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�7R ZKRP FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG�
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&RNH� )RUPDWLRQ� RQ� WKH� 6XUIDFH� RI�α�$O�2�� LQ� WKH� &DWDO\WLF� 3\URO\VLV� RI� 1DSKWKD

6DQJ0XQ -HRQJ� <RXQJ &KDQJ %\XQ� -RQJ +\XQ &KDH DQG:RQ�+R /HH�

&KHPLFDO 3URFHVV 	 &DWDO\VLV 5HVHDUFK ,QVWLWXWH� /* &KHPLFDO /WG��5HVHDUFK 3DUN� ������
0RRQML�GRQJ� <XVRQJ�JX� 'DHMHRQ �������� .RUHD
�5HFHLYHG �� 0DUFK ���� � DFFHSWHG � -XO\ �����

$EVWUDFW−7KH FDWDO\WLF S\URO\VLV RI QDSKWKD KDV EHHQ FDUULHG RXW LQ D TXDUW] UHDFWRU ORDGHG ZLWK � PP α�$O�2�

VSKHUHV� 7KH \LHOGV RI HWK\OHQH DQG SURS\OHQH H[KLELW DERXW ��� DQG �� KLJKHU YDOXHV FRPSDUHG WR WKH WKHUPDO S\�

URO\VLV LQ WKH DEVHQFH RI α�$O�2� VSKHUHV DW WKH VDPH UHDFWLRQ FRQGLWLRQV� 7KH FRNH IRUPDWLRQ RQ α�$O�2� VSKHUHV

LQFUHDVHG FRQWLQXRXVO\ DORQJ ZLWK WKH D[LDO OHQJWK RI WKH UHDFWRU DV ZHOO DV ZLWK UHDFWLRQ WLPH� 5HVXOWV VXJJHVW WKDW

WKH FRQFHQWUDWLRQ RI WKH FRNH SUHFXUVRUV LQ WKH JDV SKDVH PD\ LQFUHDVH DORQJ ZLWK WKH D[LDO OHQJWK RI WKH UHDFWRU�

&RNH ILOOHG XS FRPSOHWHO\ WKH LQWHUQDO SRUH RI WKH VSKHUH QHDU WKH H[LW RI WKH UHDFWRU DIWHU UHDFWLRQ IRU � KU� 7KH FRNH

ILOP RQ WKH H[WHUQDO VXUIDFH RI WKH VSKHUH JUHZ FRQWLQXRXVO\ WKLFNHU� 7KH FRNH IRUPDWLRQ ZDV LQIOXHQFHG VWURQJO\ E\

WKH SK\VLFDO SURSHUWLHV RI WKH α�$O�2� VSKHUHV� &RNH GHSRVLWLRQ ZDV WKH OHDVW RQ WKH α�$O�2� VSKHUH ZLWK WKH ORZHVW

VXUIDFH DUHD DQG SRUH YROXPH DPRQJ WKH WHVWHG α�$O�2� VSKHUHV�

.H\ ZRUGV� &DWDO\WLF 3\URO\VLV� 1DSKWKD� &RNH� 2OHILQ <LHOG� 3K\VLFDO 3URSHUW\

,1752'8&7,21

/LJKW ROHILQV VXFK DV HWK\OHQH DQG SURS\OHQH DUH WKH PRVW LP�

SRUWDQW EDVLF FKHPLFDOV IRU WKH SHWUR�FKHPLFDO LQGXVWU\� $ JHQHUDO

PHWKRG WR PDQXIDFWXUH OLJKW ROHILQV IURP QDSKWKD LV WKH WKHUPDO

FUDFNLQJ SURFHVV LQ WKH SUHVHQFH RI VWHDP� 7KLV PHWKRG KDV VRPH

GUDZEDFNV� VXFK DV WKH KLJK WHPSHUDWXUH UHTXLUHG IRU FUDFNLQJ UHDF�

WLRQV� DQG HVSHFLDOO\ ORZ VHOHFWLYLW\ LQ HWK\OHQH DQG RWKHU GHVLUHG

SURGXFWV >/HPRQLGRX HW DO�� ����@�

%XLOG�XS RI FRNH LQVLGH RI WKH S\URO\VLV WXEH LV DQRWKHU SUREOHP

WR KDQGOH URXWLQHO\ LQ WKH WKHUPDO FUDFNLQJ RI QDSKWKD� ,W UHGXFHV

WKH KHDW WUDQVIHU DQG FDXVHV DQ LQFUHDVH RI SUHVVXUH GURS DFURVV WKH

UHDFWRU� ZKLFK LV GHWULPHQWDO IRU WKH ROHILQ \LHOG >5H\QLHUV DQG )UR�

PHQW� ����@� 7KHUHIRUH� WKHUH KDYH EHHQ PDQ\ VWXGLHV RQ WKLV LVVXH

WR JDLQ D EHWWHU XQGHUVWDQGLQJ RI FRNH IRUPDWLRQ GXULQJ WKH S\URO\�

VLV RI K\GURFDUERQV >&KDQ HW DO�� ����� .XPDU DQG .XQ]UX� �����

*KRVK DQG .XQ]UX� ����� $OEULJKW HW DO�� ����@�

&DWDO\WLF S\URO\VLV KDV EHHQ IRXQG DV DQ DOWHUQDWLYH PHWKRG WR

XWLOL]H WKH IHHGVWRFN PRUH HIIHFWLYHO\ E\ SURGXFLQJ OLJKW ROHILQV DW

KLJKHU \LHOGV >%DVX DQG.XQ]UX� �����*RORPERN HW DO�� ����@�+RZ�

HYHU� LW DOVR KDV VHYHUDO SUREOHPV WR EH UHVROYHG� 2QH FKDOOHQJLQJ

SUREOHP DVVRFLDWHG ZLWK FDWDO\WLF S\URO\VLV LV DOVR KRZ WR FRQWURO

WKH FRNH GHSRVLWLRQ RQ WKH FDWDO\VW ZKLFK PD\ FDXVH WKH ORVV RI FDW�

DO\VW DFWLYLW\ DQG UHDFWRU SOXJJLQJ� 7KHUH KDYH EHHQ UHODWLYHO\ D IHZ

VWXGLHV WR WDFNOH WKHVH SUREOHPV >/HPRQLGRX HW DO�� ����� .XPDU

HW DO�� ����� ;DQWKRSRXORX� ����@ ZLWK OLWWOH DWWHQWLRQ WR WKH FKDU�

DFWHULVWLFV RI FRNH IRUPDWLRQ RQ WKH FDWDO\VWV�

,W KDV EHHQ UHSRUWHG WKDW .92��α�$O�2� ZLWK ORZ VXUIDFH DUHD LV

D SURPLVLQJ FDWDO\VW V\VWHP IRU FRNH FRQWURO LQ WKH FDWDO\WLF S\URO�

\VLV RI QDSKWKD >$GHO¶VRQ HW DO�� ����@� +RZHYHU� WKHUH KDYH EHHQ

RQO\ D IHZ VWXGLHV RQ FRNH IRUPDWLRQ RQ WKLV FDWDO\VW V\VWHP >$G�

HO¶VRQ HW DO�� ����@� ,Q WKLV VWXG\� ZH KDYH WULHG WR ILQG RXW WKH HIIHFW

RI WKH SK\VLFDO SURSHUWLHV RI α�$O�2�� UHDFWLRQ WLPH DQG WKH FDWDO\VW

ORFDWLRQ LQ WKH UHDFWRU RQ WKH FRNH IRUPDWLRQ RQ WKH �PP α�$O�2�

VSKHUHV ZKLFK ZHUH ORDGHG LQ D TXDUW] UHDFWRU� $OVR WKH PRUSKRORJ\

RI FRNH RQ WKH FDWDO\VW VXUIDFH KDV EHHQ LQYHVWLJDWHG ZLWK VFDQQLQJ

HOHFWURQ PLFURVFRS\ �6(0��

(;3(5,0(17$/

�� 3URSHUWLHV RI )HHG 0DWHULDO �1DSKWKD� DQG &DWDO\VW �α�
$O�2��

7KH SURSHUWLHV RI QDSKWKD� WKH PL[WXUH RI &��&�� K\GURFDU�

ERQV� XVHG LQ WKLV VWXG\ DUH VKRZQ LQ 7DEOH �� 7KH DYHUDJH

PROHFXODU ZHLJKW RI QDSKWKD LV IRXQG WR EH ������ $V FDWDO\VWV�

α�$O�2� VSKHUHV RI � PP ZHUH XVHG� ZKLFK ZHUH REWDLQHG IURP

1RUWRQ �86$�� 7KHLU SK\VLFDO SURSHUWLHV DUH VXPPDUL]HG LQ

7DEOH �� $V FDQ EH VHHQ� VXUIDFH DUHDV RI DOO FDWDO\VWV DUH EHORZ

�P��J H[FHSW WKDW RI WKH α�$O�2� VSKHUH ³-´�

�� ([SHULPHQWDO 3URFHGXUH

%RWK QRQ�FDWDO\WLF DQG FDWDO\WLF S\URO\VLV UXQV ZHUH FRQGXFWHG

7DEOH �� 3URSHUWLHV RI QDSKWKD IHHG

'HQVLW\ �NJ�P�� �������

9LVFRVLW\ �F3� ����

&RPSRVLWLRQ �ZW�� Q�3DUDIILQ L�3DUDIILQ 1DSKWKHQH $URPDWLFV
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)LQDO ERLOLQJ SRLQW �ο&� �������

7RWDO VXOIXU �ZW� SSP� �������



&RNH )RUPDWLRQ LQ WKH &DWDO\WLF 3\URO\VLV RI 1DSKWKD ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

LQ D WXEXODU TXDUW] UHDFWRU� $ VFKHPDWLF GLDJUDP RI WKH H[SHULPHQ�

WDO DSSDUDWXV LV VKRZQ LQ )LJ� �� 1DSKWKD DQG ZDWHU ZHUH LQWUR�

GXFHG E\ +3/& SXPS �/������ +LWDFKL� -DSDQ� LQWR WKH YDSRUL]HU�

7KH IORZ UDWHV RI QDSKWKD DQG ZDWHU ZHUH ��� J�PLQ DQG ���� J�

PLQ� UHVSHFWLYHO\� WR HQVXUH D ZHLJKW UDWLR RI VWHDP WR QDSKWKD RI

���� ,Q WKH YDSRUL]HU� ZKLFK ZDV RSHUDWHG DW ��� R&� QDSKWKD DQG

ZDWHU ZHUH VHSDUDWHO\ YDSRUL]HG DQG WKHQ PL[HG DW WKH RXWOHW RI WKH

YDSRUL]HU� 7KHUHDIWHU� WKH PL[HG VWUHDP SDVVHG WKURXJK D SUH�KHDWHU

ZKLFK ZDV PDLQWDLQHG DW ��� R& DQG WKHQ HQWHUHG LQWR D WXEXODU

TXDUW] UHDFWRU �,' ����PP�� ZKHUH WKH KHLJKW RI FDWDO\VW EHG ZDV

���PP� 7KH IXUQDFH WHPSHUDWXUH ZDV PDLQWDLQHG DW ��� R& DQG

ZDV FRQWUROOHG E\ WKHUPRFRXSOHV ZKLFK ZHUH FRQQHFWHG WR WKH RQ�

RII FRQWUROOHUV�

7KH UHDFWRU HIIOXHQW SDVVHG WKURXJK WZR FRQGHQVHUV FRQQHFWHG

LQ VHULHV WR FROOHFW OLTXLG SURGXFWV DQGZDWHU LQ D UHVHUYRLU� 7KHPL[�

WXUH RI FRQGHQVHG OLTXLG SURGXFWV DQG ZDWHU ZHUH VHSDUDWHG ODWHU

DQG WKHLU ZHLJKWV ZHUH PHDVXUHG� 7KH JDVHRXV SURGXFWV ZHUH DQ�

DO\]HG E\ DQ RQ�OLQH JDV FKURPDWRJUDSK �+3����� 86$� HTXLSSHG

ZLWK 7&' DQG ),' GHWHFWRUV DQG WKHQ YHQWHG� $ &KURPRVRUE ���

FROXPQZDV XVHG WR GHWHUPLQH WKH FRPSRVLWLRQ RI JDVHRXV SURGXFWV�

$W WKH FRPSOHWLRQ RI WKH UXQ� WKH UHDFWRU ZDV IOXVKHG ZLWK QL�

WURJHQ� DQG WKHQ WKH FRNHG FDWDO\VWV ZHUH WDNHQ RXW� 7KH DPRXQW RI

FRNH RQ FDWDO\VW ZDV TXDQWLILHG E\ WKH PHWKRG RI WKH HOHPHQWDO DQ�

DO\VLV� $ VFDQQLQJ HOHFWURQ PLFURVFRSH �-60����)� -(2/� -DSDQ�

ZDV HPSOR\HG WR REVHUYH WKH VXUIDFH PRUSKRORJ\ RI WKH FRNHG FDW�

DO\VW�

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

��2OHILQ <LHOGV LQ WKH 3\URO\VLV RI 1DSKWKD LQ WKH 3UHVHQFH

RI &DWDO\VW �α�$O�2��

%RWK QRQ�FDWDO\WLF DQG FDWDO\WLF S\URO\VLV RI QDSKWKD ZHUH FDU�

ULHG RXW DW D WHPSHUDWXUH UDQJH RI ������� R&�'XULQJ UHDFWLRQ� HWK\O�

HQH DQG SURS\OHQH ZHUH WKH PDMRU JDVHRXV SURGXFWV WRJHWKHU ZLWK

VLJQLILFDQW DPRXQWV RIPHWKDQH� EXWHQHV� DQGEXWDGLHQHV� )LJ�� VKRZV

WKH WHPSHUDWXUH �IXUQDFH WHPSHUDWXUH� HIIHFW RQ WKH \LHOGV RI HWK\O�

HQH DQG SURS\OHQH� $V FDQ EH VHHQ� WKH HWK\OHQH \LHOG LQFUHDVHV ZLWK

WHPSHUDWXUH IRU ERWK QRQ�FDWDO\WLF DQG FDWDO\WLF S\URO\VLV� +RZ�

HYHU� WKH SURS\OHQH \LHOG LQ FDWDO\WLF S\URO\VLV SDVVHV WKURXJK WKH

PD[LPXP ZLWK LQFUHDVLQJ WHPSHUDWXUH GXH WR WKH VHFRQGDU\ S\URO�

\VLV DQG SRO\PHUL]DWLRQ UHDFWLRQV DERYH WKH RSWLPXP WHPSHUDWXUH�

ZKHUHDV WKDW LQ QRQ�FDWDO\WLF S\URO\VLV LQFUHDVHV FRQWLQXRXVO\ ZLWK

LQFUHDVLQJ WHPSHUDWXUH� 7KH PD[LPXP SURS\OHQH \LHOG LV H[SHFWHG

WR EH REVHUYHG DW WKH KLJKHU WHPSHUDWXUH LQ QRQ�FDWDO\WLF S\URO\VLV

>%DVX DQG.XQ]UX� ����@� ,W LV QRWLFHDEOH WKDW DW WKH VDPH WHPSHUD�

WXUH� WKH \LHOGV RI HWK\OHQH DQG SURS\OHQH LQ FDWDO\WLF S\URO\VLV H[�

KLELW DERXW ��� DQG �� KLJKHU YDOXHV FRPSDUHG WR WKRVH LQ WKHU�

PDO S\URO\VLV� UHVSHFWLYHO\� (QKDQFHPHQW LQ ROHILQ \LHOGV LQ WKH SUHV�

HQFH RI FDWDO\VW ZDV DWWULEXWHG WR WKH SURPRWLRQ RI WKH LQLWLDWLRQ VWHS

RI WKH IUHH UDGLFDO UHDFWLRQ� ZKLFK LV NQRZQ WR EH WKH VORZHVW VWHS

>%DVX DQG .XQ]UX� ����@� $QRWKHU SRVVLELOLW\ LV GXH WR WKH HQKDQFH�

PHQW RI KHDW WUDQVIHU WKURXJK SDFNLQJPDWHULDO� LQ WKLV VWXG\�α�$O�2�

VSKHUHV IURP WKH UHDFWRU ZDOO� 6LQFH WKH S\URO\VLV UHDFWLRQ LV HQGR�

WKHUPLF� WKH LQFUHDVH LQ KHDW WUDQVIHU IURP WKH ZDOO ZLOO UHVXOW LQ DQ

HQKDQFHG UHDFWLRQ� )RU WKH SUHVHQW V\VWHP� WKH ODWWHU YLHZ VHHPV WR

H[SODLQ EHWWHU WKH UHVXOW WKDW WKH ROHILQ \LHOG GRHV QRW GHFUHDVH VLJ�

QLILFDQWO\� HYHQ DIWHU FRNH FRYHUV DOPRVW DOO WKH VXUIDFH RI α�$O�2�

VSKHUHV�

��&RNH )RUPDWLRQ RQ α�$O�2� 6SKHUHV 'XULQJ WKH 3\URO\VLV

RI 1DSKWKD

7DEOH �� 3K\VLFDO SURSHUWLHV RI IUHVK α�$O�2� FDWDO\VWV

&DWDO\VW
6XUIDFH DUHD

�P��J�

3RUH GLDPHWHU

�µP�

3RUH YROXPH

�FF�J�

6LOLFD

ZW�
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)LJ� �� 6FKHPDWLF GLDJUDP RI WKH H[SHULPHQWDO DSSDUDWXV�
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7KH DPRXQW RI FRNH GHSRVLWHG RQ α�$O�2� VSKHUHV GXULQJ WKH

