
.RUHDQ -� &KHP� (QJ�� ������ ��������� ������

����

�7R ZKRP FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG�

(�PDLO� MPOHH#NHSUL�UH�NU

&KDUDFWHULVWLFV� RI� 6ROLG�+ROG� 8S� DQG� &LUFXODWLRQ� 5DWH
LQ� WKH� &)%�5HDFWRU� ZLWK� ��/RRSV

-RQJ�0LQ /HH�� -DH�6XQJ .LP DQG -RQJ�-LQ .LP

$GYDQFHG 3RZHU *HQHUDWLRQ 	 &RPEXVWLRQ *URXS� 3RZHU *HQHUDWLRQ /DE��
.RUHD (OHFWULF 3RZHU 5HVHDUFK ,QVWLWXWH� .(3&2� 'DHMHRQ �������� .RUHD

�5HFHLYHG � 0DUFK ���� � DFFHSWHG � -XO\ �����

$EVWUDFW−7KH HIIHFWV RI WKH 8R� 3$�>3$�6$@ UDWLR� WRWDO VROLG LQYHQWRU\ DQG IOXLGL]LQJ YHORFLW\ RI ORRSVHDO RQ WKH

D[LDO VROLG KROGXS DQG WKH VROLG FLUFXODWLRQ UDWH KDYH EHHQ GHWHUPLQHG ZLWK GLIIHUHQW SDUWLFOH VL]HV ����� ���� ���� ���

µP� DQG SDUWLFOH W\SHV �VLOLFD VDQG� QDUURZ 36'� FRDO DVK� ZLGH 36'� LQ D &)% UHDFWRU ZLWK ��ORRSV� $ VLPSOH PRGHO

IRU VROLG KROG�XS EDVHG RQ WKH SUHYLRXV ZRUNV ZDV LQ DJUHHPHQW ZLWK WKH H[SHULPHQWDO GDWD� :LWK LQFUHDVLQJ 8R� *V

LQFUHDVHG H[SRQHQWLDOO\� DQG LQ WKH FHQWHU�ORRS� *V ZDV ��� WLPHV ODUJHU WKDQ WKDW IRXQG LQ WKH RWKHU VLGH�ORRSV� $V WKH

3$�>3$�6$@ UDWLR LQFUHDVHG� DQG DV 6$ LQMHFWLRQ SRUW ZDV SODFHG DW D ORZHU SDUW LQ WKH ULVHU� WKH D[LDO VROLG KROGXS

DQG *V LQFUHDVHG� :LWK LQFUHDVLQJ IOXLGL]LQJ YHORFLW\ RI ORRSVHDO WR DERXW ���XPI� *V VRPHZKDW LQFUHDVHG� EXW DERYH

WKH JDV YHORFLW\ RI ���XPI� WKH ORRSVHDO ORVW WKH DELOLW\ RI WKH FRQWURO RI *V� 7KH IROORZLQJ FRUUHODWLRQ IRU WKH VROLG FLU�

FXODWLRQ UDWH LQ WKH &)% ZDV GHYHORSHG ZLWK JRRG DFFXUDF\� *V ϕV\V>3$�7$@
���>+I�+7@

���>$U@−����>)U@����>.8R�8W@
−�����

.H\ ZRUGV� &)%� ��/RRSV� $[LDO 6ROLG +ROG�8S� 6ROLG &LUFXODWLRQ 5DWH

,1752'8&7,21

7KH FLUFXODWLQJ IOXLGL]HG EHG �&)%� KDV EHHQ VXFFHVVIXOO\ XVHG

LQ WKH SHWUROHXP UHILQLQJ LQGXVWU\ IRU WKH FDWDO\WLF FUDFNLQJ RI FUXGH

RLO VLQFH WKH HDUO\ ��¶V� ,WV LQGXVWULDO XVH IRU QRQFDWDO\WLF UHDFWLRQV

VWDUWHG ZLWK WKH /XUJL &)% FDOFLQHU DURXQG ����� DQG GXULQJ WKH

����¶V &)%¶V IRXQG ZLGH DSSOLFDWLRQ IRU FRPEXVWLRQ >*UDFH HW DO��

����@� &)% FRPEXVWLRQ WHFKQRORJ\ LV QRZ HFRQRPLFDOO\ VR LP�

SRUWDQW WKDW DERXW ��� &)% FRPEXVWLRQ XQLWV �!��0:WK� ZLWK D

WRWDO SRZHU RI ������0:WK DUH LQ RSHUDWLRQ� 2QH RI WKHVH &)%

XQLWV LV WKH 7RQJKDH &)% SRZHU SODQW ZLWK D WRWDO SRZHU IRU ���

0:H ����0:Hî�XQLW� LQ .RUHD� ,W KDV EHHQ XQGHU FRPPHUFLDO

RSHUDWLRQ VLQFH ����� ZKHUH .RUHDQ DQWKUDFLWH LV XVHG DV IXHO >/HH

DQG.LP� ����@� 7KH 7RQJKDH &)% ERLOHU FRQVLVWV RI D UHFWDQJXODU

IXUQDFH� WKUHH F\FORQHV� ORRSVHDOV DQG IOXLGL]HG EHG KHDW H[FKDQJ�

HUV �)%+(V� DQG D IOXLGL]HG EHG DVK FRROHU �)%$&�� 8QOLNH WKH H[�

LVWLQJ &)% XQLWV� WKH IXUQDFH RI ZKLFK DVSHFW UDWLR LV PRUH WKDQ � � �

KDV WKUHH ORRSV IRU FLUFXODWLRQ RI VROLG SDUWLFOHV� ,Q WKH IXUQDFH� FRDO

DVK LV RQO\ XVHG DV EHGPDWHULDO GXH WR PXFK DVK LQ FRDO IHG� 7KHUH�

IRUH� WKH FKDUDFWHULVWLFV RI WKH JDV DQG VROLG IORZ DUH H[SHFWHG WR EH

VRPHZKDW GLIIHUHQW�

2Q WKH RWKHU KDQG� NQRZOHGJH RI WKH IORZ SDWWHUQ RI JDV DQG SDU�

WLFOHV LQ WKH &)% LV LPSRUWDQW IRU D GHVFULSWLRQ RI KHDW WUDQVIHU DQG

WHPSHUDWXUH SURILOH DQG IRU PDSSLQJ RI WKH GLVWULEXWLRQ RI XQEXUQHG

IXHO SDUWLFOHV LQ WKH EHG >&KRL HW DO�� ����@� $GGLWLRQDOO\� WKH VROLG

FLUFXODWLRQ UDWH LV DQ LPSRUWDQW SDUDPHWHU WR DIIHFW WKH IORZ SDWWHUQ

RI JDV DQG SDUWLFOHV DQG WR GHVLJQ WKH F\FORQH� GRZQFRPHU DQG QRQ�

PHFKDQLFDO YDOYH� 'HWDLOHG VWXGLHV RI WKH IORZ SDWWHUQ LQ &)%V KDYH

EHHQ H[WHQVLYHO\ LQYHVWLJDWHG GXULQJ UHFHQW \HDUV� +RZHYHU� PRVW

ZRUNV ZHUH FDUULHG RXW LQ UDWKHU VPDOO�VFDOH &)%V DQG VRPH LQGXV�

WULDO VWXGLHV ZHUH WHGLRXV DQG FRVWO\� 3UHVVXUH GURS PHDVXUHPHQWV�

RQ WKH RWKHU KDQG� DUH D UHODWLYHO\ VLPSOH ZD\ WR GHWHUPLQH WKH RYHU�

DOO YHUWLFDO SURILOH RI WKH FURVV�VHFWLRQDO DYHUDJH VROLGV FRQFHQWUD�

)LJ� �� 6FKHPDWLF GLDJUDP RI WKH &)% UHDFWRU�
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WLRQ >&KRL HW DO�� ����� .LP HW DO�� ����@�

7KHUHIRUH� WKH DLP RI WKH SUHVHQW ZRUN LV WR VWXG\ WKH RYHUDOO IORZ

SDWWHUQ DQG WR SUHGLFW WKH VROLG FLUFXODWLRQ UDWH E\ PHDQV RI WKH SUHV�

VXUH GURSPHDVXUHPHQWV ZLWK YDULRXV RSHUDWLRQ FRQGLWLRQV LQ D FROG

&)% UHDFWRU WKDW ZDV VLPLODUO\ GHVLJQHG WR WKH 7RQJKDH &)% UHDF�

WRU� 2I VSHFLDO LQWHUHVW LV WKH FKDUDFWHU RI WKH WUDQVSRUW ]RQH RI WKH

&)% LQ ZKLFK LQIRUPDWLRQ RI WKH SDUWLFOH VL]H GLVWULEXWLRQ DQG WKH

VROLG FLUFXODWLRQ UDWH HPHUJHV�

(;3(5,0(17

([SHULPHQWV ZHUH FDUULHG RXW LQ D FROG &)% UHDFWRU KDYLQJ ��

F\FORQHV DV VKRZQ LQ )LJ� �� ,W FRQVLVWV RI D PDLQ &)% UHDFWRU� D

V\VWHP RI DLU VXSSOLHU DQG FRQWUROOHU� GHYLFHV RI SUHVVXUH PHDVXUH�

PHQW� DQG D EDJILOWHU V\VWHP IRU FROOHFWLQJ ILQH SDUWLFOHV� 7KH PDLQ

&)% UHDFWRU LV FRPSRVHG RI D UHFWDQJXODU ULVHU >����P �/�î����P

�:�î����P �+�@� ��F\FORQHV >�����P �,�'��î����P �+�@ DQG ORRS�

VHDOV >���P �,�'��@ DQG D )%+( >���P �/�î���P �:�î���P �+�@�

ZKHUH WKH V\VWHP JHRPHWU\ ZDV GHVLJQHG OLNH WKH 7RQJKDH &)%

ERLOHU� 7KH VHFRQGDU\ DLU ZDV LQWURGXFHG WKURXJK � QR]]OHV RI HDFK

VLGHZDOO DW LQWHUYDO RI ���P DERYH WKH SULPDU\ DLU GLVWULEXWRU� $LU

IRU IOXLGL]LQJ SDUWLFOHV RI ORRSVHDOV ZDV LQWURGXFHG WKURXJK D EXE�

EOH FDS GLVWULEXWRU DQG WKURXJK WKH DHUDWLRQ QR]]OHV PRXQWHG ZLWK

WKH GLSOHJ RI WKH ORRSVHDO� 7KH SUHVVXUHV ZHUH UHJLVWHUHG LQ �� SUHV�

VXUH WDSV PRXQWHG ZLWK WKH VXUIDFH RI RQH RI WKH VLGHZDOOV DW GLI�

IHUHQW KHLJKWV� 6ROLG FLUFXODWLRQ UDWHVZHUH FDOFXODWHG E\ZHLJKWPHDV�

XUHPHQW RI SDUWLFOHV E\SDVVLQJ IURP GRZQFRPHUV WR VDPSOLQJ SRUWV

IRU FRQVWDQW WLPH�

7KUHH VLOLFD VDQGV ZLWK DYHUDJH SDUWLFOH GLDPHWHUV RI ���� ���

DQG ���µP� DQG D FRDO DVK ZLWK DYHUDJH SDUWLFOH GLDPHWHU RI ���

µP ZHUH XVHG DV EHG PDWHULDOV� 7KH FRDO DVK KDV ZLGHU VL]H GLV�

WULEXWLRQ WKDQ WKDW RI VLOLFD VDQGV� DV VKRZQ LQ )LJ� �� 7KH SURSHU�

WLHV RI WKH SDUWLFOHV DUH VXPPDUL]HG LQ 7DEOH ��

7KH JDV YHORFLW\ LQ WKH ULVHU ZDV GHWHUPLQHG WR EH �������P�V�

ZKLFK JLYHV D VLPLODU IORZ UHJLPH RI WKH 7RQJKDH &)% IXUQDFH >/HH

HW DO�� ����@� 7KH D[LDO VROLG KROGXS LQ WKH ULVHU ZDV REWDLQHG E\

PHDVXUHPHQW RI SUHVVXUH GLIIHUHQFHV EHWZHHQ WKH SUHVVXUH WDSV�
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)LJ� � VKRZV WKH D[LDO VROLG KROGXS LQ WKH ULVHU IRU WKH ���µP

)LJ� �� 3DUWLFOH VL]H GLVWULEXWLRQ RI VLOLFD VDQG DQG FRDO DVK�

7DEOH �� 3URSHUWLHV RI WKH VROLG SDUWLFOHV XVHG DV EHG PDWHULDO

&RDO

DVK
6LOLFD VDQG

GS� DYJ �µP� ��� ��� ��� ���

ρV �NJ�P
�� ���� ���� ���� ����

8PI >:HQ DQG <X� ����@ �P�V� ����� ����� ����� �����

8W >.XQLL DQG /HYHQVSLHO� ����@ �P�V� ����� ����� ����� �����

)LJ� �� $[LDO VROLG KROG XS ZLWK ULVHU YHORFLW\� 8
R
�
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���� -��0� /HH HW DO�

1RYHPEHU� ����

VLOLFD VDQG ZLWK 8
R
��������P�V� DQG VROLG LQYHQWRU\ �������� NJ��

7KH D[LDO VROLG KROGXS ZDV FDOFXODWHG IURP SUHVVXUH GURS E\ XVLQJ

WKH IROORZLQJ HTXDWLRQ�

���

7KUHH ]RQHV FRXOG EH LGHQWLILHG LQ WKH D[LDO VROLG KROG XS LQ DOO

FDVHV LQ VSLWH RI WKH GLIIHUHQW VROLG FLUFXODWLRQ UDWH DQG 8
R
� DQG HV�

SHFLDOO\� 8
R
QRW H[FHHGLQJ WKH WHUPLQDO YHORFLW\� D GHQVH UHJLRQ ZLWK

D FRQVWDQW D[LDO VROLG KROGXS FORVH WR WKH JDV GLVWULEXWRU� D VSODVK

UHJLRQ ZKHUH WKH JUDGLHQW FKDQJHV FRQVLGHUDEO\ DQG D WUDQVSRUW UH�

JLRQ IURP DERXW ��� PHWHUV KHLJKW DOO WKH ZD\ XS WR WKH ULVHU H[LW

ZLWK D ORZ FKDQJH RI D[LDO VROLG KROGXS� 7KH VROLG KROGXS LQ WKH

GHQVH UHJLRQZDV DERXW ��������� ZKLFK ZDV VLPLODU WR WKDW RI D EXE�

EOLQJ EHG� DQG GLG QRW FKDQJH DSSUHFLDEO\ ZLWK 8
R
EHFDXVH 8

R
ZDV

UHODWLYHO\ ORZHU DQG MXVW NHSW WKH IORZ UHJLPH WR EH WXUEXOHQW RU LQ

LQLWLDO VWDWH RI IDVW IOXLGL]DWLRQ� 7KH GHQVH EHG KHLJKW GHFUHDVHG ZLWK

8
R
DQG LQFUHDVHG ZLWK VROLG LQYHQWRU\� ,Q WKH VSODVK UHJLRQ� WKH D[LDO

VROLG KROGXS FKDQJHG FRQVLGHUDEO\ WR LQFUHDVH DQG LWV VORSH LQFUHDVHG�

DV 8
R
LQFUHDVHG� ,Q WKH WUDQVSRUW UHJLRQ WKH D[LDO VROLG KROGXS ZDV

YHU\ ORZ ���−����−�� DQG LWV VORSH DOVR LQFUHDVHG ZLWK 8
R
� 6LPLODU

UHVXOWV ZHUH REWDLQHG ZKHQ YDU\LQJ WKH SDUWLFOH VL]H RI VLOLFD VDQG

DQG WKH SDUWLFOH W\SH WR FRDO DVK� ,W LV SRVVLEOH WR GHVFULEH WKH D[LDO

VROLGV KROGXS EDVHG RQ HPSLULFDO GDWD DQG NQRZOHGJH RI WKH ORFDO

IORZ SDWWHUQ� -RKQVVRQ DQG /HFNHU >����@ SURSRVHG VLPSOH PRGHO

HTXDWLRQV EDVHG RQ WKH SUHYLRXV VWXGLHV >%ROWRQ DQG'DYLGVRQ� �����

.XQLL DQG /HYHQVSLHO� ����� =KDQJ DQG -RKQVVRQ� ����� +DUULV HW

DO� ����� =KDQJ HW DO�� ����@� 7KH PRGHO HTXDWLRQV DUH H[SUHVVHG

DV IROORZV�

εV εVG� IRU K�+G ���

εV �εG− ε+;�H
−D�K−+G��εH[LWH

.�+H[LW−K�� IRU +G�K�+H[LW ���

ZKHUH� ε+; εH[LWH
.�+H[LW−+G� ���

'HFD\ FRQVWDQW D DQG . IRU WKH VLOLFD VDQG SDUWLFOHV FRXOG EH RE�

WDLQHG IURP WKH VORSH RI WKH D[LDO VROLG KROGXS LQ )LJ� �� ZKHUH WKH

VORSH LQ WKH VSODVK UHJLRQ DQG LQ WKH WUDQVSRUW UHJLRQ UHSUHVHQWHG

GHFD\ FRQVWDQWV D DQG .� UHVSHFWLYHO\� 7KH GHFD\ FRQVWDQWV D DQG

.ZHUH SORWWHG YV� JDV YHORFLW\ UHODWHG WR WHUPLQDO YHORFLW\ LQ )LJ� �

DQG )LJ� �� UHVSHFWLYHO\� )LJ� � VKRZHG WKDW WKH HTXDWLRQ RI D8
R
 

FRQVWDQW SURSRVHG E\ .XQLL DQG /HYHQVSLHO >����@� ZKHUH WKH FRQ�

VWDQW FKDQJHV ZLWK GLIIHUHQW SDUWLFOH VL]H� FRXOG EH UHZULWWHQ DV D8
R
�

8W FRQVWDQW� )LJ� � VKRZV WKDW WKH HTXDWLRQ RI .�8R−8W� FRQVWDQW

SURSRVHG E\ -RKQVVRQ DQG /HFNQHU >����@� ZKHUH WKH HTXDWLRQ FDQ�

QRW EH XVHG LI 8R LV OHVV WKDQ 8W� FRXOG EH DOVR UHZULWWHQ DV .8R�

8W FRQVWDQW� 7KLV PHDQV WKDW VROLG SDUWLFOHV FDQ EH HQWUDLQHG HYHQ

LI 8R LV OHVV WKDQ 8W ZKHQ WKH DYHUDJH SDUWLFOH VL]H DQG LWV WHUPLQDO

YHORFLW\ DUH DGRSWHG WR DQDO\]H WKH RYHUDOO IORZ SDWWHUQ RI WKH IXU�

QDFH� 7KLV DOVR VKRZV WKDW WKH QHW VROLG WUDQVIHU FRHIILFLHQWκ� ZKLFK LV
GHULYHG IURP WKH HTXDWLRQ RI . �κ�>'H�8R−8W�@ SURSRVHG E\ =KDQJ

DQG -RKQVVRQ >����@ LQ WKH WUDQVSRUW UHJLRQ� FDQQRW EH LQGHSHQGHQW

RI 8R WKRXJK -RKQVVRQ DQG /HFNQHU SURSRVHG WKDW .�8R−8W� ZDV

FRQVWDQW DQG κ ZDV LQGHSHQGHQW RI 8R�

7KH GHFD\ FRQVWDQWV D DQG . RI VLOLFD VDQG DQG FRDO DVK SDUWL�

FOHV FRXOG EH H[SUHVVHG DV IROORZV�

)RU VLOLFD VDQG�

D8R�8W ��� ���

.8R�8W ���� ���

)RU FRDO DVK�

D8R�8W ���� ���

.8R�8W ���� ���

7KH FRQVWDQWV D DQG . IRU WKH FRDO DVK SDUWLFOHV DUH ODUJHU WKDQ

WKRVH RI VLOLFD VDQG SDUWLFOHV� 7KLV PD\ UHVXOW IURP VHJUHJDWLRQ RI

SDUWLFOHV LQ WKH WUDQVSRUW UHJLRQ GXH WR ZLGH VL]H GLVWULEXWLRQ�

7KH VROLG FLUFXODWLRQ UDWH� *V ZLWK SDUWLFOH VL]H DQG 8R UHODWHG 8W

IRU VLOLFD VDQG ZDV SORWWHG ORJDULWKPLFDOO\ LQ )LJ� �� *V LQFUHDVHG

OLQHDUO\ ZLWK 8R�8W DQG PD\ EH LQGHSHQGHQW RI SDUWLFOH VL]H� 6ROLG

FLUFXODWLRQ UDWH LQ WKH FHQWHU ORRS ZDV ��� WLPHV ODUJHU WKDQ WKDW RI

WKH RWKHU VLGH ORRSV DQG FRXOG EH ZULWWHQ DV

∆3
/
������� = �−εV( ) ρV −ρJ( ) J

JF

����

)LJ� �� 'HFD\ FRQVWDQW D YV� 8
R
�8

W
IRU VLOLFD VDQG DQG FRDO DVK SDU�

WLFOHV�

)LJ� �� 'HFD\ FRQVWDQW . YV� 8R�8W IRU VLOLFD VDQG DQG FRDO DVK SDU�
WLFOHV�
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*V� FHQWHU ��� *V� VLGH ���

7KH VROLG FLUFXODWLRQ UDWH IRU FRDO DVK VKRZHG D VLPLODU UHVXOW� EXW

ZDV PXFK ORZHU WKDQ WKDW IRU VLOLFD VDQG GXH WR ZLGH VL]H GLVWULEX�

WLRQ RI FRDO DVK�

7KH D[LDO VROLG KROGXS DQG LWV VORSH LQ WKH VSODVK UHJLRQ DQG WUDQV�

SRUW UHJLRQ LQFUHDVHG ZLWK LQFUHDVLQJ WKH UDWLR RI SULPDU\ WR WRWDO

DLU IORZ UDWH IURP ���� WR ����:LWK LQFUHDVLQJ VROLG LQYHQWRU\ IURP

��� NJ WR ��� NJ� WKH VROLG KROGXS LQFUHDVHG EXW LWV VORSH GLG QRW

FKDQJH DSSUHFLDEO\ LQ WKHVH UHJLRQV� 7KH VROLG FLUFXODWLRQ UDWH DOVR

LQFUHDVHG OLQHDUO\ ZLWK LQFUHDVLQJ WKH DLU UDWLR DQG VROLG LQYHQWRU\�

ZKHUHDV LW LQFUHDVHG H[SRQHQWLDOO\ ZLWK LQFUHDVLQJ WKH ULVHU YHORF�

LW\� DV VKRZQ LQ )LJ� ��D� DQG �E�� 2Q WKH RWKHU KDQG� WKH D[LDO VROLG

KROGXS DQG WKH VROLG FLUFXODWLRQ UDWH ZHUH IRXQG WR EH LQFUHDVHG DV

WKH VHFRQGDU\ DLU ZDV LQWURGXFHG DW ORZHU LQMHFWLRQ SRUW� )URP WKHVH

UHVXOWV� LW ZDV IRXQG WKDW WKH VROLG KROGXS DQG FLUFXODWLRQ UDWH LQ�

FUHDVHG OLQHDUO\ ZLWK LQFUHDVLQJ WKH FRQWDFW IUHTXHQF\ EHWZHHQ SDU�

WLFOHV DQG JDV�

:LWK LQFUHDVLQJ IOXLGL]LQJ YHORFLW\ RI WKH ORRSVHDO WR DERXW ���8PI�

VROLG FLUFXODWLRQ UDWH� *V VRPHZKDW LQFUHDVHG� EXW DERYH WKH JDV YH�

ORFLW\ RI ���8PI� *V GLG QRW FKDQJH DSSUHFLDEO\� $V IOXLGL]LQJ YHORF�

LW\ LQ WKH ORRSVHDO LQFUHDVHG� *V ZDV OLNHO\ WR GHFUHDVH EHFDXVH WKH

IOXLGL]LQJ DLU RI ORRSVHDO LQWHUIHUHG ZLWK WKH GRZQIORZ RI WKH VROLG

SDUWLFOHV LQ WKH GRZQFRPHU >.LP HW DO�� ����@� 7KLV LV ZK\ WKH VROLG

LQYHQWRU\ LQ WKH ULVHU FKDQJHV LQ FRQMXQFWLRQ ZLWK WKH VROLG LQYHQ�

WRU\ LQ WKH ORRSVHDO WKRXJK WKH WRWDO VROLG LQYHQWRU\ LQ WKH &)% LV

FRQVWDQW� 7KH VROLG LQYHQWRU\ LQ WKH ORRSVHDO FKDQJHV GXH WR QRQ�

XQLIRUP IOXLGL]DWLRQ DQG QRQ�XQLIRUP IHHGLQJ RI WKH VROLG SDUWLFOHV

WR WKH ULVHU� DQG FRQVHTXHQWO\ WKDW FDXVHV D FKDQJH LQ WKH VROLG LQ�

YHQWRU\ RI WKH ULVHU ZKHQ WKH IOXLGL]LQJ YHORFLW\ LQ WKH ORRSVHDO LV

UHODWLYHO\ ORZ� 7KHUHIRUH� WKH FRQWDFW FKDQFH EHWZHHQ VROLG SDUWL�

FOHV DQG IOXLGL]LQJ JDV LQ WKH ULVHU PD\ EH UHGXFHG DQG*V GHFUHDVHV

ZKHQ WKH IOXLGL]LQJ JDV LQ WKH ORRSVHDO LV QRW VXIILFLHQW� 6LPLODU UH�

VXOWV ZHUH REWDLQHG ZKHQ WKH DHUDWLRQ DLU �JUHDVH DLU� DW WKH GLSOHJ

ZDV LQMHFWHG WR WKH ORRSVHDO�

7R SUHGLFW WKH VROLG FLUFXODWLRQ UDWH ZLWK RSHUDWLRQ YDULDEOHV LQ

WKLV &)% UHDFWRU� WKH IROORZLQJ FRUUHODWLRQ ZDV GHYHORSHG�

*V ϕV\V>3$�7$@
���>+I�+7@

���>$U@−����>)U@����>.8R�8W@
−���� ����

&RUUHODWLRQ FRHIILFLHQW ���� DQG UHJUHVVLRQ FRHIILFLHQW

 ����� ϕV\V ���

,Q WKLV FRUUHODWLRQ� WKH FKDUDFWHU RI WKH VROLG KROGXS LQ WKH WUDQVSRUW

ZDV LQWURGXFHG DV WKH WHUP RI >.8
R
�8

W
@ WKDW FRXOG UHSUHVHQW WKH LQ�

IRUPDWLRQ RI WKH SDUWLFOH VL]H GLVWULEXWLRQ� 7KLV FRUUHODWLRQ EDVHG RQ

WKH RSHUDWLQJ SDUDPHWHUV DQG SUHVVXUH GURS PHDVXUHPHQWV LV UHOD�

WLYHO\ VLPSOH WR SUHGLFW WKH VROLG FLUFXODWLRQ UDWH� 7KH FDOFXODWHG UHVXOW

IURP WKH FRUUHODWLRQ IRU WKH GLIIHUHQW SDUWLFOHV LQYHVWLJDWHG DQG WKH

SUHYLRXV ZRUN LV VKRZQ LQ )LJ� � ZLWK H[SHULPHQWDO UHVXOWV� 7KH

FRUUHODWLRQ IRU WKH VROLG FLUFXODWLRQ UDWH LV LQ DJUHHPHQW ZLWK WKH H[�

SHULPHQWDO GDWD ZLWK JRRG DFFXUDF\�
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ZLW SDUWLFOH VL]H RI VLOLFD
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)LJ� �� (IIHFWV RI �D� 3$�>3$�6$@ UDWLR DQG �E� VROLG LQYHQWRU\ RQ

WKH VROLG FLUFXODWLRQ UDWH�
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+\GURG\QDPLF FKDUDFWHULVWLFV LQ D FROG &)% ZLWK ��F\FORQHV�

ZKLFKZDV GHVLJQHG E\ WKH DQDORJ\ ZLWK WKH 7RQJKDH&)%� KDV EHHQ

GHWHUPLQHGZLWK RSHUDWLQJ SDUDPHWHUV VXFK DV8
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WRWDO VROLG LQYHQWRU\ DQG IOXLGL]LQJ YHORFLW\ RI ORRSVHDO IRU WKH GLI�

IHUHQW SDUWLFOH VL]HV DQG W\SHV� $[LDO VROLG KROGXS GLVWULEXWLRQ FRXOG

EH H[SODLQHG E\ XVLQJ GHFD\ FRQVWDQWV D DQG .ZKLFK ZHUH REWDLQHG

IURP VSODVK DQG GLOXWH SKDVHV� UHVSHFWLYHO\� 7KH FRQVWDQWV REWDLQHG

IURP WKH HTXDWLRQV RI D8
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IRU WKH ZLGH VL]H GLVWULEX�
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WKH VROLG KROGXS DQG WKH VROLG FLUFXODWLRQ UDWH ZHUH ORZHU� :LWK LQ�

FUHDVLQJ 8
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� WKH VROLG FLUFXODWLRQ UDWH LQFUHDVHG H[SRQHQWLDOO\ DQG

LQ WKH FHQWHU�ORRS LW ZDV ��� WLPHV KLJKHU YDOXH WKDQ WKDW IRXQG LQ

WKH RWKHU VLGH�ORRSV� 7KH VLPSOH FRUUHODWLRQ IRU WKH VROLG FLUFXODWLRQ

UDWH ZLWK RSHUDWLRQ YDULDEOHV LQ WKH &)%ZDV GHYHORSHG DQG VHHPHG

WR EH ZLWK JRRG DFFXUDF\�
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D� . � GHFD\ FRQVWDQW >P−�@

$U� )U � $UFKLPHGHV QXPEHU DQG )URXGH QXPEHU� UHVSHFWLYHO\

>�@

*V � VROLG FLUFXODWLRQ UDWH >NJ�P� V@

K� +G� +H[LW� +I� +W � KHLJKW� IRU ERWWRP EHG� H[LW� IL[HG EHG� WRWDO

EHG� UHVSHFWLYHO\ >P@

N � QHW VROLGV WUDQVIHU FRHIILFLHQW >P�V@

3$� 7$ � SULPDU\ DLU IORZ UDWH DQG WRWDO DLU IORZ UDWH� UHVSHFWLYHO\

>NJ�V@

8R� 8PI� 8W � VXSHUILFLDO JDV YHORFLW\� PLQLPXP IOXLGL]LQJ YHORFLW\

DQG WHUPLQDO YHORFLW\ >P�V@

εV� εVG� εH[LW � VROLG KROG XS� IRU GHQVH UHJLRQ� H[LW� UHVSHFWLYHO\ >�@

ϕV\V � V\VWHP FRQVWDQW WKDW YDULHV DFFRUGLQJ WR V\VWHP >�@

ρV� ρJ � GHQVLW\ RI VROLG DQGGHQVLW\ RI JDV� UHVSHFWLYHO\ >NJ�P�@
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³+\GURG\QDPLF &KDUDFWHULVWLFV RI )LQH 3DUWLFOHV LQ WKH 5LVHU DQG

6WDQGSLSH RI D &LUFXODWLQJ )OXLGL]HG %HG�́ .RUHDQ -� &KHP� (QJ��
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-RKQVVRQ� )�� $QGHUVVRQ� 6� DQG /HFNQHU� %�� ³([SDQVLRQ RI D )UHHO\

%XEEOLQJ )OXLGL]HG %HG�́ 3RZGHU 7HFKQRORJ\� ��� ��� �������

.LP� 6�:�� 1DPNXQJ�:� DQG.LP� 6�'�� ³6ROLG )ORZ&KDUDFWHULVWLFV

LQ /RRS 6HDO RI D &LUFXODWLQJ )OXLGL]HG%HG�́ .RUHDQ -� &KHP�(QJ��
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.XQLL� '� DQG /HYHQVSLHO� 2�� ³)OXLGL]DWLRQ (QJLQHHULQJ�́ %XWWHUZRUWKV
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/HH� -�0� DQG .LP� -� 6�� ³6LPXODWLRQ RI WKH ���0:H 7RQJKDH 7KHU�

PDO 3RZHU 3ODQW &)% &RPEXVWRU E\ XVLQJ ,($�&)%& 0RGHO�́
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/HH� -�0�� .LP� -� 6�� .LP� 6�0�� .LP� -� -� DQG6RQJ� .�.�� ³&KDUDF�

WHULVWLFV RI $[LDO 6ROLG+ROG�XS'LVWULEXWLRQ LQ D &)%5LVHU ZLWK ��
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=KDQJ�:� DQG -RKQVVRQ� )�� ³)OXLG '\QDPLF %RXQGDU\ /D\HUV LQ &LU�

FXODWLQJ )OXLGL]HG %HG %RLOHU�́ 5HSRUW $������� 'HSW� RI (QHUJ\

&RQYHUVLRQ� &KDUPHUV 8QLY�� 6ZHGHQ �������

)LJ� �� &RUUHODWLRQ IRU WKH VROLG FLUFXODWLRQ UDWH�


