������ $0J� ������� '�� �������

DOOR\ RI $Ow&Xw0J V\VWHP ������� HWF� 7KH DYHUDJH

OHYHO RI PHFKDQLFDO SURSHUWLHV IRU DOXPLQLXP DOOR\
EDVHG '6&0 LV DV IROORZV� σW  ��� w ���03D� σ���  

 ��� w ��� 03D� δ  � w � �� (  ��� w ��� *3D�

/7(&  ����⋅��w� GHJUw� >� w �@�
8VH RI D VWDEOH UHIUDFWRU\ FRPSRXQG� 6L&� DV WKH

UHLQIRUFLQJ SKDVH� QRW LQWHUDFWLQJ DFWLYHO\ ZLWK WKH

PDWUL[ PDWHULDO RU GLVVROYLQJ LQ LW ULJKW XS WR LWV

PHOWLQJ WHPSHUDWXUH� HQDEOHV SUHVHUYDWLRQ RI WKH PL�

FURKHWHURJHQHRXV VWUXFWXUH DQG GLVORFDWLRQ VXEVWUXF�

WXUH� IRUPHG GXULQJ GHIRUPDWLRQ DQG KHDW WUHDWPHQW�

XS WR VXEPHOWLQJ WHPSHUDWXUHV� 7KLV DOORZV SUHVHUYLQJ

WKH ORQJ�WHUP SHUIRUPDQFH RI WKH FRPSRVLWH ULJKW XS

WR ����� w ����� 7
PHOW

RI DOXPLQLXP� 6L& SDUWLFOHV FDQ

EH RI GLIIHUHQW VL]H� EXW WKH DYHUDJH GLDPHWHU XVXDOO\
LV LQ WKH UDQJH RI � w �� µP�

3URSHUWLHV RI VLOLFRQ FDUELGH DV D UHLQIRUFHU� ,Q

WKH KLJK�WHPSHUDWXUH UHJLRQ VLOLFRQ FDUELGH KDV D

EURDG UDQJH RI SURSHUWLHV� QDPHO\ UHIUDFWRU\� DQWL�
DEUDVLYH� DQWLFRUURVLRQ DQG VWUHQJWK >� w �@� &U\VWDO�

OLQH VWUXFWXUH RI VLOLFRQ FDUELGH LV UDWKHU GLYHUVH� LW LV

UHSUHVHQWHG E\ D SUDFWLFDOO\ XQOLPLWHG YDULHW\ RI

SRO\W\SHV� GLIIHULQJ E\ WKH W\SH RI ODWWLFH V\PPHWU\

DQG HOHPHQWDU\ FHOO SDUDPHWHUV� $OO LWV W\SHV KDYH

ELQDU\ WHWUDKHGUDO VWUXFWXUHV� 7KH VRXUFH RI VXFK D
FRPSOH[ SRO\W\SLVP LV D NLQG RI D GLVORFDWLRQ�UHODWHG

PHFKDQLVP �GXH WR VFUHZ GLVORFDWLRQV� RI VLQJOH�FU\V�

WDO JURZWK�

'HVSLWH D PXOWLWXGH RI VLOLFRQ FDUELGH SRO\W\SHV�
6L& ILODPHQWDU\ FU\VWDOV ZLWK QRW OHVV WKDQ �� � RI
WKH PDLQ SKDVH RI 6L& β�PRGLILFDWLRQ� DQG FRPPHUFLDO

DEUDVLYH SRZGHUV RI JUHHQ VLOLFRQ FDUELGH �α�6L&� DUH

XVHG DV &0 UHLQIRUFHU�

)LODPHQWDU\ FU\VWDOV DUH VKDSHG DV QHHGOHV RI �� w
�� QP GLDPHWHU ZLWK WKH VSHFLILF VXUIDFH RI �� w

�� J�P�
� FRPPHUFLDO SRZGHUV KDYH D SODWHOLNH VKDSH

DQG � w �� µP GLDPHWHU� )DFH URXJKQHVV OHDGV WR WKH

DVVXPSWLRQ RI WKH SRZGHUV EHLQJ SRO\FU\VWDOOLQH >�@�

6LOLFRQ FDUELGH RI β�PRGLILFDWLRQ LV IRUPHG DW H[�

FHVV RI VLOLFRQ LQ WKH VROLGLILFDWLRQ PHGLXP� KLJK FRRO�

LQJ UDWHV� QLWURJHQ�ULFK DWPRVSKHUH DQG KLJKHU SUHV�

VXUH� ,PSXULW\ SKDVHV� VXFK DV JUDSKLWH� α�FULVWR�

EDOLWH� 6L2�� )H[6L\� VROLG VROXWLRQ RI VLOLFRQ LQ α�)H�

)H&O
[
DQG SURGXFWV RI WKHLU K\GURO\VLV DQG R[LGDWLRQ�

DV ZHOO DV α�6L& LPSXULW\ KDYH D QHJDWLYH LQIOXHQFH

RQ WKH PHFKDQLFDO SURSHUWLHV RI ILODPHQWDU\ FU\VWDOV

RI 6L& β�PRGLILFDWLRQ� 7KH LPSXULW\ SKDVH RI JUDSKLWH

VKRXOG EH UHJDUGHG DV HVSHFLDOO\ GHWULPHQWDO� DV LW
� (�9� &+(5(3,96.$<$ DQG 9�5� 5<$%29� ����
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IRUPV LQGLYLGXDO SDUWLFOHV DQG FRQJORPHUDWHV� DV ZHOO
DV ILOPV RQ WKH VXUIDFH RI 6L& ILODPHQWDU\ FU\VWDOV�

7KH EHVW IRUHLJQ PDQXIDFWXUHUV RI VLOLFRQ FDUELGH
SURYLGH ���� w ���� ZW�� SXULW\ RI ILODPHQWDU\ FU\V�
WDOV >��@� ,WV PHFKDQLFDO SURSHUWLHV DUH DV IROORZV�
σW  �� *3D� (  ��� *3D� ZKHUHDV 6L& ILODPHQWDU\
FU\VWDOV SURGXFHG LQ &,6 FRXQWULHV KDYH WKH IROORZLQJ
PHFKDQLFDO SURSHUWLHV� σW ≥ �� *3D� ( ≥ ��� *3D
ZLWK WKH PDLQ SKDVH FRQWHQW RI ���� w ���� ZW���

7KH PDLQ GLVDGYDQWDJH RI VLOLFRQ FDUELGH ILODPHQ�
WDU\ FU\VWDOV LV WKHLU KLJK FRVW� WKLV KLQGHULQJ WKHLU
DSSOLFDWLRQ IRU &0PDQXIDFWXUH RU WKHLU EURDG DFFHS�
WDQFH E\ LQGXVWU\ >�� w ��@�

6L& DEUDVLYH SRZGHUV� LQ DGGLWLRQ WR WKH PDLQ
α�6L& SKDVH� DOVR FRQWDLQ IUHH VLOLFRQ DQG VLOLFRQ�
FDOFLXP� PDQJDQHVH� PDJQHVLXP� DOXPLQLXP DQG LURQ
R[LGHV DQG PRUH FRPSOH[ R[LGH FRPSRXQGV >��@�
&KHPLFDO DQDO\VLV RI 6L& SRZGHUV� DSSOLHG IRU PDWUL[
UHLQIRUFHPHQW� VKRZHG WKDW ILQH SRZGHUV ZLWK D PRUH
GHYHORSHG VXUIDFH� FRQWDLQ ODUJHU TXDQWLWLHV RI FDO�
FLXP DQG PDJQHVLXP R[LGHV� +RZHYHU� MXGJLQJ E\
WKH WRWDO FRQWHQW RI VLOLFRQ� PDGH XS E\ VLOLFRQ IURP
6L&� 6L2� R[LGH� VLOLFDWHV DQG IUHH VLOLFRQ� FRDUVH�
JUDLQHG SRZGHUV DUH PRUH FRQWDPLQDWHG ZLWK LPSX�
ULWLHV WKDQ ILQH SRZGHUV�

,W ZDV EHOLHYHG IRU D ORQJ WLPH WKDW DSSOLFDWLRQ RI
FRPPHUFLDO 6L& SRZGHUV DV D UHLQIRUFHU� UHTXLUHV SUH�
OLPLQDU\ FOHDQLQJ� DLPHG SULPDULO\ DW UHPRYDO RI
JUDSKLWH DQG PRLVWXUH� LQ YLHZ RI WKH SRVVLEOH UHDFWLRQ
RI LPSXULW\ JUDSKLWH ZLWK DOXPLQLXP LQ WKH ZHOG SRRO
DQG HYHQ GXULQJ &0PDQXIDFWXUH� +RZHYHU� HOHFWURQ
GLIIUDFWLRQ DQDO\VLV� FRQGXFWHG DIWHU SUHOLPLQDU\
WUHDWPHQW RI SRZGHUV E\ 1D2+ DQG +&O VROXWLRQV
>�@� GRHV QRW FRQILUP WKH SUHVHQFH RI IUHH FDUERQ LQ
WKH LQLWLDO SRZGHUV� 3RZGHU R[LGDWLRQ LQ DLU DW KHDWLQJ
XS WR WKH WHPSHUDWXUH RI ��� w ��� �& IRU ��� w ��� K�
FDQ EH DOVR SHUIRUPHG WR LPSURYH WKHLU ZHWWLQJ�

6LOLFRQ FDUELGH LV KLJK�WHPSHUDWXUH DQG KHDW UHVLV�
WDQW� %RWK WKHVH LQGLFHV DUH KLJK IRU 6L& ZLWK D PLQL�
PDO FRQWHQW RI LPSXULWLHV� EXW WKH LVVXH RI LWV FKHPLFDO
VWDELOLW\ LV QRW \HW FRPSOHWHO\ VWXGLHG�

8QIRUWXQDWHO\� SXEOLVKHG GDWD RQ VLOLFRQ FDUELGH
SURSHUWLHV DUH KLJKO\ FRQWUDGLFWRU\� $FFRUGLQJ WR >�@�
6L& PHOWLQJ WHPSHUDWXUH LV KLJKHU WKDQ ���� �& DQG
HYHQ ���� ± �� �& >�� �@� )XUWKHUPRUH� 6L& LV FKDUDF�
WHULVHG E\ FKHPLFDO VWDELOLW\� LW LV UHVLVWDQW WR DQ R[L�
GL]LQJ PHGLXP DW WKH WHPSHUDWXUH XS WR ���� �&� GRHV
QRW LQWHUDFW ZLWK QLWURJHQ� LV LQHUW LQ K\GURJHQ DQG
FDUERQ GLR[LGH JDV� UHVLVWDQW WR PDQ\ PHWDOOLF DQG QRQ�
PHWDOOLF PHOWV� %\ WKH GDWD RI >��@� KRZHYHU� 6L& GH�
FRPSRVLWLRQ LQ FRQWDFW ZLWK PROWHQ DOXPLQLXP VWDUWV
DW WKH WHPSHUDWXUH RI DERXW ��� �&� 3URFHHGLQJ IURP
WKHUPRG\QDPLF FRQFHSWV� WKH DXWKRUV RI >��@ DVVXPHG
WKDW VLOLFRQ FDUELGH GHFRPSRVLWLRQ LV QRW IRXQG EHORZ
WKH WHPSHUDWXUH RI ��� �&� EXW WKLV VWDWHPHQW LV DOVR
LQFRQVLVWHQW ZLWK SUDFWLFDO GDWD� 5HIHUHQFHV >�� w ��@
UHSRUW WKDW WKH LQWHUDFWLRQ EHWZHHQ DOXPLQLXP DQG VLOL�
FRQ FDUELGH VWDUWV DOUHDG\ DW WKH WHPSHUDWXUH RI ��� �&
DQG SURFHHGV E\ WKH IROORZLQJ UHDFWLRQ�

�$O � �6L& → $O�&� � �6L� ���

,Q DGGLWLRQ WR $O�&�� DOVR $O�6L&� DQG $O�6L&�

FRPSRXQGV FDQ IRUP LQ WKLV V\VWHP DW WKH WHPSHUDWXUH
DERYH ���� �& >��� ��� ��@� 6LOLFRQ IRUPHG DV D UHVXOW
RI WKH UHDFWLRQ� GLVVROYHV LQ OLTXLG DOXPLQLXP VROXWLRQ�
7KHUHIRUH� FRQWUROOLQJ VLOLFRQ GLVVROXWLRQ DQG UHPRYDO
LQWR WKH PHOW� DOORZV LQIOXHQFLQJ WKH SURJUHVV RI WKH
UHDFWLRQ DQG� SUREDEO\� HYHQ VXSSUHVVLQJ LW�

/7(& IRU DOXPLQLXP DOOR\V LV LQ WKH UDQJH IURP
����⋅��w� �$'��� XS WR ����⋅��w� �$0J�� GHJUw� �ZH
ZLOO QRW FRQVLGHU /7(& RI SXUH DOXPLQLXP� HTXDO WR
����⋅��w� GHJUw�� DV LW LV SUDFWLFDOO\ QRW XVHG DV D
PDWUL[ IRU &0 PDQXIDFWXUH�� %DVHG RQ YDULRXV
VRXUFHV� /7(& RI VLOLFRQ FDUELGH RI β�PRGLILFDWLRQ LV
HTXDO WR �� w ��⋅��w� GHJUw�� L�H� LV DSSUR[LPDWHO\ �
WLPHV VPDOOHU� WKDQ WKDW RI DOXPLQLXP DOOR\V�

7KH GHQVLW\ RI DOXPLQLXP DOOR\V LV a����� WKDW RI
6L& x ���� DQG $O�&� x ���� NJ�P�� +DUGQHVV RI
6L& LV ����� DQG WKDW RI $O�&� x ����� 03D�

7KXV� LI WKH XOWLPDWH VWUHQJWK RI DOOR\ $'��
������ LV ��� w ��� 03D� LQ D &0 RQ LWV EDVH� FRQ�
WDLQLQJ �� � 6L&� σW DPRXQWV WR ��� 03D ���� w
��� 03D RQ DYHUDJH�� ,Q '�� DOOR\ XOWLPDWH VWUHQJWK
LV XS WR ��� w ��� 03D� DQG LQ D '6&0 RQ LWV EDVH
ZLWK ��� �� DQG �� � 6L&� σW LV HTXDO WR ��� w ����
��� w ��� DQG ��� w ��� 03D� UHVSHFWLYHO\�

&0 PDQXIDFWXUH� ,Q WKH JHQHUDO IRUP� V\QWKHVLV RI
PDWHULDOV� FRQWDLQLQJ GLVSHUVH SDUWLFOHV �'3� RI UHIUDF�
WRU\ FRPSRXQGV� LQFOXGHV SUHOLPLQDU\ SUHSDUDWLRQ RI
WKH UHLQIRUFLQJ SKDVH� SURGXFWLRQ RI WKH PHOW RI WKH
VHOHFWHG PDWUL[ PDWHULDO� DGGLQJ WKH UHLQIRUFLQJ SKDVH
WR LW DQG DFKLHYHPHQW RI LWV XQLIRUPGLVWULEXWLRQ WKURXJK
WKH PHWDO YROXPH� SRXULQJ DQG VROLGLILFDWLRQ LQ D PRXOG
ZLWK VXEVHTXHQW KRW ZRUNLQJ �KHDW WUHDWPHQW FRPELQHG
ZLWK H[WUXVLRQ RU UROOLQJ� >��� �� w ��@�

$ PDMRU REVWDFOH WR '6&0 PDQXIDFWXUH LV SRRU
ZHWWLQJ RI WKH UHLQIRUFLQJ SKDVH SDUWLFOHV E\ WKH DOX�
PLQLXP PHOW� 7KHUHIRUH� WKH PDMRULW\ RI WKH PHWKRGV
RI '3 DGGLWLRQ WR WKH DOXPLQLXP PHOW� LQFOXGLQJ SUH�
OLPLQDU\ SUHSDUDWLRQ RI WKH SDUWLFOHV� DUH DLPHG� SUL�
PDULO\� DW UHGXFLQJ WKH FRQWDFW DQJOH RI ZHWWLQJ RI
WKH SDUWLFOHV E\ WKH PHOW� 7KHUH DUH VHYHUDO YDULDQWV
RI SUHWUHDWPHQW RI VLOLFRQ FDUELGH '3 �7DEOH ���

9DULRXV PHWKRGV RI DGGLQJ '3 WR WKH DOOR\V KDYH
EHHQ FXUUHQWO\ GHYHORSHG� QDPHO\�

�� 3URGXFWLRQ RI D VXVSHQVLRQ RI ILQHO\�GLVSHUVHG
SDUWLFOHV GLUHFWO\ LQ WKH PHWDO� DV D UHVXOW RI D FKHPLFDO
UHDFWLRQ RI WKH PHOW ZLWK D VSHFLDO VXEVWDQFH�

�� '3 LQMHFWLRQ E\ DQ LQHUW JDV IORZ WKURXJK DQ
LQMHFWLRQ PRXOG RU XVLQJ D SODVPD WRUFK�

�� 0HFKDQLFDO PL[LQJ RI WKH PHOW WKDW LV HLWKHU LQ
DQ RYHUKHDWHG� RU LQ D VROLG�OLTXLG VWDWH WR FUHDWH D
ZKLUO LQ LW� ZLWK VLPXOWDQHRXV DGGLWLRQ RI UHLQIRUFLQJ
SDUWLFOHV�

��8VH RI YLEUDWLRQ RU XOWUDVRXQG RI D KLJK LQWHQVLW\
ZLWK VXSHUSRVLWLRQ RI PHFKDQLFDO VWLUULQJ RQ WKH PHOW
RU ZLWKRXW LW� DQG VXEVHTXHQW LQMHFWLRQ RI SDUWLFOHV
WKURXJK D ZDYH�JXLGH�FRQFHQWUDWRU� LPPHUVHG LQWR
WKH PHWDO�

�� )RUPLQJ EULTXHWWHV �WDEOHWV� LQ VLPXOWDQHRXV
FRPSDFWLQJ RI SRZGHUV RI WKH DOOR\ EDVH DQG '3 ZLWK
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WKHLU VXEVHTXHQW LPPHUVLRQ LQWR WKH PHOW DQG PDQXDO
RU PHFKDQLFDO VWLUULQJ RI WKH PHWDO�

�� 0L[LQJ FRPSRQHQWV RI D VSHFLDO IOX[ ZLWK WKH
SDUWLFOHV� DSSO\LQJ WKH PL[WXUH RQ WKH OLTXLG PHWDO
VXUIDFH RU SODFLQJ LW LQ D FDSVXOH XQGHU WKHPHOW VXUIDFH
DQG VRDNLQJ XS WR FRPSOHWLRQ RI WKH UHDFWLRQ EHWZHHQ
WKH IOX[ DQG WKH PHOW�

�� 0HOW ILOWHULQJ WKURXJK D OD\HU RI WKH UHLQIRUFLQJ
SKDVH GLUHFWO\ GXULQJ WKH PRXOG ILOOLQJ XS� XVLQJ YDF�
XXP RU KLJK SUHVVXUH�

0HWKRGV �� �� � UHTXLUH VSHFLDO� RIWHQ H[SHQVLYH
HTXLSPHQW DQG PDNH WKH WHFKQRORJ\ RI '6&0 PDQX�
IDFWXUH PRUH FRPSOLFDWHG� ZKHUHDV YDULDQWV �� �� � DQG
� DUH OHVV H[SHQVLYH DQG PRUH UHDGLO\ DGDSWDEOH WR IDE�
ULFDWLRQ� DQG DUH ZLGHO\ DFFHSWHG E\ LQGXVWU\ >�@�

-RLQLQJ FRPSRVLWH PDWHULDOV� ,W LV NQRZQ WKDW WKH
PDMRULW\ RI PHWDO�PDWUL[ &0DUH QRQ�HTXLOLEULXP V\V�
WHPV� KDYLQJ D JUDGLHQW RI FKHPLFDO SRWHQWLDO RQ WKH
SDUWLFOHwPDWUL[ LQWHUIDFH� WKXV OHDGLQJ WR LQWHUGLIIX�
VLRQ RI HOHPHQWV� DQG� KHQFH� WR IRUPDWLRQ RI D ]RQH
RI SDUWLFOHwPDWUL[ LQWHUDFWLRQ� $QG HYHQ WKRXJK HOH�
PHQW LQWHUGLIIXVLRQ LV QHFHVVDU\ WR SURYLGH WKHLU UHOL�
DEOH DGKHVLRQ� RYHUGHYHORSPHQW RI WKLV ]RQH UHVXOWV
LQ D GHJUDGDWLRQ RI WKH VWUHQJWK RI WKH SDUWLFOHV DQG
WKH FRPSRVLWH DV D ZKROH� 7KHUHIRUH� ZKHQ MRLQLQJ
FRPSRVLWHV� LQ SDUWLFXODU� LQ ZHOGLQJ� WKH WHPSHUDWXUH
DQG WLPH RI FRQWDFW LQWHUDFWLRQ� VKRXOG EH WKRURXJKO\
FRQWUROOHG� 7KLV LV H[DFWO\ WKH UHDVRQ ZK\ XQWLO UH�
FHQWO\ WKH LWHP DQG WKH &0 IRU LW ZHUH GHYHORSHG DV
RQH SDFNDJH� ZLWKRXW DSSO\LQJ WKH WUDGLWLRQDO MRLQLQJ
SURFHVVHV� WKLV UHTXLULQJ DGGLWLRQDO FRVW >�� ��@�

&RPSRVLWH ZHOGLQJ LQYROYHV GLIILFXOWLHV� DV KLJK�
WHPSHUDWXUH KHDWLQJ LQ ZHOGLQJ FDQ OHDG QRW RQO\ WR
ORVV RI SURSHUWLHV LQ WKH LQLWLDO VWUHQJWKHQHG PDWHULDO�
EXW DOVR WR ZHOG HPEULWWOHPHQW�

,Q RUGHU WR VHOHFW D PRUH UDWLRQDO MRLQLQJ SURFHVV�
FRPSDUDWLYH DQDO\VLV RI VWUXFWXUDO FKDQJHV LQ '6&0�
FDXVHG E\ WKH LPSDFW RI YDULRXV ZHOGLQJ KHDW VRXUFHV
VKRXOG EH FRQGXFWHG� ,W LV QHFHVVDU\ WR HYDOXDWH WKH
LQIOXHQFH RI GLIIHUHQW NLQGV RI QRQ�VWDWLRQDU\ KHDWLQJ
LQ ZHOGLQJ RQ WKH QDWXUH RI SDUWLFOHV GHFRPSRVLWLRQ�
RSWLPLVH WKH FRPSRVLWLRQ RI ILOOHUPDWHULDOV WKDW ZRXOG
QRW LPSDLU WKH SURSHUWLHV RI WKH ZHOGV RU WKH ZHOGHG
MRLQW DV D ZKROH� DQG FRPSDUH WKH GDWD RQ WKH MRLQW
PHFKDQLFDO SURSHUWLHV�

:HOGLQJ $O�EDVHG &0� UHLQIRUFHG ZLWK 6L& SDU�
WLFOHV >�� w ��@ LQYROYHV VHYHUDO SUREOHPV� �� GHFRP�
SRVLWLRQ RI UHLQIRUFLQJ 6L& SDUWLFOHV� �� KLJK YLVFRVLW\
RI WKH ZHOG SRRO� �� GLIILFXOW IRUPDWLRQ RI D VRXQG

ZHOG EHFDXVH RI SRRU ZHWWLQJ RI WKH SDUWLFOH VXUIDFH
ZLWK DOXPLQLXP� �� ZHOG SRURVLW\�

,Q DGGLWLRQ� WKHUH LV RQH PRUH SUREOHP LQ ZHOGLQJ
&0 XVLQJ ILOOHU ZLUH� ,W LV WKH DEVHQFH RI WKH EDVH
PHWDO DQG ILOOHU PL[LQJ DQG� KHQFH� ORZHU VWUHQJWK RI
WKH ZHOGV� FRPSDUHG WR WKDW RI WKH FRPSRVLWH�

7KHUHIRUH� WKH SURFHVVHV RI '6&0 MRLQLQJ LQ WKH
VROLG VWDWH DUH HVSHFLDOO\ HIIHFWLYH� DV LQ WKLV FDVH WKHUH
DUH QR SUREOHPV ZLWK SDUWLFOH VHJUHJDWLRQ RU PHOW
YLVFRVLW\ EHFDXVH RI FRPSDUDWLYHO\ ORZ WHPSHUDWXUHV
RI WKH SURFHVV�

'LIIXVLRQ ZHOGLQJ� 7KLV FRPPHUFLDO SURFHVV RI
MRLQLQJ YDULRXV VLPLODU DQG GLVVLPLODU PHWDOV DQG DO�
OR\V KDV DOVR EHFRPH ZHOO�HVWDEOLVKHG LQ &0 ZHOGLQJ
>�� w ��@� 7KH ZHOGLQJ SURFHVV SURFHHGV ZLWKRXW WKH
EDVH PHWDO PHOWLQJ� DV D UHVXOW RI KHDWLQJ DQG FRP�
SUHVVLRQ RI WKH SDUWV EHLQJ MRLQHG�

'LIIXVLRQ ZHOGLQJ RI &0 LV FKDUDFWHULVHG E\ DS�
SO\LQJ LQWHUPHGLDWH PHWDOV RU DOOR\V LQ WKH IRUP RI
LQVHUWV �IRLO�� FRDWLQJV DQG SRZGHU EHWZHHQ WKH SDUWV
EHLQJ MRLQHG RU RQ RQH RI WKH VXUIDFHV EHLQJ ZHOGHG�
)RLOV ZLWK OD\HUV RI RWKHU PHWDO DSSOLHG RQ WKHP E\
YDFXXP GHSRVLWLRQ RU JDV�WKHUPDO VSUD\LQJ� FDQ EH
DOVR XVHG >��� ��@�

,Q >��@ LW ZDV QRWHG WKDW WKH SDUWLFOHwSDUWLFOH LQ�
WHUIDFH IRUPHG LQ ZHOGLQJ� PDNHV WKH MRLQW ZHDNHU�
$ VFKHPDWLF UHSUHVHQWDWLRQ RI ZHOGHG MRLQWV SURGXFHG
XVLQJ DQ LQVHUW DQG ZLWKRXW LW� LV JLYHQ LQ )LJXUH ��
7KH VFKHPDWLF VKRZV IRUPDWLRQ RI QHZ SDUWLFOHwPD�
WUL[ DQG SDUWLFOHwSDUWLFOH LQWHUIDFHV LQ WKH SURFHVV RI
MRLQLQJ� ,PSDFW RI KLJK WHPSHUDWXUH DQG SUHVVXUH OHDGV
WR GLIIXVLRQ SURFHVVHV GHYHORSLQJ LQ WKH IXVLRQ ]RQH�
WKDW DUH UHVSRQVLEOH IRU PLFURDOOR\LQJ RI WKLV ]RQH E\
LQWHUPHGLDWH PHWDO HOHPHQWV DQG KRPRJHQLVLQJ RI
WKHLU FRQFHQWUDWLRQV�

'LIIXVLRQ ZHOGLQJ RI ���� DOOR\ EDVHG &0 ZLWK
��� ��� �� DQG �� � YROXPH IUDFWLRQ RI UHLQIRUFLQJ
SDUWLFOHV� ZDV VWXGLHG >��@� 6DPSOHV KDG WKH IRUP RI
GLVFV RI �� PP GLDPHWHU DQG � PP WKLFNQHVV� 3ULRU
WR ZHOGLQJ WKH VXUIDFH ZDV JURXQG ZLWK DEUDVLYH SDSHU
DQG WKHQ GHJUHDVHG ZLWK DFHWRQH� :HOGLQJ PRGHV DUH
JLYHQ LQ 7DEOH ��

&RPSRVLWH VDPSOHV ZLWK �� � YROXPH IUDFWLRQ RI
WKH UHLQIRUFHU ZHUH ZHOGHG DW 7  ��� �&� W  � K�
3  �� 03D� � � GHIRUPDWLRQ� XVLQJ ���� DOOR\ DV
WKH LQVHUW� ,Q WKLV FDVH� WKH ZHOGHG MRLQW XOWLPDWH
VWUHQJWK ZDV ��� ± ��03D� DQG XQGHU WKH VDPH ZHOG�
LQJ FRQGLWLRQV� EXW ZLWKRXW XVLQJ WKH LQVHUW� LW ZDV
�� ± �� 03D� $OVR FRQVLGHUHG DUH WKH FKHPLFDO SURF�

7DEOH �� 9DULDQWV RI SUHWUHDWPHQW RI 6L& UHLQIRUFLQJ SDUWLFOHV

7HFKQRORJ\ 3XUSRVH 5HIHUHQFH

'3 VXUIDFH PHWDOOLVLQJ� LQ SDUWLFXODU FODGGLQJ ZLWK QLFNHO

DQG FRSSHU

,PSURYHPHQW RI ZHWWDELOLW\ E\ FKDQJLQJ 0Hw'3

FRQWDFW VXUIDFH WR 0Hw0H� SUHYHQWLRQ RI '3

LQWHUDFWLRQ ZLWK WKH PDWUL[ PHOW

>�� w ��@

'3 KHDW WUHDWPHQW� LQFOXGLQJ ,5 KHDWLQJ LQ D QRQ�R[LGL]�

LQJ DWPRVSKHUH

'HJDVVLQJ RI '3 VXUIDFH WR UHPRYH DGVRUEHG JDVHV�

HOLPLQDWLQJ WKH RYHUFRROLQJ HIIHFW

>��� ��@

6DOW WUHDWPHQW RI '3 VXUIDFH� DOVR LQ D OD\HU RI IOX[� GL�

UHFWO\ RQ WKH OLTXLG PHWDO VXUIDFH RU E\ VRO�JHO SURFHVV

,PSURYHPHQW RI ZHWWDELOLW\ >�� w ���

��� ��@
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HVVHV SURFHHGLQJ LQ WKH ZHOGLQJ ]RQH� 0DJQHVLXP SUH�
VHQW LQ WKH DOOR\� UHDFWV ZLWK DOXPLQLXP R[LGH E\ WKH
IROORZLQJ UHDFWLRQV�

$O�2� � �0J → �0J2 � �$O� ���

�$O�2� � �0J → �0J$O�2� � �$O� ���

$PRUH QHJDWLYH LQIOXHQFH DW WKH ZHOGLQJ WHPSHUD�
WXUH RI ��� �& LV SURGXFHG E\ WKH VHFRQG UHDFWLRQ
�ZLWK IRUPDWLRQ RI 0J$O�2�� WKDW LV ORFDWHG RQ WKH
LQWHUIDFH�� EXW WKH R[LGDWLRQ SURFHVV DFWXDOO\ SURFHHGV
LQ DQ LQWHJUDWHG PDQQHU�

7KXV� WKH SUHVHQFH RI PDJQHVLXP DQG LWV FKHPLFDO
FRPSRXQGV ORZHUV WKH VKHDU VWUHQJWK RI WKH ZHOGHG
MRLQW� FRPSDUHG WR WKH VWUHQJWK RI MRLQWV RQ QRQ�UHLQ�
IRUFHG DOOR\V RI WKH VDPH JUDGH� 8OWLPDWH VWUHQJWK DOVR
GHSHQGV RQ WKH YROXPH IUDFWLRQ RI VLOLFRQ FDUELGH� 8VH
RI DQ LQVHUW RI DQ QRQ�UHLQIRUFHG DOOR\ LPSURYHV WKH
DGKHVLRQ VWUHQJWK DQG WKH MRLQW VWUHQJWK� UHVSHFWLYHO\�

5HIHUHQFH >��@ LV D VWXG\ RI GLIIXVLRQ ZHOGLQJ RI
RYHUODS MRLQWV RQ � PP VKHHWV RI DOXPLQLXP DOOR\
���� �&X x ���� 0J x ���� 6L x ���� )H x
��� ZW��� $O x EDODQFH�� UHLQIRUFHG ZLWK 6L& VLQ�
JOH�FU\VWDOV� XVLQJ LQVHUWV LQ WKH IRUP RI �� w ��� µP
IRLO RI DOXPLQLXP�OLWKLXP DOOR\ ���� �&X x ����
0J x ���� 6L x ����� )H x ����� /L x ���� =U x
���� ZW��� $O x EDODQFH�� 9ROXPH IUDFWLRQ RI 6L&
ZDV ���� �� :HOGLQJ ZDV SHUIRUPHG DW WKH SUHVVXUH
RI ����⋅��w� 3D� WHPSHUDWXUH RI ��� w ��� �&� FRP�
SUHVVLRQ IRUFH RI ���� ��� DQG ���03D DQG FRPSUHVVLRQ
WLPH RI � K� 7KH LQIOXHQFH RI SRVWZHOG KHDW WUHDWPHQW
ZDV DOVR VWXGLHG� VRDNLQJ IRU � w � K DW WKH WHPSHUD�
WXUH RI ��� �&� FRROLQJ LQ LFHG ZDWHU� VRPH VDPSOHV
ZHUH VXEMHFWHG WR DUWLILFLDO DJHLQJ DW ��� �& IRU �� K�
)RU WKH ZHOGHG MRLQW� D PD[LPXP VKHDU VWUHQJWK RI
��� 03D ZDV DFKLHYHG� L�H� �� � RI WKLV YDOXH IRU WKH
EDVH PHWDO XQGHU WKH VDPH KHDW WUHDWPHQW FRQGLWLRQV�
:HOGLQJ ZDV SHUIRUPHG LQ WKH IROORZLQJ PRGH� 7  
 ��� �&� 3  � 03D� W  � K� EXW GHIRUPDWLRQ ZDV
�� �� :KHQ WKH FRPSUHVVLRQ SUHVVXUH ZDV ORZHUHG WR
��� 03D� WKH XOWLPDWH VKHDU VWUHQJWK GURSSHG WR
�� 03D� EXW WKH VDPSOH GHIRUPDWLRQ GLG QRW H[FHHG
�� �� 7KH RSWLPDO PRGH RI GLIIXVLRQ ZHOGLQJ ZDV DV
IROORZV� 7  ��� w ��� �&� 3  � w � 03D� W  � K�
3UHVHQFH RI OLWKLXP LQ WKH LQVHUW LV IDYRXUDEOH IRU WKH
ZHOGLQJ SURFHVV� DV LW UHDFWV ZLWK DOXPLQLXP WR IRUP
VWDEOH R[LGHV� EXW ZLWK ORZHU KDUGQHVV DQG VROXELOLW\

XQGHU WKH VWXGLHG ZHOGLQJ FRQGLWLRQV� /LWKLXP GLIIX�
VLRQ LQWR WKH EDVH PHWDO LPSURYHV WKH VWUHQJWK RI WKH
EDVH PHWDO PDWUL[ DQG WKH SKDVH DORQJ WKH PDWUL[w6L&
SDUWLFOH LQWHUIDFH�

,QIOXHQFH RI LQWHUPHGLDWH OD\HUV RQ WKH SURSHUWLHV RI
ZHOGHG MRLQWV RI ���� � �� � 6L& &0 ZDV VWXGLHG LQ
>��@� $OOR\ ���� ZDV XVHG DV WKH LQWHUOD\HU� +DYLQJ
VWXGLHG WKH FRQWDFW VXUIDFH� WKH DXWKRUV KDYH FRPH WR
WKH FRQFOXVLRQ� WKDW DSSOLFDWLRQ RI LQVHUWV UHVXOWV LQ D
KLJKHU VWUHQJWK RI WKH FRPSRVLWH MRLQWV� ([SHULPHQWV RQ
ZHOGLQJ SXUH ���� DOOR\� ZHOGLQJ WKH FRPSRVLWH ZLWK
DQ LQVHUW DQGZLWKRXW LW�ZHUH FRQGXFWHG IRU FRPSDULVRQ�
:KLOH WKH VWUHQJWK RI ���� DOOR\ MRLQW LV RQ WKH OHYHO
RI ��� 03D� LQ ZHOGLQJ &0 ZLWKRXW DQ LQVHUW� LW
DPRXQWV WR MXVW ��� 03D� ZKHUHDV D ZHOGHG MRLQW RI
&0 ZLWK DQ LQVHUW KDV WKH VWUHQJWK RI ��� 03D�

5HIHUHQFH >��@ LV D VWXG\ RI D &0� FRQVLVWLQJ RI
D PDWUL[ RI DOXPLQLXP DOOR\ ���� �&Xx ����� 0Jx
����� )H x ����� 0Q x ����� =Q� 7L x ���� ZW����
UHLQIRUFHG ZLWK 6L& SDUWLFOHV LQ WKH DPRXQW RI
�� YRO��� $ URG RI �� PP GLDPHWHU ZDV SURGXFHG E\
H[WUXVLRQ� VR WKDW 6L& SDUWLFOHV KDG D FHUWDLQ RULHQ�
WDWLRQ LQ WKH GLUHFWLRQ RI WKH H[WUXVLRQ� 'LVFV RI �
PP WKLFNQHVV ZHUH FXW RII WKH URG� ZKLFK ZHUH FXW
XS LQWR SODWHV RI VTXDUH VKDSH� WKDW ZHUH FOHDQHG ZLWK
HPHU\ SDSHU� SROLVKHG ZLWK GLDPRQG SDVWH DQG GH�
JUHDVHG ZLWK DFHWRQH� 'LIIXVLRQ ZHOGLQJ RI VDPSOHV
ZDV SHUIRUPHG HLWKHU GLUHFWO\ �ZLWKRXW DQ LQVHUW�� RU
ZLWK DQ LQVHUW RI $Ow0J DOOR\ �0J x ����� 6L x
����� )H x ����� 0Q x ���� ZW��� LQ WKH IRUP RI
�� µP WKLFN IRLO� RU ZLWK D OD\HU RI VLOYHU FRDWLQJ
����� ���� DQG ���� µP WKLFN� RQ HDFK VLGH RI WKH
VDPSOHV� :HOGLQJ ZDV FDUULHG RXW LQ DUJRQ� ZLWK VDP�
SOH KHDWLQJ DW WKH UDWH RI �� �&�PLQ XS WR WKH WHP�
SHUDWXUH RI ��� �&� :LWKRXW WKH LQVHUW� ZLWK DSSOLFD�
WLRQ RI IRLO DQG VLOYHU FRDWLQJ ZHOGLQJ SUHVVXUH ZDV
�� w ��� �� w �� DQG �� w �� 03D� UHVSHFWLYHO\� ZLWK
WKH FRPSUHVVLRQ UDWLR RI ���� w ����� ���� w ���� DQG
���� w ���� �� $ MRLQW ZLWKRXW D FOHDUO\�GHILQHG LQ�
WHUIDFH DW WKH ZHOGLQJ WLPH RI � K DQG XS WR �� 03D
SUHVVXUH� FDQ EH SURGXFHG ZLWKRXW XVLQJ WKH LQVHUW�
:KHQ IRLO LV XVHG �W  � K� 3  �� 03D� D MRLQW ZLWK
D KDUGO\ YLVLEOH LQWHUIDFH DQG ZLWK 6L& SDUWLFOHV RQ
LWV OLQH LV IRUPHG� &RPSUHVVLRQ UDWLR LV UDWKHU KLJK
��� ��� ,Q WKH FDVH D VLOYHU FRDWLQJ LV XVHG� D VRXQG
MRLQW �ZLWKRXW D YLVLEOH LQWHUIDFH� LV IRUPHG DW WKH
FRDWLQJ WKLFNQHVV RI ��� µP� ZHOGLQJ WLPH RI � K�
FRPSUHVVLRQ IRUFH RI �� 03D DQG FRPSUHVVLRQ UDWLR
RI ���� �� ,Q RUGHU WR UHGXFH WKH FRPSUHVVLRQ UDWLR�
WKH DXWKRUV UHFRPPHQG WKH FRPSUHVVLRQ WR EH SHU�
IRUPHG LQ WZR VWDJHV� QDPHO\ XQGHU SUHVVXUH DQGZLWK�
RXW LW� 7KHQ ZHOGLQJ FDQ EH SHUIRUPHG DW WKH FRP�
SUHVVLRQ UDWLR RI �� ��

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI FRPSRVLWH ZHOGHG MRLQWV SUR�
GXFHG LQ GLIIHUHQW ZHOGLQJ PRGHV

5HLQIRUFHU

FRQWHQW� �

3UHVVXUH�

03D

6DPSOH

GHIRUPDWLRQ� �

6KHDU VWUHQJWK�

03D

�� �� � �� ± ��

�� �� � �� ± ��

�� �� � �� ± ��

�� �� � �� ± ��

�� �� � �� ± ��

�� �� �� �� ± ��

�� �� �� ��� ± �

��



�� � ��� ± ��




:HOGHG XVLQJ DQ LQVHUW RI DOOR\ �����

)LJXUH �� 6FKHPDWLF RI D ZHOGHG MRLQW SURGXFHG E\ GLIIXVLRQ ZHOG�
LQJ ZLWKRXW DQ LQVHUW �D� DQG ZLWK DQ LQWHUPHGLDWH OD\HU �E�
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,Q VWXG\ >��@ H[SHULPHQWV ZHUH FRQGXFWHG RQ GLI�
IXVLRQ ZHOGLQJ RI D &0 RI ���� � �� � 6L& ILODPHQ�
WDU\ FU\VWDOV� $ EXWW MRLQW GHVLJQ ZDV VHOHFWHG IRU
H[SHULPHQWV� 7KH VXUIDFHV WR EH MRLQHG ZHUH JURXQG
ZLWK DEUDVLYH SDSHU� WKHQ FOHDQHG DQG HWFKHG WR UH�
PRYH VXUIDFH FRQWDPLQDWLRQ DQG R[LGH ILOPV� 7R SUR�
GXFH DQ DFFHSWDEOH MRLQW� VDPSOHV ZHUH MRLQHG WKURXJK
DQ LQWHUPHGLDWH OD\HU RI IRLO� ,QVHUWV RI GLIIHUHQW PD�
WHULDOV ZHUH XVHG WR SURYLGH WKH PD[LPDO VWUHQJWK DQG
FKHPLFDO KRPRJHQHLW\ RI WKH MRLQWV� 'LIIXVLRQZHOGLQJ
SDUDPHWHUV DUH JLYHQ LQ 7DEOH �� 7KH MRLQLQJ SURFHVV
ZDV FRQGXFWHG XQGHU D YDFXXP RI �����⋅��w� 3D� $OO
WKH MRLQWV ZLWK DQ LQVHUW ZHUH FKDUDFWHUL]HG E\ D JRRG
FRQWDFW� DWRP PRELOLW\ EHLQJ VXIILFLHQW IRU IRUPDWLRQ
RI D GLIIXVLRQ OD\HU RI IRLO PDWHULDO� ,W LV QRWHG WKDW
WKH GLIIXVLRQ OD\HU RI QLFNHO LV ZLGHU� WKDQ WKDW RI
LQVHUWV RI RWKHU PDWHULDOV� 7KLV LV DWWULEXWDEOH WR WKH
FORVH DWRPLF UDGLL RI QLFNHO DQG DOXPLQLXP �5$O  
 ������ 51L  ����� QP�� ,Q WKH DEVHQFH RI DQ LQWHU�
PHGLDWH OD\HU� D ODUJH QXPEHU RI GLVFRQWLQXLWLHV ZHUH
IRXQG LQ WKH MRLQW� DV ILODPHQWDU\ FU\VWDOV SUHYHQW
DOXPLQLXP GLIIXVLRQ� :LWK FRSSHU LQVHUWV� WKH TXDOLW\
RI WKH SURGXFHG MRLQWV LV VDWLVIDFWRU\� 'HSHQGHQFH RI
ZHOGHG MRLQW XOWLPDWH VWUHQJWK RQ WKH LQVHUW PDWHULDO
LV VKRZQ LQ )LJXUH �� σW RI ZHOGHG MRLQWV EHLQJ PXFK
ORZHU� WKDQ WKDW RI WKH EDVH PHWDO�

7KH �FRUURVLRQ DVSHFW� RI DSSO\LQJ LQVHUWV LQ GLI�
IXVLRQ ZHOGLQJ VKRXOG EH DOVR QRWHG� ,Q RUGHU WR
DFKLHYH D KLJK FRUURVLRQ UHVLVWDQFH RI WKH MRLQW� WKH
LQWHUOD\HU FRPSRVLWLRQ LV XVXDOO\ VHOHFWHG WR KDYH FORVH
HOHFWURFKHPLFDO SURSHUWLHV� ,Q YLHZ RI WKH IDFW WKDW
WKH PHWDOV EHLQJ ZHOGHG DQG WKH LQWHUPHGLDWH OD\HU
KDYH GLIIHUHQW FKHPLFDO FRPSRVLWLRQ� DQG WKH LQWHU�
PHGLDWH OD\HU KDV D VWDWLRQDU\ HOHFWURGH SRWHQWLDO UHOD�

WLYH WR WKH PHWDOV EHLQJ ZHOGHG� WKH FRUURVLRQ UHVLV�
WDQFH RI WKH ZHOGHG MRLQW LV LQFUHDVHG >��@� ,PSDFW RI
KLJK WHPSHUDWXUH DQG SUHVVXUH UHVXOWV LQ GHYHORSPHQW
LQ WKH ZHOGLQJ ]RQH RI SURFHVVHV WKDW KRPRJHQL]H HOH�
PHQW FRQFHQWUDWLRQ RQ WKH LQWHUIDFH RI WKH PDWHULDOV
EHLQJ ZHOGHG� WKXV SURYLGLQJ D VPRRWK FKDQJH RI WKH
HOHFWURGH SRWHQWLDO LQ WKH ZHOGLQJ ]RQH DQG UHGXFWLRQ
RI FRUURVLRQ ORFDOL]LQJ� &KDQJH RI HOHFWURFKHPLFDO
SURSHUWLHV FDXVHG E\ D SRVLWLYH SRWHQWLDO VKLIW� OHDGV
WR DQ LQFUHDVH RI WKH ZHOGHG MRLQW FRUURVLRQ UHVLVWDQFH
RYHU WKH HQWLUH FURVV�VHFWLRQ�

7KXV� GLIIXVLRQ ZHOGLQJ LV DSSOLFDEOH WR MRLQLQJ
$O�EDVHG '6&0� EXW LQ RUGHU WR DFKLHYH WKH PD[LPDO
VWUHQJWK� LW LV QHFHVVDU\ WR VHOHFW DQ DSSURSULDWH FRP�
ELQDWLRQ RI WKH LQVHUW PDWHULDO DQG ZHOGLQJ PRGH�

)ULFWLRQ ZHOGLQJ� )ULFWLRQ ZHOGLQJ LV RQH RI WKH
SURPLVLQJ PHWKRGV RI FRPSRVLWH MRLQLQJ� WKDW KDV DW�
WUDFWHG D ORW RI DWWHQWLRQ ODWHO\�7KLV LV GXH WR WKH DEVHQFH
RI WKH SUREOHPV RI ZHOG SRRO YLVFRVLW\ DQG WKH UHDFWLRQ
EHWZHHQ WKH PDWUL[ PDWHULDO DQG WKH UHLQIRUFHU�

$OO LWV YDULDQWV DUH DSSOLHG IRU &0 ZHOGLQJ�
QDPHO\ URWDWLRQ� LQHUWLD DQG OLQHDU >�� �@� ,W LV QRWHG
WKDW KLJK UDWHV RI UHODWLYH GLVSODFHPHQW DQG WKH UH�
OHDVHG KHDW EUHDN XS WKH UHLQIRUFLQJ SDUWLFOHV QHDU WKH
FRQWDFW ERXQGDU\� DQG D ORVV RI KDUGQHVV LV IRXQG LQ
WKH +$=� )RU MRLQWV RI ���� � �� � 6L& '6&0� PDGH
E\ URWDWLRQ ZHOGLQJ� WKH IROORZLQJ ZHOGLQJ PRGHV
ZHUH IRXQG WR EH RSWLPDO� URWDWLRQ YHORFLW\
��� UDG�PLQ� URWDWLRQ IRUFH �� W� IRUJLQJ IRUFH �� W�
�KRW� XSVHW � PP� WRWDO XSVHW ��� PP� ZHOGLQJ WLPH
��� V� )XOO SRVWZHOG KHDW WUHDWPHQW �TXHQFKLQJ DQG
DJHLQJ� SURYLGHV VWUHQJWK SURSHUWLHV RI WKH MRLQWV�
FORVH WR WKRVH RI WKH EDVH PDWHULDO�

$FFRUGLQJ WR WKH GDWD RI >�@� IULFWLRQ ZHOGLQJ SHU�
PLWV MRLQLQJ FRPSRVLWHV SURGXFHG E\ FDVWLQJ DQG
SUHVVLQJ� )LJXUH � VKRZV WKH VKDSH RI WKH ZHOGHG MRLQW
RI �� PP GLDPHWHU URGV RI ���� � �� � 6L& '6&0�
7KH DXWKRUV RI >��@ VHSDUDWH WKH ZHOGHG MRLQW ]RQH
LQWR WKH ]RQH RI FRPSOHWH SODVWLF GHIRUPDWLRQ =SO DQG
]RQH RI SDUWLDO GHIRUPDWLRQ =S�GHI�

5HIHUHQFH >��@ LV D VWXG\ RI WKH VWUXFWXUH DQG PH�
FKDQLFDO SURSHUWLHV RI WKH MRLQWV PDGH E\ LQHUWLD IULF�
WLRQ ZHOGLQJ RQ DOXPLQLXP DOOR\ ���� �)H x ����
6L x ���� : x ��� ZW���� UHLQIRUFHG E\ �� YRO��
RI 6L& SDUWLFOHV� +RW GHIRUPDWLRQ UHVXOWV LQ IRUPDWLRQ
RI D KRPRJHQHRXV VWUXFWXUH ZLWK D XQLIRUP GLVWULEX�
WLRQ RI 6L& SDUWLFOHV DORQJ WKH URG EXWW MRLQW� 1R
WUDFHV RI D FKHPLFDO UHDFWLRQ EHWZHHQ 6L& DQG WKH
PDWUL[ ZHUH GHWHFWHG LQ WKH MRLQW� LQ VRPH FDVHV FUDFN�
LQJ RI ODUJH 6L& SDUWLFOHV ZDV IRXQG LQ WKH ZHOG DQG
EDVH PHWDO� 0HDQ YDOXHV RI .QRRS PLFURKDUGQHVV LQ
WKH KHDW�DIIHFWHG DQG GHIRUPDWLRQ LPSDFW ]RQH DQG LQ

7DEOH �� 0RGHV RI GLIIXVLRQ ZHOGLQJ RI ���� � �� � 6L& &0

,QWHUOD\HU
:HOGLQJ

WHPSHUDWXUH� �&

:HOGLQJ

SUHVVXUH�

03D

:HOGLQJ WLPH�

PLQ

$O ��� � ��

1L ��� �� ��

&X ��� � ��

$J ��� �� ��

:LWKRXW LQVHUW ��� �� ��

)LJXUH �� 8OWLPDWH VWUHQJWK RI ZHOGHG MRLQWV RI ���� � �� � 6L&
&0� PDGH E\ GLIIXVLRQ ZHOGLQJ ZLWK LQVHUWV RI GLIIHUHQW PDWHULDOV

)LJXUH �� =RQHV RI D ZHOGHG MRLQW PDGH E\ IULFWLRQ ZHOGLQJ
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WKH EDVH PHWDO DUH TXLWH FORVH� 1R ZHDN ]RQHV ZHUH
IRXQG LQ WKH YLFLQLW\ RI WKH ZHOG� σW RI WKH ZHOGHG
MRLQW LV PRUH WKDQ �� � RI WKLV YDOXH IRU WKH EDVH
PHWDO� WKLV EHLQJ LQ DJUHHPHQW ZLWK WKH UHVXOWV RI
PLFURKDUGQHVV PHDVXUHPHQW� ,Q WHQVLOH WHVWLQJ WKH
MRLQWV DOZD\V IDLOHG RQ WKH RXWHU HGJH LQ WKH KHDW�DI�
IHFWHG DQG GHIRUPDWLRQ LPSDFW ]RQH� WKH PDWUL[ DQG
WKH ZHOG PHWDO IDLOHG LQ WKH GXFWLOH PRGH� DQG WKH
6L& SDUWLFOHV LQ WKH EULWWOH PRGH� -RLQW PLFURVWUXFWXUH
DQG KDUGQHVV GLVWULEXWLRQ RYHU WKH FURVV�VHFWLRQ RI D
VDPSOH� PDGH E\ IULFWLRQ ZHOGLQJ� DUH VKRZQ LQ )LJ�
XUHV � DQG �� UHVSHFWLYHO\�

5HVLVWDQFH VSRW ZHOGLQJ�5HVLVWDQFH VSRW ZHOGLQJ
KDV EHHQ DFFHSWHG DV D SURPLVLQJ PHWKRG RI MRLQLQJ
'6&0 FRPSRQHQWV WR VWUXFWXUDO HOHPHQWV >��@�
:HOGDELOLW\ RI WKH MRLQWV ZDV HYDOXDWHG RQ WHFKQR�
ORJLFDO VDPSOHV RI WKH VDPH '6&0 JUDGH� DV ZHOO DV
IRU FRPELQDWLRQV RI '6&0 ZLWK DOXPLQLXP DOOR\
'��� '�� � �� � 6L& '6&0 VDPSOHV ��� PP WKLFN
ZHUH XVHG IRU LQYHVWLJDWLRQV� 6DPSOH VXUIDFH ZDV SUH�
SDUHG IRU ZHOGLQJ E\ FKHPLFDO HWFKLQJ DQGPHFKDQLFDO
FOHDQLQJ� 6XFK DQ RSHUDWLRQ GRHV QRW SUDFWLFDOO\ GLIIHU
IURP VLPLODU WUHDWPHQW RI DOXPLQLXP DOOR\V� :HOGLQJ
ZDV FRQGXFWHG LQ D FDSDFLWRU�W\SH PDFKLQH 07.����
XVLQJ HOHFWURGHV RI DOOR\ %U�.'�� :HOGLQJ SDUDPH�
WHUV ZHUH GHWHUPLQHG RQ VDPSOHV E\ LQGLYLGXDO VHOHF�
WLRQ RI WKH PRGH� DV IRU DOXPLQLXP DOOR\V RI '�� W\SH�

7KH FULWHULD IRU HYDOXDWLRQ RI WKH TXDOLW\ RI VSRW
ZHOGLQJ RI '6&0 RI '�� � 6L& V\VWHP� ZHUH WKH GDWD
RI WHFKQRORJLFDO VDPSOHV� PLFUR� DQG PDFURDQDO\VLV� LQ�
YHVWLJDWLRQ RI WKH PHFKDQLFDO SURSHUWLHV RI VDPSOHV� DV
ZHOO DV UDGLRJUDSK\ RI ZHOG VSRWV� 7KH UHVXOWV RI VWXG\�
LQJ WKH ZHOGHG MRLQWV DUH JLYHQ LQ 7DEOH �� ,W LV IRXQG
WKDW WKH GLDPHWHU RI WKH ZHOG VSRW FDVW ]RQH LQ ZHOGLQJ
'6&0 VDPSOHV WR HDFK RWKHU DQG WR D VDPSOH RI DOX�
PLQLXP DOOR\ FRUUHVSRQGV WR WKH JHQHUDOO\ DFFHSWHG GL�
PHQVLRQV IRU ZHOGLQJ DOXPLQLXP DOOR\V RI '�� W\SH�

7KH SUHVHQFH RI D FODGGLQJ OD\HU LQ D '6&0 EODQN�
GRHV QRW VLJQLILFDQWO\ LQIOXHQFH WKH ZHOGDELOLW\ DQG
VWUHQJWK LQ VLPLODU PDWHULDO FRPELQDWLRQV�

,Q WHQVLOH WHVWLQJ RI '6&0 VDPSOH MRLQWV� DOO WKH
IUDFWXUHV KDG WKH IRUP RI D VKHDU� DQG LQ SXOO WHVWLQJ�
SDUWLDO VHSDUDWLRQ RI WKH RXWHU DOXPLQLXP FODGGLQJ
IURP WKH PDWHULDO EHLQJ ZHOGHG ZDV REVHUYHG�

1R WHDUV DORQJ 6L& SDUWLFOHV ZHUH IRXQG LQ WKH IUDF�
WXUH RI WKH ZHOG VSRW QXJJHW �ZLWK SDUWLFOH VL]H
� �� µP�� )UDFWXUH VXUIDFH WKDW LV RI D EULWWOH PDFUR�
VFRSLF QDWXUH� FRQVLVWV RI SLWV� 6XUIDFH VWXGLHV GHPRQ�
VWUDWHG WKDW 6L& SDUWLFOHV DUH QRQ�XQLIRUPO\ GLVWULEXWHG
LQ WKH IUDFWXUH VLWHV� DQG LQ VRPH UHJLRQV RI WKH VSRW
QXJJHW� FOXVWHUV RI 6L& SDUWLFOHV RU GLVFRQWLQXLWLHV� QX�
FOHDWLQJ DW WKH SDUWLFOHV� DUH IRXQG�5DGLRJUDSKLF VWXGLHV
RI LQGLYLGXDO VDPSOHV UHYHDOHG PLQRU GHIHFWV �SRURVLW\�
ORFDWHG LQ WKH FHQWHU RI WKH VSRW FDVW ]RQH�

:HOG VSRW VKHDU VWUHQJWK LV VRPHZKDW KLJKHU IRU
MRLQWV RI VKHHW EODQNV RI &0 FRPELQDWLRQV� WKDQ LQ D
VLPLODU MRLQW RI VKHHW EODQNV RI DOOR\ '��� 7KLV LV�
SUREDEO\� UHODWHG WR WKH IDFW� WKDW &0 ULJLGLW\ LV
KLJKHU� WKHUHIRUH� WKH SUREDELOLW\ RI DZHOG VSRW IDLOLQJ
WKURXJK VHSDUDWLRQ� EHFRPHV VPDOOHU�

5HVLVWDQFH ZHOGLQJ ZDV DSSOLHG IRU VKHHWV RI DOOR\
���� � �� � 6L& &0� 7KH FRPSRVLWLRQ RI DOOR\ ����
ZDV DV IROORZV� �� 6Lx ��� w ���� )Hx ���� &Xx����
0Q x ��� w ���� 0J x ��� w ���� &U x ����� =Q x
���� +RZHYHU� D SURQRXQFHG VHJUHJDWLRQ RI 6L&SDUWLFOHV
ZDV QRWHG >�@� 8VH RI FDSDFLWRU�W\SHZHOGLQJ IRU'6&0
LV DOVR SRVVLEOH >��@� )LQDOO\� WKH SURFHVV RI PDJQHWL�
FDOO\�LPSHOOHG DUF EXWWZHOGLQJZDV DOVR XVHG IRU MRLQLQJ
SLSHV RI '6&0 RI DOOR\ ���� � �� � 6L& >�� �@�

7KXV� DPRQJ WKH FXUUHQWO\ XVHG VROLG�SKDVH ZHOG�
LQJ SURFHVVHV GLIIXVLRQ ZHOGLQJ� SHUIRUPHG ZLWK LQ�
VHUWV� SURYLGHV WKH ZHOGHG MRLQW VWUHQJWK QRW H[FHHG�
LQJ �� w �� � RI WKDW RI WKH LQLWLDO '6&0� ,Q VRPH
FDVHV DSSOLFDWLRQ RI KHDW WUHDWPHQW FDQ LQFUHDVH WKH
ZHOGHG MRLQW VWUHQJWK XS WR �� � RI WKDW RI WKH EDVH

)LJXUH �� 0LFURVWUXFWXUH RI WKH ]RQH RI D MRLQW PDGH E\ IULFWLRQ
ZHOGLQJ� 7KH DUURZ VKRZV WKH MRLQW OLQH �UHGXFHG E\ ����

)LJXUH �� 0LFURKDUGQHVV GLVWULEXWLRQ DFURVV WKH VDPSOH FURVV�VHF�
WLRQ� � x TXHQFKLQJ DQG DUWLILFLDO DJHLQJ LQ D PRGH� SURYLGLQJ DQ
LPSURYHG IUDFWXUH WRXJKQHVV DQG FRUURVLRQ UHVLVWDQFH� �x TXHQFK�
LQJ DQG IXOO DUWLILFLDO DJHLQJ

7DEOH �� 3URSHUWLHV RI ZHOGHG MRLQWV RQ VDPSOHV RI '6&0 '�� � �� � 6L& DQG DOXPLQLXP DOOR\ '��

0DWHULDO

:HOG VSRW

GLDPHWHU�

PP

'HSWK� �
:HOG VSRW

VKHDU VWUHQJWK�

03D

:HOG VSRW

SRRO VWUHQJWK�

03D
3HQHWUDWLRQ ,QGHQWDWLRQ

'6&0 '�� '6&0 '��

'6&0 � '6&0 � w � �� �� �� �� ��� w ��� ��� w ���

'�� � '6&0 � w � �� w �� w ��� w ��� ��� w ���

'�� � '�� � w �� w �� w �� ��� w ��� ��� w ���
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PHWDO� +RZHYHU� WKH LQIOXHQFH RI KHDW WUHDWPHQW KDV
QRW \HW EHHQ FRPSOHWHO\ VWXGLHG� ,W LV QHFHVVDU\ WR
FDUU\ RQ LQYHVWLJDWLRQV QRW RQO\ LQ WKH ILHOG RI LP�
SURYHPHQW RI GLIIXVLRQ ZHOGLQJ WHFKQRORJ\� EXW DOVR
VWXG\LQJ WKH LQIOXHQFH RI KHDW WUHDWPHQW RQ WKH SURS�
HUWLHV DQG PLFURVWUXFWXUH RI '6&0 ZHOGHG MRLQWV�

)ULFWLRQ ZHOGLQJ \LHOGV VRPHZKDW EHWWHU UHVXOWV
�σW XS WR �� � RI WKLV YDOXH IRU WKH EDVH PHWDO�� %RWK
WKH PHWKRGV DUH DSSOLFDEOH IRU MRLQLQJ URGV� SLSHV DQG
RWKHU ERGLHV RI UHYROXWLRQ� 7KHUHIRUH� WKH QHZ SURFHVV
RI IULFWLRQ VWLU ZHOGLQJ LV TXLWH SURPLVLQJ IRU ZHOGLQJ
$O�PDWUL[ '6&0� *RRG UHVXOWV DUH DFKLHYHG ZLWK
UHVLVWDQFH VSRW ZHOGLQJ�

)LQDOO\� LQ WKH DXWKRUVs RSLQLRQ� LW LV QHFHVVDU\ WR
LPSURYH DOVR WKH WHFKQRORJLHV RI FRPSRVLWH PDWHULDOV
PDQXIDFWXUH� VR DV WR PLQLPLVH WKH SRVVLEOH GHIHFWV
LQ WKH LQLWLDO PDWHULDO� VXFK DV SRUHV� VODJ LQFOXVLRQV�
SDUWLFOHV DJJORPHUDWLRQ� HWF�

5()(5(1&(6

�� %RQGDUHY� %�,�� 3RONLQ� ,�6�� 5RPDQRYD� 9�6� ������ &RP�
SRVLWH PDWHULDOV EDVHG RQ DOXPLQLXP DOOR\V UHLQIRUFHG ZLWK
6L& SDUWLFOHV� ,Q� 3URF� RI ,QW� &RQI� RQ 3URPLVLQJ 7HQGHQ�
FLHV LQ $LUFUDIW 0DWHULDOV� 0RVFRZ�

�� %RQGDUHY� %�,�� 3RONLQD� ,�6�� 5RPDQRYD� 9�6� HW� DO�
������ 6WDWXV DQG SURVSHFWV IRU GHYHORSPHQW RI PDQXIDFWXU�
LQJ DOXPLQLXP�EDVHG FRPSRVLWH PDWHULDOV� UHLQIRUFHG ZLWK
FHUDPLF SDUWLFOHV� ,Q� &RPSRVLWH PDWHULDOV� .\LY� 3:,�

�� (OOLV� 0�%� ������ -RLQLQJ $O�EDVHG PHWDO PDWUL[ FRPSRVLWHV x
D UHYLHZ�0DWHU� DQG 0DQXIDFWXULQJ 3URF�� �� �� w ���

�� (OOLV� 0�%�� *LWWRV� 0�)�� 7KHUHDGJLOO� 3�3� ������ -RLQLQJ
DOXPLQLXP�EDVHG PHWDO PDWUL[ FRPSRVLWHV� 0DWHULDOV
:RUOG� �� ��� w ����

�� /XQGLQ� &�'�� 'DQNR� -�&�� 6ZLQGPDQ� &�-� ������ )XVLRQ
ZHOGLQJ RI 6L&�UHLQIRUFHG DOXPLQLXP DOOR\ ����� ,Q� 3URF�
RI &RQI� RQ 5HFHQW 7UHQGV LQ :HOGLQJ 6FLHQFH DQG 7HFK�
QRORJ\� $06 ,QW� 0DWHULDOV 3DUN�

�� ������ 6LOLFRQ FDUELGH �VWUXFWXUH� SURSHUWLHV DQG DSSOLFD�
WLRQV�� (G� E\ ,�1� )UDQWVHYLFK� .\LY� 1DXNRYD 'XPND�

�� 'REUROH]K� 6�$�� =XENRYD� 6�0�� .UDYHWV� 9�$� HW DO�
������ 6LOLFRQ FDUELGH� .\LY� *RVWHNKL]GDW 8NU�665�

�� .KHQLVK� *�� 5R\� 5� ������ 6LOLFRQ FDUELGH� 0RVFRZ� 0LU�
�� &KHUQ\VKRYD� 7�$�� .REHOHYD� /�,�� 6KHER� 3� HW DO� ������

,QWHUDFWLRQ RI PHWDOOLF PHOWV ZLWK UHLQIRUFLQJ ILOOHUV� 0RV�
FRZ� 1DXND�

��� .DZDEH� $�� 2VKLGD� $�� .RED\DVKL� 7� HW DO� ������ )DEUL�
FDWLRQ SURFHVV RI PHWDO PDWUL[ FRPSRVLWH ZLWK QDQRVL]H 6L&
SDUWLFOH SURGXFHG E\ YRUWH[ PHWKRG� -� -DS� ,QVW� RI /LJKW
0HWDOV� �� ��� w ����

��� )XMLWD� <� ������ &RPSRVLWHV RQ WKH EDVLV RI DOOR\V RI DOX�
PLQLXP UHLQIRUFHG FHUDPLF WKUHDG\ FKLSV DQG ILEHUV RI VKRUW
NHUI� -� ,URQ DQG 6WHHO ,QVW� RI -DS�� �� ��� w ����

��� 0RULPRWR� .� ������ &RPSRVLWHV RQ WKH EDVLV RI DOOR\V RI
DOXPLQLXP� UHLQIRUFHG WKUHDG\ FKLSV IURP 6L&� -RLQLQJ $V�
VHPEOLQJ $XWRPDWLRQ� ��� �� w ���

��� )XMLWD� <� ������ &RPSRVLWHV� DOXPLQLXP DOOR\V� KDUGHQHG
E\ FHUDPLF WKUHDG\ FKLSV DQG VKRUW ILEUHV� -� ,URQ DQG 6WHHO
,QVW� RI -DS�� �� ���� w �����

��� &KHUQ\VKRYD� 7�$�� %RORWRYD� /�.�� .REHOHYD� /�,� HW DO�
������ $UF ZHOGLQJ RI GLVFUHWHO\ UHLQIRUFHG FRPSRVLWH PDWH�
ULDO RI $Ow6L& V\VWHP� )L]LND L .KLPL\D 2EUDE� 0DWHULD�
ORY� �� �� w ���

��� ,VHNL� 7�� .DPHGD� 7�� 0DUX\DPD� 7� ������ ,QWHUIDFLDO UH�
DFWLRQV EHWZHHQ 6L& DQG DOXPLQLXP GXULQJ MRLQLQJ� -� 0D�
WHU� 6FL�� 9RO� ��� ���� w �����

��� +LOO� -�)�� :LONLQVRQ� 6�:�� )HQQ� 5� ������ )XVLRQ ZHOG�
LQJ RI DQ DOXPLQLXP PDWUL[�6L& UHLQIRUFHG 00&� ,QW� -�
IRU WKH -RLQLQJ RI 0DWHULDOV� �� �� w ���

��� &KHUQ\VKRYD� 7�$�� .RU]K� 7�9�� .REHOHYD� /�,� ������
3URGXFWV RI LQWHUDFWLRQ LQ DOXPLQLXP DOOR\�6L& SDUWLFOHV
FRPSRVLWLRQ� SURGXFHG E\ OLTXLG�SKDVH PHWKRGV� )L]LND L
.KLPL\D 2EUDE� 0DWHULDORY� �� �� w ���

��� +DQ� /�� 0HJ� 4�&�� =KDQJ� -� HW DO� ������ 5HVLVWDQFH
EUD]LQJ RI 6L&�����$O FRPSRVLWH� $FWD 0HWDOOXUJLFD
6LQLFD �(QJOLVK /HWWHU�� �� ��� w ����

��� 9LDOD� -�&�� )RUWLHU� 3�� %RXL[� -� ������ 6WDEOH DQG PHWDV�
WDEOH SKDVH HTXLOLEULD LQ WKH FKHPLFDO LQWHUDFWLRQ EHWZHHQ
DOXPLQLXP DQG VLOLFRQ FDUELGH� -� 0DWHU� 6FL�� 9RO� ���
���� w �����

��� (VDXORY� ,�9�� 6WHSDQRY� %�,�� .LWDMJRURGVN\� <X�,�� HW DO�
������ ([SHULHQFH RI DSSOLFDWLRQ RI XOWUDVRQLF GHJDVLILHU
8='��� IRU FRPPHUFLDO�VFDOH SURGXFWLRQ RI GLVSHUVLRQ�
VWUHQJWKHQHG DOXPLQLXP DOOR\V ZLWK R[LGH DQG FDUELGH SDU�
WLFOHV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

��� 6HUHEULQVN\� (�,�� *RU\NLQ� ,�9�� =RORWDUHYVN\� <X�6� HW DO�
0DVWHU DOOR\� 8665 DXWKRUsV FHUWLILFDWH ������� ,QW� &O� &
�� & ������ 3XEO� ���������

��� 6HUHEULQVN\� (�,�� 9ODGLPLURY� <X�,�� =RORWDUHYVN\� <X�6� HW
DO� 0DVWHU DOOR\� 8665 DXWKRUsV FHUWLILFDWH ������� ,QW� &O�
& �� & ������ 3XEO� ���������

��� 0LNKDOHQNRY� .�9�� 0RJLODWHQNR� 9�*� ������ 3URGXFWLRQ
RI DOXPLQLXP�EDVH GLVSHUVLRQ�VWUHQJWKHQHG DQG FRPSRVLWH
PDWHULDOV� 3URWVHVV\ /LWLD� �� �� w ���

��� 0LNKDOHQNRY� .�9�� &KHUQHJD� '�)�� 0RJLODWHQNR� 9�*� HW
DO� ������ 2Q UHIUDFWRU\ FRPSRXQG DVVLPLODWLRQ E\ OLTXLG
DOXPLQLXP DOOR\V� ,ELG�� �� � w ���

��� 6RORYLHY� 9�3�� $PDQ]KRORY� =K�.� ������ $GYDQFHG WHFK�
QRORJLHV RI DOXPLQLXP DOOR\ VWUHQJWKHQLQJ� ,Q� 3URF� RI �QG
5HS� 6FL��7HFKQ� &RQI� RQ 1RQ�PHWDOOLF ,QFOXVLRQV DQG
*DVHV LQ &DVWLQJ $OOR\V� =DSRUR]KMH�

��� &KHUQHJD� '�)�� 0LNKDOHQNRY� .�9�� 0RJLODWHQNR� 9�*� HW
DO� ������ $SSOLFDWLRQ RI QHZ IOX[HV IRU VWUHQJWKHQLQJ
WUHDWPHQW RI DOXPLQLXP DOOR\V� 3URWVHVV\ /LWLD� �� �� w ���

��� /OR\G� '�-� ������ 7KH VROLGLILFDWLRQ PLFURVWUXFWXUH RI SDU�
WLFXODWH UHLQIRUFHG DOXPLQLXP�VLOLFRQ FDUELGH FRPSRVLWHV�
&RPSRVLWH 6FL� DQG 7HFKQ�� 9RO� ��� ����

��� /OR\G� '�-�� /DJDFH� +�� 0F/HRG� $� HW DO� ������ 0LFURV�
WUXFWXUDO DVSHFWV RI DOXPLQLXP�VLOLFRQ FDUELGH SDUWLFXODWH
FRPSRVLWHV SURGXFHG E\ D FDVWLQJ PHWKRG� 0DWHU� 6FL� DQG
7HFKQ�� 9RO� �� �� w ���

��� (GJDU� (�� &XGLR� (�� 0DQIUHG� 0� 3UHSDUDWLRQ RI D FRP�
SRVLWH PDWHULDO� 3DW� ������� )5*� 3XEO� �����

��� (GZDUG� 3�� $UQROG� $� $ PHWKRG WR SURGXFH D FRPSRVLWH
PDWHULDO� 3DW� ������� *UHDW %ULWDLQ� 3XEO� �����

��� -RQHV� 6� ������ $OXPLQLXP 3�0 00& PDWHULDOV SRVH
ZHOGLQJ SUREOHPV� 0HWDOZRUN 1HZV� ���� �� w ���

��� 9LVKQ\DNRY� /�5�� 2QLVNRYD� 1�3�� 5RPDVKNR� ,�0� HW DO�
������ 7HFKQRORJLFDO PDVWHULQJ RI FRPSRVLWH PDWHULDOV RI
$Ow6L& V\VWHP� 7HNKQ� /HJNLNK 6SODYRY� �� �� w ���

��� $KHDUQ� -�6�� &RRNH� &�� )LVKPDQ� 6�*� ������ )XVLRQ
ZHOGLQJ RI 6L&�UHLQIRUFHG $O FRPSRVLWHV� 0HWDO &RQVWUXF�
WLRQ� ��� ��� w ����

��� 6WDXIHU� +�� 1RZDN� 0� ������ *7$ DQG *0$ ZHOGLQJ RI
SDUWLFOH UHLQIRUFHG DOXPLQLXP� ,Q� 3URF� RI ,1$/&2w�� �WK
,QW� &RQI� RQ -RLQWV LQ $OXPLQLXP DW 7:,� $ELQJWRQ� &DP�
EULGJH� �� w �� $SULO�

��� .OHKQ� 5�� (DJDU� 7�:� ������ -RLQLQJ RI ���� DOXPLQLXP
PDWUL[�FHUDPLF SDUWLFOH UHLQIRUFHG FRPSRVLWHV� :5& %XOOH�
WLQ� 9RO� ���� 1HZ <RUN�

��� /XJFKHLGHU� (�� %XUJHU� :�� %URLRFK� 8� ������ 'HYHORS�
PHQW DQG FKDUDFWHUL]DWLRQ RI MRLQLQJ WHFKQLTXHV IRU GLVSHU�
VLRQ�VWUHQJWKHQHG DOXPLQD� :HOGLQJ -�� �� ��� w ����

��� $UXQ -XQDL� $�� %RWWHU� +�� %UDN� &�$� ������ 'LIIXVLHODV�
VHQ YDQ $Ow6L& PHWDO�PDWUL[ FRPSRVLWHQ� /DVWHFKQLFN� ��
�� w ���

��� :DQJ *XRJLQJ� 1LX -LWDL� =KDR )HQJ ������ 'LIIXVLRQ
ERQGLQJ RI 6L& ZKLVNHU UHLQIRUFHG DOXPLQLXP FRPSRVLWHV� -�
+DUELQ ,QVW� RI 7HFKQRORJ\� �� ��� w ����

��� 1LX� -�7�� /LX� /�0�� =KDL� -�3� HW DO� ������ 6WXG\ RQ GLI�
IXVLRQ ZHOGLQJ RI DOXPLQLXP PDWUL[ FRPSRVLWH� $FWD 0HWDO�
OXUJLFD 6LQLFD �(QJOLVK /HWWHU�� �� �� w ���

��� %XVKO\� 5�6�� 6FRWW� 9�'� ������ -RLQLQJ RI SDUWLFXODWH VLOL�
FRQ FDUELGH UHLQIRUFHG ���� DOXPLQLXP DOOR\ E\ GLIIXVLRQ
ERQGLQJ� 0DWHU� 6FL� DQG 7HFKQ�� �� ��� w ����

��� /LX� /�0�� 1LX� -�7�� /DL� =�+� HW DO� ������ (IIHFWV RI GLI�
IXVLRQ ZHOGLQJ SDUDPHWHUV RQ MRLQW VWUHQJWK RI 6L&����� $O
FRPSRVLWH� $FWD 0HWDOOXUJLFD 6LQLFD �(QJOLVK /HWWHU�� ��
��� w ����

��� 3DUWULGJH� 3�*�� 'XQIRUG� '�9� ������ 7KH UROH RI LQWHUOD\�
HUV LQ GLIIXVLRQ ERQGHG MRLQWV LQ PHWDO�PDWUL[ FRPSRVLWHV� -�
0DWHU� 6FL�� 9RO� ��� ���� w �����

��� 8UHQD� $�� *RPH] GH 6DOD]DU� -�0�� (VFDOHUD� 0�'� HW DO�
������ 6ROGDGXUD SRU GLIIXVLR GH XQD DOODFLRQ GH DOXPLQLR
�$$����� UHIRU]DGD FRQ PRQRFULVWDOHV GH 6L&� PHGLDQWH LQ�
WHUPHGLDULRV GH $Ow/L �$$������ 5HYLHZ 6ROGDGXUD� ��
�� w ���

��� 3DUWULGJH� 3�*�� 6KHSKHUG� 0�� 'XQIRUG� '�9� ������ 6WD�
WLVWLFDO DQDO\VLV RI SDUWLFXODWH LQWHUIDFH OHQJWKV LQ GLIIXVLRQ
ERQGHG MRLQWV LQ D PHWDO�PDWUL[ FRPSRVLWH� -� 0DW� 6FL��
9RO� ��� ���� w �����

��� =DUDSLQ� <X�/�� &KLFKHQRY� 1�$�� &KHUQLOHYVND\D� 1�*�
������ &RPSRVLWH PDWHULDOV PDQXIDFWXUH E\ SODVWLF ZRUN�
LQJ� 5HIHU� %RRN� 0RVFRZ� 0HWDOOXUJLD�

��� /LHQHW� 7�-�� %DHVODFN� :�$� �,,,�� 5LQJQDOGD� -� HW DO�
������ ,QHUWLD�IULFWLRQ ZHOGLQJ RI 6L&�UHLQIRUFHG ���� DOX�
PLQLXP� -� 0DWHU� 6FL�� 9RO� ��� ���� w �����

��� 'HYOHWLDQ� -�+� ������ 6L&�$O PHWDO�PDWUL[ FRPSRVLWH ZHOG�
LQJ E\ FDSDFLWRU GLVFKDUJH SURFHVV� :HOGLQJ -�� �� �� w ���
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7�0� /$%85

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

7KH HIIHFW RI GLVFRQWLQXLWLHV �LVRODWHG LQQHU GHIHFWV� LQ ZHOGHG MRLQWV RI KLJK�VWUHQJWK DOXPLQLXP DOOR\V ���� DQG ����

ZDV VWXGLHG� 7KH QDWXUH RI FKDQJH RI WKH DOOR\ PHFKDQLFDO SURSHUWLHV DQG IUDFWXUH WRXJKQHVV ZDV HVWDEOLVKHG� GHSHQGLQJ

RQ WKH SUHVHQFH RI SRUHV DQG R[LGH ILOP LQFOXVLRQV LQ WKHP� ,W LV VKRZQ WKDW R[LGH ILOP LQFOXVLRQV DW WKH VDPH UHODWLYH

GLPHQVLRQV� DV WKRVH RI WKH SRUHV� KDYH D JUHDWHU HIIHFW RQ ZHOGHG MRLQW SURSHUWLHV�

.H\ ZRU G V � IXVLRQ ZHOGLQJ� DOXPLQLXP�OLWKLXP DOOR\V�
ZHOG PHWDO� LVRODWHG ZHOGLQJ GHIHFWV� SRUHV� R[LGH ILOP LQFOX�

VLRQV� PHFKDQLFDO SURSHUWLHV� IUDFWXUH UHVLVWDQFH

'HYLDWLRQV IURP WKH VSHFLILHG PRGHV RI ZHOGLQJ DOX�

PLQLXP DOOR\V� RIWHQ IRXQG LQ SUDFWLFH� UHVXOW LQ IRU�

PDWLRQ RI LQQHU GHIHFWV LQ ZHOGV� QDPHO\ SRUHV DQG

R[LGH ILOP LQFOXVLRQV� /DUJH�VL]HG GHIHFWV DUH HOLPL�

QDWHG E\ UHSDLU ZHOGLQJ� )LQH LVRODWHG GHIHFWV� DV D

UXOH� UHPDLQ LQ ZHOGV� FDXVLQJ D ORFDO LQFUHDVH RI

VWUHVVHV� 2[LGH ILOPV DUH FRQVLGHUHG DPRQJ FUDFN�OLNH

GHIHFWV� 7KH LQIOXHQFH RI WKH ODWWHU RQ VWUHQJWK LV
PDLQO\ HYDOXDWHG LQ WHUPV RI IUDFWXUH PHFKDQLFV� 3UHV�

HQFH RI LVRODWHG SRUHV LQ WKH ZHOG LV OHVV KD]DUGRXV�

DV WKH\ GR QRW UHVXOW LQ EULWWOH IUDFWXUH RI WKH PHWDO�

7KH\� KRZHYHU� UHGXFH WKH FURVV�VHFWLRQDO DUHD� DQG�

WKXV ORZHU WKH MRLQW VWUHQJWK� ,Q FULWLFDO VLWXDWLRQV

GHIHFWV FDQ LQLWLDWH EULWWOH FUDFNLQJ�

,QIRUPDWLRQ RQ WKH LQIOXHQFH RI GHIHFWV RQ ZHOGHG

MRLQW SHUIRUPDQFH� XVLQJ IUDFWXUH PHFKDQLFV FULWHULD�

LV VFDUFH >� w �@� DQG PRVWO\ FRQFHUQV ZHOGHG MRLQWV

RQ PHGLXP�DOOR\HG VWHHOV� 7KH VFRSH RI VXFK GDWD IRU

KLJK�VWUHQJWK DOOR\V LV DOVR OLPLWHG� 1RQHWKHOHVV� LW LV
NQRZQ IURP SXEOLFDWLRQV WKDW ZLWK WKH LQFUHDVH RI WKH

PHWDO VWUHQJWK SURSHUWLHV� LWV VHQVLWLYLW\ WR VWUHVV UDLV�

HUV EHFRPHV KLJKHU� HVSHFLDOO\ DW ORZ WHPSHUDWXUHV�

7KHUHIRUH� VWXG\LQJ WKH IHDWXUHV RI ZHOG PHWDO EHKDY�

LRXU LQ KLJK�VWUHQJWK $Ow/L DOOR\V� FRQWDLQLQJ R[LGH

ILOP LQFOXVLRQV DQG SRUHV� DV ZHOO DV GHWHUPLQDWLRQ RI

WKH LQIOXHQFH RI GHIHFWV RQ ZHOGHG MRLQW SHUIRUPDQFH

DQG HVWDEOLVKLQJ DGPLVVLEOH GLPHQVLRQV RI LQQHU GH�

IHFWV LQ LWHPV RI DOOR\V ���� DQG ����� LV DQ XUJHQW
SUREOHP� 7KHVH DUH H[DFWO\ WKH DOOR\V GHPRQVWUDWLQJ

D KLJKHU VXVFHSWLELOLW\ WR IRUPDWLRQ RI SURFHVVLQJ GH�

IHFWV� QDPHO\ DOOR\ ���� x WR SRURVLW\ DQG DOOR\
���� x WR R[LGH ILOP LQFOXVLRQV >�@� 0RUHRYHU� WKH\

DUH XVHG LQ DHURVSDFH HQJLQHHULQJ FRPSRQHQWV� RSHU�

DWLQJ LQ H[WUHPDO FRQGLWLRQV� WKHUHIRUH VWXG\LQJ WKH

LQIOXHQFH RI LVRODWHG GHIHFWV RQ ZHOGHG MRLQW SHUIRUP�

DQFH� LV YHU\ LPSRUWDQW�

7KH ILHOG RI DSSOLFDWLRQ RI IUDFWXUH PHFKDQLFV IRU

FDOFXODWLRQ RI DGPLVVLEOH RSHUDWLRQDO FRQGLWLRQV RU

GHIHFW VL]HV� GHSHQGV RQ WKH GHIHFW VL]H� WKH UHGXFWLRQ

RI ZKLFK UHVXOWV LQ WKH VWUHVV LQWHQVLW\ IDFWRU� .�F�

WKH PDLQ IUDFWXUH UHVLVWDQFH FKDUDFWHULVWLF� EHLQJ QR

ORQJHU LQYDULDQW >�@� 2Q WKH RWKHU KDQG� KLJK�VWUHQJWK
DOXPLQLXP DOOR\V PRVWO\ IDLO XQGHU ORDG� H[FHHGLQJ

WKH DOOR\ \LHOG SRLQW� DQG DIWHU H[WHQVLYH SODVWLF GH�

IRUPDWLRQ KDV EHHQ DFKLHYHG >�@� ,QIOXHQFH RI GHIHFWV

RQ WKH FKDQJH RI IUDFWXUH UHVLVWDQFH ZDV HYDOXDWHG

XVLQJ WKH YDOXHV RI QRPLQDO EUHDNLQJ VWUHVV σEU�GHI DQG

VSHFLILF ZRUN RI FUDFN SURSDJDWLRQ �6:&3GHI�� RE�

WDLQHG RQ .DKQ VDPSOHV >�@� 7KHVH LQGLFHV FRUUHODWH

TXLWH ZHOO ZLWK YDOXH .�F >�@�

%XWW MRLQWV RI DOOR\ ���� ZHUH PDGH XVLQJ � PP

ILOOHU ZLUH 6Y�$0J�� �$Ow���0J� DQG WKRVH RI DOOR\
���� x XVLQJ 6Y����� �$Ow��&X� ZLUH� 7KH SURFH�

GXUH RI SUHSDUDWLRQ RI � PP WKLFN DOXPLQLXP VKHHWV
DQG WKHLU ZHOGLQJ PRGHV ZHUH W\SLFDO IRU DUJRQ�DUF

SURFHVV RI MRLQLQJ KLJK�VWUHQJWK DOXPLQLXP DOOR\V >�@�

7KH SUHVHQFH RI GHIHFWV ZDV ILUVW GHWHFWHG RQ ILOPR�

JUDPV DQG HWFKHG VHFWLRQV IURP WKH ZHOG URRW VLGH�

,Q WKH ILQDO IRUP GHIHFW GLPHQVLRQV ZHUH GHWHUPLQHG

PRUH SUHFLVHO\ RQ VDPSOH IUDFWXUHV DIWHU WHVWLQJ E\

D[LDO DQG RII�FHQWHU WHQVLRQ� 5HODWLYH VL]H RI WKH DERYH

GHIHFWV LQ ZHOGV ZDV FDOFXODWHG DV WKH UDWLR RI WKH

FURVV�VHFWLRQDO DUHD WDNHQ XS E\ D XQLW GHIHFW 6GHI WR

WKH DUHD WKDW LV WKH GLIIHUHQFH EHWZHHQ WKH QRPLQDO

VHFWLRQ RI WHVWHG VDPSOH 6
V
DQG VWXGLHG GHIHFW DUHD

6GHI��6V w 6GHI�� :HOGHG MRLQW VWUHQJWK DQG QRPLQDO
EUHDNLQJ VWUHVV DW RII�FHQWHU WHQVLRQ ZHUH GHWHUPLQHG

IURP 3��6
V
w 6

GHI
� UDWLR� ZKHUH 3 LV WKH PD[LPDO

ORDG� DW ZKLFK DQ XQVWDEOH FUDFN SURSDJDWLRQ LV IRXQG�

7KH PHDQ YDOXHV RI VWUHQJWK� GXFWLOLW\ DQG IUDFWXUH

UHVLVWDQFH ZHUH FDOFXODWHG E\ WKH UHVXOWV RI WHVWLQJ

ILYH VDPSOHV RI ZHOGHG MRLQWV� WKDW KDG DQ DSSUR[L�
PDWHO\ HTXDO QXPEHU RI LQFOXVLRQV RI R[LGH ILOPV DQG

SRUHV� 7KH LQIOXHQFH RI SRUHV ZDV VWXGLHG RQ ZHOGHG

MRLQWV RI DOOR\ ����� DQG WKDW RI R[LGH ILOPV x RQ

MRLQWV RI DOOR\ �����
� 7�0� /$%85� ����
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$QDO\VLV RI WKH GHULYHG GDWD LQGLFDWHV WKDW LVRODWHG

SRUHV� WKH DUHD RI ZKLFK LV HTXDO WR DERXW � w � ��

ORZHU WKH VWUHQJWK� FRPSDUHG WR VRXQG VDPSOHV RI

ZHOGHG MRLQWV� MXVW E\ � w � � �WR ��� w ��� 03D��

'XFWLOLW\ LV UHGXFHG E\ �� �� DQG WKH PHDQ YDOXH RI

UHODWLYH HORQJDWLRQ LV ��� �� 7KH DERYH UHJXODULW\ LV

FOHDUO\ VHHQ LQ )LJXUH �� ,Q WKH SUHVHQFH RI LVRODWHG

LQFOXVLRQV RI R[LGH ILOP� WKDW WDNH XS DQ DUHD HTXLYD�

OHQW WR WKDW RI WKH SRUHV �� w � ��� WKHLU DGYHUVH HIIHFW

RQ ZHOG PHWDO VWUHQJWK DQG GXFWLOLW\ LV PRUH SUR�

QRXQFHG� 6WUHQJWK LV ORZHUHG E\ �� w �� �� DQG UHOD�

WLYH HORQJDWLRQ x E\ �� w �� �� FRPSDUHG WR VRXQG

MRLQWV�

,QFUHDVH RI GHIHFW VL]H WR � � UHODWLYH WR WKH DUHD

RIZRUNLQJ FURVV�VHFWLRQ RI WKH VDPSOH� OHDGV WR IXUWKHU

ORZHULQJ RI ZHOGHG MRLQW PHFKDQLFDO SURSHUWLHV� 7KH

GHJUHH RI DGYHUVH LQIOXHQFH RI R[LGH ILOP LQFOXVLRQV

LV KLJKHU� WKDQ WKDW RI WKH SRUHV� 5HODWLYH HORQJDWLRQ

RI WKH PHWDO RI VXFK ZHOGV� DW ZKLFK WKH PHWDO VXV�

FHSWLELOLW\ WR SODVWLF GHIRUPDWLRQ LV PDQLIHVWHG� GH�

FUHDVHV E\ �� WR �� � LQ WKH SUHVHQFH RI SRUHV� DQG

��� WR ��� WLPHV� LI WKH ZHOGHG MRLQWV FRQWDLQ LVRODWHG

LQFOXVLRQV RI R[LGH ILOP�

$ VLPLODU LQIOXHQFH RI WKH VWXGLHG GHIHFWV ZDV DOVR

IRXQG LQ HYDOXDWLRQ RI WKH SDUDPHWHUV RI IUDFWXUH UH�

VLVWDQFH� QDPHO\ QRPLQDO EUHDNLQJ VWUHVV σEU�GHI DQG

6:&3GHI �)LJXUH ��� $Q LVRODWHG SRUH RI XS WR � �

RI WKH DUHD RI WKH VDPSOH ZRUNLQJ FURVV�VHFWLRQ� GRHV

QRW KDYH DQ\ VLJQLILFDQW LQIOXHQFH RQ σEU�GHI OHYHO� LWV

DYHUDJH YDOXH EHLQJ ��� 03D� 6:&3GHI YDOXH GH�

FUHDVHV E\ �� w �� �� FRPSDUHG WR WKDW RI D VRXQG

ZHOGHG MRLQW� WR � -�FP� RQ DYHUDJH� 3UHVHQFH RI

R[LGH ILOP LQFOXVLRQV RI WKH VDPH VL]H� KDV D VWURQJHU

DGYHUVH LQIOXHQFH RQ WKH MRLQW IUDFWXUH UHVLVWDQFH�

9DOXH σEU�GHI RI MRLQWV ZLWK R[LGH LQFOXVLRQV LV E\ �� w

�� � VPDOOHU� WKDQ LQ VDPSOHV ZLWK SRUHV RI WKH VDPH

VL]H� ,QFUHDVH RI LQGLYLGXDO GHIHFW VL]H WR � �� OHDGV

WR ORZHULQJ RI σEU�GHI E\ �� w �� �SRUHV� DQG E\ �� w

�� � �R[LGH ILOP LQFOXVLRQV�� $YHUDJH YDOXHV RI QRPL�

QDO EUHDNLQJ VWUHVV RI DOOR\V ���� DQG ���� DUH HTXDO

WR ��� DQG ���03D� UHVSHFWLYHO\� 6:&3GHI LV UHGXFHG

��� RU ��� WLPHV� GHSHQGLQJ RQ GHIHFW W\SH �SRUHV DQG

R[LGH ILOPV�� 7KH IRXQG GHWHULRUDWLRQ RI WKH PHFKDQL�

FDO SURSHUWLHV DQG IUDFWXUH UHVLVWDQFH RI ZHOGHG MRLQWV

LV GXH WR WKH LPSDFW RI GHIHFWV VROHO\ DV VWUHVV UDLVHUV�

DV WKH\ KDYH EHHQ HOLPLQDWHG IURP WKH GHVLJQ FURVV�

VHFWLRQDO DUHD RI WKH VDPSOHV�

&RQVLGHULQJ WKH QRQ�XQLIRUP LQIOXHQFH RI WKH VWXG�

LHG GHIHFWV� VHQVLWLYLW\ 4 RI ZHOG PHWDO RI DOXPLQLXP

)LJXUH �� 'HSHQGHQFH RI VWUHQJWK σ
W
�D� DQG GXFWLOLW\ δ �E� RI

DOXPLQLXP DOOR\ ZHOGHG MRLQWV RQ WKH VL]H RI SURFHVVLQJ GHIHFWV
6GHI

� � x R[LGH ILOPV� � x SRUHV

)LJXUH �� ,QIOXHQFH RI WKH VL]H RI SURFHVVLQJ GHIHFWV� QDPHO\ R[LGH
ILOP LQFOXVLRQV ��� DQG SRUHV ��� RQ σ

EU�GHI
�D� DQG 6:&3

GHI
�E�

)LJXUH �� 6HQVLWLYLW\ RI DOXPLQLXP DOOR\ ZHOGHG MRLQWV� GHSHQGLQJ
RQ WKH NLQG DQG VL]H RI SURFHVVLQJ GHIHFWV �GHVLJQDWLRQV RI FXUYHV
�� � DV LQ )LJXUH ��
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DOOR\V ���� DQG ����� FRQWDLQLQJ LQFOXVLRQV RI R[LGH

ILOPV RU SRUHV RI HTXLYDOHQW VL]H �)LJXUH ��� ZDV GH�

WHUPLQHG� 7KH LPSDFW RI WKH FRQVLGHUHG GHIHFWV RQ WKH

QRPLQDO EUHDNLQJ SUHVVXUH ZDV FRPSDUHG� XVLQJ HTXD�

WLRQ

4 = σEU w σEU�GHI�σEU�

$ VLPLODU DSSURDFK ZDV XVHG DOVR IRU 6:&3GHI�

4  �6:&3 w 6:&3GHI��6:&3�

$V VKRZQ E\ WKH FDOFXODWLRQ UHVXOWV� R[LGH ILOP

LQFOXVLRQV KDYH D ��� WR ��� WLPHV VWURQJHU LQIOXHQFH

RQ WKH PHWDO LQ WKH GHIHFW YLFLQLW\� WKDQ SRUHV RI

HTXLYDOHQW GLPHQVLRQV �)LJXUH ��� $ PDUNHG GHWHULR�

UDWLRQ RI WKH SURSHUWLHV RI ZHOGHG MRLQWV FRQWDLQLQJ

WKHP� LV LQGLFDWLYH RI WKH KLJK GHJUHH RI VWUHVV FRQ�

FHQWUDWLRQ� :LWK WKH LQFUHDVH RI WKH R[LGH ILOP LQFOX�

VLRQ VL]H� WKH WHPSR RI SURSHUWLHV GHWHULRUDWLRQ LQ�

FUHDVHV � WR � WLPHV �)LJXUH ��� 7KH IRXQG GLIIHUHQFHV

LQ WKH QDWXUH RI WKH ILOP DQG SRUH LPSDFW DUH DWWULE�

XWDEOH WR WKHLU SK\VLFDO QDWXUH� DV ZHOO DV JHRPHWULFDO

GLPHQVLRQV� 7KH SRUH VL]H ZDV HTXDO WR WHQWK IUDFWLRQV

RI D PLOOLPHWHU �IURP ��� WR ��� PP�� DQG WKH R[LGH

ILOP WKLFNQHVV LQ PRVW FDVHV ZDV HTXDO WR WKRXVDQGWK

DQG WHQ WKRXVDQGWK IUDFWLRQV RI D PLOOLPHWHU �IURP

����w� XS WR ����w���

$QDO\VLV DQG JHQHUDOLVDWLRQ RI H[SHULPHQWDO UH�

VXOWV LQGLFDWH WKDW WKH OLPLW VL]H RI WKH R[LGH ILOP LV

� �� DQG WKDW RI WKH SRUHV LV � � RI WKH ZRUNLQJ

FURVV�VHFWLRQ� 7KH VWXGLHG ZHOGHG MRLQWV IDLOHG LQ WKH

DUHD� ZKHUH WKH GHIHFW LV ORFDWHG� :LWK VPDOOHU GHIHFW

VL]HV� WKH VDPSOHV IDLOHG LQ WKH EDVH PHWDO�

&21&/86,216

�� 3UHVHQFH RI LVRODWHG LQQHU GHIHFWV LQ ZHOGV RQ KLJK�

VWUHQJWK $Ow/L DOOR\V ���� DQG ����� HTXDO WR � w

� � RI WKH ZRUNLQJ FURVV�VHFWLRQ DUHD� ORZHUV WKH YDO�

XHV RI VWUHQJWK DQG UHODWLYH HORQJDWLRQ� DV ZHOO DV

IUDFWXUH UHVLVWDQFH RI WKH PHWDO� 2[LGH ILOP LQFOXVLRQV

ORZHU WKH VWUHQJWK E\ �� WR �� �� DQG UHODWLYH HORQ�

JDWLRQ E\ �� WR �� � �LQ WKH FDVH RI SRUHV WKHVH YDOXHV

DUH � w � DQG �� �� UHVSHFWLYHO\� FRPSDUHG WR VRXQG

VDPSOHV��

�� 'HIHFWV RI WKH UHODWLYH VL]H RI XS WR � � OLPLW

WKH SODVWLF GHIRUPDELOLW\ RI ZHOGHG MRLQW PHWDO E\

�� w �� � LQ WKH FDVH RI SRUHV DQG � WLPHV LQ WKH FDVH

RI R[LGH ILOP LQFOXVLRQV� ,QFUHDVH RI WKH VL]H RI R[LGH

LQFOXVLRQV XS WR � � RI WKH ZRUNLQJ FURVV�VHFWLRQ DUHD�

UHVXOWV LQ D PDUNHG ORZHULQJ RI WKH GXFWLOLW\ OHYHO �E\

�� w �� � DW D[LDO WHQVLRQ� DQG RI WKH QRPLQDO EUHDN�

LQJ VWUHVV �E\ �� w �� � DW RII�FHQWHU WHQVLRQ�� ,Q

MRLQWV ZLWK SRUHV� WKHVH YDOXHV DUH ORZHUHG E\ �� w

�� �� FRPSDUHG WR VRXQG ZHOGV� 2[LGH ILOP LQFOXVLRQV

KDYH D � w � WLPHV VWURQJHU LQIOXHQFH RQ FUDFN SURSD�

JDWLRQ HQHUJ\� WKDQ SRUHV RI HTXLYDOHQW GLPHQVLRQV�

ZKLFK VKRXOG EH WDNHQ LQWR DFFRXQW LQ GHYHORSLQJ WKH

WHFKQRORJ\ RI ZHOGLQJ FULWLFDO FRPSRQHQWV DQG VWUXF�

WXUHV RI DOOR\V ���� DQG �����

�� /LPLW VL]H RI WKH GHIHFWV HQFRXQWHUHG LQ ZHOGHG

MRLQWV RI KLJK�VWUHQJWK $Ow/L DOOR\V� FDQ EH QRW PRUH

WKDQ � � RI WKH ZRUNLQJ FURVV�VHFWLRQ DUHD �IRU MRLQWV

ZLWK SRUHV� RU � � �IRU R[LGH ILOPV��

5()(5(1&(6

�� 5DENLQ� '�0� ������ 0HWDOOXUJ\ RI IXVLRQ ZHOGLQJ DOX�

PLQLXP DQG LWV DOOR\V� .\LY� 1DXNRYD 'XPND�
�� ,VKFKHQNR� $�<D� ������ :HOGLQJ OLJKW DOOR\V DQG PHWDOOLF

FRPSRVLWH PDWHULDOV� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���
�� .LVKNLQD� 6�,� ������ )UDFWXUH UHVLVWDQFH RI DOXPLQLXP DO�

OR\V� 0RVFRZ� 0HWDOOXUJLD�
�� .KHUWVEHUJ� 5�9� ������ 'HIRUPDWLRQ DQG IUDFWXUH PHFKDQ�

LFV RI VWUXFWXUDO PDWHULDOV� 0RVFRZ� 0HWDOOXUJLD�
�� ������ 6WDWLF VWUHQJWK DQG IUDFWXUH PHFKDQLFV RI VWHHOV� (G�

E\ 9� 'DO� 9� $QWRQ� 0RVFRZ� 0HWDOOXUJLD�
�� .RED\DVKL� 7� ������ 6WUHQJWK DQG IUDFWXUH RI DOXPLQLXP

DOOR\� -� RI /LJKW 0HWDO :HOGLQJ DQG &RQVWUXFWLRQ� ���
��� w ����
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/�<X� '(0,'(1.2 DQG 1�$� 21$76.$<$

,QVWLWXWH RI 3XOVH 5HVHDUFK DQG (QJLQHHULQJ� 1$68� 0\NRODLY� 8NUDLQH

$%675$&7

,W LV VKRZQ WKDW WKHUPDO�SUHVV HOHFWUR�K\GURSXOVH ZHOGLQJ RI WXEHV WR WXEH VKHHWV UHVXOWV LQ IRUPDWLRQ RI WZR EDQGV LQ

WKH FRQWDFW ]RQH x WKH FDUEXUL]HG RQH RQ WKH WXEH VLGH DQG WKH GHFDUEXUL]HG RQH RQ WKH WXEH VKHHW VLGH� ,W KDV EHHQ

IRXQG WKDW IRUPDWLRQ RI WKHVH EDQGV LV FDXVHG E\ GLUHFWHG GLIIXVLRQ RI FDUERQ� LQGXFHG E\ UHVLGXDO WDQJHQWLDO VWUHVVHV

ZLWK GLIIHUHQW VLJQV� ZKLFK DUH IRUPHG LQ HOHPHQWV EHLQJ ZHOGHG�

.H\ ZRU G V � WKHUPDO�SUHVV HOHFWUR�K\GURSXOVH ZHOGLQJ�
SUHVVXUH ZHOGLQJ� WXEH� WXEH VKHHW� HOHFWUR�K\GURSXOVH SUHVVLQJ�

LQ� FRQWDFW ]RQH� GLIIXVLRQ� UHVLGXDO WDQJHQWLDO VWUHVVHV� FDUEXU�
L]HG DQG GHFDUEXUL]HG EDQGV

7KH XVH RI WKHUPDO�SUHVVXUH HOHFWUR�K\GURSXOVH
�73(+3� ZHOGLQJ IRU MRLQLQJ WXEHV WR WXEH VKHHWV
DOORZV DQ LQFUHDVH LQ UHOLDELOLW\ DQG GXUDELOLW\ RI KHDW

H[FKDQJHUV RSHUDWLQJ DW KLJK SUHVVXUHV DQG WHPSHUD�

WXUHV XQGHU WKHUPDO F\FOLQJ FRQGLWLRQV� DV ZHOO DV

XQGHU YLEUDWLRQ� LPSDFW DQG RWKHU DOWHUQDWLQJ ORDGV

>�@� 7KLV PHWKRG LV D PRGLILFDWLRQ RI SUHVVXUH ZHOGLQJ
ZLWK SUHKHDWLQJ� DOWKRXJK LW GLIIHUV IURP WKH RWKHU

NQRZQ RQHV LQ WKDW ZRUNSLHFHV LQ D KHDWHG VWDWH DUH
QRW DIIHFWHG E\ H[WHUQDO SUHVVXUH� 7KLV UROH LV SDUWLDOO\

SOD\HG E\ D UHVLGXDO FRQWDFW SUHVVXUH IRUPHG DV D

UHVXOW RI SUHVVLQJ�LQ RI D WXEH LQWR WKH WXEH VKHHW >�@�

7KHUHIRUH� WKH 73(+3SURFHVV SRVVHVVHV FHUWDLQ SK\VL�
FDO SHFXOLDULWLHV OHDGLQJ WR FUHDWLRQ RI FRQGLWLRQV IRU

IRUPDWLRQ RI ZHOGHG MRLQWV E\ WKH WHFKQRORJ\ ZKLFK
VXEVWDQWLDOO\ GLIIHUV IURP WKH WUDGLWLRQDO WHFKQRORJ\

RI VROLG�VWDWH ZHOGLQJ RI PHWDOV�

$QDO\VLV RI GLIIHUHQFHV RI WKH WHFKQRORJ\ RIPDNLQJ
ZHOGHG MRLQWV E\ SUHVVXUH ZHOGLQJ >�@ IURP WKH

73(+3 ZHOGLQJ SURFHVV VKRZV WKDW WKH DERYH SHFX�

OLDULWLHV DUH UHODWHG PRVWO\ WR WKH XVH RI HOHFWUR�K\�
GURSXOVH SUHVVLQJ�LQ >�@� ,Q SDUWLFXODU� WKLV LV DWWULE�
XWDEOH WR D PXFK KLJKHU GHIRUPDWLRQ RI WKH PDWLQJ

VXUIDFHV� DV FRPSDUHG ZLWK WKDW REVHUYHG GXULQJ GLI�

IXVLRQ ERQGLQJ� DQG WR IRUPDWLRQ RI WKH UHVLGXDO FRQ�

WDFW SUHVVXUH EHWZHHQ WKHVH VXUIDFHV� $FFRUGLQJ WR

>�@� GXULQJ GLIIXVLRQ ERQGLQJ WKH DSSOLHG SUHVVXUH
KDUGO\ OHDGV WR PDFURVFRSLF SODVWLF GHIRUPDWLRQ DQG
FKDQJHV LQ VL]H RI ZRUNSLHFHV EHLQJ MRLQHG� ,Q 73(+3

ZHOGLQJ� RZLQJ WR SUHVVLQJ�LQ� WKH UHVLGXDO SODVWLF

FRPSUHVVLRQ RI WKH VXUIDFHV MRLQHG �H[SDQVLRQ RI WXEHV

DIWHU PDNLQJ RI LQLWLDO JDS� LV VHYHUDO WHQWKV RI D

PLOOLPHWHU� 7LJKWQHVV IRUPHG EHWZHHQ WKH WXEH DQG

WKH WXEH VKHHW LV OLNHO\ WR SUHYHQW SHQHWUDWLRQ RI DLU

EHWZHHQ WKHP GXULQJ KHDWLQJ� L�H� WKLV FUHDWHV FRQGL�
WLRQV SUHYHQWLQJ R[LGDWLRQ RI WKH VXUIDFHV ZHOGHG�

VLPLODU WR WKRVH RFFXUULQJ LQ DXWR�YDFXXP ZHOGLQJ

>�@� 7KH IDFW WKDW UHVLGXDO WDQJHQWLDO VWUHVVHV RI RS�

SRVLWH VLJQV� L�H� FRPSUHVVLYH LQ WKH WXEH DQG WHQVLOH

LQ WKH WXEH VKHHW� DUH IRUPHG LQ WKH FRQWDFW ]RQH DV

D UHVXOW RI SUHVVLQJ�LQ PD\ SOD\ D FHUWDLQ UROH LQ IRU�

PDWLRQ RI PHWDOOLF ERQGV EHWZHHQ WKH WXEH DQG WKH

WXEH VKHHW GXULQJ 73(+3 ZHOGLQJ� $FFRUGLQJ WR >�@�

WKLV LV RQH RI WKH IDFWRUV ZKLFK HQKDQFH WKH GLIIXVLRQ

SURFHVVHV� 3UHVVLQJ�LQ DQG KHDWLQJ WR D ZHOGLQJ WHP�

SHUDWXUH DOORZ D UDWKHU LQWHQVLYH GLIIXVLRQ RI DWRPV

WKURXJK WKH LQWHUIDFH� SURYLGHG WKDW QR H[WHUQDO SUHV�

VXUH LV DSSOLHG�

7KH SXUSRVH RI WKLV ZRUN FRQVLVWHG LQ HVWDEOLVKLQJ

WKH FKDUDFWHU RI GLIIXVLRQ LQ WKH ]RQH RI FRQWDFW RI

WXEHV ZLWK WXEH VKHHWV GXULQJ 73(+3 ZHOGLQJ� DO�

ORZLQJ IRU WKH SHFXOLDULWLHV RI GLVWULEXWLRQ RI UHVLGXDO

VWUHVVHV�

0HWDOORJUDSK\ RI WKH ]RQH RI WKH 73(+3 ZHOGHG
MRLQW EHWZHHQ WKH WXEH DQG WKH WXEH VKHHW RI ORZ�

FDUERQ VWHHO 6W�� �&x ���� w ����� 0Qx ��� w ����

6L x ���� w ���� ZW��� DIWHU DQQHDOLQJ DW D WHPSHUD�

WXUH RI 7
DQ
 ��� �& IRU �� PLQ UHYHDOHG WKDW D FDU�

EXUL]HG �SHDUOLWLF� EDQG �� w �� µP ZLGH ZDV IRUPHG

QHDU WKH LQWHUIDFH RQ WKH VLGH RI WKH WXEH� DQG D UHOD�

WLYHO\ ZLGH ���� w ��� µP� GHFUDEXUL]HG EDQG ZDV

IRUPHG LQ WKH WXEH VKHHW �)LJXUH ��� ,W LV FKDUDFWHULVWLF
� /�<X� '(0,'(1.2 DQG 1�$� 21$76.$<$� ����

)LJXUH ��0LFURFWUXFWXUH RI WKH SHDUOLWLF EDQG LQ WKH LQWHUIDFH ]RQH
RI WKH 73(+3 ZHOGHG MRLQW EHWZHHQ WXEH DQG WXEH VKHHW� � x
WXEHZLWK WKH SHDUOLWLF EDQG� �x WXEH VKHHW� �x LQWHUIDFH �×�����
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WKDW VXFK D SKHQRPHQRQ RFFXUV RQO\ DW UHODWLYHO\ KLJK

�7
DQ

≥ ��� �&� KHDWLQJ WHPSHUDWXUHV� DW ZKLFK WKH

GLIIXVLRQ SURFHVVHV DUH UDWKHU DFWLYH >�@� ,Q WKLV FDVH

WKH IRUPDWLRQ RI FRPPRQ IHUULWLF JUDLQV WDNHV SODFH

LQ WKH FRQWDFW ]RQH� ZKLFK LV DFFRPSDQLHG E\ JURZWK�

WKURXJK RI WKH LQWHUJUDQXODU ERXQGDULHV� 7KH QRWHG

IRUPDWLRQ RI WKH FDUEXUL]HG DQG GHFDUEXUL]HG EDQGV

LV SURYHG E\ WKH GDWD REWDLQHG E\ PHDVXULQJ PLFUR�

KDUGQHVV LQ WKH FRQWDFW DQG DGMDFHQW ]RQHV RI ZHOGHG

MRLQWV �)LJXUH ��� 7KH PHDVXUHPHQW UHVXOWV DUH LQGLFD�

WLYH RI D UHGLVWULEXWLRQ RI FDUERQ� GHVSLWH WKH DEVHQFH

RI GLIIHUHQFHV LQ LWV FRQFHQWUDWLRQ LQ WKH LQLWLDO VWDWH�

&KHPLFDO FRPSRVLWLRQ RI VWHHO RI WKH WXEH LV DV IROORZV�

�� & x ����� 0Q x ����� 6L x ����� DQG WKDW RI

VWHHO RI WKH WXEH VKHHW x & x ����� 0Q x �����

6L x �����

7KH HIIHFW RI GLIIXVLRQ UHGLVWULEXWLRQ RI FDUERQ LQ

WUDGLWLRQDO SUHVVXUH ZHOGLQJ LV GHVFULEHG LQ >�@� ,Q

WKDW FDVH PRELOLW\ RI FDUERQ ZDV FDXVHG E\ GLIIHUHQFH

LQ WKH FRQFHQWUDWLRQ RI DOOR\LQJ HOHPHQWV LQ FRQWDFWLQJ

VWHHOV� ,W LV OLNHO\ WKDW LQ 73(+3 ZHOGLQJ RI WXEHV

WR WXEH VKHHWV WKH UHGLVWULEXWLRQ RI FDUERQ LV FDXVHG

E\ WKH RWKHU IDFWRU� L�H� GLIIHUHQFH LQ VLJQV RI UHVLGXDO

WDQJHQWLDO VWUHVVHV LQGXFHG LQ WKH WXEH DQG WXEH VKHHW

DORQJ WKH MRLQW LQWHUIDFH E\ WKH SUHVVLQJ�LQ RSHUDWLRQ�

QDPHO\ FRPSUHVVLYH VWUHVVHV LQ WKH WXEH DQG WHQVLOH

VWUHVVHV LQ WKH WXEH VKHHW� ,W VKRXOG EH QRWHG DW WKLV

SRLQW WKDW DW UHODWLYHO\ ORZ UDGLDO VWUHVVHV WKH UHVLGXDO

WDQJHQWLDO RQHV LQ WKH SUHVVHG�LQ WXEH KDYH KLJK YDO�

XHV� FORVH RU HYHQ HTXDO WR \LHOG VWUHVV �)LJXUH ��� $V

LW IROORZV IURP >�@� FRPSUHVVLRQ RI PHWDO UHVXOWV LQ

LWV YDFDQF\ RYHUVDWXUDWLRQ� ZKLFK FDXVHV WKH GLIIXVLRQ

IORZV IURP WKH VXUURXQGLQJ ]RQHV� GLUHFWHG WR WKH

FRPSUHVVLRQ VLGH� $OVR� WKH UDWH RI GLIIXVLRQ RI FDUERQ

LV NQRZQ WR EH E\ VHYHUDO RUGHUV RI PDJQLWXGH KLJKHU

WKDQ WKDW RI RWKHU HOHPHQWV� LURQ LQ SDUWLFXODU >�@�

7KLV FUHDWHV SUHUHTXLVLWHV IRU DQ LQFUHDVH LQ WKH FRQ�

FHQWUDWLRQ RI FDUERQ LQ D FRPSUHVVHG LQWHUIDFH UHJLRQ

RI WKH WXEH� QDPHO\ IRU IRUPDWLRQ RI WKH SHDUOLWLF EDQG

�VHH )LJXUH ��� &RQVLGHULQJ WKH DERYH�VWDWHG� ZH

PLJKW VD\ WKDW 73(+3 ZHOGLQJ LV FKDUDFWHUL]HG E\

DQ H[WUD IDFWRU ZKLFK LQWHQVLILHV WKH NLQHWLFV RI WKH

SURFHVV RI IRUPDWLRQ RI D ZHOGHG MRLQW EHWZHHQ WKH

WXEH DQG WKH WXEH VKHHW DW D UHODWLYHO\ ORZ FRQWDFW

SUHVVXUH�

7R SURYH WKH YHUVLRQ RI IRUPDWLRQ RI WKH SHDUOLWLF

]RQH LQ D WXEH PDWHULDO DQG� DFFRUGLQJO\� WKH SUHVHQFH

RI DQRWKHU SHFXOLDULW\ RI 73(+3 ZHOGLQJ� VSHFLDO LQ�

YHVWLJDWLRQV ZHUH FRQGXFWHG RQ WKH 73(+3 ZHOGHG

MRLQWV EHWZHHQ WXEHV ���� × ��� PP LQ VL]H DQG WXEH

VKHHWV �� PP WKLFN� %RWK HOHPHQWV PDGH IURP ORZ�

FDUERQ VWHHO �� �&x ���� w �����0Qx ���� w �����

6L x ���� w ���� ZW���� )RU WKLV� DQ LQWHUPHGLDWH

QLFNHO LQWHUOD\HU ZDV GHSRVLWHG RQ WKH WXEH E\ D JDO�

YDQLF PHWKRG� 7KH H[SHGLHQF\ RI VXFK LQYHVWLJDWLRQV

LV GLFWDWHG E\ WKH IDFW WKDW QLFNHO SUHYHQWV GLIIXVLRQ

RI FDUERQ >�@� WKHUHIRUH� QR SHDUOLWLF EDQG VKRXOG EH

IRUPHG LQ WKLV FDVH LQ WKH WXEH� 7R HQVXUH WKH VXIILFLHQW

DFWLYLW\ RI WKH GLIIXVLRQ SURFHVVHV� WKH WHPSHUDWXUH RI

KHDW WUHDWPHQW ZDV VHOHFWHG WR EH HTXDO WR ��� �& DW

D KROGLQJ IRU ��� PLQ�

0HWDOORJUDSK\ DQG PLFURSUREH DQDO\VLV ZHUH FRQ�

GXFWHG XVLQJ WKH -(2/ ;�UD\ PLFURDQDO\VHU ,6+$�

���� ,QYHVWLJDWLRQV RI WKH FRQWDFW ]RQH \LHOGHG WKH

H[SHFWHG UHVXOW� QDPHO\ QR SHDUOLWLF EDQG ZDV IRUPHG

)LJXUH ��'LVWULEXWLRQ RI PLFURKDUGQHVV LQ WKH FRQWDFW DQG DGMDFHQW
]RQHV DIWHU DQQHDOLQJ DW 7

DQ
 ��� �& IRU �� PLQ

)LJXUH �� 0LFURVWUXFWXUH RI WKH FRQWDFW DQG DGMDFHQW ]RQHV DQG
GLVWULEXWLRQ RI QLFNHO DIWHU 73(+3 ZHOGLQJ XVLQJ D QLFNHO LQWHU�
OD\HU� � x WXEH� � x WXEH VKHHW� � x QLFNHO LQWHUOD\HU �×�����

)LJXUH �� &KDUDFWHULVWLF GLDJUDPV RI UHVLGXDO UDGLDO σ
U
DQG WDQJHQ�

WLDO στ VWUHVVHV DIWHU HOFWUR�K\GURSXOVH SUHVVLQJ�LQ RI WXEH ��� LQWR
WXEH VKHHW ���
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RQ WKH WXEH VLGH� KRZHYHU� RQ WKH VLGH RI WKH WXEH

VKHHW WKH FRQFHQWUDWLRQ RI SHDUOLWH LQFUHDVHG WR VRPH

H[WHQW� DV FRPSDUHG ZLWK WKH LQLWLDO RQH �)LJXUH ���

,Q SDUDOOHO� WKH PLFURSUREH DQDO\VLV ZDV FDUULHG RXW

WR VWXG\ GLVWULEXWLRQ RI QLFNHO DORQJ D OLQH QRUPDO WR

WKH LQWHUIDFH EHWZHHQ WKH WXEH DQG WKH WXEH VKHHW

�)LJXUH ��� ZKLFK IL[HG WKH DEVHQFH RI GLIIXVLRQ RI

QLFNHO IURP WKH LQWHUOD\HU�

7KH UHVXOWV REWDLQHG VKRZHG WKDW LQ 73(+3ZHOG�

LQJ D RQH�VLGHG GLUHFWHG GLIIXVLRQ RI FDUERQ WRRN SODFH

WKURXJK WKH LQWHUIDFH IURP WKH WXEH VKHHW LQWR WKH

WXEH� 7KLV ZDV FDXVHG E\ WKH SUHVHQFH RI WDQJHQWLDO

VWUHVVHV RI GLIIHUHQW VLJQV LQ ZRUNSLHFHV ZHOGHG�

7KHUHIRUH� 73(+3 ZHOGLQJ LV FKDUDFWHUL]HG E\ WKH

SUHVHQFH RI DQ H[WUD IDFWRU DFWLYDWLQJ WKH SURFHVV RI

IRUPDWLRQ RI WKH ZHOGHG MRLQW� ZKLFK FRPSHQVDWHV IRU

WKH LQVXIILFLHQF\ RI WKH FRQWDFW SUHVVXUH�

5()(5(1&(6

�� 2SDUD� 9�6�� 'HPLGHQNR� /�<X� ������ 7KHUPDO�SUHVV ZHO�
GLQJ x D UDGLFDO ZD\ RI LQFUHDVLQJ UHOLDELOLW\ RI KHDW H[�
FKDQJLQJ GHYLFHV� 7\D]K� 0DVKLQRVWUR\HQL\H� ��� �� w ���

�� 2SDUD� 9�6�� <XUFKHQNR� (�6�� 'HPLGHQNR� /�<X� ������
(YDOXDWLRQ RI WKH UROH RI KLJK�WHPSHUDWXUH FROOLVLRQ LQ IRU�
PDWLRQ RI D WXEHwWXEH VKHHW ZHOGHG MRLQW� $YWRPDWLFKHV�
ND\D 6YDUND� �� �� w ���

�� .D]DNRY� 1�)� ������ 'LIIXVLRQ ERQGLQJ RI PDWHULDOV� 0RV�
FRZ� 0DVKLQRVWUR\HQL\H�

�� 0D]XURYVN\� %�<D� ������ (OHFWUR�K\GURSXOVH SUHVVLQJ�LQ
RI WXEHV LQ WXEH VKHHWV RI KHDW H[FKDQJLQJ GHYLFHV� .\LY�
1DXNRYD 'XPND�

�� )LQNHOVKWHLQ� 0�/� ������ 'LIIXVLRQ ERQGLQJ LQ OLTXLG
PHGLD� 0RVFRZ� 0HWDOOXUJLD�

�� .DUDNR]RY� (�6�� 7HUQRYVN\� $�3� ������ 3UHVVXUH ZHOGLQJ�
GLIIXVLRQ ERQGLQJ� ,Q� 5HVXOWV RI VFLHQFH DQG WHFKQRORJ\�
6HULHV :HOGLQJ� 9RO� ��� 0RVFRZ� 9,1,7,�

�� .DUDNR]RY� (�6� ������ 6ROLG�VWDWH MRLQLQJ RI PHWDO� 0RV�
FRZ� 0HWDOOXUJLD�

�� /LYVKLWV� /�6�� .KDNLPRY� $�1� ������ :HOGLQJ PHWDOV VFL�
HQFH DQG KHDW WUHDWPHQW RI ZHOGHG MRLQWV� 0RVFRZ� 0DVKL�
QRVWUR\HQL\H�

������������
��	�	��������

�	�	�����������
�
������
���������������

��
����������

,�9� =<$.+25 DQG 6�,� .8&+8.�<$76(1.2

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

3HFXOLDULWLHV RI GLIIHUHQW W\SHV RI IULFWLRQ ZHOGLQJ RI FRSSHU WR DOXPLQLXP� VXFK DV FRQYHQWLRQDO� LQHUWLD DQG FRPELQHG

ZHOGLQJ� DUH FRQVLGHUHG� )DFWRUV DIIHFWLQJ IRUPDWLRQ RI ZHOGHG MRLQWV DUH DQDO\VHG RQ WKH EDVLV RI H[SHULPHQWDO GDWD�

&RQGLWLRQV ZKLFK GHWHUPLQH IRUPDWLRQ DQG JURZWK RI WKH LQWHUPHWDOOLF LQWHUOD\HU LQ WKH MRLQLQJ ]RQH DUH FRQVLGHUHG�

3ULQFLSOHV RI FRQWURO RI WKH ZHOGLQJ SURFHVV WR SURYLGH VRXQG MRLQWV KDYH EHHQ GHYHORSHG�

.H\ ZRU G V � FRQYHQWLRQDO IULFWLRQ ZHOGLQJ� LQHUWLD IULFWLRQ
ZHOGLQJ� WHFKQRORJ\� GLVVLPLODU MRLQWV� KHDWLQJ DQG IRUJLQJ
VWDJHV� SURFHVV SDUDPHWHUV� SUHVVXUH� URWDWLRQ VSHHG� XSVHWWLQJ�
WLPH RI KHDWLQJ DQG GHFHOHUDWLRQ� HTXLSPHQW� LQWHUPHWDOOLF LQ�
WHUOD\HU� TXDOLW\ RI D MRLQW

7KH QHFHVVLW\ RI MRLQLQJ FRSSHU WR DOXPLQLXP DULVHV

LQ WKH PDQXIDFWXUH RI FXUUHQW�FRQGXFWLQJ SDUWV DQG

XQLWV RI HOHFWULF PDFKLQHV� WUDQVIRUPHUV� EXVEDUV RI

SRZHU�LQWHQVLYH SODQWV� FKHPLFDO HQJLQHHULQJ YHVVHOV

DQG RWKHU LWHPV >�@�

)ULFWLRQ ZHOGLQJ LV RQH RI WKH HIILFLHQW PHWKRGV

RI PDNLQJ GLVVLPLODU MRLQWV� LQFOXGLQJ EHWZHHQ FRSSHU

DQG DOXPLQLXP� 6XFK ZHOGLQJ RI PHWDOV� ZKLFK DUH

VXEVWDQWLDOO\ GLIIHUHQW LQ WKHLU SURSHUWLHV� KDV D QXP�

EHU RI SHFXOLDULWLHV DVVRFLDWHG ZLWK GLIIHUHQW PHOWLQJ

WHPSHUDWXUHV DQG WKHUPDO FRQGXFWLYLWLHV� DV ZHOO DV

ZLWK D GLIIHUHQW HIIHFW RI ZHOGLQJ WKHUPDO FRQGLWLRQV

RQ WKH FKDUDFWHU RI GHIRUPDWLRQ RI ELOOHWV EHLQJ MRLQHG�

+RZHYHU� WKH KLJKHVW GLIIHUHQFHV DUH FDXVHG E\ FKHPL�

FDO LQWHUDFWLRQ RI PHWDOV EHLQJ MRLQHG� ZKLFK OHDGV WR

IRUPDWLRQ RI D EULWWOH LQWHUPHWDOOLF LQWHUOD\HU LQ WKH

MRLQLQJ ]RQH�

,W LV ZHOO�NQRZQ >� w �@ WKDW WR SURGXFH D TXDOLW\

ZHOGHG MRLQW LW LV QHFHVVDU\ WR PLQLPL]H WKLFNQHVV RI

WKH LQWHUPHWDOOLF LQWHUOD\HU� :HOGLQJ SDUDPHWHUV UHF�

RPPHQGHG E\ GLIIHUHQW DXWKRUV JUHDWO\ GLIIHU IURP

HDFK RWKHU� 7KH FKDUDFWHULVWLF IHDWXUH RI FRQYHQWLRQDO

IULFWLRQ ZHOGLQJ LV DSSOLFDWLRQ RI D VXEVWDQWLDO IRUJLQJ

SUHVVXUH �S
I
 ��� w ��� 03D� DW WKH ILQDO VWDJH RI

WKH SURFHVV� ZKLFK LV UHTXLUHG WR UHPRYH WKH EULWWOH

LQWHUPHWDOOLF OD\HU IURP WKH MRLQW�

$YDLODEOH OLWHUDWXUH GDWD RQ ZHOGLQJ RI FRSSHU WR

DOXPLQLXP ZHUH REWDLQHG LQ FRQYHQWLRQDO IULFWLRQ

ZHOGLQJ� ZKLFK LV FKDUDFWHUL]HG E\ D UDSLG IRUFHG WHU�

PLQDWLRQ RI URWDWLRQ� $W WKH VDPH WLPH� XVLQJ WKH

LQHUWLD FRPSOHWLRQ RI WKH ZHOGLQJ SURFHVV PDNHV LW

SRVVLEOH LQ PDQ\ FDVHV WR RSWLPL]H WKHUPDO�GHIRUPD�

WLRQ FRQGLWLRQV RI IRUPDWLRQ RI WKH MRLQWV� LQ SDUWLFXODU

LQ GLVVLPLODU FRPELQDWLRQV RI PDQ\PDWHULDOV >� w ��@�

7KH ZRUN GHVFULEHG LQ WKLV DUWLFOH ZDV DLPHG DW

FRPSDULVRQ RI FRQGLWLRQV RI IRUPDWLRQ RIZHOGHG MRLQWV

EHWZHHQ FRSSHU DQG DOXPLQLXP LQ WZR PRGLILFDWLRQV

RI IULFWLRQ ZHOGLQJ� L�H� FRQYHQWLRQDO DQG LQHUWLD IULF�

WLRQ ZHOGLQJ� DV ZHOO DV DW GHYHORSPHQW RI WKH IULFWLRQ

ZHOGLQJ WHFKQRORJ\ ZKLFK ZRXOG SURYLGH KLJK PH�
� ,�9� =<$.+25 DQG 6�,� .8&+8.�<$76(1.2� ����
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FKDQLFDO DQG VHUYLFH SURSHUWLHV RI FRSSHU�DOXPLQLXP

WUDQVLWLRQ SLHFHV�

&RSSHU 0� �*267 ���w��� DQG FRPPHUFLDO DOX�

PLQLXP $'� �*267 ����w��� LQ WKH IRUP RI ELOOHWV

ZLWK D GLDPHWHU RI �� PP ZHUH XVHG DV WKH EDVH PD�

WHULDOV� ,QYHVWLJDWLRQV ZHUH FRQGXFWHG XVLQJ WKH FRQ�

YHQWLRQDO IULFWLRQ ZHOGLQJ PDFKLQHV 067����� DQG

67����� DQG WKH LQHUWLD IULFWLRQ ZHOGLQJ PDFKLQH 67�
���� 7KH VSLQGOH URWDWLRQ GULYH RI WKH 67���� PDFKLQH

LV DFWXDWHG IURP WKH '& PRWRU ZLWK D FRQWUROODEOH

URWDWLRQ IUHTXHQF\� ZKLFK DOORZHG WKH OLQHDU VSHHG WR

EH YDULHG ZLWKLQ ZLGH UDQJHV�
/LQHDU VSHHG Y RQ WKH SHULSKHU\ RI WKH ELOOHWV

ZHOGHG ZDV ���� ����� ���� ���� ��� DQG ��� P�V DW

WKH VHOHFWHG URWDWLRQ IUHTXHQFLHV� 3UHVVXUH DW WKH KHDW�

LQJ VWDJH� SK� ZDV YDULHG IURP �� WR ���� DQG WKDW DW

WKH IRUJLQJ VWDJH� SI� ZDV YDULHG IURP �� WR ��� 03D�

7KH SURFHVV RI KHDWLQJ WKH ELOOHWV ZDV UHJXODWHG RQ

WKH EDVLV RI KHDWLQJ XSVHWWLQJ YDULHG IURP � WR �� PP�

7KH WLPH RI WKH GHFHOHUDWLRQ VWDJH LQ FRQYHQWLRQDO

ZHOGLQJ ZDV ��� V� 7HFKQRORJLFDO SDUDPHWHUV RI LQHUWLD

ZHOGLQJ �LQLWLDO URWDWLRQ VSHHG� PRPHQW RI LQHUWLD RI

URWDWLQJ PDVVHV� ZHUH VHW VXFK WKDW WKH VSHFLILF HQHUJ\

LQSXW LQWR WKH MRLQW ZDV ���� w ���� 0-�P�
�

'XULQJ WKH SURFHVV WKH IROORZLQJ ZHOGLQJ SDUDPH�

WHUV ZHUH UHJLVWHUHG E\ WKH 1��� RVFLOORJUDSK� WHP�

SHUDWXUH DW WKUHH SRLQWV RI WKH MRLQW �RQ WKH SHULSKHU\

7S� DW WKH FHQWUH 7
F
DQG DW D GLVWDQFH RI ���5 IURP

WKH FHQWUH� 7G�� KHDWLQJ DQG IRUJLQJ SUHVVXUHV SK DQG
SI� XSVHWWLQJ GXULQJ KHDWLQJ DQG IRUJLQJ ∆O� KHDWLQJ

WLPH WK DQG KHDW UHOHDVH FDSDFLW\1� PRPHQW RI IULFWLRQ

0 PHDVXUHG XVLQJ D GHYLFH HTXLSSHG ZLWK VWUDLQ

JDXJHV >��@� 7HPSHUDWXUH RI WKH FRQWDFW ]RQH ZDV

PHDVXUHG ZLWK FKURPHO�DOXPHO WKHUPRFRXSOHV �ZLUH

GLDPHWHU ��� PP�� $V LQ ZHOGLQJ RI DOXPLQLXP WR
FRSSHU WKH ODWWHU LV KDUGO\ GHIRUPHG� WKH WKHUPRFRXSOH

MXQFWLRQZDV FDXONHG GLUHFWO\ LQWR WKH SODQH RI IULFWLRQ

RI WKH FRSSHU ELOOHW�

6WUHQJWK RI ZHOGHG MRLQWV ZDV GHWHUPLQHG E\ PH�
FKDQLFDO WHQVLOH WHVWV DFFRUGLQJ WR *267 ����w�� DQG

LPSDFW WRXJKQHVV WHVWV DFFRUGLQJ WR *267 ����w���

,W VKRXOG EH QRWHG WKDW VWDQGDUG WHVWLQJ PHWKRGV GR

QRW DOORZ D FRPSUHKHQVLYH HYDOXDWLRQ RI WKH TXDOLW\

RI WKH MRLQWV LQ GLVVLPLODU PHWDOV >��@� 7HQVLOH WHVWV

DUH LQVXIILFLHQWO\ VHQVLWLYH WR WKH SUHVHQFH RI D WUDQ�

VLWLRQ LQWHUPHWDOOLF OD\HU DQG� DV ZHOO DV LPSDFW WRXJK�

QHVV DQG VWDWLF EHQGLQJ WHVWV� GR QRW HQDEOH HVWLPDWLRQ

RI WKH TXDOLW\ RI WKH HQWLUH ZHOGHG MRLQW� 7KLV PDGH

LW QHFHVVDU\ WR FRQGXFW H[WUD IXOO�VFDOH WHVWV RI ZHOGHG

MRLQWV DV D ZKROH �DIWHU IODVK UHPRYDO� WR LPSDFW EHQG�

LQJ� 7KLV WHVWLQJ PHWKRG ZLGHO\ XVHG E\ IRUHLJQ LQ�

YHVWLJDWRUV >�� ��@ IRU HYDOXDWLRQ RI WKH TXDOLW\ RI

GLVVLPLODU MRLQWV LV PXFKPRUH VHQVLWLYH WR WKH SUHVHQFH
RI ODFN RI SHQHWUDWLRQ DQG WUDQVLWLRQ LQWHUPHWDOOLF OD\�

HUV� DV FRPSDUHG ZLWK RWKHU VWDQGDUG PHWKRGV�

7\SLFDO RVFLOORJUDPV RI YDULDWLRQV LQ PDLQ WHFKQR�
ORJLFDO SDUDPHWHUV RI FRQYHQWLRQDO DQG LQHUWLD IULFWLRQ
ZHOGLQJ DUH VKRZQ LQ )LJXUH ��

$V HVWDEOLVKHG E\ PHDVXUHPHQW RI WHPSHUDWXUH RI
WKH FRQWDFW ]RQH �7DEOH ��� XQGHU WKH LQYHVWLJDWHG

SURFHVV FRQGLWLRQV WKH WHPSHUDWXUH TXLWH UDSLGO\ �IRU

��� w ��� V� UHDFKHV D YDOXH RI ��� w ��� �&� L�H� WKH

SRLQW DW ZKLFK FKHPLFDO LQWHUDFWLRQ RI WKH PHWDOV

ZHOGHG FDQ RFFXU� ZKLFK LV DFFRPSDQLHG E\ UHDFWLYH

GLIIXVLRQ DQG IRUPDWLRQ RI LQWHUPHWDOOLF FRPSRXQGV�
7KH SURFHVV RI KHDWLQJ RI D MRLQW LV QRQ�XQLIRUP �)L�

JXUH �� D�� 0D[LPXP RI KHDW UHOHDVHG LQ WKH LQLWLDO

SHULRG RI IULFWLRQ� FRUUHVSRQGLQJ WR WLPH W�� ZDV IL[HG

LQ WKH FLUFXODU ]RQH ORFDWHG DW D GLVWDQFH IURP WKH

)LJXUH �� 7\SLFDO RVFLOORJUDPV RI WKH SURFHVVHV RI FRQYHQWLRQDO �D�
DQG LQHUWLD �E� IULFWLRQ ZHOGLQJ� � x URWDWLRQ IUHTXHQF\ Q� � x
D[LDO IRUFH )� �x PRPHQW0� �x FDSDFLW\ RI KHDW UHOHDVH DW WKH
MRLQW 1� �x XSVHWWLQJ ∆O �FRQWUDFWLRQ�� ,x KHDWLQJ VWDJH� ,,x
IRUJLQJ VWDJH

7DEOH �� 5HVXOWV RI PHDVXUHPHQW RI PD[LPXP WHPSHUDWXUH RI WKH FRSSHUwDOXPLQLXP FRQWDFW ]RQH DW GLIIHUHQW YDOXHV RI GHSRVLWLRQ
SUHVVXUH DQG URWDWLRQ VSHHG �GLDPHWHU RI ELOOHWV �� PP� SUHVVXUH GXULQJ KHDWLQJ �� 03D� KHDWLQJ DOORZDQFH � PP�

SK�

03D

Y  ���� P�V Y  ��� P�V Y  ��� P�V

7S � �& 7F � �& 7G � �& 7S � �& 7F � �& 7G � �& 7S � �& 7F � �& 7G � �&

�� ��� ��� ��� ��� ��� ��� ��� ��� ���

�� ��� ��� ��� ��� ��� ��� ��� ��� ���

�� ��� ��� ��� ��� ��� ��� ��� ��� ���

�� ��� ��� ��� ��� ��� ��� ��� ��� ���

��� ��� ��� ��� ��� ��� ��� ��� ��� ���
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SHULSKHU\ RI WKH ELOOHWV WR ���5 IURP WKH FHQWUH� DQG

PLQLPXP ZDV IL[HG DW WKH FHQWUH� 7KH GLIIHUHQFH EH�

WZHHQ PD[LPXP DQG PLQLPXP KHDWLQJ WHPSHUDWXUHV

LQ WKLV SHULRG DPRXQWV WR ��� �&� 7KH QH[W SHULRG RI

IULFWLRQ ZLWK D GXUDWLRQ RI W� LV FKDUDFWHUL]HG E\ UH�

GLVWULEXWLRQ RI KHDW UHOHDVH RQ WKH IULFWLRQ VXUIDFH�

L�H� DQ LQWHQVLYH LQFUHDVH LQ WHPSHUDWXUH LV IL[HG DW

WKH FHQWUH RI WKH MRLQW� ZKHUHDV RQ WKH SHULSKHU\ DQG

DW D GLVWDQFH RI ���5 IURP WKH FHQWUH LWV JURZWK VORZV

GRZQ� 7KH WKLUG SHULRG RI KHDWLQJ ZLWK D GXUDWLRQ RI

W� LV FKDUDFWHUL]HG E\ OHYHOOLQJ RI WKH WHPSHUDWXUH DW
DOO SRLQWV RI WKH MRLQW� L�H� WKH SURFHVV VWDELOL]HV DQG

IXUWKHU KHDWLQJ RFFXUV DOPRVW XQLIRUPO\ �TXDVL�VWD�

WLRQDU\ KHDWLQJ��

$QDO\VLV RI RVFLOORJUDPV WDNHQ DW GLIIHUHQW SDUDPH�

WHUV RI WKH ZHOGLQJ SURFHVV VKRZV WKDW WKH LQWHQVLW\

RI HQHUJ\ UHOHDVH LQ GLIIHUHQW SKDVHV RI WKH SURFHVV

GHSHQGV XSRQ WKH URWDWLRQ VSHHG DQG D[LDO IRUFH GXULQJ

KHDWLQJ� $Q LQFUHDVH LQ WKH URWDWLRQ IUHTXHQF\ LV DF�

FRPSDQLHG E\ DQ LQFUHDVH LQ WKH LQWHQVLW\ RI JURZWK

RI WHPSHUDWXUH �)LJXUH �� E� DQG LWV OHYHOOLQJ DFURVV
WKH HQWLUH VHFWLRQ� $Q LQFUHDVH LQ WKH D[LDO IRUFH OHDGV

WR DQ LQFUHDVH LQ KHLJKW RI WKH ILUVW DQG VHFRQG SHDNV

RI WKH IULFWLRQ PRPHQW �0�PD[ DQG0�PD[ LQ )LJXUH ��

D�� VHW YDOXH RI WKH IULFWLRQ PRPHQW 0VHW �)LJXUH ��

DQG UDWH RI SODVWLF GHIRUPDWLRQ �XSVHWWLQJ�� 7KLV LV

DFFRPSDQLHG E\ D GHFUHDVH LQ WLPH RI WKH VWDJH RI

TXDVL�VWDWLRQDU\ KHDWLQJ W� �VHH )LJXUH �� D��
3URFHVVLQJ RI WKH GDWD RI PHFKDQLFDO WHVWV VKRZHG

WKH IROORZLQJ� -RLQWV RI D VDWLVIDFWRU\ TXDOLW\ FDQ EH

SURGXFHG RYHU D ZLGH UDQJH RI YDULDWLRQV LQ WKH ZHOG�

LQJ SURFHVV SDUDPHWHUV� OLQHDU VSHHG IURP ���� WR

���� P�V� KHDWLQJ SUHVVXUH IURP �� WR ��� 03D� IRUJ�

LQJ SUHVVXUH QRW OHVV WKDQ ��� 03D DQG KHDWLQJ DO�

ORZDQFH IURP ��� WR ��� PP� +RZHYHU� DQ LPSRUWDQW

IDFWRU LV QRW VR PXFK WKH YDOXH RI LQGLYLGXDO SDUDPH�

WHUV DV WKHLU FRPELQDWLRQ� SURYLGLQJ DQ RSWLPDO YDOXH

RI WKH UDWH RI D[LDO GHIRUPDWLRQ DW WKH KHDWLQJ VWDJH�

RQ FRQGLWLRQ WKDW WLPH RU XSVHWWLQJ DW WKLV VWDJH LV

VWULFWO\ UHJXODWHG� -RLQWV ZLWK WKH EHVW VWUHQJWK DQG

GXFWLOLW\ YDOXHV ZHUH SURGXFHG DW Y  ��� w ��� P�V

DQG SK  �� w �� 03D� ZKLFK SURYLGH WKH D[LDO GH�

IRUPDWLRQ UDWH HTXDO WR ��� w ��� PP�V�

,QYHVWLJDWLRQV RI PDFURVWUXFWXUH RI WKH MRLQWV UH�

YHDOHG QR SRUHV� YRLGV RU ODFN RI IXVLRQ DW WKH LQWHUIDFH

�)LJXUH �� D� E�� 5HVXOWV RI PHDVXUHPHQW RI PLFURKDUG�
QHVV XVLQJ WKH /(&2���� LQVWUXPHQW DW DPLQLPXP ORDG

RI ��� 1 DQG ORDGLQJ WLPH RI �� V DUH VKRZQ LQ )LJXUH

�� 7KLFNHQHG FRQWDFW OD\HUV RI DOXPLQLXP ZLWK PLFUR�

KDUGQHVV +9 ��� w ��� 03D DUH ��� w ��� PP WKLFN�

$GMRLQLQJ WKHVH OD\HUV LV D UHJLRQ RI UHFU\VWDOOL]HG EDVH

PHWDOZLWKPLFURKDUGQHVV+9 ��� w ���03D� )UDFWXUH

LQ WHQVLOH WHVWV RFFXUV DV D UXOH LQ WKLV UHJLRQ �)LJXUH ��

F�� 6WUXFWXUH RI WKH MRLQLQJ ]RQH RQ WKH VLGH RI FRSSHU
�)LJXUH �� D� E� FRPSULVHV ILQHU JUDLQV� DV FRPSDUHG
ZLWK WKH EDVH PHWDO� DQG IODWWHQHG JUDLQV IRUPHG DV D

UHVXOW RI FROG�ZRUNLQJ�ZKLOH WKH ]RQH RI LQFUHDVHG KDUG�

QHVV LV �� µP ZLGH�

0HWDOORJUDSK\ RI VRXQG MRLQWV SURGXFHG E\ FRQ�

YHQWLRQDO IULFWLRQ ZHOGLQJ UHYHDOV WKH SUHVHQFH RI D

WUDQVLWLRQ OD\HU� ZKLFK LV QRQ�XQLIRUP DFURVV WKH VHF�

WLRQ �)LJXUH �� F� G�� 5HVXOWV RI HOHFWURQ SUREH ;�UD\
DQDO\VLV �)LJXUH �� D� XVLQJ WKH �&DPHFD� GHYLFH

6;��� �SUREH GLDPHWHU � µP� VKRZ WKDW WKH SKDVH

FRUUHVSRQGLQJ WR LQWHUPHWDOOLF FRPSRXQG&X$O�GRPL�

QDWHV LQ WKH WUDQVLWLRQ OD\HU� DQG WKDW WKH ]RQH RI

YROXPHWULF LQWHUDFWLRQ� EDVHG RQ VROLG VROXWLRQ α �

� &X$O�� LV IRUPHG RQ WKH VLGH RI DOXPLQLXP�

0HFKDQLFDO SURSHUWLHV RI ELPHWDO MRLQWV DUH NQRZQ

WR GHSHQG XSRQ WKH WKLFNQHVV RI WKH LQWHUPHWDOOLF WUDQ�

VLWLRQ OD\HU >�� �@� ,W ZDV HVWDEOLVKHG DV D UHVXOWV RI

FRPELQHG DQDO\VLV RI UHVXOWV RI PHWDOORJUDSK\ DQG

)LJXUH �� 7LPH YDULDWLRQV LQ WKH IULFWLRQ PRPHQW DQG WHPSHUDWXUH
�D� DW GLIIHUHQW SRLQWV RI WKH FRQWDFW VXUIDFH DQG PD[LPXP WHP�
SHUDWXUH LQ WKH FRQWDFW ]RQH �E� DW SK  �� 03D DQG Y  ���� ����
��� ��� DQG ��� ��� P�V

)LJXUH �� 'HSHQGHQFH RI WKH VHW IULFWLRQ PRPHQW XSRQ SUHVVXUH
GXULQJ KHDWLQJ
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GDWD RI PHFKDQLFDO WHVWV RI FRSSHU�DOXPLQLXP WUDQVL�

WLRQ SLHFHV WKDW WKH MRLQWV ZLWK WKH WUDQVLWLRQ OD\HU

QRW PRUH WKDQ � µP WKLFN KDYH KLJK GXFWLOH SURSHUWLHV

LQ LPSDFW EHQG WHVWV� ,Q WHQVLOH WHVWV WKH SRVLWLYH UH�

VXOWV �IUDFWXUH LQ WKH DOXPLQLXP EDVH PHWDO� ZHUH

REWDLQHG DW D PXFK WKLFNHU WUDQVLWLRQ OD\HU �DSSUR[L�

PDWHO\ XS WR �� µP WKLFN��

,W ZDV VKRZQ WKDW WKLFNQHVV RI WKH LQWHUPHWDOOLF

WUDQVLWLRQ OD\HU LQ D MRLQW GHSHQGV XSRQ WKH FRPELQD�

WLRQ RI WHFKQRORJLFDO SDUDPHWHUV RI WKH ZHOGLQJ SURF�

HVV� $Q LQFUHDVH LQ WKLFNQHVV RI WKH LQWHUPHWDOOLF LQ�

WHUOD\HU LV SURPRWHG E\ DQ LQFUHDVH LQ WKH OLQHDU VSHHG

DQG KHDWLQJ DOORZDQFH� DV ZHOO DV E\ D GHFUHDVH LQ WKH

KHDWLQJ DQG IRUJLQJ SUHVVXUHV� 7KHUHIRUH� WR PLQLPL]H

WKLFNQHVV RI WKH LQWHUPHWDOOLF OD\HU LW LV QHFHVVDU\ WR

UHGXFH WKH WLPH RI KHDWLQJ DW D SUHVHW FRPELQDWLRQ RI

RWKHU SURFHVV SDUDPHWHUV�

+RZHYHU� DV SURYHG E\ QXPHURXV H[SHULPHQWV� LW

LV LPSRVVLEOH WR SURGXFH MRLQWV ZLWK KLJK YDOXHV RI

PHFKDQLFDO SURSHUWLHV DQG HOLPLQDWH IRUPDWLRQ RI WKH

LQWHUPHWDOOLF OD\HU LQ WKH FRQYHQWLRQDO IULFWLRQ ZHOG�

LQJ SURFHVV� 7KLV LV DVVRFLDWHG ZLWK SHFXOLDULWLHV RI

WKH ILQDO VWDJH RI WKH ZHOGLQJ SURFHVV� L�H� TXLFN EUDN�

LQJ RI URWDWLRQ� ,QWHUSUHWDWLRQ RI RVFLOORJUDPV RI WKLV

SURFHVV VKRZV WKDW VWRSSLQJ RI URWDWLRQ DW WKH ILQDO

VWDJH OHDYHV EHKLQG WKH DSSOLFDWLRQ RI WKH SUHVHW IRUJ�

LQJ IRUFH� ZKLFK UHVXOWV LQ D UDSLG GHFUHDVH LQ WHP�

SHUDWXUH RI WKH PDWLQJ VXUIDFHV DQG WHPSHUDWXUH JUD�

GLHQW ZLWKLQ WKH SODVWLF GHIRUPDWLRQ ]RQH� $W WKH WLPH

RI WKH TXDVL�VWDWLRQDU\ KHDWLQJ VWDJH OLPLWHG E\ WLPH�

WHPSHUDWXUH FRQGLWLRQV RI IRUPDWLRQ RI LQWHUPHWDOOLFV�

WKH DWWHPSWV WR HQVXUH WKH UHTXLUHG GHJUHH RI SODVWLF

GHIRUPDWLRQ DW WKH ILQDO VWDJH RI WKH SURFHVV IDLO HYHQ

DW DQ DSSOLFDWLRQ RI WKH VXEVWDQWLDO IRUJLQJ SUHVVXUH�

7KHUHIRUH� WKH WLPH RI WKH KHDWLQJ VWDJH LQ FRQYHQ�

WLRQDO ZHOGLQJ VKRXOG EH VXIILFLHQW IRU D FHUWDLQ WHP�

SHUDWXUH JUDGLHQW WR IRUP LQ WKH MRLQLQJ ]RQH� ,Q WKLV

FDVH� DJDLQ� LW LV LPSRVVLEOH VR IDU WR DYRLG IRUPDWLRQ

RI WKH LQWHUPHWDOOLF LQWHUOD\HU�

%HVLGHV� WKH UDQJH RI YDULDWLRQV LQ WKH PDLQ WHFK�

QRORJLFDO SDUDPHWHUV� DW ZKLFK WKH SRVVLELOLW\ H[LVWV

RI SURGXFLQJ VRXQG ZHOGHG MRLQWV� LV GHWHUPLQHG LQ

PDQ\ UHVSHFWV E\ G\QDPLF FKDUDFWHULVWLFV RI WKH D[LDO

IRUFH DQG URWDWLRQ GULYHV RI WKH LQYROYHG ZHOGLQJ

HTXLSPHQW� 7KXV� WKH MRLQWV ZLWK D EHQGLQJ DQJOH RI

��� ZHUH SURGXFHG XVLQJ WKH VWDQGDUG ZHOGLQJ PD�

FKLQH 067����� DW D IRUJLQJ SUHVVXUH SI RI QRW OHVV
WKDQ ��� 03D� DQG XVLQJ WKH 67���� PDFKLQH DW D

IRUJLQJ SUHVVXUH RI ��� 03D� 2ZLQJ WR D KLJKHU UH�

VSRQVH RI WKH D[LDO IRUFH GULYH RI WKH 67���� PDFKLQH�

)LJXUH �� -RLQW SURGXFHG E\ FRQYHQWLRQDO IULFWLRQ ZHOGLQJ XVLQJ IRUPLQJ GHYLFHV� Dx JHQHUDO YLHZ� Ex PDFURVWUXFWXUH �×�� �UHGXFHG
E\ ����� F x DIWHU WHQVLOH WHVWV

)LJXUH �� 9DULDWLRQV LQ PLFURKDUGQHVV LQ WKH FRSSHU ��� WR DOX�
PLQLXP ��� MRLQLQJ ]RQH

)LJXUH �� 0LFURVWUXFWXUH RI WKH ZHOGHG MRLQW� D x EDVH PHWDO
�FRSSHU�� Ex FRSSHU QHDU WKH LQWHUIDFH� �×����� Fx DW WKH FHQWUH�
G x RQ WKH SHULSKHU\ �×���� �UHGXFHG E\ ����
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LW LV SRVVLEOH WR VSHHG XS WKH DSSOLFDWLRQ RI WKH IRUJLQJ

IRUFH DQG HQVXUH D KLJKHU GHJUHH RI SODVWLF GHIRUPDWLRQ

LQ WKH MRLQLQJ ]RQH DW D ORZHU YDOXH RI WKH IRUJLQJ

SUHVVXUH� 7R SURGXFH VRXQG ZHOGHG MRLQWV XVLQJ WKH

067����� PDFKLQH� LW LV QHFHVVDU\ WR LQFUHDVH WKH

WLPH RI KHDWLQJ DQG WKH IRUJLQJ IRUFH� FRPELQHG ZLWK

WKH XVH RI IRUPLQJ GHYLFHV �VHH )LJXUH �� D�� ,W LV
OLNHO\ WKDW SHFXOLDULWLHV RI WKH LQYROYHGZHOGLQJ HTXLS�

PHQW FDQ DFFRXQW IRU VXEVWDQWLDO GLIIHUHQFHV LQ SD�

UDPHWHUV RI ZHOGLQJ RI FRSSHU�DOXPLQLXP WUDQVLWLRQ

SLHFHV DV JLYHQ E\ GLIIHUHQW LQYHVWLJDWRUV >� w �@�

$QDO\VLV RI RVFLOORJUDPV RI WKH SURFHVV RI LQHUWLD

ZHOGLQJ RI FRSSHU WR DOXPLQLXP DOORZHG WKH IROORZLQJ

SHFXOLDULWLHV WR EH UHYHDOHG� 7KH WKLUG SKDVH �RI TXDVL�

VWDWLRQDU\ KHDWLQJ� LV KDUGO\ IRUPHG� DQG YDOXH RI WKH

VHFRQG SHDN RI WKH IULFWLRQ PRPHQW LV PXFK LQ H[FHVV

RI WKDW RFFXUULQJ LQ FRQYHQWLRQDO ZHOGLQJ� )RUPDWLRQ

RI WKH VHFRQG SHDN RQ WKH FXUYH RI WKH IULFWLRQ PRPHQW

�VHH )LJXUH �� E� LV DWWULEXWDEOH WR WKH IDFW WKDW D

GHFUHDVH LQ WKH URWDWLRQ VSHHG LV DFFRPSDQLHG E\ D

GHFUHDVH LQ WKH WHPSHUDWXUH ILHOG JUDGLHQW DQG DQ LQ�

FUHDVH LQ WKH GHSWK RI WKH ]RQH LQ ZKLFK D KHDW UHOHDVH

RFFXUV DV D UHVXOW RI WKH GHIRUPDWLRQ IORZ RI PHWDO

DQG EUHDN RI WKH PHWDOOLF ERQGV�

,W ZDV HVWDEOLVKHG WKDW DW WKH ILQDO VWDJH RI GHFHO�

HUDWLRQ WKH IULFWLRQ SURFHVV LV DFFRPSDQLHG E\ GHHS OHY�

HOOLQJ DQG GLVSODFHPHQW RI WKH IULFWLRQ VXUIDFH WRZDUGV

WKH DOXPLQLXP ELOOHW� )UDFWXUHV RI WKH MRLQWV SURGXFHG

XQGHU ORZ SUHVVXUHV �OHVV WKDQ �� 03D� H[KLELW WKH

SUHVHQFH RI DQ DOXPLQLXP OD\HU �)LJXUH �� WUDQVIHUUHG

WR WKH VXUIDFH RI WKH FRSSHU ELOOHW� ��� w ��� PP WKLFN�

7KLV LV LQGLFDWLYH RI WKH IDFW WKDW VWUHQJWK RI WKH IRUPHG

ERQGV DW WKH VWDJH RI DQ LQHUWLD FRPSOHWLRQ RI WKH KHDWLQJ

SURFHVV LV KLJKHU WKDQ VWUHQJWK RI WKH DOXPLQLXP EDVH

PHWDO� WKHVH ERQGV FRYHULQJ WKH HQWLUH QRPLQDO VXUIDFH

RI WKH ELOOHWV MRLQHG�

7KHUHIRUH� WKH MRLQWV DUH ILQDOO\ IRUPHG EHWZHHQ WKH

DOXPLQLXP ELOOHW DQG WKH DOXPLQLXP OD\HU WUDQVIHUUHG

WR WKH VXUIDFH RI WKH FRSSHU ELOOHW� $V LQ LQHUWLD ZHOGLQJ�

XQOLNH FRQYHQWLRQDO ZHOGLQJ� WKH D[LDO IRUFH DW WKH ILQDO

VWDJH RI WKH SURFHVV LV DSSOLHG WR WKH URWDWLQJ ELOOHWV�

WKLV HQVXUHV DOVR WKH KLJK LQWHQVLW\ DQG GHJUHH RI ORFDO�

L]DWLRQ RI GHIRUPDWLRQ LQ WKH FRQWDFW ]RQH� 2ZLQJ WR

WKH FRPELQHG DFWLRQ RQ D VRIWHQHG PHWDO OD\HU E\ WKH

D[LDO IRUFH DQG IULFWLRQ PRPHQW� WKH VRXQG MRLQWV FDQ

EH SURGXFHG DW D PXFK ORZHU D[LDO IRUFH WKDQ LQ FRQ�

YHQWLRQDOZHOGLQJ�8QGHU WKH LQHUWLDZHOGLQJ FRQGLWLRQV

ZLWK D VSHFLILF HQHUJ\ RI �� w �� 0-�P�� WKH PLQLPXP

SUHVVXUH� XQGHU ZKLFK LW LV SRVVLEOH WR HQVXUH KLJK

VWUHQJWK DQG GXFWLOLW\ YDOXHV RI WKH ZHOGHG MRLQWV� ZDV

GHFUHDVHG WR �� 03D �7DEOH �� )LJXUH ��� ,W VKRXOG EH

QRWHG WKDW DW D VLQJOH�VWHS DSSOLFDWLRQ RI WKH D[LDO IRUFH�

FKDUDFWHULVWLF RI LQHUWLD ZHOGLQJ� WKH SURFHVV RI IRUPD�

WLRQ RI WKH MRLQWV LV OHVV GHSHQGHQW XSRQ WKH G\QDPLF

FKDUDFWHULVWLFV RI WKH IRUFH GULYH RI WKH LQYROYHGZHOGLQJ

HTXLSPHQW�

0HWDOORJUDSK\ RI VRXQG ZHOGHG MRLQWV IDLOHG WR

GHWHFW WKH WUDQVLWLRQ OD\HU FRQWDLQLQJ DQ LQWHUPHWDOOLF

SKDVH� 7KH PHWKRG RI PDNLQJ PLFURVHFWLRQV ZDV HP�

SOR\HG WR JHW D GHHSHU LQVLJKW LQWR WKH MRLQLQJ ]RQH�

,Q WKLV FDVH D MRLQW ZDV FXW RXW DW DQ DQJOH α WR WKH

MRLQLQJ SODQH� VR WKDW WKLFNQHVV RI WKH MRLQLQJ OLQH

ZDV YLVXDOO\ LQFUHDVHG E\ D IDFWRU RI ��VLQα�
(OHFWURQ SUREH ;�UD\ DQDO\VLV SURYHG WKH DEVHQFH

RI WKH LQWHUPHWDOOLF SKDVH DW WKH LQWHUIDFH RI WKH MRLQWV

SURGXFHG E\ LQHUWLD IULFWLRQ ZHOGLQJ� &XUYHV RI GLV�

WULEXWLRQ RI FRSSHU DQG DOXPLQLXP �VHH )LJXUH �� E�
FRPSULVH QR EHQGV FKDUDFWHULVWLF RI WKH MRLQWV ZLWK D

FRQVWDQW RU YDULDEOH FRPSRVLWLRQ� LQVWHDG� PXWXDO GLI�

)LJXUH �� 'LVWULEXWLRQ RI FRSSHU ��� DQG DOXPLQLXP ��� DFURVV WKH
LQWHUIDFH LQ FRQYHQWLRQDO �D� DQG LQHUWLD �E� IULFWLRQ ZHOGLQJ

)LJXUH �� )UDFWXUH VXUIDFHV RI ZHOGHG MRLQWV SURGXFHG DW D KHDWLQJ
SUHVVXUH RI �� �D�� �� �E� DQG �� �F� 03D

7DEOH �� 5HVXOWV RI PHFKDQLFDO LPSDFW EHQGLQJ WHVWV RI FRSSHUw
DOXPLQLXP MRLQWV SURGXFHG E\ LQHUWLD IULFWLRQ ZHOGLQJ �GLDPHWHU
RI ELOOHWV �� PP� SUHVVXUH �� 03D�

,QHUWLD

PRPHQW RI

URWDWLQJ

PDVVHV�

,�

NJ⋅P�

5RWDWLRQ

IUHTXHQF\�

Q�

USP

6SHFLILF

HQHUJ\�

HV �

0-�P
�

%HQGLQJ DQJOH

WR IUDFWXUH�

GHJU

��� ���� ���� �

��� ���� ���� ��

��� ���� ���� �� �QR IUDFWXUH�

��� ���� ���� �� �QR IUDFWXUH�

��� ���� ���� ��

��� ���� ���� ��
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IXVLRQ RI FRSSHU DQG DOXPLQLXP WR D GHSWK RI GRZQ

WR � µP WDNHV SODFH LQ WKLV ]RQH� 7KH WUDQVLWLRQ ]RQH

IRUPHG LQ WKLV FDVH LV PRVW IDYRXUDEOH�

7KH GDWD RI PHWDOORJUDSK\ DQG HOHFWURQ SUREH ;�

UD\ DQDO\VLV HYLGHQFH WKDW LQ LQHUWLD ZHOGLQJ XQGHU

RSWLPDO FRQGLWLRQV WKH JURZWK RI WKH LQWHUPHWDOOLF

SKDVH ZDV OLPLWHG DQG� RZLQJ WR ORFDOL]DWLRQ RI GH�

IRUPDWLRQ LQ WKH FRQWDFW ]RQH� WKH MRLQWV KDG D GLV�

SHUVHG VWUXFWXUH ZLWKRXW WKH LQWHUPHWDOOLF OD\HU�

7KH IROORZLQJ EDVLF SULQFLSOHV IRU FRQWUROOLQJ WKH

SURFHVV RI IRUPDWLRQ RI IULFWLRQ ZHOGHG MRLQWV LQ WUDQ�

VLWLRQ SLHFHV EHWZHHQ FRSSHU DQG DOXPLQLXP ZHUH GH�

YHORSHG RQ WKH EDVLV RI WKH REWDLQHG UHVXOWV�

• SUHFLVH SRUWLRQLQJ RI HQHUJ\ LQSXW LQWR WKH MRLQW
DW WKH KHDWLQJ VWDJH� 7KLV LV DFKLHYHG WKURXJK FRQ�

WUROOLQJ WKH EDVLF WHFKQRORJLFDO SDUDPHWHUV ZKLFK SUR�

YLGH FRQGLWLRQV XQGHU ZKLFK WKH WKHUPDO ZHOGLQJ F\�

FOH LV QRW LQ H[FHVV RI WKH WLPH�WHPSHUDWXUH FRQGLWLRQV

RI IRUPDWLRQ RI WKH LQWHUPHWDOOLF LQWHUOD\HU LQ WKH MRLQ�

LQJ ]RQH�

• UHJXODWLRQ RI WKH G\QDPLFV RI YDULDWLRQ RI WKH

URWDWLRQ VSHHG LQ ZHOGLQJ� KLJK YDOXHV DW WKH LQLWLDO

VWDJH DQG JUDGXDOO\ GHFUHDVLQJ WR ]HUR DW WKH ILQDO

VWDJH� 7KLV FUHDWHV FRQGLWLRQV IRU LQWHQVLILFDWLRQ DQG

ORFDOL]DWLRQ RI SODVWLF GHIRUPDWLRQ LQ WKH FRQWDFW ]RQH�

• F\FORJUDP RI DSSOLFDWLRQ RI WKH D[LDO IRUFH DQG

VSHFLILF YDOXHV RI WKH IRUJLQJ SUHVVXUH VKRXOG EH GH�

WHUPLQHG ZLWK DOORZDQFH IRU G\QDPLF FKDUDFWHULVWLFV

RI WKH IRUFH GULYH RI D ZHOGLQJ PDFKLQH HPSOR\HG�

&21&/86,216

�� 7R SURGXFH VRXQG MRLQWV E\ FRQYHQWLRQDO IULFWLRQ

ZHOGLQJ� LW LV QHFHVVDU\ WR XVH DQ RSWLPDO FRPELQDWLRQ

RI WHFKQRORJLFDO SDUDPHWHUV WR HQVXUH WKH FHUWDLQ UDWH

RI D[LDO GHIRUPDWLRQ GXULQJ KHDWLQJ� DQG VHW WKH IRUJ�

LQJ SUHVVXUH ZLWK DOORZDQFH IRU G\QDPLF FKDUDF�

WHULVWLFV RI WKH D[LDO IRUFH GULYH RI D ZHOGLQJ PDFKLQH�

�� 7KH LQWHUPHWDOOLF WUDQVLWLRQ OD\HU ZDV GHWHFWHG

LQ VRXQG MRLQWV SURGXFHG E\ FRQYHQWLRQDO IULFWLRQ

ZHOGLQJ� +LJK PHFKDQLFDO SURSHUWLHV RI WKH MRLQWV DUH

DFKLHYHG DW WKH SUHVHQFH RI WKH WUDQVLWLRQ OD\HU WR XS

WR � µP WKLFN�

�� %\ VHWWLQJ WKH DSSURSULDWH SDUDPHWHUV RI WKH

LQHUWLD IULFWLRQ ZHOGLQJ SURFHVV WKH JURZWK RI WKH LQ�

WHUPHWDOOLF SKDVH FDQ EH OLPLWHG WR LWV LQLWLDO VWDJHV�

,Q WKLV FDVH� D GLVSHUVHG VWUXFWXUH FRQWDLQLQJ QR LQ�

WHUPHWDOOLF OD\HU LV IRUPHG LQ WKH MRLQLQJ ]RQH RZLQJ

WR LQWHQVLILFDWLRQ RI GHIRUPDWLRQ DQG LWV ORFDOL]DWLRQ

DORQJ WKH FRQWDFW VXUIDFH�

�� 'LVSODFHPHQW RI WKH IULFWLRQ VXUIDFH WRZDUGV DQ

DOXPLQLXP ELOOHW WDNHV SODFH GXULQJ LQHUWLD IULFWLRQ

ZHOGLQJ DW WKH ILQDO VWDJH RI KHDWLQJ� 7KLV LV LQGLFDWLYH

RI WKH IDFW WKDW VWUHQJWK RI WKH ERQGV IRUPHG LQ WKH

MRLQLQJ ]RQH LV KLJKHU WKDQ VWUHQJWK RI WKH DOXPLQLXP

EDVH PHWDO DW WKH ILQDO VWDJH RI ZHOGLQJ�

�� (VWDEOLVKHG ZDV WKH IHDVLELOLW\ RI GHFUHDVLQJ

SUHVVXUH DW WKH ILQDO VWDJH RI WKH SURFHVV RI LQHUWLD

IULFWLRQ ZHOGLQJ� DV FRPSDUHG ZLWK FRQYHQWLRQDO IULF�

WLRQ ZHOGLQJ�

5()(5(1&(6

�� 5\DERY� 9�5� ������ :HOGLQJ RI DOXPLQLXP DQG LWV DOOR\V

WR RWKHU PHWDOV� .\LY� 1DXNRYD 'XPND�
�� /HEHGHY� 9�.�� &KHUQHQNR� ,�$�� 9LOO� 9�,� HW DO� ������

)ULFWLRQ ZHOGLQJ� 5HIHU� %RRN� /HQLQJUDG� 0DVKLQRV�
WUR\HQL\H�

�� 6KWHUQLQ� /�$�� 3URNRILHY� 6�1� ������ )ULFWLRQ ZHOGLQJ RI
DOXPLQLXP WR VWHHO DQG FRSSHU� 6YDURFKQR\H 3URL]YRGVWYR�
��� �� w ���

�� (OOLV� &�5�� 1LFKRODV� (�'� ������ 'HWHUPLQDWLRQ RI D SURFH�
GXUH IRU PDNLQJ IULFWLRQ ZHOGV EHWZHHQ HOHFWULFDO JUDGH DOX�
PLQLXP DQG WRXJK SLWFK FRSSHU� :HOG� 5HV� ,QW�� �� � w ���

�� .UH\H� +�� 5HLQHUV� *� ������ 0HWDOOXUJLFDO DVSHFWV DQG DS�
SOLFDWLRQ RI IULFWLRQ ZHOGLQJ� ,Q� 3URF� RI ,QW� &RQI� RQ $G�

YDQFHV LQ :HOGLQJ 6FLHQFH DQG 7HFKQRORJ\� *DWOLQEXUJ�
86$� �� w �� 0D\�

�� %UDXQ� (�� %UDXQ� ,�-� ������ 7KH MRLQLQJ RI FRSSHU WR DOX�

PLQLXP E\ IULFWLRQ ZHOGLQJ� 8.$($ 5HV� *URXS 5HS�
�� <LOEDV� %�6�� 6DILQ� $�=�� .DKUDPDQ� 1� HW DO� ������ )ULF�

WLRQ ZHOGLQJ RI 6Ww$O DQG $Ow&X PDWHULDOV� -� 0DWHU� 3URF�

7HFKQ�� ��� ��� w ����
�� $ULWRVKL� 0�� 2NLWD� .�� (QMR� 7� HW DO� ������ )ULFWLRQ

ZHOGLQJ RI FRSSHU VLQWHUHG DOOR\ WR SXUH DOXPLQLXP� 7UDQV�
DFW� -DS� :HOG� 6RF�� �� �� w ���

�� /HEHGHY� 9�.�� &KHUQHQNR� ,�$� ������ )ULFWLRQ ZHOGLQJ� ,Q�
:HOGLQJ DQG 6XUIDFLQJ 5HY�� YRO� �� SDUW �� +DUZRRG $�3�

��� .XFKXN�<DWVHQNR� 6�,� ������ 6WDWH�RI�WKH�DUW DQG SURVSHFWV
RI GHYHORSPHQW RI IULFWLRQ ZHOGLQJ� ,Q� 3URF� RI ,QW� &RQI�
RQ :HOGLQJ DQG 5HODWHG 7HFKQRORJLHV IRU WKH ���VW FHQWXU\�
.\LY� 1RYHPEHU� .\LY� 3:,�

��� &KHUQHQNR� ,�$�� =\DNKRU� ,�9� ������ )ULFWLRQ ZHOGLQJ RI
GLVVLPLODU PHWDOV DQG DOOR\V� 6YDUVKFKLN� �� �� w ���

��� .XFKXN�<DWVHQNR� 6�,�� =\DNKRU� ,�9� ������ )ULFWLRQ ZHOGLQJ
RI GLVVLPLODU PHWDOV� ,Q� 3URF� RI 6\PS� RQ ([SORLWLQJ 6ROLG

6WDWH -RLQLQJ� �� w �� 6HSW�� &DPEULGJH� $ELQJWRQ� 7:,�
��� /HEHGHY� 9�.�� /LWYLQ� /�9�� '\VKOHQNR� $�7� HW DO� ������

'HWHUPLQDWLRQ RI WKH IULFWLRQ PRPHQW LQ LQHUWLD ZHOGLQJ E\
WKH YDOXH RI DQJXODU DFFHOHUDWLRQ� $YWRPDWLFKHVND\D

6YDUND� �� �� w ���
��� (OOLV� &�5�� 1LFKRODV� (�'� ������ 0HFKDQLFDO WHVWLQJ RI

GLVVLPLODU PHWDO IULFWLRQ ZHOGV� :HOG� 5HV� ,QW�� �� � w ���

)LJXUH �� -RLQWV SURGXFHG E\ LQHUWLD IULFWLRQ ZHOGLQJ� D x DV�ZHOGHG� E x DIWHU PHFKDQLFDO WHVWV

9/2001 29



�����������	�
	������	���
	���������

����������	�����	����������	�
	������

��
��������	��	��������	�������

9�9� $56(1<8.

1$68� .\LY� 8NUDLQH

$%675$&7

,QWHUDFWLRQ RI FRSSHU ZLWK JDOOLXP� FDUERQ DQG LQHUW JDVHV XQGHU FRQGLWLRQV RI YDFXXP SHUFXVVLRQ� PDJQHWLF�SXOVH DQG

H[SORVLRQ ZHOGLQJ KDV EHHQ LQYHVWLJDWHG� )RUPDWLRQ RI VROLG VROXWLRQV LQ WKH PDVV WUDQVIHU ]RQH LV QRWHG� 'HSHQGHQFLHV

RI WKH FRQFHQWUDWLRQ RI D GLVVROYHG HOHPHQW DQG LWV SHQHWUDWLRQ GHSWK XSRQ WKH WHPSHUDWXUH� VWUDLQ UDWH DQG ZHOGLQJ

PHWKRG KDYH EHHQ GHWHUPLQHG�

.H\ ZRU G V � SHUFXVVLRQ ZHOGLQJ� PDJQHWLF�SXOVH ZHOGLQJ�

H[SORVLRQ ZHOGLQJ� PDVV WUDQVIHU� GLVVROXWLRQ RI HOHPHQWV� VROLG

VROXWLRQ

,W LV UHSRUWHG >�@ WKDW SKDVH FRPSRVLWLRQ LQ YDFXXP

SHUFXVVLRQ ZHOGLQJ RI GLVVLPLODU PHWDOV GLIIHUV IURP

WKH HTXLOLEULXP RQH� IRU H[DPSOH� LQ WKDW QR LQWHU�

PHWDOOLF FRPSRXQGV DUH IRUPHG LQ ZHOGLQJ FRSSHU WR

WLQ RU DOXPLQLXP� RU LQ RFFXUUHQFH RI VROXELOLW\ EH�

WZHHQ FRSSHU WR PRO\EGHQXP� L�H� WZR LQVROXEOH PHW�

DOV ZLWK D FU\VWDOOLQH VWUXFWXUH RI DWRPV LQ WKH IRUP

RI D FXELF ODWWLFH� 0RUHRYHU� DGGLWLRQ RI DWRPV RI DQ

LQHUW JDV WR PHWDO UHVXOWV LQ WKHLU UHGLVWULEXWLRQ DQG

PLJUDWLRQ GXULQJ VXEVHTXHQW SXOVHG WUHDWPHQW RU SUHV�

VXUH ZHOGLQJ� ZKLFK OHDGV WR IRUPDWLRQ RI WKH PHWDOw

LQHUW JDV VROLG VROXWLRQ >�@� 7KHUHIRUH� LQ ZHOGLQJ

GLVVLPLODU VWUXFWXUDO PDWHULDOV ZKLFK KDYH� DV D UXOH�

D FRPSOH[ FKHPLFDO SKDVH FRPSRVLWLRQ� LW LV QHFHVVDU\

WR DOORZ IRU WKH SUREDELOLW\ RI IRUPDWLRQ RI FRPSRXQGV

RI HOHPHQWV ZKLFK HDUOLHU ZHUH FRQVLGHUHG LQVROXEOH�

,Q WKLV FRQQHFWLRQ� RI LQWHUHVW LV WR LQYHVWLJDWH SHFX�

OLDULWLHV RI LQWHUDFWLRQ RI FRSSHU ZLWK HOHPHQWV ZKLFK
DUH QRW GLVVROYHG LQ LW XQGHU HTXLOLEULXP FRQGLWLRQV�

L�H� PHWDO DQG OLJKW HOHPHQW� LQ WKH FDVH RI VXSHUSR�

VLWLRQ RI SXOVHG GHIRUPDWLRQV LQ YDULRXV SUHVVXUH ZHOG�

LQJ SURFHVVHV�

7KH SURFHVVHV RI UHGLVWULEXWLRQ RI DWRPV DQG YDUL�

DWLRQ LQ SKDVH FRPSRVLWLRQ LQ WKH ]RQH RI FRQWDFW RI

FRSSHU DQG GLIIHUHQW HOHPHQWV LQ YDFXXP SHUFXVVLRQ

ZHOGLQJ >�@� PDJQHWLF�SXOVH ZHOGLQJ >�@ DQG H[SOR�

VLRQ ZHOGLQJ >�@ ZHUH LQYHVWLJDWHG E\ WKH PHWKRGV RI

OD\HU�E\�OD\HU UDGLRPHWU\� ;�UD\ GLIIUDFWLRQ DQG HOHF�
WURQ SUREH ;�UD\ DQDO\VLV DQG 0RHVVEDXHU VSHFWURV�

FRS\�

*DOOLXP ZDV VHOHFWHG DV DQ LQVROXEOH PHWDO LPSX�

ULW\� DV LWV FU\VWDOOLQH VWUXFWXUH �RUWKRUKRPELF ODWWLFH�

GUDVWLFDOO\ GLIIHUV IURP WKH IDFH�FHQWHUHG ODWWLFH RI
FRSSHU� ,Q DGGLWLRQ� IRU HTXLOLEULXP FRQGLWLRQV� DW QR

VROXELOLW\ RI FRSSHU LQ JDOOLXP� WKH ODWWHU SHQHWUDWHV

LQWR FRSSHU� EHLQJ GLVVROYHG LQ LW XS WR �� � >�@�

7KH LQYHVWLJDWLRQV SHUIRUPHG VKRZHG WKDW DOO WKH

ZHOGLQJ PHWKRGV XQGHU FRQVLGHUDWLRQ UHVXOWHG LQ PX�

WXDO SHQHWUDWLRQ RI WKHVH HOHPHQWV DQG IRUPDWLRQ RI

VROLG VROXWLRQV� +RZHYHU� VROXELOLW\ RI JDOOLXP LQ FRS�

SHU LQ SXOVHG GHIRUPDWLRQ SHUIRUPHG E\ WKH PHWKRGV

GHVFULEHG LQ >� w �@ RYHU WKH HQWLUH UDQJH RI VWUDLQ
UDWHV �ε

.
 �⋅�� w �⋅��� Vw�� LV KLJKHU WKDQ WKDW RI FRSSHU

LQ JDOOLXP� 7KHUHIRUH� WKH DEVHQFH RI VROXELOLW\ XQGHU

HTXLOLEULXP FRQGLWLRQV GRHV QRW LPSHGH VROXELOLW\ XQ�

GHU ORDGLQJ� DOWKRXJK WKH DPRXQW RI D GLVVROYHG PD�
WHULDO LQ WKLV FDVH LV ORZHU WKDQ LQ WKH FDVH ZKHUH

PHWDOV DUH GLVVROYHG XQGHU WKH LVRWKHUPDO KROGLQJ FRQ�

GLWLRQV� &KDQJLQJ IURP SHUFXVVLRQ ZHOGLQJ WR PDJ�
QHWLF�SXOVH DQG H[SORVLRQ ZHOGLQJ� L�H� DQ LQFUHDVH LQ

WKH VWUDLQ UDWH� LV DFFRPSDQLHG E\ DQ LQFUHDVH LQ WKH

SHQHWUDWLRQ GHSWK DQG FRQFHQWUDWLRQ RI D GLVVROYHG

PDWHULDO� $W ε
.

≅ �⋅��� V
w� �LQ WKH FDVH RI H[SORVLRQ

ZHOGLQJ� WKH SHQHWUDWLRQ GHSWK DPRXQWV WR � PP DQG

WKH FRQFHQWUDWLRQ LV �� �� L�H� FRPSRVLWLRQ RI WKH ZHOG

PHWDO LV FORVH WR WKH HTXLDWRPLF RQH �)LJXUH ���

,QWHUDFWLRQ RI FRSSHU ZLWK FDUERQ RYHU D WHPSHUD�

WXUH UDQJH RI ��� WR ���� . XQGHU SHUFXVVLRQ FRP�

SUHVVLRQ DOVR UHVXOWV LQ IRUPDWLRQ RI D VROLG VROXWLRQ�

DOWKRXJK XQGHU HTXLOLEULXP FRQGLWLRQV WKHUH LV QR FRQ�

WDFW EHWZHHQ WKHVH HOHPHQWV� +RZHYHU� XQGHU FRQGL�

WLRQV RI PDJQHWLF ORDGLQJ DW D VWUDLQ UDWH RI DERXW� 9�9� $56(1<8.� ����

)LJXUH �� 'LVWULEXWLRQ RI JDOOLXP LQ FRSSHU ��� DQG FRSSHU LQ
JDOOLXP ��� LQ WKH FDVH RI H[SORVLRQ ZHOGLQJ DW ε

.
 �⋅��� Vw�
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�� Vw� GXULQJ KHDWLQJ WR ���� .� LQ LURQ FRQWDLQLQJ
��&� ZKLFK LV LQ FRQWDFW ZLWK FRSSHU� FDUERQ SHQH�
WUDWHV LQWR FRSSHU WR D GHSWK RI DERXW �� w �� µP
�)LJXUH �� D�� DQG LWV FRQFHQWUDWLRQ LV DERXW � �� ,W
VKRXOG EH WDNHQ LQWR DFFRXQW LQ WKLV FDVH WKDW LURQ
DWRPV VLPXOWDQHRXVO\ PLJUDWH LQWR FRSSHU� ,Q WXUQ�
WKLV IDYRXUV GLVVROXWLRQ RI FDUERQ LQ WKH FRSSHU PD�
WUL[� DV ZDV WKH FDVH RI VWDWLRQDU\ LVRWKHUPDO FRQGL�
WLRQV >�� �@� 7R HOLPLQDWH WKH HIIHFW RI WKLV IDFWRU� WKH
H[SHULPHQWDO GHVLJQ ZDV FKDQJHG VR WKDW FRSSHU DQG
FDUERQ LQWHUDFWHG LQ WKHLU SXUH IRUPV� *ORZ�GLVFKDUJH
WUHDWPHQW RI FRSSHU LQ PHWKDQH ODEHOOHG ZLWK ��& LV
RQH RI WKH PHWKRGV RI DGGLQJ FDUERQ LQWR FRSSHU�
6XEVHTXHQW SXOVHG ORDGLQJ DW ε

.
≅ �⋅��� w �⋅��� Vw� DW

D WHPSHUDWXUH RI ��� w ��� . OHDGV WR UHGLVWULEXWLRQ
RI FDUERQ DWRPV DQG WKHLU WUDQVIHU WR D GHSWK RI DERXW
��� µP �)LJXUH �� E�� ,Q WKLV FDVH WKH FRQFHQWUDWLRQ
RI FDUERQ LQ WKH VXEVXUIDFH FRSSHU OD\HUV DPRXQWHG
WR � �� $Q LQFUHDVH LQ WKH VWUDLQ UDWH WR �� w ��⋅��� Vw�
LQ WKH FDVH RI H[SORVLRQ ZHOGLQJ IDYRXUV SHQHWUDWLRQ
RI FDUERQ LQWR FRSSHU WR D ODUJHU GHSWK� DPRXQWLQJ
WR DERXW ��� µP �)LJXUH �� F�� ,W VKRXOG EH QRWHG
WKDW SHQHWUDWLRQ RI FDUERQ LQWR FRSSHU RFFXUUHG GXULQJ
WKH ORDGLQJ SURFHVV LQ WKH FDVH RI D GLUHFW FRQWDFW RI
FRSSHU ZLWK JUDSKLWH FRQWDLQLQJ ��&�

$QDO\VLV RI WKH GDWD LQ )LJXUH � VKRZHG WKDW DQ
LQFUHDVH LQ WKH VWUDLQ UDWH LV DFFRPSDQLHG E\ SHQHWUD�
WLRQ RI FDUERQ� VLPLODUO\ WR HOHPHQWV WKDW KDYH PXWXDO
VROXELOLW\� WR DQ LQFUHDVLQJO\ ODUJH GHSWK� %HVLGHV� DQ
LQFUHDVH LQ WHPSHUDWXUH IURP URRP RQH WR ��� �& DW
D VWUDLQ UDWH RI �⋅��� Vw� DQG KLJKHU KDV DOPRVW QR
HIIHFW RQ WKH H[WHQVLRQ RI WKH PDVV WUDQVIHU ]RQH� $W
ORZHU UDWHV RI SODVWLF VWUDLQ� DQ LQFUHDVH LQ WHPSHUD�
WXUH� DW ZKLFK SUHVVXUH SXOVH ZHOGLQJ LV SHUIRUPHG�
LV DFFRPSDQLHG E\ VRPH LQFUHDVH LQ WKH SHQHWUDWLRQ
GHSWK DQG UDWH RI PLJUDWLRQ RI FDUERQ LQWR FRSSHU�

)XUWKHU WUHDWPHQW RI WKH UHVXOWLQJ MRLQWV VKRZHG
WKDW UHGLVWULEXWLRQ RI GLVVROYHG JDOOLXP DQG FDUERQ�
DV ZHOO DV DQ LQFUHDVH LQ WKHLU WRWDO SHQHWUDWLRQ GHSWK
RFFXUUHG LQ VXEVHTXHQW GHIRUPDWLRQ ZLWKRXW KHDWLQJ�
+RZHYHU� DQ LQFUHDVH LQ WHPSHUDWXUH GXULQJ WKH SURF�
HVV RI LVRWKHUPDO KHDWLQJ RU VWDWLF GHIRUPDWLRQ IDYRXUV
HVFDSH RI WKH HOHPHQWV LQYHVWLJDWHG IURP VROLG VROX�
WLRQ� 7KLV LV DFFRPSDQLHG E\ IRUPDWLRQ RI LQWHUPHW�
DOOLF FRPSRXQGV RI FRSSHU ZLWK JDOOLXP DQG D JUDSKLWH
LQWHUOD\HU�

7KHUHIRUH� SXOVHG GHIRUPDWLRQ GXULQJ WKH SUHVVXUH
ZHOGLQJ SURFHVV OHDGV WR GLVVROXWLRQ LQ FRSSHU RI WKRVH
HOHPHQWV ZKLFK GLG QRW LQWHUDFW ZLWK LW XQGHU HTXL�
OLEULXP FRQGLWLRQV� %XW DV WKH WKXV IRUPHG VROLG VR�
OXWLRQV DUH PHWDVWDEOH� WKH\ GLVLQWHJUDWH GXULQJ VXE�
VHTXHQW WUHDWPHQW WR EULQJ SKDVH FRPSRVLWLRQ RI PHWDO
LQWR FRUUHVSRQGHQFH ZLWK WKH FRQVWLWXWLRQDO GLDJUDP�

5()(5(1&(6

�� $UVHQ\XN� 9�9�� *HUWVULNHQ� '�6�� 0D]DQNR� 9�)� HW DO�
������ 3HFXOLDULWLHV RI SKDVH IRUPDWLRQ LQ LQWHUDFWLRQ RI PH�
WDOV XQGHU WKH HIIHFW RI SXOVHG ORDGLQJ� 0HWDO� L 2EURE�
0DWHU�� �� �� w ���

�� $UVHQ\XN� 9�9�� *HUWVULNHQ� '�6�� 0D]DQNR� 9�)� HW DO�
������ 0LJUDWLRQ RI DWRPV LQ D PHWDVWDEOH LURQ�DUJRQ VROLG
VROXWLRQ� 'RSRYLGL 1$18� �� ��� w ����

�� /DULNRY� /�1�� )DOFKHQNR� 9�0�� 0D]DQNR� 9�)� HW DO�
������ 3HFXOLDULWLHV RI PDVV WUDQVIHU LQ VROLG�VWDWH ZHOGLQJ
RI DUPFR LURQ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� /DULNRY� /�1�� )DOFKHQNR� 9�0�� *HUWVULNHQ� '�6� HW DO�
������ 2Q WKH PHFKDQLVP RI HIIHFW RI D PDJQHWLF SXOVH ILHOG
RQ PRELOLW\ RI DWRPV LQ LURQ DQG DOXPLQLXP� 'RNODG\ $1
6665� �� ��� w ����

�� .XGLQRY� 9�0�� .RURWHHY� $�<D� ������ ([SORVLRQ ZHOGLQJ
LQ PHWDOOXUJ\� 0RVFRZ� 0HWDOOXUJLD�

�� 'ULWV� 0�(�� %RFKYDU� 1�5�� *X]HM� /�6� HW DO� ������ %LQDU\
DQG PXOWLFRPSRQHQW FRSSHU�EDVHG V\VWHPV� 0RVFRZ� 1DXND�

�� *HJX]LQ� <D�<H� ������ 'LIIXVLRQ ]RQH� 0RVFRZ� 1DXND�
�� *XVDN� $�0�� 0D]DQNR� 9�)�� 7RPDVKHYVN\� 1�$� HW DO�

������ 3HFXOLDULWLHV RI SKDVH IRUPDWLRQ XQGHU SXOVHG HIIHFW�
0HWDOORIL]LND� �� �� w ���

)LJXUH �� 'LVWULEXWLRQ RI
��
& LQ FRSSHU DIWHU SXOVHG ORDGLQJ� Dx YDFXXP SHUFXVVLRQ ZHOGLQJ DW ε

.
 �� V

w�
� Ex PDJQHWLF�SXOVH ZHOGLQJ

DW ε
.
 �⋅��� Vw�� F x H[SORVLRQ ZHOGLQJ DW ε

.
 �⋅��� ��� DQG �⋅��� ��� Vw�
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,W KDV EHHQ H[SHULPHQWDOO\ GHPRQVWUDWHG WKDW LQWHUDFWLRQ RI UHVLGXDO VWUHVVHV LQ WKH ]RQHV RI VWUHVV FRQFHQWUDWRUV DQG

IDWLJXH FUDFNV LQGXFHG E\ F\FOLF ORDGLQJ ZLWK VWUHVVHV LQGXFHG E\ VWUHQJWKHQLQJ WUHDWPHQW UHVXOWV LQ WKH IRUPDWLRQ RI D
UHVLGXDO VWUHVV ILHOG WKDW GLIIHUV HVVHQWLDOO\ IURP WKH LQLWLDO RQH�

.H\ ZRU G V � UHVLGXDO VWUHVVHV� VWUHVV FRQFHQWUDWLRQ� IDWLJXH

UHVLVWDQFH� IDWLJXH FUDFN� VWUHQJWKHQLQJ WUHDWPHQW

'LIIHUHQW VWUHQJWKHQLQJ PHWKRGV DUH HPSOR\HG WR LQ�

FUHDVH F\FOLF VWUHQJWK RI ZHOGHG MRLQWV� 0HWKRGV EDVHG

RQ LQGXFLQJ FRPSUHVVLYH UHVLGXDO VWUHVVHV LQ WKH VWUHVV

FRQFHQWUDWRU ]RQHV DUH YHU\ HIILFLHQW LQ WKLV UHVSHFW

>�@� 7KHVH VWUHVVHV LQWHUDFW ZLWK UHVLGXDO ZHOGLQJ
VWUHVVHV DQG ZLWK VWUHVVHV FDXVHG E\ F\FOLF ORDGLQJ LQ

WKH FRQFHQWUDWRU DQG IDWLJXH FUDFN ]RQHV� 7KLV UHVXOWV
LQ WKH IRUPDWLRQ RI D QHZ ILHOG RI UHVLGXDO VWUHVVHV�

ZKLFK FDQ HVVHQWLDOO\ GLIIHU IURP LWV LQLWLDO VWUHVV FRP�

SRQHQWV LQ VLJQ� OHYHO DQG GLVWULEXWLRQ FKDUDFWHU� ,Q

WXUQ� WKHVH UHVLGXDO VWUHVVHV XQGHUJR FKDQJHV DQG UH�

GLVWULEXWLRQ XQGHU F\FOLF ORDGLQJ�
7KHUHIRUH� LQ HYDOXDWLRQ RI WKH HIIHFW RI UHVLGXDO

VWUHVVHV RQ WKH SURFHVVHV RI LQLWLDWLRQ DQG GLVWULEXWLRQ

RI IDWLJXH IUDFWXUH� LW LV QHFHVVDU\ WR WDNH LQWR DFFRXQW

WKH LQWHUDFWLRQ DQG NLQHWLFV RI WKHVH VWUHVVHV�

7KH ZRUN GHVFULEHG LQ WKLV DUWLFOH FRQVLGHUHG LQ�

WHUDFWLRQ RI UHVLGXDO VWUHVVHV LQ WKH VWUHVV FRQFHQWUDWRU

DQG IDWLJXH FUDFN ]RQHV ZLWK FRPSUHVVLYH UHVLGXDO

VWUHVVHV DGGLWLRQDOO\ LQGXFHG E\ KLJK�IUHTXHQF\ SHHQ�

LQJ DQG VSRW KHDWLQJ� DV ZHOO DV WKHLU NLQHWLFV XQGHU

WKH HIIHFW RI H[WHUQDO F\FOLF ORDGLQJ�
$ VDPSOH RI NLOOHG VWHHO 6W�� �& x ���� w �����

0Qx ��� w ��� ZW��� )Hx EDODQFH� PHDVXULQJ �� ×
× ��� × ��� PP ZLWK WKH FRQFHQWUDWRUV LQ WKH IRUP

RI VLGH KROHV �)LJXUH �� ZDV ORDGHG E\ D[LDO IURP�]HUR

F\FOLF FRPSUHVVLRQ� 7KH WKHRUHWLFDO VWUHVV FRQFHQWUD�

WLRQ FRHIILFLHQW ZDV ασ  ����� 0D[LPXP VWUHVVHV RI

WKH QRPLQDO ORDGLQJ F\FOH ZHUH w��� 03D� 5HVLGXDO
VWUHVVHV σ ZHUH PHDVXUHG E\ D QRQGHVWUXFWLYH DFRXVWLF

PHWKRG >�@�

7KH OHYHO RI UHVLGXDO VWUHVVHV LQ WKH VWUHVV FRQFHQWUD�

WRU ]RQH ZDV VWDELOL]HG DIWHU WKH ILUVW VHYHUDO ORDGLQJ
F\FOHV >�@� 7KHUHIRUH� VWUHVVHV IRUPHG DIWHU �� ORDGLQJ

F\FOHV ZHUH IL[HG �)LJXUH �� D�� $V LW FDQ EH VHHQ IURP
WKH )LJXUH� F\FOLF FRPSUHVVLRQ UHVXOWHG LQ WKH IRUPDWLRQ
RI D ELD[LDO ILHOG RI WHQVLOH UHVLGXDO VWUHVVHV �σ�� x

WUDQVYHUVH DQGσ��x ORQJLWXGLQDO VWUHVVHV�ZLWK DPD[L�

PXP YDOXH RI ��� 03D� 7KHQ WKH VDPSOH ZDV VXFFHV�

VLYHO\ WUHDWHG LQ KROHV E\ KLJK�IUHTXHQF\ SHHQLQJ� 7KLV

WUHDWPHQW UHVXOWHG LQ UHOLHI RI WHQVLOH VWUHVVHV DQG IRU�

PDWLRQ RI ELD[LDO UHVLGXDO FRPSUHVVLYH VWUHVVHV LQ WKH

FRQFHQWUDWRU ]RQHV �)LJXUH �� E�� ZKRVH PD[LPXP YDO�

� 9�$� %52'292-� 2�,� *86+&+$� $�=� .8=0(1.2 DQG 3�3� 0,.+((9� ����

)LJXUH �� 'LDJUDPV RI UHVLGXDO VWUHVVHV LQ WKH 6W�� VDPSOH ZLWK
VWUHVV FRQFHQWUDWRUV ασ  ����� D x DIWHU �� F\FOHV RI ORDGLQJ E\
F\FOLF FRPSUHVVLRQ� E x DIWHU KLJK�IUHTXHQF\ SHHQLQJ RI WKH FRQ�
FHQWUDWRU ]RQH� Fx DIWHU �� F\FOHV RI UHSHDWHG FRPSUHVVLRQ ORDGLQJ
�KHUH DQG LQ )LJXUH � O x σ�� DQG P x σ���
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XHV ZHUH LQ H[FHVV RI w��� 03D� 6RPH GLIIHUHQFHV LQ

WKH PHDVXUHG YDOXHV RI VWUHVVHV DW GLIIHUHQW HGJHV RI

WKH VDPSOH DUH DWWULEXWDEOH WR WKH VHTXHQFH RI WUHDW�

PHQW RI WKH FRQFHQWUDWRUV�

7KH VDPSOH ZDV UHSHDWHGO\ ORDGHG E\ F\FOLF FRP�

SUHVVLRQ� $OORZLQJ IRU D VWUHQJWKHQLQJ HIIHFW RI SUH�

YLRXV ORDGLQJ RI WKH VDPSOH� WKH PD[LPXP VWUHVV YDO�

XHV RI D QRPLQDO ORDGLQJ F\FOH ZHUH D ELW KLJKHU WKDQ

WKH SUHYLRXV RQHV DQG DPRXQWHG WR w��� 03D� 7KH

UHSHDWHG �� F\FOHV RI FRPSUHVVLRQ ORDGLQJ DJDLQ UH�

VXOWHG LQ WKH IRUPDWLRQ RI D ELD[LDO ILHOG RI WHQVLOH

UHVLGXDO VWUHVVHV LQ WKH FRQFHQWUDWRU ]RQHV� 7KHLUPD[L�

PXP YDOXH ZDV �� 03D�

$QRWKHU VDPSOH RI D VLPLODU W\SH ZDV ORDGHG E\

SXOVHG FRPSUHVVLRQ σ
PLQ

 w��� 03D� $IWHU �� F\FOHV

D ILHOG RI ELD[LDO UHVLGXDO VWUHVVHV �)LJXUH �� D� ZLWK

D PD[LPXP OHYHO RI ��� w ��� 03D ZDV IL[HG LQ WKH

FRQFHQWUDWRU ]RQHV�

7KHQ WKH VDPSOH ZDV VXEMHFWHG WR WUHDWPHQW E\ VSRW

KHDWLQJ� +HDWLQJ VSRWV ZHUH ORFDWHG DW D GLVWDQFH RI

�� PP IURP WKH HQG RI HDFK FRQFHQWUDWRU� 7KH VDPSOH

ZDV KHDWHG ILUVW RQ RQH VLGH DQG WKHQ� DIWHU FRPSOHWH

FRROLQJ� RQ WKH RWKHU VLGH� 8QGHU WKH HIIHFW RI WUHDW�

PHQW WKH OHYHO DQG GLVWULEXWLRQ RI UHVLGXDO VWUHVVHV

ZHUH HVVHQWLDOO\ FKDQJHG �)LJXUH �� E�� %LD[LDO FRP�

SUHVVLYH VWUHVVHV ZLWK PD[LPXP YDOXHV RI w��� 03D

ZHUH IRUPHG LQ WKH FRQFHQWUDWRU ]RQHV� 7HQVLOH UHVLGXDO

VWUHVVHV ZLWK D PD[LPXP OHYHO HTXDO WR WKH \LHOG SRLQW

RI VWHHO ZHUH IRUPHG LQ WKH KHDWLQJ ]RQHV�

7HQVLOH UHVLGXDO VWUHVVHV �)LJXUH �� F� ZHUH DJDLQ

IRUPHG LQ WKH FRQFHQWUDWRU ]RQHV DIWHU �� F\FOHV RI

UHSHDWHG ORDGLQJ E\ F\FOLF FRPSUHVVLRQ� 7KHLU PD[L�

PXP YDOXHV ZHUH �� w ��� 03D� 7KH OHYHO RI VWUHVVHV

DW WKH KHDWLQJ SRLQWV ZDV GHFUHDVHG WR VRPH H[WHQW�

$W LQLWLDWLRQ RI D IDWLJXH FUDFN WKH ILHOG RI UHVLGXDO

VWUHVVHV ZDV IRUPHG LQ WKH ]RQH RI LWV DSH[� )LJXUH �

VKRZV GLDJUDPV RI UHVLGXDO VWUHVVHV IRUPHG LQ WKH ID�

WLJXH FUDFN ]RQH DOVR DIWHU VSRW KHDWLQJ RI WKH VDPSOH�

7KH VDPSOH RI VWHHO 6W�� PHDVXULQJ �� × ��� ×
× ��� PP KDG DW LWV FHQWUH D VWUHVV FRQFHQWUDWRU LQ

WKH IRUP RI D WKURXJK KROH ZLWK QRWFKHV WKDW LQLWLDWHG

IDWLJXH FUDFNV� 7KH VDPSOH ZDV ORDGHG E\ WKH IURP�

]HUR F\FOLF WHQVLRQ XVLQJ WKH 7V'0����3X PDFKLQH�

0D[LPXP FRPSUHVVLYH UHVLGXDO VWUHVVHV LQ WKH ID�

WLJXH FUDFN ]RQH LQLWLDOO\ UHDFKHG WKH \LHOG SRLQW RI

VWHHO� $IWHU WKH VSRW KHDWLQJ WUHDWPHQW WKH YDOXHV

RI FRPSUHVVLYH VWUHVVHV DW WKH FUDFN DSH[ GHFUHDVHG

WR w��� 03D�

7KHUHIRUH� UHVLGXDO VWUHVVHV IRUPHG XQGHU WKH HIIHFW

RI F\FOLF ORDGLQJ LQ WKH VWUHVV FRQFHQWUDWRU DQG IDWLJXH

FUDFN ]RQHV LQWHUDFW ZLWK VWUHVVHV DUWLILFLDOO\ LQGXFHG

E\ WKH PHWKRGV RI VWUHQJWKHQLQJ WUHDWPHQW� 6XFK DQ

LQWHUDFWLRQ ZDV IL[HG ERWK DW WKH VWDJH RI LQLWLDWLRQ

RI D IDWLJXH IUDFWXUH DQG DIWHU IRUPDWLRQ RI WKH IDWLJXH

FUDFN� 7KLV UHVXOWV LQ WKH IRUPDWLRQ RI WKH ILHOGV RI

UHVLGXDO VWUHVVHV� ZKLFK LQ PDQ\ UHVSHFWV GHWHUPLQH

UHVLVWDQFH RI PDWHULDOV DQG ZHOGHG MRLQWV WR LQLWLDWLRQ

DQG SURSDJDWLRQ RI IDWLJXH FUDFNV�

5()(5(1&(6

�� 7UXILDNRY� 9�,�� 0LNKHHY� 3�3�� .XGU\DYWVHY� <X�)� ������
)DWLJXH VWUHQJWK RI ZHOGHG VWUXFWXUHV� 5HVLGXDO VWUHVVHV DQG
VWUHQJWKHQLQJ WUHDWPHQWV� ,Q� :HOGLQJ DQG 6XUIDFLQJ 5HY��
YRO� �� +DUZRRG $�3�

�� *XVKFKD� 2�,�� 0DNKRUW� )�*� ������ $FRXVWLF PHWKRG RI
HVWLPDWLRQ RI ELD[LDO UHVLGXDO VWUHVVHV� 3ULNODGQ� 0H�

NKDQLND� ��� �� w ���
�� %URGRYRM� 9�$�� 0LNKHHY� 3�3�� *XVKFKD� 2�,� ������

6RPH UHJXODULWLHV LQ IRUPDWLRQ RI UHVLGXDO VWUHVVHV LQ ]RQHV
RI D VWUHVV UDLVHU DQG IDWLJXH FUDFN DW F\FOLF ORDGLQJ� 7KH

3DWRQ :HOGLQJ -RXUQDO� �� � w ���

)LJXUH �� 'LDJUDPV RI UHVLGXDO VWUHVVHV LQ WKH 6W�� VDPSOH� D x
DIWHU �� F\FOHV RI SXOVHG FRPSUHVVLRQ ORDGLQJ� Ex DIWHU WUHDWPHQW
E\ VSRW KHDWLQJ� Fx DIWHU �� F\FOHV RI UHSHDWHG FRPSUHVVLRQ ORDGLQJ

)LJXUH �� .LQHWLFV RI D ORQJLWXGLQDO FRPSRQHQW RI UHVLGXDO VWUHVVHV
LQ WKH FUDFN ]RQH� � x VDPSOH ZLWK FUDFN LQ WKH LQLWLDO VWDWH� � x
DIWHU VSRW KHDWLQJ
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