S\URO\VLV RI QDSKWKD ZDV PHDVXUHG TXDQWLWDWLYHO\ DIWHU WKH S\URO\�

VLV RI QDSKWKD IRU � KU� 7KH UHDFWRU ZDV IXOO\ ORDGHG ZLWK α�$O�2�

VSKHUHV RI �PP LQ D URZ� )LJ� � VKRZV WKH SURILOHV RI FRNH GHSRVL�

WLRQ RQ α�$O�2� VSKHUH ³(´ �VHH 7DEOH �� DW YDULRXV ORFDWLRQV LQ WKH

UHDFWRU IRU WKH GLIIHUHQW UHDFWLRQ WLPH� 7KHUH VHHP WR EH WZR UHJLRQV

LQ WKH UHDFWRU� 8S WR WKH PLGGOH RI WKH UHDFWRU� FRNH GHSRVLWLRQ LQ�

FUHDVHV ZLWK WKH D[LDO OHQJWK RI WKH UHDFWRU DW D KLJKHU UDWH� DIWHUZKLFK

WKH UDWH RI LQFUHDVH LV ORZHU IRU WKH VHFRQG UHJLRQ� 7KH DPRXQW RI

FRNH LQFUHDVHV ZLWK UHDFWLRQ WLPH UHJDUGOHVV RI WKH ORFDWLRQ RI WKH

UHDFWRU� .XPDU HW DO� >����@ DOVR REVHUYHG WKH LQFUHDVH LQ FRNH IRU�

PDWLRQ ZLWK LQFUHDVLQJ UHDFWLRQ WLPH IRU WKH V\VWHP RI FDOFLXP DOX�

PLQDWH FDWDO\VW IRU S\URO\VLV RI Q�KHSWDQH� 7KH DPRXQW RI FRNH GH�

SRVLWHG DW /�/� ����� ����� DQG ���� ZDV SORWWHG DV D IXQFWLRQ RI

UHDFWLRQ WLPH LQ )LJ� �� ,W LV HYLGHQW WKDW WKH VORSH LV VWHHSHU DW D

KLJKHU YDOXH RI /�/�� 7KHVH UHVXOWV VXJJHVW WKDW WKH FRQFHQWUDWLRQ

RI WKH SUHFXUVRU IRU FRNH LQ WKH JDV SKDVH PD\ LQFUHDVH DORQJ ZLWK

WKH D[LDO OHQJWK RI WKH UHDFWRU� 2XU ILQGLQJ ZHOO DFFRUGV ZLWK WKH

UHVXOWV RI =RX HW DO� >����@ ZKR UHSRUW WKDW WKH FRNH SUHFXUVRUV LQ

S\URO\VLV RI K\GURFDUERQ DUH DURPDWLFV DQG HWK\OHQH ZKRVH FRQ�

FHQWUDWLRQV LQFUHDVH ZLWK LQFUHDVLQJ UHVLGHQFH WLPH� &RNH IRUPD�

WLRQ LV FDXVHG E\ D FRPSOH[ SURFHVV LQYROYLQJ ERWK FKHPLFDO UHDF�

WLRQV DQG WKHUPRG\QDPLF EHKDYLRU� VXFK DV WKH FUDFNLQJ RI VLGH FKDLQ

IURP DURPDWLF JURXSV� FRQGHQVDWLRQ RI DURPDWLFV DQG GLPHUL]DWLRQ

RU ROLJRPHUL]DWLRQ� HWF� >6SHLJKW� ����@� &KDQJHV LQ WKH VORSH IRU

/�/� ���� DQG ���� LQ )LJ� � DUH SUREDEO\ GXH WR WKH GHFUHDVH LQ

WKH LQQHU VXUIDFH DUHD DQG SRUH YROXPH RI α�$O�2� VSKHUH DV WKH

SRUH SOXJJLQJ E\ FRNH SURJUHVVHV >/HH DQG+D� ����@� 2Q WKH RWKHU

KDQG� WKH FRNH IRUPDWLRQ RQ α�$O�2� VSKHUH DW /�/� ���� RFFXUV

VWLOO LQVLGH RI WKH VSKHUH SUHGRPLQDQWO\ DIWHU WKH � KU UHDFWLRQ�

�� (IIHFW RI 3K\VLFDO 3URSHUWLHV RQ WKH $PRXQW RI 'HSRVLWHG

&RNH

)LJ� �� (IIHFW RI WHPSHUDWXUH RQ HWK\OHQH DQG SURS\OHQH \LHOGV LQ
WKH WKHUPDO DQG FDWDO\WLF �(� QDSKWKD S\URO\VLV�

)LJ� �� 7KH DPRXQW RI FRNH GHSRVLWHG RQ FDWDO\VW �(� DV D IXQFWLRQ

RI UHDFWRU OHQJWK ZLWK D YDULDWLRQ RI UHDFWLRQ WLPH�

)LJ� �� 7KH DPRXQW RI FRNH GHSRVLWHG RQ FDWDO\VW �(� DV D IXQFWLRQ
RI UHDFWLRQ WLPH�

)LJ� �� 7KH DPRXQW RI FRNH GHSRVLWHG RQ YDULRXV FDWDO\VWV DIWHU QD�

SKWKD S\URO\VLV IRU � KU�



&RNH )RUPDWLRQ LQ WKH &DWDO\WLF 3\URO\VLV RI 1DSKWKD ���
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9DULRXV HIIRUWV KDYH EHHQ UHSRUWHG WR VXSSUHVV WKH FRNH GHSRVLWLRQ

GXULQJ WKH FDWDO\WLF S\URO\VLV RI K\GURFDUERQV >.XPDU HW DO�� �����

0XNKRSDGK\D\ DQG .XQ]UX� ����� *RORPERN HW DO�� ����@� 2QH

HIIHFWLYH PHWKRG ZDV WR DGG WKH DONDOL PHWDOV VXFK DV . DQG 1D RQ

WKH FDWDO\VW� ZKLFK FDWDO\]H WKH JDVLILFDWLRQ UHDFWLRQ RI FRNH GHSRV�

LWHG RQ WKH FDWDO\VW GXULQJ S\URO\VLV >0RQJNKRQVL HW DO�� ����� 6UL�

KLUDQSXOORS HW DO�� ����@� 2Q WKH RWKHU KDQG� QRW HDVLO\ DYDLODEOH LQ

WKH RSHQ OLWHUDWXUHV ZHUH GDWD RQ WKH HIIHFW RI SK\VLFDO SURSHUWLHV RI

WKH FDWDO\VW VXFK DV VXUIDFH DUHD DQG SRUH YROXPH RQ FRNH IRUPD�

WLRQ GXULQJ WKH FDWDO\WLF S\URO\VLV RI QDSKWKD� ,Q WKLV VWXG\� VSKHUHV

RI α�$O�2� KDYLQJ YDULRXV SK\VLFDO SURSHUWLHV DV OLVWHG LQ 7DEOH �

ZHUH WHVWHG LQ RUGHU WR ILQG WKH EHVW VXSSRUW IRU VXSSUHVVLQJ FRNH

IRUPDWLRQ�

$IWHU S\URO\VLV UHDFWLRQ IRU � KU� α�$O�2� VSKHUHV FKDUJHG LQWR

WKH TXDUW] UHDFWRU ZHUH WDNHQ RXW DQG WKH DPRXQW RI FRNH GHSRV�

LWHG ZDV PHDVXUHG �)LJ� ��� $V FDQ EH VHHQ LQ )LJ� �� WKH DPRXQW RI

FRNH UDQJHV IURP � WR ��ZW�� GHSHQGLQJ RQ WKH VDPSOH� 7KH FRNH

GHSRVLWLRQ ZDV WKH OHDVW RQ FDWDO\VWV $ DQG %� 7KH DPRXQW RI FRNH

)LJ� �� 7KH HIIHFW RI �$� VXUIDFH DUHD DQG �%� SRUH YROXPH RQ WKH DPRXQW RI FRNH GHSRVLWHG RQ FDWDO\VW DIWHU QDSKWKD S\URO\VLV IRU � KU�

)LJ� �� 6(0 SKRWRJUDSKV RI WKH FDWDO\VW DW GLIIHUHQW EHG ORFDWLRQV DIWHU QDSKWKD S\URO\VLV IRU � KU� �$� IUHVK FDWDO\VW� �%� LQOHW� �&� PLGGOH

DQG �'� RXWOHW SRLQWV�
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GHSRVLWLRQ LQFUHDVHG LQ WKH RUGHU$�%�&≈'�(�)≈+�*�-�,� )LJ��
VKRZV WKH UHODWLRQVKLSV EHWZHHQ WKH DPRXQW RI FRNH GHSRVLWLRQ DQG

WKH VXUIDFH DUHD �$� DQG SRUH YROXPH �%�� 7KH DPRXQW RI FRNH RQ

α�$O�2� VSKHUHV LQFUHDVHV VKDUSO\ ZLWK LQFUHDVLQJ VXUIDFH DUHD XS

WR �P��J DQG WKHQ UHPDLQV FRQVWDQW ZLWK IXUWKHU LQFUHDVH LQ WKH VXU�

IDFH DUHD RI α�$O�2� VSKHUHV �)LJ� �$�� ,W LV HYLGHQW WKDW D FRUUHOD�

WLRQ DOVR H[LVWV EHWZHHQ WKH DPRXQW RI FRNH DQG SRUH YROXPH RIα�
$O�2� VSKHUHV �)LJ� �%�� ,I WKH SUHFXUVRU RI FRNH IRUPV LQ WKH JDV�

SKDVH IURP WKH S\URO\VLV RI K\GURFDUERQV DQG DGVRUEV RQ WKH LQ�

WHUQDO VXUIDFH RI α�$O�2� VSKHUHV DV ZHOO DV WKH H[WHUQDO VXUIDFH� WKH

UHVXOWV DUH UDWKHU H[SHFWHG� 7KDW LV� FRNH IRUPV PRUH RQ α�$O�2�

VSKHUHV ZLWK WKH ODJHU SRUH YROXPH DQG VXUIDFH DUHD� 7KHUHIRUH�α�
$O�2� VSKHUHV KDYLQJ ORZ VXUIDFH DUHD DQG SRUH YROXPH DUH SUH�

IHUUHG IRU WKH VXSSRUW� ,W DSSHDUV WKDW WKHUH LV QR VLJQLILFDQW HIIHFW RI

VLOLFD �6L2�� LQ α�$O�2� RQ WKH FRNH GHSRVLWLRQ GXULQJ QDSKWKD S\URO�

\VLV �)LJ� ���

�� 6FDQQLQJ (OHFWURQ 0LFURVFRS\ �6(0� 3KRWRJUDSK RI &RNH

$ VFDQQLQJ HOHFWURQPLFURVFRSH �6(0�ZDV HPSOR\HG WR REVHUYH

WKH VXUIDFH PRUSKRORJ\ RI WKH FRNHG α�$O�2� VSKHUH ³(�́ ZKRVH

PHDQ SRUH GLDPHWHU LV DERXW �µP �VHH 7DEOH ��� )LJ� � VKRZV 6(0

SKRWRJUDSKV IRU α�$O�2� VSKHUHV WDNHQ RXW DW YDULRXV ORFDWLRQV RI

WKH UHDFWRU DIWHU UHDFWLRQ IRU � KU� ,Q RUGHU WR REVHUYH WKH LQVLGH RI

VSKHUHV� WKH\ ZHUH FXW LQWR WKH KDOI� )LJ� ��$� LV WKH 6(0 SKRWR�

JUDSK IRU WKH LQVLGH RI D IUHVKα�$O�2� VSKHUH� )LJ� ��%� LV WKH 6(0

SKRWRJUDSK IRU WKH α�$O�2� VSKHUHV QHDU WR WKH LQOHW RI WKH UHDFWRU�

,W VKRZV WKDW FRDUVH FRNH SDUWLFOHV OHVV WKDQ �µP IRUPHG RQ WKH VXU�

IDFH RI α�$O�2� SDUWLFOHV� ,Q FDVH RI WKH α�$O�2�VSKHUH LQ WKH PLG�

GOH RI WKH UHDFWRU� LW LV HYLGHQW WKDW WKH α�$O�2�SDUWLFOHV LQVLGH WKH

VSKHUH ZHUH FRYHUHG ZLWK WKH FRNH ILOPV �&�� 6RPH FRNH ILOPV ZHUH

GHVWUR\HG GXH WR WKH LPSDFW JLYHQ ZKHQ WKH VSKHUH ZDV FXW LQWR WKH

KDOI� 7KH WKLFNQHVV RI ILOP LV DERXW ���µP� 7KH LQWHUQDO SRUHV VWLOO
UHPDLQ� 7KH FRNH GHSRVLWLRQPD\ UHVXOW IURP WKH DGVRUSWLRQ RI FRP�

SOH[HV RI WKH UHDFWLRQ SURGXFWV� ZKLFK DUH FRQVLGHUHG WR EH LQWHU�

PHGLDWHV LQ WKH FRNH IRUPDWLRQ >*XpUHW HW DO�� ����@� RQWR WKH VXU�

IDFH RI α�$O�2�SDUWLFOHV� ,Q FDVH RI α�$O�2�VSKHUH QHDU WKH H[LW RI

WKH UHDFWRU� WKLFN FRNH ILOPV RI WKH WKLFNQHVV RI DERXW �����µP FRY�

HUHG WKH α�$O�2�SDUWLFOHV �'�� %HFDXVH RI WKH LPSDFW RQ FXWWLQJ WKH

α�$O�2� VSKHUH LQWR WKH KDOI� VRPH α�$O�2� SDUWLFOHV HVFDSHG DQG

RQO\ EURNHQ FRNH ILOPV ZHUH OHIW OLNH HPSW\ QXW VKHOOV LQ KDOI� ,W LV

HYLGHQW IURP WKH SKRWRJUDSK WKDW SRUHV DUH ILOOHG XS FRPSOHWHO\ ZLWK

WKH JURZQ FRNH ILOPV� 7KLV UHVXOW DJUHHV ZHOO ZLWK WKDW LQ )LJ� ��

7KDW LV� WKH IRUPDWLRQ RI FRNH RFFXUV PRUH VHYHUHO\ DORQJ ZLWK WKH

D[LDO OHQJWK RI WKH UHDFWRU� ZKLFK LV DWWULEXWHG WR LQFUHDVLQJ FRQFHQ�

WUDWLRQ RI KHDY\ SURGXFWV DQG FRNH SUHFXUVRUV WRZDUG WKH H[LW RI WKH

UHDFWRU�

)LJ� � VKRZV WKH WKLFN ILOP RI FRNH IRUPHG RQ WKH H[WHUQDO VXU�

IDFH RI α�$O�2� VSKHUH QHDU WKH H[LW RI WKH UHDFWRU DIWHU QDSKWKD S\�

URO\VLV RI �KU� 7KH WKLFNQHVV RI FRNH ILOP H[KLELWV DERXW �µP�ZKLFK
LV D PXFK KLJKHU YDOXH FRPSDUHG ZLWK D ILOP LQ WKH LQWHUQDO SRUH

�DERXW �����µP� RI α�$O�2� VSKHUH >)LJ� ��'�@� 7KDW LV� WKH FRNH

ILOP RQ WKH RXWHU VXUIDFH RI α�$O�2� VSKHUH JURZV XS FRQWLQXRXVO\

HYHQ DIWHU LQWHUQDO SRUHV DUH SOXJJHG E\ WKH GHSRVLWHG FRNH� 7KLV

UHVXOW VXJJHVWV WKDW FRNH GHSRVLWLRQ FRPHV IURP FRQGHQVDWLRQ RI

WKH JDV SKDVH SURGXFWV >*XpUHW HW DO�� ����@�
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7KH FDWDO\WLF S\URO\VLV RI QDSKWKD KDV EHHQ FDUULHG RXW LQ D TXDUW]

UHDFWRU ORDGHG ZLWK �PP α�$O�2� VSKHUHV� 7KH \LHOGV RI HWK\OHQH

DQG SURS\OHQH H[KLELW DERXW ��� DQG �� KLJKHU YDOXHV FRPSDUHG

WR WKH WKHUPDO S\URO\VLV LQ WKH DEVHQFH RI α�$O�2� VSKHUHV DW WKH

VDPH UHDFWLRQ RSHUDWLRQ FRQGLWLRQV� 7KH FRNH IRUPDWLRQ RQα�$O�2�

VSKHUHV LQFUHDVHG FRQWLQXRXVO\ DORQJ ZLWK WKH D[LDO OHQJWK RI WKH

UHDFWRU DV ZHOO DV ZLWK UHDFWLRQ WLPH� 5HVXOWV VXJJHVW WKDW WKH FRQ�

FHQWUDWLRQ RI WKH FRNH SUHFXUVRUV LQ WKH JDV SKDVHPD\ LQFUHDVH DORQJ

ZLWK WKH D[LDO OHQJWK RI WKH UHDFWRU� &RNH ILOOHG XS FRPSOHWHO\ WKH

LQWHUQDO SRUH RI WKH VSKHUH QHDU WKH H[LW RI WKH UHDFWRU DIWHU UHDFWLRQ

IRU � KU� 7KH FRNH ILOP RQ WKH H[WHUQDO VXUIDFH RI WKH VSKHUH JUHZ

FRQWLQXRXVO\ WKLFNHU� 7KH FRNH IRUPDWLRQ ZDV LQIOXHQFHG VWURQJO\

E\ WKH SK\VLFDO SURSHUWLHV RI WKH α�$O�2� VSKHUHV� &RNH GHSRVLWLRQ

ZDV WKH OHDVW RQ WKH α�$O�2� VSKHUH ³$´ RI WKLV VWXG\� ZKLFK KDV

WKH ORZHVW VXUIDFH DUHD DQG SRUH YROXPH DPRQJ WKH WHVWHG α�$O�2�

VSKHUHV�

$&.12:/('*(0(17

7KLV UHVHDUFKZDV VXSSRUWHG ILQDQFLDOO\ WKURXJK1DWLRQDO 5HVHDUFK

/DE� �15/� 3URMHFW E\ 0LQLVWU\ RI 6FLHQFH DQG 7HFKQRORJ\� 7KH

DXWKRUV ZRXOG OLNH WR WKDQN WKH 0LQLVWU\ RI 6FLHQFH DQG 7HFKQRO�

RJ\ IRU D JUDQW�LQ�DLG�

5()(5(1&(6

$GHO¶VRQ� 6�9�� =KDJIDURY� )� *�� 5XG\N� (�0� DQG 6PLUQRYD� *�<��

³(IIHFW RI 9DQDGLXP &DWDO\VW 3KDVH &RPSRVLWLRQ RQ LWV 3RLVRQLQJ

DQG $FWLYLW\ GXULQJ WKH 3\URO\VLV RI 1DSKWKD�́ =K� )L]� .KLP�� ���

���� �������

$GHO¶VRQ� 6�9�� 5XG\N� (�0�� 6PLUQRYD� *�<� DQG =KDJIDURY� )� *��

³6WXG\ RI WKH .LQHWLFV RI &RNLQJ RI D 9DQDGLXP 3\URO\VLV &DWDO\VW�́

1HIWHSHUHUDE� 1HIWHNKLP� �� �� �������

$OEULJKW� /� )�� &U\QHV� %� /� DQG &RUFRUDQ� :�+�� ³3\URO\VLV�7KHRU\

DQG ,QGXVWULDO SUDFWLFH�́ $FDGHPLF 3UHVV� /RQGRQ �������

%DVX� %� DQG .XQ]UX� '�� ³&DWDO\WLF 3\URO\VLV RI 1DSKWKD�́ ,QG� (QJ�

&KHP� 5HV�� ��� ��� �������

&KDQ� .�<�*�� ,QDO� )� DQG 6HQNDQ� 6�� ³6XSSUHVVLRQ RI &RNH )RUPD�

WLRQ LQ WKH 6WHDP &UDFNLQJ RI $ONDQHV� (WKDQH DQG 3URSDQH�́ ,QG�)LJ� �� 6(0SKRWRJUDSK IRU WKH H[WHUQDO VXUIDFH RI FRNHG FDWDO\VW�



&RNH )RUPDWLRQ LQ WKH &DWDO\WLF 3\URO\VLV RI 1DSKWKD ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

(QJ� &KHP� 5HV�� ��� ��� �������

*KRVK� .�.� DQG .XQ]UX� '�� ³5HGXFWLRQ RI &RNH )RUPDWLRQ GXULQJ

1DSKWKD 3\URO\VLV 8VLQJ 7ULHWK\O 3KRVSKLWH�́ ,QG� (QJ� &KHP� 5HV��

��� ��� �������

*RORPERN�0��.RUQHJRRU�0�� YDQGHQ%ULQN� 3��'LHULFN[� -� DQG*UR�

WHQEUHJ� 5�� ³6XUIDFH�(QKDQFHG /LJKW 2OHILQ <LHOGV GXULQJ 6WHDP

&UDFNLQJ�́ ,QG� (QJ� &KHP� 5HV�� ��� ��� �������

*XpUHW� &��%LOODXG� )�� )L[DUL�%� DQG/H3HUFKHF� 3�� ³7KHUPDO&RXSOLQJ

RI 0HWKDQH� ([SHULPHQWDO ,QYHVWLJDWLRQV RQ &RNH 'HSRVLWV�́ &DU�

ERQ���� ��� �������

.XPDU� 3� DQG .XQ]UX� '�� ³.LQHWLFV RI &RNH 'HSRVLWLRQ LQ 1DSKWKD

3\URO\VLV�́ &DQ� -� &KHP� (QJ�� ��� ��� �������

.XPDU�9�$�� 3DQW�.�.� DQG.XQ]UX�'�� ³3RWDVVLXP�&RQWDLQLQJ&DO�

FLXP $OXPLQDWH &DWDO\VWV IRU 3\URO\VLV RI Q�+HSWDQH�́ $SSOLHG &DW�

DO\VLV $� *HUQHUDO� ���� ��� �������

/HH� .��+� DQG +D� %��+�� ³&DWDO\WLF &UDFNLQJ RI 9DFXXP *DV 2LO RQ

$OXPLQD�=HROLWHV 0L[WXUHV�(IIHFWV RI 3UHFLSLWDWLRQ S+ RI $OXPLQD

DQG =HROLWH 7\SH RQ 3URGXFW 'LVWULEXWLRQ�́ .RUHDQ -� &KHP� (QJ��

��� ��� �������

/HPRQLGRX� $�$� DQG9DVDORV� ,� $�� +LUVFKEHUJ� (� -� DQG %HUWRODFLQL�

5� -�� ³&DWDO\VW (YDOXDWLRQ DQG .LQHWLF 6WXG\ IRU (WK\OHQH 3URGXF�

WLRQ�́ ,QG� (QJ� &KHP� 5HV�� ��� ��� �������

/HPRQLGRX�$�$��.RXORXULV�$�3��9DUYDUH]RV�'�.� DQG9DVDORV� ,� $��

³0HFKDQLVWLF 0RGHO IRU WKH &DWDO\WLF &UDFNLQJ RI Q�+H[DQH RYHU

&DOFLXP$OXPLQDWH &DWDO\VWV IRU 3URGXFLQJ /LJKW $ONHQHV�́ $SSOLHG

&DWDO\VLV� ��� ��� �������

0RQJNKRQVL� 7�� 3UDVHUWGKDP� 3�� 6DHQJSRR� $�� 3LQLWQL\RP� 1� DQG -DL�

NDHZ�%�� ³5ROHV RI3W DQG$OXPLQD GXULQJ WKH&RPEXVWLRQRI&RNH

'HSRVLWV RQ 3URSDQH 'HK\GURJHQDWLRQ &DWDO\VWV�́ .RUHDQ -� &KHP�

(QJ�� ��� ��� �������

0XNKRSDGK\D\�5� DQG.XQ]UX�'�� ³&DWDO\WLF3\URO\VLV RI1DSKWKD RQ

&DOFLXP $OXPLQDWH &DWDO\VWV� (IIHFW RI 3RWDVVLXP &DUERQDWH ,P�

SUHJQDWLRQ�́ ,QG� (QJ� &KHP� 5HV�� ��� ���� �������

5H\QLHUV� 0��)� 6� *� DQG )URPHQW� *� )�� ³,QIOXHQFH RI 0HWDO 6XUIDFH

DQG 6XOIXU $GGLWLRQ RQ &RNH 'HSRVLWLRQ LQ WKH 7KHUPDO &UDFNLQJ

RI +\GURFDUERQV�́ ,QG� (QJ� &KHP� 5HV�� ��� ��� �������

6SHLJKW� -�*�� ³7KH&KHPLVWU\ DQG3K\VLFV RI&RNLQJ�́ .RUHDQ-�&KHP�

(QJ�� ��� � �������

6ULKLUDQSXOORS� 6�� 3UDVHUWKGDP� 3� DQG 0RQJNKRQVL� 7�� ³'HDFWLYDWLRQ

RI WKH0HWDO DQG $FLGLF )XQFWLRQV IRU 3W� 3W�6Q DQG 3W�6Q�. 8VLQJ

3K\VLFDOO\0L[HG&DWDO\VWV�́ .RUHDQ-�&KHP�(QJ����� ��� �������

;DQWKRSRXORX� *�� ³2[LGH&DWDO\VWV IRU 3\URO\VLV RI'LHVHO )XHO0DGH

E\ 6HOI�3URSDJDWLQJ +LJK�7HPSHUDWXUH 6\QWKHVLV� 3DUW ,� &REDOW�

0RGLILHG 0J�$O 6SLQHO &DWDO\VWV�́ $SSOLHG &DWDO\VLV $� *HUQHUDO�

���� ��� �������

=RX� 5�� /RX� 4�� 0R� 6� DQG )HQJ� 6�� ³6WXG\ RQ D .LQHWLF 0RGHO RI

$WPRVSKHULF *DV 2LO 3\URO\VLV DQG &RNH 'HSRVLWLRQ�́ ,QG� (QJ�

&KHP� 5HV�� ��� ��� �������


