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&RPSRQHQWV RI SODWLQJ ZDVWHZDWHU DUH PDLQO\ KHDY\ PHWDOV� YDU�

LRXV RUJDQLF PDWHULDOV� DQG F\DQLGH� 8QWLO QRZ� DONDOLQH�FKORULQD�

WLRQ DQG FKHPLFDO SUHFLSLWDWLRQ PHWKRGV IRU WUHDWPHQW RI F\DQLGH

DQG KHDY\ PHWDOV KDYH EHHQ HPSOR\HG >3DWWHUVRQ� ����@� 6HYHUDO

DOWHUQDWLYH WUHDWPHQWV KDYH DOVR EHHQ VXJJHVWHG LQ WKH OLWHUDWXUH IRU

WUHDWLQJ SODWLQJ ULQVH ZDVWHZDWHU� 7KHVH LQFOXGH HYDSRUDWLRQ� UHYHUVH

RVPRVLV� HOHFWURGLDO\VLV� DQG DFWLYDWHG FDUERQ DGVRUSWLRQ� 5HYLHZV

RI WKHVH KDYH EHHQ SUHVHQWHG >:DWVRQ� ����� 0XWKXNXPUDQ HW DO��

����� .LP HW DO�� ����@� +RZHYHU� WKH FXUUHQW SURFHVV IRU WUHDWLQJ

SODWLQJ ZDVWHZDWHU KDV D GLVDGYDQWDJH EHFDXVH LWV FRPSOH[ VWHSV

PD\ FDXVH HFRQRPLF SUREOHPV� $QRWKHU LPSRUWDQW SUREOHP RI SODW�

LQJ ZDVWHZDWHU WUHDWPHQW LV WKH SURGXFWLRQ RI VOXGJH ZLWK KLJK ZDWHU

DQG KHDY\ PHWDOV FRQWHQWV� ZKLFK UHTXLUHV H[WUD WUHDWPHQW VXFK DV

SUHFLSLWDWLRQ DQG IORFFXODWLRQ�5HFHQWO\� VRPHSODWLQJ LQGXVWULHV DGRSW�

HG KHDY\ PHWDO DGVRUSWLRQ WHFKQRORJ\ XVLQJ LRQ H[FKDQJH UHVLQ�

%XW LRQ H[FKDQJH UHVLQ KDV QR VHOHFWLYLW\ WR WKH DONDOLQH PHWDOV DQG

LW LV UDWKHU H[SHQVLYH� +RZHYHU� WKH ELRVRUSWLRQ SURFHVV KDV DGYDQ�

WDJHV FRPSDUHG WR RWKHU SURFHVVHV ZKLFK LQFOXGH FKHDS FRVW RI PD�

WHULDOV� HDVH RI RSHUDWLRQ DQG VHOHFWLYLW\ RYHU WKH DONDOLQHPHWDOV >3UDG�

KDQ HW DO�� ����� /HH HW DO�� ����@� (VSHFLDOO\� VHYHUDO FKHPLFDO PRG�

LILFDWLRQ PHWKRGV KDYH EHHQ WULHG IRU WKH SXUSRVH RI LQFUHDVLQJ WKH

DGVRUSWLRQ FDSDFLW\ RI 2UJDQLF�,QRUJDQLF VRUEHQW >3DUN HW DO�� �����

.LP HW DO�� ����� ����� /HH HW DO�� ����@� $PRQJ WKHP� FDUER[\ODWHG

DOJLQLF DFLG VKRZHG KLJK DGVRUSWLRQ FDSDFLW\ IRU KHDY\ PHWDOV RI

���PHT�J GU\ PDVV� )RU DSSOLFDWLRQ WR WKH DFWXDO SODWLQJ ZDVWHZDWHU�

WKH ELRVRUEHQW ZDV LPPRELOL]HG E\ 39$�%RULF DFLG PHWKRG >-HRQ

HW DO�� ����@� 7KH REMHFW RI WKLV VWXG\ LV WR DSSO\ WR WKH SODWLQJ ZDVWH�

ZDWHU IRU ZDWHU UHXVH� DQG KHDY\ DQG SUHFLRXV PHWDO UHFRYHU\ XVLQJ

FDUER[\ODWHG DOJLQLF DFLG EHDG�

0$7(5,$/6 $1'0(7+2'6

7KH DOJLQLF DFLG XVHG LQ WKLV VWXG\ ZDV SXUFKDVHG IURP 6LJPD�

$OGULFK �8�6�$��� 7KH UHDFWLRQ SURFHGXUH IRU FKHPLFDO PRGLILFD�

WLRQ RI DOJLQLF DFLG ZDV DV IROORZV� � J RI DOJLQLF DFLG ZDV R[LGL]HG

LQ ��P0 VROXWLRQ RI SRWDVVLXP SHUPDQJDQDWH DW �� R& IRU ��PLQ�

5HDFWHG PL[WXUH ZDV VHSDUDWHG E\ FHQWULIXJDWLRQ DQG ZDVKHG ILYH

WLPHV WKRURXJKO\ ZLWK GLVWLOOHG ZDWHU� $IWHU EHLQJ GULHG DW �� R&� LW

ZDV LPPRELOL]HG� 7KH LPPRELOL]DWLRQ PHWKRG KDV EHHQ SUHVHQWHG

LQ WKH OLWHUDWXUH >-HRQ HW DO�� ����@� $OO VRUSWLRQ H[SHULPHQWV ZHUH

SHUIRUPHG E\ XVLQJ LPPRELOL]HG FDUER[\ODWHG DOJLQLF DFLG� :DVWH�

ZDWHUZDV REWDLQHG IURP WKH 3DQZDOO SODWLQJ IDFWRU\ LQ$QVDQ�.RUHD

DQG NHSW DW URRP WHPSHUDWXUH EHIRUH XVH� *HQHUDOO\� ZDVWHZDWHU LQ

WKH 3DQZDOO SODWLQJ IDFWRU\ LV UH�FROOHFWHG LQ WKUHH W\SHV� 7KLV ZDVWH�

ZDWHU LV GLYLGHG DV DFLG�DONDOLQH ZDVWHZDWHU� FKHODWLQJ ZDVWHZDWHU�

DQG FKURPLF ZDVWHZDWHU� 7KH S+ FRQWURO DQG R[LGDWLRQ UHDFWLRQ

ZHUH XVHG DV SUHWUHDWPHQW PHWKRGV IRU HIIHFWLYHO\ UHPRYLQJ KHDY\

PHWDOV� 6RGLXP K\SRFKORULWH� ZKLFK LV NQRZQ DV D VWURQJ R[LGD�

WLRQ UHDJHQW� ZDV SXUFKDVHG IURP $OGULFK &KHPLFDO &RPSDQ\� ,QF�

7KH SURFHGXUH IRU DOO WKH ELRVRUSWLRQ H[SHULPHQW LQ EDWFK ZDV DV

IROORZV� $W ILUVW� VRGLXP K\SRFKORULWH RI ��P0 ZDV UHDFWHG ZLWK

ZDVWHZDWHU IRU � KU DW URRP WHPSHUDWXUH� 3UHGHWHUPLQHG FDUER[\�

ODWHG DOJLQLF DFLG EHDGV ZHUH SXW LQWR D JLYHQ DPRXQW RI R[LGL]HG

ZDVWHZDWHU� DQG WKHQ PL[HG E\ VKDNLQJ DW ��� USP LQ DQ LQFXEDWRU

DW �� R&� 7KH S+ZDV DGMXVWHG SHULRGLFDOO\ WR S+��� E\ DGGLQJ �1

1+�2+ DQG+12� DV UHTXLUHG�:KHQ WKH S+ RI PHWDO VROXWLRQ ZDV

PDLQWDLQHG DV ���� WKH VROXWLRQ ZDV FHQWULIXJHG DW ������* IRUFH

IRU ��PLQ WR UHPRYH VXVSHQGLQJ ELRVRUEHQW� WKHQ PHWDO FRQFHQWUD�

WLRQ RI WKH VXSHUQDWDQW ZDV DQDO\]HGE\ XVLQJ$$6 �$WRPLF$EVRUS�

WLRQ VSHFWURVFRS\� 3HUNLQ�(OPHU ����� 86$� RU ,&3 �,QGXFWLYHO\

&RXSOHG SODVPD 6SHFWURVFRS\� 3HUNLQ�(OPHU ,&36������ 8.�� 7KH

&2' ZDV PHDVXUHG E\ XVLQJ &2' ERWWOH DQG NLW RI +$&+ �*HU�

PDQ�� 7KH KDUGQHVV ZDV DQDO\]HG E\ XVLQJ:HW PHWKRG� DQG 72&

�7RWDO 2UJDQLF &DUERQ� ZDV PHDVXUHG ZLWK D 72& DQDO\]HU �'RKU�

PDQ'&���� E\ ERWK FRPEXVWLRQ DQG89�SHUVXOIDWHPHWKRGV� ZKLFK

ZDV FDOFXODWHG DV WKH GLIIHUHQFH EHWZHHQ WKH 7& DQG WKH 7,& YDOXHV�

7KH FRQFHQWUDWLRQ RI &1− ZDV PHDVXUHG E\ XVLQJ ,RQ &KURPDWRJ�

UDSK\� 7KH UHXVDELOLW\ IRU FDUER[\ODWHG DOJLQLF DFLG EHDGV DQG ,5�



��� &� -HRQ HW DO�

1RYHPEHU� ����

��� SOXV UHVLQ ZDV DOVR LQYHVWLJDWHG LQ EDWFK RSHUDWLRQ� 7KH PHWDO�

DGVRUEHG DGVRUEHQW ZDV ZDVKHG� GULHG DQG WKHQ DGGHG WR D IODVN

FRQWDLQLQJ ���PO ('7$ VROXWLRQ� 7KH IODVN ZDV VKDNHQ IRU � KRXUV

DW �� R&� )ROORZLQJ GHVRUSWLRQ� WKH VOXUU\ ZDV ILOWHUHG DQG WKH PHWDO

FRQFHQWUDWLRQ RI WKH ILOWUDWH GHWHUPLQHG� 7KH PHWDO�GHVRUEHG DGVRU�

EHQW ZDV XVHG LQ WKH QH[W F\FOH RI DGVRUSWLRQ DQG GHVRUSWLRQ� 7KH

DERYH SURFHGXUH ZDV HPSOR\HG IRU ILYH FRQVHFXWLYH F\FOHV�

$OVR� VHTXHQWLDO RSHUDWLRQ H[SHULPHQWV XVLQJ SDFNHG�EHG FRQ�

WDFW� ZKLFK LV D ERURVLOLFDWH JODVV FROXPQ �,�'� ���
�� FP� EHG YRO�

XPH ���PO� /XHU�/RFN PDGH E\ 6LJPD &KHPLFDO &R��� ZHUH SHU�

IRUPHG� )ORZ UDWH ZDV YDULHG E\ XVLQJ D0DVWHUIOH[ SHULVWDOWLF SXPS

DQG WKH FRQFHQWUDWLRQV RI PHWDO LRQV LQ LQIOXHQW DQG HIIOXHQW ZHUH

PHDVXUHG E\ $$6 RU ,&3� )ORZ GLUHFWLRQ ZDV XS�IORZ LQ PRVW FRO�

XPQ RSHUDWLRQV� ,QIOXHQW S+ RI ZDVWHZDWHU ZDV FRQWUROOHG WR EH ���

E\ XVLQJ �1+12� DQG1+�2+� 3ULRU WR DSSO\LQJ VHTXHQWLDO RSHUD�

WLRQ� DQ R[LGDWLRQ UHDFWLRQ EHWZHHQ VRGLXP K\SRFKORULWH DQG FKHODW�

LQJ ZDVWHZDWHU ZDV PDGH WR RFFXU IRU �KU� 7KH SUHWUHDWPHQWPHWKRG

IRU DOO VDPSOH WR H[FOXGH LQKLELWLRQ RI QRQ�UHDFWHG RUJDQLF PDWHUL�

DOV IROORZHG µ6WDQGDUG PHWKRG¶ >)UDQVRQ� ����@�

5(68/76 $1' ',6&866,21

7R UHPRYH KHDY\ PHWDOV LQ ZDVWHZDWHU HIILFLHQWO\� YDULRXV LRQ

FRPSRQHQWV LQ ZDVWHZDWHU ZHUH DQDO\]HG� $V VKRZQ LQ 7DEOH ��

FRSSHU DQG QLFNHO LRQV ZHUH WKH PDLQ FRPSRQHQWV LQ DFLG�DONDOLQH

ZDVWHZDWHU� $OVR� PRVW RI WKH PHWDO LRQV LQ FKHODWLQJ DQG FKURPLF

ZDVWHZDWHU ZHUH QLFNHO DQG FKURPLF LRQ� UHVSHFWLYHO\� ,Q RUGHU WR

UHPRYH WKH PHWDO HIILFLHQWO\� SUHWUHDWPHQW ZDV FRQGXFWHG�

�� 7UHDWPHQW IRU &KHODWLQJ :DVWHZDWHU

$Q DGVRUSWLRQ FDSDFLW\ RI FDUER[\ODWHG DOJLQLF DFLG EHDGV ZDV

LQYHVWLJDWHG ZLWKRXW SUHWUHDWPHQW RI FKHODWLQJ ZDVWHZDWHU� +RZ�

HYHU� DGVRUSWLRQ FDSDFLW\ RI QLFNHO LRQ ZDV YHU\ ORZ DV ���PJ�J

GU\ PDVV� ,W ZDV NQRZQ WKDW YDULRXV PHWDO FRPSOH[HV� ZKLFK DUH

QRW UHPRYHG E\ DONDOLQH SUHFLSLWDWLRQ� KDG GHFUHDVHG DGVRUSWLRQ

FDSDFLW\� 7KH FRQYHQWLRQDO SURFHVVHV LQ PRVW FKHODWLQJ ZDVWHZDWHU

WUHDWPHQW FRQWDLQ R[LGDWLRQ UHDFWLRQ RI ZDVWHZDWHU XVLQJ FKHODWLQJ

DJHQW >-RVHSK� ����@� $QG R[LGL]HGZDVWHZDWHU ZDV WUHDWHG WKURXJK

FRDJXODWLRQ DQG SUHFLSLWDWLRQ SURFHVVHV� 6R� R[LGDWLRQ SURFHVV XVLQJ

VRGLXP K\SRFKORULWH� ZKLFK LV NQRZQ WR EH D VWURQJ R[LGL]LQJ DJHQW

LQ SUHWUHDWPHQW� ZDV HPSOR\HG LQ WKLV VWXG\� 7KLV R[LGDQW SOD\V DQ

LPSRUWDQW UROH LQ EUHDNLQJ PHWDO�OLJDQG FRPSOH[HV DQG PDNHV IUHH

OLJDQG PHWDO� 'XULQJ WKH R[LGDWLRQ UHDFWLRQ RI VRGLXP K\SRFKOR�

ULWH� FKORULGH LRQ �&O−� PD\ EH SURGXFHG� +RZHYHU� PD[LPXP FRQ�

FHQWUDWLRQ RI FKORULGH LRQ LQ R[LGL]HGZDVWHZDWHU LV YHU\ ORZ DV �����

PJ�O� 7KLV YDOXH ZDV FDOFXODWHG IURP WKH ��P0 1D2&O XVHG LQ

WKLV VWXG\� ,Q SDUWLFXODU� WKLV YDOXH LV PXFK ORZHU WKDQ WKDW RI WKH

UHJXODWRU\ YDOXH ���� PJ�O� IRU VWDQGDUG GULQNLQJ ZDWHU�

7KH HIIHFW RI VRGLXP K\SRFKORULWH RQ QLFNHO DGVRUSWLRQ FDSDFLW\

DQG &2' FKDQJH ZDV LQYHVWLJDWHG� $V VKRZQ LQ )LJ� ��D�� DGVRUS�

WLRQ FDSDFLW\ RI QLFNHO LRQ ZDV LQFUHDVHG WR DERXW ��PJ�J GU\ PDVV

LQ FRPSDULVRQ WR WKDW ZLWKRXW SUHWUHDWPHQW� 7KH DGVRUSWLRQ FDSDF�

LW\ RI FDUER[\ODWHG DOJLQLF DFLG EHDGV ZDV LQFUHDVHG DV WKH FRQFHQ�

WUDWLRQ RI R[LGDQW ZDV LQFUHDVHG� +RZHYHU� DGVRUSWLRQ FDSDFLW\ RI

FDUER[\ODWHG DOJLQLF DFLG EHDGV ZDV DOPRVW WKH VDPH LQ WKH UDQJH

RI RYHU ��P0 FRQFHQWUDWLRQ RI VRGLXP K\SRFKORULWH� 7KH &2'

ZDV DERXW ��SSP DW WKH ��P0FRQFHQWUDWLRQ RI VRGLXP K\SRFKOR�

ULWH� 7KLV YDOXH PHDQV WKDW VRGLXP K\SRFKORULWH FDQ GHFUHDVH WKH

&2' DERXW ���� $V H[SHFWHG� WKH DGVRUSWLRQ FDSDFLW\ IRU KHDY\

PHWDO LQFUHDVHG DV WKH &2' GHFUHDVHG� 7KLV FDQ EH H[SODLQHG DV

WKH LQFUHDVH RI IUHH PHWDO UHVXOWLQJ IURP GHFUHDVLQJ &2' DPRXQW

WKURXJK WKH R[LGDWLRQ UHDFWLRQ RI PHWDO�OLJDQG FRPSOH[� )URP WKH

UHVXOW� RSWLPDO FRQFHQWUDWLRQ RI VRGLXP K\SRFKORULWH ZDV FKRVHQ

DV �� P0�

,Q JHQHUDO� LW LV DOVR YHU\ LPSRUWDQW WR GHFLGH UHDFWLRQ WLPH IRU

7DEOH �� &RPSRQHQWV RI SODWLQJ ZDVWHZDWHU LQ 3DQZDOO SODWLQJ

IDFWRU\ �8QLW� SSP�
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)LJ� �� 7KH HIIHFW RI FRQFHQWUDWLRQ DQG UHDFWLRQ WLPH RI VRGLXP K\�
SRFKORULWH RQ QLFNHO DGVRUSWLRQ FDSDFLW\ DQG &2' LQ WKH

FKHODWLQJZDVWHZDWHU �,QLWLDO FRQFHQWUDWLRQ RI QLFNHO LRQ DQG
&2' DUH ��� DQG ���PJ�O� UHVSHFWLYHO\� )LQDO S+� ���

�D� 7KH HIIHFW RI VRGLXP K\SRFKORULWH FRQFHQWUDWLRQ� �E� 7KH
HIIHFW RI UHDFWLRQ WLPH EHWZHHQ VRGLXP K\SRFKORULWH ���P0�
DQG FKHODWLQJ ZDVWHZDWHU
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R[LGDWLRQ RI ZDVWHZDWHU� 7KH UHVXOWV RQ QLFNHO DGVRUSWLRQ FDSDFLW\

DQG &2' FKDQJH IRU WKH UHDFWLRQ WLPH EHWZHHQ VRGLXP K\SRFKOR�

ULWH ���P0� DQG FKHODWLQJ ZDVWHZDWHU DUH VKRZQ LQ )LJ� ��E�� 6LQFH

DGVRUSWLRQ FDSDFLW\ RI QLFNHO LRQ DQG &2'ZDV QRW JUHDWO\ DIIHFWHG

E\ WKH UHDFWLRQ WLPH� � KU ZDV FKRVHQ DV WKH UHDFWLRQ WLPH�

)LJ� � VKRZV WKH DGVRUSWLRQ FDSDFLW\ DQG HTXLOLEULXP FRQFHQWUD�

WLRQ RI QLFNHO LRQ LQ FKDQJLQJ WKH ZHLJKW RI ELRVRUEHQW� $V H[SHFWHG�

WKH DGVRUSWLRQ FDSDFLW\ GHFUHDVHG ZKLOH WKH ZHLJKW RI ELRVRUEHQW

LQFUHDVHG GXH WR WKH UHODWLYHO\ ODUJH SRUWLRQ RI WKH ELRVRUEHQW FRP�

SDUHG WR WKH WRWDO WUHDWPHQW HIILFLHQF\ LQFUHDVHG� (VSHFLDOO\� ZKHQ

WKH ELRVRUEHQW RI ��� J ZDV ORDGHG LQ WKH ZDVWHZDWHU� WKH UHPRYDO

HIILFLHQF\� ZKLFK LV GHILQHG DV UDWLR RI HTXLOLEULXP DQG LQLWLDO FRQ�

FHQWUDWLRQ RI QLFNHO LRQ� UHDFKHG DERXW ����

&DUER[\ODWHG DOJLQLF DFLG EHDGV ZHUH SDFNHG LQ JODVV FROXPQ�

6LQFH WKH EHDGV GLG QRW VZHOO DQG KDYH HQRXJK VWUHQJWK WR VXVWDLQ

WKHLU ZHLJKW �GDWD QRW VKRZQ�� FKDQQHOLQJ RI IORZ DQG WKH LQFUHDVH

RI SUHVVXUH GURS ZHUH QRW REVHUYHG LQ WKH FROXPQ RSHUDWLRQ� 7KH

OHYHO RI PHWDO LRQV ZDV H[SUHVVHG DV UDWLR RI LQIOXHQW PHWDO FRQFHQ�

WUDWLRQ WR HIIOXHQW PHWDO FRQFHQWUDWLRQ� )LJ� ��D� VKRZV WKH EUHDN�

WKURXJK FXUYH RI D FROXPQ SDFNHG ZLWK FDUER[\ODWHG DOJLQLF DFLG

EHDGV ZKHQ R[LGL]HG ZDVWHZDWHU RI ��� SSP DW S+� ZDV XVHG DV

DQ LQIOXHQW� 7KH GLPHQVLRQOHVV FRQFHQWUDWLRQ RI EUHDNWKURXJK SRLQW

ZDV VHW DV ���� $V VKRZQ LQ )LJ� ��D�� WKH EUHDNWKURXJK SRLQW HP�

HUJHG DURXQG ��� EHG YROXPHV� 7KLV UHVXOW PHDQV WKDW WKH UHPRYDO

RI ��� IRU QLFNHO ZDV SRVVLEOH ZLWKLQ ��� EHG YROXPHV�

1LFNHO LRQV ERXQG WR LPPRELOL]HG FDUER[\ODWHG DOJLQLF DFLG ZDV

UHDGLO\ UHYHUVHG E\ XVLQJ ('7$ ZKLFK ZDV NQRZQ WR EH D YHU\

)LJ� �� (TXLOLEULXP FRQFHQWUDWLRQ DQG DGVRUSWLRQ FDSDFLW\ RI QLF�

NHO LRQ E\ WKH YDULDWLRQ RI ZHLJKW RI FDUER[\ODWHG DOJLQLF
DFLG EHDG LQ WKH FKHODWLQJ ZDVWHZDWHU �7RWDO VROXWLRQ YRO�

XPH���� PO� )LQDO S+� ���

)LJ� �� %UHDNWKURXJK FXUYH RI QLFNHO LRQ XVLQJ FDUER[\ODWHG DO�
JLQLF DFLG EHDG LQ WKH FKHODWLQJ ZDVWHZDWHU DQG GHVRUSWLRQ

XVLQJ ('7$ �,QLWLDO FRQFHQWUDWLRQ RI QLFNHO LRQ� ���PJ�O�
2QH EHG YROXPH� ��PO� ,QIOXHQW IORZ UDWH� � PO�PLQ��

�D� %UHDNWKURXJK FXUYH RI QLFNHO LRQ XVLQJ FDUER[\ODWHG DO�
JLQLF DFLG EHDG� �E� 'HVRUSWLRQ RI QLFNHO LRQ IURP FDUER[\�
ODWHG DOJLQLF DFLG EHDG XVLQJ ('7$

7DEOH �� $GVRUSWLRQ FDSDFLW\ RI FDUER[\ODWHG DOJLQLF DFLG EHDG LQ DFLG�DONDOLQH DQG FKURPLF ZDVWHZDWHU

0HWDOV ,QLWLDO FRQFHQWUDWLRQ �PJ�O� )LQDO FRQFHQWUDWLRQ �PJ�O� $GVRUSWLRQ FDSDFLW\ �PJ�J� )LQDO S+

$FLG�DONDOLQH &X�� �� ���� ��� ����

ZDVWHZDWHU ���� �� ����

1L�� ��� ����� � ����
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VWURQJ GHVRUEHQW IRU PDQ\ KHDY\ PHWDOV >'DZVRQ HW DO�� ����@� 2S�

WLPDO FRQFHQWUDWLRQ RI ('7$ZDV FKRVHQ DV ����1 �GDWD QRW VKRZQ��

$V VKRZQ LQ )LJ� ��E�� QLFNHO LRQV ZHUH UHDGLO\ GHVRUEHG IURP WKH

FROXPQ LQ MXVW D IHZ EHG YROXPHV� $OVR� D KLJK FRQFHQWUDWLRQ RI

QLFNHO LRQV �DERXW �����PJ�O� ZDV UHFRYHUHG DURXQG ��� EHG YRO�

XPHV� 7KLV YDOXH ZDV FRUUHVSRQGLQJ WR WKH �� LQ WHUPV RI PD[L�

PXP FRQFHQWUDWLRQ IDFWRU� ZKLFK LV GHILQHG DV UDWLR RI HIIOXHQW DQG

LQIOXHQW 1L�� FRQFHQWUDWLRQ�

�� 7UHDWPHQW IRU $FLG�$ONDOLQH :DVWHZDWHU DQG &KURPLF

:DVWHZDWHU

7KH DGVRUSWLRQ FDSDFLW\ RI D FDUER[\ODWHG DOJLQLF DFLG EHDG IRU

HDFK ZDVWHZDWHU ZLWKRXW DQ\ SUH�WUHDWPHQW ZDV YHU\ ORZ� DV H[�

SHFWHG� EHFDXVH RI ORZ S+ RI WKH VROXWLRQ� 7KH UHVXOWV DUH VKRZQ

LQ 7DEOH �� ,W ZDV NQRZQ WKDW WKH DGVRUSWLRQ FDSDFLW\ IRU KHDY\ PHW�

DOV LQFUHDVHG DV WKH VROXWLRQ S+ ZDV LQFUHDVHG >9ROHVN\� ����@� ,Q

RUGHU WR LQFUHDVH WKH ORZ DGVRUSWLRQ FDSDFLW\ RI FDUER[\ODWHG DOJLQLF

DFLG EHDG� S+PDQLSXODWLRQ XVLQJ 1+�2+ DQG+12� ZDV DGRSWHG

DV D SUHWUHDWPHQW PHWKRG� $V VKRZQ LQ 7DEOH � DIWHU S+ FRQWURO�

WKH DGVRUSWLRQ FDSDFLWLHV RI KHDY\ PHWDOV LQ HDFK ZDVWHZDWHU JUHDWO\

LQFUHDVHG� ,Q RUGHU WR UHPRYH WKH HIIHFW RI KHDY\ PHWDO UHPRYDO E\

SUHFLSLWDWLRQ� ILQDO S+ RI WKH VROXWLRQ ZDV PDQLSXODWHG DV �� ,Q WKH

FDVH RI DFLG�DONDOLQH ZDVWHZDWHU� DGVRUSWLRQ FDSDFLW\ RI FRSSHU LRQ

ZDV KLJKHU WKDQ WKDW RI QLFNHO LRQ� 7KLV UHVXOW FDQ EH WKRXJKW RI DV

WKH KLJK VHOHFWLYLW\ WR FRSSHU RI FDUER[\ODWHG DOJLQLF DFLG EHDG� $QG�

LQ WKH FDVH RI FKURPLF ZDVWHZDWHU� DGVRUSWLRQ FDSDFLW\ RI FKUR�

PLXP ���� ZDV WKH KLJKHVW� ,W LV JHQHUDOO\ NQRZQ WKDW WKH VHOHFWLY�

LW\ RI WULYDOHQW PHWDO LRQ LV KLJKHU WKDQ WKDW RI GLYDOHQW PHWDO LRQ

IRU ELRVRUEHQW >.UDWRFKYLO HW DO�� ����@�

,W LV YHU\ LPSRUWDQW IRU D EDWFK SURFHVV WR GHWHUPLQH WKH RSWLPDO

ORDGLQJ DPRXQW RI WKH DGVRUEHQW VR DV WR UHPRYH KHDY\ PHWDOV XQGHU

HIIOXHQW UHJXODWRU\ FRQFHQWUDWLRQ� $V VKRZQ LQ )LJ� �� ZKHQ ��� J

RI LPPRELOL]HG FDUER[\ODWHG DOJLQLF DFLG ZDV ORDGHG� UHPRYDO HI�

ILFLHQFLHV FDOFXODWHG IURP WKH UDWLR RI HTXLOLEULXP DQG LQLWLDO FRQ�

FHQWUDWLRQ RI FRSSHU DQG QLFNHO LRQ LQ DFLG�DONDOLQH ZDVWHZDWHU ZHUH

DERXW ��� DQG ���� UHVSHFWLYHO\� $QG DGVRUSWLRQ FDSDFLWLHV IRU

WKH WZRPHWDO LRQV ZHUH GHFUHDVHG DV WKH ORDGLQJ DPRXQW RI WKH FDU�

ER[\ODWHG DOJLQLF DFLG EHDG ZDV LQFUHDVHG�

6HTXHQWLDO DGVRUSWLRQ SURFHVVHV XVLQJ JODVV FROXPQ SDFNHG ZLWK

LPPRELOL]HG FDUER[\ODWHG DOJLQLF EHDG ZHUH SHUIRUPHG� $FLG�DOND�

OLQH ZDVWHZDWHU FRQWUROOHG DV S+ � IORZHG LQWR WKH FROXPQ� $OO H[�

SHULPHQWDO FRQGLWLRQV ZHUH WKH VDPH ZLWK WKDW RI FKHODWLQJ ZDVWH�

ZDWHU WUHDWPHQW H[FHSW WKH LQIOXHQW FRQFHQWUDWLRQ� $V VKRZQ LQ )LJ�

��D�� ZKLOH WKH EUHDNWKURXJK SRLQW RI FRSSHU LRQ DSSHDUHG DURXQG

��� EHG YROXPHV� WKDW RI QLFNHO LRQ HPHUJHG DW DURXQG �� EHG YRO�

XPHV� 7KLV UHVXOW UHIOHFWV WKDW WKHUH H[LVWV D GLIIHUHQFH LQ DIILQLW\

IRU FDUER[\ODWHG DOJLQLF DFLG EHDG EHWZHHQ FRSSHU DQG QLFNHO LRQ�

/LNHZLVH IRU FKHODWLQJ ZDVWHZDWHU� WKLV UHVXOW DOVR VKRZV WKH SRVVL�

ELOLW\ IRU UHXVH DV LQGXVWULDO ZDWHU RI WKH HIIOXHQW�

)LJ� ��E� VKRZV WKDW FRSSHU DQG QLFNHO LRQV ZHUH UHDGLO\ GH�

VRUEHG IURP WKH FROXPQ LQ MXVW D IHZ EHG YROXPHV� 7KH UHVXOW DOVR

VKRZV WKDW GHVRUSWLRQ UDWH ZDV PXFK IDVWHU WKDQ WKDW RI DGVRUSWLRQ

UDWH� $OVR� WKLFNQHVV RI KLJK FRQFHQWUDWLRQ IRU FRSSHU ������PJ�O�

DQG QLFNHO LRQ ������PJ�O� DURXQG ��� EHG YROXPHV ZDV REWDLQHG�

UHVSHFWLYHO\�

�� 7KH &RPSDULVRQ ZLWK $GVRUSWLRQ &DSDFLW\ RI ,RQ ([�

)LJ� ��(TXLOLEULXP FRQFHQWUDWLRQV DQG DGVRUSWLRQ FDSDFLWLHV RI

KHDY\PHWDO LRQV E\ WKH YDULDWLRQ RI ZHLJKW RI WKH FDUER[\�
ODWHG DOJLQLF DFLG EHDG LQ WKH DFLG�DONDOLQH ZDVWHZDWHU �7RWDO

VROXWLRQ YROXPH� ���PO� )LQDO S+� �� ,QLWLDO FRQFHQWUDWLRQ
RI FRSSHU DQG QLFNHO LRQ LV �� DQG ���PJ�O� UHVSHFWLYHO\��

)LJ� �� %UHDNWKURXJK FXUYH RI FRSSHU DQG QLFNHO LRQV XVLQJ FDU�
ER[\ODWHG DOJLQLF DFLG EHDG LQ WKH DFLG�DONDOLQH ZDVWHZDWHU

DQG GHVRUSWLRQ XVLQJ ('7$ �,QLWLDO FRQFHQWUDWLRQV RI FRS�
SHU DQG QLFNHO LRQ DUH �� DQG ���PJ�O� UHVSHFWLYHO\� 2QH

EHG YROXPH� �� PO� ,QIOXHQW IORZ UDWH� � PO�PLQ��
�D� %UHDNWKURXJK FXUYH RI FRSSHU DQG QLFNHO LRQV XVLQJ FDU�
ER[\ODWHG DOJLQLF DFLG EHDG� �E� 'HVRUSWLRQ RI FRSSHU DQG QLF�
NHO LRQV IURP FDUER[\ODWHG DOJLQLF DFLG EHDG XVLQJ ('7$



5HPRYDO RI +HDY\ 0HWDOV LQ 3ODWLQJ :DVWHZDWHU 8VLQJ &DUER[\ODWHG $OJLQLF $FLG ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

FKDQJH 5HVLQ �,5���� 3OXV�

7R WHVW WKH FDSDELOLW\ RI FDUER[\ODWHG DOJLQLF DFLG EHDG LQ UHDO

SODWLQJ ZDVWHZDWHU� D FRPSDULVRQ RI DGVRUSWLRQ FDSDFLW\ DW HDFK

ZDVWHZDWHU EHWZHHQ FDUER[\ODWHG DOJLQLF DFLG EHDG DQG LRQ H[FKDQJ�

HU ,5���� SOXV UHVLQ ZDV SHUIRUPHG� ,5���� SOXV UHVLQ LV RQH RI WKH

FRPPHUFLDO LRQ�H[FKDQJH UHVLQV WKDW KDV DQ DGVRUSWLRQ FDSDFLW\ RI

���PPRO�J GU\ PDVV >%ROWR HW DO�� ����@� $QG WKH V\QWKHWLF ZDVWH�

ZDWHU� ZKRVH FRQFHQWUDWLRQV RI KHDY\ PHWDOV ZHUH VDPH DV LQ WKH

UHDO ZDVWHZDWHU EXW RWKHU FRPSRQHQWV ZHUH QRW LQFOXGHG IRU UHPRY�

LQJ RWKHU HIIHFWV RQ WKH DGVRUSWLRQ FDSDFLW\ RI KHDY\ PHWDOV� ZHUH

PDGH IRU WKH EODQN WHVW� 7KH UHVXOWV DUH VKRZQ LQ 7DEOH �� $GVRUS�

WLRQ FDSDFLWLHV IRU KHDY\PHWDOV LQ UHDO SODWLQJZDVWHZDWHUZHUH ORZHU

WKDQ WKDW LQ V\QWKHWLF ZDVWHZDWHU� 7KLV UHVXOW LPSOLHG WKDW KHDY\ PHW�

DO DGVRUSWLRQ ZDV LQWHUIHUHG ZLWK E\ YDULRXV RUJDQLF PDWHULDOV LQ

PRVW UHDO SODWLQJ ZDVWHZDWHU� $QG LW VKRZHG WKH VXSHULRULW\ RI FDU�

ER[\ODWHG DOJLQLF DFLG EHDG FRPSDUHG WR WKH ,5���� SOXV UHVLQ IRU

PRVW NLQGV RI KHDY\ PHWDOV LQ WKH ZDVWHZDWHU�

,Q RUGHU WR SURYH WKH VXSHULRULW\ RI WKH LPPRELOL]HG EHDG� WKH

UHXVDELOLW\ IRU FDUER[\ODWHG DOJLQLF DFLG EHDG DQG ,5���� SOXV UHVLQ

ZDV LQYHVWLJDWHG LQ EDWFK RSHUDWLRQ� 7KH UHVXOWV DUH VKRZQ LQ 7DEOH

�� 7KH XSWDNH FDSDFLWLHV IRU WZR DGVRUEHQWV ZHUH UHODWLYHO\ PDLQ�

WDLQHG WKURXJK F\FOHV ���� ,W ZDV DOVR NQRZQ WKDW WKH FRVW RI ELR�

VRUEHQW ZDV ORZHU WKDQ WKDW RI FRPPHUFLDO LRQ H[FKDQJH UHVLQ >&KHQ

HW DO�� ����@� 7KHUHIRUH� LW LV H[SHFWHG WKDW WKH FRQYHQWLRQDO SODWLQJ

ZDVWHZDWHU WUHDWPHQW SURFHVV XVLQJ LRQ�H[FKDQJH UHVLQ FDQ EH VXI�

ILFLHQWO\ UHSODFHG ZLWK HFRQRPLFDO SURFHVVHV XVLQJ FDUER[\ODWHG

DOJLQLF DFLG EHDG�

&21&/86,216

7KH FDUER[\ODWHG DOJLQLF DFLG LPPRELOL]HG ZLWK SRO\YLQ\O DOFR�

KRO ZDV XVHG WR UHXVH ZDWHU DQG WR UHFRYHU KHDY\ PHWDOV HIILFLHQWO\

LQ WKH 3DQZDOO�SODWLQJ FRPSOH[ ZDVWHZDWHU� ZKLFK LV FODVVLILHG DV

DFLG�DONDOLQH� FKHODWLQJ� DQG FKURPLF ZDVWHZDWHU� 6LQFH WKH EHDG

GLG QRW VZHOO DQG KDV HQRXJK VWUHQJWK WR VXVWDLQ LWV ZHLJKW� FKDQ�

QHOLQJ RI IORZ DQG WKH LQFUHDVH RI SUHVVXUH GURS ZHUH QRW REVHUYHG

WKURXJK WKH FROXPQ RSHUDWLRQ� 7R UHPRYH KHDY\ PHWDOV HIILFLHQWO\�

SUH�WUHDWPHQW PHWKRGV VXFK DV S+PDQLSXODWLRQ DQG R[LGDWLRQ UHDF�

WLRQ EHWZHHQ VRGLXP K\SRFKORULWH DQG ZDVWHZDWHU ZDV DSSOLHG�

,Q WKH FDVH RI WUHDWPHQW RI FKHODWLQJ ZDVWHZDWHU� WKH UHPRYDO RI

��� IRU LQIOXHQW FRQFHQWUDWLRQ RI QLFNHO LRQ ZDV SRVVLEOH ZLWKLQ

WKH ��� EHG YROXPHV E\ XVLQJ R[LGDWLRQ UHDFWLRQ LQ VHTXHQWLDO RS�

HUDWLRQ� $QG� DGVRUEHG QLFNHO LRQV ZHUH UHDGLO\ GHVRUEHG IURP WKH

FROXPQ E\ XVLQJ ('7$� )XUWKHUPRUH� D KLJK FRQFHQWUDWLRQ RI QLFNHO

LRQV ZDV UHFRYHUHG DW DURXQG ��� EHG YROXPHV� )RU WKH WUHDWPHQW

RI DFLG�DONDOLQH DQG FKURPLF ZDVWHZDWHU� WKH S+ FRQWURO RI HDFK

ZDVWHZDWHU ZDV XVHG DV SUH�WUHDWPHQW PHWKRG� ,Q WKH FROXPQ ZRUN�

LQJ SURFHVV� EHG YROXPHV IRU FRSSHU DQG QLFNHO LRQV ZHUH DERXW ���

DQG ��� UHVSHFWLYHO\� 7KHVH UHVXOWV UHIOHFW WKH GLIIHUHQFH RI DIILQLW\

IRU FDUER[\ODWHG DOJLQLF DFLG EHDG EHWZHHQ FRSSHU DQG QLFNHO LRQ�

7KH UHPRYDO HIILFLHQF\ RI FKURPLXP ���� ZDV LQFUHDVHG WR DERXW

��� LQ FKURPLFZDVWHZDWHU LQ WKH EDWFK SURFHVV� 7KHVH UHVXOWV VKRZ

WKH SRVVLELOLW\ IRU UHXVH DV LQGXVWULDO ZDWHU DQG HDVH LQ UHFRYHULQJ

KHDY\ PHWDOV RI WKH HIIOXHQW�

)LQDOO\� LW DOVR VKRZHG WKH VXSHULRULW\ RI FDUER[\ODWHG DOJLQLF DFLG

EHDGV FRPSDUHG WR WKH ,5���� SOXV UHVLQ IRU PRVW NLQGV RI KHDY\

PHWDOV LQ WKH ZDVWHZDWHU� &RQVHTXHQWO\� LW LV H[SHFWHG WKDW WKH FRQ�

YHQWLRQDO SODWLQJ ZDVWHZDWHU WUHDWPHQW SURFHVV XVLQJ LRQ�H[FKDQJH

UHVLQ FDQ EH VXIILFLHQWO\ UHSODFHG ZLWK DQ HFRQRPLFDO SURFHVV XVLQJ

FDUER[\ODWHG DOJLQLF DFLG EHDGV�

$&.12:/('*0(176

7KLV VWXG\ ZDV VXSSRUWHG E\ D UHVHDUFK IXQG SURYLGHG E\ WKH

.RUHD ,QVWLWXWH RI ,QGXVWULDO 7HFKQRORJ\� 5HSXEOLF RI .RUHD�

5()(5(1&(6

%ROWR� %� $� DQG 3DZORZVNL� /�� ³:DVWHZDWHU 7UHDWPHQW E\ ,RQ�([�

FKDQJH�́ �WK HG�� *UHDW %ULWDLQ� 1HZ<RUN� 8�6�$�� ��� �������

&KHQ� -� 3�� &KHQ� :�5� DQG +VX� 5� &�� ³%LRVRUSWLRQ RI &RSSHU IURP

$TXHRXV 6ROXWLRQV E\ 3ODQW 5RRW 7LVVXHV�́ -� )HUPHQW� %LRHQJ�� ���

��� �������

'DZVRQ� 5�0�&�� (OOLRW� '�&�� (OOLRW� :�+� DQG -RQHV� .�0�� ³'DWD

IRU %LRFKHPLFDO 5HVHDUFK�́ �UG HG�� 2[IRUG 6FLHQFH 3XE�� ���

�������

)UDQVRQ� +� $� 1�� ³6WDQGDUG 0HWKRG�́ 3RUW &LW\ 3UHVV� 0DU\ODQG�

8�6�$� �������

7DEOH �� 7KH FRPSDULVRQ RI DGVRUSWLRQ FDSDFLW\ EHWZHHQ FDUER[\ODWHG DOJLQLF DFLG EHDG DQG LRQ H[FKDQJH UHVLQ �,5���� SOXV UHVLQ�
�)LQDO S+� �� 7HPSHUDWXUH� �� R&� �8QLW� PPRO�J�

&X�� 1L�� &U��

$FLG�DONDOLQH

ZDVWHZDWHU

6\QWKHWLF

ZDVWHZDWHU

&KHODWLQJ

ZDVWHZDWHU

6\QWKHWLF

ZDVWHZDWHU

&KURPLF

ZDVWHZDWHU

6\QWKHWLF

ZDVWHZDWHU

&DUER[\ODWHG

DOJLQLF DFLG EHDG

���� ���� ���� ���� ���� ����

,5���� SOXV UHVLQ ���� � ���� � ���� �

7DEOH �� 5HXVDELOLW\ RI FDUER[\ODWHG DOJLQLF DFLG EHDG DQG ,5����

SOXV UHVLQ RQ PHWDO LRQV LQ SODWLQJ ZDVWHZDWHU �)LQDO
S+� �� 7HPSHUDWXUH� �� R&� �8QLW� PPRO�J�

&\FOH

QXPEHU

&DUER[\ODWHG DOJLQLF

DFLG EHDG
,5���� SOXV UHVLQ

&X�� 1L�� &U�� &X�� 1L�� &U��

� ���� ���� ���� ���� ���� ����

� ���� ���� ���� ���� ���� ����

� ���� ���� ���� ���� ���� ����

� ���� ���� ���� ���� ���� ����

� ���� ���� ���� ���� ���� ����
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-HRQ� &�� 3DUN� -� <� DQG <RR� <� -�� ³,PPRELOL]DWLRQ RI $OJLQLF $FLG

8VLQJ 39$ IRU /HDG $GVRUSWLRQ�́ ���WK $&6 1DWLRQDO 0HHWLQJ�

%RVWRQ� $XJXVW ����� �������

-RVHSK� '� (�� ³,QGXVWULDO :DVWHZDWHU 7UHDWPHQW �$ *XLGH %RRN��́ �VW

HG�� &5& 3UHVV� ,QF�� 1HZ <RUN� �� �������

.LP� +� 7� DQG /HH� .�� ³$SSOLFDWLRQ RI ,QVROXEOH &HOOXORVH ;DQWKDWH

IRU WKH 5HPRYDO RI +HDY\ 0HWDOV IURP$TXHRXV 6ROXWLRQ�́ .RUHDQ

-� &KHP� (QJ�� ��� ��� �������

.LP� -� 6��&KDK�6� DQG<L� -�� ³3UHSDUDWLRQRI0RGLILHG6LOLFD IRU+HDY\

0HWDO 5HPRYDO�́ .RUHDQ -� &KHP� (QJ�� ��� ��� �������

.LP� 6� -�� +ZDQJ� .�5� DQG &KR� 6� <�� ³6LPXOWDQHRXV 5HPRYDO RI

&\DQLGH DQG &RSSHU ,RQV LQ D 6HPL�)OXLGL]HG ([FKDQJHU %HG�́

.RUHDQ -� &KHP� (QJ�� ��� ��� �������

.UDWRFKYLO� '�� 3LPHQWHO� 3� DQG9ROHN\� %�� ³5HPRYDO RI 7ULYDOHQW DQG

+H[DYDOHQW &KURPLXP E\ 6HDZHHG %LRVRUEHQW�́ (QYLURQ� 6FL� 7HFK�

QRO�� ��� ���� �������

/HH� '�+�� .LP� 6� -� DQG0RRQ� +�� ³3UHSDUDWLRQ RI D &OLQQRSWLOROLWH�

7\SH.RUHDQ1DWXUDO=HROLWH�́ .RUHDQ-�&KHP�(QJ����� ��� �������

/HH�+� 6� DQG6XK� -�+�� ³&RQWLQXRXV%LRVRUSWLRQRI+HDY\0HWDO ,RQV

E\ &D�/RDGHG /DPLQDULD -DSRQLFD LQ )L[HG %HG &ROXPQ�́ .RUHDQ

-� &KHP� (QJ�� ��� ��� �������

0XWKXNXPUDQ�.�� %DODVXEUDPDQLDQ� 1� DQG5DPDNUXVKQD� 7� 9�� ³5H�

PRYDO DQG5HFRYHU\ RI&KURPLXPIURP3ODWLQJ:DVWH8VLQJ&KHP�

LFDOO\ $FWLYDWHG &DUERQ�́ :DWHU 6FL� 7HFKQRO�� ������ ��� �������

3DUN� -�<�� -HRQ� &� DQG <RR� <� -�� ³&KDUDFWHULVWLFV RI 0HWDO %LRVRUS�

WLRQRI2[LGL]HG8QGDULD3LQQDWLILGD�́ -�0LFURELRO� %LRWHFKQRO�������

��� �������

3DWWHUVRQ� -�:�� ³,QGXVWULDO :DVWHZDWHU 7UHDWPHQW 7HFKQRORJ\�́ �QG

HG�� %XWWHUZRUWK� ��� �������

3UDGKDQ� 6�� 6DULWD� 6�� /DO�&�5� DQG'RURWK\�/� 3�� ³(YDOXDWLRQRI0HW�

DO %LRVRUSWLRQ (IILFLHQF\ RI /DERUDWRU\ *URZQ0LFURF\VWLV 8QGHU

9DULRXV(QYLURQPHQWDO &RQGLWLRQV�́ -�0LFURELRO� %LRWHFKQRO�� �� ��

�������

9ROHVN\� %�� ³%LRVRUSWLRQ RI +HDY\ 0HWDOV�́ �VW HG�� &5& 3UHVV� ,QF��

1HZ <RUN� ��� �������

:DWVRQ�0�5�� ³3ROOXWLRQ&RQWURO LQ0HWDO )LQLVKLQJ�́ �VW HG��1'&����

�������


