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$EVWUDFW

$ QRQHTXLOLEULXP FHOO PRGHO IRU UHDFWLYH GLVWLOODWLRQ LV GHYHORSHG� ,Q WKH QHZ PRGHO�

WUD\V RU SDFNHG VHFWLRQV DUH GLYLGHG LQWR VWDJHV WKDW DUH VXEVHTXHQWO\ VSOLW XS LQWR

QRQHTXLOLEULXP FHOOV� 7KLV DSSURDFK DOORZV IRU HDV\ PRGHOLQJ RI oRZ SDWWHUQV RQ

GLVWLOODWLRQ WUD\V DQG PDOGLVWULEXWLRQ LQ SDFNHG FROXPQV� E\ DGRSWLRQ RI DSSURSULDWH

FHOO OLQNLQJ SDWWHUQV�

,Q WKH QRQHTXLOLEULXP FHOO� WKHUPRG\QDPLF HTXLOLEULXP LV DVVXPHG RQO\ DW WKH YDSRU�

OLTXLG LQWHUIDFH� 7KH EXON SKDVHV RI ERWK YDSRU DQG OLTXLG DUH DVVXPHG WR EH SHUIHFWO\

PL[HG� DQG WKH UHVLVWDQFH WR PDVV WUDQVIHU LV ORFDWHG LQ WZR nOPV QH[W WR WKH SKDVH

ERXQGDU\� 0DVV WUDQVIHU UDWHV DUH FDOFXODWHG IURP WKH 0D[ZHOO�6WHIDQ HTXDWLRQV�

7KH 'XVW\ )OXLG 0RGHO LV XVHG IRU GHVFULSWLRQ RI PDVV WUDQVIHU DQG UHDFWLRQ LQ V\VWHPV

ZLWK KHWHURJHQHRXV FDWDO\VWV�

8VLQJ WKH QRQHTXLOLEULXP PRGHO IRU VHYHUDO H[DPSOH SUREOHPV� LW LV VKRZQ WKDW Hp�
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FLHQFLHV LQ WKH UHDFWLYH GLVWLOODWLRQ SURFHVV FDQ EH LQoXHQFHG E\ WKH UHDFWLRQ� 7KXV�

WKH SUHGLFWLRQ RI HpFLHQFLHV EHFRPHV SUREOHPDWLF� DQG WKH XVH RI HpFLHQFLHV DQG

HTXLOLEULXP PRGHOV VKRXOG EH DYRLGHG�

,Q DGGLWLRQ� LW LV VKRZQ WKDW WKH UHDFWLYH GLVWLOODWLRQ SURFHVV LV PXFK PRUH VHQVLWLYH WR

WKH GHVLJQ WKDQ QRUPDO GLVWLOODWLRQ SURFHVVHV� HPSKDVL]LQJ WKH QHHG WR WDNH FROXPQ

GHVLJQ LQWR DFFRXQW LQ WKH PRGHO FDOFXODWLRQV�

)XUWKHUPRUH PXOWLSOH VWHDG\ VWDWHV KDYH EHHQ IRXQG ZLWK ERWK 1(4 DQG (4 PRGHOV�

EXW QRW DOO RI WKHVH PD\ EH UHDOL]DEOH GXH WR oRRGLQJ� ,Q DGGLWLRQ� WKH UHDOL]DEOH

ZLQGRZ RI PXOWLSOH VWHDG\ VWDWHV LV VPDOOHU LI WUDQVIHU UHVLVWDQFHV DUH DFFRXQWHG IRU�

)RU SDFNHG FROXPQV ZLWK V\VWHPV ZLWK KLJKO\ QRQOLQHDU LQWHUDFWLRQV EHWZHHQ WKH

UHDFWLRQ UDWH DQG WKH WHPSHUDWXUH� LW LV YHU\ LPSRUWDQW WR DSSUR[LPDWH WKH FROXPQ

FRQFHQWUDWLRQ DQG WHPSHUDWXUH SURnOHV DV DFFXUDWHO\ DV SRVVLEOH� )DLOXUH WR GR VR

PD\ OHDG WR VLJQLnFDQW GHYLDWLRQV LQ FROXPQ SHUIRUPDQFH�

7KH LQoXHQFH RI PDOGLVWULEXWLRQ LQ SDFNHG FROXPQV LV RIWHQ DPELJXRXV� ,Q VRPH

FDVHV� FKRRVLQJ D GLmHUHQW PDOGLVWULEXWLRQ SDWWHUQ PD\ OHDG WR VXEVWDQWLDOO\ GLmHUHQW

FROXPQ EHKDYLRU� )RU UHDFWLYH V\VWHPV� PDOGLVWULEXWLRQ LV IRXQG WR LQoXHQFH WKH

SURFHVV WKURXJK ERWK WKH ORVV RI LQWHUIDFLDO DUHD DQG FKDQJHV LQ UHVLGHQFH WLPHV DQG

UHVLGHQFH WLPH GLVWULEXWLRQ�

LY



$FNQRZOHGJHPHQWV

<RX DUH DERXW WR UHDG WKH UHVXOW RI WKUHH \HDUV RI UHVHDUFK RQ PRGHOLQJ RI UHDFWLYH

GLVWLOODWLRQ� ,Q WKH FRXUVH RI WKHVH WKUHH \HDUV� PDQ\ SHRSOH KDYH PDGH FRQWULEXWLRQV

WR WKLV ZRUN� RU WR P\ ZRUNLQJ HQYLURQPHQW� WR KHOS VKDSH WKH UHVXOWV DV WKH\ DUH

SUHVHQWHG KHUH�

7KH PRVW LPSRUWDQW RI WKHVH SHRSOH KDV EHHQ P\ DGYLVRU� 3URI� 5RVV 7D\ORU� )LUVW RI

DOO IRU SURYLGLQJ PH ZLWK WKH RSSRUWXQLW\ RI GRLQJ D 3K�'�� DQG VHFRQGO\ IRU WKH ZD\

LQ ZKLFK KH KDV VXSHUYLVHG P\ VWXGLHV� ,W KDV UHDOO\ EHHQ D JUHDW SOHDVXUH� , ZRXOG

DOVR OLNH WR WKDQN 'U� +�$� .RRLMPDQ IRU KLV YDOXDEOH FRPPHQWV DQG GLVFXVVLRQV RQ

YDULRXV LVVXHV WUHDWHG LQ WKLV WKHVLV� $QG� RI FRXUVH� P\ WZR ODEPDWHV DW &ODUNVRQ�

5LFKDUG DQG 5RKLW� ZKR KDG WR VXmHU WKURXJK P\ PRDQLQJ DQG JURDQLQJ ZKHQ WKLQJV

GLGQ
W PRYH DORQJ DV VPRRWKO\ DV , ZRXOG OLNH WKHP WR�

,Q DGGLWLRQ� , ZRXOG OLNH WR H[SUHVV P\ JUDWLWXGH WR P\ VHFRQG DGYLVRU� 3URI� 5�
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.ULVKQD� ZKR JDYH PH WKH RSSRUWXQLW\ WR ZRUN LQ KLV JURXS DW WKH 8QLYHUVLW\ RI

$PVWHUGDP� 7KHUH� , KDYH EHHQ DEOH WR JHW D WDVWH RI &)' PRGHOLQJ DQG H[SHULPHQWDO

ZRUN RQ oRZ DQG oRZ PDOGLVWULEXWLRQ RQ GLVWLOODWLRQ WUD\V DQG LQ SDFNHG FROXPQV� ,

ZRXOG DOVR OLNH WR WKDQN 'U� -� (OOHQEHUJHU DQG ,U� -� YDQ %DWHQ ZLWK WKHLU KHOS LQ

WKH H[SHULPHQWDO DQG &)' ZRUN�

%3�$PRFR &KHPLFDOV DUH JUDWHIXOO\ DFNQRZOHGJHG IRU WKHLU VXSSRUW IRU RXU UHVHDUFK

DQG +\SURWHFK ,QF� IRU WKHLU SDUWLDO VXSSRUW�
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$EVWUDFW LLL

$FNQRZOHGJHPHQWV Y

1RPHQFODWXUH [LLL

� ,QWURGXFWLRQ DQG 0RWLYDWLRQ �

��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 'LVWLOODWLRQ 0RGHOLQJ � � � � � � � � � � � � � � � � � � � � � � � �

��� 'LVWLOODWLRQ ZLWK 5HDFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � �

����� 0RGHOLQJ RI 5HDFWLYH 'LVWLOODWLRQ � � � � � � � � � � � � � � � � ��

����� 1RQHTXLOLEULXP 0RGHOV � � � � � � � � � � � � � � � � � � � � � � ��
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��� 2EMHFWLYH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 7KH 1RQHTXLOLEULXP &HOO 0RGHO ��

��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� )ORZ RQ 'LVWLOODWLRQ 7UD\V � � � � � � � � � � � � � � � � � � � � ��

����� 0DOGLVWULEXWLRQ LQ 3DFNHG &ROXPQV � � � � � � � � � � � � � � � ��

��� 7KH 1RQHTXLOLEULXP &HOO � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &RQVHUYDWLRQ (TXDWLRQV � � � � � � � � � � � � � � � � � � � � � ��

����� 7UDQVSRUW 5HODWLRQV � � � � � � � � � � � � � � � � � � � � � � � � ��

����� ,QWHUIDFH (TXDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HDFWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� +RPRJHQHRXV 5HDFWLRQV � � � � � � � � � � � � � � � � � � � � � ��

����� +HWHURJHQHRXV 5HDFWLRQV � � � � � � � � � � � � � � � � � � � � � ��

����� 7KH 'XVW\ *DV 0RGHO � � � � � � � � � � � � � � � � � � � � � � ��

����� 7KH 'XVW\ )OXLG 0RGHO � � � � � � � � � � � � � � � � � � � � � ��

����� %RXQGDU\ &RQGLWLRQV � � � � � � � � � � � � � � � � � � � � � � � ��
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����� 'LVFUHWLVDWLRQ DQG *HRPHWU\ � � � � � � � � � � � � � � � � � � � ��

��� )ORZ RQ 'LVWLOODWLRQ 7UD\V � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6WDJH (TXDWLRQV � 7UD\ FROXPQV � � � � � � � � � � � � � � � � � ��

����� )ORZ 0RGHOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0DOGLVWULEXWLRQ LQ 3DFNHG &ROXPQV � � � � � � � � � � � � � � � � � � � ��

����� &KDUDFWHUL]DWLRQ RI 0DOGLVWULEXWLRQ � � � � � � � � � � � � � � � ��

����� 6WDJH (TXDWLRQV � 3DFNHG FROXPQV � � � � � � � � � � � � � � � � ��

����� 5DGLDO )ORZ 0RGHO � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 6TXDUH *ULG 0RGHO � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 5HGLVWULEXWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� +\GURG\QDPLFV � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5HERLOHU DQG &RQGHQVHU � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0RGHO 6\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 9DULDEOHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� (TXDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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����� 'HJUHHV RI )UHHGRP $QDO\VLV � � � � � � � � � � � � � � � � � � � ��

����� $GGLWLRQDO 6SHFLnFDWLRQV � � � � � � � � � � � � � � � � � � � � � ��

��� 6ROXWLRQ 0HWKRGV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 1HZWRQ
V 0HWKRG � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &RQWLQXDWLRQ 0HWKRG � � � � � � � � � � � � � � � � � � � � � � � ���

����� 6WHDG\ 6WDWH 7UDFNLQJ � � � � � � � � � � � � � � � � � � � � � � ���

� 5HDFWLYH 'LVWLOODWLRQ LQ 7UD\ &ROXPQV ���

��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� ([DPSOH �� 0HWDWKHVLV 5HDFWLRQ � � � � � � � � � � � � � � � � � � � � � ���

����� &DOFXODWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &HOOV RU 1RW � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 1RQHTXLOLEULXP 0RGHO YV� (TXLOLEULXP 0RGHO � � � � � � � � � ���

��� ([DPSOH �� $FHWLF $QK\GULGH 5HDFWLYH 'LVWLOODWLRQ � � � � � � � � � � ���

����� 5HDFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &RQnJXUDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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����� 7KHUPRG\QDPLF 'DWD � � � � � � � � � � � � � � � � � � � � � � ���

����� &DOFXODWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� )LOP 5HDFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� ([DPSOH �� (WK\OHQH *O\FRO � � � � � � � � � � � � � � � � � � � � � � � ���

����� 0XOWLSOH 6WHDG\ 6WDWHV � � � � � � � � � � � � � � � � � � � � � � ���

����� ,QoXHQFH RI 0DVV 7UDQVIHU DQG 0L[LQJ � � � � � � � � � � � � � ���

��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� 5HDFWLYH 'LVWLOODWLRQ LQ 3DFNHG &ROXPQV ���

��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� ([DPSOH �� 07%( SURFHVV � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 7KH 'XVW\ )OXLG 0RGHO � � � � � � � � � � � � � � � � � � � � � ���

��� 7$0( &DVH 6WXG\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 5HDFWLRQ 6\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� &DOFXODWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 'LVFXVVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� 0DOGLVWULEXWLRQ LQ 3DFNHG &ROXPQV ���

��� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 0DOGLVWULEXWLRQ 3DWWHUQV � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 5DQGRP 3DFNLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 6WUXFWXUHG 3DFNLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 7HUQDU\ 6\VWHP �� 0HWKDQRO � LVR�3URSDQRO � :DWHU � � � � � � � � � � ���

��� 7HUQDU\ 6\VWHP �� LVR�3URSDQRO � %HQ]HQH � Q�3URSDQRO � � � � � � � � ���

��� 5HDFWLYH 6\VWHP� 07%( 6\QWKHVLV � � � � � � � � � � � � � � � � � � � ���

����� &DOFXODWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

5HIHUHQFHV ���
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1RPHQFODWXUH

D LQWHUIDFLDO DUHD P�

D& &DWDO\VW VXUIDFH DUHD P�

DL ,QVLGH F\OLQGULFDO DUHD RI DQQXODU FHOO P�

DR 2XWVLGH F\OLQGULFDO DUHD RI DQQXODU FHOO P�

DL DFWLYLW\ RI FRPSRQHQW L b

DL�M ELQDU\ LQWHUDFWLRQ SDUDPHWHUV - cPROb�

$W 7RWDO FURVV VHFWLRQDO DUHD P�

%� 3HUPHDELOLW\ RI SRURXV PHGLXP P�

&P &RHpFLHQW RI YDULDWLRQ b

&Y &RHpFLHQW RI YDULDWLRQ b

F QXPEHU RI FRPSRQHQWV b

FL 0RODU FRQFHQWUDWLRQ RI FRPSRQHQW L PRO cPb�

FW WRWDO FRQFHQWUDWLRQ PRO cPb�
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'̂ L�O 0D[ZHOO�6WHIDQ GLmXVLRQ FRHpFLHQW P� c Vb�

'̂ H
L�O 0D[ZHOO�6WHIDQ GLmXVLRQ FRHpFLHQW LQVLGH

FDWDO\VW

P� c Vb�

'H
L .QXGVHQ GLmXVLRQ FRHpFLHQW RI FRPSRQHQW L P� c Vb�

'H (GG\ GLmXVLRQ FRHpFLHQW P� c Vb�

'U 5DGLDO OLTXLG VSUHDGLQJ FRHpFLHQW P

GL *HQHUDOL]HG GULYLQJ IRUFH Pb�

GS 3DUWLFOH GLDPHWHU P

GS QRPLQDO SDFNLQJ VL]H P

(09 0XUSKUHH YDSRU SKDVH HpFLHQF\ b

H (QHUJ\ oX[ - cPb� c Vb�

(/ /LTXLG SKDVH HQHUJ\ WUDQVIHU UDWH - c Vb�

(6 /LTXLG SKDVH HQHUJ\ WUDQVIHU UDWH WR FDWDO\VW - c Vb�

(9 9DSRU SKDVH HQHUJ\ WUDQVIHU UDWH - c Vb�

)L ([WHUQDO IRUFH DFWLQJ SHU PROH RQ VSHFLHV L 1 cPROb�

)/ /LTXLG IHHG UDWH PRO c Vb�

) 9 9DSRU IHHG UDWH PRO c Vb�

x) )XQFWLRQ YHFWRU b

I/
L /LTXLG IHHG UDWH RI FRPSRQHQW L PRO c Vb�
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I9
L 9DSRU IHHG UDWH RI FRPSRQHQW L PRO c Vb�

x* 6WDUWLQJ IXQFWLRQ YHFWRU b

+/ /LTXLG SKDVH HQWKDOS\ - cPROb�

+9 9DSRU SKDVH HQWKDOS\ - cPROb�

+L 3DUWLDO PRODU HQWKDOS\ RI FRPSRQHQW L - cPROb�

x+ +RPRWRS\ IXQFWLRQ YHFWRU

+(73 +HLJKW HTXLYDOHQW RI D WKHRUHWLFDO SODWH P

K +HDW WUDQVIHU FRHpFLHQW - c.b� cPb� c Vb�

KU &HOO ZLGWK b

K] &HOO KHLJKW b

- -DFRELDQ b

.L 9DSRU�OLTXLG HTXLOLEULXP FRQVWDQW FRPSR�

QHQW L

b

.�� .�� .� &KHPLFDO HTXLOLEULXP FRQVWDQWV b

./ /LTXLG VSOLWWLQJ IDFWRU b

.9 9DSRU VSOLWWLQJ IDFWRU b

.[ oRZ VSOLWWLQJ IDFWRU LQ [ GLUHFWLRQ b

.\ oRZ VSOLWWLQJ IDFWRU LQ \ GLUHFWLRQ b

N�� N�� N� UHDFWLRQ UDWH FRQVWDQWV PRO cPb� c Vb�
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NE EDFNZDUG UHDFWLRQ UDWH FRQVWDQW Vb�

NI IRUZDUG UHDFWLRQ UDWH FRQVWDQW Vb�

/ /LTXLG PRODU oRZUDWH PRO c Vb�

/ &KDUDFWHULVWLF OHQJWK IRU GLmXVLRQ P

O )ORZ SDWK OHQJWK P

0L 0RODU PDVV RI VSHFLHV L NJ cPROb�

0, 0DOGLVWULEXWLRQ LQGH[ b

1 0RODU oX[ PRO cPb� c Vb�

1 1XPEHU RI PL[LQJ FHOOV b

1 / /LTXLG SKDVH PDVV WUDQVIHU UDWH PRO c Vb�

1 6 /LTXLG SKDVH PDVV WUDQVIHU UDWH WR FDWDO\VW PRO c Vb�

1 9 9DSRU SKDVH PDVV WUDQVIHU UDWH PRO c Vb�

Q� 1XPEHU RI GLVFUHWLVDWLRQ SRLQWV LQ WKH OLTXLG

nOP

b

Q� 1XPEHU RI GLVFUHWLVDWLRQ SRLQWV LQ WKH YDSRU

nOP

b

Q� 1XPEHU RI GLVFUHWLVDWLRQ SRLQWV LQ WKH OLTXLG

nOP DW WKH FDWDO\VW

b
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Q� 1XPEHU RI GLVFUHWLVDWLRQ SRLQWV LQ WKH FDWD�

O\VW

b

Q/ 1XPEHU RI FHOOV LQ D OLTXLG oRZSDWK b

Q9 1XPEHU RI FHOOV LQ D YDSRU oRZSDWK b

Q= 1XPEHU RI ]RQHV RU FHOOV RQ D VWDJH b

3H 3HFOHW QXPEHU b

S 3UHVVXUH 3D

4/ /LTXLG SKDVH KHDW GXW\ - c Vb�

49 9DSRU SKDVH KHDW GXW\ - c Vb�

T FRQGXFWLYH FRQWULEXWLRQ WR HQHUJ\ oX[ PRO cPb� c Vb�

5P 5HDFWLRQ UDWH RI UHDFWLRQ P PRO c Vb� cPb�

5 *DV FRQVWDQW - cPROb� c.b�

5 &ROXPQ UDGLXV P

U 5DGLXV P

U QXPEHU RI UHDFWLRQV b

UD $UHD UDWLR RI PDVV WUDQVIHU nOP WR FDWDO\VW

VXUIDFH DUHD

b

UO &HOO ZLGWK P

UDLN LQVLGH VXUIDFH DUHD UDWLR RI FHOO N b
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UDRN RXWVLGH VXUIDFH DUHD UDWLR RI FHOO N b

U$N $UHD UDWLR RI FHOO N WR FROXPQ FURVV VHFWLRQDO

DUHD

b

U/M UDWLR RI OLTXLG VLGH VWUHDP WR VWDJH OLTXLG oRZ

UDWH

b

U9M UDWLR RI YDSRU VLGH VWUHDP WR VWDJH YDSRU oRZ

UDWH

b

V DUFOHQJWK RI KRPRWRS\ FXUYH b

7 7HPSHUDWXUH .

7/ /LTXLG 7HPSHUDWXUH .

7 9 9DSRU 7HPSHUDWXUH .

W KRPRWRS\ SDUDPHWHU b

X 9HORFLW\ P c Vb�

X/ 6XSHUnFLDO OLTXLG YHORFLW\ P c Vb�

xX $YHUDJH YHORFLW\� DYHUDJHG RYHU ZKROH FURVV�

VHFWLRQDO DUHD

P c Vb�

xXL $YHUDJH YHORFLW\� DYHUDJHG RYHU FHOO L DQG

QHLJKERULQJ FHOOV

P c Vb�

9 9DSRU PRODU oRZUDWH PRO c Vb�

[YLLL



x9L 0RODU YROXPH RI FRPSRQHQW L P� cPROb�

9Q YROXPH IUDFWLRQ RI WKH VOLFH RI FDWDO\VW b

; $UELWUDU\ YDULDEOH b

[L /LTXLG SKDVH PROH IUDFWLRQ RI FRPSRQHQW L b

\L YDSRU SKDVH PROH IUDFWLRQ RI FRPSRQHQW L b

] %HG GHSWK RU EHG KHLJKW P

] &DWDO\VW FRRUGLQDWH P

]� 'LVWDQFH IURP LQQHU nOP VXUIDFH WR FDWDO\VW

FHQWHU

P

]F 'LVWDQFH IURP FDWDO\VW VXUIDFH WR FDWDO\VW

FHQWHU

P

]O &HOO KHLJKW P

]p 'LVWDQFH RXWHU nOP VXUIDFH WR FDWDO\VW FHQWHU P

*UHHN V\PEROV

mL�M QRQUDQGRPQHVV SDUDPHWHU LQ 157/ HTXD�

WLRQ

b

mL�O 0XOWLFRPSRQHQW WKHUPDO GLmXVLRQ IDFWRU b

[L[



nL FRUUHFWLRQ IDFWRU IRU YDULDEOH L DORQJ KRPR�

WRS\ FXUYH

b

b 7KHUPRG\QDPLF IDFWRU b

oL DFWLYLW\ FRHpFLHQW RI FRPSRQHQW L b

p nOP WKLFNQHVV P

pL�O .URQHFNHU GHOWD� � RI L  N� � LI L � N b

q UHDFWLRQ YROXPH P�

q& FDWDO\VW SRURVLW\ b

s 'LPHQVLRQOHVV nOP FRRUGLQDWH b

s YLVFRVLW\ 3D�V

�L�O %LQDU\ SDLU PDVV WUDQVIHU FRHpFLHQW IRU SDLU

�L� O�

P c Vb�

w 7KHUPDO FRQGXFWLYLW\ - c.b� cPb� c Vb�

xL FKHPLFDO SRWHQWLDO RI FRPSRQHQW L - cPROb�

yL�P 6WRLFKLRPHWULF IDFWRU RI FRPSRQHQW L LQ UHDF�

WLRQ P

b

| GHQVLW\ NJ cPb�

~ &DWDO\VW WRUWXRVLW\ b

�L 9ROXPH IUDFWLRQ RI FRPSRQHQW L b
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�L PDVV IUDFWLRQ RI FRPSRQHQW L b

VXSHUVFULSWV

e (TXLOLEULXP

& &DWDO\VW TXDQWLW\ RI SURSHUW\

' 'LmXVLYH FRQWULEXWLRQ

H HmHFWLYH

) )HHG TXDQWLW\ RU SURSHUW\

, ,QWHUIDFH TXDQWLW\ RU SURSHUW\

/ /LTXLG SKDVH

0 ,QGLFDWLQJ PL[LQJ oRZ

09 0XUSKUHH YDSRU SKDVH

6 3URSHUW\ RU 4DQWLW\ UHODWHG WR OLTXLG nOP DW

FDWDO\VW LQWHUIDFH

6 6WDJH TXDQWLW\ RU SRUSHUW\

9 9DSRU SKDVH TXDQWLW\ RU SURSHUW\

9 9LVFRXV FRQWULEXWLRQ

VXEVFULSWV
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�0�% � � PHWK\O � � � EXWHQH

�0�% � � PHWK\O � � � EXWHQH

F� EXWHQH

F� SHQWHQH

F� KH[HQH

L FRPSRQHQW LQGH[

M VWDJH LQGH[

N &HOO LQGH[

O DOWHUQDWLYH FRPSRQHQW LQGH[

P UHDFWLRQ LQGH[

0H2+ 0HWKDQRO

Q GLVFUHWLVDWLRQ LQGH[

VSHF VSHFLnFDWLRQ

W WRWDO

7$0( WHUW�DP\O�PHWK\O�HWKHU

2WKHU

c 'LmHUHQFH

� *UDGLHQW Pb�
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, (YDOXDWHG DW LQWHUIDFH

a 3VHXGR SURSHUW\ LQ GXVW\ JDV PL[WXUH

x DYHUDJHG YDOXH

x YHFWRU

�;�7 4XDQWLW\ ; DW FRQVWDQW WHPSHUDWXUH

�;�S 4XDQWLW\ ; DW FRQVWDQW SUHVVXUH

> @ 0DWUL[

MM MM 0D[LPXP QRUP
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/LVW RI )LJXUHV

��� 6FKHPDWLF UHSUHVHQWDWLRQ RI D FRQYHQWLRQDO DQG UHDFWLYH GLVWLOODWLRQ

SURFHVV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6FKHPDWLF UHSUHVHQWDWLRQ RI QRQHTXLOLEULXP FHOO PRGHO � � � � � � � � � ��

��� 6FKHPDWLF UHSUHVHQWDWLRQ RI QRQHTXLOLEULXP FHOO � � � � � � � � � � � � ��

��� 6FKHPDWLF UHSUHVHQWDWLRQ RI JULG IRU FDWDO\VW SDUWLFOH� � � � � � � � � � ��

��� 6FKHPDWLF UHSUHVHQWDWLRQ RI QRQHTXLOLEULXP VWDJH IRU D GLVWLOODWLRQ WUD\ ��

��� &HOO GHVFULSWLRQ RI YDULRXV oRZ PRGHOV � � � � � � � � � � � � � � � � � ��

��� )ORZ VSOLWWLQJ SDWWHUQ LQ ]RQH VWDJH PRGHO � � � � � � � � � � � � � � � ��

��� 5DGLDO PL[LQJ PRGHO IRU PDOGLVWULEXWLRQ � � � � � � � � � � � � � � � � ��

��� &RQYHUVLRQ DV D IXQFWLRQ RI ERLOXS UDWLR IRU YDULRXV oRZ PRGHOV � � � ���

[[LY



��� &RPSDULVRQ RI &HOO PRGHO WR PRGLnHG .RRLMPDQ ������ PRGHO H[�

WHQGHG ZLWK EXON OLTXLG UHDFWLRQ � � � � � � � � � � � � � � � � � � � � � ���

��� (pFLHQF\ SURnOHV IRU UHDFWLYH V\VWHP� FDOFXODWHG IURP 1RQHTXLOLEULXP

PRGHO UHVXOWV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &ROXPQ &RQFHQWUDWLRQ SURnOHV IRU $FHWLF $QK\GULGH � :DWHU � $FHWLF

DFLG V\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 0DVV WUDQVIHU UDWHV IRU $FHWLF $QK\GULGH � :DWHU � $FHWLF DFLG V\VWHP ���

��� &RQVXPSWLRQ UDWH RI $FHWLF $QK\GULGH � � � � � � � � � � � � � � � � � ���

��� &RQnJXUDWLRQ RI UHDFWLYH GLVWLOODWLRQ FROXPQ IRU K\GUDWLRQ RI HWK\OHQH

R[LGH WR HWK\OHQH JO\FRO � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &ROXPQ WHPSHUDWXUH SURnOHV IRU WKH WKUHH VWHDG\�VWDWH VROXWLRQV XVLQJ

WKH (4 DQG WKH 1(4����� PRGHOV � � � � � � � � � � � � � � � � � � � � ���

��� &ROXPQ FRPSRVLWLRQ SURnOHV IRU WKH KLJK FRQYHUVLRQ VWHDG\ VWDWH 66��

XVLQJ WKH (4 DQG WKH 1(4����� PRGHOV � � � � � � � � � � � � � � � � � ���

���� &ROXPQ PRODU oRZ SURnOHV RI WKH OLTXLG DQG YDSRU SKDVHV IRU WKH WKUHH

VWHDG\�VWDWH VROXWLRQV XVLQJ WKH 1(4����� PRGHO� � � � � � � � � � � � ���
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���� &ROXPQ GLDPHWHUV FDOFXODWHG IRU HDFK VWDJH DVVXPLQJ ��� oRRGLQJ

IDFWRUV IRU WKH WKUHH VWHDG\�VWDWH VROXWLRQV XVLQJ WKH 1(4����� PRGHO� ���

���� 6HOHFWLYLW\ WRZDUGV SURGXFWLRQ RI (* DQG '(* IRU WKH KLJK FRQYHUVLRQ

VWHDG\ VWDWH XVLQJ 1(4������ 1(4������ 1(4����� DQG (4 PRGHOV� � ���

��� &RQnJXUDWLRQ RI �� VWDJH UHDFWLYH GLVWLOODWLRQ FROXPQ IRU SURGXFWLRQ RI

07%( � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� &RPSDULVRQ RI (4 DQG 1(4 PRGHOV IRU 07%( V\QWKHVLV � � � � � � � ���

��� 6HQVLWLYLW\ RI WKH 1(4 PRGHO WR PDVV WUDQVIHU FRHpFLHQWV � � � � � � ���

��� 6HQVLWLYLW\ RI WKH 1(4 PRGHO WR WKH FDWDO\VW DFWLYLW\ � � � � � � � � � ���

��� 6HQVLWLYLW\ RI WKH 1(4 PRGHO WR Q�EXWHQH IHHG oRZUDWH � � � � � � � � ���

��� 6WHDG\ VWDWH FRQYHUVLRQ RI L�EXWHQH LQ 07%( FROXPQ DV D IXQFWLRQ RI

WKH ERWWRP SURGXFW oRZ UDWH� &RPSDULVRQ RI 3VHXGR KRPRJHQHRXV

DQG GXVW\ oXLG PRGHOV� � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 0DVV WUDQVIHU UDWHV LQVLGH D FDWDO\VW SDUWLFOHV � � � � � � � � � � � � � � ���

��� &RQYHUVLRQ RI L�EXWHQH DV D IXQFWLRQ RI WKH ERWWRP SURGXFW oRZUDWH

IRU YDULRXV FDWDO\VW WKLFNQHVVHV � � � � � � � � � � � � � � � � � � � � � � ���
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��� 6FKHPDWLF UHSUHVHQWDWLRQ RI UHDFWLRQ V\VWHP� � � � � � � � � � � � � � � ���

���� 7HPSHUDWXUH SURnOHV IRU KLJK DQG ORZ FRQYHUVLRQ VWHDG\ VWDWHV LQ 7$0(

FROXPQ IRU (TXLOLEULXP �(T�� 1RQHTXLOLEULXP �14� DQG 'XVW\ )OXLG

�')� PRGHOV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� 0XUSKUHH HpFLHQF\ SURnOHV IRU 0HWKDQRO DQG Q�3HQWDQH DW KLJK DQG

ORZ FRQYHUVLRQ VWHDG\ VWDWHV� � � � � � � � � � � � � � � � � � � � � � � � ���

��� 0DOGLVWULEXWLRQ SDWWHUQV � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 'LmHUHQWLDO +(73V IRU UDGLDO PDOGLVWULEXWLRQ FDVHV � � � � � � � � � � ���

��� 'LmHUHQWLDO +(73V IRU VTXDUH JULG PDOGLVWULEXWLRQ FDVHV � � � � � � � ���

��� 'LmHUHQWLDO +(73V IRU VWUXFWXUHG SDFNLQJ � � � � � � � � � � � � � � � ���

��� &RQFHQWUDWLRQ SURnOHV IRU 0HWKDQRO � LVR�3URSDQRO � :DWHU FROXPQ DW

YDULRXV PDOGLVWULEXWLRQ SDWWHUQV � � � � � � � � � � � � � � � � � � � � � ���

��� &RQFHQWUDWLRQ SURnOHV IRU LVR�3URSDQRO � %HQ]HQH � Q�3URSDQRO FROXPQ

DW YDULRXV PDOGLVWULEXWLRQ SDWWHUQV � � � � � � � � � � � � � � � � � � � ���

��� (pFLHQF\ GLmHUHQFHV EHWZHHQ LVR�3URSDQRO DQG %HQ]HQH LQ WRS VHFWLRQ

RI FROXPQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� 'LVWLOODWLRQ OLQHV IRU LVR�3URSDQRO � %HQ]HQH � Q�3URSDQRO V\VWHP � � � ���

��� &RPSDULVRQ RI FRQYHUVLRQ DQG ERWWRP SURGXFW SXULW\ IRU QR PDOGLVWUL�

EXWLRQ PRGHO DQG QDWXUDO oRZ PRGHO � � � � � � � � � � � � � � � � � � ���

���� ,QoXHQFH RI LQFUHDVLQJ oRZ GRZQ WKH FHQWHU RI WKH FROXPQ RQ SURGXFW

SXULW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� SURGXFWLRQ UDWH SURnOHV REWDLQHG DW D ERWWRP SURGXFW oRZUDWH RI ���

PRO�V IRU 07%( FROXPQ DW WKUHH PDOGLVWULEXWLRQ FDVHV � � � � � � � � ���

���� ,QoXHQFH RI LQFUHDVLQJ oRZ FORVH WR WKH ZDOO RI WKH FROXPQ RQ L�EXWHQH

FRQYHUVLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

���� ,QoXHQFH RI LQWHUIDFLDO DUHD RQ FRQYHUVLRQ RI L�EXWHQH � � � � � � � � � ���

���� ,QoXHQFH RI LQFUHDVLQJ oRZ FORVH WR WKH ZDOO RI WKH FROXPQ RQ SURGXFW

SXULW\ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
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/LVW RI 7DEOHV

��� 9DULDEOHV IRU D QRQHTXLOLEULXP VWDJH � � � � � � � � � � � � � � � � � � � ��

��� 9DULDEOHV UHODWHG WR WKH GXVW\ oXLG PRGHO � � � � � � � � � � � � � � � � ��

��� 9DULDEOHV IRU DQ HTXLOLEULXP VWDJH � � � � � � � � � � � � � � � � � � � � ��

��� (TXDWLRQV IRU D QRQHTXLOLEULXP VWDJH � � � � � � � � � � � � � � � � � � ��

��� (TXDWLRQV IRU WKH 'XVW\ )OXLG PRGHO � � � � � � � � � � � � � � � � � � ��

��� (TXDWLRQV IRU DQ HTXLOLEULXP VWDJH � � � � � � � � � � � � � � � � � � � ��

��� )HHG SURSHUWLHV IRU DFHWLF DQK\GULGH FROXPQ � � � � � � � � � � � � � � ���

��� :LOVRQ SDUDPHWHUV $FHWLF $QK\GULGH � :DWHU � $FHWLF $FLG V\VWHP � � ���

��� &RQYHUVLRQ RI DFHWLF DQK\GULGH IRU WKH YDULRXV oRZ PRGHOV � � � � � � ���
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��� 7UD\ VSHFLnFDWLRQV 07%( FROXPQ � � � � � � � � � � � � � � � � � � � � ���

��� 5HDFWLYH SDFNHG VHFWLRQ VSHFLnFDWLRQV 07%( FROXPQ � � � � � � � � � ���

��� %DVH YDOXHV DQG WHVWHG UDQJHV IRU PRGHO SDUDPHWHUV� � � � � � � � � � � ���

��� :LOVRQ SDUDPHWHUV IRU 7$0( V\VWHP � � � � � � � � � � � � � � � � � � ���

��� 157/ SDUDPHWHUV IRU PL[WXUH PHWKDQRO � LVR�SURSDQRO � ZDWHU � � � � ���

��� 157/ SDUDPHWHUV IRU PL[WXUH LVR�SURSDQRO � %HQ]HQH Q�3URSDQRO � � ���

��� 3DFNLQJ GDWD IRU UHDFWLYH GLVWLOODWLRQ FROXPQ � � � � � � � � � � � � � � ���
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3XEOLFDWLRQV WKDW UHVXOWHG IURP WKLV ZRUN

q +LJOHU� $�� 7D\ORU� 5�� DQG .ULVKQD� 5�� ������ 0RGHOLQJ RI D UHDFWLYH VHSDUDWLRQ

SURFHVV XVLQJ D QRQHTXLOLEULXP VWDJH PRGHO� &RPSXW� &KHP� (QJQJ ��� 6����

6���

q +LJOHU� $�� 7D\ORU� 5�� DQG .ULVKQD� 5�� ������ 1RQHTXLOLEULXP PRGHOOLQJ RI

UHDFWLYH GLVWLOODWLRQ� 0XOWLSOH VWHDG\ VWDWHV LQ 07%( V\QWKHVLV� &KHP� (QJ�

6FL� ��� ���� � ����

q +LJOHU� $�� 7D\ORU� 5�� DQG .ULVKQD� 5�� ������ 7KH LQoXHQFH RI PDVV WUDQVIHU

DQG PL[LQJ RQ WKH SHUIRUPDQFH RI D WUD\ FROXPQ IRU UHDFWLYH GLVWLOODWLRQ� &KHP�

(QJ� 6FL� ��� ���� � ����

q +LJOHU� $�� .ULVKQD� 5�� DQG 7D\ORU� 5�� ������ $ 1RQHTXLOLEULXP &HOO PRGHO

IRU SDFNHG GLVWLOODWLRQ FROXPQV� ,QG� (QJ� &KHP� 5HV� LQ SUHVV

q +LJOHU� $�� .ULVKQD� 5�� DQG 7D\ORU� 5�� ������ $ 1RQHTXLOLEULXP &HOO 0RGHO

IRU 0XOWLFRPSRQHQW �5HDFWLYH� 6HSDUDWLRQ 3URFHVVHV� DFFHSWHG� $,&K( -RXUQDO

q +LJOHU� $�� .ULVKQD� 5�� DQG 7D\ORU� 5�� ������ 7KH ,QoXHQFH RI 0DOGLVWULEXWLRQ

RQ 5HDFWLYH 'LVWLOODWLRQ LQ 3DFNHG &ROXPQV� LQ SUHSDUDWLRQ�

[[[L



q +LJOHU� $�� .ULVKQD� 5�� DQG 7D\ORU� 5�� ������ 1RQHTXLOLEULXP 0RGHOOLQJ RI

5HDFWLYH 'LVWLOODWLRQ� $ 'XVW\ )OXLG 0RGHO IRU +HWHURJHQHRXVO\ &DWDO\VHG 3UR�

FHVVHV� VXEPLWWHG

q %DXU� 5�� +LJOHU� $�3�� 7D\ORU� 5�� DQG .ULVKQD� 5� ������ &RPSDULVRQ RI (TXL�

OLEULXP 6WDJH DQG 1RQHTXLOLEULXP 6WDJH 0RGHOV IRU 5HDFWLYH 'LVWLOODWLRQ DF�

FHSWHG� &KHP� (QJ� -�

q +LJOHU� $�� .ULVKQD� 5�� (OOHQEHUJHU� -� DQG 7D\ORU� 5�� ������ &RXQWHU�FXUUHQW

RSHUDWLRQ RI D VWUXFWXUHG &DWDO\WLFDOO\ 3DFNHG %HG 5HDFWRU� /LTXLG SKDVH PL[�

LQJ DQG PDVV WUDQVIHU� &KHP� (QJ� 6FL� �� ���� � ����

[[[LL



&KDSWHU �

,QWURGXFWLRQ DQG 0RWLYDWLRQ

,Q WKLV FKDSWHU� WKH UHDGHU LV LQWURGXFHG WR FRPSXWHU PRGHOLQJ RI UHDFWLYH

GLVWLOODWLRQ� 7KH VKRUWFRPLQJV RI H[LVWLQJ PHWKRGV DUH GLVFXVVHG� DQG D

OLVW RI UHTXLUHPHQWV IRU DQ LPSURYHG QRQHTXLOLEULXP PRGHO IRU UHDFWLYH

GLVWLOODWLRQ DUH LGHQWLnHG�

�



��� ,QWURGXFWLRQ

$Q LPSRUWDQW SDUW RI SURFHVV GHVLJQ DQG SURFHVV GHYHORSPHQW LQ FKHPLFDO HQJLQHHU�

LQJ LV QRZDGD\V GRQH ZLWK FRPSXWHUV� 7KLV VKRXOG QRW EH D VXUSULVH� 'HVLJQ RI�

IRU LQVWDQFH� D GLVWLOODWLRQ FROXPQ LQYROYHV D FRQVLGHUDEOH DPRXQW RI HTXDWLRQ VROYLQJ�

DQG� JHQHUDOO\ VSHDNLQJ� FRPSXWHUV DUH PXFK EHWWHU DW KDQGOLQJ WKHVH� VRPHWLPHV� DE�

VXUGO\ ODUJH V\VWHPV RI HTXDWLRQV WKDQ WKH DYHUDJH� RU HYHQ WKH ZHOO WUDLQHG� FKHPLFDO

HQJLQHHU� 7KH IDFW WKDW ZH FDQ QRZ OHDYH PRVW RI WKH PDWKHPDWLFV WR WKH FRPSXWHU�

KDV JLYHQ XV DFFHVV WR D VHW RI YHU\ YDOXDEOH WRROV IRU SODQW GHVLJQ� RSWLPL]DWLRQ� DQG

RSHUDWLRQ� ,Q PDQ\ FDVHV� H[SHQVLYH SODQW WULDOV FDQ EH UHSODFHG E\ FKHDS VLPXODWLRQV�

DQG IHDVLELOLW\ VWXGLHV DUH QRZDGD\V PRVWO\ EDVHG RQ FRPSXWHU FDOFXODWLRQV�

,Q WKH nHOG RI FKHPLFDO HQJLQHHULQJ� FRPSXWHU PRGHOLQJ RI GLVWLOODWLRQ KDV IRXQG ZLGH

DSSOLFDWLRQ� 2QH RI WKH UHDVRQV LV WKDW GLVWLOODWLRQ LV� LQ WKH FKHPLFDO LQGXVWU\� VWLOO WKH

PRVW FRPPRQO\ XVHG VHSDUDWLRQ SURFHVV� %XW DOVR EHFDXVH LQ GLVWLOODWLRQ PRGHOLQJ�

RQH URXWLQHO\ KDV WR GHDO ZLWK ODUJH V\VWHPV RI QRQOLQHDU DOJHEUDLF HTXDWLRQV LQYROYLQJ

PDWKHPDWLFDOO\ FRPSOLFDWHG WKHUPRG\QDPLF PRGHOV� 2QFH WKH HTXDWLRQV KDYH EHHQ

SURJUDPPHG RQH FDQ YHU\ HDVLO\ FKDQJH WKH RSHUDWLQJ FRQGLWLRQV� WKHUPRG\QDPLF

PRGHO� IHHG FRQGLWLRQV� DQG VR RQ DQG VHH WKH UHVXOW RI WKH FKDQJHV LQ WKH EOLQN RI DQ

H\H�

�



+RZHYHU� WKH TXDOLW\ DQG UHOLDELOLW\ RI WKH FDOFXODWHG UHVXOWV KLQJH VWURQJO\ RQ WKH

TXDOLW\ RI WKH PRGHO� *RRG DQG VRXQG SK\VLFDO PRGHOV DUH� WKHUHIRUH� HVVHQWLDO� ,Q

DGGLWLRQ� D PRGHO LV RQO\ XVHIXO LI WKH QXPHULFDO PHWKRG XVHG WR VROYH WKH PRGHO

HTXDWLRQV LV DEOH WR GR VR ZLWKRXW WRR PDQ\ GLpFXOWLHV�

����� 'LVWLOODWLRQ 0RGHOLQJ

$OPRVW DOO GLVWLOODWLRQ PRGHOV DUH EDVHG RQ WKH FRQFHSW RI 
VWDJHV
� 7KH VLPSOHU

PRGHOV DUH EDVHG RQ WKH DVVXPSWLRQ WKDW LQ HYHU\ VWDJH� WKH FKHPLFDO SRWHQWLDO DQG

WKH WHPSHUDWXUH RI ERWK YDSRU DQG OLTXLG SKDVHV DUH HTXDO� 7KLV LV FRPPRQO\ UHIHUUHG

WR DV DQ HTXLOLEULXP VWDJH PRGHO� 2I FRXUVH� LQ UHDO FROXPQV� ZKHUH ZH DUH GHDOLQJ

ZLWK HLWKHU WUD\V RU SDFNLQJ� WKLV HTXLOLEULXP VWDJH GRHV QRW UHDOO\ H[LVW� 'XH WR

WKH SUHVHQFH RI PDVV WUDQVIHU UHVLVWDQFHV ZH FDQ KDUGO\ H[SHFW WKH YDSRU DQG OLTXLG

SKDVHV WR EH DW HTXLOLEULXP� 7KLV SRLQW ZDV UHFRJQL]HG D ORQJ WLPH DJR� DQG OHG

WR WKH LQWURGXFWLRQ RI WKH HpFLHQF\ IDFWRU� 7KH HpFLHQF\ PD\ EH GHnQHG DV WKH

H[WHQW WR ZKLFK HTXLOLEULXP KDV EHHQ UHDFKHG RQ D WUD\� DQG� VHHPLQJO\� SURYLGHV

D OLQN EHWZHHQ WKH HTXLOLEULXP VWDJH DQG D UHDO WUD\� )RU VLPSOH ELQDU\ V\VWHPV�

WKLV FRQFHSW ZRUNV TXLWH ZHOO� DQG HpFLHQFLHV PD\ HDVLO\ EH SUHGLFWHG� +RZHYHU�

XVLQJ HpFLHQFLHV LQ VLPXODWLRQV ZLOO OHDG WR VXEFRROHG YDSRU DQG VXSHUKHDWHG OLTXLG

�



SKDVHV� )XUWKHUPRUH� LQ PXOWLFRPSRQHQW V\VWHPV� HpFLHQFLHV ZLOO EH GLmHUHQW IRU

DOO FRPSRQHQWV DQG PD\ YDU\ VWURQJO\ RYHU WKH KHLJKW RI WKH FROXPQ� 7KLV PDNHV

HVWLPDWLRQ RI HpFLHQFLHV SUREOHPDWLF�

)RU WKH SDFNHG FROXPQV ZH XVH WKH +(73 �+HLJKW (TXLYDOHQW RI D 7KHRUHWLFDO 3ODWH��

7KH +(73 LV WKH KHLJKW RI D VHFWLRQ RI SDFNLQJ QHHGHG WR HVWDEOLVK WKH VHSDUDWLRQ

REWDLQHG LQ D VLQJOH HTXLOLEULXP VWDJH� $V LV WKH FDVH ZLWK HpFLHQFLHV� WKH +(73 KDV

D SK\VLFDO PHDQLQJ RQO\ LQ ELQDU\ V\VWHPV� )RU PXOWLFRPSRQHQW V\VWHPV WKH\ DUH DV

FRQIXVLQJ DV HpFLHQFLHV� ,W� WKHUHIRUH� VWULNHV WKH DXWKRU DV VWUDQJH WKDW� LQ GLVWLOODWLRQ

PRGHOLQJ PDQ\ HQJLQHHUV WHQG WR JR WKURXJK JUHDW WURXEOH WR JHW WKH WKHUPRG\QDPLFV

RI D V\VWHP ULJKW� KRZHYHU� WKH\ DUH TXLWH ZLOOLQJ WR SLFN DQ HpFLHQF\ IDFWRU ZLWKRXW

IXUWKHU WKRXJKW�

7KH SUREOHPV DWWDFKHG WR WKH HTXLOLEULXP�VWDJH�HpFLHQF\ DSSURDFK DUH FLUFXPYHQWHG

E\ WKH QRQHTXLOLEULXP VWDJH PRGHOV� ,Q WKHVH PRGHOV� HDFK VWDJH GHVFULEHV D 
UHDO
 WUD\

RU D UHDO VHFWLRQ RI SDFNLQJ� $ QRQHTXLOLEULXP PRGHO VSOLWV WKH VWDJH PDWHULDO DQG HQ�

HUJ\ EDODQFHV LQWR EDODQFHV IRU HDFK SKDVH� DQG WKH PDVV DQG HQHUJ\ WUDQVIHU SURFHVV

LV PRGHOHG GLUHFWO\ E\ PHDQV RI UDWH HTXDWLRQV� 7KH nUVW VXFK PRGHO ZDV SUHVHQWHG

E\ .ULVKQDPXUWK\ DQG 7D\ORU �����D� DQG XVHG IRU VLPXODWLRQ RI ERWK VWDJHZLVH

�FRQYHQWLRQDO GLVWLOODWLRQ LQ WUD\ FROXPQV� H[WUDFWLYH GLVWLOODWLRQ� WUD\ DEVRUEHU� DQG

FRQWLQXRXV �SDFNHG GLVWLOODWLRQ DQG DEVRUSWLRQ FROXPQV� SURFHVVHV �.ULVKQDPXUWK\

�



DQG 7D\ORU� ����E�G� ����� 7D\ORU HW DO�� ������ ,Q WKLV QRQHTXLOLEULXP PRGHO� WKH

SUHVVXUH ZDV VSHFLnHG RQ DOO VWDJHV� +RZHYHU� WKH FROXPQ SUHVVXUH GURS LV D IXQF�

WLRQ RI WUD\ �RU SDFNLQJ� W\SH DQG GHVLJQ DQG WKH K\GURG\QDPLF FRQGLWLRQV� ,Q D

VHFRQG JHQHUDWLRQ PRGHO� GHYHORSHG E\ 7D\ORU HW DO� ������� RQO\ WKH SUHVVXUHV RI WKH

FRQGHQVHU DQG WRS WUD\ DUH VSHFLnHG� 7KH SUHVVXUHV RQ WKH VWDJHV DUH VXEVHTXHQWO\

FDOFXODWHG E\ PHDQV RI D VWDJH SUHVVXUH GURS DQG WKH SUHVVXUH RI WKH VWDJH DERYH�

7D\ORU HW DO� ������ SUHVHQW WKH UHVXOWV RI VLPXODWLRQV RI LQGXVWULDO VFDOH FROXPQV DQG

FRQFOXGH WKDW QRQHTXLOLEULXP PRGHOV KDYH VLJQLnFDQW DGYDQWDJHV RYHU HTXLOLEULXP

PRGHOV� )LUVW RI DOO� WKHUH LV QR QHHG WR JXHVV D QXPEHU RI HTXLOLEULXP VWDJHV� RU

WKH ORFDWLRQ RI VLGH DQG IHHGVWUHDPV ZKHQ VLPXODWLQJ DQ H[LVWLQJ FROXPQ� 6HFRQGO\�

WKH XVH RI VWDJH HpFLHQFLHV DQG +(73 LV HQWLUHO\ DYRLGHG� 7KLV ZDV IRXQG WR EH

HVSHFLDOO\ XVHIXO IRU ��� 3DFNHG FROXPQV� ��� 6WURQJO\ QRQLGHDO V\VWHPV� ��� 6\VWHPV

LQYROYLQJ WUDFH FRPSRQHQWV� ��� &ROXPQV ZLWK SURnOHV WKDW FRQWDLQ PD[LPD RU FKDQJH

UDSLGO\ RYHU D VPDOO VHFWLRQ RI WKH FROXPQ� ��� &ROXPQV ZLWK PXOWLSOH IHHG DQG RU

VLGHVWUHDPV� ��� $Q\ FROXPQ ZLWK XQNQRZQ HpFLHQFLHV� ,Q DGGLWLRQ� QRQHTXLOLEULXP

PRGHOV FDQ EH XVHG LQ DQDO\VLV RI RSHUDWLQJ DQG GHVLJQ SUREOHPV� VLQFH WKH\ UHTXLUH

WKH HTXLSPHQW GHVLJQ SDUDPHWHUV WR EH DYDLODEOH� $V D FRQVHTXHQFH QRQHTXLOLEULXP

PRGHOV PD\ DOVR EH XVHG WR LGHQWLI\ HTXLSPHQW GHVLJQ SDUDPHWHUV WKDW PD\ EH DOWHUHG

WR LPSURYH FROXPQ SHUIRUPDQFH�

�



7KH QRQHTXLOLEULXP PRGHO UHTXLUHV LQIRUPDWLRQ DERXW WKH FROXPQ FRQnJXUDWLRQ IRU

FDOFXODWLRQ RI SDUDPHWHUV VXFK DV PDVV DQG KHDW WUDQVIHU FRHpFLHQWV DQG LQWHUIDFLDO

DUHDV� 7KHVH SDUDPHWHUV DUH XVXDOO\ REWDLQHG IURP VHPL�HPSLULFDO FRUUHODWLRQV� 7KH

FRPSXWHG VROXWLRQ RI WKH PRGHO HTXDWLRQV� WKHUHIRUH� GHSHQGV WR D FHUWDLQ H[WHQW RQ

WKH TXDOLW\ RI WKH FRUUHODWLRQV� 0XFK RI WKH RSSRVLWLRQ WR QRQHTXLOLEULXP PRGHOV ZDV�

DQG VWLOO LV EDVHG RQ WKLV LVVXH� 1HYHUWKHOHVV� QRQHTXLOLEULXP PRGHOV KDYH EHHQ JDLQLQJ

PRUH DQG PRUH JURXQG DW WKH H[SHQVH RI WKH FRQYHQWLRQDO HTXLOLEULXP VWDJH PRGHOV�

$QG DOWKRXJK LW PD\ EH WUXH WKDW WKH TXDOLW\ RI RXU FXUUHQW GD\ PDVV WUDQVIHU PRGHOV

OHDYHV VRPHWKLQJ WR EH GHVLUHG� WKH DXWKRU EHOLHYHV WKDW WKHUH LV PXFK PRUH SRWHQWLDO

IRU GHYHORSPHQW RI EHWWHU PDVV WUDQVIHU PRGHOV WKDQ WKHUH LV IRU EHWWHU HpFLHQF\

SUHGLFWLRQ PRGHOV� (pFLHQFLHV ZLOO� LQ PXOWLFRPSRQHQW V\VWHPV� EH FRQIXVLQJ QR

PDWWHU ZKDW PHWKRG LV XVHG IRU WKHLU SUHGLFWLRQ�

7KHUHIRUH� D VRXQG PRGHO IRU GLVWLOODWLRQ VKRXOG EH EDVHG RQ D QRQHTXLOLEULXP DS�

SURDFK� )RU PRGHOLQJ RI UHDFWLYH GLVWLOODWLRQ WKLV ZLOO EH HYHQ PRUH LPSRUWDQW VLQFH

WKH LQWURGXFWLRQ RI D UHDFWLRQ DOVR LQWURGXFHV DQ DGGLWLRQDO QXPEHU RI LQWHUDFWLRQV

EHWZHHQ PDVV WUDQVIHU UDWHV� FRPSRVLWLRQ DQG WHPSHUDWXUHV� ,Q PDQ\ FDVHV LW LV QRW

LQ DGYDQFH FOHDU ZKLFK RQHV DUH LPSRUWDQW� DQG ZKLFK RQHV DUH QRW� $QG LQ VRPH

FDVHV� WKH LPSRUWDQFH RI WKH LQWHUDFWLRQV ZLOO YDU\ IURP VWDJH WR VWDJH� )XUWKHUPRUH�

LW ZLOO EHFRPH FOHDU WKDW NQRZOHGJH RI QRUPDO GLVWLOODWLRQ RSHUDWLRQV PD\ QRW DOZD\V

�



EH DSSOLHG WR UHDFWLYH GLVWLOODWLRQ� )RU H[DPSOH� D KLJKHU UHoX[ UDWLR GRHV QRW DO�

ZD\V JLYH D EHWWHU SHUIRUPDQFH� DQG DGGLQJ PRUH FDWDO\VW FDQ LQ VRPH FDVHV KDYH

D GHWULPHQWDO HmHFW RQ WKH SURFHVV� 7KH H[DFW LQoXHQFH RI RSHUDWLRQDO DQG PRGHO

SDUDPHWHUV� DQG D YDOLG H[SODQDWLRQ RI ZK\ D FROXPQ EHKDYHV WKH ZD\ LW GRHV� PD\

RQO\ EH GHWHUPLQHG ZLWK SK\VLFDOO\ UHDOLVWLF PRGHOV�

7KH QHHG IRU WKHVH PRGHOV LV QRW PHUHO\ DFDGHPLF� 7KHUH LV D ODUJH QXPEHU RI SUR�

FHVVHV WKDW KDV EHHQ SURSRVHG IRU UHDFWLYH GLVWLOODWLRQ �'RKHUW\ DQG %X]DG� ������ EXW

RQO\ YHU\ IHZ KDYH IRXQG LQGXVWULDO DSSOLFDWLRQ� 7KHUH DUH YDULRXV UHDVRQV IRU WKH ODFN

RI DSSOLFDWLRQ� WKH PRVW LPSRUWDQW RI ZKLFK LV WKDW PRVW FRPSDQLHV DUH UHOXFWDQW WR

WU\ VRPHWKLQJ WKDW KDV QHYHU EHHQ GRQH EHIRUH DQG ZLOO UDWKHU XVH SURYHQ WHFKQRORJ\�

,Q DGGLWLRQ� VLQFH LQ UHDFWLYH GLVWLOODWLRQ DOO LV GRQH LQ RQH YHVVHO� WKH SRVVLELOLWLHV IRU

FRQWURO DUH IDLUO\ OLPLWHG� ,I D GHVLJQ LV� WKHUHIRUH� QRW RSWLPL]HG EHIRUH LW LV EXLOW�

LW ZLOO EH YHU\ KDUG WR LPSURYH LWV SHUIRUPDQFH DIWHUZDUGV� VLPSO\ EHFDXVH WKHUH DUH

QRW WKDW PDQ\ WKLQJV WR PDQLSXODWH� 7KHUHIRUH� LI D QHZ UHDFWLYH GLVWLOODWLRQ SURFHVV

ZDQWV WR KDYH DQ\ FKDQFH� WKH SURPLVH RI D PXFK ORZHU FDSLWDO LQYHVWPHQW� FRPELQHG

ZLWK D JXDUDQWHHG SHUIRUPDQFH LV SUDFWLFDOO\ PDQGDWRU\� *RRG DQG VRXQG PRGHOV ZLOO

EH D YLWDO IDFWRU KHUH� 7KH VDPH FDQ EH VDLG IRU RSWLPL]DWLRQ RI H[LVWLQJ SURFHVVHV�

([SHQVLYH SODQW WULDOV PD\ EH DYRLGHG E\ FRPSXWHU PRGHOLQJ� EXW RQO\ LI D PRGHO LV

UHDOLVWLF�

�



%HIRUH IRUPXODWLQJ WKH UHTXLUHPHQWV IRU D QRQHTXLOLEULXP PRGHO IRU UHDFWLYH GLVWLO�

ODWLRQ ZH ZLOO EULHo\ LQWURGXFH WKH FRQFHSW RI GLVWLOODWLRQ ZLWK UHDFWLRQ� DQG GLVFXVV

WKH PRGHOV WKDW KDYH EHHQ SUHVHQWHG LQ OLWHUDWXUH VR IDU�

��� 'LVWLOODWLRQ ZLWK 5HDFWLRQ

7KH IDFW WKDW FRPELQDWLRQ RI UHDFWLRQ DQG GLVWLOODWLRQ LQWR RQH SLHFH RI SURFHVV HTXLS�

PHQW FDQ KDYH FRQVLGHUDEOH DGYDQWDJHV RYHU PRUH FRQYHQWLRQDO VHWXSV KDV ORQJ EHHQ

UHFRJQL]HG� 7KH nUVW SDWHQWV GDWH EDFN WR WKH PLG WZHQWLHV �%DFNKDXV� ����� �����

����D� ����E� RQ KRPRJHQHRXVO\ FDWDO\]HG HVWHULnFDWLRQ UHDFWLRQV� $ nUVW DUWLFOH

RQ WKH VXEMHFW ZDV SUHVHQWHG DV HDUO\ DV ���� E\ .H\HV� 3XEOLFDWLRQV IURP WKLV SH�

ULRG PDLQO\ GHDO ZLWK KRPRJHQHRXV VHOI FDWDO\]HG UHDFWLRQV� VXFK DV HVWHULnFDWLRQV�

WUDQV�HVWHULnFDWLRQV DQG K\GURO\VLV UHDFWLRQV� +HWHURJHQHRXV FDWDO\VLV LQ UHDFWLYH GLV�

WLOODWLRQ ZDV GHYHORSHG PRUH UHFHQWO\ DQG ZDV nUVW GHVFULEHG E\ 6SHV ������� $

OLWHUDWXUH VXUYH\ RQ DUWLFOHV IURP WKLV SHULRG LV JLYHQ E\ 'RKHUW\ DQG %X]DG �������

+RZHYHU LW LV RQO\ VLQFH WKH PLG HLJKWLHV WKDW VFLHQWLnF LQWHUHVW LQ WKH VXEMHFW UHDOO\ KDV

ERRPHG ZLWK WKH LQGXVWULDO DSSOLFDWLRQ RI UHDFWLYH GLVWLOODWLRQ LQ WZR SURFHVVHV� 7KH

SURGXFWLRQ RI PHWK\O DFHWDWH �$JUHGD HW DO�� ����� 6LLUROD� ����� DQG WKH SURGXFWLRQ

RI 0HWK\O�WHUW�EXW\O�HWKHU �07%(� �'H*DUPR HW DO�� ������ 7KH PHWK\O DFHWDWH

�



SURFHVV KDV QRZ WXUQHG LW LQWR D VFKRROERRN H[DPSOH RI WKH SRWHQWLDO RI UHDFWLYH

GLVWLOODWLRQ� 7KH FRQYHQWLRQDO SURFHVV H[LVWV RI RQH UHDFWRU� HLJKW GLVWLOODWLRQ FROXPQV�

RQH H[WUDFWRU� DQG UHTXLUHV WZR DGGLWLRQDO H[WUDFWLYH DJHQWV� WR REWDLQ KLJK SXULW\

PHWK\O DFHWDWH� 7KLV OHYHO RI FRPSOH[LW\ LV UHTXLUHG EHFDXVH RI WKH SUHVHQFH RI YDULRXV

D]HRWURSHV LQ WKH UHDFWRU SURGXFW� 7KH QHZ UHDFWLYH GLVWLOODWLRQ SURFHVV� KRZHYHU�

UHTXLUHV RQO\ RQH UHDFWLYH GLVWLOODWLRQ FROXPQ� WZR VPDOO VLGH�VWULSSHUV DQG RQH FROXPQ

IRU WKH UHFRYHU\ RI PHWKDQRO� 7KH RYHUDOO UHGXFWLRQ LQ FDSLWDO LQYHVWPHQW LV� WKHUHIRUH�

VXEVWDQWLDO�

7KH VXFFHVV RI WKH 07%( SURFHVV ZDV ERRVWHG E\ WKH SKDVH�RXW RI OHDG EDVHG DQWL�

NQRFN DJHQWV LQ JDVROLQHV� 7KHVH RFWDQH HQKDQFHUV DUH QRZDGD\V PDLQO\ UHSODFHG

E\ 07%( RU VLPLODU R[\JHQDWHV OLNH HWK\O�WHUW�EXW\O�HWKHU �(7%(� DQG WHUW�DP\O�

PHWK\O�HWKHU �7$0(�� )RU VRPH WLPH� 07%( KDV EHHQ WKH IDVWHVW JURZLQJ FKHPLFDO

�$LQVZRUWK� ������ DQG RYHU WKH ODVW GHFDGH D FRQVLGHUDEOH QXPEHU RI SODQWV IRU SUR�

GXFWLRQ RI WKHVH R[\JHQDWHV ZHUH EXLOW� PDQ\ EDVHG RQ UHDFWLYH GLVWLOODWLRQ WHFKQRORJ\�

%RWK WKH 07%( DQG WKH 0HWK\O $FHWDWH SURFHVVHV DUH LOOXVWUDWLYH RI WKH SRZHU RI

SURFHVV LQWHJUDWLRQ DQG LQWHQVLnFDWLRQ� DQG WKH V\QHUJHWLF HmHFWV WKDW PD\ DULVH ZKHQ

XVLQJ VLPXOWDQHRXV UHDFWLRQ DQG SURGXFW VHSDUDWLRQ� 7KHVH SULQFLSOHV PD\ EH LOOXV�

WUDWHG ZKHQ ZH ORRN DW DQ H[DPSOH SURFHVV IRU WKH SURGXFWLRQ RI FKHPLFDO & RXW RI

�



$ DQG % DFFRUGLQJ WR WKH IROORZLQJ UHDFWLRQ VFKHPH�

$�% l & �' �����

,Q DGGLWLRQ ZH DVVXPH WKDW WKHUH DUH VRPH XQGHVLUHG VLGH UHDFWLRQV� VXFK DV IRU

H[DPSOH�

$ � & � ( �����

DQG

�& � ) �����

7KLV UHDFWLRQ FDQ EH FDUULHG RXW LQ D FRQYHQWLRQDO SURFHVV VHWXS DV VNHWFKHG RQ WKH

OHIW VLGH LQ )LJ� ���� 7KH REMHFWLYH LV WR SURGXFH & RXW RI UHDFWDQWV $ DQG %� WKHUHE\

PDNLQJ E\SURGXFW '� ,Q DGGLWLRQ� WKHUH DUH XQGHVLUHG VLGH DQG FRQVHFXWLYH UHDFWLRQV�

VR WKDW WKH H[LW VWUHDP RI WKH UHDFWRU ZLOO EH D PL[WXUH RI DOO FRPSRQHQWV� 2I WKHVH�

$ DQG % KDYH WR EH VHSDUDWHG DQG UHF\FOHG� & KDV WR EH VHSDUDWHG DQG SXULnHG WR

VSHFLnFDWLRQ� DQG '� ( DQG ) KDYH WR EH GLVSRVHG RI� 1RUPDOO\� WKLV ZLOO UHTXLUH

PRUH WKDQ WKH VLQJOH GLVWLOODWLRQ FROXPQ WKDW LV JLYHQ LQ )LJ� ����

6KRZQ RQ WKH ULJKW KDQG VLGH RI )LJ� ��� LV D W\SLFDO VHWXS IRU D UHDFWLYH GLVWLOODWLRQ

FROXPQ� 7KH UHDFWLRQV ZLOO WDNH SODFH LQ WKH UHDFWLYH VHFWLRQ� ,Q FDVH RI D KHWHURJH�

QHRXV UHDFWLRQ� WKLV VHFWLRQ FDQ FRQVLVW RI UHDFWLYH SDFNLQJ HOHPHQWV� EXW DOVR RI WUD\V

WKDW DUH FRYHUHG ZLWK D WHDEDJ W\SH SDFNLQJ� )RU KRPRJHQHRXV UHDFWLRQV� WKH ORFDWLRQ

��
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A, B, D, E, F

A

B

C

D

Rectifying section

Stripping section

Reactive section}

}

}

Conventional Setup Reactive Distillation

)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI D FRQYHQWLRQDO DQG UHDFWLYH GLVWLOODWLRQ SUR�

FHVV

RI WKH UHDFWLYH VHFWLRQ LV XVXDOO\ GHnQHG E\ WKH IHHG ORFDWLRQ RI D KRPRJHQHRXV OLT�

XLG FDWDO\VW� 7KH QRQUHDFWLYH UHFWLI\LQJ DQG VWULSSLQJ VHFWLRQ WDNH FDUH RI DGGLWLRQDO

SURGXFW SXULnFDWLRQ DQG ZDVWH SURGXFW VHSDUDWLRQ� ,Q WKLV NLQG RI VHWXS WKHUH LV

LQ�VLWX SURGXFW UHPRYDO RI GHVLUHG SURGXFW &� ZKLFK ZLOO SXOO WKH HTXLOLEULXP RI WKH

PDLQ UHDFWLRQ WRZDUGV WKH ULJKW KDQG VLGH� WKHUHE\ LQFUHDVLQJ WKH RYHUDOO FRQYHUVLRQ�

7KLV ZD\ RQH FDQ RYHUFRPH D 
EDG
 HTXLOLEULXP FRQVWDQW� ,Q DGGLWLRQ� ORZHULQJ WKH

��



FRQFHQWUDWLRQ RI & GXH WR WKH LQ�VLWX VHSDUDWLRQ ZLOO DOVR UHGXFH WKH UDWHV RI WKH VLGH

UHDFWLRQV� 7KHUHIRUH� WKHUH ZLOO EH OHVV FRQYHUVLRQ RI & WR XQGHVLUHG VLGH SURGXFWV�

DQG WKLV LOOXVWUDWHV KRZ UHDFWLYH GLVWLOODWLRQ PD\ DOVR EH DSSOLHG WR V\VWHPV ZKHUH

VHOHFWLYLW\ LV LPSRUWDQW�

7KH QRQUHDFWLYH ]RQHV LQ WKH FROXPQ SOD\ DQ LPSRUWDQW UROH LQ SURGXFW VHSDUDWLRQ

DQG UHDFWDQW UHF\FOH� ,Q WKH LGHDO FDVH� WKH QRQUHDFWLYH ]RQHV VHSDUDWH WKH SURGXFWV

IURP WKH UHDFWDQWV LQ VXFK D ZD\ WKDW WKH UHDFWDQWV DUH DXWRPDWLFDOO\ oXVKHG EDFN

LQWR WKH UHDFWLYH ]RQH� ZKLOH SXUH SURGXFWV PD\ EH REWDLQHG DV SURGXFW VWUHDPV� 7KH

REMHFWLYH RI D UHDFWLYH GLVWLOODWLRQ FROXPQ LV WR PLQLPL]H WKH UHVLGHQFH WLPH RI WKH

SURGXFWV LQ WKH UHDFWLYH ]RQH ZKLOH PD[LPL]LQJ WKH UHVLGHQFH WLPHV RI WKH UHDFWDQWV�

7KH RYHUDOO DGYDQWDJHV RI UHDFWLYH GLVWLOODWLRQ RYHU PRUH FRQYHQWLRQDO SURFHVV FRQnJ�

XUDWLRQV PD\ EH VXPPHG XS DV IROORZV�

q /RZHU FDSLWDO LQYHVWPHQW� %\ FDUU\LQJ RXW UHDFWLRQ DQG VHSDUDWLRQ LQ RQH SLHFH

RI SURFHVV HTXLSPHQW LW LV SRVVLEOH WR HOLPLQDWH RQH RU PRUH SURFHVV VWHSV LQ RUGHU

WR DFKLHYH WKH GHVLUHG FRQYHUVLRQ DQG�RU VHOHFWLYLW\ �+XPSKUH\ DQG 6HLEHUW�

����� 'H*DUPR� ������

q +LJKHU FRQYHUVLRQ� %\ LQ�VLWX UHPRYDO RI WKH SURGXFWV� WKH HTXLOLEULXP RI D UH�

DFWLRQ PD\ EH VKLIWHG WRZDUG WKH SURGXFW VLGH� RYHUFRPLQJ D 
EDG
 HTXLOLEULXP

��



FRQVWDQW� ([DPSOHV IRU WKLV W\SH RI DSSOLFDWLRQ DUH 07%( SURGXFWLRQ �6XQG�

PDFKHU DQG +RmPDQ� ����� DQG PHWK\O�DFHWDWH SURGXFWLRQ �$JUHGD HP HW DO��

����� 6LLUROD� ������

q %HWWHU VHOHFWLYLW\ GXH WR UHPRYDO RI LQWHUPHGLDWH SURGXFWV IURP WKH UHDFWLYH

]RQH� WKHUHE\ SUHYHQWLQJ WKHP WR UHDFW IXUWKHU WR XQGHVLUHG E\SURGXFWV� 6\V�

WHPV IRU ZKLFK WKLV LV LPSRUWDQW DUH� IRU H[DPSOH� WKH SURGXFWLRQ RI SURS\OHQH

R[LGH IURP FKORUR�K\GULQV �&DUUD HW DO�� ����D� ����E� DQG SURGXFWLRQ RI FXPHQH

IURP EHQ]HQH DQG SURSHQH �6KRHPDNHU DQG -RQHV� ������

q 3UHYHQWLRQ RI KRW VSRW IRUPDWLRQ� ,Q KLJKO\ H[RWKHUPLF UHDFWLRQV� WKH KHDW RI

UHDFWLRQ LV UHPRYHG E\ HYDSRUDWLRQ RI WKH UHDFWLYH PL[WXUH� 7KLV LV EHQHnFLDO

LQ� IRU H[DPSOH� WKH K\GURO\VLV RI HWK\OHQH R[LGH WR HWK\OHQH JO\FRO �&LULF DQG

*X� ������

,Q DGGLWLRQ� WKHUH PD\ EH RWKHU DGYDQWDJHV� VXFK DV EUHDNLQJ RI D]HRWURSHV� EXW WKHVH

GHSHQG RQ WKH V\VWHP XVHG�

7KH FRPELQDWLRQ RI UHDFWLRQ DQG VHSDUDWLRQ DOVR SODFHV FRQVWUDLQWV RQ WKH V\VWHPV

IRU ZKLFK UHDFWLYH GLVWLOODWLRQ FDQ EH XVHG� &RQGLWLRQV IRU SRVVLEOH DSSOLFDWLRQV DUH

OLVWHG E\ :HVWHUWHUS �������

��



q 7\SLFDO WHPSHUDWXUH UDQJHV IRU GLVWLOODWLRQ DQG UHDFWLRQ KDYH WR FRLQFLGH�

q 5HDFWLRQV KDYH WR EH IDVW� VR WKDW FKHPLFDO FRQYHUVLRQ FDQ EH REWDLQHG ZLWKLQ

WKH DYHUDJH UHVLGHQFH WLPH IRU D GLVWLOODWLRQ FROXPQ�

q 7KH UHDFWLRQ FDQQRW EH WRR IDVW LQ RUGHU WR LQVXUH DQ HYHQO\ GLVWULEXWHG XVH RI

WKH FDWDO\VW IRU FKHPLFDO FRQYHUVLRQ�

q 5HDFWLYH GLVWLOODWLRQ LV XQVXLWDEOH IRU UHDFWLRQV ZLWK H[WUHPH KHDW HmHFWV� %H�

FDXVH RI H[FHVVLYH HYDSRUDWLRQ RI OLTXLG SKDVH FRPSRQHQWV LQVLGH WKH FROXPQ�

FRQWURODELOLW\ RI WKH DSSDUDWXV WKHQ EHFRPHV GRXEWIXO�

q 7KH GHVLUHG SURGXFW KDV WR EH WKH KLJKHVW RU ORZHVW ERLOLQJ FRPSRQHQW LQ WKH

V\VWHP�

q $ YHU\ VWDEOH FDWDO\VW LV UHTXLUHG IRU KHWHURJHQHRXV V\VWHPV� &DWDO\VW GHDF�

WLYDWLRQ PD\ KDYH D PDUNHG HmHFW RQ FROXPQ SHUIRUPDQFH DQG LV QRW HDVLO\

RYHUFRPH�

6RPH RI WKH DERYH OLPLWDWLRQV PD\ EH FLUFXPYHQWHG E\ XVLQJ UHDFWLYH H[WUDFWLRQ

LQVWHDG RI UHDFWLYH GLVWLOODWLRQ�

��



����� 0RGHOLQJ RI 5HDFWLYH 'LVWLOODWLRQ

7KH LQFUHDVHG LQGXVWULDO LQWHUHVW LQ 5HDFWLYH 'LVWLOODWLRQ KDV OHG WR DQ LQFUHDVLQJ QXP�

EHU RI SXEOLFDWLRQV RQ WKLV VXEMHFW LQ WKH ODVW GHFDGH� PDQ\ RI ZKLFK KDYH GHDOW ZLWK

WKH PRGHOLQJ RI UHDFWLYH GLVWLOODWLRQ� 0RGHOV IRU UHDFWLYH GLVWLOODWLRQ PD\ EH VSOLW LQWR

WZR FDWHJRULHV� 7KH HTXLOLEULXP VWDJH PRGHOV DQG WKH QRQHTXLOLEULXP VWDJH PRGHOV�

$ IXUWKHU VXEGLYLVLRQ PD\ EH PDGH RQ WKH ZD\ WKH UHDFWLRQ LV LPSOHPHQWHG� ZKLFK

PD\ EH HLWKHU HTXLOLEULXP EDVHG RU UDWH EDVHG� ,Q WKH HTXLOLEULXP EDVHG DSSURDFK

RQH DVVXPHV WKDW WKH OLTXLG SKDVH LV LQ FKHPLFDO HTXLOLEULXP� ,Q WKH UDWH EDVHG DS�

SURDFK� WKH UHDFWLRQ LV LPSOHPHQWHG E\ PHDQV RI D NLQHWLF H[SUHVVLRQ� 7KH PRVW

UHFHQW OLWHUDWXUH UHYLHZ RQ UHDFWLYH GLVWLOODWLRQ PRGHOLQJ LV SUHVHQWHG E\ 6XQGPDFKHU

�������

)HZ SDSHUV KDYH EHHQ ZULWWHQ RQ PRGHOV EDVHG RQ WKH DVVXPSWLRQ RI VLPXOWDQH�

RXV SK\VLFDO DQG FKHPLFDO HTXLOLEULXP� 2QH RI WKH nUVW SDSHUV RQ WKLV VXEMHFW ZDV

SUHVHQWHG E\ 'DYLHV HW DO� ������� ,Q WKHLU PRGHO HDFK VWDJH LV GHVFULEHG DV D FRQ�

YHQWLRQDO HTXLOLEULXP VWDJH� 7KH RXWJRLQJ OLTXLG VWUHDP LV WKHQ DW WKHUPRG\QDPLF

HTXLOLEULXP ZLWK WKH YDSRU VWUHDP� EXW LQ LWVHOI QRW QHFHVVDULO\ DW FKHPLFDO HTXLOLE�

ULXP� 7KLV VWUHDP LV VXEVHTXHQWO\ VXSSOLHG WR D WKHRUHWLFDO UHDFWRU� ZKHUH FKHPLFDO

HTXLOLEULXP LV HVWDEOLVKHG� 7KH RXWJRLQJ VWUHDP RI WKH UHDFWRU LV WKHQ VXSSOLHG WR

��



WKH QH[W YDSRU�OLTXLG HTXLOLEULXP VWDJH� 7KLV PHWKRG DOORZV IRU XVLQJ D FRQYHQWLRQDO

HTXLOLEULXP VWDJH PRGHO IRU GLVWLOODWLRQ� KRZHYHU DQ\ HmHFWV RI WKH FKHPLFDO UHDFWLRQ

RQ YDSRU�OLTXLG HTXLOLEULXP FDQQRW EH WDNHQ LQWR DFFRXQW�

$ PRUH HOHJDQW PHWKRG LV SUHVHQWHG E\ %DUERVD DQG 'RKHUW\ �����D� ����E�� ZKLFK

LV EDVHG RQ D VHW RI WUDQVIRUPHG FRPSRVLWLRQ YDULDEOHV� 7KHVH FDQ EH GHULYHG ZKHQ

RQH FRQVLGHUV WKDW WKH UHTXLUHPHQW RI FKHPLFDO HTXLOLEULXP UHVXOWV LQ WKH ORVV RI D

GHJUHH RI IUHHGRP IRU WKH OLTXLG SKDVH� 7KHVH PRGHOV DUH RI SDUWLFXODU YDOXH LQ WKH

FRQFHSWXDO GHVLJQ RI UHDFWLYH GLVWLOODWLRQ RSHUDWLRQV�

0XFK PRUH SRSXODU KDYH EHHQ WKH PRGHOV LQFRUSRUDWLQJ SKDVH HTXLOLEULXP� ZKLOH

WDNLQJ LQWR DFFRXQW nQLWH UHDFWLRQ UDWHV� �H�J� 1HOVRQ� ����� 6X]XNL HW DO�� ����� &DUUD

HW DO�� ����� $OHMVNL HW DO�� ����� &KDQJ DQG 6HDGHU� ����� $OHMVNL� ����� 6LPDQGO DQG

6YUFHN� ����� &LULF DQG *X� ����� $EXIDUHV DQG 'RXJODV� ������� 3HUH]�&LVQHURV HW

DO�� ������ 7KH PRGHOV SUHVHQWHG LQ DOO RI WKHVH SDSHUV DUH PRUH RU OHVV WKH VDPH� 7KH\

LQFRUSRUDWH D VHW RI OLTXLG DQG YDSRU PDVV EDODQFHV DORQJ ZLWK HTXLOLEULXP FRUUHODWLRQV

IRU WKH 9DSRU�/LTXLG HTXLOLEULXP FDOFXODWLRQ� 7KH UHDFWLRQ LV QRUPDOO\ WDFNOHG E\

LPSOHPHQWLQJ D NLQHWLFV H[SUHVVLRQ LQWR WKH OLTXLG SKDVH RYHUDOO PDVV EDODQFH DQG WKH

OLTXLG SKDVH FRPSRVLWLRQ EDODQFHV� 7KH DERYH PRGHOV YDU\ PDLQO\ LQ WKH ZD\ WKH

HTXDWLRQV DUH VROYHG� RU WKH REMHFWLYHV RI WKH PRGHO�

��



7KH PRGHOV SUHVHQWHG E\ 1HOVRQ ������ DQG 6X]XNL HW DO�� ������ DUH H[WHQVLRQV RI QX�

PHULFDO PHWKRGV RULJLQDOO\ GHYHORSHG IRU QRUPDO GLVWLOODWLRQ� 1HOVRQ XVHV D 1HZWRQ�

5DSKVRQ PHWKRG IRU VROYLQJ WKH PRGHO HTXDWLRQV� 6X]XNL XVHV 0XOOHUV
 PHWKRG�

&DUUD HW DO�� ������ DOVR XVH D 1HZWRQ PHWKRG IRU VROYLQJ WKH PRGHO HTXDWLRQV� 7KH\

XVH WKHLU PRGHO IRU VWHDG\ VWDWH VLPXODWLRQ RI DQ H[SHULPHQWDO FROXPQ IRU WKH SUR�

GXFWLRQ RI SURS\OHQH R[LGH IURP FKORUR�K\GULQV�

$OHMVNL HW DO�� ������ SUHVHQW D PRGHO DORQJ ZLWK DQ LQVLGH RXW W\SH DOJRULWKP� FRP�

ELQHG ZLWK 3RZHOO
V PHWKRG �3RZHOO� ����� IRU nQGLQJ WKH PLQLPXP RI WKH QRUP RI

WKH UHVLGXDO IXQFWLRQ YHFWRU� 7KH PHWKRG LV FODLPHG WR EH KLJKO\ FRQYHUJHQW EXW

VORZ� ,Q D VHFRQG SDSHU� $OHMVNL ������ SUHVHQWV D PRGHO IRU WDNLQJ LQWR DFFRXQW OLT�

XLG SKDVH SOXJ oRZ RQ D GLVWLOODWLRQ WUD\� 7KLV ZDV GRQH E\ PRGHOLQJ WKH OLTXLG SKDVH

RQ D WUD\ DV D FDVFDGH RI PL[LQJ FHOOV� /RFDO PDVV WUDQVIHU HmHFWV DUH WDNHQ LQWR DF�

FRXQW E\ HVWLPDWHG SRLQW HpFLHQFLHV� 7KH PRGHO ZDV VROYHG ZLWK D 1HZWRQ�5DSKVRQ

DOJRULWKP�

&KDQJ DQG 6HDGHU ������ SUHVHQW D PRGHO DORQJ ZLWK D KRPRWRS\ PHWKRG IRU VROYLQJ

WKH PRGHO HTXDWLRQV� +RPRWRS\ PHWKRGV DUH JHQHUDOO\ VSHDNLQJ PRUH UREXVW DQG

KDYH D PXFK ZLGHU UDQJH RI FRQYHUJHQFH WKDQ 1HZWRQ
V PHWKRG� DV ZDV LOOXVWUDWHG E\

PHDQV RI VRPH H[DPSOHV� &DOFXODWLRQ WLPHV IRU WKH KRPRWRS\ PHWKRG DUH� KRZHYHU�

PXFK KLJKHU WKDQ IRU 1HZWRQ
V PHWKRG�

��



6LPDQGO DQG 6YUFHN ������ SUHVHQW D PRGHO DORQJ ZLWK WZR GLmHUHQW VROXWLRQ PHWK�

RGV� 7KH nUVW PHWKRG LV D VLPXOWDQHRXV VROXWLRQ PHWKRG DIWHU OLQHDUL]DWLRQ RI WKH

HTXDWLRQV� 7KH VHFRQG RQH LV DQ LQVLGH�RXWVLGH DOJRULWKP� 7KH ODWWHU ZDV IRXQG WR

FRQYHUJH PXFK IDVWHU WKDQ WKH VLPXOWDQHRXV VROXWLRQ PHWKRG� DQG WKH UREXVWQHVV ZDV

IRXQG WR EH VLPLODU�

&LULF DQG *X ������ SUHVHQW D VRPHZKDW GLmHUHQW DSSURDFK� 7KH\ GLUHFWO\ LPSOH�

PHQWHG WKH HTXDWLRQV IRU FDSLWDOL]HG DQG YDULDEOH FRVW LQWR WKH PRGHO HTXDWLRQV� 7KH

UHVXOWLQJ PL[HG LQWHJHU QRQOLQHDU SURJUDPPLQJ �0,1/3� PRGHO GHWHUPLQHV WKH RS�

WLPDO FRQnJXUDWLRQ DQG RSHUDWLQJ FRQGLWLRQV� ZKLOH PLQLPL]LQJ WKH DQQXDO�

$EXIDUHV DQG 'RXJODV ������ SUHVHQW D VWHDG\ VWDWH DQG D G\QDPLF PRGHO GHVFULELQJ D

UHDFWLYH GLVWLOODWLRQ FROXPQ IRU WKH SURGXFWLRQ RI 07%(� 7KH\ XVHG WKH $VSHQ3OXV

5DGIUDF URXWLQH IRU WKH VWHDG\ VWDWH PRGHO DQG 6SHHG8S ZDV XVHG IRU WKH G\QDPLF

PRGHO FDOFXODWLRQV� 7KH $VSHQ3OXV URXWLQH 5DGIUDF LV D VWDQGDUG HTXLOLEULXP

VWDJH FROXPQ PRGHO WKDW PD\ EH H[WHQGHG WR WDNH LQWR DFFRXQW FKHPLFDO UHDFWLRQV

�9HQNDWDUDPDQ HW DO� ������ 5DGIUDF LV XVHG E\� DPRQJ RWKHUV� -DFREV DQG .ULVKQD

������� 1LMKXLV HW DO�� ������ DQG +DXDQ HW DO�� ������

6QHHVE\ HW DO� �����D� XVHG ERWK 3UR�,, DQG $VSHQ3OXV IRU VWHDG\ VWDWH PRGHOLQJ

RI D FROXPQ IRU WKH SURGXFWLRQ RI (7%(� ,Q WKHLU VHFRQG SDSHU �6QHHVE\ HW DO��

��



����E� WKH\ SUHVHQW D G\QDPLF PRGHO� ZKLFK WKH\ VROYH ZLWK WKH 6SHHG8S G\QDPLF

VLPXODWRU�

$ VRPHZKDW GLmHUHQW DSSURDFK WR WKH HTXLOLEULXP PRGHO LV SUHVHQWHG E\ 3HUH]�

&LVQHURV HW DO�� ������� 7KHLU PRGHO XVHV VR FDOOHG FKHPLFDO 
HOHPHQWV
 UDWKHU WKDQ WKH

DFWXDO FRPSRQHQWV� 7KH FKHPLFDO HOHPHQWV DUH WKH PROHFXOH SDUWV WKDW UHPDLQ LQYDUL�

DQW GXULQJ WKH UHDFWLRQ� DQG WKH DFWXDO PROHFXOHV PD\ EH IRUPHG E\ GLmHUHQW FRPEL�

QDWLRQV RI HOHPHQWV� 7KH EHQHnW RI WKLV DSSURDFK LV WKDW WKH FKHPLFDO DQG SK\VLFDO

HTXLOLEULXP SUREOHP LQ WKH UHDFWLYH PL[WXUH DUH WKH VDPH DV D VWULFWO\ SK\VLFDO HTXL�

OLEULXP PRGHO� 7KH PHWKRG LV KRZHYHU XQVXLWDEOH IRU H[WHQVLRQ WR QRQHTXLOLEULXP

PRGHOV EHFDXVH WKH UHDO FRPSRQHQWV DUH UHTXLUHG IRU WKH WUDQVIHU UDWH FDOFXODWLRQV

UDWKHU WKDQ WKH FKHPLFDO HOHPHQWV�

����� 1RQHTXLOLEULXP 0RGHOV

1RQHTXLOLEULXP PRGHOV EHORQJ WR PRUH UHFHQW WLPHV� 7KH nUVW ZRUN LQ WKLV nHOG ZDV

SUHVHQWHG E\ 6DZLVWRZVNL HW DO�� ������ ZKR PRGHOHG D SDFNHG UHDFWLYH GLVWLOODWLRQ

FROXPQ IRU HVWHULnFDWLRQ RI PHWKDQRO DQG DFHWLF DFLG WR PHWK\O DFHWDWH� 7KH\ XVHG

DQ HmHFWLYH GLmXVLYLW\ PHWKRG IRU WKHLU PDVV WUDQVIHU PRGHO� )RXULHU
V ODZ ZDV XVHG

IRU KHDW WUDQVIHU PRGHOLQJ� 7KH UHVXOWLQJ V\VWHP RI GLmHUHQWLDO HTXDWLRQV ZDV VROYHG

��



XVLQJ D 5XQJH�.XWWD PHWKRG�

,Q ���� $VSHQ SUHVHQWHG WKH 5DWHIUDF PRGHO IRU UDWH EDVHG VWDJHZLVH PXOWLFRP�

SRQHQW VHSDUDWLRQ PRGHOLQJ� 7KLV PRGHO FDQ DOVR EH XVHG IRU QRQHTXLOLEULXP UHDFWLYH

GLVWLOODWLRQ PRGHOLQJ� E\ LPSOHPHQWLQJ WKH DSSURSULDWH NLQHWLFV�

=KHQJ DQG ;X� �����D� ����E� SUHVHQW D UDWH EDVHG PRGHO IRU VWDWLRQDU\ VLPXODWLRQ

RI 07%( SURGXFWLRQ LQ D SDFNHG FROXPQ� *DV�OLTXLG PDVV WUDQVIHU LV GHVFULEHG XV�

LQJ WKH 0D[ZHOO�6WHIDQ WKHRU\� EDVHG RQ D WZR�nOP PRGHO� 7KH UHDFWLRQ LV WUHDWHG

SVHXGR�KRPRJHQHRXVO\ ZKHUH WKH HmHFWV RI UHDFWLRQ RQ PDVV WUDQVIHU LQ WKH FDWDO\VW

DUH OXPSHG LQWR D EXON UHDFWLRQ WHUP� /LTXLG SKDVH QRQLGHDOLWLHV DUH GHVFULEHG ZLWK

WKH 81,)$& PRGHO DQG YDSRU SKDVH IXJDFLWLHV DUH FDOFXODWHG ZLWK WKH YLULDO HTXD�

WLRQ� 7KH UHVXOWLQJ PRGHO RI DOJHEUDLF HTXDWLRQV ZDV VROYHG XVLQJ D 1HZWRQ�5DSKVRQ

PHWKRG� ,Q D ODWHU SDSHU ;X HW DO�� ������� WKH PRGHO ZDV H[WHQGHG WR WDNH LQWR

DFFRXQW D[LDO GLVSHUVLRQ LQ D SDFNHG FROXPQ�

6XQGPDFKHU DQG +RmPDQ ������ KDYH FRQGXFWHG D YHU\ H[WHQVLYH VWXG\ RQ WKH SUR�

GXFWLRQ RI 07%( E\ UHDFWLYH GLVWLOODWLRQ� 7KH ZRUN GRQH LQFOXGHG EXLOGLQJ DQG WHVW�

LQJ DQ H[SHULPHQWDO FROXPQ� PDQXIDFWXULQJ RI FDWDO\VWV� SURFHVV DQDO\VLV E\ PHDQV

RI GLPHQVLRQOHVV QXPEHUV� QXPHULFDO PRGHOLQJ DQG H[SHULPHQWDO YDOLGDWLRQ RI WKHLU

PRGHO� +HUH ZH ZLOO IRFXV PDLQO\ RQ WKH PRGHOLQJ SDUW RI WKHLU UHVHDUFK� 6XQGPDFKHU

��



DQG +RmPDQ SUHVHQW D QRQHTXLOLEULXP PRGHO XVLQJ WKH 0D[ZHOO�6WHIDQ WKHRU\ DV D

EDVLV IRU WKHLU WZR�nOP PDVV WUDQVIHU PRGHO� 7KH OLTXLG SKDVH KHWHURJHQHRXV UHDFWLRQ

NLQHWLFV DUH PRGHOHG E\ DQ DFWLYLW\ EDVHG /DQJPXLU�+LQVKHOZRRG H[SUHVVLRQ� ZKLFK

LV GHULYHG IURP DQ H[WHQVLYH H[SHULPHQWDO VWXG\ �5HKnQJHU DQG +RmPDQQ� ����D�

����E�� ,Q WKH PDVV WUDQVIHU PRGHO IRU D QRQHTXLOLEULXP VWDJH� PDVV WUDQVIHU WR

DQG IURP WKH FDWDO\VW LV QRW WDNHQ LQWR DFFRXQW H[SOLFLWO\� 7KH UHDFWLRQ HTXDWLRQ LV

OXPSHG LQWR D FRPSRQHQW FRQVXPSWLRQ WHUP� FRUUHFWHG ZLWK D FDWDO\VW HpFLHQF\� 7KH

UHDFWLRQ WHUP LV HYDOXDWHG DW OLTXLG EXON FRQGLWLRQV� 1RQLGHDOLWLHV LQ WKH OLTXLG SKDVH

ZHUH GHVFULEHG ZLWK WKH 81,48$& HTXDWLRQV� 7KH 65. HTXDWLRQ RI VWDWH ZDV XVHG

IRU QRQLGHDO JDV SKDVH EHKDYLRU� )RU QXPHULFDO VROXWLRQ RI WKH V\VWHP RI DOJHEUDLF

HTXDWLRQV� WKH PDVV EDODQFHV ZHUH H[WHQGHG E\ LQWURGXFLQJ VR FDOOHG 
DUWLnFLDO LQHUWLD

WHUPV
� 7KHVH DFFXPXODWLRQ WHUPV ZHUH HQWHUHG WR DOORZ IRU FRQYHQLHQW DSSOLFDWLRQ RI

D UHOD[DWLRQ WHFKQLTXH ZKLFK LV EDVHG RQ WKH PHWKRG RI IDOVH WUDQVLHQWV� 7KH UHVXOW�

LQJ VHW RI GLmHUHQWLDO DQG DOJHEUDLF HTXDWLRQV ZDV WKHQ VROYHG ZLWK WKH '$( VROYHU

/,0(; �'HXIHOKDUG HW DO�� ������ 7KH PRGHO ZDV XVHG IRU VWHDG\ VWDWH VLPXODWLRQ RI

DQ H[SHULPHQWDO HWKHULnFDWLRQ FROXPQ�

$ VLPLODU PRGHO ZDV SUHVHQWHG E\ /DQGVFK�XW]HU DQG %DUW ������� 7KH\ VWXGLHG

WKH HVWHULnFDWLRQ UHDFWLRQ RI DFHWLF DFLG DQG SURSDQRO WR SURS\O DFHWDWH� FDWDO\]HG

E\ DQ H[FKDQJH UHVLQ LQ D SDFNHG FROXPQ� 0DVV WUDQVIHU DFURVV WKH YDSRU � OLTXLG

��



LQWHUIDFH DQG EHWZHHQ OLTXLG EXON DQG FDWDO\VW VXUIDFH LV GHVFULEHG ZLWK WKH 0D[ZHOO�

6WHIDQ WKHRU\� 7KH UHDFWLRQ LV DVVXPHG WR WDNH SODFH RQO\ DW WKH FDWDO\VW VXUIDFH DQG

LV PRGHOHG ZLWK DQ (OH\�5LGHDO NLQHWLF H[SUHVVLRQ� /DQGVFK�XW]HU DQG %DUW ������

SUHVHQW D PRGHO IRU DQ D[LDOO\ GLVSHUVHG FROXPQ� ZKLFK LV WDFNOHG E\ LPSOHPHQWLQJ DQ

D[LDO GLVSHUVLRQ WHUP LQ WKH PDVV EDODQFH IRU D GLmHUHQWLDO FRQWURO YROXPH� 7KH D[LDO

GLVSHUVLRQ FRHpFLHQW LV GHWHUPLQHG E\ D %RGHQVWHLQ UHODWLRQ� ZKLFK ZDV GHWHUPLQHG

H[SHULPHQWDOO\ IRU WKHLU PRGHO FROXPQ�

3RGUHEDUDF HW DO� ������ SUHVHQW D QRQHTXLOLEULXP PRGHO IRU WKHLU H[SHULPHQWDO FRO�

XPQ IRU WKH KHWURJHQHRXVO\ FDWDO\]HG DOGRO FRQGHQVDWLRQ RI DFHWRQH WR GLDFHWRQH

DOFRKRO� 7KH UHDFWLYH SDFNHG VHFWLRQ LV GHVFULEHG E\ PHDQV RI D VHW RI GLmHUHQWLDO

HTXDWLRQV IRU WKH LQGLYLGXDO FRPSRQHQWV� 2YHUDOO PDVV WUDQVIHU FRHpFLHQWV DUH XVHG

LQ WKH GHVFULSWLRQ RI LQWHUSKDVH PDVV WUDQVIHU� 7KH UHDFWLRQ WDNHV SODFH RQO\ DW WKH

FDWDO\VW VXUIDFH� 7KH UHDFWLRQ ]RQH LV DVVXPHG WR EH LVRWKHUPDO� DQG WKH HQWKDOS\

EDODQFH LV GLVFDUGHG IURP WKH PRGHO HTXDWLRQV� 7KH UHVXOWLQJ VHW RI HTXDWLRQV LV

VROYHG ZLWK WKH J35206 SDFNDJH� ,W VKRXOG EH QRWHG WKDW PRVW RI WKH DVVXPSWLRQV

PDGH KHUH DUH QRW UHFRPPHQGHG IRU QRQHTXLOLEULXP PRGHOLQJ RI UHDFWLYH GLVWLOODWLRQ

RSHUDWLRQV �VHH .RRLMPDQ� ������ 7KLV PRGHO KDV DQ LQWHUHVWLQJ IHDWXUH LQ WKH IDFW

WKDW WKH DXWKRUV PDNH D FOHDU GLVWLQFWLRQ EHWZHHQ OLTXLG oRZLQJ LQVLGH D FDWDO\VW EDOH�

DQG OLTXLG oRZLQJ RXWVLGH RI WKH EDOH� 5HDFWLRQ WDNHV SODFH RQO\ LQVLGH WKH EDOH� DQG

��



RQO\ WKH OLTXLG RXWVLGH RI WKH EDOH LV DVVXPHG WR EH LQ FRQWDFW ZLWK WKH YDSRU� 7KLV

RmHUV D ZD\ WR VWXG\ WKH LQoXHQFH RI ZDOO oRZ RQ WKH UHDFWLYH GLVWLOODWLRQ SURFHVV�

$ QRQHTXLOLEULXP PRGHO IRU WKH VDPH DOGRO FRQGHQVDWLRQ SURFHVV LV SUHVHQWHG E\

+XDQJ HW DO� ������� +RZHYHU� LQ WKLV FDVH D VWDJHZLVH DSSURDFK LV XVHG IRU GHVFULSWLRQ

RI WKH GLVWLOODWLRQ FROXPQ� 7KHLU PRGHO LV XVHV ZHLJKW IUDFWLRQV UDWKHU WKDQ PROH

IUDFWLRQV WKDW DUH QRUPDOO\ XVHG LQ GLVWLOODWLRQ PRGHOLQJ� 7KH PRGHO DOVR HPSOR\V

RYHUDOO PDVV WUDQVIHU FRHpFLHQWV LQ WKH HYDOXDWLRQ RI PDVV WUDQVIHU�

.UHXO HW DO� ������� SUHVHQW D QRQHTXLOLEULXP PRGHO IRU KRPRJHQHRXV UHDFWLYH GLVWLO�

ODWLRQ LQ SDFNHG FROXPQV� 7KH\ XVH WKHLU PRGHO IRU VLPXODWLRQ RI IRXU WHVW V\VWHPV�

LQ ZKLFK WKH\ VWXGLHG GLmHUHQFHV FDXVHG E\ EDVLF PRGHO DVVXPSWLRQV� VXFK DV HTXL�

OLEULXP DQG NLQHWLF FRQFHSWV� 7KH\ FRQFOXGH WKDW WKH DGGLWLRQDO HmRUW RI WKH PRUH

FRPSOLFDWHG QRQHTXLOLEULXP DSSURDFK LV MXVWLnHG� EHFDXVH SUHGLFWLRQ RI +(73V IRU

UHDFWLYH V\VWHPV LV QRW DOZD\V VWUDLJKWIRUZDUG�

&RPSDUDWLYH VWXGLHV RI WKH DERYH PRGHO W\SHV DUH SUHVHQWHG E\ /HH DQG 'XGXNRYLF

������ DQG %DXU HW DO� ������� /HH DQG 'XGXNRYLF ������ VWDWH WKDW D FORVH DJUHHPHQW

LQ WKH SUHGLFWLRQ RI HTXLOLEULXP DQG QRQHTXLOLEULXP PRGHOV DULVHV RQO\ ZKHQ WKH WUD\

HpFLHQF\ FDQ EH FRUUHFWO\ SUHGLFWHG IRU WKH HTXLOLEULXP PRGHO� %DXU HW DO� ������

UHSRUWHG ODUJH GLVFUHSDQFLHV EHWZHHQ WKH HTXLOLEULXP DQG QRQHTXLOLEULXP PRGHOV IRU

��



DQ 07%( SURFHVV� %RWK SDSHUV VWDWH WKDW QRQHTXLOLEULXP PRGHOV VKRXOG EH SUHIHUUHG

IRU WKH VLPXODWLRQ RI UHDFWLYH GLVWLOODWLRQ FROXPQV�

��� 2EMHFWLYH

,W KDV DOUHDG\ EHHQ VWDWHG WKDW WKH XVH RI HpFLHQFLHV LQ GLVWLOODWLRQ PRGHOLQJ LV SURE�

OHPDWLF� ,Q UHDFWLYH GLVWLOODWLRQ WKLV ZLOO EH QR GLmHUHQW� $OWKRXJK WKHUH DUH YDULRXV

GHnQLWLRQV RI WKH VWDJH HpFLHQFLHV� WKH PRVW FRPPRQO\ XVHG LV WKH 0XUSKUHH ������

VWDJH HpFLHQF\�

(09
L  

\L�M b \L�M��
\eL�M b \L�M��

�����

+HUH \L�M LV WKH YDSRU SKDVH PROH IUDFWLRQ RI FRPSRQHQW L RQ VWDJH M� M�� UHIHUV WR WKH

WUD\ EHORZ WKH WUD\ XQGHU FRQVLGHUDWLRQ� \eL�M LV WKH PROH IUDFWLRQ RI FRPSRQHQW L LQ D

YDSRU SKDVH WKDW ZRXOG EH LQ HTXLOLEULXP ZLWK WKH OLTXLG EXON RQ WKH WUD\� 7KH ODWWHU

FDQ EH GHWHUPLQHG IURP D EXEEOH SRLQW FDOFXODWLRQ� ,Q UHDFWLYH GLVWLOODWLRQ KRZHYHU�

WKH OLTXLG SKDVH FRPSRVLWLRQ LV VXEMHFW WR FKDQJHV GXH� QRW RQO\ WR PDVV WUDQVIHU� EXW

DOVR GXH WR WKH UHDFWLRQ� 7KLV PHDQV WKDW \eL�M� DQG WKHUHIRUH WKH HpFLHQF\ LWVHOI� ZLOO

EH GHSHQGHQW RQ WKH UHDFWLRQ� 7KLV PDNHV WKH SUHGLFWLRQ RI HpFLHQFLHV GLpFXOW�

7R HOLPLQDWH WKH SUREOHPV UHODWHG WR HpFLHQFLHV ZH ZLOO KDYH WR FRQVWUXFW D QHZ

QRQHTXLOLEULXP PRGHO IRU UHDFWLYH GLVWLOODWLRQ� ,Q PDQ\ ZD\V WKLV ZLOO EH WKH VDPH DV

��



IRU QRUPDO GLVWLOODWLRQ� EXW WKH SUHVHQFH RI D UHDFWLRQ OHDGV WR DGGLWLRQDO UHTXLUHPHQWV�

)LUVW RI DOO� IRU KRPRJHQHRXV V\VWHPV� WKH OLTXLG SKDVH UHDFWLRQ FRXOG VLJQLnFDQWO\ LQ�

oXHQFH LQWHUSKDVH PDVV WUDQVIHUV� 1RQH RI WKH DYDLODEOH PRGHOV IRU UHDFWLYH GLVWLOODWLRQ

WDNHV LQWR DFFRXQW WKH FRXSOLQJ EHWZHHQ FKHPLFDO UHDFWLRQ DQG PDVV WUDQVIHU�

$QRWKHU LPSRUWDQW OLPLWDWLRQ LQ WKH H[LVWLQJ PRGHOV LV WKDW LQ DOO PRGHOV OLTXLG DQG

YDSRU SKDVHV DUH FRQVLGHUHG WR EH ZHOO PL[HG RQ HYHU\ VWDJH� 7KH DVVXPSWLRQ RI D

ZHOO PL[HG OLTXLG SKDVH LV D UHDVRQDEOH RQH IRU ODERUDWRU\ VFDOH HTXLSPHQW DQG FRP�

PHUFLDO WUD\ FROXPQV LQ ZKLFK VKRUW oRZ SDWKV ZLWK PXOWLSOH GRZQFRPHUV DUH XVHG�

+RZHYHU� IRU ODUJH GLDPHWHU WUD\ FROXPQV ZLWK ORQJHU oRZ SDWK OHQJWKV WKHUH ZRXOG

EH D FRQVLGHUDEOH GHJUHH RI VWDJLQJ RI WKH OLTXLG SKDVH �%HQQHWW DQG *ULPP� �����

/RFNHWW� ������ DQG WKLV FDQ EH H[SHFWHG WR KDYH DQ LPSRUWDQW HmHFW RQ FRQYHUVLRQ

DQG VHOHFWLYLW\� 7KH YDSRU SKDVH LV QRUPDOO\ DVVXPHG WR ULVH LQ SOXJ oRZ WKURXJK WKH

OD\HU RI IURWK�

,Q PRGHOLQJ RI SDFNHG FROXPQV WKH DVVXPSWLRQ RI SHUIHFW PL[LQJ LQ ERWK YDSRU DQG

OLTXLG SKDVHV LV RIWHQ PDGH� EXW PD\ EH FRQVLGHUHG TXHVWLRQDEOH� ,Q DGGLWLRQ� WKH

H[LVWLQJ QRQHTXLOLEULXP PRGHOV LPSOLFLWO\ DVVXPH D oDW oRZ SURnOH RI WKH OLTXLG WULFN�

OLQJ GRZQ WKH SDFNLQJ DQG WKH YDSRU ULVLQJ LQ WKH SDFNLQJ� 7KLV PD\ EH DQ DGHTXDWH

DVVXPSWLRQ IRU VKRUW DQG VPDOO GLDPHWHU ODE VFDOH FROXPQV� KRZHYHU IRU LQGXVWULDO

FROXPQV WKLV LV OHVV OLNHO\� )ORZ SURnOHV XVXDOO\ DUH QRW oDW GXH WR WKH LQoXHQFH RI WKH

��



ZDOO� $QG LQ VRPH FDVHV� PDOGLVWULEXWLRQ RI WKH YDSRU DQG WKH OLTXLG SKDVH ZLOO DULVH

GXH WR PDOGLVWULEXWHG IHHG VWUHDPV RU VWUXFWXUDO GHnFLHQFLHV LQ WKH SDFNLQJ� (YHQ

IRU QRUPDO GLVWLOODWLRQ� WKHUH LV QR JRRG PRGHO WR GHVFULEH WKLV NLQG RI EHKDYLRU� DO�

WKRXJK WKHUH LV D JHQHUDO XQGHUVWDQGLQJ WKDW PDOGLVWULEXWLRQ LV GHWULPHQWDO WR FROXPQ

SHUIRUPDQFH�

$QRWKHU LVVXH WKDW LV UHOHYDQW WR KHWHURJHQHRXV V\VWHPV LV WKDW RI UHDFWLRQ DQG PDVV

WUDQVIHU LQ SRURXV FDWDO\VWV� 7KH FXUUHQW PRGHOV DOO XVH D SVHXGR�KRPRJHQHRXV DS�

SURDFK� LQ ZKLFK FDWDO\VW PDVV WUDQVIHU HmHFWV DUH OXPSHG LQWR DQ HpFLHQF\ IDFWRU�

3DUWLFXODUO\ LQ V\VWHPV ZKHUH RQH LV GHDOLQJ ZLWK PRUH WKDQ RQH UHDFWLRQ� RU IRU

QRQ�HTXLVWRLFKLRPHWULF UHDFWLRQV� WKHVH LQWHUDFWLRQV EHWZHHQ PXOWLFRPSRQHQW PDVV

WUDQVIHU DQG UHDFWLRQ LQVLGH WKH FDWDO\VW PD\ EH H[SHFWHG WR EH LPSRUWDQW�

,Q DGGLWLRQ D UHDOLVWLF QRQHTXLOLEULXP PRGHO UHTXLUHV LQIRUPDWLRQ DERXW WKH FROXPQ

LQWHUQDOV XVHG� 7KH LQHYLWDEOH OLQN EHWZHHQ WKH GHVLJQ DQG WKH PRGHO HTXDWLRQV LV

GLVFXVVHG H[WHQVLYHO\ E\ 7D\ORU HW DO� ������ DQG WKH\ SRLQW RXW WKDW VHHPLQJO\� D

QRQHTXLOLEULXP PRGHO FDQ RQO\ EH XVHG LQ FDVH D GHVLJQ LV DOUHDG\ NQRZQ� 7R DOOHYLDWH

WKLV SUREOHP WKH\ SURSRVHG WKH LQWHJUDWLRQ RI D GHVLJQ SURFHGXUH WRJHWKHU ZLWK WKH

PRGHO HTXDWLRQV� 'XULQJ WKH FDOFXODWLRQV� D GHVLJQ LV HYDOXDWHG EDVHG RQ FDOFXODWHG

OLTXLG DQG YDSRU oRZV DQG SK\VLFDO SURSHUWLHV� $IWHU WKH FDOFXODWLRQV KDYH FRQYHUJHG�

D GHVLJQ LV REWDLQHG WKDW LV FRQVLVWHQW ZLWK WKH QXPHULFDO VROXWLRQ RI WKH PRGHO� $

��



VLPLODU GHVLJQ PRGH VWUDWHJ\ ZLOO KDYH WR EH LPSOHPHQWHG LQ WKH QHZ QRQHTXLOLEULXP

PRGHO�

)LQDOO\� WKHUH LV D QHHG IRU D UREXVW QXPHULFDO WHFKQLTXH ZLWK D ZLGH UDGLXV RI FRQYHU�

JHQFH� 7KH UHDFWLRQ FRPSOLFDWHV WKH JHQHUDWLRQ RI D VWDUWLQJ SRLQW IRU WKH FDOFXODWLRQV�

GXH WR IRUPDWLRQ DQG GLVDSSHDUDQFH RI FRPSRQHQWV� ,Q DGGLWLRQ� WKH UHDFWLRQ DGGV

VHYHUDO QRQOLQHDU LQWHUDFWLRQV LQ WKH HTXDWLRQ V\VWHP� DV FRPSDUHG WR D V\VWHP ZLWK�

RXW UHDFWLRQ�

)URP WKH DERYH FRQVLGHUDWLRQV ZH FDQ VXPPDUL]H WKH IROORZLQJ PRGHO UHTXLUHPHQWV�

7KH PRGHO VKRXOG LQFRUSRUDWH

q ,QWHUDFWLRQ EHWZHHQ YDSRU�OLTXLG PDVV WUDQVIHU DQG UHDFWLRQ LQ KRPRJHQHRXV

V\VWHPV�

q ,QoXHQFH RI oRZ PRGHOV RQ WKH UHDFWLYH GLVWLOODWLRQ SURFHVV IRU WUD\ FROXPQV�

q ,QoXHQFH RI PDOGLVWULEXWLRQ DQG UDGLDO VSUHDGLQJ IRU �UHDFWLYH� SDFNHG FROXPQV�

q ,QWHUDFWLRQ EHWZHHQ PDVV WUDQVIHU DQG UHDFWLRQ LQ D SRURXV FDWDO\VW�

q $ GHVLJQ PRGH�

q $ UREXVW QXPHULFDO VROXWLRQ PHWKRG�

��



7KH PRGHO VKRXOG EH VWUXFWXUHG LQ VXFK D ZD\ WKDW LW DOORZV IRU DQ HDV\ VZLWFK EHWZHHQ

PRGHOV RI YDULRXV OHYHOV RI FRPSOH[LW\� 7KH PRGHO LV WR EH XVHG LQ D VWXG\ RQ WKH

HmHFWV RQ PXOWLFRPSRQHQW PDVV WUDQVIHU LQ UHDFWLYH GLVWLOODWLRQ� LQ ZKLFK D FRPSDULVRQ

ZLOO EH PDGH EHWZHHQ� IRU H[DPSOH� HTXLOLEULXP DQG QRQHTXLOLEULXP PRGHOV� SVHXGR�

KRPRJHQHRXV DQG KHWHURJHQHRXV PRGHOV� HWF�

��



&KDSWHU �

7KH 1RQHTXLOLEULXP &HOO 0RGHO

3UHVHQWHG LQ WKLV FKDSWHU LV WKH PDWKHPDWLFDO GHVFULSWLRQ RI WKH QRQHTXL�

OLEULXP FHOO PRGHO� 6XEVHTXHQWO\ LW LV VKRZQ KRZ WKH FHOO PRGHO PD\

EH XVHG IRU PRGHOLQJ RI oRZ SDWWHUQV RQ GLVWLOODWLRQ WUD\V DQG PDOGLVWUL�

EXWLRQ LQ SDFNHG FROXPQV� $ GHJUHHV RI IUHHGRP DQDO\VLV LV JLYHQ� DQG

DGGLWLRQDO PRGHO UHTXLUHPHQWV DUH GLVFXVVHG� )LQDOO\� DQ RXWOLQH LV JLYHQ

RI WKH PHWKRGV XVHG IRU VROYLQJ WKH PRGHO HTXDWLRQV�

��



��� ,QWURGXFWLRQ

$V VWDWHG EHIRUH� PRVW GLVWLOODWLRQ PRGHOV DUH EDVHG RQ WKH FRQFHSW RI VWDJHV� DQG

WKLV PRGHO ZLOO� LQ WKDW UHVSHFW� QRW EH GLmHUHQW� 7KLV LV LOOXVWUDWHG LQ )LJXUH ����

*LYHQ RQ WKH ULJKW KDQG VLGH LV DQ H[DPSOH FROXPQ� ZLWK WUD\V LQ WKH WRS VHFWLRQ DQG

SDFNLQJ LQ WKH ERWWRP VHFWLRQ� ,Q WKH WRS VHFWLRQ� D QRQHTXLOLEULXP VWDJH UHSUHVHQWV

D UHDO WUD\� LQ WKH ERWWRP VHFWLRQ D QRQHTXLOLEULXP VWDJH FRUUHVSRQGV WR D WKLQ VOLFH

RI SDFNLQJ� / DQG 9 UHSUHVHQW WKH FROXPQ LQWHUQDO OLTXLG DQG YDSRU oRZV�

7KH nUVW QRQHTXLOLEULXP PRGHO IRU QRUPDO GLVWLOODWLRQ� SUHVHQWHG E\ .ULVKQDPXUWK\

DQG 7D\ORU ������� FRQVLVWV RI D VHW RI PDVV DQG HQHUJ\ EDODQFHV IRU WKH YDSRU DQG

OLTXLG SKDVHV RQ D WUD\� DORQJ ZLWK UDWH HTXDWLRQV IRU WKH HYDOXDWLRQ RI PDVV DQG

KHDW WUDQVIHU UDWHV� 7KH DVVXPSWLRQ RI SKDVH HTXLOLEULXP LV PDGH RQO\ DW WKH YDSRU�

OLTXLG LQWHUIDFH� 7KH PHWKRG SURSRVHG E\ .ULVKQDPXUWK\ DQG 7D\ORU UHTXLUHV WKH

HYDOXDWLRQ RI WKH PDVV WUDQVIHU SURFHVVHV IRU ERWK SKDVHV VHSDUDWHO\� 7KHVH PDVV

WUDQVIHU SURFHVVHV DUH OLQNHG WRJHWKHU E\ WKH IDFW WKDW WKH PDVV WUDQVIHU UDWHV DW WKH

YDSRU OLTXLG LQWHUIDFH VKRXOG EH WKH VDPH IRU ERWK SKDVHV� 7KLV VXJJHVWV WKDW RQH

FRXOG DOVR ZULWH RQH PDVV WUDQVIHU UHODWLRQ� XVLQJ DQ RYHUDOO PDVV WUDQVIHU FRHpFLHQW

DQG WKH DYHUDJH FRQFHQWUDWLRQ JUDGLHQW EHWZHHQ EXON OLTXLG DQG EXON YDSRU SKDVH�

7KLV DSSURDFK LV QRW UHFRPPHQGHG E\ .RRLMPDQ DQG 7D\ORU ������� ZKR IRXQG FDVHV

��



Nonequilibrium Stage 
Tray column

Nonequilibrium Stage
Packed column

Nonequilibrium Cell 
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L
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)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH QRQHTXLOLEULXP FHOO PRGHO

LQ ZKLFK WKH XVH RI RYHUDOO PDVV WUDQVIHU FRHpFLHQWV ZLOO UHVXOW LQ FRPSRQHQWV PRYLQJ

LQ WKH 
ZURQJ
 GLUHFWLRQ� 7KLV LV EHFDXVH WKH XVH RI RYHUDOO PDVV WUDQVIHU FRHpFLHQWV

LV RQO\ MXVWLnHG LI WKH SDUWLDO PRODU HQWKDOSLHV DUH DOO HTXDO �HTXLPRODU RYHUoRZ�� DQG

LI WKHUH LV QR VHQVLEOH KHDW WUDQVIHU EHWZHHQ WKH WZR SKDVHV�

��



����� )ORZ RQ 'LVWLOODWLRQ 7UD\V

$Q LVVXH WKDW LV QRW DGGUHVVHG E\ WKH VLPSOHVW QRQHTXLOLEULXP PRGHOV LV WKDW RI YDSRU

DQG OLTXLG oRZ SDWWHUQV RQ GLVWLOODWLRQ WUD\V� 1RUPDOO\ WKHVH PRGHOV DVVXPH WKH

YDSRU DQG OLTXLG EXON SKDVHV WR EH LGHDOO\ PL[HG� +RZHYHU LQ UHDOLW\� YDSRU ZLOO ULVH

LQ SOXJ oRZ WKURXJK D OD\HU RI IURWK� 7KH IURWK ZLOO oRZ PRUH RU OHVV LQ SOXJ oRZ�

ZLWK VRPH D[LDO GLVSHUVLRQ GXH WR WKH YDSRU MHWV DQG EXEEOHV �/RFNHWW� ����� %HQQHWW

DQG *ULPP� ������

$Q DWWHPSW ZDV PDGH E\ .ULVKQDPXUWK\ DQG 7D\ORU ������ WR WDNH LQWR DFFRXQW

oRZ SDWWHUQV RQ GLVWLOODWLRQ WUD\V E\ LPSRVLQJ SDUWLFXODU FRQFHQWUDWLRQ SURnOHV RYHU

WKH oRZ SDWK OHQJWKV LQ ERWK SKDVHV� %DVHG RQ WKH SDUWLFXODU DVVXPHG FRQFHQWUDWLRQ

SURnOHV DQ DYHUDJH FRQFHQWUDWLRQ IRU ERWK SKDVHV FDQ EH FDOFXODWHG� 7KH DYHUDJH PDVV

WUDQVIHU oX[ FDQ WKHQ EH HYDOXDWHG XVLQJ WKH ELQDU\ PDVV WUDQVIHU FRHpFLHQWV DQG WKH

DYHUDJH �DULWKPHWLF RU ORJDULWKPLF� FRPSRVLWLRQ GLmHUHQFH� 7KH RYHUDOO PDVV WUDQVIHU

UDWH LV FDOFXODWHG E\ PXOWLSO\LQJ WKH DYHUDJH PDVV WUDQVIHU oX[ E\ WKH LQWHUIDFLDO DUHD

RQ WKH VWDJH� .RRLMPDQ DQG 7D\ORU ������ SRLQW RXW WKDW DOWKRXJK WKH DVVXPSWLRQ RI

FRQFHQWUDWLRQ SURnOHV DORQJ WKH oRZ SDWKV PLJKW OHDG WR VHHPLQJO\ JRRG UHVXOWV� WKH

PHWKRG LWVHOI LV IXQGDPHQWDOO\ ZURQJ� 7KH\ ZHQW RQ WR GHYHORS D PHWKRG LQ ZKLFK

WKH PDVV WUDQVIHU FDOFXODWLRQV IRU ERWK SKDVHV DUH GRQH LQGHSHQGHQWO\� $VVXPLQJ

��



YDULRXV oRZ PRGHOV IRU YDSRU DQG OLTXLG oRZV �SOXJ oRZ� LGHDOO\ PL[HG oRZ� D[LDOO\

GLVSHUVHG oRZ�� WKH\ GHULYH H[SUHVVLRQV IRU WKH PDVV WUDQVIHU UDWHV LQ WKH YDULRXV oRZ

W\SHV� 7KLV PHWKRG LV PRUH VRXQG WKDQ WKH DSSURDFK WDNHQ E\ .ULVKQDPXUWK\ DQG

7D\ORU� EXW LW VWLOO UHTXLUHV RQH WR PDNH VRPH DVVXPSWLRQV WKDW OLPLW WKH oH[LELOLW\ RI

WKH PRGHO DQG� IRU WKH OLTXLG SOXJ oRZ PRGHO� RQH LV UHTXLUHG WR VSHFLI\ D FRUUHFWLRQ

IDFWRU IRU WKH YDSRU LQWHUIDFH FRQFHQWUDWLRQ�

)RU V\VWHPV ZLWK FKHPLFDO UHDFWLRQV� UHVLGHQFH WLPH GLVWULEXWLRQ ZLOO EH LPSRUWDQW�

DV ZHOO DV D SURSHU GHVFULSWLRQ RI PDVV WUDQVIHU� 7KH UHDFWLRQ UDWHV DQG FKHPLFDO

HTXLOLEULXP FRQVWDQWV DUH GHSHQGHQW RQ WKH ORFDO FRQFHQWUDWLRQV DQG WHPSHUDWXUH

DQG PD\� WKHUHIRUH� YDU\ DORQJ WKH oRZ SDWK RI OLTXLG RQ D WUD\� ,Q DGGLWLRQ� LI

WKH UHDFWLRQ LV IDVW HQRXJK� WKHUH ZLOO EH DQ LQWHUDFWLRQ EHWZHHQ PDVV WUDQVIHU DQG

UHDFWLRQ� 7KLV FDQQRW EH GHVFULEHG FRUUHFWO\ ZKHQ XVLQJ WKH PHWKRG SURSRVHG E\

.RRLMPDQ DQG 7D\ORU �������

,Q WKLV ZRUN ZH ZLOO SUHVHQW D GLmHUHQW DSSURDFK WR WDFNOLQJ WKH PDVV WUDQVIHU �ZLWK

DQG ZLWKRXW UHDFWLRQ� DQG oRZ SUREOHP IRU GLVWLOODWLRQ WUD\V� 7KLV LV GRQH E\ PHDQV RI

D QRQHTXLOLEULXP FHOO PRGHO� 7KH QHZ IHDWXUH RI WKLV PRGHO LV WKDW WKH QRQHTXLOLEULXP

VWDJHV DUH VXEGLYLGHG E\ PHDQV RI D QXPEHU RI FRQWDFWLQJ FHOOV� 7KHVH FHOOV GHVFULEH

MXVW D VPDOO VHFWLRQ RI WKH WUD\� DQG E\ FKRRVLQJ DQ DSSURSULDWH FRQQHFWLRQ SDWWHUQ�

RQH FDQ YHU\ HDVLO\ VWXG\ WKH LQoXHQFH RI oRZ SDWWHUQV DQG PDOGLVWULEXWLRQV RQ WKH

��



GLVWLOODWLRQ SURFHVV� 7\SLFDO FHOO OD\RXW SDWWHUQV IRU WUD\V DUH LOOXVWUDWHG LQ WKH WRS

VHFWLRQ RI )LJ� ���� 7KH VROLG OLQHV UHSUHVHQW SRVVLEOH OLTXLG oRZ SDWWHUQV� WKH GRWWHG

OLQHV UHSUHVHQW YDSRU oRZV� 'HWDLOV RI oRZ PRGHOLQJ DUH GLVFXVVHG LQ 6HFWLRQ ����

����� 0DOGLVWULEXWLRQ LQ 3DFNHG &ROXPQV

)RU SDFNHG FROXPQV� RQH KDV WR GHDO ZLWK DQRWKHU W\SH RI oRZ SUREOHP� 6LQFH� QRU�

PDOO\� D VOLFH RI SDFNLQJ LV GHVFULEHG E\ PHDQV RI D QRQHTXLOLEULXP VWDJH� LW LV LPSOLFLWO\

DVVXPHG WKDW WKH OLTXLG DQG YDSRU SKDVHV DUH ZHOO PL[HG DQG HYHQO\ GLVWULEXWHG RYHU

WKH FURVV VHFWLRQ RI WKH SDFNLQJ� :KHUHDV WKLV PD\ EH D YDOLG DVVXPSWLRQ LQ VPDOO

GLDPHWHU FROXPQV� IRU LQGXVWULDO VL]H SDFNHG FROXPQV WKLV FDQQRW EH JXDUDQWHHG�

0DOGLVWULEXWLRQ RI LQWHUQDO YDSRU DQG OLTXLG oRZV RYHU WKH FURVV VHFWLRQDO DUHD RI

WKH FROXPQ FDQ OHDG WR ORVV RI LQWHUIDFLDO DUHD� 7KLV LV NQRZQ WR EH RQH RI WKH

PDLQ UHDVRQV IRU LQDGHTXDWH SHUIRUPDQFH RI SDFNHG FROXPQV� 2IWHQ� YDSRU DQG OLTXLG

FKDQQHOOLQJ FDQQRW EH DYRLGHG� VLQFH WKH SDFNLQJ LWVHOI XVXDOO\ LV RQH RI WKH PDLQ FDXVHV

IRU PDOGLVWULEXWLRQ� /LTXLG ULYXOHWV ZLOO IRUP LQ DQ\ FRPPHUFLDO SDFNLQJ� IROORZLQJ

VSHFLnF SDWKV� 7KHVH ULYXOHWV ZLOO PL[ ZLWK RWKHU VWUHDPV DQG VSOLW XS DJDLQ� WKHUHE\

LQWURGXFLQJ VPDOO VFDOH LUUHJXODULWLHV� 7KH IRUPDWLRQ RI ULYXOHWV� ZKLFK PL[ DQG ODWHU

VSOLW DQG PL[ DJDLQ� LV UHDOO\ WKH LGHDO ZD\ LQ ZKLFK WKH OLTXLG VKRXOG oRZ GRZQ D

��



�UDQGRP� SDFNHG VWUXFWXUH� 7KH PHFKDQLVP RI IUHTXHQW PL[LQJ DQG VSOLWWLQJ OHDGV

WR LPSURYHPHQW LQ PDVV WUDQVIHU� WKLV LV EDVHG RQ WKH ULYXOHW PRGHO IRU PDVV WUDQVIHU

GHYHORSHG E\ 3RUWHU LQ WKH VL[WLHV �3RUWHU DQG -RQHV� ������ $FFRUGLQJ WR +RHN HW DO�

������ WKH GHWULPHQWDO HmHFWV RI WKLV W\SH RI PDOGLVWULEXWLRQ ODUJHO\ LV FRPSHQVDWHG

E\ UDGLDO PL[LQJ� 0RUH GHWULPHQWDO LV WKH VR FDOOHG ODUJH VFDOH PDOGLVWULEXWLRQ WKDW

PD\ EH FDXVHG E\� DPRQJ RWKHU WKLQJV� FKDQJHV LQ SDFNLQJ LVRWURS\� PRVW QRWDEO\

DW WKH FROXPQ ZDOO� DQG D EDG LQLWLDO GLVWULEXWLRQ RI HLWKHU SKDVH� 6WRWHU ������

SUHVHQWHG VXEVWDQWLDO H[SHULPHQWDO HYLGHQFH LQGLFDWLQJ D VWURQJ GHSHQGHQFH RI WKH

SDFNLQJ +(73 RQ PDOGLVWULEXWLRQ� ([WHQVLYH GLVFXVVLRQV RQ WKH QDWXUH RI WKHVH ODUJH

VFDOH PDOGLVWULEXWLRQV DUH JLYHQ E\ +RHN HW DO� ������� 6WLNNHOPDQ ������� 6WRWHU HW

DO� ������� DQG 6WRWHU �������

7KH NQRZOHGJH IURP WKHVH ZRUNV KDV� KRZHYHU� QHYHU EHHQ FRPELQHG ZLWK D QRQHTXL�

OLEULXP PRGHO� 7KH QRQHTXLOLEULXP FHOO PRGHO RmHUV DQ HDV\ ZD\ RI VWXG\LQJ WKH

LQoXHQFH RI oRZ PDOGLVWULEXWLRQV RQ SDFNLQJ SHUIRUPDQFH� 7KLV ZLOO EH GLVFXVVHG LQ

PRUH GHWDLO LQ 6HFWLRQ ����

$QRWKHU LVVXH WKDW QHHGV DWWHQWLRQ LV WKH XVH RI SRURXV FDWDO\VWV LQ KHWHURJHQHRXV

UHDFWLYH GLVWLOODWLRQ� 'LmXVLRQ DQG UHDFWLRQ LQVLGH SRURXV FDWDO\VWV RIWHQ LV PRGHOOHG

XVLQJ VLPSOH HmHFWLYH GLmXVLYLW\ PRGHOV RI WKH GLmXVLRQ SURFHVV DQG DQ HmHFWLYHQHVV

IDFWRU �D IXQFWLRQ RI WKH 7KLHOH PRGXOXV� WR UHSUHVHQW WKH HmHFW RI UHDFWLRQ �VHH�

��



H�J� )URPHQW DQG %LVFKRm� ������ ,Q D SDLU RI SDSHUV 6XQGPDFKHU DQG +RmPDQQ

������ ����E� SUHVHQW D QRQHTXLOLEULXP PRGHO IRU KHWHURJHQHRXVO\ FDWDO\]HG UHDFWLYH

GLVWLOODWLRQ� )RU LQFRUSRUDWLRQ RI WKH UHDFWLRQ UDWH� WKH\ KDYH GHYHORSHG D PDWKHPDW�

LFDO PRGHO WR DQDO\]H WKH LQWHUDFWLRQ RI WKH LQWHUQDO PDVV DQG KHDW WUDQVSRUW ZLWK WKH

PLFURNLQHWLFV RI WKH KHWHURJHQHRXV UHDFWLRQ� 7KH FRXSOHG EDODQFH HTXDWLRQV IRU WUDQV�

SRUW DQG UHDFWLRQ DUH UHGXFHG WR D VLQJOH GLmHUHQWLDO HTXDWLRQ� IRU ZKLFK VROXWLRQV�

GHSHQGLQJ RQ D JHQHUDOL]HG 7KLHOH PRGXOXV DQG DQ HmHFWLYHQHVV IDFWRU DUH GHULYHG IRU

WKUHH JHRPHWULHV� 7KLV HmHFWLYHQHVV IDFWRU LV XVHG LQ D SVHXGR�KRPRJHQRXV UHDFWLRQ

UDWH H[SUHVVLRQ LQ WKH OLTXLG SKDVH PDVV EDODQFHV� ,Q WKLV ZRUN ZH ZLOO XVH D PRUH

ULJRURXV WKHRU\ RI GLmXVLRQ �DQG UHDFWLRQ� LQVLGH SRURXV FDWDO\VWV� 7KH 'XVW\ )OXLG

0RGHO� 7KLV LV GLVFXVVHG LQ 6HFWLRQ �����

,Q WKLV FKDSWHU ZH ZLOO nUVW GHYHORS WKH HTXDWLRQ V\VWHP IRU WKH QHZ QRQHTXLOLEULXP

FHOO PRGHO� +HQFHIRUWK� ZH ZLOO ZRUN )LJ� ��� IURP ULJKW WR OHIW� )LUVW� WKH QRQHTXL�

OLEULXP FHOO LV WUHDWHG� DQG VXEVHTXHQWO\ WKH DUUDQJHPHQW RI FHOOV LQ oRZ SDWWHUQV WR

PRGHO WUD\V RU SDFNLQJ� LV GLVFXVVHG� $ GHJUHH RI IUHHGRP DQDO\VLV� DQG DGGLWLRQDO

PRGHO UHTXLUHPHQWV DUH GLVFXVVHG� DQG nQDOO\ ZH ZLOO GLVFXVV WKH QXPHULFDO WHFKQLTXHV

XVHG IRU VROYLQJ WKH HTXDWLRQ V\VWHP�

��



��� 7KH 1RQHTXLOLEULXP &HOO

$ VFKHPDWLF GLDJUDP RI WKH XQLW FHOO IRU D YDSRU�OLTXLG�SRURXV FDWDO\VW V\VWHP LV

VKRZQ LQ )LJ� ���� ,W LV DVVXPHG WKDW WKH EXON RI ERWK YDSRU DQG OLTXLG SKDVHV DUH

LGHDOO\ PL[HG DQG WKDW WKH PDVV WUDQVIHU UHVLVWDQFHV DUH ORFDWHG LQ nOPV QHDU WKH

YDSRU�OLTXLG DQG OLTXLG�VROLG LQWHUIDFHV� 7KH OLTXLG nOP DW WKH YDSRU�OLTXLG SKDVH

ERXQGDU\ ZLOO EH GHQRWHG E\ WKH VXSHUVFULSW /� WKH OLTXLG nOP DGMDFHQW WR WKH VROLG

FDWDO\VW SKDVH ZLOO EH GHQRWHG E\ D VXSHUVFULSW 6� 7R PRGHO PDVV WUDQVIHU LQ WKHVH

nOPV WKH 0D[ZHOO�6WHIDQ (TXDWLRQV DUH XVHG� 7KHUPRG\QDPLF HTXLOLEULXP LV DVVXPHG

RQO\ DW WKH YDSRU�OLTXLG LQWHUIDFH� 0DVV WUDQVIHU LQVLGH WKH SRURXV FDWDO\VW ZLOO EH

GHVFULEHG ZLWK WKH VR FDOOHG 'XVW\ )OXLG 0RGHO� )RU KRPRJHQHRXV V\VWHPV� DQG IRU

V\VWHPV ZLWKRXW UHDFWLRQV� WKH FDWDO\VW SKDVH LV LUUHOHYDQW DQG PD\ EH UHPRYHG IURP

WKH PRGHO�

$OWKRXJK WKH PRGHO LV GHULYHG IRU UHDFWLYH YDSRU�OLTXLG V\VWHPV �UHDFWLYH GLVWLOODWLRQ�

LW PD\ DOVR EH XVHG IRU UHDFWLYH JDV�OLTXLG V\VWHPV �UHDFWLYH VWULSSLQJ� DQG UHDFWLYH

OLTXLG�OLTXLG V\VWHPV �UHDFWLYH H[WUDFWLRQ��

)LJ� ��� DOVR VHUYHV WR LQWURGXFH SDUW RI WKH QRWDWLRQ XVHG LQ IRUPXODWLRQ RI WKH PRGHO

HTXDWLRQV� /N DQG 9N DUH WKH OLTXLG DQG YDSRU PRODU oRZUDWHV OHDYLQJ FHOO N� 7KH

VXEVFULSW N ZLOO EH UHVHUYHG IRU UHIHUULQJ WR FHOO TXDQWLWLHV RU SURSHUWLHV� [L�N DQG \L�N

��
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)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH QRQHTXLOLEULXP FHOO

DUH WKH PROH IUDFWLRQV RI FRPSRQHQW L LQ WKH OLTXLG DQG YDSRU VWUHDPV OHDYLQJ FHOO N�

+/
N DQG +9

N DUH WKH OLTXLG DQG YDSRU SKDVH HQWKDOSLHV DQG 7/
N DQG 7 9

N DUH WKH OLTXLG

DQG YDSRU SKDVH WHPSHUDWXUHV� 1 DQG ( UHSUHVHQW PDVV DQG HQHUJ\ WUDQVIHU UDWHV�

I9
L�N DQG I/

L�N DUH WKH YDSRU DQG OLTXLG IHHG UDWHV RI FRPSRQHQW L WR FHOO N� +)9
N DQG

+)/
N DUH WKH IHHG VWUHDP HQWKDOSLHV� $QG nQDOO\� 49

N DQG 4/
N DUH H[WHUQDO KHDW GXWLHV

WKDW PD\ EH VSHFLnHG WR HLWKHU YDSRU DQG OLTXLG SKDVH RI FHOO N�
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����� &RQVHUYDWLRQ (TXDWLRQV

7KH RYHUDOO PROH �PDVV� EDODQFHV IRU WKH OLTXLG DQG YDSRU SKDVH DUH JLYHQ E\�

/N b /Nb� b )/
N b1/

W�N b1 6
W�N �

U;
P �

�
F;

L �

yL�P

�
5P�NqN  � �����

9N b 9N�� b ) 9
N �1 9

W�N  � �����

1/
W�N DQG 1 9

W�N DUH WKH RYHUDOO LQWHUSKDVH PDVV WUDQVIHU UDWHV LQ YDSRU DQG OLTXLG SKDVH�

1 6
W�N LV WKH RYHUDOO PDVV WUDQVIHU UDWH LQ WKH OLTXLG nOP DURXQG WKH FDWDO\VW� 7KH RYHUDOO

PDVV WUDQVIHU UDWHV DUH REWDLQHG E\ VXPPLQJ XS RYHU WKH LQGLYLGXDO FRPSRQHQW PDVV

WUDQVIHU UDWHV�

1 /
W�N  

F;
L �

1/
L�N �����

1 9
W�N  

F;
L �

1 9
L�N �����

1 6
W�N  

F;
L �

1 6
L�N �����

1/
W�N DQG 1 9

W�N DUH QRW WKH VDPH IRU D V\VWHP ZLWK KRPRJHQHRXV UHDFWLRQV� 7KLV LV

EHFDXVH IRU WKHVH V\VWHPV FKHPLFDO FRQYHUVLRQ ZLOO DOVR WDNH SODFH LQ WKH OLTXLG WUDQVIHU

nOP� 7KH FDWDO\VW PDVV WUDQVIHU UDWH 1 6
W�N ZLOO RQO\ EH UHOHYDQW IRU D KHWHURJHQHRXV

UHDFWLRQ� DQG ZLOO EH QRQ]HUR RQO\ IRU D QRQHTXLVWRLFKLRPHWULF UHDFWLRQ�

5P�N UHSUHVHQWV WKH UHDFWLRQ UDWH RI UHDFWLRQ P LQ FHOO N� DQG LV RQO\ UHOHYDQW IRU

KRPRJHQHRXV RU SVHXGR�KRPRJHQHRXV UHDFWLRQV� yL�P LV WKH VWRLFKLRPHWULF FRHpFLHQW

��



RI FRPSRQHQW L LQ UHDFWLRQ P� qN LV D VSHFLnF UHDFWLRQ YROXPH� )RU KRPRJHQHRXV

UHDFWLRQV� WKLV LV WKH WRWDO OLTXLG LQYHQWRU\ LQ WKH FHOO� )RU SVHXGR�KRPRJHQHRXV

UHDFWLRQV� LW LV WKH WRWDO FDWDO\VW YROXPH SUHVHQW LQ WKH FHOO� )RU HTXLVWRLFKLRPHWULF

UHDFWLRQV WKH UHDFWLRQ WHUP LQ WKH RYHUDOO OLTXLG PDVV EDODQFH WHUP LV ]HUR�

7KH FRPSRQHQW EDODQFHV IRU HDFK FRPSRQHQW LQ WKH YDSRU DQG OLTXLG SKDVHV DUH JLYHQ

E\�

/N c [L�N b /Nb� c [L�Nb� b I/
L�N b1 /

L�N b1 6
L�N �

U;
P �

yL�P5P�NqN  � �����

9N c \L�N b 9N�� c \L�N�� b I9
L�N �1 9

L�N  � �����

1/
L�N DQG 1 9

L�N ZLOO RQO\ EH HTXDO LI WKH UHDFWLRQ LV QRW KRPRJHQHRXV� ,Q KHWHURJHQHRXV

V\VWHPV� 1 6
L�N LV RQO\ QRQ]HUR LI FRPSRQHQW L LV QRW D UHDFWDQW�

7KH HQHUJ\ FRQVHUYDWLRQ HTXDWLRQ IRU HDFK SKDVH LV JLYHQ E\�

/N c+/
N b /Nb� c+/

Nb� b )/
N +

)/
N �4/

N b (/
N b (6

N  � �����

9N c+9
N b 9N�� c+9

N�� b ) 9
N +)9

N �49
N � (9

N  � �����

,Q WKHVH HTXDWLRQV� WKH YDSRU�OLTXLG HQHUJ\ WUDQVIHU UDWHV� (/
N DQG (9

N DUH HTXDO�

7KH VLJQLnFDQFH RI WKLV ZLOO EH GLVFXVVHG LQ D IROORZLQJ VHFWLRQ� 7KH FDWDO\VW HQHUJ\

WUDQVIHU UDWH (6
N KDV RQO\ EHHQ DGGHG IRU FRPSOHWHQHVV� EXW WKLV WHUP LV ]HUR LQ VWHDG\

VWDWH V\VWHPV� $Q H[WUD UHDFWLRQ WHUP LV QRW UHTXLUHG LQ WKH HQHUJ\ EDODQFHV� EHFDXVH

WKLV LV GLUHFWO\ DFFRXQWHG IRU E\ WKH LQGLYLGXDO FRPSRQHQW HQWKDOSLHV�

��



2QH VKRXOG NHHS LQ PLQG WKDW WKH LQGH[LQJ V\VWHP XVHG KHUH LV IRU D YHU\ JHQHUDO FHOO�

$V FDQ EH VHHQ LQ )LJ� ��� LQ D WUD\ PRGHO QRW DOO FHOOV UHFHLYH oRZ IURP D FHOO DERYH

RU EHORZ� DQG LQ D SDFNHG FROXPQ� FHOOV ZLOO KDYH LQFRPLQJ VWUHDPV IURP PRUH WKDQ

RQH FHOO� 7KHVH LVVXHV ZLOO EH DGGUHVVHG LQ PRUH GHWDLO EHORZ�

����� 7UDQVSRUW 5HODWLRQV

7KH YDSRU�OLTXLG LQWHUSKDVH PDVV WUDQVIHU UDWHV LQ WKH DERYH FRQVHUYDWLRQ HTXDWLRQV

DUH HYDOXDWHG XVLQJ WKH 0D[ZHOO�6WHIDQ WKHRU\ �VHH .ULVKQD DQG :HVVHOLQJK� �����

7D\ORU DQG .ULVKQD� ������ 7KH 0D[ZHOO�6WHIDQ HTXDWLRQV IRU PDVV WUDQVIHU LQ OLTXLG

DQG YDSRU SKDVH UHVSHFWLYHO\ DUH JLYHQ E\ (T� ������ DQG (T� �������

[L�N
57N

#x/
L�N

#s
 

F;
O �

[L�N1 /
O�N b [O�N1 /

L�N

F/W�N��
/
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������
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57N

#x9
L�N

#s
 

F;
O �

\L�N1 9
O�N b \O�N1 9

L�N

F9W�N��
9
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,Q WKHVH HTXDWLRQV� 5 LV WKH JDV FRQVWDQW� xL LV WKH FKHPLFDO SRWHQWLDO RI VSHFLHV L�

s LV D GLPHQVLRQOHVV nOP FRRUGLQDWH� F/W�N LV WKH WRWDO OLTXLG SKDVH FRQFHQWUDWLRQ DQG

F9W�N LV WKH WRWDO YDSRU SKDVH FRQFHQWUDWLRQ� �/L�OD DQG �9L�OD DUH WKH OLTXLG DQG YDSRU

SKDVH ELQDU\ SDLU PDVV WUDQVIHU FRHpFLHQWV UHVSHFWLYHO\� 7KHVH DUH HYDOXDWHG IURP

�VHPL��HPSLULFDO PRGHOV �H�J� $,&K(� ����� &KDQ DQG )DLU� ������ 2QO\ Fb� RI WKHVH

��



HTXDWLRQV DUH LQGHSHQGHQW� 7KH PROH IUDFWLRQ RI WKH F�WK FRPSRQHQW LV REWDLQHG E\

WKH VXPPDWLRQ HTXDWLRQV IRU ERWK SKDVHV�

F;
L �

[L�N b �  � ������

F;
L �

\L�N b �  � ������

,Q DGGLWLRQ� IRU D KRPRJHQHRXV V\VWHP� WKH PDVV WUDQVIHU UDWHV LQ WKH OLTXLG PDVV

WUDQVIHU nOP PD\ FKDQJH GXH WR WKH FKHPLFDO UHDFWLRQ�

#1/
L�N

#s
 DN c p/

U;
O �

yL�O5O ������

+HUH DN LV WKH WRWDO LQWHUIDFLDO DUHD LQ FHOO N DQG p/ LV WKH WUDQVIHU nOP WKLFNQHVV�

)RU PRVW V\VWHPV LQ UHDFWLYH GLVWLOODWLRQ WKLV WHUP ZLOO QRW EH YHU\ LPSRUWDQW� 7KLV

LV EHFDXVH LQ PRVW V\VWHPV WKH +DWWD QXPEHUV DUH YHU\ VPDOO� +RZHYHU� LW ZLOO QRW

DOZD\V EH FOHDU LQ DGYDQFH LQ ZKLFK UHJLPH D VWDJH ZLOO EH RSHUDWLQJ� DQG WKLV PD\

HYHQ YDU\ IURP VWDJH WR VWDJH�

,Q WKHLU SDSHU� .ULVKQDPXUWK\ DQG 7D\ORU ������� DQG ODWHU .RRLMPDQ ������� UHZULWH

WKH *HQHUDOL]HG 0D[ZHOO�6WHIDQ �*06� HTXDWLRQV LQWR DQ H[SUHVVLRQ IRU D PDVV WUDQV�

IHU FRHpFLHQW PXOWLSOLHG E\ D GULYLQJ IRUFH WR REWDLQ DQ H[SUHVVLRQ IRU WKH PDVV

WUDQVIHU UDWH GLUHFWO\� +RZHYHU� WKLV LV QRW XVXDOO\ SRVVLEOH LQ V\VWHPV ZLWK OLTXLG

nOP UHDFWLRQV� (T� ������ DQG (T� ������ IRUP D V\VWHP RI KLJKO\ QRQOLQHDU FRXSOHG

��



GLmHUHQWLDO HTXDWLRQV WKDW FDQQRW EH VROYHG DQDO\WLFDOO\ LQ JHQHUDO DQG ZH ZLOO KDYH WR

UHO\ RQ QXPHULFDO WHFKQLTXHV� 6LQFH FRQFHQWUDWLRQ JUDGLHQWV ZLWKLQ WKH GLmXVLRQ OD\HU

RQ HLWKHU VLGH RI WKH YDSRU�OLTXLG LQWHUIDFH LQ GLVWLOODWLRQ RSHUDWLRQV DUH QRW XVXDOO\

VWHHS� D nQLWH GLmHUHQFH DSSUR[LPDWLRQ FDQ EH XVHG ZLWK D UHDVRQDEO\ VPDOO QXPEHU

RI JULG SRLQWV� VR WKDW FDOFXODWLRQ FRVW VKRXOG QRW EHFRPH WRR PXFK RI D SUREOHP� )RU

IDVW UHDFWLRQV WKH XVH RI PRUH JULG SRLQWV LV DGYLVDEOH�

)LQLWH GLmHUHQFLQJ WKH 0D[ZHOO�6WHIDQ HTXDWLRQV LV GRQH E\ GLYLGLQJ WKH PDVV WUDQVIHU

nOP LQ GLVFUHWH VWHSV E\ PHDQV RI D QXPEHU RI JULG SRLQWV� 7KH GLmHUHQWLDO WHUPV IURP

(T� ������ DQG (T� ������ DUH DSSUR[LPDWHG E\�
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&HQWUDO GLmHUHQFH DSSUR[LPDWLRQV VKRXOG QRW EH XVHG KHUH� VLQFH WKH\ KDYH D WHQGHQF\

WR JHQHUDWH ]LJ]DJ�SURnOHV� 8VLQJ WKH DERYH GLVFUHWLVDWLRQ VFKHPH GRHV QRW JLYH WKHVH

SUREOHPV� EXW UHVXOWV LQ WKH LQWURGXFWLRQ RI D QXPHULFDO GLmXVLRQ WHUP� +RZHYHU

LQ PRVW FDVHV WKH FRQFHQWUDWLRQ SURnOHV ZLOO EH QHDUO\ OLQHDU� DQG WKLV WHUP LV QRW

H[SHFWHG WR KDYH D ODUJH LPSDFW�

7KH HQHUJ\ WUDQVIHU UDWHV FRQVLVW RI FRQYHFWLYH DQG FRQGXFWLYH FRQWULEXWLRQV� )RU WKH
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OLTXLG DQG YDSRU SKDVHV ZH KDYH�
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+HUH K/N DQG K9N DUH WKH KHDW WUDQVIHU FRHpFLHQWV IRU OLTXLG DQG YDSRU SKDVH� +/
L

DQG +9
L DUH WKH SDUWLDO PRODU HQWKDOSLHV RI FRPSRQHQW L LQ WKH OLTXLG DQG YDSRU

SKDVH� 'HULYDWLYHV LQ WKH HQHUJ\ WUDQVIHU HTXDWLRQV DUH UHSODFHG E\ FHQWUDO GLmHUHQFH

DSSUR[LPDWLRQV LQ WKH FDOFXODWLRQ�

����� ,QWHUIDFH (TXDWLRQV

7KHUPRG\QDPLF HTXLOLEULXP LV DVVXPHG RQO\ DW WKH SKDVH ERXQGDU\� )RU HDFK FRP�

SRQHQW ZH KDYH�

\,L�N b.L�N[
,
L�N  � ������

+HUH \,L�N LV WKH YDSRU SKDVH FRPSRVLWLRQ DW WKH LQWHUIDFH DQG [,L�N LV WKH OLTXLG SKDVH

FRPSRVLWLRQ DW WKH LQWHUIDFH� .L�N LV WKH YDSRU � OLTXLG HTXLOLEULXP UDWLR IRU FRPSRQHQW

L LQ FHOO N DQG LV D IXQFWLRQ RI LQWHUIDFH WHPSHUDWXUH� �7 ,
N � DQG FRQFHQWUDWLRQV DQG

VWDJH SUHVVXUH SM�
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,
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,
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,Q DGGLWLRQ� LW LV QHFHVVDU\ WKDW DOO WKH PROH IUDFWLRQV VKRXOG VXP XS WR RQH IRU ERWK

SKDVHV�
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)URP D PDVV DQG HQHUJ\ EDODQFH RYHU WKH LQWHUIDFH� ZH FDQ GHGXFH WKDW WKH PDVV DQG

HQHUJ\ WUDQVIHU UDWHV WKURXJK WKH LQWHUIDFH VKRXOG EH FRQWLQXRXV� ZKLFK OHDGV WR WKH

IROORZLQJ HTXDWLRQV�
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$QG IRU WKH HQHUJ\ WUDQVIHU UDWH�
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7KLV HTXDWLRQ SOD\V D YHU\ LPSRUWDQW UROH LQ GHWHUPLQLQJ WKH PDVV WUDQVIHU UDWHV�

7KH 0D[ZHOO�6WHIDQ HTXDWLRQV E\ WKHPVHOYHV DUH 
oRDWLQJ HTXDWLRQV
� 7KH\ UHODWH

WKH GULYLQJ IRUFH IRU PDVV WUDQVIHU RI D FRPSRQHQW WR WKH IULFWLRQDO GUDJ EHWZHHQ

GLmHUHQW VSHFLHV LQ WHUPV RI UHODWLYH YHORFLWLHV DQG GUDJ FRHpFLHQWV� (T� ������ LV�

WKHUHIRUH� UHTXLUHG WR 
WLH GRZQ
 WKHVH UHODWLYH YHORFLWLHV� 7KLV HTXDWLRQ LV FRPPRQO\

UHIHUUHG WR DV WKH 
ERRWVWUDS
 FRQGLWLRQ �7D\ORU DQG .ULVKQD� ����� :HVVHOLQJK DQG

.ULVKQD� ������

��



��� 5HDFWLRQV

)RU WKH LPSOHPHQWDWLRQ RI WKH UHDFWLRQ HTXDWLRQV� ZH QHHG WR PDNH D GLVWLQFWLRQ

EHWZHHQ KHWHURJHQHRXV DQG KRPRJHQHRXV V\VWHPV�

+RPRJHQHRXV UHDFWLRQV WDNH SODFH LQ WKH OLTXLG EXON DQG OLTXLG WUDQVIHU nOP� ,Q FDVH

RI YHU\ IDVW UHDFWLRQV� D FRUUHFW GHVFULSWLRQ RI WKH FRPELQHG PDVV WUDQVIHU DQG UHDFWLRQ

LQ WKH WUDQVIHU nOP LV YHU\ LPSRUWDQW�

+HWHURJHQHRXV V\VWHPV FDQ EH WDFNOHG E\ WZR PHWKRGV� 7KH PRVW IXQGDPHQWDO

PHWKRG WDNHV LQWR DFFRXQW PXOWLFRPSRQHQW PDVV WUDQVIHU WR� LQ� DQG IURP WKH FDW�

DO\VW� ,Q DGGLWLRQ� LW UHTXLUHV D GHWDLOHG GHVFULSWLRQ RI FRQFHQWUDWLRQ JUDGLHQWV DQG

ORFDO UHDFWLRQ UDWHV LQVLGH WKH FDWDO\VW� +HWHURJHQHRXV V\VWHPV PD\ DOVR EH WDFNOHG

E\ PHDQV RI D SVHXGR�KRPRJHQHRXV DSSURDFK� :LWK WKLV DSSURDFK� WKH FDWDO\VW PDVV

WUDQVIHU HmHFWV DUH OXPSHG LQWR WKH NLQHWLF HTXDWLRQ DQG WKH UHDFWLRQ LV HmHFWLYHO\

WDFNOHG DV EHLQJ KRPRJHQRXV� DVVXPLQJ QR UHDFWLRQ LQ WKH OLTXLG WUDQVIHU nOP� :H

ZLOO QRZ FRQWLQXH ZLWK WKH PDWKHPDWLFDO GHVFULSWLRQ RI ERWK UHDFWLRQ PRGHOV

��



����� +RPRJHQHRXV 5HDFWLRQV

,Q KRPRJHQHRXV UHDFWLRQ V\VWHPV� WKH UHDFWLRQ WDNHV SODFH LQ WKH OLTXLG SKDVH RQO\�

&RPSRVLWLRQ FKDQJHV LQ WKH EXON OLTXLG UHDFWLRQ DUH WDNHQ LQWR DFFRXQW E\ WKH UHDFWLRQ

WHUPV LQ (T� ����� DQG (T� ������ 7KH FRPSRVLWLRQ FKDQJHV GXH WR WKH FKHPLFDO UHDFWLRQ

LQ WKH OLTXLG WUDQVIHU nOP DUH DFFRXQWHG IRU E\ (T� �������

$Q LPSRUWDQW SDUDPHWHU IRU KRPRJHQHRXV UHDFWLRQ V\VWHPV LV WKH WRWDO OLTXLG LQYHQ�

WRU\ RQ D WUD\� 7KH FKDQJH LQ WKH WRWDO QXPEHU RI PROHV GXH WR WKH UHDFWLRQ RQ D

WUD\ LV REWDLQHG E\ PXOWLSO\LQJ WKH UHDFWLRQ UDWH ZLWK WKH WRWDO OLTXLG LQYHQWRU\ RQ D

WUD\ �RU LQ D FHOO�� )RU WUD\ FROXPQV� WKH OLTXLG LQYHQWRU\ IROORZV IURP WKH FOHDU OLTXLG

KHLJKW DQG WKH DFWLYH DUHD RI D WUD\� 7KH FOHDU OLTXLG KHLJKW FDQ EH GHWHUPLQHG IURP

VHPL�HPSLULFDO FRUUHODWLRQV DV JLYHQ E\ /RFNHWW ������� 2QH RI WKH REVHUYDWLRQV WKDW

QHHGV WR EH PDGH LV WKDW XQGHU WKH VDPH FRQGLWLRQV� WKHVH PHWKRGV WHQG WR SUHGLFW

YDVWO\ GLmHUHQW YDOXHV� 'LmHUHQFHV RI PRUH WKDQ ��� SHUFHQW DUH QRW XQFRPPRQ� 7KH

FKRLFH RI WKH OLTXLG KROGXS PRGHO PD\ WKHUHIRUH VXEVWDQWLDOO\ LQoXHQFH WKH RXWFRPH

RI WKH FDOFXODWLRQV� ,Q RXU FDOFXODWLRQV� WKH PHWKRG GXH WR %HQQHWW HW DO� ������ ZDV

XVHG IRU WUD\ FROXPQV� 7KLV PHWKRG LV UHFRPPHQGHG E\ /RFNHWW �������

6LPLODU REVHUYDWLRQV FDQ EH PDGH IRU SDFNHG FROXPQV� +HUH WKH OLTXLG KROGXS LV

QRUPDOO\ REWDLQHG IURP VHPL HPSLULFDO H[SUHVVLRQV IRU WKH OLTXLG KROGXS SHU XQLW RI

��



SDFNLQJ YROXPH� $ FRPSOHWH OLVWLQJ RI WKH KROGXS SUHGLFWLRQ PHWKRGV IRU YDULRXV

W\SHV RI SDFNLQJ� WKDW DUH DYDLODEOH LQ WKH PRGHO� LV JLYHQ E\ .RRLMPDQ �������

����� +HWHURJHQHRXV 5HDFWLRQV

7KH SVHXGR�KRPRJHQHRXV UHDFWLRQ DSSURDFK PD\ EH HDVLO\ LPSOHPHQWHG LQ WKH DERYH

V\VWHP RI HTXDWLRQV� 7KH UHDFWLRQ UDWH HTXDWLRQV� DORQJ ZLWK WKH HmHFWLYHQHVV IDFWRU

PD\ EH HQWHUHG LQWR WKH UHDFWLRQ WHUPV LQ (T� ����� DQG (T� ������ 7KH UHDFWLRQ YROXPH

qN LV JLYHQ E\ WKH FDWDO\VW KROGXS LQ D FHOO� ,Q DGGLWLRQ� WKHUH ZLOO EH QR UHDFWLRQ LQ

WKH OLTXLG WUDQVIHU nOP DW WKH YDSRU�OLTXLG LQWHUIDFH� 7KH nOP UHDFWLRQ HTXDWLRQ�

(T� ������� PD\� WKHUHIRUH� EH UHPRYHG�

:KHQ XVLQJ WKLV DSSURDFK� ZH DUH� KRZHYHU� ORVLQJ LQVLJKW LQ PXOWLFRPSRQHQW PDVV

WUDQVIHU LQWHUDFWLRQV LQ WKH SRUHV� WKDW PD\ EH SDUWLFXODUO\ LPSRUWDQW LQ QRQ�HTXL�

VWRLFKLRPHWULF UHDFWLRQV� 7KHUHIRUH� ZH ZLOO XVH D PRUH ULJRURXV WKHRU\ RI GLmXVLRQ

�DQG UHDFWLRQ� LQVLGH SRURXV FDWDO\VWV� 7KH 'XVW\ )OXLG PRGHO�

7KH XVH RI WKH 'XVW\ )OXLG PRGHO IRU KHWHURJHQHRXV UHDFWLRQV OHDGV WR WKH LQWURGXFWLRQ

RI D OLTXLG PDVV WUDQVIHU nOP DQG D FDWDO\VW SKDVH LQWR WKH PRGHO HTXDWLRQV�

7KH 0D[ZHOO�6WHIDQ HTXDWLRQV DUH XVHG IRU GHVFULSWLRQ RI PDVV WUDQVSRUW LQ WKH OLT�

��



XLG�VROLG PDVV WUDQVIHU nOP�
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7KH PDVV WUDQVIHU FRHpFLHQW �6L�O KDV WR EH FDOFXODWHG IURP DQ DSSURSULDWH FRUUHODWLRQ

IRU OLTXLG�VROLG PDVV WUDQVIHU� 2QO\ F b � RI WKHVH HTXDWLRQV DUH LQGHSHQGHQW� 7KH

PROH IUDFWLRQ RI WKH F�WK FRPSRQHQW IROORZV IURP WKH VXPPDWLRQ HTXDWLRQ�

F;
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,Q DGGLWLRQ� WKH HQHUJ\ oX[ WKURXJK WKH OLTXLG nOP DURXQG WKH FDWDO\VW LV ]HUR�
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7KH PDMRU QHZ SUREOHP ZH KDYH WR GHDO ZLWK LQ WKLV QRQHTXLOLEULXP PRGHO LQYROYHV

OLTXLG SKDVH PXOWLFRPSRQHQW PDVV WUDQVIHU ZLWK UHDFWLRQ LQ WKH SRURXV FDWDO\VW� )RU

WKLV� WKHUH LV� KRZHYHU� QR FRPSOHWH WKHRU\� (YHQ IRU JDVHV� IRU ZKLFK WKHUH LV D NLQHWLF

WKHRU\� WKHUH DUH FRPSOHWH DQG LQWHUQDOO\ FRQVLVWHQW WKHRULHV RI PXOWLFRPSRQHQW PDVV

WUDQVIHU LQ SRURXV PHGLD RQO\ IRU WZR FDVHV� :KHQ WKH SRUH VL]H LV PXFK VPDOOHU

WKDQ WKH PHDQ IUHH SDWK OHQJWK WKHUH LV WKH .QXGVHQ GLmXVLRQ WKHRU\� DQG WKH NLQHWLF

WKHRU\ DSSOLHV ZKHQ WKH SRUH VL]H LV RUGHUV RI PDJQLWXGHV ORQJHU WKDQ WKH PHDQ IUHH

SDWK OHQJWK� +RZHYHU� IRU WKH LQWHUPHGLDWH UHJLPH WKHUH DUH VXEVWDQWLDO SUREOHPV�

7KH PROHFXODU YHORFLW\ GLVWULEXWLRQ YDULHV LQ D FRPSOLFDWHG ZD\ RYHU WKH FURVV VHFWLRQ

��



RI WKH SRUH DQG DGGLWLRQDO SUREOHPV DUH SRVHG E\ FDWDO\VW JHRPHWU\ DQG SRUH VL]H

GLVWULEXWLRQ�

:H ZLOO� WKHUHIRUH� nUVW GHVFULEH WKH WKHRU\ RI JDV SKDVH PXOWLFRPSRQHQW PDVV WUDQVIHU

LQ SRURXV PHGLD� DQG VXEVHTXHQWO\ GLVFXVV D PRGLnFDWLRQ RI WKHVH HTXDWLRQV VXLWDEOH

IRU OLTXLG SKDVH V\VWHPV�

����� 7KH 'XVW\ *DV 0RGHO

0RGHOLQJ PXOWLFRPSRQHQW PDVV WUDQVIHU LQ SRURXV PHGLD LV FRPSOLFDWHG ZKHQ WKH

PHDQ IUHH SDWK OHQJWK RI WKH PROHFXOHV LV RI WKH RUGHU RI PDJQLWXGH RI WKH SRUH

GLDPHWHU� 7KH GLpFXOWLHV SRVHG E\ WKLV LQWHUPHGLDWH FDVH PD\ EH FLUFXPYHQWHG E\

D PHWKRG RULJLQDOO\ LQWURGXFHG E\ 0D[ZHOO ������ DQG GHYHORSHG IXUWKHU E\ 0DVRQ

DQG YDULRXV FR�ZRUNHUV ������ ����� ����� ����� ������ 7KH RULJLQDO LGHD RI 0D[ZHOO

LV DV IROORZV�

�:H PD\ VXSSRVH WKH DFWLRQ RI WKH SRURXV PDWHULDO WR EH VLPLODU WR WKDW

RI D QXPEHU RI SDUWLFOHV� n[HG LQ VSDFH DQG REVWUXFWLQJ WKH PRWLRQ RI WKH

SDUWLFOHV RI WKH PRYLQJ V\VWHPV��

��



,Q RWKHU ZRUGV� KH VXJJHVWHG WKDW WKH SRURXV PDWHULDO LWVHOI EH GHVFULEHG DV D VXSSOH�

PHQWDU\ 
GXVW
 VSHFLHV� FRQVLVWLQJ RI YHU\ ODUJH PROHFXOHV WKDW DUH NHSW PRWLRQOHVV E\

VRPH XQVSHFLnHG H[WHUQDO IRUFH� 7KH &KDSPDQ�(QVNRJ NLQHWLF WKHRU\ LV WKHQ DSSOLHG

WR WKH QHZ SVHXGR JDV PL[WXUH� LQ ZKLFK WKH LQWHUDFWLRQ EHWZHHQ WKH GXVW DQG JDV

PROHFXOHV VLPXODWHV WKH LQWHUDFWLRQ EHWZHHQ WKH VROLG PDWUL[ DQG WKH JDV VSHFLHV� ,Q

DGGLWLRQ� RQH LV QR ORQJHU IDFHG ZLWK WKH SUREOHP RI oX[ DQG FRPSRVLWLRQ YDULDWLRQV

DFURVV D SRUH DQG SUREOHPV UHODWHG WR FDWDO\VW JHRPHWU\�

7KH SULFH ZH KDYH WR SD\ IRU WKLV VLPSOLnFDWLRQ LV WKDW ZH 
ORVH
 FHUWDLQ SK\VLFDO

IHDWXUHV RI WKH SRURXV PHGLXP� 2QH RI WKH PRUH LPSRUWDQW LVVXHV LV WKDW ZH DUH

QR ORQJHU GHDOLQJ ZLWK FKDQQHOV RI nQLWH VL]H FRUUHVSRQGLQJ WR WKH SRUHV LQ WKH UHDO

PHGLXP� 7KXV� WKHUH LV QR LQWURGXFWLRQ RI WKH YLVFRXV oX[HV LQ WKH IRUPDO GHYHORS�

PHQW RI WKH HTXDWLRQV� 7KHVH KDYH WR EH DGGHG HPSLULFDOO\� DOWKRXJK (YDQV HW DO�

������ SUHVHQWHG DUJXPHQWV WR MXVWLI\ WKH DGGLWLRQ RI GLmXVLYH DQG YLVFRXV oX[HV� ,Q

ZKDW IROORZV� ZH ZLOO nUVW GHULYH WKH GLmXVLYH SDUW RI WKH HTXDWLRQV� DQG VXEVHTXHQWO\

GHDO ZLWK WKH YLVFRXV oX[HV�

)RU GLmXVLRQ RI D JDV LQ 
RSHQ VSDFH
 WKH *HQHUDOL]HG 0D[ZHOO�6WHIDQ HTXDWLRQV DUH

�VHH� IRU H[DPSOH� -DFNVRQ� ������
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7KH OHIW KDQG VLGH RI WKLV HTXDWLRQ UHSUHVHQWV WKH VXP RI WKH GULYLQJ IRUFHV� 7KH

nUVW WHUP UHSUHVHQWV WKH GULYLQJ IRUFH GXH WR D FKHPLFDO SRWHQWLDO JUDGLHQW �xL� 7KH

VHFRQG WHUP UHSUHVHQWV D GULYLQJ IRUFH GXH WR D SUHVVXUH JUDGLHQW �S� 7KLV WHUP ZLOO

EH LPSRUWDQW RQO\ LI WKH YROXPH IUDFWLRQ �L DQG PDVV IUDFWLRQ �L RI FRPSRQHQW L DUH

QRW WKH VDPH� 7KH WKLUG WHUP LV WKH GULYLQJ IRUFH IRU IRUFHG GLmXVLRQ� 7KLV PD\ EH

WKH FDVH IRU FKDUJHG SDUWLFOHV LQ DQ HOHFWULF nHOG� 7KH ODVW WHUP UHSUHVHQWV WKHUPDO

GLmXVLRQ� ,Q PRVW FDVHV HQFRXQWHUHG LQ GLVWLOODWLRQ� H[WUDFWLRQ� RU JDV DEVRUSWLRQ� WKH

WKHUPDO GLmXVLRQ WHUP LV YHU\ PXFK VPDOOHU WKDQ WKH RWKHU WHUPV DQG PD\ VDIHO\ EH

QHJOHFWHG� 7KH ULJKW KDQG VLGH RI WKH HTXDWLRQ UHSUHVHQWV WKH VXP RI WKH PROHFXODU

IULFWLRQ WHUPV�

)RU DQ LGHDO JDV WKH FKHPLFDO SRWHQWLDO JUDGLHQW WHUP VLPSOLnHV DV IROORZV�
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,Q DGGLWLRQ� WKH YROXPH IUDFWLRQ DQG PROH IUDFWLRQV ZLOO EH WKH VDPH IRU HDFK FRPSR�

QHQW�

�L  [L ������

)XUWKHUPRUH� WKH FRQFHQWUDWLRQ RI WKH PL[WXUH PD\ EH H[SUHVVHG LQ WHUPV RI SUHVVXUH

DQG WHPSHUDWXUH E\ PHDQV RI WKH LGHDO JDV ODZ�

FW  
S

57
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7R REWDLQ WKH GXVW\ JDV PRGHO HTXDWLRQV� (T� ������ LV DSSOLHG WR D SVHXGR PL[WXUH

RI F � � VSHFLHV� LQ ZKLFK WKH H[WUD VSHFLHV UHSUHVHQWV WKH FDWDO\VW SKDVH� 7KH GXVW

VSHFLHV LV VXEMHFW WR WKH IROORZLQJ FRQVWUDLQWV�

�� 7KH GXVW PXVW EH HYHQO\ GLVWULEXWHG LQ VSDFH� �FF��  ��

�� 7KH GXVW LV NHSW LPPRELOH E\ DQ XQVSHFLnHG H[WHUQDO IRUFH VR WKDW 1F��  

��

�� 7KH GXVW VSHFLHV FRQVLVWV RI JLDQW PROHFXOHV ZKRVH PRODU PDVV JRHV WR

LQnQLW\� 0F�� � ��

7KH XQVSHFLnHG IRUFHV LQ LWHP � SUHYHQW WKH SRURXV PHGLXP IURP PRYLQJ GXH WR

SUHVVXUH JUDGLHQWV LQ WKH JDV� 7KLV ZLOO EH WKH IRUFH H[HUWHG E\ WKH FDWDO\VW PDWUL[ WR

��



NHHS HYHU\WKLQJ LQ SODFH� )XUWKHUPRUH� IRU WKH FDVHV FRQVLGHUHG LQ WKLV SDSHU� WKHUH

DUH QR H[WHUQDO IRUFHV RQ WKH JDVHRXV VSHFLHV� VR WKDW )O  � IRU O IURP � WR F�

:KHQ (T� ������ LV DSSOLHG WR WKH SVHXGR PL[WXUH RI F�� FRPSRQHQWV� YDULDEOHV VXFK

DV PROH IUDFWLRQV DQG FRQFHQWUDWLRQV ZLOO EH WKRVH RI WKH SVHXGR PL[WXUH� LQFOXGLQJ WKH

GXVW PROHFXOHV� ,Q WKH VXEVHTXHQW GHULYDWLRQ RI WKH 'XVW\ *DV 0RGHO HTXDWLRQV WKHVH

YDULDEOHV ZLOO EH PDUNHG E\ D WLOGH WR GLVWLQJXLVK WKHP IURP WKH WUXH TXDQWLWLHV LQ

WKH PL[WXUH� )RU WKH VSHFLHV FRQFHQWUDWLRQV� SDUWLDO SUHVVXUHV DQG FRPSRQHQW oX[HV�

WKHUH LV QR GLmHUHQFH EHWZHHQ WKH SVHXGR TXDQWLWLHV DQG WKH UHDO TXDQWLWLHV�

$SSO\LQJ (T� ������ WR WKH SVHXGR PL[WXUH� XQGHU WKH DERYH DVVXPSWLRQV OHDG WR�
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)URP K\GURG\QDPLF FRQVLGHUDWLRQV LW IROORZV WKDW WKH IRUFH H[HUWHG E\ WKH JDV RQ WKH

SRURXV PHGLXP LV HTXDO WR WKH SK\VLFDO SUHVVXUH JUDGLHQW RI WKH JDV RYHU WKH SRURXV

PHGLXP�
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:H QHHG RQO\ UHODWH WKH YDULDEOHV SHUWDLQLQJ WR WKH SVHXGR PL[WXUH WR WKRVH RI WKH

UHDO JDV� 7KH FRPSOHWH GHULYDWLRQ LV JLYHQ E\ -DFNVRQ ������� 7KH UHVXOW LV (T� �������

�
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'H
L LV WKH .QXGVHQ GLmXVLRQ FRHpFLHQW RI FRPSRQHQW L� 7KH '
V KDYH EHHQ DGGHG DV

VXSHUVFULSWV WR HPSKDVL]H WKDW WKHVH DUH WKH GLmXVLYH oX[ UHODWLRQV DVVRFLDWHG ZLWK

WKH GXVW\ JDV PRGHO� :H DOVR KDYH YLVFRXV oX[HV WKDW DULVH IURP PRYHPHQW RI WKH

PL[WXUH DV D ZKROH� 7KLV LV UHODWHG WR oRZ RI D SXUH VXEVWDQFH LQ D F\OLQGULFDO WXEH�

DQG LV GHVFULEHG E\ WKH VWDQGDUG 3RLVHXLOOH oRZ SUREOHP� )RU D FLUFXODU WXEH RI

GLDPHWHU GS� WKH FRQWULEXWLRQ WR WKH PRODU oX[ GXH WR YLVFRXV oRZ LV�

19  b G�SS
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)RU D SRURXV PHGLXP ZLWK D GLVWULEXWLRQ RI SRUH VL]HV� ZH PD\ UHZULWH WKLV HTXDWLRQ

DV �-DFNVRQ� ������

19  b %�S
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ZKLFK HTXDWLRQ GHnQHV WKH SHUPHDELOLW\ %�� :KHQ DOO WKH SRUH VL]HV DUH XQLIRUP DQG

RI GLDPHWHU GS� WKH SHUPHDELOLW\ LV JLYHQ E\

%�  
G�S
��

������

,I ZH DUH GHDOLQJ ZLWK D JDV PL[WXUH LQVWHDG RI D SXUH JDV� DQG WKHUH LV QR GLmXVLRQ RI

WKH VSHFLHV LQ WKH PL[WXUH UHODWLYH WR WKH PL[WXUH DV D ZKROH� WKHQ WKH WRWDO YLVFRXV
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oX[ IRU FRPSRQHQW L �LQ DOO GLUHFWLRQV� LV JLYHQ E\�
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7KH oX[ RI FRPSRQHQW L LV JLYHQ E\ DGGLQJ WKH GLmXVLYH DQG FRQYHFWLYH oX[HV
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(T� ������� (T� ������ DQG (T� ������ PD\ QRZ EH FRPELQHG WR JLYH WKH FRPSOHWH 'XVW\

*DV 0RGHO HTXDWLRQV�
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5HDUUDQJLQJ RQFH PRUH JLYHV WKH ZRUNLQJ IRUP RI WKH 'XVW\ *DV 0RGHO HTXDWLRQV�
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����� 7KH 'XVW\ )OXLG 0RGHO

7KH 'XVW\ )OXLG 0RGHO DV GHYHORSHG E\ .ULVKQD DQG :HVVHOLQJK ������ LV D PRGL�

nFDWLRQ RI WKH 'XVW\ *DV 0RGHO VR DV WR EH DEOH WR PRGHO OLTXLG SKDVH GLmXVLRQ LQ

SRURXV PHGLD� )LUVW� DOO SUHVVXUH WHUPV DUH UHSODFHG ZLWK FRQFHQWUDWLRQV E\ EDFN�

VXEVWLWXWLQJ WKH LGHDO JDV ODZ �S  FW57 �� 1RWH WKDW WKLV ZDV GRQH IRU FRQYHQLHQFH

LQ WKH GHULYDWLRQ RI WKH 'XVW\ *DV (TXDWLRQV� (T� ������ PD\ EH UHZULWWHQ DV�
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7KH nUVW WZR WHUPV LQ WKLV HTXDWLRQ FRUUHVSRQG WR WKH LVRWKHUPDO FKHPLFDO SRWHQWLDO

JUDGLHQW IRU DQ LGHDO PL[WXUH� ZKLFK PD\ EH VSOLW XS DV IROORZV�
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)RU D QRQLGHDO PL[WXUH ZH KDYH�
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(T� ������ LV H[SUHVVHG LQ WHUPV RI GLmXVLRQ FRHpFLHQWV DQG oX[HV� UDWKHU WKDQ PDVV

WUDQVIHU FRHpFLHQWV DQG PDVV WUDQVIHU UDWHV DV LV GRQH IRU WKH OLTXLG DQG YDSRU nOP

WUDQVIHU HTXDWLRQV� 7KH PDVV WUDQVIHU UDWHV DUH REWDLQHG E\ PXOWLSO\LQJ WKH oX[HV

E\ WKH LQWHUIDFLDO DUHD RI WKH FDWDO\VW SDUWLFOHV� 7KLV LV QRW DV VWUDLJKWIRUZDUG� DV LW

ORRNV� VLQFH� GHSHQGLQJ RQ WKH JHRPHWU\ RI WKH FDWDO\VW� WKH FURVV VHFWLRQDO DUHD FDQ

FKDQJH DORQJ WKH GLmXVLRQ SDWK� ,Q DGGLWLRQ� RQH VKRXOG WDNH WKH GLmHUHQW JHRPHWULHV

LQWR DFFRXQW LQ WKH GHULYDWLRQ RI WKH GLVFUHWL]HG HTXDWLRQV� 7KLV ZLOO EH GLVFXVVHG LQ

GHWDLO EHORZ�

7KH 'XVW\ )OXLG 0RGHO HTXDWLRQV GR QRW VXP XS WR ]HUR �XQOLNH WKH *06 HTXDWLRQV��

EHFDXVH RI WKH SUHVVXUH WHUP� OHDGLQJ WR DQ H[WUD HTXDWLRQ IRU WKH SUHVVXUH GURS�

6XPPLQJ XS RYHU WKH F VSHFLHV JLYHV�

F;
L �

1L

'H
L

 b �

57

�
� �

FW%�57

s

F;
L �

[L
'H

L

�
� S ������

��



EHFDXVH
F;

L �

F;
O �

[O1L b [L1O

'̂ H
L�O

 � ������

DQG WKH *LEEV�'XKHP HTXDWLRQ�
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1RW DOO RI WKH DERYH HTXDWLRQV DUH LQGHSHQGHQW� :H FDQ FKRRVH HLWKHU F WLPHV

(T� ������ ZKLOH GLVFDUGLQJ (T� ������� RU Fb� WLPHV (T� ������ WRJHWKHU ZLWK (T� �������

6LQFH WKHUH FDQ EH QR DFFXPXODWLRQ RI PDVV LQ WKH FDWDO\VW SDUWLFOH DW VWHDG\ VWDWH�

WKH IROORZLQJ HTXDWLRQ KDV WR EH VDWLVnHG�
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7KLV HTXDWLRQ SURYLGHV WKH 
ERRWVWUDS
 FRQGLWLRQ IRU WKH GXVW\ oXLG HTXDWLRQV� 7KH

FRPSRQHQW oX[HV ZLOO FKDQJH GXH WR UHDFWLRQ�
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7KH WRWDO HQHUJ\ oX[ LQ D FDWDO\VW SDUWLFOH LV ]HUR� VLQFH DW VWHDG\ VWDWH WKHUH FDQ EH

QR DFFXPXODWLRQ LQVLGH WKH FDWDO\VW� 7KHUHIRUH�
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T UHSUHVHQWV WKH FRQGXFWLYH FRQWULEXWLRQ WR WKH HQHUJ\ oX[�

��



����� %RXQGDU\ &RQGLWLRQV

7KH ERXQGDU\ FRQGLWLRQV DW WKH RXWHU VXUIDFH RI WKH FDWDO\VW DUH SURYLGHG E\ WKH

PDVV EDODQFHV DURXQG WKH FDWDO\VW SDUWLFOH� ,Q DGGLWLRQ� WKH PDVV WUDQVIHU UDWHV DW

WKH FDWDO\VW LQWHUIDFH VKRXOG EH FRQWLQXRXV�

1 6
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$W WKH FDWDO\VW FHQWHU� WHPSHUDWXUH� SUHVVXUH DQG FRPSRVLWLRQ KDYH ]HUR JUDGLHQWV�
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$QG WKH oX[ RI VSHFLHV L LV ]HUR�
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7KLV FRQFOXGHV WKH GHYHORSPHQW RI WKH 'XVW\ )OXLG 0RGHO IRU PDVV WUDQVIHU LQ SRURXV

PHGLD�

����� 'LVFUHWLVDWLRQ DQG *HRPHWU\

:KHQ GLVFUHWLVLQJ WKH GXVW\ oXLG HTXDWLRQV� WKH FDWDO\VW VKDSH SOD\V DQ LPSRUWDQW

UROH� )RU 5DVFKLJ ULQJ W\SH SDFNLQJV� LW LV SRVVLEOH WR XVH D VLPSOH &DUWHVLDQ FRRUGL�

QDWH V\VWHP� +RZHYHU� WKLV DSSURDFK LV QRW UHFRPPHQGHG IRU WHDEDJ DQG VDQGZLFK
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)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI JULG IRU FDWDO\VW SDUWLFOH�

W\SH SDFNLQJV� ZKHUH VPDOOHU FDWDO\VW SDUWLFOHV FDQ EH XVHG� )LUVW� KRZHYHU� WKH PXOWL�

GLPHQVLRQDO SUREOHP LV VLPSOLnHG E\ UHSODFLQJ WKH JUDGLHQW WHUPV E\ GHULYDWLYHV ZLWK

UHVSHFW WR RQH GLUHFWLRQ FRRUGLQDWH� ,Q DGGLWLRQ� VLQFH ZH SUHIHU WR GHDO ZLWK PDVV

WUDQVIHU UDWHV� WKH oX[HV DUH PXOWLSOLHG E\ WKH LQWHUIDFLDO DUHD� (T� ������ EHFRPHV�
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$VVXPLQJ WKDW ZH DUH GHDOLQJ ZLWK D FDWDO\VW SDUWLFOH ZLWK UDGLXV ]F� WKLV SDUWLFOH

ZLOO EH VSOLW XS LQ D QXPEHU RI nQLWH YROXPHV� DV LOOXVWUDWHG LQ )LJ� ���� 6XEVHTXHQWO\�

WKH 'XVW\ )OXLG 0RGHO HTXDWLRQV DUH DSSOLHG WR HDFK nQLWH YROXPH LQGLYLGXDOO\� 7KLV

KDV VRPH FRQVHTXHQFHV IRU WKH GLmHUHQWLDO WHUPV DQG LQWHUIDFLDO DUHDV LQ WKH DERYH
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HTXDWLRQ� )RU WKH GLmHUHQWLDO WHUP RI DQ DUELWUDU\ TXDQWLW\ ;�
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ZKHUH / LV D FKDUDFWHULVWLF OHQJWK IRU GLmXVLRQ LQ WKH nOP XQGHU FRQVLGHUDWLRQ �7D\ORU

DQG .ULVKQD� ������

q )RU D SODQDU nOP� /  ]G b ]�

q )RU D F\OLQGULFDO nOP� /  U� c OQ�]G ]��

q )RU D VSKHULFDO nOP� /  ]� c ��b ]G ]��

7KH FURVV VHFWLRQDO DUHD IRU F\OLQGULFDO DQG VSKHULFDO FDWDO\VWV GHSHQGV RQ WKH ORFDWLRQ

LQ WKH nOP DV ZHOO� 7KLV FDQ EH DFFRXQWHG IRU E\ UHODWLQJ WKH DUHD UDWLR RI WKH FDWDO\VW

DUHD DW ORFDWLRQ N WR WKH RXWVLGH FDWDO\VW DUHD� )RU WKH YDULRXV JHRPHWULHV WKLV UDWLR

FDQ EH UHSUHVHQWHG E\�
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LQ ZKLFK m  � IRU D SODQDU nOP� � IRU D F\OLQGULFDO nOP DQG � IRU D VSKHULFDO nOP�

7KH FKHPLFDO SRWHQWLDO JUDGLHQW LV DSSUR[LPDWHG DV IROORZV�
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7KH GHnQLWLRQ RI bL�O LV JLYHQ LQ (T� ������� )RU WKH SUHVVXUH DQG WHPSHUDWXUH GHULYD�

WLYHV FHQWUDO GLmHUHQFH DSSUR[LPDWLRQV ZLOO EH XVHG� 1RWH WKDW� GHSHQGLQJ RQ WKH

JHRPHWU\� WKH GLVFUHWLVDWLRQ VWHS OHQJWK YDULHV IRU HDFK GLVFUHWLVDWLRQ SRLQW� 7DNLQJ

HYHU\WKLQJ LQWR DFFRXQW� WKH GLVFUHWL]HG 'XVW\ )OXLG HTXDWLRQV EHFRPH�
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7KH FDWDO\VW VKDSH DOVR LQoXHQFHV WKH UHDFWLRQ HTXDWLRQ� ,Q HmHFW� (T� ������ LV D

FRQVHUYDWLRQ HTXDWLRQ� WKH H[SUHVVLRQV IRU WKH GLmHUHQW FDWDO\VW VKDSHV PD\ EH GHULYHG

E\ ZULWLQJ D PDVV EDODQFH IRU D nQLWH YROXPH RI WKH FDWDO\VW�

�1LD�Q b �1LD�Q��  
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ZKHUH qN LV WKH WRWDO FDWDO\VW YROXPH DYDLODEOH LQ WKH FRQWDFWLQJ FHOO� DQG 9Q LV WKH

YROXPH IUDFWLRQ RI WKH VOLFH RI FDWDO\VW �VHH )LJ� ���� XQGHU FRQVLGHUDWLRQ� 7KH oX[HV

PD\ EH UHSODFHG E\ PDVV WUDQVIHU UDWHV� WDNLQJ LQWR DFFRXQW WKH LQWHUIDFLDO DUHD UDWLR�

7KH YROXPH IUDFWLRQ RI FDWDO\VW LV REWDLQHG E\ WDNLQJ WKH YROXPH IUDFWLRQ XQGHU

FRQVLGHUDWLRQ� GLYLGHG E\ WKH WRWDO FDWDO\VW YROXPH� $ JHQHUDO H[SUHVVLRQ IRU WKH
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YROXPH IUDFWLRQ LV JLYHQ E\�
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,Q ZKLFK n  � IRU D SODQDU FDWDO\VW� n � IRU D F\OLQGULFDO FDWDO\VW DQG n � IRU D

VSKHULFDO FDWDO\VW� 7KH UHVXOWLQJ GLVFUHWL]HG FRQVHUYDWLRQ HTXDWLRQ WKHQ EHFRPHV�
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7KH ODVW HTXDWLRQ WR EH GLVFUHWL]HG LV WKH HQHUJ\ WUDQVIHU HTXDWLRQ� 7KH HQHUJ\

WUDQVIHU UDWH HTXDWLRQ FRQVLVWV RI D FRQYHFWLYH DQG D FRQGXFWLYH FRQWULEXWLRQ� :H

VKDOO DVVXPH WKDW WKH FDWDO\VW PDWUL[ DQG WKH OLTXLG nOOLQJ WKH SRUHV KDYH WKH VDPH

WHPSHUDWXUH SURnOH� 7KH WRWDO FRQGXFWLYH HQHUJ\ oX[ PD\ WKHQ EH ZULWWHQ DV�
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7KH FDWDO\VW SRURVLW\ q& DQG WRUWXRVLW\ ~ DUH DGGHG KHUH WR WDNH LQWR DFFRXQW WKH

WRUWXRXV SDWKV IROORZHG E\ WKH JDV LQ WKH FDWDO\VW� 7KH GLVFUHWL]HG HTXDWLRQ LV WKHQ

JLYHQ E\�
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&RPELQLQJ WKH FRQYHFWLYH DQG FRQGXFWLYH FRQWULEXWLRQV DQG PXOWLSO\LQJ E\ WKH LQ�

WHUIDFLDO DUHD WKHQ JLYHV�
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7KLV FRPSOHWHV WKH PRGHO GHnQLWLRQ IRU WKH 'XVW\ )OXLG 0RGHO�
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��� )ORZ RQ 'LVWLOODWLRQ 7UD\V

,W KDV ORQJ EHHQ UHFRJQL]HG WKDW OLTXLG VWDJLQJ UHVXOWV LQ LPSURYHG SHUIRUPDQFH RI

D GLVWLOODWLRQ WUD\� %HFDXVH D OLTXLG LV QHYHU SHUIHFWO\ PL[HG RQ D GLVWLOODWLRQ WUD\�

FRQFHQWUDWLRQ SURnOHV DORQJ WKH OLTXLG oRZ SDWK ZLOO DULVH LQ WKH OLTXLG SKDVH XQGHU

WKH LQoXHQFH RI PDVV WUDQVIHU� ,I WKHUH LV QR KRUL]RQWDO YDSRU PL[LQJ� WKLV ZLOO FDXVH

FRQFHQWUDWLRQ SURnOHV LQ WKH YDSRU oRZ OHDYLQJ WKH VWDJH� &RQVHTXHQWO\� WKH RYHUDOO

WUD\ HpFLHQF\ ZLOO EH KLJKHU WKDQ WKH 0XUSKUHH 3RLQW HpFLHQF\ �VHH /RFNHWW� ������

/HZLV ������ GHULYHG DQ H[SUHVVLRQ IRU WKH PD[LPXP DFKLHYDEOH WUD\ HpFLHQF\� DV D

IXQFWLRQ RI WKH SRLQW HpFLHQF\� DVVXPLQJ WKHUH LV QR OLTXLG EDFNPL[LQJ� ,Q UHDOLW\�

WKH WUD\ HpFLHQF\ ZLOO IDOO VKRUW RI WKH PD[LPXP DFKLHYDEOH HpFLHQF\ GXH WR YDULRXV

QRQLGHDOLWLHV LQ WKH oRZ SDWWHUQ� 7KHVH PD\ EH FDXVHG E\ OLTXLG EDFNPL[LQJ� KRUL�

]RQWDO YDSRU PL[LQJ� QRQ�XQLIRUP OLTXLG oRZ DFURVV WKH WUD\� QRQ�XQLIRUP YDSRU oRZ

WKURXJK WKH WUD\� DQG HQWUDLQPHQW DQG ZHHSLQJ� 7KLV ZRUN LV IRFXVHG RQ WKH nUVW

SRLQW� DOWKRXJK WKH RXWOLQHG PHWKRGRORJ\ DOORZV IRU VWXG\LQJ RI DOO RI WKHVH LVVXHV�

/LTXLG EDFNPL[LQJ RFFXUV PDLQO\ GXH WR WZR PHFKDQLVPV� 7XUEXOHQFH LQ WKH OLT�

XLG FRQWLQXRXV UHJLRQ� DQG PRWLRQ RI OLTXLG GURSOHWV LQ WKH YDSRU FRQWLQXRXV UHJLRQ

�%HQQHWW DQG *ULPP� ������ $ nUVW VWXG\ RQ OLTXLG EDFNPL[LQJ RQ GLVWLOODWLRQ WUD\V

ZDV SUHVHQWHG E\ .LUVFKEDXP ������� ZKR FRPSDUHV oRZ RQ D GLVWLOODWLRQ WUD\ WR
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oRZ WKURXJK D FDVFDGH RI SHUIHFWO\ PL[HG SRROV RI OLTXLG� *DXWUHDX[ DQG 2
&RQQHOO

������ XVHG WKH OLTXLG PL[LQJ SRRO FRQFHSW WR GHULYH DQ H[SUHVVLRQ UHODWLQJ WKH SRLQW

HpFLHQF\ WR WKH SODWH HpFLHQF\� :LMQ ������ XVHG D FHOO PRGHO WR VWXG\ WKH LQoX�

HQFH RI GRZQFRPHU OD\RXW SDWWHUQV RQ WKH WUD\ HpFLHQF\� $OHMVNL ������ SUHVHQWHG

DQG HTXLOLEULXP VWDJH PRGHO� LQ ZKLFK WKH OLTXLG SKDVH LV VSOLW XS LQ D QXPEHU RI

HTXLOLEULXP FHOOV DORQJ WKH OLTXLG oRZ SDWK WR DFFRXQW IRU EDFNPL[LQJ LQ D UHDFWLYH

GLVWLOODWLRQ FROXPQ� 3RLQW HpFLHQFLHV ZHUH XVHG WR WDNH LQWR DFFRXQW PDVV WUDQVIHU LQ

WKH HTXLOLEULXP FHOOV�

,Q DOO RI WKH DERYH VWXGLHV D OLTXLG PL[LQJ SRRO FRQFHSW LV XVHG WR GHWHUPLQH WKH HmHFW

RI VWDJLQJ LQ WKH OLTXLG oRZ GLUHFWLRQ� 4XDQWLnFDWLRQ RI EDFNPL[LQJ XVXDOO\ LV GRQH

E\ PHDQV RI HGG\ GLmXVLRQ PRGHOV� �H�J� %HQQHWW DQG *LPP� ����� 5DSHU HW DO��

����� %DUNHU DQG 6HOI� ����� 6RKOR DQG .LQQXQHQ� ������ 7KHVH PRGHOV DVVXPH WKDW

WKH D[LDO VSUHDGLQJ RI D WUDFHU LQ WKH OLTXLG oRZ �]� GLUHFWLRQ RQ D GLVWLOODWLRQ WUD\

FDQ EH GHVFULEHG E\�
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LQ ZKLFK [ LV WKH PROH IUDFWLRQ RI WKH WUDFHU DQG ] LV WKH D[LDO FRRUGLQDWH� 7KH 3HFOHW

QXPEHU 3H LV JLYHQ E\�
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'H LV WKH HGG\ GLmXVLRQ FRHpFLHQW� O LV WKH oRZ SDWK OHQJWK DQG X/ LV WKH VXSHUnFLDO
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OLTXLG YHORFLW\ RQ D VWDJH� ,PSRUWDQW OLPLWDWLRQV RI WKH HGG\ GLmXVLYLW\ PRGHO DUH

WKDW LW RQO\ DSSOLHV WR LVRWURSLF OLTXLG oRZ� DQG� WKHUHIRUH� WKDW LW FDQQRW EH XVHG

IRU GHVFULSWLRQ RI FLUFXODWLRQ SDWWHUQV DW� IRU LQVWDQFH� WKH FROXPQ ZDOO RU WKH RXWOHW

ZHLU� $ VXPPDU\ RI HVWLPDWLRQ PHWKRGV IRU WKH D[LDO GLVSHUVLRQ FRHpFLHQW LV JLYHQ

E\ /RFNHWW ������ DQG %HQQHWW DQG *ULPP ������� 0RVW RI WKHVH PHWKRGV DUH FXUYH

nWV WR H[SHULPHQWDO GDWD� LQ ZKLFK D IXQFWLRQDO GHSHQGHQFH LV DVVXPHG ZLWK UHVSHFW

WR SDUDPHWHUV VXFK DV WKH YDSRU DQG OLTXLG oRZV DQG WKH OLTXLG KROGXS� 7KH PHWKRG

RI %HQQHWW DQG *ULPP ������ LV EDVHG RQ D GURS WUDMHFWRU\ PRGHO�

7KH 3HFOHW QXPEHU IRU WKH D[LDOO\ GLVSHUVHG oRZ PRGHO FDQ EH UHODWHG WR D QXPEHU

RI ZHOO PL[HG OLTXLG SRROV LQ WKH OLTXLG oRZ GLUHFWLRQ� 1 �E\ WKH IROORZLQJ HTXDWLRQ�
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,Q WKLV SDSHU D QRQHTXLOLEULXP PL[LQJ SRRO FRQFHSW ZLOO EH XVHG WR GHVFULEH WKH

PDVV WUDQVIHU�UHDFWLRQ�oRZ SUREOHP� 7KH WZR SKDVH PL[WXUH RQ D WUD\ LV VSOLW XS

LQ D QXPEHU RI FRQWDFWLQJ FHOOV� IRU HDFK RI ZKLFK PDVV DQG HQHUJ\ EDODQFHV FDQ EH

ZULWWHQ� DORQJ ZLWK PDVV WUDQVIHU UDWH HTXDWLRQV� $ VFKHPDWLF UHSUHVHQWDWLRQ �VLGH

YLHZ� RI D JHQHUDO VWDJH M LV JLYHQ LQ )LJ� ���� 6WDJH QXPEHULQJ LQ D FROXPQ LV IURP WRS

WR ERWWRP� )LJ� ��� DOVR VHUYHV DV DQ LQWURGXFWLRQ WR WKH QRWDWLRQ XVHG LQ WKLV SDSHU�

/6
M DQG 9 6

M UHSUHVHQW WKH OLTXLG DQG YDSRU PRODU oRZ UDWHV IURP VWDJH M UHVSHFWLYHO\�
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7KH PROH IUDFWLRQV RI FRPSRQHQW L LQ WKH OLTXLG DQG YDSRU VWUHDPV DUH GHQRWHG E\ [L�M

DQG \L�M� DQG +/6
M DQG +9 6

M UHSUHVHQW WKH HQWKDOSLHV RI WKH OLTXLG DQG YDSRU VWUHDPV

OHDYLQJ VWDJH M� 7/6
M DQG 7 9 6

M DUH WKH WHPSHUDWXUHV RI WKH VWUHDPV OHDYLQJ VWDJH M�

I9 6
L�M�� LV WKH YDSRU IHHG UDWH RI FRPSRQHQW L WR VWDJH M � �� DQG I/6

L�M LV WKH OLTXLG IHHG

UDWH RI FRPSRQHQW L WR VWDJH M� 49 6
M DQG 4/6

M DUH H[WHUQDO KHDW GXWLHV WKDW PD\ EH

VSHFLnHG WR HLWKHU SKDVH RI VWDJH M� 7KH FHOO QXPEHULQJ LV DOVR LOOXVWUDWHG LQ )LJ� ����

Q9 LV WKH QXPEHU RI FHOOV LQ D YDSRU oRZ SDWK� DQG Q/ LV WKH QXPEHU RI FHOOV LQ D

OLTXLG oRZ SDWK� &HOO QXPEHULQJ LV IURP OHIW WR ULJKW DQG IURP ERWWRP WR WRS�

����� 6WDJH (TXDWLRQV � 7UD\ FROXPQV

7KH RYHUDOO PDVV EDODQFHV IRU HDFK VWDJH� IRU WKH OLTXLG DQG YDSRU SKDVH� DUH JLYHQ

E\�

�� � U/M � c /6
M b

Q9;
N �

/&
�Q/�N� b )/6

M  � ������

�� � U9M � c 9 6
M b

Q/;
N �

9 &
�N�Q9 � b ) 9 6

M��  � ������

+HUH U9M DQG U/M DUH WKH YDSRU DQG OLTXLG VLGHVWUHDP UDWLRV� 7KHVH DUH QRQ]HUR RQO\

LI D VLGHVWUHDP LV VSHFLnHG WR VWDJH M� 9 &
�N�Q9 � LV WKH YDSRU oRZ FRPLQJ IURP WKH

Nb WK FHOO LQ WKH WRS URZ RI FHOOV LQ WKH QRQHTXLOLEULXP VWDJH� DQG /&
�Q/�N� LV WKH OLTXLG

oRZUDWH IURP WKH N b WK FHOO LQ WKH ODVW FROXPQ RI FHOOV LQ WKH QRQHTXLOLEULXP VWDJH

��
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)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI QRQHTXLOLEULXP VWDJH IRU D GLVWLOODWLRQ WUD\

��



�VHH )LJ� ����� )/
M DQG ) 9

M�� DUH WKH RYHUDOO OLTXLG DQG YDSRU IHHG UDWHV WR VWDJH M DQG

M � � UHVSHFWLYHO\� 7KH YDSRU IHHG WR VWDJH M � � LV DGGHG WR VWDJH M� DV LW LV DVVXPHG

WKDW WKH YDSRU IUDFWLRQ RI D IHHG JRHV XS LQVWDQWO\ DQG GRHV QRW LQWHUIHUH ZLWK WKH

WUD\ EHORZ�

7KH VWDJH FRPSRQHQW EDODQFH HTXDWLRQV IRU WKH OLTXLG DQG YDSRU SKDVH DUH JLYHQ E\�

�� � U/M � c [6L�M c /6
M b

Q9;
N �

[&L��Q/�N� c /&
�Q/�N� b I/6

L�M  � ������

�� � U9M � c \6L�M c 9 6
M b

Q/;
N �

\&L��N�Q9 � c 9 &
�N�Q9 � b I9 6

L�M��  � ������

[&L��Q/�N� DQG \&L��N�Q9 � DUH WKH OLTXLG DQG YDSRU SKDVH PROH IUDFWLRQV OHDYLQJ FHOO N�

I9 6
L�M��LV WKH YDSRU IHHG UDWH RI FRPSRQHQW L WR VWDJH M � � DQG I/6

L�M LV WKH OLTXLG IHHG

UDWH RI FRPSRQHQW L WR VWDJH M� 7KH VWDJH HQHUJ\ EDODQFHV DUH JLYHQ E\�

�� � U/M � c+/6
M c /6

M b
Q9;
N �

+/&
�Q/�N� c /&

�Q/�N� b )/6
M +)/

M �4/6
M  � ������

�� � U9M � c+9 6
M c 9 6

M b
Q/;
N �

+9 &
�N�Q9 � c 9 &

�N�Q9 � b ) 9 6
M��+

)9
M�� �49 6

M  � ������

+/&
�Q/�N� DQG +9 &

�N�Q9 � DUH WKH HQWKDOSLHV RI WKH VWUHDPV OHDYLQJ WKH DSSURSULDWH FHOOV RQ

WKH VWDJH� +)9
M�� LV WKH YDSRU SKDVH HQWKDOS\ RI WKH IHHG WR VWDJH M � � DQG +)/

M LV

WKH HQWKDOS\ RI WKH OLTXLG IHHG WR VWDJH M� 7KH VWDJH HTXDWLRQV DUH FRPSOHWHG E\ WKH

VWDJH K\GUDXOLF HTXDWLRQ�

SM b SMb� b �cSMb��  � ������

��



:KHUH SM DQG SMb� DUH WKH VWDJH SUHVVXUHV RQ VWDJHV M DQG M b � UHVSHFWLYHO\� cSMb�

LV WKH SUHVVXUH GURS SHU WUD\ IURP VWDJH M b � WR VWDJH M� 7KH SUHVVXUHV LQ DOO FHOOV

RQ D VWDJH DUH DVVXPHG WR EH HTXDO WR WKH VWDJH SUHVVXUH� 7KH SUHVVXUH GURS RYHU WKH

VWDJH LV FRQVLGHUHG WR EH D IXQFWLRQ RI WKH VWDJH oRZV� WKH oXLG SURSHUWLHV DQG WKH

HTXLSPHQW OD\RXW SDUDPHWHUV�

$ IHZ UHPDUNV QHHG WR EH PDGH KHUH ZLWK UHVSHFW WR WKH IHHG VWUHDPV DQG KHDW

GXWLHV� ,Q WKH SUHVHQWHG PRGHO� RQH KDV WKH RSWLRQ WR VSHFLI\ WKH IHHGV WR HLWKHU

WKH FHOOV RU WKH VWDJH XQGHU FRQVLGHUDWLRQ� ,Q D UHDO FROXPQ� IHHGV DUH VXSSOLHG WR D

FROXPQ EHWZHHQ WZR VWDJHV� LQ VXFK D ZD\� WKDW WKH OLTXLG SDUW RI WKH IHHG LV SUHIHUDEO\

HTXDOO\ GLVWULEXWHG RYHU WKH WUD\� 7KH YDSRU IUDFWLRQ RI WKH IHHG JRHV XS LQVWDQWO\ DQG

GRHV QRUPDOO\ QRW LQWHUIHUH ZLWK WKH WUD\ EHORZ� 7KXV� LQ PRVW FDVHV� WKH YDSRU IHHG

VWUHDP VKRXOG EH DGGHG WR WKH VWDJH oRZ OHDYLQJ WKH IHHG VWDJH� 7KLV PHDQV WKDW WKH

YDSRU IHHGV ZLOO QRUPDOO\ EH WUHDWHG LQ (T� ������� (T� ������ DQG (T� ������� UDWKHU

WKDQ LQ FHOO HTXDWLRQV (T� ������ (T� ����� DQG (T� ������ 6LQFH WKH OLTXLG LV QRUPDOO\

GLVWULEXWHG RYHU WKH VWDJH� WKH OLTXLG ZLOO HQWHU WKH FHOOV GLUHFWO\� DQG WKH IHHG oRZV

VKRXOG EH DGGHG WR WKH FHOO HTXDWLRQV (T� ������ (T� ����� DQG (T� ������ UDWKHU WKDQ

(T� ������� (T� ������ DQG (T� ������� +RZHYHU� DOO WKLV GHSHQGV RQ WKH FRQnJXUDWLRQ

XVHG�

��



Both phases 
perfectly mixed

Vapor in plug flow Both vapor and liquid in plug flow
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)LJXUH ���� &HOO GHVFULSWLRQ RI YDULRXV oRZ PRGHOV

����� )ORZ 0RGHOV

$OWKRXJK LW LV SRVVLEOH� LQ SULQFLSOH� WR GHVFULEH DOPRVW DQ\ NLQG RI oRZ SDWWHUQ XVLQJ

H[RWLF FHOO OD\RXW DQG FRQQHFWLRQ SDWWHUQV� WKLV ZRUN LV IRFXVVHG RQ WKH LQoXHQFH RI

YDSRU DQG OLTXLG EDFNPL[LQJ RQ GLVWLOODWLRQ WUD\V� 7KH OLPLWLQJ FDVHV WKDW ZLOO EH

FRQVLGHUHG DUH LOOXVWUDWHG LQ )LJ� ����

7KH VLPSOHVW� VKRZQ RQ WKH OHIW RI WKH nJXUH� KDV ERWK YDSRU DQG OLTXLG SKDVHV

SHUIHFWO\ PL[HG� ,Q WKLV FDVH WKH FHOO GHVFULSWLRQ LV VXSHUoXRXV� VLQFH WKH VWDJH DQG

��



FHOO oRZV ZLOO EH WKH VDPH� 7KLV FDVH LV� KRZHYHU� QRW UHSUHVHQWDWLYH RI WKH WUXH oRZ

SDWWHUQV RQ D WUD\� 7KHUH LV JHQHUDO DJUHHPHQW RQ WKH DVVXPSWLRQ WKDW YDSRU ULVHV LQ

SOXJ oRZ WKURXJK WKH OD\HU RI OLTXLG RQ D VWDJH� ,Q DGGLWLRQ LW LV RIWHQ DVVXPHG WKDW

WKH OLTXLG LV ZHOO PL[HG LQ WKH YHUWLFDO GLUHFWLRQ� GXH WR WKH YDSRU MHWV DQG EXEEOHV�

7KH OLTXLG SKDVH PD\ EH DVVXPHG WR EH FRPSOHWHO\ ZHOO PL[HG IRU WUD\V ZLWK VKRUW

oRZ SDWKV� +RZHYHU� VLJQLnFDQW VWDJLQJ LV WR EH H[SHFWHG IRU ORQJHU oRZ SDWK OHQJWKV�

7KH nUVW RI WKHVH FDVHV LQ ZKLFK WKH YDSRU ULVHV LQ SOXJ oRZ WKURXJK DQ LGHDOO\ PL[HG

SRRO RI OLTXLG LV LOOXVWUDWHG LQ WKH PLGGOH RI )LJ� ���� 9HUWLFDO PL[LQJ LV HVWDEOLVKHG E\

DGGLWLRQDO OLTXLG PL[LQJ oRZV� GHQRWHG E\ /0 DQG UHSUHVHQWHG E\ WKH EURDG DUURZV�

7KH oRZ UDWHV RI DOO WKH PL[LQJ VWUHDPV DUH DVVXPHG WR EH HTXDO� ,Q WKH WKLUG

FDVH� VKRZQ RQ WKH ULJKW RI )LJ� ���� VWDJLQJ LQ WKH OLTXLG oRZ GLUHFWLRQ LV WDNHQ

LQWR DFFRXQW E\ VSHFLI\LQJ PXOWLSOH FROXPQV RI FHOOV� 7KH QXPEHU RI FHOOV QHHGHG WR

PRGHO D UHDOLVWLF oRZ SDWWHUQ PD\ EH GHULYHG IURP OLWHUDWXUH FRUUHODWLRQV IRU D[LDO

GLVSHUVLRQ FRHpFLHQWV �VHH� /RFNHWW� ����� DQG (T� ������� 7KH FHOO FRPSRQHQW DQG

HQWKDOS\ EDODQFHV ZLOO KDYH WR EH DGMXVWHG WR DFFRXQW IRU WKH PL[LQJ oRZV�

%HFDXVH WKH OLTXLG PL[LQJ VWUHDPV IRU DOO FHOOV DUH DVVXPHG WR EH HTXDO� WKH RYHUDOO

OLTXLG SKDVH PDVV EDODQFH IRU D FHOO ZLOO QRW FKDQJH� 7KH PRGLnHG OLTXLG SKDVH

��



FRPSRQHQW EDODQFH IRU DQ DUELWUDU\ FHOO LV JLYHQ E\�

/&
�N�P� c [&L��N�P� b /&

�Nb��P� c [&L��Nb��P� b I/&
L��N�P� b1/

L��N�P�1 6
L��N�P�

�
U;

O �

yL�O5O��N�P�q�N�P�/
0 c ��[&L��N�P� b [&L��N�Pb�� b [&L��N�P����  � ������

+HUH [&L��N�P��� DQG [&L��N�Pb�� DUH WKH OLTXLG SKDVH FRPSRVLWLRQV LQ WKH FHOOV DERYH DQG

EHORZ WKH FHOO XQGHU FRQVLGHUDWLRQ� /0 LV WKH OLTXLG PL[LQJ oRZUDWH� 7KLV HTXDWLRQ

GLmHUV VOLJKWO\ IRU WKH WRS DQG ERWWRP FHOOV LQ D FROXPQ� 7KH FHOOV LQ WKH WRS URZ RI

D VWDJH KDYH OLTXLG H[FKDQJH RQO\ ZLWK WKH FHOOV EHORZ� 7KH ERWWRP FHOOV RQO\ PL[

ZLWK WKH FHOOV GLUHFWO\ DERYH�

7KH OLTXLG SKDVH HQHUJ\ EDODQFH IRU D FHOO ZLWK PL[LQJ oRZV LV JLYHQ E\�

/&
�N�P� c+/&

�N�P� b /&
�Nb��P� c+/&

�Nb��P� b )/&
�N�P�+

)/
�N�P� �4/&

�P�N�

b (/
�N�P� b (6

�N�P� � /0 c ��+/&
�N�P� b+/&

�N�Pb�� b+&/
�N�P����  � ������

7KH OLTXLG PL[LQJ oRZ KDV WR EH ODUJH HQRXJK WR HQVXUH LGHDO OLTXLG PL[LQJ LQ WKH

YHUWLFDO GLUHFWLRQ�

.RRLMPDQ ������ GHULYHV DQG XVHV DQ DQDO\WLFDO DSSUR[LPDWLRQ IRU WKH PDVV WUDQVIHU

UDWHV IRU WKLV PRGHO� EXW KH DVVXPHV WKH YDSRU LQWHUIDFH FRQFHQWUDWLRQ DQG WKH PDWUL[

RI YDSRU SKDVH PDVV WUDQVIHU FRHpFLHQWV WR EH FRQVWDQW RYHU WKH IURWK KHLJKW� 7KLV

DVVXPSWLRQ LV OHJLWLPDWH RQO\ LI WKH UHVLVWDQFH WR PDVV WUDQVIHU LV DVVXPHG WR EH

��



FRQnQHG HQWLUHO\ WR WKH YDSRU SKDVH DQG WKH OLTXLG SKDVH LV ZHOO PL[HG� )RU WKH

OLTXLG oRZ PRGHO .RRLMPDQ FRUUHFWV WKH YDSRU LQWHUIDFH FRQFHQWUDWLRQ EHFDXVH LW LV

QRW MXVWLnDEOH WR DVVXPH D FRQVWDQW YDSRU LQWHUIDFH FRQFHQWUDWLRQ HYHU\ZKHUH RQ WKH

WUD\� 7KH FKDQJHV LQ LQWHUIDFH PROH IUDFWLRQV DUH UHODWHG WR WKH DYHUDJH OLTXLG PROH

IUDFWLRQ GLmHUHQFHV RYHU WKH PDVV WUDQVIHU nOP RQ WKH WUD\ DQG DW WKH RXWOHW� 7KH

FRUUHFWLRQ IDFWRU ZDV FKRVHQ E\ PDWFKLQJ QXPHULFDO FDOFXODWLRQV WR H[SHULPHQWDO GDWD�

7KHVH DVVXPSWLRQV DUH QRW PDGH LQ WKH FHOO PRGHO� VLQFH PDVV WUDQVIHU FRHpFLHQWV

DQG LQWHUIDFH FRQFHQWUDWLRQV DUH FDOFXODWHG IRU HDFK FHOO LQGHSHQGHQWO\�

��� 0DOGLVWULEXWLRQ LQ 3DFNHG &ROXPQV

)URP WKH ZRUN RI +RHN HW DO� ������� 6WLNNHOPDQ ������ DQG 6WRWHU ������� ZH FDQ

FRQFOXGH WKDW WKHUH LV DQ XQGHUVWDQGLQJ RI oRZ PDOGLVWULEXWLRQ LQ SDFNLQJ� DQG WKDW

WKHUH DUH PRGHOV WKDW DSSHDU DGHTXDWH IRU GHVFULELQJ WKH GHYHORSPHQW RI WKHVH ODUJH

VFDOH PDOGLVWULEXWLRQV� ,Q DGGLWLRQ� WKHUH LV JHQHUDO DJUHHPHQW� DQG VXpFLHQW HY�

LGHQFH� WR VXSSRUW WKH VWDWHPHQW WKDW PDOGLVWULEXWLRQ KDV D GHWULPHQWDO HmHFW RQ

FROXPQ SHUIRUPDQFH� +RZHYHU� ZKDW IDLOV LV D GLUHFW PHWKRG RI GHWHUPLQLQJ WKH LQoX�

HQFH RI WKHVH PDOGLVWULEXWLRQV� SDUWLFXODUO\ IRU PXOWLFRPSRQHQW V\VWHPV� 7KH PHWKRG

RI =XLGHUZHJ HW DO� ������ UHTXLUHV WZR FDOFXODWLRQ VWHSV� DQG KDV D QXPEHU RI GUDZ�

��



EDFNV� )LUVWO\� LW GRHV QRW WDNH LQWR DFFRXQW WKH HmHFW RI ORFDO oRZ RQ WKH LQWHUIDFLDO

DUHD� 7KLV LV� KRZHYHU� RQH RI WKH PDLQ UHDVRQV IRU EDG EHKDYLRU� 6HFRQGO\� LW GRHV

QRW WDNH LQWR DFFRXQW WKH GLmHUHQFHV LQ UHVLGHQFH WLPHV IRU YDULRXV PDOGLVWULEXWLRQ

oRZV DORQJ WKH FROXPQ� )XUWKHUPRUH� WKH PHWKRG UHTXLUHV RQH WR XVH WKH +(73

FRQFHSW� ZKLFK LQ LWVHOI FDQ EH YHU\ FRQIXVLQJ ZKHQ XVHG LQ PXOWLFRPSRQHQW V\VWHPV

�:HVVHOLQJK� ������

1DZURFNL HW DO� ������ SUHVHQW D PRGHO IRU GHWHUPLQLQJ WKH LQoXHQFH RI PDOGLVWUL�

EXWLRQ LQ VWUXFWXUHG SDFNLQJV� 7KHLU DSSURDFK XVHV HPSLULFDO FRUUHODWLRQV IRU WKH

LQWHUIDFLDO DUHD DQG PDVV WUDQVIHU FRHpFLHQWV PRGLnHG E\ WDNLQJ LQWR DFFRXQW oRZ

PL[LQJ DQG VSOLWWLQJ RQ WKH FURVV RYHU OHQJWK VFDOH� $V =XLGHUZHJ HW DO� ������ SRLQW

RXW� VXFK PRGHOV FDQ OHDG WR YHU\ WHGLRXV FDOFXODWLRQV IRU FRPPHUFLDO VL]H FROXPQV�

DV WKHUH DUH WKRXVDQGV RI FURVV�RYHUV LQ D FROXPQ FURVV VHFWLRQ� 2Q WKLV VFDOH UD�

GLDO PL[LQJ FRPSHQVDWHV ODUJHO\ IRU PDOGLVWULEXWLRQ DQG WKLV HOLPLQDWHV WKH QHHG IRU

PRGHOLQJ RQ WKH FURVV�RYHU VFDOH�

3RGUHEDUDF HW DO� ������ SUHVHQW D QRQHTXLOLEULXP PRGHO IRU D EDOH W\SH SDFNHG

FROXPQ� LQ ZKLFK WKH\ PDNH D GLVWLQFWLRQ EHWZHHQ OLTXLG LQVLGH DQG OLTXLG RXWVLGH

WKH EDOH� 7KH DXWKRUV DVVXPH WKDW D IUDFWLRQ I ZLOO oRZ WKURXJK WKH SDFNLQJ� ZKLOH

WKH UHPDLQGHU �b I ZLOO oRZ RXWVLGH RI WKH SDFNLQJ� 2QO\ WKH OLTXLG RXWVLGH RI WKH

FDWDO\VW LV DVVXPHG WR EH LQ FRQWDFW ZLWK WKH YDSRU� 7KXV WKHUH DUH WZR PDVV WUDQVIHU

��



VWHSV� EHWZHHQ WKH OLTXLG LQVLGH WKH EDOH DQG WKH OLTXLG RXWVLGH WKH EDOH� DQG EHWZHHQ

WKH OLTXLG RXWVLGH WKH EDOH DQG WKH YDSRU� $W WKH ERWWRP RI HDFK EDOH� OLTXLG VWUHDPV

DUH PL[HG DQG VSOLW XS LQ WKH QH[W EDOH� $OWKRXJK WKLV PHWKRG GRHV QRW DOORZ IRU

HYDOXDWLRQ RI WKH HmHFW RI ODUJH VFDOH PDOGLVWULEXWLRQV� LW RmHUV DQ LQWHUHVWLQJ DSSURDFK

WR LQYHVWLJDWH WKH LQoXHQFH RI ZDOO oRZ LQ D SDFNHG FROXPQ�

,Q WKLV ZRUN ZH SUHVHQW D GLUHFW DSSURDFK IRU HYDOXDWLQJ WKH LQoXHQFH RI oRZ PDOG�

LVWULEXWLRQ RQ WKH GLVWLOODWLRQ SURFHVV� +HUH� ZH XVH WKH ]RQH�VWDJH oRZ PRGHO DV

SUHVHQWHG E\ =XLGHUZHJ HW DO� ������� +RZHYHU� LQVWHDG RI MXVW XVLQJ LW WR GHWHU�

PLQH WKH oRZ SDWWHUQV� ZH ZLOO DVVXPH HDFK FHOO WR EH D QRQHTXLOLEULXP YDSRU�OLTXLG

FRQWDFWLQJ FHOO� )ORZ PDOGLVWULEXWLRQV DUH HYDOXDWHG E\ PHDQV RI WKH OLQNLQJ SDWWHUQ�

DQG WKH HmHFWV RI WKLV PDOGLVWULEXWLRQ RQ PDVV WUDQVIHU LV GLUHFWO\ HYDOXDWHG LQVLGH WKH

QRQHTXLOLEULXP FHOOV� 7KLV ZD\ RQH FDQ GLUHFWO\ FDOFXODWH WKH LQoXHQFH RI ODUJH VFDOH

oRZ PDOGLVWULEXWLRQV RQ WKH GLVWLOODWLRQ SURFHVV� ZLWKRXW KDYLQJ WR UHYHUW WR +(73V�

7KH PRGHO E\ =XLGHUZHJ HW DO� ������ KDV WZR LQGHSHQGHQW FDOFXODWLRQ VWHSV� 7KH nUVW

VWHS FDOFXODWHV WKH OLTXLG PDOGLVWULEXWLRQ EDVHG RQ D QDWXUDO oRZ PRGHO DV RXWOLQHG

E\ 6WLNNHOPDQ ������� ,Q WKH VHFRQG VWHS� WKH LQoXHQFH RI WKLV PDOGLVWULEXWLRQ RQ

WKH +(73 �+HLJKW (TXLYDOHQW RI D 7KHRUHWLFDO 3ODWH�� DQG WKHUHE\ RQ WKH SDFNLQJ

HpFLHQF\� LV GHWHUPLQHG�

��



)LJXUH ���� )ORZ VSOLWWLQJ SDWWHUQ LQ ]RQH VWDJH PRGHO

7KH HmHFW RI WKH PDOGLVWULEXWLRQ RQ WKH oRZ SDWWHUQ LV GHWHUPLQHG E\ PHDQV RI D FHOO

PRGHO� LQ ZKLFK LW LV DVVXPHG WKDW D IUDFWLRQ ./ RI WKH OLTXLG OHDYLQJ WKH FHOO ZLOO

oRZ GRZQ WR WKH FHOO EHORZ� 7KH UHPDLQLQJ IUDFWLRQ RI OLTXLG ��b./� ZLOO oRZ WR WKH

DGMDFHQW FHOOV EHORZ� ZKHUHE\ WKH oRZV DUH VSOLW XS DFFRUGLQJ WR WKH UDWLR RI WKH FHOO

VXUIDFH DUHDV EHWZHHQ WKH FHOOV� 7KH UHVXOWLQJ oRZ SDWWHUQ LV VKRZQ LQ )LJ� ���� 7KLV

LV UHIHUUHG WR DV WKH QDWXUDO oRZ PRGHO� 7KH XQGHUO\LQJ LGHD RI WKLV oRZ PRGHO LV

WKDW D OLTXLG oRZLQJ GRZQ D VHFWLRQ RI SDFNLQJ ZLOO VSUHDG DFFRUGLQJ WR D GLmXVLRQDO

W\SH HTXDWLRQ� )RU D UDGLDO FHOO PRGHO ZH KDYH�

#X

#]
 'U

t
�

U

#X

#U
�

#�X

#U�

u
������

7KLV LV D VWDQGDUG FRQYHFWLRQ GLmXVLRQ HTXDWLRQ� LQ ZKLFK 'U LV D UDGLDO VSUHDGLQJ
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FRHpFLHQW WKDW GHSHQGV RQ WKH W\SH DQG VL]H RI WKH SDFNLQJ� DQG X LV WKH VXSHUnFLDO

OLTXLG YHORFLW\ LQ WKH SDFNLQJ� ,Q RUGHU WR HVWDEOLVK D OLQN EHWZHHQ WKLV HTXDWLRQ

DQG WKH QDWXUDO oRZ PRGHO ZH ZLOO QRZ GLVFUHWLVH WKH DERYH H[SUHVVLRQ� :H ZLOO

XVH D IRUZDUG GLmHUHQFH H[SUHVVLRQ LQ ]�GLUHFWLRQ DQG DQ LPSOLFLW FHQWUDO GLmHUHQFH

H[SUHVVLRQ LQ U�GLUHFWLRQ 7KH UHVXOWLQJ H[SUHVVLRQ LV�

XQ���P b XQ�P
K]

 'U c
t

�

�PKU
c XQ�P�� b XQ�Pb�

KU
�

XQ�P�� b �XQ�P � XQ�Pb�
K�U

u
������

+HUH K] LV WKH FHOO KHLJKW� DQG KU LV WKH FHOO ZLGWK� 6ROYLQJ IRU XQ���P UHVXOWV LQ�

XQ���P  
�

�

��Pb �� c'U c K]
P c K�U

c XQ�Pb� � K�U b �'U c K]
K�U

c XQ�P

�
�

�

��P� �� c'U c K]
P c K�U

c XQ�P�� ������

7KLV LV DQ H[SUHVVLRQ IRU WKH oRZ WR FHOO �Q�P��� FRPLQJ IURP WKH WKUHH FHOOV DERYH�

)RU D ]RQH VWDJH PRGHO XVLQJ UDGLDO FHOOV� ZH FDQ ZULWH WKH IROORZLQJ HTXDWLRQ�

/M���N  ��b./� c �U/D �Nb� c /M�Nb� �./ c /M�N � ��b./� c �U/D �N�� c /M�N�� ������

+HUH /M�N LV WKH oRZ OHDYLQJ FHOO N RQ VWDJH M� DQG U/D LV WKH 
DUHD UDWLR
 RI WKH FHOO

XQGHU FRQVLGHUDWLRQ� )RU D F\OLQGULFDO JHRPHWU\� WKH DUHD UDWLRV DUH JLYHQ E\

�U/D �Nb�  
DRNb�

DRNb� � DLNb�
 

N b �
� c N b � ������

DQG

�U/D �N��  
DLN��

DRN�� � DLN��
 

N

� c N � � ������

��



+HUH DR LV WKH RXWVLGH F\OLQGULFDO DUHD RI WKH FHOO XQGHU FRQVLGHUDWLRQ� DQG DL LV WKH

LQVLGH F\OLQGULFDO DUHD� 2QH FDQ VHH WKDW DSDUW IRU VRPH FRQVWDQWV� WKHVH HTXDWLRQV

KDYH WKH VDPH VWUXFWXUH� :H ZLOO QRZ PDNH WKH VLPSOLI\LQJ DVVXPSWLRQ WKDW�

./  �b � c'U c K]
K�U

������

:LWK WKLV ZH DVVXPH WKH DPRXQW RI oRZ WR JR VWUDLJKW GRZQ WR EH HTXDO LQ ERWK

PRGHOV� 2QO\ WKH UDWLR RI WKH VSOLWWLQJ oRZV ZLOO EH VOLJKWO\ GLmHUHQW� =XLGHUZHJ HW

DO�� ������ VWDWH WKDW WKH ]RQH�VWDJH PRGHO LV FRPSDWLEOH ZLWK WKH GLmXVLRQ PRGHO

RQO\ LI ./  � �� EXW EDVHG RQ WKH DERYH GHULYDWLRQ LW PD\ EH FRQFOXGHG WKDW WKLV LV

QRW QHFHVVDULO\ WUXH� )RU D JLYHQ FHOO VL]H DQG UDGLDO VSUHDGLQJ FRHpFLHQW RQH FDQ XVH

(T� ������ WR FDOFXODWH D YDOXH IRU ./�

)RU DQ HTXLGLVWDQW VTXDUH JULG RQH FDQ GHGXFH WKDW�

./  �b � c'U c K]
K�U

������

+RHN HW DO� ������ PHDVXUHG WKH VSUHDGLQJ FRHpFLHQW IRU YDULRXV W\SHV RI SDFNLQJ

DQG IRXQG WKDW WKH VSUHDGLQJ FRHpFLHQW LV VWURQJO\ GHSHQGHQW RQ WKH W\SH RI SDFNLQJ

DQG WKH SDFNLQJ VL]H� %LOOLQJKDP HW DO� ������ VXJJHVW YDOXHV IRU WKH UDGLDO VSUHDGLQJ

FRHpFLHQWV IRU YDULRXV W\SHV RI SDFNLQJ�

��



�VW JHQHUDWLRQ UDQGRP SDFNLQJV 'U  ���� GS

�QG JHQHUDWLRQ UDQGRP SDFNLQJV 'U  ���� GS

6WUXFWXUHG SDFNLQJ 'U  ������

ZKHUH GS LV WKH SDFNLQJ VL]H LQ P�

,W VKRXOG EH QRWHG KHUH WKDW� DOWKRXJK ZH KDYH PDGH GHULYDWLRQV MXVW IRU WKH QDWXUDO

oRZ PRGHO� RWKHU oRZ PRGHOV PD\ EH VWXGLHG DV ZHOO ZLWK RXU QRQHTXLOLEULXP =RQH

6WDJH PRGHO� 7KLV PD\ EH GRQH E\ DGRSWLQJ DQRWKHU oRZ VSOLWWLQJ SROLF\�

:LWK UHVSHFW WR WKH FHOO VL]HV DQG VSOLWWWLQJ IDFWRUV� ZH KDYH WR NHHS LQ PLQG WKDW

LQ SUDFWLFH WKH\ ZLOO EH GLmHUHQW IRU FROXPQV RI GLmHUHQW DVSHFW UDWLRV� )RU VPDOO

GLDPHWHU FROXPQV� WKH GHYHORSPHQW RI PDOGLVWULEXWLRQV DORQJ WKH KHLJKW RI WKH SDFNLQJ

ZLOO EH GLmHUHQW DV FRPSDUHG WR FROXPQV ZLWK D ODUJHU GLDPHWHU� ,Q DGGLWLRQ� IRU

VPDOO GLDPHWHU FROXPQV� WKH LQoXHQFH RI WKH ZDOO LV PXFK PRUH LPSRUWDQW WKDQ IRU

ODUJH GLDPHWHU FROXPQV� $OO RI WKHVH W\SHV RI PDOGLVWULEXWLRQ PD\ EH VWXGLHG ZLWK

WKH SUHVHQWHG WHFKQLTXH� LI WKH DSSURSULDWH oRZ SDWWHUQ LV VXSHULPSRVHG RQ WKH FHOO

VWUXFWXUH�

��



����� &KDUDFWHUL]DWLRQ RI 0DOGLVWULEXWLRQ

2QH RI WKH SDUDPHWHUV PRVW FRPPRQO\ XVHG IRU TXDQWLI\LQJ WKH PDOGLVWULEXWLRQ LV

WKH FRHpFLHQW RI YDULDWLRQ IRU WKH YHORFLW\ SURnOH &Y �%LOOLQJKDP HW DO�� ������

&Y  

V
�

$W

= t
Xb xX
xX

u�
G$ ������

:KHUH $W LV WKH WRWDO FURVV VHFWLRQDO DUHD RI WKH FROXPQ� DQG WKH PHDQ YHORFLW\ xX LV

FDOFXODWHG E\�

xX  
�

$W

=
XG$ ������

3HUU\ HW DO� ������ VWDWH WKDW D &Y RI OHVV WKDQ ��� IRU GLVWULEXWRUV LV DGHTXDWH�

SURYLGHG WKDW WKH GHYLDWLRQV DUH UDQGRPO\ GLVSHUVHG� )XUWKHUPRUH� LW LV DVVXPHG WKDW

WKH GHWULPHQWDO HmHFWV RI VPDOO VFDOH PDOGLVWULEXWLRQV LV FRPSHQVDWHG IRU E\ UDGLDO

PL[LQJ� 7KHUHIRUH� WKHUH LV QR QHHG WR WDNH WKHVH LQWR DFFRXQW LQ WKH HYDOXDWLRQ RI

&Y�

,Q WKH PRVW FRPPRQ DSSURDFK IRU FDOFXODWLRQ RI &Y� WKH FURVV VHFWLRQDO DUHD RI D

FROXPQ LV VSOLW XS LQWR D QXPEHU RI FHOOV� 7KH FHOO VL]H LV WKHQ FKRVHQ LQ VXFK D ZD\

WKDW YDULDWLRQV LQ WKH YHORFLW\ SURnOHV ZLWKLQ WKH FHOO DUH FRPSHQVDWHG IRU E\ UDGLDO

PL[LQJ� 7KH YDOXH RI &Y PD\ WKHQ EH GHWHUPLQHG E\�

&Y  

YXXW �

$W

1;
L �

$L

t
XL b xX
xX

u�
������

��



:KHUH 1 LV WKH WRWDO QXPEHU RI FHOOV DQG xX LV WKH DYHUDJH YHORFLW\ RYHU WKH HQWLUH

FURVV VHFWLRQDO DUHD ZKLFK PD\ EH GHWHUPLQHG E\�

xX  
�

$W

1;
L �

$L c XL ������

7KLV FRHpFLHQW RI PDOGLVWULEXWLRQ GRHV QRW� KRZHYHU� WDNH LQWR DFFRXQW SRVVLEOH FOXV�

WHULQJ RI ODUJH VFDOH PDOGLVWULEXWLRQV� $Q DOWHUQDWLYH 
FRHpFLHQW RI PDOGLVWULEXWLRQ


ZDV GHYLVHG E\ %LOOLQJKDP HW DO� ������� 7KLV QHZ FRHpFLHQW &P LV HYDOXDWHG LQ YHU\

PXFK WKH VDPH ZD\ DV &Y H[FHSW WKDW WKH ORFDO PHDQ YHORFLW\� UDWKHU WKDQ WKH RYHUDOO

PHDQ YHORFLW\ LV XVHG� 7KH FRHpFLHQW RI YDULDWLRQ IRU D FHOO FRQnJXUDWLRQ LV JLYHQ E\�

&P  

YXXW �

$W

1;
L �

$L

t
XL b xXL
xXL

u�
������

+HUH xXL LV WKH ORFDO PHDQ YHORFLW\ ZKLFK LV FDOFXODWHG IURP�

xXL  

3
pLM�$LXL � $MXM�3
pLM�$L � $M�

������

:KHUH pLM  � LI L DQG M DUH QHLJKERUV� DQG pLM  � LI L DQG M DUH QRW ORFDWHG QH[W

WR HDFK RWKHU� 2QH VKRXOG QRWH KHUH WKDW ZKHQ oRZ YDULDWLRQV DUH DERXW XQLIRUPO\

GLVWULEXWHG RYHU WKH FURVV VHFWLRQDO DUHD� WKH YDOXHV RI &Y DQG &P GR QRW GLmHU YHU\

PXFK� +RZHYHU� LI WKH PDOGLVWULEXWLRQV DUH FOXVWHUHG� WKH YDOXH RI &P ZLOO EH PXFK

ORZHU WKDQ WKH YDOXH RI &Y� )RU VLPSOLnFDWLRQ RI WKH LQWHUSUHWDWLRQ� D 0DOGLVWULEXWLRQ

,QGH[� 0, LV GHnQHG E\ �%LOOLQJKDP HW DO�� ������

0,  
&Y

&P
������

��



7KLV PDOGLVWULEXWLRQ LQGH[ LV D PHDVXUH RI WKH FOXVWHULQJ RI PDOGLVWULEXWLRQV� ,I 0,

LV FORVH WR XQLW\� PDOGLVWULEXWLRQV ZLOO EH GLVWULEXWHG HYHQO\ RYHU WKH FURVV VHFWLRQDO

DUHD� $ ODUJHU YDOXH RI 0, LQGLFDWHV FOXVWHULQJ RI WKH ODUJH VFDOH PDOGLVWULEXWLRQV�

7KH DERYH PHWKRGV KHOS WR FKDUDFWHUL]H WKH LQLWLDO oRZ PDOGLVWULEXWLRQV� EXW WKH\

GR QRW SURYLGH PXFK LQVLJKW LQWR WKH GHSWK WR ZKLFK WKH PDOGLVWULEXWLRQ SHUVLVWV�

7KLV ZDV SRLQWHG RXW E\ (GZDUGV HW DO� ������ ZKR GHYHORSHG D PHWKRG IRU WKH

SUHGLFWLRQ RI WKH PDOGLVWULEXWLRQ GHSWK RI SHQHWUDWLRQ OP� 7KLV LV GHnQHG DV WKH

GHSWK LQWR WKH SDFNLQJ RYHU ZKLFK WKH FRHpFLHQW RI YDULDWLRQ H[FHHGV D GHVLJQ OLPLW�

7KH PHWKRG LV EDVHG RQ VROYLQJ D VLPSOLnHG oRZ PRGHO� DQG LV VWURQJO\ FRUUHODWHG

WR WKH PDOGLVWULEXWLRQ LQGH[ RI %LOOLQJKDP HW DO� ������� 7KHVH LQGLFHV GR JLYH

VRPH LQGLFDWLRQ RQ WKH GHJUHH RI PDOGLVWULEXWLRQ RI WKH SKDVHV LQ D SDFNHG FROXPQ�

+RZHYHU� WKH\ GR QRW VD\ DQ\WKLQJ DERXW WKH HmHFW RI WKHVH PDOGLVWULEXWLRQV RQ WKH

SDFNLQJ HpFLHQF\ DQG� KHQFH� RQ WKH GLVWLOODWLRQ SURFHVV�

����� 6WDJH (TXDWLRQV � 3DFNHG FROXPQV

7KH VWDJH HTXDWLRQV IRU D SDFNHG FROXPQ DUH QRW PXFK GLmHUHQW IURP WKH VWDJH HTXD�

WLRQV IRU D WUD\ FROXPQ� )RU HDFK 
VOLFH
 RU 
VWDJH
 ZH FDQ ZULWH D VHW RI PDVV DQG

HQHUJ\ FRQVHUYDWLRQ HTXDWLRQV WKDW RUJDQL]HV WKH FDOFXODWLRQ RI WKH LQWHUVWDJH oRZV�

��



)RU HDFK VWDJH ZH KDYH�

�� � U/M � c /6
M b

Q=;
N �

/&
N  � ������

,Q ZKLFK /6
M UHSUHVHQWV WKH VWDJH OLTXLG oRZ OHDYLQJ VWDJH M� DQG /&

N UHSUHVHQWV WKH

OLTXLG oRZV FRPLQJ IURP WKH FHOOV RQ VWDJH M� Q= LV WKH QXPEHU RI FHOOV RQ D VWDJH DQG

U/M LV WKH UDWLR RI WKH OLTXLG VLGH VWUHDP oRZ UDWH WR WKH VWDJH OLTXLG oRZ UDWH� 7KLV

YDOXH LV QRQ]HUR LI VWDJH M KDV D OLTXLG VLGH�GUDZRm� RWKHUZLVH LW LV ]HUR� 6LPLODUO\� ZH

KDYH DQ H[SUHVVLRQ IRU WKH VWDJH YDSRU oRZ�

�� � U9M � c 9 6
M b

Q=;
N �

9 &
N  � ������

+HUH� 9 6
M LV WKH VWDJH YDSRU oRZ OHDYLQJ VWDJH M DQG 9 &

N LV WKH YDSRU oRZ FRPLQJ

IURP FHOO N RQ VWDJH M� ,Q DGGLWLRQ ZH KDYH WKH VWDJH FRPSRQHQW EDODQFH HTXDWLRQV

IRU WKH OLTXLG DQG YDSRU SKDVH UHVSHFWLYHO\� U9M LV WKH YDSRU VLGH GUDZRm UDWLR� ZKLFK

LV QRQ]HUR LI VWDJH M KDV D YDSRU VLGH GUDZRm�

�� � U/M � c [6L�M c /6
M b

Q=;
N �

[&L�N c /&
N  � ������

�� � U9M � c \6L�M c 9 6
M b

Q=;
N �

\&L�N c 9 &
N  � ������

,Q WKH DERYH HTXDWLRQV� [6L�M DQG \6L�M DUH WKH OLTXLG DQG YDSRU PROH IUDFWLRQV RI FRP�

SRQHQW L OHDYLQJ VWDJH M� [&L�N DQG \&L�N DUH WKH OLTXLG DQG YDSRU SKDVH PROH IUDFWLRQV

RI FRPSRQHQW L OHDYLQJ FHOO N� ,Q DGGLWLRQ� ZH KDYH WKH HQWKDOS\ EDODQFH HTXDWLRQV

��



IRU HDFK SKDVH�

�� � U/M � c+6/
M c /6

M b
Q=;
N �

+&/
N c /&

N  � ������

�� � U9M � c+69
M c 9 6

M b
Q=;
N �

+&9
N c 9 &

N  � ������

+6/
M DQG +69

M DUH WKH OLTXLG DQG YDSRU HQWKDOSLHV RI WKH VWUHDPV OHDYLQJ WKH VWDJH�

+&/
N DQG +&9

N DUH WKH HQWKDOSLHV RI WKH VWUHDPV OHDYLQJ FHOO N RQ WKH VWDJH� 7R

FRPSOHWH WKH VWDJH HTXDWLRQV ZH KDYH WKH VWDJH K\GUDXOLF HTXDWLRQ�

SM b SMb� b �cSMb��  � ������

:KHUH SM DQG SMb� DUH WKH VWDJH SUHVVXUHV RQ VWDJHV M DQG M b � UHVSHFWLYHO\� cSMb�

LV WKH SUHVVXUH GURS SHU VOLFH IURP VWDJH M b � WR VWDJH M� 7KH SUHVVXUH GURS RYHU WKH

VWDJH LV FRQVLGHUHG WR EH D IXQFWLRQ RI WKH VWDJH oRZV� WKH oXLG SK\VLFDO SURSHUWLHV

�VXFK DV GHQVLWLHV DQG VXUIDFH WHQVLRQ� DQG WKH SDFNLQJ W\SH� 7KLV FRPSOHWHV WKH

GHnQLWLRQ RI WKH HTXDWLRQV UHTXLUHG IRU WKH VWDJH oRZV� FRPSRVLWLRQV� WHPSHUDWXUHV

DQG SUHVVXUHV�

)HHGVWUHDPV GR QRW DSSHDU LQ WKH VWDJH HTXDWLRQV�

��



����� 5DGLDO )ORZ 0RGHO

,Q WKH FODVVLFDO ]RQH�VWDJH PRGHO DV SUHVHQWHG E\ =XLGHUZHJ HW DO� ������� LW LV DVVXPHG

WKDW D VWDJH LV VSOLW XS LQ D QXPEHU RI DQQXODU ]RQHV� 7KLV LV LOOXVWUDWHG LQ )LJ� ���� $

IUDFWLRQ./ RXW RI WKH OLTXLG VWUHDP LQ HYHU\ ]RQH oRZV GRZQZDUG� ZKLOH WKH UHPDLQLQJ

IUDFWLRQ oRZV VLGHZD\V WR WKH DGMDFHQW ]RQHV� 7KH oRZ FRPLQJ LQ IURP WKH DGMDFHQW

FHOOV KDV WR EH ZHLJKWHG E\ WKH UDWLR RI WKH 
LQVLGH
 DQG 
RXWVLGH
 LQWHUIDFLDO DUHDV RI

WKH FHOO� ,I WKH OLTXLG FRPHV IURP WKH 
LQQHU
 DQQXODU VSDFH� ZH QHHG WR PXOWLSO\ WKH

oRZ E\ WKH UHODWLYH IUDFWLRQ RI WKH 
RXWVLGH DUHD
 RI WKH LQQHU DQQXODU VSDFH� 7KLV LV

JLYHQ E\

UDRN  
DN

DN � DNb�
 

UN
UN � UNb�

 
N

�N b � ������

6LPLODUO\� LI WKH OLTXLG FRPHV IURP WKH FHOO 
RXWVLGH
 WKH FHOO XQGHU FRQVLGHUDWLRQ� ZH

KDYH WR PXOWLSO\ E\ WKH 
LQVLGH DUHD IUDFWLRQ
 RI WKH FHOO�

UDLN  
DNb�

DN � DNb�
 

UNb�
UN � UNb�

 
N b �
�N b � �������

7KLV OLQNLQJ SDWWHUQV DOVR UHTXLUHV VRPH PRGLnFDWLRQV LQ WKH FHOO PDVV DQG HQHUJ\

EDODQFHV� )RU H[DPSOH ,Q (T� ������ (T� ����� DQG (T� ����� IRU WKH JHQHUDO FHOO� RQO\

WKH OLTXLG oRZ IURP DQ DUELWUDU\ FHOO 
DERYH
 LV VSHFLnHG� +RZHYHU� LQ WKH UDGLDO FHOO

PRGHO WKHUH LV oRZ IURP WKUHH FHOOV DERYH� DQG WKH IROORZLQJ VXEVWLWXWLRQV QHHG WR EH

��



)LJXUH ���� 5DGLDO PL[LQJ PRGHO IRU PDOGLVWULEXWLRQ

PDGH� )RU WKH PDVV EDODQFH�

/Nb� s .//N�Mb� � ��b./� c b/Nb��Mb� c UDRNb� � /N���Mb� c UDLN��
c

�������

)RU WKH FRPSRQHQW EDODQFH�

/Nb� c [L�Nb� s .//N�Mb� c [L�N�Mb� � ��b./�

c b
/Nb��Mb� c [L�Nb��Mb� c UDRNb� � /N���Mb� c [L�N���Mb� c UDLN��

c
�������

$QG IRU WKH HQHUJ\ EDODQFH�

/Nb� c+/
Nb� s .//N�Mb� c+/

N�Mb� � ��b./�

c b
/Nb��Mb� c+/

Nb��Mb� c UDRNb� � /N���Mb� c+/N � �� M b � c UDLN��
c

�������

��



6LPLODU FRQVLGHUDWLRQV DSSO\ IRU WKH YDSRU oRZV�

)XUWKHUPRUH� LW LV DVVXPHG LQ WKH LGHDO FDVH WKDW DQ\ IHHG� WKH OLTXLG UHoX[� DQG WKH

UHERLOHG YDSRU oRZ ZLOO EH GLVWULEXWHG HTXDOO\ RYHU WKH FURVV VHFWLRQDO DUHD RI WKH

FROXPQ� 7KXV� RQO\ D IUDFWLRQ� U$N ZKLFK LV WKH UDWLR RI WKH FURVV VHFWLRQDO DQQXODU

DUHD WR WKH WRWDO FROXPQ FURVV VHFWLRQDO DUHD� ZLOO EH VXSSOLHG WR FHOO N RQ VWDJH M�

7KH DUHD UDWLR U$N LV JLYHQ E\�

U$N  
{U�N b {U�Nb�

{5�
 

N� b �N b ���
�Q=��

 
�N b �
�Q=��

�������

UN DQG UNb� DUH WKH RXWVLGH DQG LQVLGH UDGLXV RI WKH DQQXODU FHOO XQGHU FRQVLGHUDWLRQ�

5 LV WKH FROXPQ UDGLXV� 7KH FHOO IHHG UDWHV LQ (T� ������ (T� ����� DQG (T� ����� PD\

EH GHWHUPLQHG IURP WKH VWDJH IHHG UDWHV DQG WKH DUHD UDWLR�

)/
N  U$N c )/

M �������

DQG

) 9
N  U$N c ) 9

M �������

7KH OLTXLG VWUHDPV HQWHULQJ WKH FHOOV RQ WKH nUVW VWDJH� DQG WKH YDSRU VWUHDPV HQWHULQJ

WKH FHOOV RQ WKH ODVW VWDJH DUH GHWHUPLQHG E\ VLPLODU UHODWLRQV�

/&
N  U$N c /6

� �������

DQG

9 &
N  U$N c 9 6

QV �������

��



0DOGLVWULEXWLRQ SDWWHUQV LQ DQ\ RI WKH VWUHDPV VXSSOLHG WR WKH SDFNLQJ PD\ EH PRG�

HOHG E\ DGMXVWLQJ WKH U$N IDFWRUV�

����� 6TXDUH *ULG 0RGHO

,W PD\ EH FOHDU WKDW WKH UDGLDO PRGHO DV RXWOLQHG DERYH PD\ EH XVHG RQO\ IRU VWXG\LQJ

PDOGLVWULEXWLRQV WKDW� E\ WKHPVHOYHV DUH UDGLDO� )RU VWXG\LQJ RWKHU PDOGLVWULEXWLRQ

SDWWHUQV ZH ZLOO XVH D VTXDUH JULG� LQ ZKLFK ZH ZLOO KDYH D oRZ GLVWULEXWLRQ DV GHSLFWHG

LQ )LJ� ���� 7KH OLTXLG IURP HDFK VTXDUH FHOO oRZV WR � GLmHUHQW FHOOV RQ WKH QH[W OD\HU�

2QFH DJDLQ� ZH DVVXPH WKDW D IUDFWLRQ ./ oRZV VWUDLJKW GRZQ WR WKH FHOO GLUHFWO\

EHORZ DQG D IUDFWLRQ �b./ LV VSOLW XS LQ IRXU VWUHDPV� 2I WKLV ODWWHU IUDFWLRQ DQRWKHU

IUDFWLRQ� ./
[ � LV GLVWULEXWHG HTXDOO\ RYHU WKH WZR FHOOV 
HDVW
 DQG 
ZHVW
 RI WKH FHOO XQGHU

FRQVLGHUDWLRQ� 7KH RWKHU IUDFWLRQ ./
\  � b ./

[ LV GLVWULEXWHG HTXDOO\ RYHU WKH FHOOV


QRUWK
 DQG 
VRXWK
 RI WKH FHOO XQGHU FRQVLGHUDWLRQ� )RU UDQGRP SDFNLQJV� .[ ZLOO EH

���� UHVXOWLQJ LQ HTXDO TXDQWLWLHV JRLQJ WR DOO FHOOV� )RU VWUXFWXUHG SDFNLQJV� WKHUH ZLOO

EH D SUHIHUUHG oRZ GLUHFWLRQ LQ HLWKHU QRUWK�VRXWK RU HDVW�ZHVW GLUHFWLRQ� UHVXOWLQJ

LQ GLmHUHQW YDOXHV RI ./
[ DQG ./

\ � ,Q D QRUPDO FROXPQ ZLWK VWUXFWXUHG SDFNLQJ� WKH

SUHIHUUHG oRZ GLUHFWLRQ RI WKH SDFNLQJ ZLOO VZLWFK HYHU\ VR RIWHQ� 7KLV FDQ EH WDNHQ

LQWR DFFRXQW E\ VZLWFKLQJ WKH YDOXHV RI ./
[ DQG ./

\ RQ WKH DSSURSULDWH VWDJHV�

��



����� 5HGLVWULEXWLRQ

,Q SUDFWLFH� OLTXLG ZLOO EH UHGLVWULEXWHG RYHU WKH FURVV VHFWLRQDO DUHD RI WKH FROXPQ

HYHU\ � � � P RI SDFNLQJ� GHSHQGLQJ RQ SDFNLQJ W\SH� oRZ FRQGLWLRQV HWF� 7KLV LV

WR LQVXUH WKDW SRVVLEOH PDOGLVWULEXWLRQV DULVLQJ GXH WR D EDG LQLWLDO GLVWULEXWLRQ RI

WKH UHoX[� RU SDFNLQJ DQLVRWURS\ FDQQRW SURSDJDWH WKURXJK WKH HQWLUH FROXPQ� ,Q RXU

PRGHO ZH PD\ UHGLVWULEXWH WKH OLTXLG DW VSHFLnHG VWDJHV� 5HGLVWULEXWLRQ LWVHOI FDQ DOVR

EH D VRXUFH RI PDOGLVWULEXWLRQ� ZKLFK PD\ EH PRGHOHG E\ VSHFLI\LQJ D PDOGLVWULEXWLRQ

SDWWHUQ IRU WKH UHGLVWULEXWRU�

����� +\GURG\QDPLFV

:KHQ XVLQJ D ]RQH VWDJH GHVFULSWLRQ RI D GLVWLOODWLRQ FROXPQ� RQH VKRXOG NHHS LQ PLQG

WKDW ORFDO GLmHUHQFHV LQ FRQFHQWUDWLRQV DQG oRZ GHQVLWLHV HWF� ZLOO OHDG WR ORFDO GLI�

IHUHQFHV LQ YDULRXV K\GURG\QDPLF SDUDPHWHUV DV ZHOO� 0RVW QRWDEO\ WKH YDSRU�OLTXLG

LQWHUIDFLDO DUHDV DQG KROGXSV� DQG WR D OHVVHU H[WHQW WKH PDVV WUDQVIHU FRHpFLHQWV�

)RU FDOFXODWLRQ RI WKH PDVV WUDQVIHU UDWHV� ORFDO GLmHUHQFHV RI WKH ODVW WZR IDFWRUV PD\

VDIHO\ EH QHJOHFWHG� ,W KDV RIWHQ EHHQ VWDWHG WKDW WKH GHWULPHQWDO HmHFW RI PDOGLVWUL�

EXWLRQ LQ SDFNHG FROXPQV LV ODUJHO\ GXH WR WKH ORVV RI LQWHUIDFLDO DUHD GXH WR OLTXLG

DQG YDSRU FKDQQHOOLQJ� )RU FRUUHFW SUHGLFWLRQ RI FROXPQ EHKDYLRU LW LV� WKHUHIRUH�

��



LPSRUWDQW WR HYDOXDWH WKH YDSRU�OLTXLG LQWHUIDFLDO DUHD IRU HDFK FHOO LQGLYLGXDOO\� ,Q

WKH SURSRVHG PRGHO� WKH LQWHUIDFLDO DUHDV DUH HYDOXDWHG IRU HDFK FHOO XVLQJ ORFDO FHOO

oRZ UDWHV DQG DYHUDJHG SK\VLFDO SURSHUWLHV�

7KH DSSURDFK RXWOLQHG DERYH ZLOO DOORZ XV WR PRGHO PDOGLVWULEXWLRQ RQO\ WR D FHUWDLQ

H[WHQW� 7KH PRVW FRPPRQ FRUUHODWLRQV IRU LQWHUIDFLDO DUHDV� KROGXSV HWF� ZHUH QRW

GHULYHG DW� DQG ZHUH QRW PHDQW WR EH DSSOLHG WR WKH K\GURG\QDPLF FRQGLWLRQV WKDW

ZLOO DULVH ORFDOO\ LQ FDVHV RI VHYHUH PDOGLVWULEXWLRQ� 7KH PRGHO LV� WKHUHIRUH� DSSOLFDEOH

RQO\ WR FDVHV RI PRGHUDWH PDOGLVWULEXWLRQ� LQ ZKLFK ZH GR QRW KDYH FRPSOHWH oRRGLQJ

RU GU\LQJ RI WKH SDFNLQJ�

,Q DGGLWLRQ� WKH IDFW WKDW oRZ SURnOHV DUH JHQHUDWHG EDVHG RQ DQ LPSRVHG oRZ VSOLW�

WLQJ SROLF\� PHDQV WKDW ZH FDQQRW DFFRXQW IRU FKDQJHV LQ YDSRU oRZ SURnOHV GXH WR

PDOGLVWULEXWHG OLTXLG oRZV DQG YLFH YHUVD�

��� 5HERLOHU DQG &RQGHQVHU

7KH UHERLOHU DQG FRQGHQVHU ZLOO EH PRGHOHG DV HTXLOLEULXP VWDJHV� )RU HDFK HTXLOLE�

ULXP VWDJH WKH WRWDO PDVV EDODQFH LV JLYHQ E\�

/6
M b /6

Mb� � 9 6
M b 9 6

M�� b )M �
U;

O �

�
F;

L �

yL�O

�
5O�M c qM  � �������

��



7KH LQGLYLGXDO FRPSRQHQW EDODQFHV DUH JLYHQ E\�

/6
M c [6L�M b/6

Mb� c [6L�Mb�� 9 6
M c \6L�M b 9 6

M�� c \6L�M��b IL�M �
U;

P �

yL�P c5P�M c qM  � �������

7KH RYHUDOO HQHUJ\ EDODQFH RI DQ HTXLOLEULXP VWDJH LV JLYHQ E\�

/6
M c+/6

M b /6
Mb� c+/6

Mb� � 9 6
M c+9 6

M b 9 6
M�� c+9 6

M�� b+) c )M �4M  � �������

,Q DGGLWLRQ� SKDVH HTXLOLEULXP LV DVVXPHG EHWZHHQ WKH WZR EXON SKDVHV�

\6L�M b.L�M[
6
L�M  � �������

7KH PROH IUDFWLRQV RI ERWK SKDVHV VKRXOG VXP XS WR �� 7KHVH VXPPDWLRQ HTXDWLRQV

PD\ EH FRPELQHG WR JLYH�
F;

L �

[6L�M b
F;

L �

\6L�M  � �������

7KH SUHVVXUH LQ WKH UHERLOHU PD\ EH FDOFXODWHG IURP�

SM b SMb� b �cSMb��  � �������

7KH SUHVVXUH RI WKH FRQGHQVHU KDV WR EH VSHFLnHG�

S� b SVSHF  � �������

��



��� 0RGHO 6\VWHP

����� 9DULDEOHV

:H ZLOO nUVW GHWHUPLQH WKH YDULDEOHV IRU ZKLFK ZH KDYH WR VROYH WKH PRGHO HTXDWLRQV�

6XEVHTXHQWO\ ZH ZLOO OLVW WKH HTXDWLRQV WR EH VROYHG� 7KH YDULDEOHV IRU HDFK QRQHTXL�

OLEULXP VWDJH DUH OLVWHG LQ 7DEOH ���� 7KH YDULDEOHV UHODWHG WR WKH GXVW\ oXLG PRGHO

DUH OLVWHG LQ 7DEOH ���� 7KH QXPEHU RI YDULDEOHV SHU HTXLOLEULXP VWDJH LV OLVWHG LQ

7DEOH ����

7KH WRWDO QXPEHU RI VWDJH YDULDEOHV LV �� c F � ��� 7KH WRWDO QXPEHU RI FHOO YDULDEOHV

SHU FHOO �� c F � � � Q� c �� c F � �� � Q� c �F � ���� )RU WKH VLPSOHVW V\VWHP ZLWK DQ

KRPRJHQHRXV UHDFWLRQ� MXVW XVLQJ RQH FHOO SHU VWDJH DQG MXVW RQH GLVFUHWLVDWLRQ SRLQW

LQ ERWK PDVV WUDQVIHU nOPV WKHUH DUH ��� c F� ��� YDULDEOHV SHU VWDJH�

7KH XVH RI WKH 'XVW\ )OXLG HTXDWLRQV� XVLQJ Q� GLVFUHWLVDWLRQ SRLQWV LQ WKH OLTXLG nOP

DURXQG WKH FDWDO\VW� DQG XVLQJ Q� GLVFUHWLVDWLRQ SRLQWV LQVLGH WKH FDWDO\VW� OHDGV WR

DQ DGGLWLRQDO F� Q� c �F� �� � Q� c �� c F� �� YDULDEOHV�

7KH UHERLOHU DQG FRQGHQVHU �LI SUHVHQW� DUH PRGHOHG DV HTXLOLEULXP VWDJHV� 7KH YDUL�

DEOHV RQ WKH HTXLOLEULXP VWDJHV DUH VXPPDUL]HG LQ 7DEOH ���� )RU HDFK HTXLOLEULXP

VWDJH WKHUH DUH �� c F� �� YDULDEOHV SHU VWDJH�

��



)ORZV IURP HDFK VWDJH )ORZUDWHV /6
M DQG 9 6

M �

&RPSRVLWLRQV [6L�M DQG \6L�M � c F

7HPSHUDWXUHV 7 6/
M DQG 7 69

M �

6WDJH SUHVVXUH SM �

(DFK FHOO &HOO oRZUDWHV /&
N DQG 9 &

N �

&RPSRVLWLRQV [&L�N DQG \&L�N � c F

7HPSHUDWXUHV 7&/
N DQG 7&9

N �

0DVV WUDQVIHU UDWHV 1&
L�N F

/LTXLG WUDQVIHU nOP &RPSRVLWLRQ [&L�N F c Q�

Q� GLVFUHWLVDWLRQ SRLQWV 0DVV WUDQVIHU UDWHV 1L�N F c Q�

7HPSHUDWXUHV 7&
N Q�

9DSRU WUDQVIHU nOP &RPSRVLWLRQ \&L�N F c Q�

Q� GLVFUHWLVDWLRQ SRLQWV 7HPSHUDWXUH 7&
N Q�

,QWHUIDFH &RPSRVLWLRQ [,&L�N DQG \,&L�N � c F

0DVV WUDQVIHU UDWHV 1L�N F

7HPSHUDWXUH 7&
N Q�

7DEOH ���� 9DULDEOHV IRU D QRQHTXLOLEULXP VWDJH

��



%XON RI HDFK FHOO &DWDO\VW PDVV WUDQVIHU UDWHV 1 6
L�N F

IRU WKH OLTXLG WUDQVIHU nOP &RPSRVLWLRQ [L�N F c Q�

Q� GLVFUHWLVDWRLQ SRLQWV 7HPSHUDWXUHV 7N Q�

,QVLGH WKH FDWDO\VW &RPSRVLWLRQ [L�N F c Q�

Q� GLVFUHWLVDWLRQ SRLQWV 7HPSHUDWXUHV 7N Q�

&DWDO\VW PDVV WUDQVIHU UDWHV 1&
L�N F c Q�

&DWDO\VW SUHVVXUH S Q�

7DEOH ���� 9DULDEOHV UHODWHG WR WKH GXVW\ oXLG PRGHO

6WDJH oRZV /6
M DQG 9 6

M �

&RPSRVLWLRQV [6L�M DQG \6L�M �F

7HPSHUDWXUHV 7 6
M �

6WDJH SUHVVXUH SM �

+HDW GXW\ 4M �

7DEOH ���� 9DULDEOHV IRU DQ HTXLOLEULXP VWDJH

��



����� (TXDWLRQV

7KH HTXDWLRQV WR EH VROYHG IRU HDFK QRQHTXLOLEULXP FHOO DUH OLVWHG LQ 7DEOH ���� 7KH

HTXDWLRQV IRU WKH 'XVW\ )OXLG PRGHO GHVFULSWLRQ RI KHWHURJHQHRXV UHDFWLRQV DUH OLVWHG

LQ 7DEOH ����

)RU HDFK VWDJH ZH QRZ KDYH �� c F��� HTXDWLRQV� DQG IRU HDFK FHOO ZH KDYH �� c F���

Q� c �� c F� �� � Q� c �F� ��� HTXDWLRQV� DQG IRU WKH FDWDO\VW DQG WUDQVIHU nOP DURXQG

LW� ZH KDYH �F� Q� c �F� �� � Q� c �� c F���� HTXDWLRQV� 7KH HTXDWLRQV IRU WKH UHERLOHU

DQG FRQGHQVHU DUH OLVWHG LQ 7DEOH ���� )RU HDFK HTXLOLEULXP VWDJH ZH QRZ KDYH �F� �

HTXDWLRQV�

����� 'HJUHHV RI )UHHGRP $QDO\VLV

7KH UHVXOWLQJ WRWDO QXPEHU RI YDULDEOHV DQG HTXDWLRQV IRU DQ HQWLUH FROXPQ RI QV

VWDJHV� QF FHOOV SHU VWDJH� XVLQJ Q� GLVFUHWLVDWLRQ SRLQWV LQ WKH OLTXLG nOP� DQG Q�

GLVFUHWLVDWLRQ SRLQWV LQ WKH YDSRU nOP� Q� GLVFUHWLVDWLRQ SRLQWV LQ WKH OLTXLG nOP DURXQG

WKH FDWDO\VW� DQG Q� GLVFUHWLVDWLRQ SRLQWV LQVLGH WKH FDWDO\VW� IRU D F FRPSRQHQW V\VWHP

WKHQ EHFRPHV� QVc��cF���QFc��cF���Q�c��cF����Q�c�F����Q�c�F����Q�c��cF�����

7KXV� WKHUH DUH QR GHJUHHV RI IUHHGRP IRU WKH QRQHTXLOLEULXP VWDJHV�

��



)RU HDFK VWDJH

0DVV FRQVHUYDWLRQ HTXDWLRQV (T� ������ DQG (T� ������ �

&RPSRQHQW FRQVHUYDWLRQ HTXDWLRQV (T� ������ DQG (T� ������ � c F

(QHUJ\ FRQVHUYDWLRQ HTXDWLRQV (T� ������ DQG (T� ������ �

K\GUDXOLF HTXDWLRQ (T� ������ �

)RU HDFK FHOO

0DVV FRQVHUYDWLRQ HTXDWLRQV (T� ����� DQG (T� ����� �

&RPSRQHQW FRQVHUYDWLRQ HTXDWLRQV (T� ����� DQG (T� ����� � c F

(QHUJ\ FRQVHUYDWLRQ HTXDWLRQV (T� ����� DQG (T� ����� �

)RU WKH OLTXLG DQG YDSRU WUDQVIHU nOPV

0DVV WUDQVIHU FRUUHODWLRQV (T� ������ DQG (T� ������ �Fb �� c �Q� � Q� � ��

6XPPDWLRQ HTXDWLRQV (T� ������ DQG (T� ������ Q� � Q�

6SHFLHV FRQVHUYDWLRQ HTXDWLRQV (T� ������ F c �Q� � ��

(QHUJ\ WUDQVIHU HTXDWLRQV (T� ������ DQG (T� ������ Q� � Q�

)RU WKH LQWHUIDFH

,QWHUIDFH HTXLOLEULXP HTXDWLRQV (T� ������ F

,QWHUIDFH VXPPDWLRQ HTXDWLRQV (T� ������ DQG (T� ������ �


%RRWVWUDS
 HTXDWLRQ (T� ������ �

7DEOH ���� (TXDWLRQV IRU D QRQHTXLOLEULXP VWDJH

��



)RU WKH OLTXLG nOP Q� GLVFUHWLVDWLRQ SRLQWV

0DVV WUDQVIHU FRUUHODWLRQV (T� ������ �Fb �� c Q�

6XPPDWLRQ HTXDWLRQ (T� ������ Q�

(QHUJ\ WUDQVIHU HTXDWLRQ (T� ������ Q�

)RU WKH FDWDO\VW Q� GLVFUHWLVDWLRQ SRLQWV

'XVW\ )OXLG (TXDWLRQV (T� ������ F c �Q� b ��

6XPPDWLRQ HTXDWLRQ (T� ������ Q� b �

5HDFWLRQ HTXDWLRQ (T� ������ Q� c �Fb ��


%RRWVWUDS
 HTXDWLRQ (T� ������ Q�

(QHUJ\ WUDQVIHU HTXDWLRQ (T� ������ Q� b �

%RXQGDU\ FRQGLWLRQV (T� ������ DQG (T� ������ � c F � �

7DEOH ���� (TXDWLRQV UHODWHG WR WKH GXVW\ oXLG PRGHO

��



7RWDO PDVV FRQVHUYDWLRQ HTXDWLRQ (T� ������� �

7RWDO FRPSRQHQW FRQVHUYDWLRQ HTXDWLRQ (T� ������� F

7RWDO HQHUJ\ FRQVHUYDWLRQ HTXDWLRQ (T� ������� �

(TXLOLEULXP HTXDWLRQV (T� ������� F

6XPPDWLRQ HTXDWLRQ (T� ������� �

SUHVVXUH HTXDWLRQ (T� ������� RU (T� ������� �

7DEOH ���� (TXDWLRQV IRU DQ HTXLOLEULXP VWDJH

)RU WKH FRQGHQVHU DQG WKH UHERLOHU ZH KDYH � c F� � YDULDEOHV DQG � c F� � HTXDWLRQV�

UHVXOWLQJ LQ RQH GHJUHH RI IUHHGRP IRU HDFK VWDJH� 7KHVH DUH LPSOHPHQWHG E\ UHSODFLQJ

WKH HQHUJ\ EDODQFH E\ D VSHFLnFDWLRQ RQ IRU LQVWDQFH WKH UHoX[ UDWLR� WKH ERWWRP

SURGXFW oRZUDWH HWF�

����� $GGLWLRQDO 6SHFLnFDWLRQV

7KH DGGLWLRQDO VSHFLnFDWLRQV UHTXLUHG IRU D FRPSOHWH FROXPQ VLPXODWLRQ ZLWK WKH QHZ

QRQHTXLOLEULXP PRGHO DUH GHWDLOHG EHORZ�

q &RQnJXUDWLRQ

��



7KH FRQnJXUDWLRQ RI WKH FROXPQ QHHGV WR EH n[HG� 7KLV UHTXLUHV VSHFLnFDWLRQ

RI WKH QXPEHU RI WUD\V� UHERLOHU W\SH �LI DQ\�� FRQGHQVHU W\SH �LI DQ\�� DQG WKH

QXPEHU RI IHHGV DQG WKHLU ORFDWLRQV WKH QXPEHU DQG ORFDWLRQ RI DQ\ VLGHVWUHDPV

DQG WKH H[WHUQDO KHDW GXWLHV �LI DQ\��

q 3UHVVXUH PRGHO DQG FRQGHQVHU SUHVVXUH

7KH FRQGHQVHU SUHVVXUH KDV WR EH VSHFLnHG� ,Q DGGLWLRQ LW LV FRPPRQ SUDFWLFH WR

JLYH DQ LQGHSHQGHQW VSHFLnFDWLRQ IRU WKH SUHVVXUH RI WKH WRS VWDJH� DV� GHSHQGLQJ

RQ WKH GHVLJQ� WKH WRS VWDJH SUHVVXUH PD\ EH YHU\ GLmHUHQW IURP WKH FRQGHQVHU

SUHVVXUH� )XUWKHUPRUH� D SUHVVXUH GURS PRGHO IRU WKH QRQHTXLOLEULXP VWDJHV LV

UHTXLUHG� 3RVVLEOH RSWLRQV DUH�

^ =HUR SUHVVXUH GURS� $OO VWDJHV LQ WKH FROXPQ RSHUDWH DW WKH VSHFLnHG WRS

VWDJH SUHVVXUH�

^ )L[HG SUHVVXUH GURS� 7KH VWDJH SUHVVXUH GURS LV VSHFLnHG� 7KH VWDJH

SUHVVXUH LV HYDOXDWHG XVLQJ (T� �������

^ )L[HG %RWWRP SUHVVXUH� :LWK WKH WRS DQG ERWWRP SUHVVXUHV n[HG� WKH

SUHVVXUHV RQ DOO RWKHU VWDJHV DUH HYDOXDWHG E\ PHDQV RI LQWHUSRODWLRQ�

^ (VWLPDWHG SUHVVXUH GURS� $ YDOXH IRU WKH SUHVVXUH GURS LV HVWLPDWHG IURP

D VHPL HPSLULFDO FRUUHODWLRQ� )RU EXEEOH FDS WUD\V� WKH FRUUHODWLRQ GXH WR

���



%ROOHV ������ LV XVHG� IRU VLHYH WUD\V WKH FRUUHODWLRQ GXH WR %HQQHWW HW DO�

������ LV XVHG� 7KH VWDJH SUHVVXUH LV HYDOXDWHG XVLQJ (T� �������

q )HHGV

6SHFLnFDWLRQ RI WKH oRZ UDWH� FRPSRVLWLRQ DQG WKHUPRG\QDPLF VWDWH RI HDFK

IHHG DUH UHTXLUHG� 7KH ODWWHU FDQ EH GHWHUPLQHG DIWHU VSHFLnFDWLRQ RI DQ\ WZR

RI WKH IROORZLQJ WKUHH SDUDPHWHUV� 7HPSHUDWXUH� SUHVVXUH DQG YDSRU IUDFWLRQ�

q 7KHUPRG\QDPLF PRGHOV DQG 3K\VLFDO SURSHUWLHV

6SHFLnFDWLRQ RI D WKHUPRG\QDPLF PRGHO LV UHTXLUHG IRU WKH FDOFXODWLRQ RI� DPRQJ

RWKHU WKLQJV� YDSRU�OLTXLG HTXLOLEULXP UDWLRV� UHDFWLRQ UDWHV� HQWKDOSLHV DQG

FKHPLFDO SRWHQWLDO JUDGLHQWV� ,Q DGGLWLRQ� D QRQHTXLOLEULXP PRGHO UHTXLUHV LQ�

IRUPDWLRQ DERXW SK\VLFDO SURSHUWLHV VXFK DV VXUIDFH WHQVLRQ� GHQVLW\ DQG KHDW

FDSDFLW\� IRU HYDOXDWLRQ RI SDUDPHWHUV VXFK DV WKH PDVV WUDQVIHU FRHpFLHQWV�

SUHVVXUH GURSV DQG LQWHUIDFLDO DUHDV� $ PRUH FRPSOHWH OLVWLQJ RI WKH DYDLODEOH

SURSHUW\ PRGHOV FDQ EH IRXQG LQ 7D\ORU HW DO�� �������

q 'HVLJQ

6RPH RI WKH TXDQWLWLHV DSSHDULQJ LQ WKH HTXDWLRQV JLYHQ DERYH GHSHQG RQ WKH LQ�

WHUQDOV GHVLJQ DQG FRQnJXUDWLRQ �SUHVVXUH GURS� YDSRU�OLTXLG LQWHUIDFLDO DUHD� UH�

DFWLRQ YROXPH� PDVV DQG KHDW WUDQVIHU FRHpFLHQWV�� 7KLV LQHYLWDEOH OLQN EHWZHHQ

���



GHVLJQ DQG PRGHO HTXDWLRQV LV GLVFXVVHG H[WHQVLYHO\ E\ 7D\ORU HW DO� ������ DQG

WKH\ SRLQW RXW WKDW WKH QRQHTXLOLEULXP PRGHO FDQ RQO\ EH XVHG IRU DQ H[LVWLQJ

FROXPQ� 7R DOOHYLDWH WKLV SUREOHP� WKH\ SURSRVHG DQ LQWHJUDWLRQ RI D GHVLJQ

SURFHGXUH WRJHWKHU ZLWK WKH PRGHO HTXDWLRQV� 'XULQJ WKH FDOFXODWLRQV� D GHVLJQ

LV HYDOXDWHG EDVHG RQ FDOFXODWHG OLTXLG DQG YDSRU oRZV DQG SK\VLFDO SURSHUWLHV�

7KH VDPH DSSURDFK LV DGRSWHG LQ RXU PRGHO� )RU PRUH GHWDLOV DERXW WKH GHVLJQ

PRGH� VHH 7D\ORU HW DO� ������ DQG .RRLMPDQ ������� $W WKH YHU\ OHDVW RQH LV

UHTXLUHG WR VSHFLI\ WKH LQWHUQDOV W\SH� DOWKRXJK VSHFLnFDWLRQ RI GHWDLOHG GHVLJQV

UHPDLQV D SRVVLELOLW\�

q 0DVV DQG KHDW WUDQVIHU PRGHO

7KH ELQDU\ SDLU PDVV WUDQVIHU FRHpFLHQWV DUH FDOFXODWHG IURP HPSLULFDO FRUUH�

ODWLRQV �7D\ORU DQG .ULVKQD� ������ ,Q WKH FDOFXODWLRQV SUHVHQWHG LQ WKLV ZRUN�

WKH $,&K( ������ FRUUHODWLRQ ZDV XVHG� )RU FDOFXODWLRQ RI WKH YDSRU SKDVH

KHDW WUDQVIHU FRHpFLHQWV� WKH &KLOWRQ�&ROEXUQ DQDORJ\ EHWZHHQ PDVV DQG KHDW

WUDQVIHU LV XVHG� )RU WKH FDOFXODWLRQ RI WKH OLTXLG KHDW WUDQVIHU FRHpFLHQWV� WKH

SHQHWUDWLRQ WKHRU\ LV XVHG�

q 'LVFUHWLVDWLRQ 3RLQWV

���



,Q DGGLWLRQ� WKH QXPEHU RI GLVFUHWLVDWLRQ SRLQWV LQ WKH YDSRU DQG OLTXLG WUDQVIHU

nOPV QHHGV WR EH n[HG� ,Q FKRRVLQJ WKH QXPEHU RI GLVFUHWLVDWLRQ VWHSV ZH ZRXOG

OLNH WR FRPELQH DFFXUDF\ DQG FDOFXODWLRQ VSHHG� ,Q QRQUHDFWLYH V\VWHPV� ZKHUH

FRQFHQWUDWLRQ JUDGLHQWV DUH W\SLFDOO\ QRW YHU\ ODUJH� RQH RU WZR GLVFUHWLVDWLRQ

SRLQWV LQ ERWK WKH YDSRU DQG OLTXLG WUDQVIHU nOPV DUH XVXDOO\ VXpFLHQW� ,Q WKHVH

FDVHV� WKH PRGHO E\ .RRLMPDQ DQG WKH PRGHO SUHVHQWHG KHUH JLYH WKH VDPH

UHVXOWV� )RU V\VWHPV ZLWK UHDFWLRQV� RU IRU V\VWHPV ZLWK VWURQJ WKHUPDO HmHFWV

LQ PDVV WUDQVIHU� PRUH SRLQWV VKRXOG EH VSHFLnHG� ,Q WKH SUHVHQWHG FDOFXODWLRQV

ZH KDYH XVHG � SRLQWV LQ ERWK WKH YDSRU DQG WKH OLTXLG nOP�

q +RPRJHQHRXV 5HDFWLRQ

$ UHDFWLRQ UDWH H[SUHVVLRQ DORQJ ZLWK NLQHWLF SDUDPHWHU GDWD DUH UHTXLUHG IRU

HYDOXDWLRQ RI WKH UHDFWLRQ UDWHV� )RU FDOFXODWLRQ RI WKH UHDFWLRQ YROXPH LQ

SVHXGR�KRPRJHQHRXV V\VWHPV� WKH WRWDO FDWDO\VW PDVV SUHVHQW RQ D VWDJH� DQG

WKH FDWDO\VW DFWLYLW\ KDYH WR EH VSHFLnHG� )RU D KRPRJHQHRXV V\VWHP� WKH UH�

DFWLRQ FDQ WDNH SODFH LQ WKH OLTXLG EXON DQG LQ WKH OLTXLG WUDQVIHU nOP� 7KH

UHDFWLRQ YROXPH RI WKH OLTXLG EXON LV WDNHQ WR EH WKH WRWDO OLTXLG LQYHQWRU\ RQ D

WUD\� 7KLV LV REWDLQHG E\ PXOWLSO\LQJ WKH FOHDU OLTXLG KHLJKW E\ WKH DFWLYH WUD\

DUHD� 7KH FOHDU OLTXLG KHLJKW LV FDOFXODWHG IURP WKH VHPL HPSLULFDO FRUUHODWLRQ

GXH WR %HQQHW HW DO� ������� 7KH nOP YROXPH LV WKH SURGXFW RI WKH LQWHUIDFLDO

���



DUHD DQG WKH OLTXLG nOP WKLFNQHVV� ZKLFK LV REWDLQHG IURP�

p/  
x�
x'̂

�������

,Q ZKLFK x� DQG x'̂ DUH DYHUDJHG YDOXHV IRU WKH ELQDU\ SDLU PDVV WUDQVIHU DQG

GLmXVLRQ FRHpFLHQWV�

q &DWDO\VW SURSHUWLHV

,Q WKH GXVW\ oXLG PRGHO WKHUH DUH VHYHUDO SDUDPHWHUV WKDW QHHG WR EH NQRZQ LQ

RUGHU WKDW D VLPXODWLRQ FDQ EH FDUULHG RXW� 7KH IROORZLQJ FDWDO\VW GDWD QHHGV

WR EH NQRZQ EHIRUHKDQG�

^ 6SHFLnF FDWDO\VW DUHD� D&

^ &DWDO\VW SRURVLW\� q&

^ &DWDO\VW WRUWXRVLW\� ~&

^ &DWDO\VW PHDQ SRUH VL]H� GS

^ &DWDO\VW WKHUPDO FRQGXFWLYLW\� w&

7KH SRURVLW\ DQG WRUWXRVLW\ DUH UHTXLUHG IRU HYDOXDWLRQ RI WKH FDWDO\VW GLmX�

VLRQ FRHpFLHQWV� 7KH PHDQ SRUH VL]H LV UHTXLUHG IRU HYDOXDWLRQ RI WKH FDWDO\VW

SHUPHDELOLW\� 7KH FDWDO\VW WKHUPDO FRQGXFWLYLW\ LV UHTXLUHG IRU FDOFXODWLRQ RI

WKH FRQGXFWLYH FRQWULEXWLRQ RI WKH FDWDO\VW PDWUL[ WR KHDW WUDQVIHU LQVLGH WKH

���



FDWDO\VW SDUWLFOHV� ,Q DGGLWLRQ� WKH QXPEHU RI GLVFUHWLVDWLRQ VWHSV LQVLGH DQG

DURXQG WKH FDWDO\VW QHHGV WR EH n[HG� ,Q WKLV ZRUN� WZR GLVFUHWLVDWLRQ SRLQWV

ZHUH XVHG IRU WKH OLTXLG WUDQVIHU nOP DURXQG WKH FDWDO\VW� DQG �� SRLQWV ZHUH

XVHG LQVLGH WKH FDWDO\VW�

,QVLGH WKH FDWDO\VW� QRQLGHDO FRPSRQHQW EHKDYLRU ZLOO EH LQoXHQFHG E\ WKH FDW�

DO\VW LWVHOI� )RU D FRQVLVWHQW GHVFULSWLRQ RQH VKRXOG LQFRUSRUDWH WKH HmHFW RI

WKH FDWDO\VW LQWR HYDOXDWLRQ RI WKH FKHPLFDO SRWHQWLDO JUDGLHQWV� 1R VXLWDEOH

PRGHO IRU WKLV LV DYDLODEOH� )RU HYDOXDWLRQ RI WKH FKHPLFDO SRWHQWLDO JUDGLHQWV D

FRQYHQWLRQDO DFWLYLW\ FRHpFLHQW PRGHO ZLOO EH XVHG�

(VWLPDWLRQ RI WKH PDVV WUDQVIHU FRHpFLHQWV DQG RI WKH SK\VLFDO SURSHUWLHV IRU

WKH YDSRU�OLTXLG WUDQVSRUW SURFHVV LV GLVFXVVHG DW OHQJWK E\ 7D\ORU DQG .U�

LVKQD ������� )RU PDVV WUDQVIHU IURP WKH OLTXLG EXON WR WKH FDWDO\VW SKDVH WKH

FRUUHODWLRQV GXH WR 9DQ .UHYHOHQ DQG .UHNHOV ������ ZHUH XVHG� 7KHVH DUH�

�/6L�M
'̂/

L�MD
&
 ��� c �|

/X/

s/D&
�� � c � s/

|/'̂/
L�M

�� � �������

8QGHU WKH FRQGLWLRQ WKDW�

����� �
|/X/

s/D&
� ���� �������
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7KH ELQDU\ SDLU 0D[ZHOO�6WHIDQ GLmXVLRQ FRHpFLHQWV �'̂ H
L�M� DUH UHODWHG WR WKH

IUHH GLmXVLRQ ELQDU\ SDLU 0D[ZHOO 6WHIDQ GLmXVLRQ FRHpFLHQWV E\�

'̂ H
L�M  

q

~
'̂ L�M �������

:KHUH q LV WKH FDWDO\VW SRURVLW\ DQG ~ LV WKH FDWDO\VW WRUWXRVLW\� 7KH FDWDO\VW

SRURVLW\ DQG WRUWXRVLW\ DUH DGGHG KHUH WR WDNH LQWR DFFRXQW WKH WRUWXRXV SDWKV

IROORZHG E\ WKH oXLG LQ WKH FDWDO\VW� &RQVLGHU WKH FDVH RI YHU\ ODUJH SRUHV�

ZKHUH WKH HmHFWV RI WKH ZDOOV ZLOO EH QHJOLJLEOH� 7KLV DVVXPSWLRQ LV YDOLG IRU WKH

PDFURSRURXV FDWDO\VWV XVHG E\ 6XQGPDFKHU HW DO� �����D�� DV LW ZLOO EH LQ PRVW

FDVHV� ,Q WKLV FDVH� RQH FRXOG DUJXH WKDW ZH DUH EDVLFDOO\ GHDOLQJ ZLWK D VLPSOH

IUHH GLmXVLRQ SUREOHP� 7KH GLmXVLRQ FRHpFLHQWV ZRXOG EH WKH QRUPDO OLTXLG

SKDVH 0D[ZHOO 6WHIDQ GLmXVLRQ FRHpFLHQWV� FRUUHFWHG E\ WKH FDWDO\VW WRUWXRVLW\

DQG SRURVLW\ DV LQ (T� �������� %HUJ DQG +DUULV ������ DQG 6XQGPDFKHU DQG

+RmPDQQ������ KDYH XVHG WKLV DSSURDFK EXW WKHVH DXWKRUV KDYH LJQRUHG WKH ODVW

WHUP RQ WKH ULJKW KDQG VLGH RI HTXDWLRQ ����� 7KHUH LV QR DYDLODEOH WKHRU\ IRU

HVWLPDWLRQ RI 'H
L IRU OLTXLG GLmXVLRQ LQVLGH SRURXV SDUWLFOHV� ,Q WKH FDOFXODWLRQV

SUHVHQWHG ODWHU LQ WKLV WKHVLV ZH FRQVLGHU WZR OLPLWLQJ FDVHV� �D� RQH LQ ZKLFK

'H
L LV ODUJH� LQ ZKLFK FDVH WKH ODVW WHUP FDQ EH LJQRUHG �FRUUHVSRQGLQJ WR %HUJ�

+DUULV DQG 6XQGPDFKHU DSSURDFKHV�� DQG �E� RQH LQ ZKLFK 'H
L LV D IDFWRU nYH

WLPHV VPDOOHU WKDQ WKH VPDOOHVW RI WKH '̂ L�M YDOXHV� 'H
L LV DVVXPHG WR EH WKH

���



VDPH IRU DOO FRPSRQHQWV�

'LmXVLRQ FRHpFLHQWV QRUPDOO\ DUH FRQFHQWUDWLRQ GHSHQGHQW� 7KXV� WKH\ VKRXOG

EH GHSHQGHQW RQ WKH FRQFHQWUDWLRQ DQG WKH SK\VLFDO SURSHUWLHV RI WKH GXVW

VSHFLHV� $Q\ VXFK GHSHQGHQFH LV� KRZHYHU� QHJOHFWHG KHUH GXH WR WKH DEVHQFH RI

DQ\ UHOLDEOH HVWLPDWLRQ PHWKRG�

q 7UD\ FROXPQV

7KH IROORZLQJ GHJUHHV RI IUHHGRP UHVXOW IURP WKH FHOO GHVFULSWLRQ RI WUD\ FROXPQV�

^ 1XPEHU RI FHOOV LQ D OLTXLG oRZ EUDQFK

^ 1XPEHU RI FHOOV LQ D YDSRU oRZ EUDQFK

^ 0L[LQJ oRZ UDWH�

7KH QXPEHU RI FHOOV LQ ERWK oRZ SDWKV GHSHQGV RQ WKH oRZ PRGHO XQGHU FRQ�

VLGHUDWLRQ� 7KH DSSURSULDWH QXPEHU RI FHOOV GHSHQGV RQ WKH FRQnJXUDWLRQ DQG

RSHUDWLQJ FRQGLWLRQV XVHG� ,Q D FROXPQ VLPXODWLRQ� RQH ZRXOG W\SLFDOO\ nUVW

GR FROXPQ FDOFXODWLRQV ZLWKRXW DVVXPLQJ VWDJLQJ LQ WKH OLTXLG oRZ GLUHFWLRQ�

)URP WKHVH FDOFXODWLRQV RQH FDQ REWDLQ LQIRUPDWLRQ DERXW WKH K\GURG\QDPLF

FRQGLWLRQV RQ WKH VWDJHV� 7KHVH FDQ EH XVHG WR HYDOXDWH DQ D[LDO GLVSHUVLRQ

FRHpFLHQW� HPSOR\LQJ D VHPL�HPSLULFDO FRUUHODWLRQ� 7KHVH D[LDO GLVSHUVLRQ FRHI�

nFLHQWV FDQ EH XVHG WR HVWLPDWH WKH QXPEHU RI FHOOV UHTXLUHG IRU GHVFULSWLRQ RI

���



oRZ EHKDYLRU RQ D GLVWLOODWLRQ WUD\� 7KH YDSRU VWUHDP LV QRUPDOO\ DVVXPHG WR

EH LQ SOXJ oRZ DQG PD\ EH PRGHOHG E\ XVLQJ DW OHDVW � FHOOV LQ WKH YDSRU oRZ

GLUHFWLRQ�

7KH YHUWLFDO OLTXLG PL[LQJ oRZ UDWH VKRXOG EH VXFK WKDW WKH EXON OLTXLG FRQFHQ�

WUDWLRQV RI DOO FHOOV LQ D YDSRU IRRW SDWK DUH HTXDO� 7KLV LV XVXDOO\ VDWLVnHG LI

WKH PL[LQJ oRZ UDWH LV WDNHQ WR EH �� WLPHV WKH VWDJH oRZ UDWH�

q 3DFNHG &ROXPQV

7KH IROORZLQJ GHJUHHV RI IUHHGRP UHVXOW IURP WKH FHOO GHVFULSWLRQ RI WUD\ FROXPQV�

^ &HOO OD\RXW SDWWHUQ

^ &HOO VL]HV

^ /LTXLG 6SOLWWLQJ IDFWRU

^ 9DSRU 6SOLWWLQJ IDFWRU

^ 0DOGLVWULEXWLRQ SDWWHUQ

^ 5HGLVWULEXWLRQ VWDJHV

)LUVW WKH FHOO OD\RXW SDWWHUQ KDV WR EH n[HG� 6XEVHTXHQWO\ WKH FHOO VL]HV PD\

EH FDOFXODWHG� DQG EDVHG RQ WKH SDFNLQJ W\SH DQG WKH UDGLDO VSUHDGLQJ FRHp�

FLHQW� VSOLWWLQJ IDFWRUV IRU ERWK YDSRU DQG OLTXLG SKDVHV PD\ EH HYDOXDWHG XVLQJ

���



(T� ������ RU (T� �������

7KH PRVW OLNHO\ VRXUFHV IRU PDOGLVWULEXWLRQ RI YDSRU DQG OLTXLG DUH IRXQG DW

LQOHWV� 0RVW QRWDEO\ WKH UHoX[ DQG UHERLOHU LQOHW DQG� WR D OHVVHU H[WHQW WKH IHHG

LQOHW� ,Q WKH ]RQH VWDJH PRGHO DV SUHVHQWHG ZH DVVXPH� LQ WKH LGHDO FDVH� WKDW

UHoX[� UHERLO DQG IHHG VWUHDPV DUH GLVWULEXWHG HTXDOO\ RYHU WKH FURVV VHFWLRQDO

DUHD RI WKH SDFNLQJ� 0DOGLVWULEXWLRQV PD\ EH LQWURGXFHG E\ UHGLUHFWLQJ WKH oRZ

DFFRUGLQJ WR VSHFLnHG PDOGLVWULEXWLRQ SDWWHUQV� 7KLV PD\ EH GRQH E\ DVVLJQLQJ

ZHLJKLQJ IDFWRUV WR WKH YDOXHV RI U$N LQ (T� ������� WR (T� ��������

7KH UHGLVWULEXWLRQ VWDJHV DQG DSSURSULDWH GLVWULEXWLRQ SDWWHUQV IRU WKHVH UHGLV�

WULEXWLRQ VWDJHV KDYH WR EH GHnQHG�

��� 6ROXWLRQ 0HWKRGV

����� 1HZWRQ
V 0HWKRG

.ULVKQDPXUWK\ DQG 7D\ORU ������ DQG .RRLMPDQ DQG 7D\ORU ������ HPSOR\HG D VLPXO�

WDQHRXV FRUUHFWLRQ VWUDWHJ\ XVLQJ 1HZWRQ
V PHWKRG IRU VROYLQJ WKH PRGHO HTXDWLRQV�

:H VKDOO GR WKH VDPH� ,I ZH GHQRWH RXU V\VWHP RI HTXDWLRQV E\

x) �x[e�  � �������

���



7KHQ WKH VROXWLRQ WR RXU SUREOHP LV JLYHQ E\ x[e� ,I ZH KDYH D FXUUHQW HVWLPDWH [N� IRU

ZKLFK WKLV HTXDWLRQ LV QRW VDWLVnHG� WKHQ WKH FRUUHFWLRQ IDFWRUV IRU WKH QH[W HVWLPDWH

PD\ EH REWDLQHG E\ VROYLQJ WKH IROORZLQJ OLQHDUL]HG V\VWHP

>-N@ c �x[N�� b x[N�  b x) �x[N� �������

+HUH >-N@ LV WKH MDFRELDQ PDWUL[ ZLWK HOHPHQWV�

-L�M  
#)L�x[�

#[M
�������

%\ VXFFHVVLYH FDOFXODWLRQV RI QHZ HVWLPDWHV� ZH ZLOO WU\ WR PHHW DQ\ RQH RI WKH IRO�

ORZLQJ WZR FULWHULD

nnnn x) �x[N�nnnn � q �������

RU nnnn
nnnn x[N�� b x[Nx) �x[N�

nnnn
nnnn � q �������

7KH nUVW FULWHULRQ IROORZV VWUDLJKWIRUZDUG IURP (T� �������� 7KH VHFRQG DVVXPHV FRQ�

YHUJHQFH LI WKH GLmHUHQFH EHWZHHQ WZR VXFFHVVLYH HVWLPDWHV LV VPDOOHU WKDQ WKH VSHFLnHG

WROHUDQFH� &RQYHUJHQFH LV DVVXPHG LI HLWKHU RQH RI WKH DERYH FULWHULD LV VDWLVnHG�

����� &RQWLQXDWLRQ 0HWKRG

,QWURGXFWLRQ RI WKH UHDFWLRQ LQ WKH GLVWLOODWLRQ FROXPQ PRGHO JUHDWO\ LQFUHDVHV WKH

QRQOLQHDU LQWHUDFWLRQV DQG PRGHO FRPSOH[LW\� $ JRRG LQLWLDO JXHVV LV� WKHUHIRUH� YHU\

���



LPSRUWDQW LQ RUGHU WR LQVXUH D KLJK SUREDELOLW\ RI FRQYHUJHQFH� )RU QRUPDO GLVWLOODWLRQ�

WKH LQLWLDO JXHVV LV EDVHG RQ D VWDJH E\ VWDJH oDVK RI WKH IHHG� +RZHYHU� LQ UHDFWLYH

GLVWLOODWLRQ� RQH LV QRUPDOO\ GHDOLQJ ZLWK D V\VWHP LQ ZKLFK WKH SULPDU\ GLVWLOODWLRQ

SURGXFW LV QRW VXSSOLHG LQ WKH IHHG� EXW LV IRUPHG E\ WKH UHDFWLRQ� 7KLV PDNHV

VSHFLnFDWLRQ RI D JRRG LQLWLDO JXHVV PXFK PRUH GLpFXOW�

%HFDXVH ZH GR QRW ZDQW WR GHSHQG WRR PXFK RQ WKH TXDOLW\ RI WKH LQLWLDO JXHVV� WKH

PRGHO ZDV HTXLSSHG ZLWK D GLmHUHQWLDO DUF OHQJWK FRQWLQXDWLRQ PHWKRG� 7KLV PHWKRG

PD\ EH XVHG WR REWDLQ D VROXWLRQ WR WKH SUREOHP E\ PHDQV RI D SXUHO\ PDWKHPDWLFDO

KRPRWRS\� ,W PD\ DOVR EH XVHG WR WUDFN VWHDG\ VWDWH EHKDYLRU RI WKH SUREOHP DV D

IXQFWLRQ RI DQ DUELWUDU\ LQGHSHQGHQW PRGHO SDUDPHWHU� ,Q WKH IROORZLQJ VHFWLRQ ZH

ZLOO nUVW IRFXV RQ WKH PDWKHPDWLFDO KRPRWRS\� DQG VXEVHTXHQWO\ GLVFXVV WKH VWHDG\

VWDWH WUDFNLQJ URXWLQH�

,Q D PDWKHPDWLFDO VHQVH� KRPRWRS\ FRQWLQXDWLRQ PHWKRGV IRUP D FODVV RI PHWKRGV

IRU VROYLQJ GLpFXOW V\VWHPV RI QRQOLQHDU DOJHEUDLF HTXDWLRQV� ,Q DGGLWLRQ WKH\ FDQ EH

XVHG IRU WUDFNLQJ VROXWLRQV WR QRQOLQHDU DOJHEUDLF HTXDWLRQV GHSHQGLQJ RQ D SDUDPHWHU�

7KH LGHD EHKLQG KRPRWRS\ PHWKRGV LV WKDW RI SDWK IROORZLQJ ZKHUH D SDWK LV WUDFNHG

IURP D VROXWLRQ WR D VLPSOH SUREOHP WR WKH VROXWLRQ RI WKH GLpFXOW SUREOHP� 7KH SDWK

���



LV LPSOLFLWO\ GHnQHG E\ WKH KRPRWRS\ HTXDWLRQ�

x+�x[� W�  � �������

7KLV KRPRWRS\ IXQFWLRQ LV D FRQWLQXRXV EOHQGLQJ RI WZR IXQFWLRQV x) �x[� DQG x*�x[��

E\ PHDQV RI D KRPRWRS\ SDUDPHWHU W� ,Q WKH IROORZLQJ� x) �x[� UHSUHVHQWV WKH GLpFXOW

SUREOHP� x*�x[� WKH HDV\ SUREOHP� 7KH FODVV RI HTXDWLRQV ZH ZLOO EH ORRNLQJ DW LV WKDW

RI OLQHDU FRQYH[ KRPRWRSLHV JLYHQ E\�

x+�x[� W�  W c x) �x[� � ��b W� c x*�x[�  � �������

7KLV HTXDWLRQ UHGXFHV WR x*�x[�  � IRU W  � DQG WR x) �x[�  � IRU W  �� ,I x) �x[� DQG

x*�x[� DUH Q�GLPHQVLRQDO SUREOHPV� WKHQ x+�x[� W� GHVFULEHV D FXUYH LQ Q�� GLPHQVLRQDO

VSDFH JRLQJ WKURXJK x*�x[�  � DQG x) �x[�  � �:D\EXUQ DQG 6HDGHU� ������

7KH FKRLFH RI x*�x[� FDQ EH TXLWH DUELWUDU\� DV ORQJ DV WKH SUREOHP KDV WKH VDPH

GLPHQVLRQ DV WKH RULJLQDO SUREOHP� ,Q RXU PRGHO� ZH XVH WKH 1HZWRQ KRPRWRS\

PHWKRG� IRU ZKLFK x*�x[� LV JLYHQ E\�

x*�x[�  x) �x[�b x) � x[�� �������

/HDGLQJ WR WKH KRPRWRS\ HTXDWLRQ�

x+�x[� W�  x) �x[�b ��b W� c x) � x[�� �������

���



+HUH x[� LV DQ DUELWUDU\ VWDUWLQJ JXHVV IRU x) �x[�� 7KLV PHWKRG GRHV QRW UHTXLUH XV WR

VROYH DQ HDV\ SUREOHP nUVW� EHFDXVH LW LV DOUHDG\ NQRZQ� $QRWKHU LPSRUWDQW IHDWXUH

LV WKDW E\ VSHFLI\LQJ GLmHUHQW VWDUWLQJ JXHVVHV� ZH FDQ JHQHUDWH GLmHUHQW SDWKV WKDW

FDQ OHDG WR GLmHUHQW VROXWLRQV� 7KLV ZD\ PXOWLSOH VROXWLRQV WR x) �x[�  � �LI WKH\ H[LVW�

FDQ EH IRXQG ZLWK UHODWLYH HDVH�

7KH PDWKHPDWLFDO IRXQGDWLRQV RI WKH KRPRWRS\ PHWKRG DUH JLYHQ E\ WKH LPSOLFLW

IXQFWLRQ WKHRUHP DQG WKH SDWK WKHRUHP JLYHQ E\�

,03/,&,7 )81&7,21 7+(25(0 /HW + � 5Q�� � 5
Q EH FRQWLQXRXVO\

GLmHUHQWLDEOH� �a[� aW� � +b� DQG + �
[ EH LQYHUWLEOH� 7KHQ LQ D QHLJKERUKRRG

RI �a[� aW� DOO SRLQWV �[� W� WKDW VDWLVI\+�[� W�  � DUH RQ D VLQJOH FRQWLQXRXVO\

GLmHUHQWLDEOH SDWK WKURXJK �a[� aW��

LQ ZKLFK

+b�  I�[� W�M+�[� W�  �J �������

DQG + �
[ UHSUHVHQWV WKH -DFRELDQ

3$7+ 7+(25(0 /HW + � 5Q�� � 5
Q EH FRQWLQXRXVO\ GLmHUHQWLDEOH DQG

VXSSRVH WKDW IRU HYHU\ \ � +b�� WKH -DFRELDQ LV RI IXOO UDQN� WKHQ +b�

FRQVLVWV RQO\ RI FRQWLQXRXVO\ GLmHUHQWLDEOH SDWKV�

���



)URP WKH LPSOLFLW IXQFWLRQ WKHRUHP LW IROORZV WKDW x+�x[� W� UHSUHVHQWV D SDWK LQ Q� �

GLPHQVLRQDO VSDFH� ,I ZH ZDQW WR nQG D VROXWLRQ WR x) �x[� ZH RQO\ KDYH WR IROORZ

WKDW SDWK IURP W  � DQG x*�x[�  � WR W  � DQG x) �x[�  �� ,Q RWKHU ZRUGV� ZH

KDYH WR HYDOXDWH KRZ WKH YDULRXV YDULDEOHV FKDQJH DORQJ WKH FXUYH� DQG FRUUHFW HDFK

DFFRUGLQJO\ DV ZH ZDON DORQJ WKH FXUYH� (YDOXDWLQJ KRZ WKH YDULDEOHV FKDQJH DORQJ

WKH FXUYH FDQ EH GRQH E\ GLmHUHQWLDWLQJ WKH KRPRWRS\ HTXDWLRQ ZLWK UHVSHFW ZLWK

WKH DUFOHQJWK�

# x+�x[� W�

#V
 

�
# x) �x[�

#x[
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#V
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� x) � x[��

t
#W
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,Q DGGLWLRQ ZH KDYH RQH H[WUD HTXDWLRQ� 7KH FKDQJHV RI WKH YDULDEOHV DUH UHVWULFWHG

E\ WKH FKDQJH LQ DUF OHQJWK� ZKLFK LV JLYHQ E\ WKH PXOWLGLPHQVLRQDO 3\WKDJRUHDQ

WKHRUHP�

�G[��
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:KLFK FDQ EH UHZULWWHQ WR�
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x) � x[�� LV DQ Q�GLPHQVLRQDO YHFWRU DQG PD\ EH DGGHG WR WKH -DFRELDQ PDWUL[ ZKLFK
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UHVXOWV LQ WKH IROORZLQJ�
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7KLV LV ZKHUH WKH LPSRUWDQFH RI WKH SDWK WKHRUHP EHFRPHV FOHDU� ,Q RUGHU WR EH DEOH

WR VROYH WKH DERYH V\VWHP RI HTXDWLRQV� WKH PDWUL[ VKRXOG EH RI IXOO UDQN� 7KHQ ZH FDQ

FKRRVH D SDUWLDO -DFRELDQ DQG VROYH WKH V\VWHP� 5HVXOWLQJ LQ WKH IROORZLQJ V\VWHP�
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[L LV FDOOHG WKH LQGHSHQGHQW YDULDEOH� 7KLV V\VWHP PD\ EH VROYHG XVLQJ DQ\ VSDUVH
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PDWUL[ VROYHU WR JLYH�
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7KLV LV DFWXDOO\ DQ H[SUHVVLRQ IRU WKH FKDQJHV RI DOO YDULDEOHV DORQJ WKH FXUYH LQ WHUPV

RI WKH FKDQJH LQ [L� 7KH WRWDO FKDQJH LQ [L DORQJ WKH FXUYH FDQ QRZ EH HYDOXDWHG

XVLQJ (T� �������� 7KLV WKHQ OHDGV WR
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6XEVWLWXWLRQ RI (T� ������� LQWR (T� ������� WKHQ OHDGV WR D V\VWHP RI 2'(
V WKDW LV

QRW VWLm DQG PD\ EH LQWHJUDWHG QXPHULFDOO\� 7KLV LQWHJUDWLRQ JLYHV DQ HVWLPDWH RI

WKH 
QH[W
 SRLQW RQ WKH FXUYH� 7KH H[DFW ORFDWLRQ RI WKLV SRLQW PD\ EH GHWHUPLQHG

LQ D VXEVHTXHQW FDOFXODWLRQ LQ ZKLFK WKH YDOXH RI WKH LQGHSHQGHQW YDULDEOH LV n[HG DW

WKH QHZO\ HVWLPDWHG YDOXH� 7KH UHVXOWLQJ V\VWHP RI Q HTXDWLRQV DQG Q YDULDEOHV PD\

EH VROYHG ZLWK D VWDQGDUG 1HZWRQ�5DSKVRQ WHFKQLTXH� XVLQJ WKH HVWLPDWHG YDOXHV DV

LQLWXDO JXHVV�

���



6HOHFWLRQ RI WKH LQGHSHQGHQW YDULDEOH VKRXOG EH VXFK WKDW WKH UHVXOWLQJ -DFRELDQ LV RI

IXOO UDQN� ,I WKH UHGXFHG -DFRELDQ LV QRW RI IXOO UDQN� EXW WKH DXJPHQWHG -DFRELDQ LV�

WKLV PHDQV WKDW WKH YDOXH RI WKH LQGHSHQGHQW SDUDPHWHU GRHV QRW FKDQJH DORQJ WKH

FXUYH� LQGLFDWLQJ D WXUQLQJ SRLQW� ,Q SUDFWLFH ZH ZLOO FKRRVH WKH YDULDEOH WKDW FKDQJHV

PRVW LQ WKH SUHYLRXV VWHS�

,I WKH DXJPHQWHG -DFRELDQ LV QRW RI IXOO UDQN� ZH DUH DW D VLQJXODU SRLQW RQ WKH FXUYH�

ZKLFK PD\ LQGLFDWH WKH SUHVHQFH RI D ELIXUFDWLRQ LQ WKH KRPRWRS\ SDWK�

����� 6WHDG\ 6WDWH 7UDFNLQJ

7KH DERYH GHYHORSPHQW LV GRQH IRU D SXUHO\ PDWKHPDWLFDO KRPRWRS\ JLYHQ E\ (T� ��������

,Q IDFW� WKH WKHRU\ RI FXUYH WUDFNLQJ LV WKH VDPH IRU DQ\ V\VWHP RI Q HTXDWLRQV DQG

Q � � YDULDEOHV �.XELFHN� ������ 7KXV� DQ\ RI WKH V\VWHPV ZH DUH GHDOLQJ ZLWK PD\

EH WXUQHG LQWR VXFK D V\VWHP E\ WUHDWLQJ RQH RI WKH VSHFLnFDWLRQV DV D YDULDEOH� 7KH

KRPRWRS\ HTXDWLRQ LV WKHQ JLYHQ E\�

x) �x[� \�  � �������

,Q ZKLFK \ LV DQ DUELWUDU\ VSHFLnFDWLRQ� IRU H[DPSOH RQ WKH UHoX[ UDWLR RU WKH ERWWRP

SURGXFW oRZ UDWH� ZKLFK LV QRZ WUHDWHG DV D YDULDEOH� 'LmHUHQWLDWLQJ WKLV HTXDWLRQ

ZLWK UHVSHFW WR WKH DUF OHQJWK UHVXOWV LQ DQ HTXDWLRQ V\VWHP ZKLFK LV DQDORJXRXV WR
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7KXV� RQFH D VROXWLRQ DW \  \� LV REWDLQHG� WKH KRPRWRS\ PHWKRG FDQ EH XVHG WR

WUDFN WKH VWHDG\ VWDWH VROXWLRQ EHWZHHQ \� DQG \�� XQGHU WKH FRQGLWLRQ WKDW WKH V\VWHP

KDV SK\VLFDOO\ UHDOLVWLF VROXWLRQV LQ WKH LQWHUYDO XQGHU FRQVLGHUDWLRQ�

���



&KDSWHU �

5HDFWLYH 'LVWLOODWLRQ LQ 7UD\

&ROXPQV

,Q WKLV FKDSWHU ZH ZLOO DSSO\ WKH QRQHTXLOLEULXP FHOO PRGHO WR 5HDFWLYH

'LVWLOODWLRQ LQ WUD\ FROXPQV� ,W LV VKRZQ WKDW HpFLHQFLHV DUH LQoXHQFHG

E\ WKH FKHPLFDO UHDFWLRQ� PDNLQJ WKHLU D SULRUL SUHGLFWLRQ GLpFXOW� ,Q

DGGLWLRQ� WKH LQoXHQFH RI VWDJLQJ LQ ERWK YDSRU DQG OLTXLG oRZ GLUHFWLRQV

LV VWXGLHG E\ PHDQV RI YDULRXV FHOO FRQnJXUDWLRQV� 7KH LVVXH RI PXOWLSOH

VWHDG\ VWDWHV LV GLVFXVVHG� DORQJ ZLWK LWV LPSOLFDWLRQV IRU KDUGZDUH GHVLJQ�

���



��� ,QWURGXFWLRQ

,Q WKLV FKDSWHU YDULRXV LVVXHV UHODWHG WR PRGHOLQJ RI UHDFWLYH GLVWLOODWLRQ ZLOO EH GLV�

FXVVHG ZLWK WKH KHOS RI WKUHH H[DPSOHV� 7KH nUVW H[DPSOH LQYROYHV WKH PHWDWKHVLV

UHDFWLRQ RI ��SHQWHQH WR EXWHQH DQG KH[HQH� 7KLV H[DPSOH ZLOO EH XVHG WR LOOXVWUDWH

WKH LQoXHQFH RI oRZ SDWWHUQV RQ GLVWLOODWLRQ WUD\V RQ WKH 5HDFWLYH 'LVWLOODWLRQ SURFHVV�

,Q DGGLWLRQ� WKH PRGHO V\VWHP LV XVHG WR VKRZ WKH LQoXHQFH RI FKHPLFDO UHDFWLRQV RQ

WUD\ HpFLHQFLHV� XQGHUOLQLQJ WKH QHHG IRU QRQHTXLOLEULXP PRGHOV�

,Q D VHFRQG H[DPSOH ZH ZLOO XVH WKH QRQHTXLOLEULXP FHOO PRGHO IRU VLPXODWLRQ RI D

FROXPQ IRU VHSDUDWLRQ RI ZDWHU DQG DFHWLF DQK\GULGH� ,Q WKLV FROXPQ DQ XQZDQWHG

UHDFWLRQ WDNHV SODFH EHWZHHQ ZDWHU DQG DFHWLF DQK\GULGH WR IRUP DFHWLF DFLG� 7KH

UHVXOWV RI WKH FDOFXODWLRQV ZLOO EH FRPSDUHG WR VRPH H[SHULPHQWDO GDWD SUHVHQWHG E\

0DUHN �������

7KH ODVW H[DPSOH WUHDWV WKH SRVVLEOH DSSOLFDWLRQ RI UHDFWLYH GLVWLOODWLRQ IRU SURGXFWLRQ

RI HWK\OHQH JO\FRO� 7KH LVVXH RI PXOWLSOH VWHDG\ VWDWHV LQ GLVWLOODWLRQ FROXPQV ZLOO EH

DGGUHVVHG� DORQJ ZLWK GHVLJQ LVVXHV�

���



��� ([DPSOH �� 0HWDWKHVLV 5HDFWLRQ

7KH nUVW H[DPSOH XQGHU FRQVLGHUDWLRQ LV D UHDFWLYH V\VWHP WKDW LV VLPLODU WR RQH

FRQVLGHUHG E\ 2NDVLQVNL DQG 'RKHUW\ ������� 7KH IROORZLQJ UHDFWLRQ WDNHV SODFH�

�$ � % � & �����

$ W\SLFDO UHDFWLRQ V\VWHP nWWLQJ WKLV VFKHPH LV WKH PHWDWKHVLV UHDFWLRQ RI ��SHQWHQH

WR ��KH[HQH DQG ��EXWHQH� 5HDFWLRQ NLQHWLF GDWD ZHUH WDNHQ IURP +XJKHV ������� $Q

RYHUDOO UHDFWLRQ UDWH H[SUHVVLRQ LV JLYHQ E\ �2NDVLQVNL DQG 'RKHUW\� ������

5L  yL c �NI c [�F� b NE c [F� c [F�� �����

ZLWK WKH IROORZLQJ UDWH FRQVWDQWV�

NI  ���� c H
r
b ����c��
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5c7

s
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DQG�

NE  ����� c H
r
b ����c��
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5c7

s
>Vb�@ �����

7KH IROORZLQJ FRQnJXUDWLRQ LV XVHG� $ �� VWDJH FROXPQ ZLWK D OLTXLG IHHG RI SXUH ��

SHQWHQH WR VWDJH �� �FRXQWLQJ IURP WKH WRS�� 7KH IHHG UDWH LV n[HG DW �� PRO�V� 7KH

FRQGHQVHU DQG FROXPQ WRS SUHVVXUH DUH n[HG DW ����� N3D� ZKLOH WKH VWDJH SUHVVXUH

GURS LV FDOFXODWHG ZLWK WKH FRUUHODWLRQ GXH WR %HQQHWW HW DO� ������� 7KH WRS SURGXFW
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One cell per stage

10 cells per stage

5 x 5 cells per stage

)LJXUH ���� &RQYHUVLRQ DV D IXQFWLRQ RI ERLOXS UDWLR IRU YDULRXV oRZ PRGHOV

oRZ UDWH ZDV n[HG WR KDOI WKH IHHG UDWH� 7KH ERLOXS UDWLR ZDV YDULHG LQ D SDUDPHWULF

VWXG\� DV ZDV WKH QXPEHU RI FHOOV� )RU FDOFXODWLRQ RI WKHUPRG\QDPLF SURSHUWLHV WKH

3HQJ�5RELQVRQ HTXDWLRQ LV XVHG� 5HDFWLRQ UDWHV DUH FDOFXODWHG XVLQJ WKH NLQHWLF

H[SUHVVLRQV DV JLYHQ E\ (T� ����� WR (T� ������ 0DVV WUDQVIHU FRHpFLHQWV DUH HYDOXDWHG

XVLQJ WKH $,&K( ������ PHWKRG�

���



����� &DOFXODWLRQV

&DOFXODWLRQV ZHUH GRQH IRU WKH DERYH FROXPQ� LQ ZKLFK WKH ERLOXS UDWLR ZDV YDULHG IURP

� WR ��� 7KH FHOO FRQnJXUDWLRQV XVHG ZHUH� ��� $ VLQJOH FHOO SHU VWDJH �FRUUHVSRQGLQJ

WR ERWK SKDVHV SHUIHFWO\ PL[HG�� ��� D VLQJOH FROXPQ RI FHOOV �DSSUR[LPDWLQJ YDSRU

SOXJ oRZ WKURXJK D ZHOO PL[HG SRRO RI OLTXLG� DQG ��� 0XOWLSOH FROXPQV RI FHOOV

�DSSUR[LPDWLQJ YDSRU ULVLQJ LQ SOXJ oRZ WKURXJK WKH OLTXLG LQ SOXJ oRZ DFURVV WKH

WUD\��

$OO FDOFXODWLRQV ZHUH GRQH LQ GHVLJQ PRGH� XVLQJ VLQJOH SDVV VLHYH WUD\V ZLWK FRQYHQ�

WLRQDO GRZQFRPHUV� 7KH FDOFXODWHG FROXPQ GLDPHWHUV UDQJH EHWZHHQ � P IRU D ERLO�XS

UDWLR RI � DQG ��� P IRU D UHoX[ UDWLR RI ��� 7KH SUHVHQWHG UHVXOWV GR QRW� WKHUHIRUH�

DSSO\ WR D VLQJOH FROXPQ� 7KH FDOFXODWHG oRZ SDWK OHQJWKV UDQJH EHWZHHQ ���� P

DQG ���� P� )LJ� ��� VKRZV WKH FRQYHUVLRQ RI EXWHQH DV D IXQFWLRQ RI WKH UHoX[ UDWLR

IRU WKH WKUHH oRZ PRGHOV� 7KH GLmHUHQFHV EHWZHHQ WKH PRGHOV DUH TXLWH VXEVWDQWLDO�

HVSHFLDOO\ VLQFH UHDFWLYH GLVWLOODWLRQ LV D KLJK SXULW\ EXVLQHVV� 7KH EHVW SHUIRUPDQFH

LV REWDLQHG ZLWK FHOO FRQnJXUDWLRQ �� ,QFUHDVLQJ WKH UHoX[ UDWLR VKRXOG EH DYRLGHG DW

DOO FRVWV VLQFH LW ZLOO UHTXLUH D ODUJHU FROXPQ DQG DGGLWLRQDO UHERLOHU DQG FRQGHQVHU

GXWLHV� 7KLV PHDQV WKDW IRU WKLV SURFHVV D FROXPQ ZLWK RQH ORQJHU oRZSDVV LV WR EH

GHVLUHG RYHU D FROXPQ ZLWK PRUH oRZSDVVHV�

���



����� &HOOV RU 1RW

,W ZRXOG EH XVHIXO WR NQRZ� LI WKLV YHU\ GHWDLOHG ZD\ RI GHVFULELQJ WKH UHDFWLRQ DQG

PDVV WUDQVIHU SURFHVVHV LV UHDOO\ UHTXLUHG� 7KH FDOFXODWLRQV EHFRPH VXEVWDQWLDOO\

PRUH WLPH FRQVXPLQJ RQ DGGLQJ PRUH DQG PRUH FHOOV� 7KXV� ZH QHHG WR GHWHUPLQH

WKH H[DFW LQoXHQFH RI WKH FHOO GHVFULSWLRQ RQ WKH RYHUDOO SURGXFWLRQ UDWH� SDUWLFXODUO\

IRU WKH OLTXLG oRZ PRGHOV� 7ZR GLmHUHQW HmHFWV QHHG WR EH VHSDUDWHG KHUH� )LUVW� WKH

HmHFW RI VWDJLQJ LQ WKH OLTXLG oRZ GLUHFWLRQ RQ PDVV WUDQVIHU� DQG VHFRQG� WKH HmHFW RI

VWDJLQJ RQ WKH ORFDO FRQFHQWUDWLRQV DORQJ WKH OLTXLG oRZ SDWK� DQG� WKURXJK WKDW� RQ

WKH SURGXFWLRQ UDWHV� ,I WKH LQoXHQFH RI WKH ODWWHU LV QRW VLJQLnFDQW� D PXFK VPDOOHU

PRGHO PD\ JLYH XVDEOH UHVXOWV�

6XFK D VPDOOHU PRGHO PD\ EH REWDLQHG E\ H[WHQGLQJ WKH PRGHO RI 7D\ORU HW DO� ������

WR WDNH LQWR DFFRXQW FKHPLFDO UHDFWLRQV� $VVXPLQJ WKH UHDFWLRQ WDNHV SODFH RQO\ LQ

WKH EXON OLTXLG� RQO\ WKH RYHUDOO PDVV DQG FRPSRQHQW EDODQFHV IRU WKH OLTXLG SKDVH

KDYH WR EH PRGLnHG� 7KLV LPSOLFLWO\ DVVXPHV WKHUH LV QR GLUHFW LQWHUDFWLRQ EHWZHHQ

PDVV WUDQVIHU DQG UHDFWLRQ�

6KRZQ LQ )LJ� ��� LV WKH FRQYHUVLRQ RI ��SHQWHQH DV D IXQFWLRQ RI WKH UHoX[ UDWLR�

DVVXPLQJ YDSRU DQG OLTXLG SOXJ oRZ� IRU ERWK PRGHOV� 7KH GLmHUHQFHV DUH VPDOO DQG

ZLOO� LQ WKH KLJK FRQYHUVLRQ UHJLRQ� IDOO ZLWKLQ WKH UDQJH RI DFFXUDF\ IRU ERWK PRGHOV�
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5 x 5 Cells per stage

Kooijman model with reaction

)LJXUH ���� &RPSDULVRQ RI &HOO PRGHO WR PRGLnHG .RRLMPDQ ������ PRGHO H[WHQGHG

ZLWK EXON OLTXLG UHDFWLRQ

$OWKRXJK WKH VLPSOLnHG PRGHO KDV VRPH IXQGDPHQWDO ZHDNQHVVHV� LW PD\ LQ VRPH

FDVHV RmHU D IDVW DOWHUQDWLYH WR WKH FHOO PRGHO� 6RPH FDXWLRQ LV LQ RUGHU KRZHYHU� 7KH

VLPSOLnHG PRGHO VKRXOG QRW EH XVHG IRU V\VWHPV LQ ZKLFK YHU\ IDVW UHDFWLRQV RFFXU�

VXFK DV DFLG JDV VWULSSLQJ� ,Q VXFK FDVHV PDVV WUDQVIHU LV YHU\ VWURQJO\ LQoXHQFHG E\

WKH UHDFWLRQ�

���



����� 1RQHTXLOLEULXP 0RGHO YV� (TXLOLEULXP 0RGHO

%DVHG RQ WKH SUHYLRXV REVHUYDWLRQV RQH PLJKW DUJXH WKDW LW LV SRVVLEOH WR VDYH HYHQ

PRUH FDOFXODWLRQ WLPH E\ UHYHUWLQJ WR DQ HTXLOLEULXP VWDJH DSSURDFK� 7KHUH DUH�

KRZHYHU� VRPH IXQGDPHQWDO REMHFWLRQV WR WKLV DSSURDFK� 7KH PRVW LPSRUWDQW RQH LV

WKH IDFW WKDW WKHUH LV QR FRUUHFW ZD\ RI OLQNLQJ D WKHRUHWLFDO HTXLOLEULXP VWDJH WR D UHDO

WUD\� 7KLV LV QRUPDOO\ GRQH E\ PHDQV RI DQ HpFLHQF\ IDFWRU� DQG WKH PRVW FRPPRQO\

XVHG LV WKH 0XUSKUHH YDSRU SKDVH HpFLHQF\ GHnQHG E\�

(09  
\L�M b \L�M��
\eL�M b \L�M��

�����

,Q ZKLFK \L�M�� LV WKH FRPSRVLWLRQ RI WKH YDSRU EHORZ WKH WUD\� \L�M LV WKH FRPSRVLWLRQ

RI WKH YDSRU DERYH WKH WUD\� DQG \eL�M LV WKH FRQFHQWUDWLRQ RI YDSRU WKDW ZRXOG EH LQ

HTXLOLEULXP ZLWK WKH OLTXLG EXON RQ WKH WUD\� 7KLV PD\ EH UHSODFHG E\ .L c[L�M WR JLYH�

(09  
\L�M b \L�M��

.L c [L�M b \L�M��
�����

.L LV WKH YDSRU OLTXLG HTXLOLEULXP FRQVWDQW� DQG [L�M LV WKH EXON OLTXLG PROH IUDFWLRQ

RI FRPSRQHQW L RQ VWDJH M� 7KH OLTXLG SKDVH PROH IUDFWLRQ ZLOO QRW RQO\ FKDQJH

GXH WR PDVV WUDQVIHU� EXW DOVR GXH WR WKH UHDFWLRQ� )LJXUH ��� VKRZV WKH DFWXDO

HpFLHQF\ SURnOHV� EDFN�FDOFXODWHG IURP FROXPQ FRQFHQWUDWLRQ SURnOHV REWDLQHG ZLWK

WKH QRQHTXLOLEULXP PRGHO� $OWKRXJK LW LV D ZHOO NQRZQ IDFW WKDW LQ PXOWLFRPSRQHQW

���
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2-pentene
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)LJXUH ���� (pFLHQF\ SURnOHV IRU UHDFWLYH V\VWHP� FDOFXODWHG IURP 1RQHTXLOLEULXP

PRGHO UHVXOWV

V\VWHPV WKHVH HpFLHQFLHV WHQG WR 
PLVEHKDYH
� WKHUH DUH D VHYHUDO REVHUYDWLRQV WR EH

PDGH DERXW WKH SURnOHV LQ )LJXUH ����

7KH HpFLHQFLHV RI SHQWHQH MXVW DERYH WKH IHHG DUH PXFK KLJKHU WKDQ MXVW EHORZ WKH

IHHG� 7KLV LV GXH WR WKH IDFW WKDW DERYH WKH IHHG SHQWHQH LV D UHODWLYHO\ 
KHDY\


FRPSRQHQW� DQG EHORZ WKH IHHG� LW LV UHODWLYHO\ OLJKW� )XUWKHUPRUH� LW LV D UHDFWDQW�

%HORZ WKH IHHG� ZKHUH SHQWHQH LV UHODWLYHO\ OLJKW� WKH YDSRU SKDVH FRQFHQWUDWLRQ RQ

���



WKH WUD\ DERYH ZLOO EH ODUJHU WKDQ WKH YDSRU SKDVH FRQFHQWUDWLRQ RI WKH WUD\ EHORZ�

7KLV PHDQV WKDW WKH QXPHUDWRU RI (T� ����� ZLOO EH ODUJHU WKDQ ]HUR� 7KH VDPH ZLOO

XVXDOO\ EH WKH FDVH IRU WKH GHQRPLQDWRU� +RZHYHU� EHFDXVH SHQWHQH LV D UHDFWDQW�

LW ZLOO EH FRQVXPHG� ORZHULQJ LWV PROH IUDFWLRQ� 7KLV PHDQV WKDW WKH GHQRPLQDWRU

ZLOO EH VPDOOHU WKDQ IRU D V\VWHP ZLWKRXW D UHDFWLRQ� UHVXOWLQJ LQ KLJKHU FDOFXODWHG

HpFLHQFLHV� 6LPLODU FRQVLGHUDWLRQV FDQ EH JLYHQ IRU WKH UHFWLI\LQJ VHFWLRQ� 7KH UHVXOW

RI DOO WKLV LV WKDW LI FRPSRQHQW L LV D UHDFWDQW DQG LV UHODWLYHO\ OLJKW� WKH PHDVXUHG

HpFLHQF\ ZLOO EH KLJKHU WKDQ QRUPDO� +RZHYHU� LI FRPSRQHQW L LV D UHDFWDQW EXW QRZ

UHODWLYHO\ KHDY\� WKH PHDVXUHG HpFLHQF\ ZLOO EH ORZHU WKDQ QRUPDO� 7KLV LV LQGHHG

ZKDW LV REVHUYHG LQ )LJ� ���

7KH VDPH 
EHKDYLRU
 LV IRXQG IRU SURGXFWV� )RU D UHODWLYHO\ OLJKW SURGXFW� ORZHU HI�

nFLHQFLHV DUH WR EH H[SHFWHG� DQG IRU D KHDY\ SURGXFW ZH H[SHFW WR VHH D KLJKHU

HpFLHQF\� &OHDUO\� WKH HpFLHQFLHV DUH UHDFWLRQ GHSHQGHQW� ZKLFK PDNHV WKHP GLpFXOW

WR SUHGLFW� 8VLQJ DQ HpFLHQF\ PRGHO IRU D UHDFWLYH GLVWLOODWLRQ FROXPQV LV� WKHUHIRUH�

QRW UHFRPPHQGHG�

���



��� ([DPSOH �� $FHWLF $QK\GULGH 5HDFWLYH 'LVWLO�

ODWLRQ

7KH nUVW ZRUN LQ WKH nHOG RI LQWHJUDWLQJ D OLTXLG oRZ PRGHO LQ D QXPHULFDO PRGHO

IRU D UHDFWLYH GLVWLOODWLRQ FROXPQ ZDV E\ $OHMVNL ������� ZKR PRGHOHG WKH V\VWHP

ZDWHU� DFHWLF DQK\GULGH DQG DFHWLF DFLG� 7KH PRGHOHG FROXPQ ZDV SDUW RI D SODQW IRU

WKH SURGXFWLRQ RI DFHWLF DQK\GULGH GHVFULEHG E\ 0DUHN ������� 7KH REMHFWLYH RI WKH

FROXPQ LV WR VHSDUDWH ZDWHU DQG DFHWLF DQK\GULGH WR DYRLG K\GURO\VLV RI WKH DQK\GULGH

WR DFHWLF DFLG�

$OHMVNL XVHV D PRGHO LQ ZKLFK WKH OLTXLG SKDVH RQ D WUD\ LV VSOLW XS LQ D QXPEHU RI

HTXLOLEULXP FHOOV DORQJ WKH OLTXLG oRZ SDWK� 7R WDNH LQWR DFFRXQW PDVV WUDQVIHU HmHFWV�

ORFDOO\ HYDOXDWHG SRLQW HpFLHQFLHV DUH XVHG LQ WKH SKDVH HTXLOLEULXP FDOFXODWLRQ RI

HDFK FHOO� 7KH QXPEHU RI FHOOV ZDV HYDOXDWHG IURP H[SUHVVLRQV IRU WKH HGG\ GLmXVLYLW\�

$OHMVNL IRXQG WKDW WKH FRQYHUVLRQ RI DQK\GULGH DV FDOFXODWHG DVVXPLQJ D SHUIHFWO\

PL[HG OLTXLG SKDVH ZDV KLJKHU WKDQ ZKHQ DVVXPLQJ WKDW WKH OLTXLG oRZV LQ SOXJ oRZ

DFURVV WKH WUD\� 7KH QXPHULFDO PRGHO ZDV WHVWHG DJDLQVW H[SHULPHQWDO GDWD IRU D

EXEEOH FDS FROXPQ RI ��� P GLDPHWHU� FRQWDLQLQJ �� EXEEOH FDS WUD\V� ZLWK D WRWDO

KHLJKW RI �� P �0DUHN� ������

���



����� 5HDFWLRQ

7KH UHDFWLRQ HTXDWLRQ LV�

�&+�&2��2 �+�2 � �&+�&22+ �����

7KH UHDFWLRQ LV DVVXPHG WR EH LUUHYHUVLEOH DQG WKH UHDFWLRQ UDWH HTXDWLRQ LV JLYHQ E\�

U  NI c F�&+�&2��2 c F+�2 �����

7KH UHDFWLRQ UDWH FRQVWDQW LV JLYHQ E\ 0DUHN �������

OQ�NI�  ������b ������

7
�����

����� &RQnJXUDWLRQ

7KH FROXPQ KDV �� WUD\V� ZLWK D WRWDO FRQGHQVHU DQG D SDUWLDO UHERLOHU �WRWDO ��

VWDJHV�� ZLWK D IHHG WR VWDJH ��� 7KH FROXPQ GLDPHWHU ZDV VHW WR ��� P GXULQJ WKH

FDOFXODWLRQV� 7KH FRQGHQVHU SUHVVXUH LV ���� N3D� 7KH UHERLOHU SUHVVXUH LV ���� N3D

7KH FROXPQ LV RSHUDWHG DW D UHoX[ UDWLR RI ���� DQG D ERWWRP SURGXFW oRZ UDWH RI

���� PRO�V� )HHG VSHFLnFDWLRQV DUH JLYHQ LQ 7DEOH ���� 6LQFH WKH H[DFW VL]HV DQG OD\RXW

RI WKH EXEEOH FDSV ZDV QRW JLYHQ� WKH WUD\ GHVLJQ URXWLQH ZDV XVHG WR GHWHUPLQH D

SRVVLEOH OD\RXW SDWWHUQ� 2QH VKRXOG NHHS LQ PLQG KHUH WKDW WKH LQWHUQDOV GHVLJQ XVHG

���



3UHVVXUH ���� N3D

7HPSHUDWXUH ��� .

)ORZ UDWH ���� PRO�V

&RPSRQHQW PROH IUDFWLRQV

$FHWLF $DQK\GULGH �����

:DWHU �����

$FHWLF $FLG �����

7DEOH ���� )HHG SURSHUWLHV IRU DFHWLF DQK\GULGH FROXPQ

E\ 0DUHN ������ PD\ EH GLmHUHQW IURP WKH LQWHUQDOV HYDOXDWHG ZLWK WKH GHVLJQ PRGH�

7KH PRVW LPSRUWDQW SDUDPHWHU LQ WKLV UHVSHFW LV WKH ZHLU KHLJKW� 7KLV IDFWRU SOD\V DQ

LPSRUWDQW UROH LQ GHWHUPLQLQJ WKH OLTXLG LQYHQWRU\ RQ D WUD\� DQG WKXV� LQ GHWHUPLQLQJ

WKH UHDFWLRQ YROXPH� 7KLV PHDQV WKDW WKH OLTXLG YROXPH PD\ YHU\ ZHOO EH XQGHU RU

RYHUHVWLPDWHG DQG PD\ KDYH WR EH DGMXVWHG WR nW H[SHULPHQWDO GDWD�

����� 7KHUPRG\QDPLF 'DWD

$ OLPLWHG TXDQWLW\ RI YDSRU�OLTXLG HTXLOLEULXP GDWD LV SURYLGHG E\ 0DUHN �������

7KHVH GDWD ZHUH REWDLQHG RQO\ LQ D YHU\ VPDOO UHJLRQ RI WKH WHUQDU\ WULDQJOH� WKDW LV�

QHYHUWKHOHVV� UHSUHVHQWDWLYH RI WKH FRPSRVLWLRQV REVHUYHG LQ WKH DFWXDO FROXPQ� :H

���



&RPSRQHQW L &RPSRQHQW M DL�M >- PRO@ DM�L >- PRO@

$FHWLF $QK\GULGH :DWHU ������ ������

$FHWLF $QK\GULGH $FHWLF $FLG ������ ������

:DWHU $FHWLF $FLG ������ ��������

7DEOH ���� :LOVRQ SDUDPHWHUV $FHWLF $QK\GULGH � :DWHU � $FHWLF $FLG V\VWHP

KDYH FRUUHODWHG WKHVH GDWD ZLWK WKH :LOVRQ HTXDWLRQ� IRU ZKLFK WKH UHODWLYH GLmHU�

HQFHV EHWZHHQ WKH H[SHULPHQWDO DQG FDOFXODWHG 9�/�HTXLOLEULXP FRPSRVLWLRQV ZHUH

PLQLPL]HG� 7KH SDUDPHWHUV XVHG LQ WKLV ZRUN DUH JLYHQ LQ 7DEOH ����

����� &DOFXODWLRQV

&DOFXODWLRQV ZHUH GRQH IRU WKH DERYH V\VWHP ZLWK RXU QRQHTXLOLEULXP PRGHO� :LWK WKH

VSHFLnFDWLRQV JLYHQ DERYH� WKH WUD\V RSHUDWH DW D oRRGLQJ IUDFWLRQ RI DERXW ����� 7KLV

RSHUDWLQJ SRLQW IDOOV RXWVLGH WKH UDQJH RI DSSOLFDELOLW\ RI DOO SXEOLVKHG K\GURG\QDPLF

FRUUHODWLRQV� 7KLV PHDQV WKDW WKH SUHGLFWLRQV IRU SDUDPHWHUV VXFK DV WKH LQWHUIDFLDO

DUHDV� FOHDU OLTXLG KHLJKWV DQG PDVV WUDQVIHU FRHpFLHQWV ZLOO QRW EH UHOLDEOH� DQG PD\

KDYH WR EH DGMXVWHG WR nW WKH H[SHULPHQWDO GDWD�

,QLWLDO FDOFXODWLRQV VXJJHVW WKDW DQ DFFHSWDEOH nW RI H[SHULPHQWDO GDWD ZDV REWDLQHG E\
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Experimental data

)LJXUH ���� &ROXPQ &RQFHQWUDWLRQ SURnOHV IRU $FHWLF $QK\GULGH � :DWHU � $FHWLF DFLG

V\VWHP

���



� &HOO ����

� &HOOV �YDSRU SOXJ oRZ� ����

� [ � &HOOV �YDSRU DQG OLTXLG SOXJ oRZ� ����

7DEOH ���� &RQYHUVLRQ RI DFHWLF DQK\GULGH IRU WKH YDULRXV oRZ PRGHOV

PXOWLSO\LQJ WKH HVWLPDWHG FOHDU OLTXLG KHLJKW E\ ��� DQG WKH HVWLPDWHG PDVV WUDQVIHU

FRHpFLHQWV E\ ���� 7KLV DOVR VXJJHVWV WKDW WKH DFWXDO ZHLU KHLJKW LV ORZHU WKDQ WKH

ZHLU KHLJKW XVHG LQ WKH FDOFXODWLRQV� 6XEVHTXHQW FDOFXODWLRQV ZHUH GRQH IRU WKH WKUHH

GLmHUHQW oRZ PRGHOV GHVFULEHG DERYH� &RQFHQWUDWLRQ SURnOHV DUH SUHVHQWHG LQ )LJ� ����

7KH VKLIW LQ WKH FRQFHQWUDWLRQ SURnOHV GXH WR LQFUHDVHG VWDJLQJ LQ WKH YDSRU DQG OLTXLG

oRZ SDWKV IROORZV WKH WUHQGV DV REVHUYHG E\ $OHMVNL �������

7DEOH ��� VKRZV WKDW WKHUH LV D GURS LQ FRQYHUVLRQ ZLWK LQFUHDVHG VWDJLQJ LQ OLTXLG DQG

YDSRU oRZ GLUHFWLRQV� 7KLV VKRXOG EH QR VXUSULVH IURP D PDVV WUDQVIHU SHUVSHFWLYH�

,Q WKH V\VWHP XQGHU FRQVLGHUDWLRQ� ZDWHU LV WKH OLJKWHVW DQG DFHWLF DQK\GULGH LV WKH

KHDYLHVW FRPSRQHQW� 7KH PDVV WUDQVIHU UDWHV IRU HDFK VSHFLHV DUH VKRZQ LQ )LJ� ����

,Q WKH WRS VHFWLRQ� ZKHUH WKH PL[WXUH FRQVLVWV PRVWO\ RI ZDWHU DQG DFHWLF DFLG� ZH VHH

WKDW LQFUHDVHG VWDJLQJ OHDGV WR D KLJKHU UDWH RI WUDQVIHU RI ZDWHU IURP WKH OLTXLG WR

WKH YDSRU SKDVH �QHJDWLYH GLUHFWLRQ�� $W WKH VDPH WLPH WKHUH LV LQFUHDVHG WUDQVIHU RI

DFHWLF DFLG IURP WKH YDSRU WR WKH OLTXLG SKDVH �SRVLWLYH GLUHFWLRQ�� 6LPLODU EHKDYLRU
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Acetic AcidWater

Acetic Anhydride

)LJXUH ���� 0DVV WUDQVIHU UDWHV IRU $FHWLF $QK\GULGH � :DWHU � $FHWLF DFLG V\VWHP

LV VHHQ DW WKH IHHG VWDJH�

%HORZ WKH IHHG VWDJH� KRZHYHU� WKH WUHQGV DUH UHYHUVHG� +HUH� VWDJLQJ VHHPV WR UHGXFH

WKH PDVV WUDQVIHU UDWH RI ZDWHU� 7KH UHDVRQ IRU WKLV LV RmHUHG E\ WKH FRQFHQWUDWLRQ

SURnOHV� 'XH WR WKH LPSURYHG SHUIRUPDQFH RI WKH WRS VHFWLRQ� WKHUH LV QRW PXFK ZDWHU

OHIW EHORZ WKH IHHG VWDJH� 7KXV� WKH PDVV WUDQVIHU UDWHV GURS GXH WR VWDJLQJ� 2Q WKH

WUD\V LQ WKH ERWWRP VHFWLRQ RI WKH FROXPQ� DFHWLF DFLG PRYHV IURP WKH OLTXLG LQWR WKH
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)LJXUH ���� &RQVXPSWLRQ UDWH RI $FHWLF $QK\GULGH

YDSRU SKDVH� ZKLOH DFHWLF DQK\GULGH PRYHV IURP WKH YDSRU LQWR WKH OLTXLG SKDVH� +HUH�

LQFUHDVHG VWDJLQJ OHDGV WR KLJKHU PDVV WUDQVIHU UDWHV DQG LPSURYHG SHUIRUPDQFH�

$V D UHVXOW� WKH FRQFHQWUDWLRQV RI ZDWHU DQG DFHWLF DQK\GULGH ZLOO EH ORZHUHG LQ WKH

FHQWHU RI WKH FROXPQ� WKHUHE\ UHGXFLQJ WKH UHDFWLRQ UDWH DQG WKH FRQVXPSWLRQ RI

DFHWLF DQK\GULGH� 7KH FRQVXPSWLRQ UDWH RI DFHWLF DQK\GULGH LV VKRZQ LQ )LJ� ���� 7KH

���



H[SHFWHG HmHFWV DUH FOHDUO\ YLVLEOH� 3DUWLFXODUO\ EHORZ WKH IHHG VWDJH� WKH FRQVXPSWLRQ

UDWH KDV GURSSHG FRQVLGHUDEO\� GXH WR WKH ORZHU FRQFHQWUDWLRQ RI ZDWHU�

����� )LOP 5HDFWLRQ

&DOFXODWLRQV ZHUH GRQH WR WHVW WKH LQoXHQFH RI WKH UHDFWLRQ LQ WKH OLTXLG PDVV WUDQVIHU

nOP� 7KLV ZDV GRQH E\ VZLWFKLQJ Rm WKH UHDFWLRQ LQ WKH WUDQVIHU nOP DQG UHUXQQLQJ

WKH UHDFWLRQV� 1R VLJQLnFDQW GLmHUHQFHV LQ WKH UHVXOWV ZHUH IRXQG� 7KLV LV GXH WR WKH

IDFW WKDW IRU WKH V\VWHP XQGHU FRQVLGHUDWLRQ WKH +DWWD QXPEHU LV YHU\ ORZ �� �����

,Q WKHVH FDVHV WKH LQoXHQFH RI WKH nOP UHDFWLRQ LV QHJOLJLEOH� 2QH VKRXOG NHHS LQ

PLQG KRZHYHU� WKDW WKH V\VWHP XQGHU FRQVLGHUDWLRQ LV UHDVRQDEO\ ZHOO EHKDYHG� ,W LV

HTXLVWRLFKLRPHWULF� LW KDV D ORZ UHDFWLRQ HQWKDOS\ DQG DOO FRQFHQWUDWLRQ JUDGLHQWV DUH

UHODWLYHO\ oDW� )RU V\VWHPV ZLWK YHU\ IDVW UHDFWLRQV� DQG PRUH SURQRXQFHG WKHUPDO

HmHFWV� VXFK DV DFLG JDV VWULSSLQJ� WKLV LV XVXDOO\ QRW WKH FDVH� DQG WKH nOP UHDFWLRQ

QHHGV WR EH WDNHQ LQWR DFFRXQW�

���



��� ([DPSOH �� (WK\OHQH *O\FRO

7KH WKLUG H[DPSOH V\VWHP LV WKH SURGXFWLRQ RI HWK\OHQH JO\FRO �(*� IURP HWK\OHQH

R[LGH DQG ZDWHU� (WK\OHQH JO\FRO LV IRUPHG LQ DQ LUUHYHUVLEOH UHDFWLRQ IURP HWK\OHQH

R[LGH DQG ZDWHU�

(W2 �+�2 � (* ������

,Q DGGLWLRQ� ZH KDYH DQ XQZDQWHG FRQVHFXWLYH UHDFWLRQ LQ ZKLFK HWK\OHQH JO\FRO UHDFWV

ZLWK HWK\OHQH R[LGH WR GL�HWK\OHQH�JO\FRO �'(*�

(W2 � (* � '(* ������

7KH UHDFWLRQ UDWH FRQVWDQW RI WKH VHFRQG UHDFWLRQ LV� XQGHU UHDFWLRQ FRQGLWLRQV� DERXW

WKUHH WLPHV DV ODUJH DV WKH UDWH FRQVWDQW RI WKH nUVW UHDFWLRQ� 7KHUHIRUH� LQ D FRQ�

YHQWLRQDO UHDFWRU ZLWK HTXLPRODU IHHG� D FRQVLGHUDEOH DPRXQW RI '(* LV SURGXFHG�

)XUWKHUPRUH� WKH UHDFWLRQV DUH ERWK KLJKO\ H[RWKHUPLF� UHTXLULQJ JRRG WHPSHUDWXUH

FRQWURO� 7KH FODVVLFDO VWUDWHJ\ WR WDFNOH WKLV VHOHFWLYLW\ SUREOHP LV WR XVH D KLJK VXU�

SOXV RI ZDWHU LQ WKH UHDFWRU DQG RSHUDWH WKH UHDFWRU DW ORZ FRQYHUVLRQ� ,Q WKLV PDQQHU

WKH FRQFHQWUDWLRQ RI ERWK HWK\OHQH R[LGH DQG HWK\OHQH JO\FRO DUH NHSW UHODWLYHO\ ORZ�

VXSSUHVVLQJ WKH UDWH RI WKH XQZDQWHG VHFRQG UHDFWLRQ� 7KLV� KRZHYHU� UHTXLUHV DQ

H[WUD VHSDUDWLRQ XQLW WR VHSDUDWH WKH SURGXFW IURP WKH UHDFWRU H[LW VWUHDP DQG WR

UHF\FOH WKH XQXVHG UHDFWDQWV�

���



$ JRRG DOWHUQDWLYH IRU WKLV FRQYHQWLRQDO SURFHVV LV RmHUHG E\ UHDFWLYH GLVWLOODWLRQ�

+HUH SURGXFW IRUPDWLRQ� SURGXFW VHSDUDWLRQ DQG UHDFWDQW UHF\FOH FDQ EH LQWHJUDWHG

LQWR RQH SLHFH RI SURFHVV HTXLSPHQW� 7KH PDLQ DGYDQWDJH RI XVLQJ UHDFWLYH GLVWLO�

ODWLRQ LQ WKLV FDVH LV WKDW LW FRPELQHV WKH SUHIHUUHG UHDFWLRQ FRQGLWLRQV ZLWK GLUHFW

KHDW LQWHJUDWLRQ� %\ FKRRVLQJ WKH ULJKW RSHUDWLRQ FRQGLWLRQV RQH FDQ HQVXUH WKDW

WKH FROXPQ LV ODUJHO\ nOOHG ZLWK ZDWHU� 7KH HWK\OHQH R[LGH WKDW LV VXSSOLHG WR WKH

FROXPQ UHDFWV DOPRVW LQVWDQWO\ WR (* DQG EHFDXVH RI WKH KLJK VXUSOXV RI ZDWHU� WKH

FRQFHQWUDWLRQV RI HWK\OHQH R[LGH DQG HWK\OHQH JO\FRO ZLOO EH YHU\ ORZ� 7KLV UHVXOWV LQ

D ORZ SURGXFWLRQ UDWH RI '(*� )XUWKHUPRUH� WKH GLVWLOODWLRQ SURFHVV SURYLGHV GLUHFW

WHPSHUDWXUH FRQWURO� VLQFH WKH OLTXLG SKDVHV ZLOO DOZD\V EH DW ERLOLQJ SRLQW� +RW VSRW

IRUPDWLRQ� DQG WKHUHIRUH� WKH GDQJHU RI UXQDZD\ UHDFWLRQV LV QRQ�H[LVWHQW LQ UHDFWLYH

GLVWLOODWLRQ�

&LULF DQG *X ������ SURSRVHG D ���VWDJH FROXPQ IRU SURGXFWLRQ RI HWK\OHQH JO\FRO�

:DWHU LV VXSSOLHG WR WKH WRS RI WKH FROXPQ� ZKLOH WKH HWK\OHQH R[LGH IHHG LV GLVWULEXWHG

RYHU WKH WRS VHFWLRQ RI WKH FROXPQ� 7KH UHDFWLRQ LV DVVXPHG WR WDNH SODFH RQO\ RQ WKH

WRS nYH VWDJHV RI WKH FROXPQ� 7KH FROXPQ LV RSHUDWHG DW LQnQLWH UHoX[ UDWLR� ZKLOH LQ

WKH ERWWRP D ERLOXS UDWLR RI DSSUR[LPDWHO\ �� LV PDLQWDLQHG� &LULF DQG 0LDR ������

XVHG D KRPRWRS\ FRQWLQXDWLRQ PHWKRG WR SURYH WKH H[LVWHQFH RI PXOWLSOH VWHDG\ VWDWHV

LQ WKH SURSRVHG VHWXS� ,Q ERWK WKHVH VWXGLHV DQ HTXLOLEULXP VWDJH DSSURDFK ZDV XVHG�

���



Total condensor
Reflux Ratio = ∞

Pressure = 101.3 kPa

Feeds
Feed 1: Water 7.31 mol/s

EO  2.24 mol/s
Feed 2:  EO 1.39 mol/s
Feed 3:  EO 1.32 mol/s
Feed 4:  EO 1.34 mol/s
Feed 5:  EO 1.36 mol/s
Liquid at boiling point

Feed 1

Feed 2

Feed 3

Feed 4

Feed 5

Partial reboiler
product flowrate = 7.28 mol/s

Reactive
Zone

)LJXUH ���� &RQnJXUDWLRQ RI UHDFWLYH GLVWLOODWLRQ FROXPQ IRU K\GUDWLRQ RI HWK\OHQH

R[LGH WR HWK\OHQH JO\FRO

,Q RXU FDVH ZH KDYH XVHG D VLPLODU VHW�XS WR WKDW RI &LULF DQG 0LDR ������� GHWDLOV

RI ZKLFK DUH JLYHQ LQ )LJ� ���� ,Q RXU FDOFXODWLRQV WKH QRQHTXLOLEULXP FHOO PRGHO ZDV

XVHG IRU GHVFULSWLRQ RI WKH VWDJHV � � �� 7KH UHDFWLRQ NLQHWLFV DQG WKHUPRG\QDPLF

GDWD DUH WKH VDPH DV WKRVH UHSRUWHG LQ WKH SDSHUV E\ &LULF HW DO�� 7KH FRQGHQVHU

�VWDJH �� DQG WKH UHERLOHU �VWDJH ��� DUH PRGHOHG DV HTXLOLEULXP VWDJHV� 5HDFWLRQV DUH

DVVXPHG WR WDNH SODFH RQO\ RQ VWDJHV � WR �� 6HYHUDO FDOFXODWLRQV ZHUH FDUULHG RXW E\

���



YDU\LQJ WKH QXPEHU RI FHOOV LQ WKH YDSRU DQG OLTXLG oRZ GLUHFWLRQV� 7KH FDOFXODWLRQ

UHVXOWV IRU WKH QRQHTXLOLEULXP FHOO PRGHO ZLOO EH GHQRWHG E\ 1(4 �Q/� Q9 � ZKHUH WKH

QXPEHUV Q/ DQG Q9 UHIHU WR WKH QXPEHU RI PL[LQJ FHOOV LQ WKH OLTXLG DQG YDSRU SKDVHV�

UHVSHFWLYHO\� 7R FRPSDUH RXU UHVXOWV ZLWK WKRVH RI &LULF DQG 0LDR ������� ZH DOVR

SHUIRUPHG FDOFXODWLRQV LQ ZKLFK SKDVH HTXLOLEULXP ZDV 
IRUFHG
 RQ DOO WKH VWDJHV E\

XVLQJ H[WUHPHO\ KLJK YDOXHV RI WKH LQWHUSKDVH WUDQVIHU FRHpFLHQWV RI KHDW DQG PDVV

�REWDLQHG E\ PXOWLSO\LQJ WKH HVWLPDWHG YDOXHV RI WKH WUDQVIHU FRHpFLHQWV E\ D IDFWRU

RI ����� 7KH UHVXOWV IURP WKHVH FDOFXODWLRQV DUH GHQRWHG E\ (4�

2QH VKRXOG QRWH KHUH WKDW WKH XVH RI D FRQYHQWLRQDO HTXLOLEULXP PRGHO UHTXLUHV WKH

VSHFLnFDWLRQ RI D UHDFWLRQ YROXPH IRU HYDOXDWLRQ RI WKH SURGXFWLRQ UDWHV� )RU KR�

PRJHQHRXV UHDFWLRQV� WKH UHDFWLRQ YROXPH LV HTXDO WR WKH WRWDO OLTXLG LQYHQWRU\ RQ D

WUD\ DQG� WKHUHIRUH� GHSHQGV RQ WKH WUD\ OD\RXW XVHG� WKH LQWHUVWDJH YDSRU DQG OLTXLG

oRZV DQG WKH SK\VLFDO SURSHUWLHV RI WKH PL[WXUH RQ WKH VWDJH� $V D UHVXOW RI WKLV WKH

UHDFWLRQ YROXPHV ZLOO� LQ VRPH FDVHV� EH YDVWO\ GLmHUHQW IURP WUD\ WR WUD\�

&RUUHFW SUHGLFWLRQ RI WKH UHDFWLRQ YROXPH ZRXOG� WKHUHIRUH� UHTXLUH WKH HYDOXDWLRQ

RI D WUD\ GHVLJQ IRU HDFK WUD\ EDVHG RQ WKH YDSRU DQG OLTXLG LQWHUQDOV oRZV DQG

SK\VLFDO SURSHUWLHV� +RZHYHU� KHUH RQH LV IDFHG ZLWK D FKLFNHQ�DQG�HJJ SUREOHP� 7KH

UHDFWLRQ YROXPH ZLOO GHSHQG RQ WKH LQWHUQDOV oRZV DQG SK\VLFDO SURSHUWLHV� EXW WKHVH�

LQ WXUQ� GHSHQG RQ WKH UHDFWLRQ YROXPH� 7KLV PD\ EH FLUFXPYHQWHG E\ XVLQJ D GHVLJQ

���



PHWKRGRORJ\� DV RXWOLQHG E\ .RRLMPDQ ������ DORQJ ZLWK WKH HTXLOLEULXP PRGHO� 2QH

VKRXOG� KRZHYHU� NHHS LQ PLQG WKDW HTXLOLEULXP VWDJHV GR QRW UHSUHVHQW WUD\V LQ D UHDO

FROXPQ DQG WKDW WKHUH LV QR VRXQG ZD\ WR OLQN HTXLOLEULXP VWDJHV WR UHDO WUD\V� DV

LOOXVWUDWHG LQ WKH nUVW H[DPSOH� 7KH GHVLJQ WKDW LV REWDLQHG ZLOO� WKHUHIRUH� MXVW EH

LQGLFDWLYH RI D SRVVLEOH OD\RXW�

7KH FDOFXODWLRQ RI WKH OLTXLG YROXPHV LQ WKH QRQHTXLOLEULXP PRGHO LV EDVHG RQ WKH

WUD\ OD\RXWV JHQHUDWHG E\ WKH GHVLJQ PRGH�

����� 0XOWLSOH 6WHDG\ 6WDWHV

%RWK (4 DQG 1(4����� PRGHO FDOFXODWLRQ UHVXOWV \LHOGHG WKUHH VWHDG\ VWDWH VROXWLRQV�

+LJK FRQYHUVLRQ VWHDG\ VWDWH� 66��� ORZ FRQYHUVLRQ VWHDG\ VWDWH 66�� DQG LQWHUPHGLDWH

FRQYHUVLRQ VWHDG\ VWDWH� 66��� 7KH WHPSHUDWXUH SURnOHV IRU WKHVH PRGHOV DUH VKRZQ

LQ )LJ� ���� 7KH (4 PRGHO FDOFXODWLRQV PDWFK WKRVH REWDLQHG E\ &LULF DQG 0LDR

������� )RU WKH ORZ FRQYHUVLRQ VWHDG\ VWDWH� 66��� WKHUH LV KDUGO\ DQ\ GLmHUHQFH LQ

WKH WHPSHUDWXUH SURnOHV RI WKH 1(4����� DQG (4 PRGHO� 7KLV LV WR EH H[SHFWHG

EHFDXVH WKHUH LV KDUGO\ DQ\ UHDFWLRQ WDNLQJ SODFH LQ WKH FROXPQ� )RU WKH RWKHU VWDWHV�

66�� DQG 66��� WKHUH LV D FRQVLGHUDEOH GLmHUHQFH LQ WKH WHPSHUDWXUHV LQ WKH ERWWRP

VHFWLRQ� HPSKDVL]LQJ WKH VWURQJ LQoXHQFH RI LQWHUSKDVH PDVV WUDQVIHU� 7KH UHDVRQ
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)LJXUH ���� &ROXPQ WHPSHUDWXUH SURnOHV IRU WKH WKUHH VWHDG\�VWDWH VROXWLRQV XVLQJ

WKH (4 DQG WKH 1(4����� PRGHOV
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)LJXUH ���� &ROXPQ FRPSRVLWLRQ SURnOHV IRU WKH KLJK FRQYHUVLRQ VWHDG\ VWDWH 66��

XVLQJ WKH (4 DQG WKH 1(4����� PRGHOV

IRU WKLV VWURQJ LQoXHQFH EHFRPHV FOHDU ZKHQ ZH FRPSDUH WKH FRPSRVLWLRQ SURnOHV IRU

66�� XVLQJ WKH (4 DQG 1(4����� PRGHOV� 6HH )LJ� ����

7KHUH LV D VLJQLnFDQW GLmHUHQFH LQ WKH FRPSRVLWLRQ SURnOHV LQ WKH ERWWRP VHFWLRQ� 'XH

WR WKH LQoXHQFH RI LQWHUSKDVH PDVV WUDQVIHU LW LV PRUH GLpFXOW WR VWULS ZDWHU IURP WKH

OLTXLG SKDVH LQ WKH ERWWRP VHFWLRQ� 7KH ORZHU (* OLTXLG FRPSRVLWLRQV REWDLQHG LQ WKH

ERWWRP VHFWLRQ ZLWK WKH 1(4����� PRGHO OHDGV WR VLJQLnFDQWO\ ORZHU WHPSHUDWXUHV�

)LJ� ���� SUHVHQWV D FRPSDULVRQ RI WKH YDSRU DQG OLTXLG PRODU oRZV LQ WKH FROXPQ IRU
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)LJXUH ����� &ROXPQ PRODU oRZ SURnOHV RI WKH OLTXLG DQG YDSRU SKDVHV IRU WKH WKUHH

VWHDG\�VWDWH VROXWLRQV XVLQJ WKH 1(4����� PRGHO�
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WKH WKUHH VWHDG\ VWDWH VROXWLRQV REWDLQHG ZLWK WKH 1(4����� PRGHO� ,W LV LQWHUHVWLQJ

WR QRWH WKDW WKH ORZ FRQYHUVLRQ VWHDG\ VWDWH 66�� KDV WKH KLJKHVW YDSRU�OLTXLG WUDpF

LQVLGH WKH FROXPQ� $ IXUWKHU SRLQW WR QRWH LV WKDW LQ 66�� DQG 66�� WKHUH LV D FRQVLG�

HUDEOH GLmHUHQFH LQ WKH PRODU oRZV LQ WKH WRS �UHDFWLYH� DQG WKH ERWWRP �VWULSSLQJ�

VHFWLRQV� 7KH GLmHUHQFHV LQ WKH PRODU oRZV LQ WKH WRS DQG ERWWRP VHFWLRQV DUH GXH

WR WKH FRQVLGHUDEOH GLmHUHQFHV LQ WKH PRODU KHDWV RI YDSRULVDWLRQ RI WKH IRXU VSHFLHV

SUHVHQW LQ WKH PL[WXUH� 5HODWLYH WR WKDW RI ZDWHU� WKH KHDWV RI YDSRUL]DWLRQ DUH (2

 ���� (*  ��� DQG '(*  ���� )RU 66��� IRU H[DPSOH� WKH FRQFHQWUDWLRQ RI (2

LQ WKH ERWWRP VHFWLRQ LV SUDFWLFDOO\ ]HUR DQG WKH PL[WXUH FRQWDLQV (*� '(* DQG

ZDWHU� DOO RI ZKLFK KDYH D KLJK KHDW RI YDSRUL]DWLRQ� ,W VKRXOG DOVR EH FOHDU WKDW WKH

FRPPRQO\ XVHG DVVXPSWLRQ RI HTXLPRODU RYHUoRZ LQ FRQYHQWLRQDO GLVWLOODWLRQ LV QRW

YDOLG IRU WKH UHDFWLYH GLVWLOODWLRQ VWXG\ XQGHU FRQVLGHUDWLRQ� 7KH QHFHVVLW\ RI XVLQJ

D SURSHU HQHUJ\ EDODQFH DW WKH LQWHUIDFH �7D\ORU DQG .ULVKQD� ����� DV XVHG LQ WKLV

VWXG\ LV XQGHUOLQHG�

8VLQJ WKH VLHYH WUD\ VL]LQJ URXWLQH DV RXWOLQHG E\ .RRLMPDQ ������ ZH FDQ FDOFXODWH

WKH FROXPQ GLDPHWHUV DVVXPLQJ ��� RI WKH oRRGLQJ OLPLW IRU HDFK VWDJH� 7KH FROXPQ

GLDPHWHU FDOFXODWLRQV DUH VKRZQ LQ )LJ� ����� :H QRWH WKDW IRU 66�� WKH FROXPQ

GLDPHWHU LV ��� P IRU DOO VWDJHV� ZKHUHDV WKH KLJK�FRQYHUVLRQ VWHDG\ VWDWH VROXWLRQ

GHPDQGV ��� P FROXPQ GLDPHWHU LQ WKH UHDFWLYH VHFWLRQ DQG ��� P LQ WKH VWULSSLQJ
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)LJXUH ����� &ROXPQ GLDPHWHUV FDOFXODWHG IRU HDFK VWDJH DVVXPLQJ ��� oRRGLQJ IDF�

WRUV IRU WKH WKUHH VWHDG\�VWDWH VROXWLRQV XVLQJ WKH 1(4����� PRGHO�
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�QRQ�UHDFWLYH� VHFWLRQ� 7KH LPSRUWDQW FRQFOXVLRQ WR EH GUDZQ IURP WKH UHVXOWV RI

)LJ� ���� DQG )LJ� ���� LV WKDW LI D FROXPQ RI DQ DYHUDJH GLDPHWHU RI VD\ ��� P LV EXLOW

IRU WKH SURGXFWLRQ RI (*� LW ZRXOG EH LPSRVVLEOH WR UHDOL]H WKH VWDWHV 66�� DQG 66��

EHFDXVH WKH FROXPQ ZRXOG EH LQRSHUDEOH GXH WR oRRGLQJ RI VRPH �LQ FDVH 66��� RU

DOO �LQ WKH 66�� FDVH� RI WKH WUD\V �VHH DOVR %DXU HW DO�� ������ 2Q WKH RWKHU KDQG�

RYHUGLPHQVLRQLQJ WKH FROXPQ ZLOO JXDUDQWHH WKDW RQO\ WKH ORZ FRQYHUVLRQ VWHDG\ VWDWH

FDQ EH UHDOL]HG�

3XW DQRWKHU ZD\� IRU D FKRVHQ FROXPQ KDUGZDUH GHVLJQ� RQO\ RQH VWHDG\�VWDWH VROXWLRQ

PD\ EH DFKLHYDEOH LQ WKH FROXPQ� ,Q WKH OLWHUDWXUH RQ UHDFWLYH GLVWLOODWLRQ� FRQVLGHU�

DEOH DWWHQWLRQ KDV EHHQ SDLG WR WKH SKHQRPHQD RI PXOWLSOH VWHDG\ VWDWHV �(OGDUVL DQG

'RXJODV� ����� -DFREV DQG .ULVKQD� ����� 1LMKXLV HW DO�� ����� +DXDQ HW DO�� ������

+RZHYHU� LQ DOO WKHVH PRGHOV� QR DWWHQWLRQ KDV EHHQ SDLG WR WKH FROXPQ GHVLJQ DVSHFWV

DQG WKH LQoXHQFH RI YDSRU�OLTXLG WUDpF WKHUHRQ� 7KH FDVH VWXG\ DERYH KDV HPSKD�

VL]HG WKH LPSRUWDQFH RI FROXPQ GHVLJQ RQ WKH UHDOL]DELOLW\� RU RWKHUZLVH� RI PXOWLSOH

VWHDG\ VWDWHV�

���



����� ,QoXHQFH RI 0DVV 7UDQVIHU DQG 0L[LQJ

$SSO\LQJ FKHPLFDO UHDFWLRQ HQJLQHHULQJ SULQFLSOHV ZH VKRXOG H[SHFW WKDW WKH VHOHFWLY�

LW\ WR (* VKRXOG LPSURYH ZLWK LPSURYHG PDVV WUDQVIHU� DQG ZLWK LQFUHDVHG VWDJLQJ

LQ WKH YDSRU DQG OLTXLG SKDVHV� 7R GHPRQVWUDWH WKLV DVSHFW ZH FRPSDUH WKH VHOHF�

WLYLWLHV IRU 66�� REWDLQHG ZLWK 1(4������ 1(4������ 1(4����� DQG (4 PRGHOV �VHH

)LJ� ������ 7KH EHVW VHOHFWLYLW\ LV REWDLQHG ZLWK WKH (4 PRGHO� ,QFUHDVLQJ WKH QXPEHU

RI QRQ�HTXLOLEULXP FHOOV LQ WKH YDSRU SKDVH LPSURYHV PDVV WUDQVIHU SHUIRUPDQFH DQG

WKHUHIRUH FRQYHUVLRQ RI (2� ,QFUHDVLQJ WKH QXPEHU RI ZHOO PL[HG VWDJHV LQ WKH OLTXLG

SKDVH KDV D EHQHnFLDO HmHFW ERWK RQ LQWHUSKDVH PDVV WUDQVIHU DQG RQ WKH UHDFWLRQ

VHOHFWLYLW\� )URP D KDUGZDUH GHVLJQ YLHZSRLQW LW LV SUHIHUDEOH WR FKRRVH D WUD\ GHVLJQ

ZLWK D ORQJ OLTXLG oRZSDWK� ZKLFK ZLOO HQVXUH VXpFLHQW VWDJLQJ LQ WKH OLTXLG SKDVH�

,W DSSHDUV WKDW WKH XVXDO GHVLJQ UXOHV IRU FRQYHQWLRQDO GLVWLOODWLRQ FDQQRW EH FDUULHG

RYHU WR UHDFWLYH GLVWLOODWLRQ FROXPQV� EHFDXVH� IRU D FROXPQ RI ��� P GLDPHWHU WKH

FRQYHQWLRQDO GHVLJQ SKLORVRSK\ �/RFNHWW� ����� ZRXOG EH WR XVH � oRZ SDVVHV IRU WKH

OLTXLG oRZ� 2QH oRZSDVV ZLOO JLYH EHWWHU VWDJLQJ� DQG� WKHUHIRUH� EHWWHU VHOHFWLYLW\�

���
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)LJXUH ����� 6HOHFWLYLW\ WRZDUGV SURGXFWLRQ RI (* DQG '(* IRU WKH KLJK FRQYHUVLRQ

VWHDG\ VWDWH XVLQJ 1(4������ 1(4������ 1(4����� DQG (4 PRGHOV�

���



��� &RQFOXVLRQV

,Q WKLV FKDSWHU ZH KDYH SUHVHQWHG VRPH H[DPSOHV IRU UHDFWLYH GLVWLOODWLRQ LQ WUD\

FROXPQV� ,V ZDV VKRZQ WKDW HpFLHQFLHV LQ WKH UHDFWLYH GLVWLOODWLRQ SURFHVV FRXOG�

XQGHU FHUWDLQ FRQGLWLRQV� EH DmHFWHG E\ WKH UHDFWLRQ� 7KH XVH RI HpFLHQFLHV DQG

HTXLOLEULXP PRGHOV VKRXOG� WKHUHIRUH� EH DYRLGHG�

,Q DOO FDVH VWXGLHV� D VLJQLnFDQW LQoXHQFH RI VWDJLQJ ZDV IRXQG� ,Q ERWK WKH DFHWLF

DQK\GULGH SURFHVV DQG WKH HWK\OHQH JO\FRO SURFHVV� VWDJLQJ KDV D EHQHnFLDO LQoXHQFH

RQ FRQYHUVLRQ DQG VHOHFWLYLW\� 8VXDO GHVLJQ PHWKRGRORJLHV DQG VFDOH�XS SKLORVRSKLHV

IRU QRUPDO GLVWLOODWLRQ PD\� WKHUHIRUH� KDYH WR EH UHYLHZHG EHIRUH EHLQJ DSSOLHG WR

UHDFWLYH GLVWLOODWLRQ�

8VLQJ D FDVH VWXG\ RI WKH K\GUDWLRQ RI HWK\OHQH R[LGH WR HWK\OHQH JO\FRO� ZH KDYH VKRZQ

WKDW LQWHUSKDVH PDVV DQG HQHUJ\ WUDQVIHU UHVLVWDQFHV KDYH D VLJQLnFDQW HmHFW RQ WKH

IRUPDWLRQ RI WKH E\�SURGXFW GL�HWK\OHQH JO\FRO� 6WDJLQJ LQ WKH YDSRU DQG OLTXLG SKDVHV

DOVR LQoXHQFHV UHDFWLRQ VHOHFWLYLW\ WR (*� :KLOH PXOWLSOH VWHDG\ VWDWHV DUH SRVVLEOH

XVLQJ ERWK 1(4 DQG (4 PRGHOV� LW LV SRVVLEOH WKDW QRW DOO VWHDG\ VWDWHV ZRXOG EH

UHDOL]DEOH LQ SUDFWLFH GXH WR oRRGLQJ SKHQRPHQD� ,Q DGGLWLRQ� RYHUGLPHQVLRQLQJ PD\�

LQ VRPH FDVHV� OHDG WR XQGHVLUDEOH VLWXDWLRQV� 7KLV XQGHUOLQHV WKH LPSRUWDQFH RI

VLPXOWDQHRXV FRQVLGHULQJ KDUGZDUH GHVLJQ DORQJ ZLWK SURFHVV DVSHFWV�

���
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&KDSWHU �

5HDFWLYH 'LVWLOODWLRQ LQ 3DFNHG

&ROXPQV

,Q WKLV FKDSWHU ZH ZLOO LOOXVWUDWH WKH DSSOLFDWLRQ RI WKH QRQHTXLOLEULXP

FHOO PRGHO WR 5HDFWLYH 'LVWLOODWLRQ LQ SDFNHG FROXPQV� 7KH LQoXHQFH RI

WKH PDVV WUDQVIHU UHVLVWDQFH DW WKH YDSRU�OLTXLG LQWHUIDFH LV VWXGLHG E\

FRPSDULQJ WKH UHVXOWV IURP DQ HTXLOLEULXP PRGHO WR WKH UHVXOWV IURP WKH

QRQHTXLOLEULXP FHOO PRGHO� 7KH LQoXHQFH RI PDVV WUDQVIHU UHVLVWDQFHV

LQVLGH DQG DURXQG D KHWHURJHQHRXV FDWDO\VW DUH VWXGLHG E\ PHDQV RI WKH

'XVW\ )OXLG 0RGHO�

���



��� ,QWURGXFWLRQ

,Q WKLV FKDSWHU� WKH XVH RI WKH QRQHTXLOLEULXP PRGHO IRU UHDFWLYH GLVWLOODWLRQ LQ SDFNHG

FROXPQV LV LOOXVWUDWHG E\ PHDQV RI WZR H[DPSOHV� 7KH nUVW H[DPSOH GHVFULEHV D SURFHVV

IRU WKH SURGXFWLRQ RI PHWK\O�WHUW�EXW\O�HWKHU �07%(�� 7KLV SURFHVV KDV EHHQ WKH

VXEMHFW RI VHYHUDO VWXGLHV �-DFREV DQG .ULVKQD� ����� 1LMKXLV HW DO�� ����� +DXDQ HW

DO�� ������ DOO RI ZKLFK HPSOR\ DQ HTXLOLEULXP PRGHO LQ WKH GHVFULSWLRQ RI WKH FROXPQ�

,Q WKLV FKDSWHU ZH ZLOO VKRZ WKDW PXOWLSOH VWHDG\ VWDWHV PD\ DOVR EH IRXQG ZLWK D

QRQHTXLOLEULXP PRGHO� KRZHYHU WKH 
UHDOL]DEOH ZLQGRZ
 IRU WKHVH VWHDG\ VWDWHV LV PXFK

VPDOOHU GXH WR WKH SUHVHQFH RI WKH PDVV WUDQVIHU UHVLVWDQFHV�

7KH 'XVW\ )OXLG 0RGHO LV XVHG WR DQDO\VH WKH LQoXHQFH RI DGGLWLRQDO PDVV WUDQVIHU

UHVLVWDQFHV LQ WKH KHWHURJHQHRXV FDWDO\VW SKDVH� )RU WKH 07%( SURFHVV LW ZLOO EH VHHQ

WKDW WKH PXOWLSOH VWHDG\ VWDWH UHJLRQ GLVDSSHDUV FRPSOHWHO\ ZKHQ WKHVH DGGLWLRQDO

UHVLVWDQFHV DUH WDNHQ LQWR DFFRXQW�

,Q D VHFRQG H[DPSOH� D SURFHVV IRU SURGXFWLRQ RI WHUW�DP\O�PHWK\O�HWKHU �7$0(� LV

VWXGLHG� 7KH PRGHO V\VWHP LV TXLWH VLPLODU WR WKDW RI 07%(� )RU WKH 7$0( SURFHVV

PXOWLSOH VWHDG\ VWDWHV IRU WKLV SURFHVV KDYH EHHQ IRXQG H[SHULPHQWDOO\� �0RKO HW DO��

������ +RZHYHU IURP PRGHO VLPXODWLRQV LW LV REVHUYHG WKDW WKH PXOWLSOH VWHDG\ VWDWH

UHJLRQ LV UHODWLYHO\ LQVHQVLWLYH WR DGGLWLRQDO PDVV WUDQVIHU UHVLVWDQFHV�

���



��� ([DPSOH �� 07%( SURFHVV

:H DQDO\]H WKH 07%( SURFHVV GHVFULEHG E\ -DFREV DQG .ULVKQD ������ XVLQJ DQ HTXL�

OLEULXP VWDJH �(4� DSSURDFK� 7KLV FROXPQ FRQWDLQV D WRWDO RI �� HTXLOLEULXP VWDJHV�

FRQGHQVHU� � UHFWLI\LQJ VWDJHV� � UHDFWLYH VWDJHV �FRQWDLQLQJ ���� NJ RI FDWDO\VW� �

VWULSSLQJ VWDJHV DQG D UHERLOHU� VHH )LJ� ���� ,Q RXU 1(4 PRGHO� WKH QRQ�UHDFWLYH

UHFWLI\LQJ DQG VWULSSLQJ VHFWLRQV DUH FRQnJXUHG DV VLHYH WUD\V� 7KH UHDFWLYH VHFWLRQ LV

PDGH XS RI 5DVFKLJ ULQJ VKDSHG FDWDO\VW SDFNLQJ DV XVHG E\ 6XQGPDFKHU DQG +Rm�

PDQQ ������� ,Q RUGHU WR n[ WKH FROXPQ VSHFLnFDWLRQV IRU WKH 1(4 FDOFXODWLRQV�

VXFK DV WKH FROXPQ GLDPHWHU DQG WKH FDWDO\VW SDFNHG VHFWLRQ KHLJKW� ZH nUVW UDQ RXU

PRGHO LQ GHVLJQ PRGH� 7KH LQWHUQDOV GHVLJQ SURFHGXUH LV WKDW RI .RRLMPDQ �������

7KH GHVLJQ VSHFLnFDWLRQV DUH JLYHQ LQ 7DE� ��� DQG 7DE� ����

7KH 81,48$& PRGHO ZDV XVHG IRU GHVFULSWLRQ RI OLTXLG SKDVH QRQLGHDOLW\� ZKLOH WKH

6RDYH�5HGOLFK�.ZRQJ HTXDWLRQ RI VWDWH ZDV XVHG IRU WKH YDSRU SKDVH� 7KH H[WHQGHG

$QWRLQH HTXDWLRQ ZDV XVHG IRU FDOFXODWLRQ RI WKH YDSRU SUHVVXUH� 7KHUPRG\QDPLF

DQG NLQHWLF GDWD ZHUH WDNHQ IURP 5HKnQJHU DQG +RmPDQQ �����D� ����E��

)URP HDUOLHU ZRUN RI -DFREV DQG .ULVKQD ������ DQG 1LMKXLV HW DO� ������ ZH NQRZ WKDW

PXOWLSOH VWHDG\ VWDWHV DUH WR EH H[SHFWHG IRU WKH FKRVHQ FROXPQ FRQnJXUDWLRQ VKRZQ LQ

)LJ� ���� 7KH VKDSH DQG ORFDWLRQ RI WKH PXOWLSOH VWHDG\ VWDWH UHJLRQ ZHUH GHWHUPLQHG

���



Rectification section
2 stages

Reactive section
Catalytic packing
8 equilibrium stages

Stripping section
5 stages

stage 1

 L/D  =7

bottoms flow

stage 17
partial
reboiler

methanol feed:
liquid;

215.5 mol/s
T = 320 K
p = 11 atm

butenes feed:
vapour

i-C4 = 195 mol/s
n-C4 = 354 mol/s

T = 350 K
p = 11 atm

L D

B

)LJXUH ���� &RQnJXUDWLRQ RI �� VWDJH UHDFWLYH GLVWLOODWLRQ FROXPQ IRU SURGXFWLRQ RI

07%(

���



5HFWLI\LQJ VHFWLRQ 6WULSSLQJ VHFWLRQ

7\SH 6LHYH 7UD\ 6LHYH 7UD\

&ROXPQ GLDPHWHU �P� ����� �����

7RWDO WUD\ DUHD �P�� ����� �����

1XPEHU RI SDVVHV ��� � �

7UD\ VSDFLQJ �P� ���� ����

)ORZ SDWK OHQJWK �P� ���� ����

$FWLYH DUHD �P�� ����� �����

7RWDO KROH DUHD �P�� ���� ����

'RZQFRPHU DUHD �P�� ���� ����

+ROH GLDPHWHU �P� ��������� ���������

:HLU OHQJWK �P� ����� �����

:HLU KHLJKW �P� ������ ������

:HLU W\SH �P� 6HJPHQWDO 6HJPHQWDO

'RZQFRPHU FOHDUDQFH �P� ������ ������

'HFN WKLFNQHVV �P� ������� �������

7DEOH ���� 7UD\ VSHFLnFDWLRQV 07%( FROXPQ

���



5HDFWLYH VHFWLRQ

7\SH 5DVFKLJ ULQJ UDQGRP SDFNLQJ

&ROXPQ GLDPHWHU �P� �

7RWDO FROXPQ DUHD �P�� �����

3DFNLQJ KHLJKW �P� ���

6SHFLnF SDFNLQJ VXUIDFH �Pb�� ���

3DFNLQJ VL]H �LQ� ����

9RLG IUDFWLRQ ��� ����

1RPLQDO VL]H �P� �������

&ULWLFDO VXUIDFH WHQVLRQ �1 cPb�� �����

3DFNLQJ IDFWRU ��� �������

3DFNLQJ GHQVLW\ �NJ cPb�� ���

,QWHUQDO SRURVLW\ ��� ����

([FKDQJH FDSDFLW\ �HT�+�� c Jb�� ����

7DEOH ���� 5HDFWLYH SDFNHG VHFWLRQ VSHFLnFDWLRQV 07%( FROXPQ

���
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)LJXUH ���� &RPSDULVRQ RI (4 DQG 1(4 PRGHOV IRU 07%( V\QWKHVLV

ZLWK WKH FRQWLQXDWLRQ PHWKRG RXWOLQHG LQ 6HFWLRQ ������ 7KH ERWWRP SURGXFW oRZUDWH

ZDV WDNHQ DV WKH FRQWLQXDWLRQ SDUDPHWHU� ,Q WKH (4 PRGHO LPSOHPHQWDWLRQ ZH KDYH

DVVXPHG D WUD\ HpFLHQF\ RI ��� IRU WKH QRQ�UHDFWLYH VWDJHV� ,Q WKH 1(4 PRGHO

D VXpFLHQW QXPEHU RI VOLFHV LV UHTXLUHG IRU DFFXUDWH FDOFXODWLRQV� RXU VWXG\ VKRZV

WKDW DW OHDVW �� VOLFHV DUH UHTXLUHG IRU WKH ��� P KLJK SDFNHG VHFWLRQ IRU DFFHSWDEOH

DFFXUDF\� )RU WKH SDFNHG VHFWLRQ WKH PDVV WUDQVIHU FRHpFLHQWV ZHUH FDOFXODWHG XVLQJ
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Mass transfer coefficients 90%

Mass transfer coefficients 110%

NEQ model

)LJXUH ���� 6HQVLWLYLW\ RI WKH 1(4 PRGHO WR PDVV WUDQVIHU FRHpFLHQWV

WKH FRUUHODWLRQV E\ 2QGD HW DO� ������� 7KH $,&K( PHWKRG ������ ZDV XVHG IRU WKH

VLHYH WUD\ PDVV WUDQVIHU FDOFXODWLRQV�

)LJ� ��� VKRZV WKDW PXOWLSOH VWHDG\ VWDWHV H[LVW IRU ERWK WKH (4 DQG 1(4 PRGHOV

DQG WKH GLmHUHQFHV EHWZHHQ WKHVH PRGHOV DUH VLJQLnFDQW� ,W LV LQWHUHVWLQJ WR QRWH WKDW

WKH ORZ FRQYHUVLRQ EUDQFK RI WKH 1(4 PRGHO OLHV DERYH WKDW RI WKH (4 PRGHO� ,Q

WKH ORZ FRQYHUVLRQ EUDQFK RI WKH FXUYH� WKH UHDFWLRQ SURFHHGV LQ WKH UHYHUVH GLUHFWLRQ�

LQFRUSRUDWLRQ RI D PDVV WUDQVIHU UHVLVWDQFH �DV LQ WKH 1(4 PRGHO� KLQGHUV WKLV DQG

LPSURYHV FRQYHUVLRQ DQG WKH ERWWRP SURGXFW SXULW\�

���



7R UHLQIRUFH WKH DERYH REVHUYDWLRQV ZH FDUULHG RXW D VHQVLWLYLW\ DQDO\VLV IRU WKH 1(4

PRGHO LQ ZKLFK WKH PDVV WUDQVIHU FRHpFLHQW ZDV WDNHQ WR EH ��� DQG ���� RI WKH EDVH

FDVH )LJ� ��� VKRZV WKDW WKH ��� FRQYHUVLRQ FDVH OHDGV WR KLJKHU FRQYHUVLRQV LQ WKH ORZ

FRQYHUVLRQ EUDQFK� ZKHUHDV WKH ���� FDVH OHDGV WR ORZHU FRQYHUVLRQV� 7KLV FRXQWHU�

LQWXLWLYH HmHFW LV EHFDXVH LQ WKH ORZ FRQYHUVLRQ EUDQFK WKH UHDFWLRQ LV SURFHHGLQJ LQ

WKH ZURQJ GLUHFWLRQ DQG GHFUHDVLQJ WKH LQWHUSKDVH WUDQVIHU IDFLOLW\ KHOSV E\ PLWLJDWLQJ

D EDG VLWXDWLRQ� 7KH UHVXOWV RI )LJ� ��� HPSKDVL]H WKH QHHG IRU DFFXUDWH HVWLPDWLRQ RI

PDVV WUDQVIHU FRHpFLHQWV DQG WKH LPSRUWDQFH RI HQVXULQJ RSHUDWLQJ FRQGLWLRQV WR VWD\

LQ WKH KLJK FRQYHUVLRQ EUDQFK� LQ WKH ODWWHU FDVH WKH VHQVLWLYLW\ WR WKH HVWLPDWLRQ RI

WKH PDVV WUDQVIHU FRHpFLHQWV LV PLQLPDO� 7KHVH UHVXOWV DOVR LQGLFDWH SRWHQWLDO DUHDV

IRU DSSOLFDWLRQ RI QRYHO W\SH VWUXFWXUHG FDWDO\WLF SDFNLQJV WKDW DOORZ IRU FORVH FRQWURO

RI IDFLOLW\ IRU UHDFWLRQ DQG IDFLOLW\ IRU PDVV WUDQVSRUW�

7KH HmHFW RI GHFUHDVLQJ FDWDO\VW DFWLYLW\� GXH WR FDWDO\VW DJLQJ RU GHDFWLYDWLRQ� RQ WKH

RYHUDOO SURFHVV SHUIRUPDQFH DUH VKRZQ LQ )LJ� ���� :LWK GHFUHDVLQJ FDWDO\VW DFWLYLW\�

WKH FRQYHUVLRQ GRHV QRW FKDQJH VXEVWDQWLDOO\ LQ WKH KLJK FRQYHUVLRQ EUDQFK� 7KLV

LV EHFDXVH WKH UHDFWLRQ LQ WKH FDVH XQGHU FRQVLGHUDWLRQ LV IDVW HQRXJK WR FRPH FORVH

WR FKHPLFDO HTXLOLEULXP� ,Q WKH ORZ FRQYHUVLRQ EUDQFK� GHFUHDVLQJ FDWDO\VW DFWLYLW\

LPSURYHV WKH FRQYHUVLRQ� DQRWKHU FRXQWHU LQWXLWLYH HmHFW�

&DOFXODWLRQV ZHUH GRQH LQ ZKLFK WKH oRZUDWH RI 
LQHUW
 Q�EXWHQH ZDV FKRVHQ WR EH
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314 mol/s Sensitivity to molar 
feed rate of n-butene

)LJXUH ���� 6HQVLWLYLW\ RI WKH 1(4 PRGHO WR Q�EXWHQH IHHG oRZUDWH
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��� �EDVH FDVH�� ���� ��� DQG ��� PRO V DQG UHVXOWV DUH SUHVHQWHG LQ )LJ� ���� ,W

LV LQWHUHVWLQJ WR QRWH WKDW D FHUWDLQ PLQLPXP DPRXQW RI Q�EXWHQH LV UHTXLUHG IRU

JRRG RSHUDWLRQ RI WKH JLYHQ FROXPQ� 1RUPDO EXWHQH VHUYHV DV D 
FRRODQW
 RI WKH

UHDFWLYH ]RQH� WKHUHE\ NHHSLQJ WKH WHPSHUDWXUH RI WKH UHDFWLYH ]RQH DW D OHYHO ZKHUH

WKH HTXLOLEULXP FRQVWDQW LV IDYRUDEOH IRU WKH SURGXFWLRQ RI 07%(� UHGXFLQJ WKH IHHG

RI Q�EXWHQH UHVXOWV LQ ORVV RI FRQYHUVLRQ� :H DOVR QRWH WKDW WKH SKHQRPHQD RI PXOWLSOH

VWHDG\ VWDWHV WHQGV WR GLVDSSHDU IRU ORZ YDOXHV RI Q�EXWHQH IHHG WR WKH FROXPQ� 7KLV

UROH RI 
LQHUWV
 KDV QRW EHHQ VWUHVVHG HDUOLHU LQ WKH OLWHUDWXUH RQ UHDFWLYH GLVWLOODWLRQ

IRU 07%(�

7KH QHFHVVLW\ RI XVLQJ WKH IXOO 0D[ZHOO�6WHIDQ GHVFULSWLRQ IRU PDVV WUDQVIHU� UDWKHU

WKDQ DQ HmHFWLYH GLmXVLYLW\ DSSURDFK LV LOOXVWUDWHG E\ %DXU HW DO� ������� 7KH\ IRXQG

FRQVLGHUDEOH GLmHUHQFHV LQ WKH ORFDWLRQ DQG VL]H RI WKH PXOWLSOH VWHDG\ VWDWH UHJLRQ

IRU WKH WZR GLmXVLYLW\ PRGHOV�

����� 7KH 'XVW\ )OXLG 0RGHO

,Q WKLV VHFWLRQ ZH ZLOO UHSHDW WKH FDOFXODWLRQV IRU WKH 07%( FROXPQ XVLQJ WKH 'XVW\

)OXLG 0RGHO� 7KH FDWDO\VW VKDSH ZDV DVVXPHG WR EH SODQDU� 7KLV PD\ EH D UHDVRQDEOH

DSSUR[LPDWLRQ IRU 5DVFKLJ ULQJV� LI WKH\ DUH QRW WRR WKLFN� 2WKHU FDWDO\VW GDWD DUH

���



JLYHQ LQ 7DE� ����

,W KDV DOUHDG\ EHHQ VWDWHG WKDW WKHUH LV QR WKHRU\ DYDLODEOH IRU HVWLPDWLRQ RI WKH

.QXGVHQ GLmXVLRQ FRHpFLHQWV 'H
L IRU OLTXLG GLmXVLRQ LQVLGH SRURXV SDUWLFOHV� ,Q WKH

FDOFXODWLRQV SUHVHQWHG KHUH ZH ZLOO� WKHUHIRUH� FRQVLGHU WZR OLPLWLQJ FDVHV� �D� RQH LQ

ZKLFK 'H
L LV ODUJH� LQ ZKLFK FDVH WKH ODVW WHUP FDQ EH LJQRUHG DQG� �E� RQH LQ ZKLFK

'H
L LV D IDFWRU nYH WLPHV VPDOOHU WKDQ WKH VPDOOHVW RI WKH '̂ L�M YDOXHV� '

H
L LV DVVXPHG

WR EH WKH VDPH IRU DOO FRPSRQHQWV�

)LJ� ��� VKRZV WKH VWHDG\ VWDWH FRQYHUVLRQ RI LVR�EXWHQH DV D IXQFWLRQ RI WKH ERWWRP

SURGXFW oRZ UDWH IRU WKH SVHXGR�KRPRJHQRXV PRGHO DQG IRU WKH GXVW\ oXLG PRGHO�

7ZR REVHUYDWLRQV FDQ EH PDGH LPPHGLDWHO\� )LUVW� WKH PXOWLSOH VWHDG\ VWDWH UH�

JLRQ KDV FRPSOHWHO\ GLVDSSHDUHG IRU WKH GXVW\ oXLG PRGHO� DQG VHFRQG� WKH .QXGVHQ

GLmXVLRQ WHUP KDV D VXEVWDQWLDO LQoXHQFH RQ WKH UHVXOWV RI WKH 'XVW\ )OXLG 0RGHO

VLPXODWLRQV�

7KH nUVW REVHUYDWLRQ FDQ EH H[SODLQHG E\ WKH IDFW WKDW LQ WKH ORZHU EUDQFK RI WKH PXO�

WLSOH VWHDG\ VWDWH UHJLRQ LQ SDUW RI WKH UHDFWLYH VHFWLRQ WKH UHYHUVH UHDFWLRQ �UHDFWLRQ

RI 07%( WR 0HWKDQRO DQG LVR�EXWHQH� WDNHV SODFH� ,QWURGXFWLRQ RI D PDVV WUDQVIHU

UHVLVWDQFH WR DFFRXQW IRU WUDQVSRUW LQVLGH WKH FDWDO\VW UHGXFHV WKH LQoXHQFH RI WKLV

EDFNZDUG UHDFWLRQ� 7KH LQWURGXFWLRQ RI H[WUD PDVV WUDQVIHU UHVLVWDQFHV DOVR OHDGV WR

���



WKH REVHUYHG GURS LQ WKH PD[LPXP DFKLHYDEOH FRQYHUVLRQ� )XUWKHUPRUH� .QXGVHQ

&DVH % LQFOXGHV DQ DGGLWLRQDO UHVLVWDQFH WHUP GXH WR .QXGVHQ GLmXVLRQ� 7KXV� WKH

PRGHO SUHGLFWV DQ HYHQ ORZHU PD[LPXP FRQYHUVLRQ WKDQ IRU .QXGVHQ &DVH $� 2QH

FRQFOXVLRQ WKDW FDQ EH GUDZQ IURP WKHVH nQGLQJV LV WKDW HTXLOLEULXP PRGHOV WHQG

WR H[DJJHUDWH WKH SKHQRPHQRQ RI PXOWLSOH VWHDG\ VWDWHV� DQG WKDW DGGLWLRQ RI PDVV

WUDQVIHU UHVLVWDQFHV UHVXOWV LQ D PXFK VPDOOHU UHDOLVDEOH 
ZLQGRZ
 IRU WKH PXOWLSOH

VWHDG\ VWDWHV�

)LJ� ��� 6KRZV WKH PDVV WUDQVIHU UDWHV LQ WKH FDWDO\VW RQ VWDJH �� REWDLQHG ZLWK WKH

GXVW\ oXLG PRGHO IRU ERWK .QXGVHQ FDVHV DW D ERWWRP SURGXFW oRZUDWH RI ��� PRO V�

7KH VLWXDWLRQ VKRZQ LQ )LJ� ��� LV UHSUHVHQWDWLYH IRU DOO VWDJHV� ,Q .QXGVHQ &DVH

%� PDVV WUDQVIHU LQVLGH WKH FDWDO\VW RQO\ WDNHV SODFH LQ D VPDOO VHFWLRQ FORVH WR WKH

FDWDO\VW RXWVLGH VXUIDFH �FDWDO\VW ZDOO�� )RU .QXGVHQ &DVH $� PDVV WUDQVIHU WDNHV

SODFH WKURXJKRXW WKH HQWLUH FDWDO\VW SDUWLFOH� 6LQFH FKDQJHV LQ WKH PDVV WUDQVIHU UDWH

FRUUHVSRQG WR WKH UDWH RI UHDFWLRQ �VHH (T� ������� LW IROORZV WKDW LQ .QXGVHQ &DVH %�

RQO\ SDUW RI WKH FDWDO\VW LV XVHG IRU FKHPLFDO FRQYHUVLRQ�

7KH YDOXHV RI WKH FDWDO\VW WKLFNQHVV� FDWDO\VW SRURVLW\ DQG RWKHU SDUDPHWHUV ZHUH DOO

YDULHG RYHU WKH UDQJHV JLYHQ LQ 7DE� ���� )RU .QXGVHQ FDVH $ ZH IRXQG QR VLJQLnFDQWO\

GLmHUHQW UHVXOWV IRU DQ\ RI WKHVH SDUDPHWHU YDULDWLRQV� )RU .QXGVHQ FDVH %� WKH

LQoXHQFH RI WKH FDWDO\VW WKLFNQHVV LV VXEVWDQWLDO� 6KRZQ LQ )LJ� ��� LV WKH VWHDG\
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Pseudo-Homogeneous
Knudsen Case A

Knudsen Case B

)LJXUH ���� 6WHDG\ VWDWH FRQYHUVLRQ RI L�EXWHQH LQ 07%( FROXPQ DV D IXQFWLRQ RI

WKH ERWWRP SURGXFW oRZ UDWH� &RPSDULVRQ RI 3VHXGR KRPRJHQHRXV DQG GXVW\ oXLG

PRGHOV�
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Catalyst center

Catalyst wall

Knudsen Case A

Knudsen Case B

)LJXUH ���� 0DVV WUDQVIHU UDWHV LQVLGH D FDWDO\VW SDUWLFOHV

&DWDO\VW SDUDPHWHU %DVH YDOXH 5DQJH FRQVLGHUHG

7KLFNQHVV� �P� ��� c ��b� ���� c ��b� � ��� c ��b�

3RURVLW\� �b� ��� ��� � ���

7RUWXRVLW\� �b� ��� � � �

7KHUPDO &RQGXFWLYLW\ �- c.b� cPb� c Vb�� w/ ���� c w/ b ��� c w/

7DEOH ���� %DVH YDOXHV DQG WHVWHG UDQJHV IRU PRGHO SDUDPHWHUV�
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0.5 mm
1.0 mm

0.25 mm

)LJXUH ���� &RQYHUVLRQ RI L�EXWHQH DV D IXQFWLRQ RI WKH ERWWRP SURGXFW oRZUDWH IRU

YDULRXV FDWDO\VW WKLFNQHVVHV

VWDWH FRQYHUVLRQ RI L�EXWHQH DV D IXQFWLRQ RI WKH ERWWRP SURGXFW oRZUDWH IRU YDULRXV

FDWDO\VW WKLFNQHVVHV� 7KH PD[LPXP DFKLHYDEOH FRQYHUVLRQ LV VLJQLnFDQWO\ ORZHU IRU

WKH WKLFNHU FDWDO\VW� 7KLV LV GXH WR WKH IDFW WKDW IRU .QXGVHQ FDVH %� WKH FROXPQ

RSHUDWHV LQ D GLmXVLRQ OLPLWHG UHJLPH�

$GGLWLRQDO FDOFXODWLRQV ZHUH GRQH LQ ZKLFK WKH PDVV WUDQVIHU UHVLVWDQFHV WR DQG LQVLGH

WKH FDWDO\VW ZHUH QHJOHFWHG� 7KLV FDQ EH GRQH E\ PXOWLSO\LQJ WKH RXWVLGH FDWDO\VW

DUHD E\ D YHU\ ODUJH QXPEHU� 7KHVH FDOFXODWLRQV FRQnUP RXU H[SHFWDWLRQ WKDW ZLWK

���



UHPRYDO RI WKHVH DGGLWLRQDO PDVV WUDQVIHU UHVLVWDQFHV WKH IXOO 1RQHTXLOLEULXP 'XVW\

)OXLG PRGHO JDYH UHVXOWV WKDW ZHUH WKH VDPH DV REWDLQHG ZLWK WKH SVHXGR�KRPRJHQHRXV

PRGHO�

��� 7$0( &DVH 6WXG\

)RU RXU VHFRQG FDVH VWXG\ ZH ZLOO FRQVLGHU WKH UHDFWLYH GLVWLOODWLRQ SURFHVV IRU WHUW�

DP\O�PHWK\O�HWKHU �7$0(�� 7KH UHDFWLRQ XQGHU FRQVLGHUDWLRQ LV WKH DFLG FDWDO\]HG

IRUPDWLRQ RI 7$0( IURP ��PHWK\O���EXWHQH� ��PHWK\O���EXWHQH DQG PHWKDQRO XVLQJ

D KHWHURJHQHRXV FDWDO\VW�

����� 5HDFWLRQ 6\VWHP

([WHQVLYH GLVFXVVLRQV RQ WKH NLQHWLFV RI WKH DERYH UHDFWLRQ LV JLYHQ E\ 2RVW DQG

+RmPDQQ� ������ DQG 5LKNR DQG .UDXVH ������� 7KH UHDFWLRQ V\VWHP LV GHSLFWHG

VFKHPDWLFDOO\ LQ )LJ� ���� 7$0( LV IRUPHG RXW RI WKH WZR SHQWHQH LVRPHUV� IRU ZKLFK

ZH FDQ ZULWH WKH IROORZLQJ UHDFWLRQ HTXDWLRQV

5�  N� c
t
D�0�%
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1-methyl-2-butene + methanol

2-methyl-2-butene + methanol

tert-amyl-methyl-etherr-3r3

r-1

r1

r-2

r2

)LJXUH ���� 6FKHPDWLF UHSUHVHQWDWLRQ RI UHDFWLRQ V\VWHP�

,Q DGGLWLRQ WKHUH LV D UDSLG LVRPHULVDWLRQ UHDFWLRQ EHWZHHQ WKH WZR SHQWHQH LVRPHUV�

5�  N� c
t
D�0�% b �
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c D�0�%
u

�����

7KH HTXLOLEULXP FRQVWDQWV IRU WKH DERYH UHDFWLRQV DUH JLYHQ E\ 5LKNR HW DO� �������

.�  ����� c ��b� c H[S
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7

}
�����

.�  ����� c ��b� c H[S
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7
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|
�����

7

}
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'XH WR WKH UDSLG LVRPHULVDWLRQ UHDFWLRQ� LW LV YHU\ KDUG WR GHWHUPLQH WKH LQGLYLGXDO UDWH

FRQVWDQWV RI WKH nUVW WZR UHDFWLRQV VHSDUDWHO\� 7KHUHIRUH� OXPSHG UHDFWLRQ NLQHWLFV
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KDYH WR EH XVHG� 7KH RYHUDOO UHDFWLRQ UDWH RI 7$0( LV JLYHQ E\ VXPPDWLRQ DQG

UHDUUDQJHPHQW RI (T� ����� DQG (T� ������
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7KLHO HW DO� ������ JLYH WKH IROORZLQJ H[SUHVVLRQ IRU WKH IRUZDUG UHDFWLRQ UDWH FRQVWDQW�

N� � N� c.�  �� �.�� c ����� c H[S
|
����b �����

7

}
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)RU WKH LVRPHULVDWLRQ UHDFWLRQ ZH KDYH�

N�  ���� c H[S
|
����b �����

7

}
�����

����� &DOFXODWLRQV

%UDYR HW DO� ������ VXJJHVWHG WKH SUHVHQFH RI PXOWLSOH VWHDG\ VWDWHV LQ WKHLU SLORW

SODQW FROXPQ IRU WKLV SURFHVV� &RQFOXVLYH H[SHULPHQWDO HYLGHQFH RI PXOWLSOH VWHDG\

VWDWHV LQ WKLV SURFHVV ZDV GHVFULEHG E\ 0RKO HW DO� ������� ,Q WKH IROORZLQJ VHFWLRQ ZH

ZLOO WDNH WKH FRQnJXUDWLRQ SUHVHQWHG E\ 0RKO HW DO� DV D WHVWFDVH IRU RXU PRGHO� :H

PRGHO D SDFNHG FROXPQ ZLWK DQ LQQHU GLDPHWHU RI ����� P� FRQVLVWLQJ RI WZR VHFWLRQV�

7KH WRS VHFWLRQ LV ��� P KLJK DQG SDFNHG ZLWK FDWDO\WLF 5DVFKLJ ULQJV� 7KH ERWWRP

VHFWLRQ LV ��� P KLJK DQG SDFNHG ZLWK LQHUW �JODVV� 5DVFKLJ ULQJV� $ IHHG LV VXSSOLHG

EHWZHHQ WKH WZR VHFWLRQV� )RU PRUH GHWDLOV DERXW WKH FROXPQ� VHH 0RKO HW DO� �������

���



&RPSRQHQW L &RPSRQHQW M DL�M >- PRO@ DM�L >- PRO@

PHWKDQRO ��PHWK\O���EXWHQH ������ ������

PHWKDQRO ��PHWK\O���EXWHQH ����� ������

PHWKDQRO PHWK\O�WHUW�SHQW\O�HWKHU ������ ����

PHWKDQRO Q�SHQWDQH ����� ������

��PHWK\O���EXWHQH ��PHWK\O���EXWHQH ����� �������

��PHWK\O���EXWHQH PHWK\O�WHUW�SHQW\O�HWKHU ������� ������

��PHWK\O���EXWHQH Q�SHQWDQH ������ �������

��PHWK\O���EXWHQH PHWK\O�WHUW�SHQW\O�HWKHU ������� ������

��PHWK\O���EXWHQH Q�SHQWDQH ������ �������

PHWK\O�WHUW�SHQW\O�HWKHU Q�SHQWDQH ������ �������

7DEOH ���� :LOVRQ SDUDPHWHUV IRU 7$0( V\VWHP

7KH FROXPQ SUHVVXUH ZDV ���� 03D� WKH UHoX[ UDWLR ��� 7KH IHHG FRQVLVWHG RI

PHWKDQRO� WKH WZR SHQWHQHV� DQG LQHUW Q�SHQWDQH� 7KH IHHG UDWH ZDV ���� c ��b�

PRO�V� ZLWK� [0H2+ [&�  ��� DQG [&�  �[&� � [Qb&��  ��� XVLQJ WKH LQIRUPD�

WLRQ JLYHQ E\ 0RKO HW DO�� ������� 6XQGPDFKHU HW DO� ������ VXJJHVW WKDW WKH :LOVRQ

HTXDWLRQ VKRXOG EH XVHG IRU GHVFULELQJ QRQLGHDO OLTXLG SKDVH EHKDYLRU� 3DUDPHWHUV

IRU WKLV PRGHO DUH JLYHQ LQ 7DEOH ����

���



6LPXODWLRQV ZHUH GRQH ZLWK WKUHH GLmHUHQW PRGHOV� $Q HTXLOLEULXP VWDJH PRGHO ZLWK

�� VWDJHV DQG D VWDJH HpFLHQF\ RI ���� D QRQHTXLOLEULXP PRGHO LQ ZKLFK WKH UHDFWLRQ

LV DVVXPHG WR EH SVHXGR�KRPRJHQHRXV� DQG D QRQHTXLOLEULXP PRGHO LQFRUSRUDWLQJ

WKH GXVW\ oXLG PRGHO GHVFULEHG KHUH� )RU WKH QRQHTXLOLEULXP PRGHO� WKH SDFNHG

VHFWLRQ LV GLYLGHG LQWR D QXPEHU RI VOLFHV� HDFK FRQVLGHUHG WR EH D QRQHTXLOLEULXP

FHOO� &DOFXODWLRQV ZLWK WKH SVHXGR KRPRJHQHRXV PRGHO DQG �� VOLFHV JDYH UHVXOWV

WKDW FRLQFLGHG ZLWK WKRVH REWDLQHG XVLQJ RQO\ �� VOLFHV� �� VOLFHV ZHUH XVHG LQ DOO

VXEVHTXHQW FDOFXODWLRQV� ,W ZDV IXUWKHU DVVXPHG WKDW WKH FROXPQ ZDV SDFNHG ZLWK ���

NJ RI SDFNLQJ DQG WKDW WKH FDWDO\VW DFWLYLW\ ZDV VHW WR ��� HT NJ �0RKO HW DO�� ������

:H KDYH DVVXPHG WKH VDPH FDWDO\VW JHRPHWU\ DQG SURSHUWLHV DV IRU WKH 07%( SURE�

OHP� ,Q DGGLWLRQ� ZH KDYH GRQH FDOFXODWLRQV WR GHWHUPLQH WKH LQoXHQFH RI WKH YDULRXV

JHRPHWULFDO SDUDPHWHUV� ,Q QR FDVH ZDV WKHUH D VLJQLnFDQW LQoXHQFH RI WKHVH SDUDP�

HWHUV�

7KUHH VWHDG\ VWDWHV ZHUH IRXQG IRU WKH EDVH FDVH FROXPQ FRQnJXUDWLRQ� )RU REWDLQLQJ

WKH PXOWLSOH VWHDG\ VWDWHV� D FRQWLQXDWLRQ PHWKRG ZDV XVHG LQ ZKLFK WKH UHERLOHU GXW\

ZDV WKH LQGHSHQGHQW SDUDPHWHU� )LJXUH � VKRZV WKH WHPSHUDWXUH SURnOHV REWDLQHG

IRU WKH KLJK DQG WKH ORZ SURGXFWLRQ VWHDG\ VWDWH� IRU WKH HTXLOLEULXP PRGHO� IRU WKH

QRQHTXLOLEULXP PRGHO ZLWK D SVHXGR KRPRJHQHRXV UHDFWLRQ DQG IRU WKH QRQHTXLOLE�

ULXP PRGHO ZLWK D GXVW\ oXLG GHVFULSWLRQ RI WKH FDWDO\VW� $OO WKUHH PRGHOV DUH ODUJHO\
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)LJXUH ����� 7HPSHUDWXUH SURnOHV IRU KLJK DQG ORZ FRQYHUVLRQ VWHDG\ VWDWHV LQ 7$0(

FROXPQ IRU (TXLOLEULXP �(T�� 1RQHTXLOLEULXP �14� DQG 'XVW\ )OXLG �')� PRGHOV�

LQ DJUHHPHQW ZLWK WKH FDOFXODWHG WHPSHUDWXUH SURnOHV SUHVHQWHG E\ 0RKO HW DO ������

DQG WKH GLmHUHQFHV EHWZHHQ WKH PRGHOV DUH PLQRU� 7KH VDPH REVHUYDWLRQ KDV EHHQ

PDGH E\ 6XQGPDFKHU ������� )RU WKLV SURFHVV� WKH RYHUDOO FRQYHUVLRQ LV QRW DmHFWHG

VLJQLnFDQWO\ E\ WKH PDVV WUDQVIHU UHVLVWDQFH LQVLGH WKH SRURXV FDWDO\VW�

���



��� 'LVFXVVLRQ

,Q WKH WZR FDVH VWXGLHV SUHVHQWHG DERYH ZH KDYH IRXQG DSSDUHQWO\ FRQWUDGLFWRU\ nQG�

LQJV� )RU WKH 07%( SURFHVV� WKH GLmHUHQFHV EHWZHHQ WKH HTXLOLEULXP� SVHXGR KRPR�

JHQHRXV QRQHTXLOLEULXP DQG GXVW\ oXLG QRQHTXLOLEULXP PRGHOV DUH VXEVWDQWLDO� )RU

WKH 7$0( SURFHVV� DOO PRGHOV JLYH PRUH RU OHVV VLPLODU UHVXOWV�

$ UHDVRQ IRU WKH GLmHUHQFH PXVW OLH LQ WKH IDFW WKDW LQ WKH 07%( SURFHVV LV UHODWLYHO\

VHQVLWLYH WR PDVV WUDQVIHU UHVLVWDQFHV� ZKHUHDV WKH 7$0( SURFHVV LV QRW� 7KHUH PD\

EH WZR UHDVRQV IRU WKLV� )LUVW� IRU WKH 7$0( V\VWHP� WKH HQWLUH FDWDO\WLF VHFWLRQ LV

XVHG IRU SURGXFWLRQ RI 7$0( ERWK LQ WKH KLJK DQG WKH ORZ SURGXFWLRQ VWHDG\ VWDWHV�

,Q QR FDVH GLG ZH nQG FRQVXPSWLRQ RI 7$0(� 6HFRQG� WKH 7$0( UHDFWLRQ UDWH LV

PXFK ORZHU WKDQ WKDW IRU WKH 07%( V\VWHP� 7KH IRUZDUG UHDFWLRQ UDWH FRQVWDQW IRU

7$0( LV DERXW DQ RUGHU RI PDJQLWXGH ORZHU WKDQ IRU 07%( WKURXJKRXW WKH HQWLUH

UHDFWLYH VHFWLRQ� 7KH SURGXFWLRQ UDWH RI 7$0( ZLOO� WKHUHIRUH� EH PXFK OHVV VHQVLWLYH

WR FKDQJHV LQ WKH PDVV WUDQVIHU UHVLVWDQFH�

)RU WKH 07%( SURFHVV WKHUH DUH VXEVWDQWLDO GLmHUHQFHV EHWZHHQ HTXLOLEULXP DQG

QRQHTXLOLEULXP PRGHOV �+LJOHU HW DO�� ����E�� ,Q WKH HTXLOLEULXP DSSURDFK WKH UH�

DFWLYH VHFWLRQ LV GHVFULEHG E\ RQO\ � VWDJHV� ZKHUHDV �� VOLFHV ZHUH XVHG LQ WKH LQ

WKH QRQHTXLOLEULXP PRGHO FDOFXODWLRQV� 7KH DSSUR[LPDWLRQ RI WKH UHDO FRQFHQWUDWLRQ

���



DQG WHPSHUDWXUH SURnOHV LV� LQ WKH HTXLOLEULXP VWDJH PRGHO� PXFK FRDUVHU WKDQ LQ WKH

QRQHTXLOLEULXP PRGHO� 7KH FRDUVH SUHGLFWLRQ FRXOG JLYH ULVH WR VLJQLnFDQW GHYLDWLRQV

IRU V\VWHPV ZLWK ODUJH WHPSHUDWXUH DQG FRQFHQWUDWLRQ JUDGLHQWV LQ FRPELQDWLRQ ZLWK

KLJKO\ QRQOLQHDU LQWHUDFWLRQV EHWZHHQ WKH UHDFWLRQ UDWHV DQG WKH WHPSHUDWXUH SURnOHV�

,Q DGGLWLRQ� FDXWLRQ VKRXOG EH H[HUFLVHG LQ WKH DSSOLFDWLRQ RI HpFLHQF\ IDFWRUV IRU

PXOWLSOH VWHDG\ VWDWH FDOFXODWLRQV� 0RKO HW DO� ������ GHVFULEH FDOFXODWLRQV GRQH ZLWK

DQ HTXLOLEULXP PRGHO� LQ ZKLFK WKH YDOXH RI WKH HpFLHQF\ IDFWRU ZDV n[HG� +RZHYHU�

RQH VKRXOG NHHS LQ PLQG WKDW WKH K\GURG\QDPLF FRQGLWLRQV LQ WKH YDULRXV VWHDG\ VWDWHV

PD\ EH TXLWH GLmHUHQW IURP HDFK RWKHU� DQG VR PD\ WKH HpFLHQFLHV� )LJ� ���� VKRZV

WKH 0XUSKUHH HpFLHQF\ SURnOHV IRU PHWKDQRO DQG Q�SHQWDQH LQ WKH 7$0( FROXPQ

WKDW ZHUH EDFN�FDOFXODWHG IURP WKH UHVXOWV RI WKH 1RQHTXLOLEULXP 'XVW\ )OXLG PRGHO�

$V FDQ EH VHHQ� WKH GLmHUHQFHV EHWZHHQ WKH HpFLHQFLHV LQ WKH KLJK DQG ORZ FRQYHUVLRQ

VWHDG\ VWDWHV DUH TXLWH FRQVLGHUDEOH� 6LPLODU UHVXOWV DUH IRXQG IRU RWKHU FRPSRQHQWV�

7KH HmHFW RI WKH HpFLHQFLHV RQ WKH RYHUDOO FRQYHUVLRQ LQ WKH 7$0( SURFHVV LV QRW

YHU\ ODUJH� VLQFH WKH RYHUDOO SURGXFWLRQ UDWH LV UHODWLYHO\ LQVHQVLWLYH WR PDVV WUDQVIHU

UHVLVWDQFHV� +RZHYHU� WKLV ZLOO QRW DOZD\V EH WKH FDVH�

���
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)LJXUH ����� 0XUSKUHH HpFLHQF\ SURnOHV IRU 0HWKDQRO DQG Q�3HQWDQH DW KLJK DQG ORZ

FRQYHUVLRQ VWHDG\ VWDWHV�

��� &RQFOXVLRQV

$ 1(4 PRGHO LV LQGLVSHQVLEOH IRU GHVLJQ� EHFDXVH WKHUH LV QR VLPSOH SURFHGXUH IRU

HVWLPDWLRQ RI +(73 IRU WKH UHDFWLYH SDFNHG VHFWLRQ� VXFK +(73 YDOXHV DUH UHTXLUHG

IRU WKH XVH LQ (4 PRGHO EDVHG GHVLJQ� :H KDYH GHPRQVWUDWHG WKDW WKH SKHQRPHQRQ

RI PXOWLSOH VWHDG\ VWDWHV LV DOVR IRXQG IRU WKH 1(4 PRGHO� +RZHYHU� WKH 
UHDOL]DEOH

���



ZLQGRZ
 LV PXFK VPDOOHU LI LQWHUSKDVH PDVV DQG KHDW WUDQVIHU UHVLVWDQFHV DUH WDNHQ

LQWR DFFRXQW� DQG GLVDSSHDUV HQWLUHO\ RQFH FDWDO\VW PDVV WUDQVIHU LV WDNHQ LQWR DFFRXQW

7KHUH ZHUH KDUGO\ DQ\ GLmHUHQFHV EHWZHHQ D SVHXGR KRPRJHQRXV QRQHTXLOLEULXP

PRGHO DQG D GXVW\ oXLG QRQHTXLOLEULXP PRGHO IRU WKH SURGXFWLRQ RI 7$0(� ,Q WKH

7$0( SURFHVV WKH RYHUDOO SURGXFWLRQ UDWH GRHV QRW GHSHQG RQ PDVV WUDQVIHU UHVLV�

WDQFHV �DW OHDVW� LQ WKH UDQJH RI SDUDPHWHU YDOXHV VWXGLHG KHUH�� 7KH FRQYHUVH LV WUXH

IRU WKH 07%( SURFHVV� 7KH UDWH RI FRQVXPSWLRQ RI 07%( LV YHU\ PXFK LQoXHQFHG E\

DGGLWLRQDO PDVV WUDQVIHU UHVLVWDQFHV� 7KLV LQGLFDWHV WKDW NQRZOHGJH IURP RQH V\VWHP

FDQQRW DOZD\V EH FDUULHG RYHU WR D VLPLODU V\VWHP�

)RU WKH 'XVW\ )OXLG 0RGHO� WKHUH DUH VHYHUDO PRGHO SDUDPHWHUV IRU ZKLFK JRRG HVWLPD�

WLRQ PHWKRGV DUH DEVHQW� 7KHUH LV D QHHG IRU PHWKRGV WR HVWLPDWH GLmXVLRQ FRHpFLHQWV

LQVLGH WKH FDWDO\VW� 'LmXVLRQ FRHpFLHQWV FDQ EH FRQFHQWUDWLRQ GHSHQGHQW� DQG ZLOO�

WKHUHIRUH� GHSHQG RQ WKH FRQFHQWUDWLRQ DQG W\SH RI WKH FDWDO\VW� 6HFRQGO\� WKHUH DUH

QR PHWKRGV IRU HYDOXDWLQJ QRQLGHDO WKHUPRG\QDPLF EHKDYLRU LQVLGH D FDWDO\VW� )L�

QDOO\� WKHUH LV D QHHG IRU FRUUHODWLRQV IRU WKH HVWLPDWLRQ RI PDVV DQG KHDW WUDQVIHU

FRHpFLHQWV IURP WKH OLTXLG EXON WR WKH FDWDO\VW� 7KLV LV SDUWLFXODUO\ LPSRUWDQW IRU

WKH QHZHVW JHQHUDWLRQV RI VWUXFWXUHG FDWDO\WLF SDFNLQJ�

���
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&KDSWHU �

0DOGLVWULEXWLRQ LQ 3DFNHG &ROXPQV

,Q WKLV FKDSWHU ZH ZLOO LOOXVWUDWH WKH XVH RI WKH QRQHTXLOLEULXP ]RQH VWDJH

PRGHO� :H ZLOO VWXG\ WKH LQoXHQFH RI PDOGLVWULEXWLRQ RQ WKH SDFNLQJ

HpFLHQF\ IRU D UDQGRP DQG IRU VWUXFWXUHG SDFNLQJ XVLQJ D ELQDU\ V\VWHP�

,Q DGGLWLRQ ZH ZLOO VWXG\ WKH LQoXHQFH RI PDOGLVWULEXWLRQ RQ WZR WHUQDU\

V\VWHPV� ,Q D nQDO H[DPSOH� WKH LQoXHQFH RI PDOGLVWULEXWLRQ LQ UHDFWLYH

GLVWLOODWLRQ LV LOOXVWUDWHG� &ROXPQ EHKDYLRU GXH WR PDOGLVWULEXWLRQ PD\

EH H[SODLQHG SDUWO\ EDVHG RQ WKH ORVV RI LQWHUIDFLDO DUHD� +RZHYHU� ZH

KDYH DOVR IRXQG WKDW WKH SHUIRUPDQFH RI WKH FROXPQ LV LQoXHQFHG E\ WKH

LQWHUDFWLRQ EHWZHHQ PDOGLVWULEXWLRQ DQG WKH UHDFWLRQ�

���



��� ,QWURGXFWLRQ

,Q WKLV FKDSWHU� ZH ZLOO SUHVHQW YDULRXV H[DPSOHV WR LOOXVWUDWH WKH XVH RI WKH QRQHTXL�

OLEULXP ]RQH�VWDJH PRGHO� ,Q WKH nUVW SDUW RI WKLV FKDSWHU ZH ZLOO IRFXV RQ WKH HmHFW RI

PDOGLVWULEXWLRQ RQ FRQYHQWLRQDO GLVWLOODWLRQ SURFHVVHV ZLWKRXW UHDFWLRQ� :H ZLOO nUVW

FRQVLGHU D ELQDU\ V\VWHP RI SURSDQH DQG EXWDQH� ,Q WKHVH V\VWHPV� WKH +HLJKW (TXLY�

DOHQW RI D 7KHRUHWLFDO 3ODWH �+(73� QRUPDOO\ SURYLGHV DQ DGHTXDWH OLQN EHWZHHQ WKH

HTXLOLEULXP VWDJH DQG WKH KHLJKW RI D VHFWLRQ RI SDFNLQJ UHTXLUHG WR HVWDEOLVK WKH HTXL�

OLEULXP VWDJH VHSDUDWLRQ� 7KH LQoXHQFH RI PDOGLVWULEXWLRQ QRUPDOO\ LV QHJOHFWHG� RU

WDNHQ LQWR DFFRXQW E\ PHDQV RI D FRUUHFWLRQ WR WKH +(73� 7KH QRQHTXLOLEULXP ]RQH

VWDJH PRGHO RmHUV D GLUHFW ZD\ WR SURYLGH LQVLJKW LQ WKH LQoXHQFH RI PDOGLVWULEXWHG

LQWHUQDO oRZV RQ WKH SDFNLQJ HpFLHQF\ IRU UDQGRP DQG VWUXFWXUHG SDFNLQJV�

6XEVHTXHQWO\� ZH ZLOO VWXG\ WKH LQoXHQFH RI PDOGLVWULEXWLRQ RQ WZR QRQ�UHDFWLYH

WHUQDU\ PL[WXUHV �0HWKDQRO � LVR�3URSDQRO � :DWHU� DQG LVR�3URSDQRO � %HQ]HQH �

Q�3URSDQRO� %RWK V\VWHPV KDYH D GLVWLOODWLRQ ERXQGDU\� DQG PXOWLFRPSRQHQW PDVV

WUDQVIHU LQWHUDFWLRQV SOD\ DQ LPSRUWDQW UROH� ,W ZLOO EH VKRZQ KRZ PDOGLVWULEXWLRQ

PD\ VLJQLnFDQWO\ LQoXHQFH FROXPQ EHKDYLRU�

,Q WKH VHFRQG SDUW RI WKH FKDSWHU� WKH 1(4 PRGHO ZLOO EH XVHG WR VWXG\ WKH LQoXHQFH

RI PDOGLVWULEXWLRQ LQ UHDFWLYH GLVWLOODWLRQ E\ PHDQV RI WKH 07%( SURFHVV� ,Q UHDFWLYH

���
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)LJXUH ���� 0DOGLVWULEXWLRQ SDWWHUQV

GLVWLOODWLRQ� PDOGLVWULEXWLRQ ZLOO QRW RQO\ LQoXHQFH WKH SURFHVV GXH WR WKH ORVV RI

LQWHUIDFLDO DUHD� EXW DOVR GXH WR FKDQJHV LQ WKH UHVLGHQFH WLPH DQG WKH UHVLGHQFH WLPH

GLVWULEXWLRQ�

��� 0DOGLVWULEXWLRQ 3DWWHUQV

,Q WKH IROORZLQJ H[DPSOHV IRU GLVWLOODWLRQ ZLWKRXW UHDFWLRQ ZH ZLOO XVH YDULRXV PDOG�

LVWULEXWLRQ SDWWHUQV IRU WKH UHoX[ VWUHDPV VXSSOLHG WR WKH SDFNLQJ� UHSUHVHQWHG LQ

)LJXUH ���� ,W LV DVVXPHG WKDW WKH VXSHUnFLDO YHORFLW\ RI OLTXLG VXSSOLHG WR WKH JUH\

���



]RQHV LV WKUHH WLPHV WKH VXSHUnFLDO YHORFLW\ VXSSOLHG WR WKH ZKLWH ]RQHV�

7KH YDOXHV RI &Y DQG0, DUH JLYHQ LQ )LJXUH ��� DV ZHOO� 0RGHOV 5DGLDO�� DQG 6TXDUH�

� DUH WKH EDVH FDVHV� DVVXPLQJ QR PDOGLVWULEXWLRQ� ,W VKRXOG EH QRWHG WKDW DOO RI WKH

VTXDUH JULG FDVHV DUH D[LV\PPHWULF DQG ZLOO EH PRGHOHG E\ XVLQJ MXVW SDUW RI WKH

FROXPQ� +RZHYHU� LW LV TXLWH VLPSOH WR WDFNOH QRQ�D[LV\PPHWULF LQLWLDO GLVWULEXWLRQV

ZLWK WKH PRGHO DV GHVFULEHG�

��� 5DQGRP 3DFNLQJ

,Q WKLV VHFWLRQ WKH HmHFW RI PDOGLVWULEXWLRQ RQ UDQGRP SDFNLQJ LV GLVFXVVHG� )RU

VLPSOLFLW\ D ELQDU\ V\VWHP LV XVHG� 7KLV LV EHFDXVH WKH +(73 FRQFHSW UHDOO\ RQO\ KDV

D SK\VLFDO PHDQLQJ IRU ELQDU\ V\VWHPV� DQG WKH FRPSRQHQW +(73V DUH� E\ GHnQLWLRQ�

HTXDO� )RU PRUH WKDQ WZR FRPSRQHQWV� WKH LQGLYLGXDO FRPSRQHQW +(73V XVXDOO\ DUH

QRW HTXDO� DQG FDQ EHKDYH RGGO\ �VHH� IRU H[DPSOH� :HVVHOLQJK� ������

2XU FDVH VWXG\ LV EDVHG RQ D FROXPQ ZLWK D SDFNHG KHLJKW RI � P� ZKLFK LV VSOLW XS

LQWR �� VOLFHV� HDFK RI ��� P� 7KH FROXPQ KDV D WRWDO FRQGHQVHU DQG D SDUWLDO UHERLOHU�

7KH FROXPQ LV SDFNHG ZLWK � LQFK 5DVFKLJ ULQJV� $ OLTXLG IHHG LV VXSSOLHG EHWZHHQ

VWDJHV �� DQG �� DW D SUHVVXUH RI ����� N3D DQG D oRZUDWH RI ��� PRO c Vb�� 7KH IHHG

LV D ����� PL[WXUH RI SURSDQH DQG Q�EXWDQH 7KH 3HQJ � 5RELQVRQ HTXDWLRQ RI VWDWH LV

���



XVHG IRU FDOFXODWLRQ RI WKH WKHUPRG\QDPLF SURSHUWLHV� 7KH PDVV WUDQVIHU FRHpFLHQWV

DQG WKH LQWHUIDFLDO DUHD DUH FDOFXODWHG ZLWK WKH PHWKRG RI 2QGD HW DO� ������� 7KH

FROXPQ LV RSHUDWHG DW D UHoX[ UDWLR RI ��� DQG D ERWWRP SURGXFW oRZ UDWH RI ��PRO V�

)URP LQLWLDO FDOFXODWLRQV LQ GHVLJQ PRGH� XVLQJ MXVW D VLQJOH ]RQH SHU VWDJH� ZH nQG

WKDW WKH FROXPQ GLDPHWHU LV DERXW ��� P� ,Q WKH UHPDLQGHU RI WKH FDOFXODWLRQV� WKH

FROXPQ GLDPHWHU ZDV n[HG DW ��� P� ,W IROORZV IURP (T� ������ WKDW� XVLQJ D �� E\

�� FHOO OD\RXW LQ WKH VTXDUH JULG PRGHO� D OLTXLG VSOLWWLQJ IDFWRU RI DERXW ���� KDV

WR EH XVHG� 6LQFH ZH FRQVLGHU RXU PDOGLVWULEXWLRQ SDWWHUQV WR EH D[LV\PPHWULF� D �

E\ � FRQnJXUDWLRQ� ZLWK DSSURSULDWH ERXQGDU\ FRQGLWLRQV� ZLOO VXpFH� )RU WKH UDGLDO

PRGHO� ZH XVH � DQQXODU ]RQHV� UHVXOWLQJ LQ WKH VDPH VSOLWWLQJ IDFWRU DV IRU WKH VTXDUH

PRGHO� ,Q DGGLWLRQ ZH ZLOO DVVXPH WKDW WKH FROXPQ LQWHUQDO oRZV ZLOO EH SHUIHFWO\

UHGLVWULEXWHG HYHU\ � P RI SDFNLQJ� 7KLV FRUUHVSRQGV WR VWDJHV �� DQG ���

)RU LQWHUSUHWDWLRQ RI WKH HmHFW RI PDOGLVWULEXWLRQ RQ WKH HpFLHQF\ RI WKH SDFNLQJ ZH

ZLOO XVH WKH GLmHUHQWLDO SDFNLQJ +(73� GHnQHG E\�

+(73L  ]O (
09
L �����

:KHUH ]O LV WKH KHLJKW RI WKH VOLFH RI SDFNLQJ XQGHU FRQVLGHUDWLRQ �LQ WKLV H[DPSOH ]O

 ���P�� DQG (09
L LV WKH 0XUSKUHH YDSRU SKDVH HpFLHQF\ RI FRPSRQHQW L� FDOFXODWHG

���



IURP WKH UHVXOWV RI D QRQHTXLOLEULXP VLPXODWLRQ E\�

(09
L  

x\L�M b x\L�M��
x\eL�M b x\L�M��

�����

,Q ZKLFK x\L�M LV WKH DYHUDJH FRPSRVLWLRQ RI WKH YDSRU OHDYLQJ WKH VOLFH RI SDFNLQJ XQGHU

FRQVLGHUDWLRQ� x\eL�M LV WKH DYHUDJH FRQFHQWUDWLRQ RI YDSRU WKDW ZRXOG EH LQ HTXLOLEULXP

ZLWK WKH OLTXLG SKDVH RQ WKH VWDJH XQGHU FRQVLGHUDWLRQ DQG LV REWDLQHG IURP D EXEEOH

SRLQW FDOFXODWLRQ RI WKH OLTXLG SKDVH� x\L�M�� LV WKH DYHUDJH FRPSRVLWLRQ RI WKH YDSRU

H[LWLQJ IURP WKH VOLFH EHORZ� ,I WKH LQGLYLGXDO FRPSRQHQW HpFLHQF\ HTXDOV �� WKHQ WKH

VWDJH FDQ EH FRQVLGHUHG DQ HTXLOLEULXP VWDJH DQG WKH ]O FRUUHVSRQGV WR WKH +(73� 7KH

+(73 IRU WKH UDGLDO DQG D[LV\PPHWULF FDVHV DUH VKRZQ LQ )LJXUH ��� DQG )LJXUH ���

IRU WKH �� VWDJHV DERYH WKH IHHG� 6HYHUDO REVHUYDWLRQV FDQ EH PDGH IURP WKHVH

nJXUHV� 7KH FDVHV ZLWKRXW PDOGLVWULEXWLRQ �5DGLDO�� DQG 6TXDUH��� DUH UHDVRQDEO\

ZHOO EHKDYHG� 7KH GLmHUHQFHV EHWZHHQ WKH 6TXDUH�� DQG 5DGLDO�� PRGHOV DUH GXH WR

WKH GLmHUHQFHV LQ WKH FROXPQ oRZ SURnOHV� WKDW DULVH LQ WKH QDWXUDO oRZ PRGHO� 7KH

QDWXUDO oRZ PRGHO GRHV QRW SUHGLFW D oDW YHORFLW\ SURnOH RYHU WKH FURVV VHFWLRQ RI

WKH FROXPQ� ,Q WKH UDGLDO PRGHO� LW LV WUXH WKDW IRU WKH LQQHU FHOOV WKH YHORFLW\ SURnOH

LV oDW� KRZHYHU WKH YHORFLW\ LQ WKH RXWHU ULQJ LV ORZHU� 6LPLODUO\� LQ WKH VTXDUH JULG

PRGHO� WKH YHORFLWLHV LQ WKH FRUQHU FHOOV ZLOO EH GLmHUHQW IURP WKH YHORFLWLHV LQ WKH

FHOOV DGMDFHQW WR WKH FROXPQ ZDOO� ZKLFK LQ WXUQ ZLOO KDYH YHORFLWLHV GLmHUHQW IURP

FHOOV WKDW DUH IXOO\ VXUURXQGHG E\ RWKHU FHOOV� 7KHVH 
QDWXUDOO\
 RFFXUULQJ GLmHUHQW

���
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oRZ SURnOHV JLYH ULVH WR WKH GLmHUHQFHV REVHUYHG EHWZHHQ WKH QRQPDOGLVWULEXWHG FDVHV

5DGLDO�� DQG 6TXDUH��� ,W VKRXOG EH QRWHG WKDW QRUPDOO\ RQH ZRXOG H[SHFW KLJKHU

YHORFLWLHV DORQJ WKH ZDOO DQG ORZHU YHORFLWLHV FORVHU WR WKH FHQWHU RI WKH FROXPQ� 7KLV

PD\ HDVLO\ EH PRGHOHG E\ DGRSWLQJ DQ GLmHUHQW oRZ VSOLWWLQJ PRGHO� 7KH VDPH KROGV

IRU ZDOO HmHFWV LQ VPDOO GLDPHWHU FROXPQV� %\ DGMXVWLQJ WKH FHOO VL]HV DQG VSOLWWLQJ

IDFWRUV LQ DQ DSSURSULDWH ZD\� RQH FDQ WKHRUHWLFDOO\ LPSRVH DQ\ NLQG RI oRZ SURnOH

WR PDWFK oRZV LQ D UHDO FROXPQ�

,Q DGGLWLRQ� WKHUH VHHPV WR EH LV VRPH NLQG RI FRUUHODWLRQ EHWZHHQ WKH GHYLDWLRQ RI WKH

+(73 IURP WKH LGHDO FDVH WR WKH YDOXH RI WKH PDOGLVWULEXWLRQ LQGH[ 0,� )RU D ORZ

YDOXH RI0,� FDVHV 5DGLDO�� DQG 6TXDUH��� WKH EHKDYLRU LV YHU\ FORVH WR FDVHV 5DGLDO��

DQG 6TXDUH��� )RU WKH KLJKHU YDOXHV RI 0,� WKH GHYLDWLRQV DUH ODUJHU� +RZHYHU� LW

LV DOVR FOHDU WKDW WKH SUHGLFWLYH YDOXH RI &Y DQG 0, LV VXVSHFW� 7KLV LV LOOXVWUDWHG

E\ FDVHV 6TXDUH�� DQG 6TXDUH��� $OWKRXJK WKHVH FDVHV KDYH DOPRVW WKH VDPH YDOXHV

IRU &Y DQG 0,� WKH +(73 SDWWHUQV DUH YHU\ GLmHUHQW� 7KLV LV SUREDEO\ GXH WR ZDOO

HmHFWV WKDW SOD\ D PXFK PRUH LPSRUWDQW UROH LQ FDVH 6TXDUH���

7KH HmHFW RI LGHDOO\ UHGLVWULEXWLQJ WKH oRZ RQ VWDJH �� LV FOHDUO\ YLVLEOH IRU ERWK WKH

VTXDUH JULG DQG WKH UDGLDO FDVHV� $V D UHVXOW RI WKH UHGLVWULEXWLRQ� WKH oRZ SURnOHV RQ

WKH VWDJHV EHORZ VWDJH �� ZLOO EH WKH VDPH IRU DOO FDVHV DQG VR ZLOO WKH PDVV WUDQVIHU

FKDUDFWHULVWLFV �+(73V�� $ERYH WKH UHGLVWULEXWLRQ WKH DYHUDJH +(73V DUH� FOHDUO\�

���



KHLJKW GHSHQGHQW�

7KH RYHUDOO HmHFW RI PDOGLVWULEXWLRQ LV PRUH FRPSOLFDWHG WKDQ FDQ EH VXPPDUL]HG E\

D &Y DQG DQ0,� 7KHVH SDUDPHWHUV GR JLYH DGHTXDWH LQIRUPDWLRQ DERXW WKH GHJUHH RI

PDOGLVWULEXWLRQ RI WKH oRZ� KRZHYHU WKH\ GR QRW LQGLFDWH KRZ WKH PDOGLVWULEXWLRQ LQ�

oXHQFHV WKH FROXPQ HpFLHQF\� ,W LV XVXDOO\ WUXH WKDW PDOGLVWULEXWLRQ OHDGV WR UHGXFHG

FROXPQ HpFLHQF\� +RZHYHU� SRRUHU PDOGLVWULEXWLRQ FKDUDFWHULVWLFV GR QRW QHFHVVDULO\

OHDG WR GHJUDGHG FROXPQ SHUIRUPDQFH�

��� 6WUXFWXUHG 3DFNLQJ

7KH GHYHORSPHQW RI PDOGLVWULEXWLRQ LQ VKHHW W\SH VWUXFWXUHG SDFNLQJ UHTXLUHV VRPH

PRUH DWWHQWLRQ� ,Q VKHHW W\SH SDFNLQJV� WKH GLUHFWLRQ RI WKH FKDQQHOV IRUPHG E\ WKH

VKHHWV GLFWDWHV D VSHFLnF VSUHDGLQJ GLUHFWLRQ� 6KHHWV DUH SDFNHG WRJHWKHU LQ D SDFNLQJ

HOHPHQW� DQG D VWDFN RI WKHVH HOHPHQWV IRUPV WKH FROXPQ SDFNLQJ� 7KH HOHPHQWV DUH

SODFHG VXFK WKDW WKH RULHQWDWLRQ RI WKH oRZ GLUHFWLRQ LQ WKH DGMDFHQW HOHPHQWV FKDQJHV

E\ ���� 7KLV PHDQV WKDW DIWHU VHYHUDO OD\HUV RI SDFNLQJ D JRRG UHGLVWULEXWLRQ RI ERWK

SKDVHV LQ DOO GLUHFWLRQV VKRXOG RFFXU�

,Q PRGHOLQJ WKH HmHFW RI PDOGLVWULEXWLRQV RQ WKH SHUIRUPDQFH RI VWUXFWXUHG SDFNLQJV�

WKH FKDQJH LQ RULHQWDWLRQ QHHGV WR EH DFFRXQWHG IRU� 7KLV LV SDUWLFXODUO\ LQWHUHVWLQJ

���



IRU PDOGLVWULEXWLRQ FDVHV LQ ZKLFK WKH LQLWLDO PDOGLVWULEXWLRQ KDV WKH VDPH RULHQWDWLRQ

DV WKH nUVW OD\HU RI SDFNLQJ� 7KLV FDQ EH LOOXVWUDWHG E\ ORRNLQJ DW FDVHV 6TXDUH�� DQG

6TXDUH�� LQ )LJ� ���� ,W LV DVVXPHG WKDW WKH nUVW SDFNLQJ HOHPHQW KDV LWV VKHHWV

RULHQWHG DORQJ WKH PDOGLVWULEXWLRQ� ,Q WKLV FDVH WKHUH ZLOO EH KDUGO\ DQ\ H[FKDQJH

EHWZHHQ WKH KLJKO\ LUULJDWHG ]RQH DQG WKH ORZHU LUULJDWHG ]RQHV LQ WKH nUVW SDFNLQJ

HOHPHQW� 7KLV DOVR PHDQV WKDW� GXH WR WKH KLJKHU ORDGLQJ� WKH LQWHUIDFLDO DUHD ZLOO

EH ORZHU LQ WKH KLJKO\ LUULJDWHG VHFWLRQ� UHGXFLQJ WKH PDVV WUDQVIHU HpFLHQF\ RI WKLV

VHFWLRQ�

7R WHVW WKH DERYH� FDOFXODWLRQV ZHUH GRQH IRU WKH VDPH ELQDU\ V\VWHP RXWOLQHG DERYH�

ZLWK D VWUXFWXUHG SDFNLQJ UHSODFLQJ WKH GXPSHG SDFNLQJ� $ JHQHUDO VKHHW W\SH SDFN�

LQJ LV XVHG� ZLWK D VSHFLnF VXUIDFH DUHD RI ��� P� P�� D FKDQQHO EDVH ZLGWK RI ������

P DQG D FRUUXJDWLRQ DQJOH RI ��R� $ SDFNHG KHLJKW RI � P LV XVHG� ZKLFK LV VSOLW

XS LQWR VOLFHV RI ��� P HDFK� 7KH IHHG VSHFLnFDWLRQ IURP WKH RULJLQDO H[DPSOH ZDV

PDLQWDLQHG� DV ZDV WKH ERWWRP SURGXFW oRZ UDWH� 7KH UHoX[ UDWLR ZDV VHW WR �� WR

REWDLQ D FROXPQ GLDPHWHU LQ WKH WRS VHFWLRQ RI DERXW ��� P� 7KLV PD\ EH DGHTXDWHO\

GHVFULEHG E\ D �� E\ �� FHOO OD\RXW SDWWHUQ DV UHSUHVHQWHG LQ )LJ� ���� 0DVV WUDQV�

IHU FRHpFLHQWV DQG LQWHUIDFLDO DUHDV ZHUH FDOFXODWHG ZLWK WKH PHWKRG RI %UDYR HW DO�

�������

&DOFXODWLRQV ZLOO EH GRQH IRU FDVH 6TXDUH��� LQ ZKLFK ZH FRQVLGHU WKUHH GLmHUHQW
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)LJXUH ���� 'LmHUHQWLDO +(73V IRU VWUXFWXUHG SDFNLQJ

VLWXDWLRQV� )LUVW� ZH DVVXPH WKDW VSOLWWLQJ LQ WKH [ DQG \ GLUHFWLRQV LV HTXDO� 6HFRQG�

ZH FRQVLGHU D FDVH LQ ZKLFK �� � RI WKH oRZ VSOLWV DORQJ WKH SDFNLQJ� DVVXPLQJ WKH

LQLWLDO PDOGLVWULEXWLRQ KDV WKH VDPH RULHQWDWLRQ DV WKH SDFNLQJ� DQG WKLUG� ZH ZLOO

ORRN DW D VLPLODU VLWXDWLRQ LQ ZKLFK WKH RULHQWDWLRQ RI WKH LQLWLDO PDOGLVWULEXWLRQ LV

SHUSHQGLFXODU WR WKH RULHQWDWLRQ RI WKH SDFNLQJ VKHHWV� :H IXUWKHU DVVXPH WKDW DIWHU

HDFK � VWDJHV ���� P� WKH SDFNLQJ RULHQWDWLRQ FKDQJHV�

6KRZQ LQ )LJ� ��� DUH WKH GLmHUHQWLDO +(73V IRU WKH WRS VHFWLRQ RI WKH SDFNLQJ� $V

���



FDQ EH VHHQ� WKH SDFNLQJ DQLVRWURS\ FDXVHV WKH GLmHUHQWLDO +(73V WR PHDQGHU DURXQG

WKH GLmHUHQWLDO +(73 WKDW LV IRXQG LI WKH SDFNLQJ ZRXOG EH LVRWURSLF� ,Q DGGLWLRQ WKLV

nJXUH VXJJHVWV WKDW WKH LQLWLDO PDOGLVWULEXWLRQ GRHV QRW GLVDSSHDU FRPSOHWHO\� DV WKH

PHDQGHULQJ LV VWLOO VHHQ LQ WKH ORZHU VHFWLRQ RI WKH FROXPQ� :KHQ WKH PDOGLVWULEXWLRQ

SDWWHUQ LV SDUDOOHO WR WKH RULHQWDWLRQ RI WKH VKHHWV LQ WKH SDFNLQJ� WKH +(73 LV KLJKHU

WKDQ ZKHQ WKH RULHQWDWLRQ LV SHUSHQGLFXODU� 7KLV LV LQ OLQH ZLWK RXU H[SHFWDWLRQV�

7KH IDFW WKDW WKH LQLWLDO +(73 IRU WKH SHUSHQGLFXODU VSOLW LV ORZHU WKDQ IRU WKH HTXDO

VSOLW LV H[SODLQHG E\ WKH IDFW WKDW ZLWK WKH ��� SHUSHQGLFXODU VSOLW� WKH OLTXLG ZLOO

VSUHDG RXW PXFK PRUH UDSLGO\ WKDQ ZKHQ XVLQJ DQ ��� VSOLW�

��� 7HUQDU\ 6\VWHP �� 0HWKDQRO � LVR�3URSDQRO �

:DWHU

,Q WKLV VHFWLRQ ZH ZLOO IRFXV RXU DWWHQWLRQ RQ D QRQ�LGHDO PL[WXUH RI PHWKDQRO� LVR�

SURSDQRO DQG ZDWHU� 7KLV PL[WXUH KDV RQH ELQDU\ D]HRWURSH EHWZHHQ LVR�SURSDQRO

DQG ZDWHU� 7RWDO UHoX[ FDOFXODWLRQV ZHUH GRQH ZLWK WKLV V\VWHP� 7KH 157/ PRGHO

ZDV XVHG IRU HYDOXDWLRQ RI QRQLGHDO WKHUPRG\QDPLF EHKDYLRU�

&ROXPQ VLPXODWLRQV ZHUH GRQH IRU D SDFNHG FROXPQ ZLWK D SDFNLQJ KHLJKW RI � P�

���



&RPSRQHQW L &RPSRQHQW M DL�M  >- cPROb�@ DM�L  >- cPROb�@ mL�M � >�@

PHWKDQRO LVR�SURSDQRO ������� �������� ������

PHWKDQRO ZDWHU �������� �������� ������

LVR�SURSDQRO ZDWHU ������� �������� ������

7DEOH ���� 157/ SDUDPHWHUV IRU PL[WXUH PHWKDQRO � LVR�SURSDQRO � ZDWHU

FRQVLVWLQJ RI � LQFK 5DVFKLJ ULQJV� 7KH FRUUHODWLRQV GXH WR 2QGD HW DO� ������ ZHUH

XVHG IRU FDOFXODWLRQ RI PDVV WUDQVIHU FRHpFLHQWV DQG YDSRU�OLTXLG LQWHUIDFLDO DUHDV�

7KH SDFNHG VHFWLRQ ZDV VSOLW XS LQWR �� VOLFHV RI ��� P HDFK� 7KH oRZ UDWHV ZHUH

FKRVHQ VXFK WKDW D FROXPQ GLDPHWHU RI DERXW � P ZDV REWDLQHG� )RU LQYHVWLJDWLQJ

WKH LQoXHQFH RI PDOGLVWULEXWLRQ RI WKH UHoX[ oRZ RQ FROXPQ EHKDYLRU� WKH UDGLDO

PDOGLVWULEXWLRQ SDWWHUQV DV JLYHQ LQ )LJ� ��� LV XVHG� )RU WKH JLYHQ FHOO OD\RXW� D

VSOLWWLQJ IDFWRU RI ���� LV XVHG WR REWDLQ D oRZ SDWWHUQ WKDW FRUUHVSRQGV WR WKH QDWXUDO

oRZ PRGHO� 7KH FROXPQ LQWHUQDO oRZV ZHUH UHGLVWULEXWHG DFFRUGLQJ WR GLVWULEXWLRQ

SDWWHUQ 5DGLDO�� LQ )LJ� ����

3ORWWHG LQ )LJ� ��� DUH WKH FRQFHQWUDWLRQ SURnOHV DV REWDLQHG ZLWK FDVHV 5DGLDO���

5DGLDO�� DQG 5DGLDO��� $V FDQ EH VHHQ� WKH GLmHUHQFHV DUH FRQVLGHUDEOH� ,Q VSLWH

RI WKH IDFW WKDW ERWK WKH YDOXHV RI &Y DQG 0, IRU FDVH 5DGLDO�� DUH ORZHU WKDQ IRU

FDVH 5DGLDO��� WKH HmHFWV RI PDOGLVWULEXWLRQ DUH PRUH SURQRXQFHG IRU FDVH 5DGLDO���
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Redistribution

)LJXUH ���� &RQFHQWUDWLRQ SURnOHV IRU 0HWKDQRO � LVR�3URSDQRO � :DWHU FROXPQ DW

YDULRXV PDOGLVWULEXWLRQ SDWWHUQV
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$SSDUHQWO\� WKH LQGH[HV GR QRW FRPSOHWHO\ GHVFULEH ZKDW KDSSHQV LQ WKH FROXPQ� ,W

VKRXOG EH QRWHG KHUH WKDW LQ D SDUW RI WKH FROXPQ XQGHU FRQVLGHUDWLRQ� WKHUH LV QR

VXEVWDQWLDO FKDQJH LQ WKH FRQFHQWUDWLRQ SURnOHV� DQG LQ DQRWKHU VHFWLRQ WKHUH LV D KXJH

MXPS RYHU MXVW D UHODWLYHO\ VPDOO QXPEHU RI 
VOLFHV
� ,Q WKHVH FDVHV� PLQRU GLmHUHQFHV

LQ WKH WRS VHFWLRQ RI WKH FROXPQ PD\ ZRUN RXW WR KDYH D VXEVWDQWLDO LQoXHQFH LQ WKH

ERWWRP SDUW RI WKH FROXPQ� 2EYLRXVO\� UHGLVWULEXWLRQ FDQQRW SUHYHQW WKLV EHKDYLRU�

EHFDXVH PRVW RI WKH 
GDPDJH
 LV GRQH LQ WKH WRS VHFWLRQ� 7KH LQoXHQFH RI UHGLVWULEXWLRQ

LV YLVLEOH RQO\ LQ WKH FRQFHQWUDWLRQ SURnOHV IRU 5DGLDO��� 7KLV LV GXH WR WKH IDFW WKDW

LQ WKH QDWXUDO oRZ PRGHO� LUUHJXODULWLHV LQ WKH oRZ SURnOH ZLOO EH VPRRWKHG RXW DORQJ

WKH KHLJKW RI WKH FROXPQ DQG GLVDSSHDU FRPSOHWHO\ LI WKH FROXPQ LV KLJK HQRXJK� ,I

WKH PDOGLVWULEXWLRQ LV QRW WRR VHYHUH� WKH HmHFWV ZLOO RQO\ EH IHOW RQ D OLPLWHG QXPEHU

RI VWDJHV EHFDXVH WKH QDWXUDO oRZ PRGHO LWVHOI ZLOO WDNH FDUH RI UHGLVWULEXWLRQ�

��� 7HUQDU\ 6\VWHP �� LVR�3URSDQRO � %HQ]HQH �

Q�3URSDQRO

7KH LVR�3URSDQRO � %HQ]HQH � Q�3URSDQRO V\VWHP DOVR H[KLELWV WKHUPRG\QDPLFDOO\

QRQLGHDO EHKDYLRU� 7KH V\VWHP KDV WZR ELQDU\ D]HRWURSHV� RQH RI ZKLFK LV D ORZ

���



&RPSRQHQW L &RPSRQHQW M DL�M  >- cPROb�@ DM�L  >- cPROb�@ mL�M � >�@

LVR�SURSDQRO EHQ]HQH �������� �������� ������

LVR�SURSDQRO Q�SURSDQRO �������� �������� ������

EHQ]HQH Q�SURSDQRO ������� ������� ������

7DEOH ���� 157/ SDUDPHWHUV IRU PL[WXUH LVR�SURSDQRO � EHQ]HQH Q�SURSDQRO

ERLOLQJ VWDEOH QRGH �LVR�SURSDQRO � EHQ]HQH�� WKH RWKHU LV D VDGGOH D]HRWURSH EHWZHHQ

EHQ]HQH DQG Q�SURSDQRO� %RWK D]HRWURSHV DUH FRQQHFWHG E\ D GLVWLOODWLRQ ERXQGDU\�

7RWDO UHoX[ FDOFXODWLRQV ZHUH GRQH IRU WKLV V\VWHP� DJDLQ XVLQJ WKH 157/ PRGHO�

&ROXPQ FDOFXODWLRQV ZHUH GRQH IRU D FROXPQ ZLWK D KHLJKW RI � P� SDFNHG ZLWK �

LQFK 5DVFKLJ ULQJV� 7KH FRUUHODWLRQV E\ 2QGD HW DO� ������ ZHUH XVHG IRU FDOFXODWLRQ

RI PDVV WUDQVIHU FRHpFLHQWV DQG LQWHUIDFLDO DUHDV� 7KH SDFNHG VHFWLRQ ZDV VSOLW XS

LQWR �� VOLFHV RI ��� P HDFK� 7KH oRZ UDWHV ZHUH FKRVHQ VXFK WKDW D FROXPQ GLDPHWHU

RI DERXW � P ZDV REWDLQHG� $ OLTXLG VSOLWWLQJ IDFWRU RI ���� ZDV XVHG� 7KH UDGLDO

PDOGLVWULEXWLRQ SDWWHUQV� DV VKRZQ LQ )LJ� ��� ZHUH XVHG IRU WKH UHoX[ VWUHDP� 7KH

LQWHUQDO OLTXLG oRZV ZHUH UHGLVWULEXWHG RYHU WKH FURVV VHFWLRQDO DUHD RI WKH FROXPQ

DIWHU �� � DQG � P �DW VWDJHV ��� �� DQG ����

7KH REVHUYHG FRQFHQWUDWLRQ SURnOHV IRU FDVHV 5DGLDO��� 5DGLDO�� DQG 5DGLDO�� DUH

JLYHQ LQ )LJ� ���� 0RVW UHPDUNDEOH KHUH LV WKDW IRU FDVHV 5DGLDO�� DQG 5DGLDO���
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Redistribution

)LJXUH ���� &RQFHQWUDWLRQ SURnOHV IRU LVR�3URSDQRO � %HQ]HQH � Q�3URSDQRO FROXPQ DW

YDULRXV PDOGLVWULEXWLRQ SDWWHUQV

WKH ERWWRP RI WKH FROXPQ FRQVLVWV RI SXUH Q�SURSDQRO� ZKHUHDV IRU FDVH 5DGLDO�� WKH

ERWWRP SURGXFW LV SXUH EHQ]HQH� 'HSHQGLQJ RQ KRZ WKH UHoX[ LV PDOGLVWULEXWHG ZH

FDQ DSSDUHQWO\ REWDLQ GLmHUHQW SXUH SURGXFWV IURP RQH VLQJOH GLVWLOODWLRQ FROXPQ�

7KH UHDVRQ IRU WKH REVHUYHG EHKDYLRU FDQ EH IRXQG LQ WKH IDFW WKDW WKH PDOGLVWULEXWLRQ

LQoXHQFHV WKH LQGLYLGXDO FRPSRQHQW HpFLHQFLHV� 7KLV LV LOOXVWUDWHG E\ WKH UHODWLYH

HpFLHQF\ GLmHUHQFHV EHWZHHQ Q�SURSDQRO DQG LVR�SURSDQRO� JLYHQ E\�

���



c�HII�  
(09
Q3 b(09

L3

(09
Q3

�����

7KH 0XUSKUHH YDSRU SKDVH HpFLHQFLHV IRU HDFK VOLFH DUH FDOFXODWHG IURP WKH UHVXOWV

RI WKH QRQHTXLOLEULXP PRGHO� 7KH UHVXOWV DUH SUHVHQWHG LQ )LJ� ���� 6KRZQ KHUH DUH

WKH UHODWLYH HpFLHQF\ GLmHUHQFHV LQ WKH WRS RI WKH FROXPQ IRU FDVHV 5DGLDO��� � DQG

�� $V FDQ EH VHHQ� WKHUH DUH VXEVWDQWLDO GLmHUHQFHV EHWZHHQ FDVHV 5DGLDO�� DQG � RQ

WKH RQH KDQG DQG FDVH 5DGLDO�� RQ WKH RWKHU KDQG�

3HONRQHQ HW DO� ������ KDYH DOUHDG\ VKRZQ WKDW GLmHUHQW PRGHOV FDQ SUHGLFW GLmHUHQW

GLVWLOODWLRQ OLQHV� 7KLV LV GXH WR WKH IDFW WKDW PDVV WUDQVIHU LQWHUDFWLRQV PD\ UHVXOW LQ

FKDQJHV LQ WKH FXUYDWXUH DQG ORFDWLRQ RI WKH GLVWLOODWLRQ ERXQGDULHV� 6LPLODU REVHUYD�

WLRQV DUH PDGH E\ &DVWLOOR DQG 7RZOHU ������ ZKR SRLQW RXW WKDW GLmHUHQFHV EHWZHHQ

WKH HpFLHQFLHV RI GLmHUHQW FRPSRQHQWV LQ D WHUQDU\ PL[WXUH FDQ OHDG WR GLmHUHQFHV LQ

FXUYDWXUH RI WKH GLVWLOODWLRQ OLQHV DQG ERXQGDULHV�

,Q WKHLU VWXG\� 3HONRQHQ HW DO� ������ OLPLWHG WKHPVHOYHV WR PRGHOLQJ SDFNHG FROXPQ

EHKDYLRU ZLWKRXW WDNLQJ PDOGLVWULEXWLRQ LQWR DFFRXQW� $V LOOXVWUDWHG DERYH� GLmHU�

HQFHV LQ PDOGLVWULEXWLRQ PD\ DOVR UHVXOW LQ FKDQJHV LQ WKH FXUYDWXUH RI WKH GLVWLOODWLRQ

ERXQGDULHV DQG OLQHV� 7KLV PHDQV WKDW GLVWLOODWLRQ OLQHV PD\ VWDUW LQ VOLJKWO\ GLmHUHQW

GLUHFWLRQV� DQG SRVVLEO\ RQ GLmHUHQW VLGHV RI WKH GLVWLOODWLRQ ERXQGDU\� LI WKH LQLWLDO
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)LJXUH ���� (pFLHQF\ GLmHUHQFHV EHWZHHQ LVR�SURSDQRO DQG EHQ]HQH LQ WRS VHFWLRQ RI

FROXPQ

SRLQW LV ORFDWHG FORVH WR WKH GLVWLOODWLRQ ERXQGDU\� 7KLV LV LQGHHG WKH FDVH LQ WKLV

H[DPSOH�

7R WHVW WKLV FRQFOXVLRQ ZH KDYH GRQH FDOFXODWLRQV LQ ZKLFK DOO WKH FRPSRQHQW HpFLHQ�

FLHV LQ D FRQWDFWLQJ FHOO ZHUH VHW HTXDO WR RQH DQRWKHU� 7KLV ZDV GRQH E\ QHJOHFWLQJ WKH

OLTXLG SKDVH PDVV WUDQVIHU UHVLVWDQFH DQG VHWWLQJ DOO YDSRU SKDVH GLmXVLYLWLHV HTXDO�

,Q WKLV FDVH� WKHUH DUH QR UHODWLYHO\ ODUJH GLmHUHQFHV LQ HpFLHQFLHV LQ WKH WRS SDUW

���



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1

iso-propanol mole fraction / [-]

b
en

ze
n

e 
m

o
le

 f
ra

ct
io

n
 / 

[-
]

Equal HETP

Radial-3

Radial-0

)LJXUH ���� 'LVWLOODWLRQ OLQHV IRU LVR�3URSDQRO � %HQ]HQH � Q�3URSDQRO V\VWHP

RI WKH FROXPQ� $V D UHVXOW� WKH GLVWLOODWLRQ OLQHV IRU HDFK LQGLYLGXDO FDVH ZLOO KDYH

HTXDO GLUHFWLRQV DW WKH VWDUW� DQG IRU DOO PDOGLVWULEXWLRQ FDVHV� WKDW WKH ERWWRP RI WKH

FROXPQ FRQVLVWV RI SXUH EHQ]HQH�

7KH UHVXOWV DUH VXPPDUL]HG LQ WKH GLVWLOODWLRQ OLQH PDS LQ )LJ� ���� 3ORWWHG KHUH DUH

WKH GLVWLOODWLRQ OLQHV IRU FDVH 5DGLDO��� FDVH 5DGLDO��� DQG WKH QR�PDOGLVWULEXWLRQ FDVH

ZLWK 
HTXDO HpFLHQFLHV
� $OO GLVWLOODWLRQ OLQHV RULJLQDWH IURP WKH VDPH SRLQW� ZKLFK LV

���



YHU\ FORVH WR WKH GLVWLOODWLRQ ERXQGDU\� )URP KHUH WKH QR�PDOGLVWULEXWLRQ FDVH JRHV

WRZDUG WKH SXUH Q�SURSDQRO FRUQHU� 7KH RWKHU WZR JR WRZDUG WKH SXUH EHQ]HQH FRUQHU�

,Q DGGLWLRQ� ZH KDYH WHVWHG WKH LQoXHQFH RI UHGLVWULEXWLRQ E\ GRLQJ WKH VDPH FDOFXOD�

WLRQV DV GHVFULEHG DERYH DVVXPLQJ QR UHGLVWULEXWLRQ RI OLTXLG� 7KH UHVXOWV ZHUH YHU\

VLPLODU WR WKRVH SUHVHQWHG KHUH� 'LmHUHQFHV LQ PDOGLVWULEXWLRQ SDWWHUQV OHDG WR GLVWLO�

ODWLRQ OLQHV VHWWLQJ Rm LQ VOLJKWO\ GLmHUHQW GLUHFWLRQV� 7KHUHIRUH� UHGLVWULEXWLRQ GRHV

QRW KDYH D ODUJH LPSDFW RQ WKH RXWFRPH RI WKH FDOFXODWLRQV� EHFDXVH WKH LPSRUWDQW

SDUW RI WKH FROXPQ LV MXVW D IHZ VWDJHV DW WKH WRS�

��� 5HDFWLYH 6\VWHP� 07%( 6\QWKHVLV

$V D WHVW FDVH IRU RXU QRQHTXLOLEULXP ]RQH VWDJH PRGHO ZH KDYH FRQVLGHUHG WKH V\Q�

WKHVLV RI 07%(� XVLQJ D FRQnJXUDWLRQ DV SUHVHQWHG E\ -DFREV DQG .ULVKQD ������

DQG VKRZQ LQ )LJ� ���� ,Q WKH FROXPQ XQGHU FRQVLGHUDWLRQ KHUH� SDFNLQJ ZDV XVHG IRU

DOO VHFWLRQV� UDWKHU WKDQ D K\EULG FRQnJXUDWLRQ ZLWK ERWK SDFNLQJ DQG WUD\V WKDW ZDV

XVHG LQ SUHYLRXV ZRUNV�

:H KDYH DVVXPHG WKH QRQUHDFWLYH UHFWLI\LQJ DQG VWULSSLQJ VHFWLRQV DUH nOOHG ZLWK �

LQFK 5DVFKLJ ULQJV� WKH UHDFWLYH VHFWLRQ ZLWK ��� LQFK5DVFKLJ ULQJV� 'DWD IRU WKH

SDFNHG VHFWLRQ DUH JLYHQ LQ 7DEOH ���� 7KH UHFWLI\LQJ VHFWLRQ LV WDNHQ WR EH � P KLJK�

���



DQG LV EH PRGHOHG E\ PHDQV RI �� VWDJHV� 7KH UHDFWLYH VHFWLRQ LV WDNHQ WR EH ��� P

KLJK DQG LV PRGHOHG E\ PHDQV RI �� VWDJHV� +LJOHU HW DO� �����F� IRXQG WKDW WKLV ODUJH

QXPEHU RI VWDJHV ZDV UHTXLUHG EHFDXVH RI WKH KLJKO\ QRQOLQHDU LQWHUDFWLRQ EHWZHHQ

WKH UHDFWLRQ UDWHV DQG WKH WHPSHUDWXUHV LQVLGH WKH FDWDO\WLF SDFNLQJ� 7KH VWULSSLQJ

VHFWLRQ LV WDNHQ WR EH ��� P DQG LV GHVFULEHG E\ PHDQV RI �� VWDJHV� 7KH FRUUHODWLRQV

RI 2QGD HW DO�� ������ DUH XVHG IRU WKH FDOFXODWLRQ RI PDVV WUDQVIHU FRHpFLHQWV DQG

LQWHUIDFLDO DUHDV� 7KH VSOLWWLQJ IDFWRUV IRU WKH LQGLYLGXDO VHFWLRQV PD\ EH FDOFXODWHG

XVLQJ (T� ������� 3DFNLQJ GDWD DUH VXSSOLHG LQ 7DEOH ���� 7KH UHDFWLRQ ZDV PRGHOHG

E\ PHDQV RI D SVHXGR KRPRJHQHRXV NLQHWLF H[SUHVVLRQ�

7KH FDOFXODWLRQV ZHUH OLPLWHG WR PDOGLVWULEXWLRQV LQ WKH UHoX[ oRZ� :H DOVR DVVXPH

WKDW PDOGLVWULEXWLRQV EHWZHHQ WKH GLmHUHQW VHFWLRQV RI SDFNLQJ ZLOO JR VWUDLJKW GRZQ

WR WKH VHFWLRQ EHORZ�

����� &DOFXODWLRQV

7KH nUVW VHW RI FDOFXODWLRQV FRQVLGHUV WKH LQoXHQFH RI WKH QDWXUDO oRZ PRGHO RQ WKH

UHDFWLYH GLVWLOODWLRQ SURFHVV� +HUH ZH FRPSDUH FDOFXODWLRQV GRQH ZLWK MXVW RQH ]RQH

SHU VWDJH DQG ZLWK FDOFXODWLRQV ZLWK � ]RQHV SHU VWDJH� DVVXPLQJ WKDW WKHUH LV QR

PDOGLVWULEXWLRQ RI DQ\ RI WKH VWUHDPV VXSSOLHG WR WKH SDFNLQJ �UHoX[� IHHGV DQG UHERLO

���



5HFWLI\LQJ VHFWLRQ 5HDFWLYH VHFWLRQ 6WULSSLQJ VHFWLRQ

&ROXPQ GLDPHWHU �P� ��� ��� ���

7RWDO FROXPQ DUHD �P�� ���� ���� ����

3DFNLQJ KHLJKW �P� ��� ��� ���

6SHFLnF SDFNLQJ VXUIDFH �P�� �� ��� ��

3DFNLQJ VL]H �LQ� � ��� �

9RLG IUDFWLRQ �b� ���� ���� ����

1RPLQDO VL]H �P� ������ ������� ������

&ULWLFDO VXUIDFH WHQVLRQ �1 cPb�� ����� ����� �����

3DFNLQJ )DFWRU �b� ����� ������� �����

6SOLWWLQJ IDFWRU �./� �b� �������� �������� ��������

7DEOH ���� 3DFNLQJ GDWD IRU UHDFWLYH GLVWLOODWLRQ FROXPQ

���



VWUHDPV�� 7KH GLmHUHQFH EHWZHHQ WKH WZR FDOFXODWLRQV LV WKDW ZKHQ XVLQJ RQH ]RQH

SHU VWDJH WKH YHORFLW\ SURnOH RI WKH OLTXLG oRZLQJ GRZQ WKH SDFNLQJ LV oDW� ZKHUHDV

ZKHQ XVLQJ WKH QDWXUDO oRZ PRGHO D YHORFLW\ SURnOH ZLOO GHYHORS� HYHQ LI WKHUH LV

QR PDOGLVWULEXWLRQ� *LYHQ LQ )LJ� ��� DUH WKH FRQYHUVLRQ RI L�EXWHQH �WRS RI nJXUH�

DQG PROH IUDFWLRQ RI 07%( LQ WKH ERWWRP SURGXFW VWUHDP �ERWWRP RI nJXUH� DV D

IXQFWLRQ RI WKH ERWWRP SURGXFW oRZUDWH� 8VLQJ RQH FHOO SHU VWDJH �oDW oRZ�� ZH VHH

WKDW WKHUH DUH PXOWLSOH VWHDG\ VWDWHV LQ WKH UDQJH IRU WKH ERWWRP SURGXFW oRZUDWH

EHWZHHQ ��� DQG ��� PRO V� 7KLV LV VLPLODU WR WKH nQGLQJV SUHVHQWHG LQ WKH SUHYLRXV

FKDSWHU� +RZHYHU� ZKHQ XVLQJ WKH QDWXUDO oRZ PRGHO WKH PXOWLSOH VWHDG\ VWDWH UDQJH

GLVDSSHDUV�

7KLV PD\ EH GXH WR WKH IDFW WKDW LQ WKH QDWXUDO oRZ PRGHO WKH OLTXLG GRHV QRW oRZ

XQLIRUPO\ DORQJ WKH SDFNLQJ� ,Q VRPH VHFWLRQV RI WKH SDFNLQJ WKLV ZLOO UHVXOW LQ ORVV

RI LQWHUIDFLDO DUHD� 7KH HmHFWV RI WKH UHGXFWLRQ RI WKH RYHUDOO IDFLOLW\ IRU PDVV WUDQVIHU

KDYH DOUHDG\ EHHQ GLVFXVVHG �VHH &KDSWHU ��� DQG ZH GR LQGHHG VHH VLPLODU EHKDYLRU�

7KH PXOWLSOH VWHDG\ VWDWH UHJLRQ KDV GLVDSSHDUHG� DQG IRU WKH QDWXUDO oRZ PRGHO WKH

ORZ SURGXFWLRQ EUDQFK LV KLJKHU WKDQ IRU WKH XQLIRUP oRZ PRGHO� 7KLV LV EHFDXVH

WKH LQFUHDVHG PDVV WUDQVIHU UHVLVWDQFH UHGXFHV WKH LQoXHQFH RI WKH EDFNZDUG UHDFWLRQ

UDWH� OHDGLQJ WR DQ LQFUHDVHG FRQYHUVLRQ�

,Q DGGLWLRQ� WKHUH PD\ EH DQ HmHFW RI WKH GLmHUHQW UHVLGHQFH WLPHV WKDW ZLOO 
oDWWHQ


���
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Flat flow

Natural flow

)LJXUH ���� &RPSDULVRQ RI FRQYHUVLRQ DQG ERWWRP SURGXFW SXULW\ IRU QR PDOGLVWULEX�

WLRQ PRGHO DQG QDWXUDO oRZ PRGHO

WHPSHUDWXUH DQG FRQFHQWUDWLRQ SURnOHV� *UDGLHQWV LQ WKHVH SURnOHV DUH PXFK VWHHSHU

LQ WKH ORZ SURGXFWLRQ EUDQFK WKDQ LQ WKH KLJK SURGXFWLRQ EUDQFK�

,Q VXEVHTXHQW FDOFXODWLRQV WKH VXSHUnFLDO OLTXLG YHORFLW\ RI WKH UHoX[ VWUHDP WR WKH

LQQHU WKUHH FHOOV RI WKH FROXPQ ZDV LQFUHDVHG E\ VWHSV RI �� UHODWLYH WR WKH DYHUDJH

oRZUDWH� )LJ� ���� VKRZV WKH FRQYHUVLRQ RI L�EXWHQH DV D IXQFWLRQ RI WKH ERWWRP

SURGXFW oRZUDWH IRU WKHVH FDVHV� ,W LV LPPHGLDWHO\ FOHDU WKDW PLQRU GHYLDWLRQV LQ

WKH oRZ SDWWHUQ PD\ KDYH D VXEVWDQWLDO LQoXHQFH RQ WKH FRQYHUVLRQ LQ WKH ERWWRP

���



SURGXFW oRZUDWH UHJLRQ EHWZHHQ ��� DQG ��� PRO V�

7KH UHDVRQ IRU WKLV KLJK VHQVLWLYLW\ LV QRW VR FOHDU� ,W LV QRW FDXVHG RQO\ E\ WKH ORVV

RI LQWHUIDFLDO DUHD� ,Q WKDW FDVH� ZH ZRXOG QRW H[SHFW WKH ODUJH GHYLDWLRQV REVHUYHG

EHWZHHQ ��� DQG ��� PRO V� $Q H[SODQDWLRQ IRU WKH REVHUYHG EHKDYLRU FDQ EH IRXQG

LQ WKH SURGXFWLRQ UDWH SURnOHV VKRZQ LQ )LJ� ����� 7KHVH SURnOHV ZHUH JHQHUDWHG DW D

ERWWRP SURGXFW oRZUDWH RI ��� PRO V� 7KH UHVXOW RI LQFUHDVLQJ WKH oRZ LQ WKH FHQWHU

LV FOHDUO\ YLVLEOH� WKH UHDFWLRQ UDWH SURnOH LV 
VKLIWHG XS
 LQ WKH FDWDO\WLF SDFNLQJ� DV

D UHVXOW RI ZKLFK� IRU WKH KLJKHVW PDOGLVWULEXWHG FDVH� SDUW RI WKH FDWDO\WLF VHFWLRQ LV

XVHG IRU FRQVXPSWLRQ RI 07%(� 7KLV XQGHVLUHG HmHFW UHVXOWV LQ WKH ODUJHU GLmHUHQFH

LQ WKH ERWWRPV oRZUDWH UHJLRQ EHWZHHQ ��� DQG ��� PRO V� 7KH XSVZLQJ LQ WKH

FRQYHUVLRQ WKDW LV IRXQG EHWZHHQ ��� DQG ��� PRO V IRU WKH � WR �� � FDVHV PD\

EH H[SODLQHG DV IROORZV� $V WKH ERWWRP SURGXFW oRZUDWH LQFUHDVHV� WKH UHDFWLRQ UDWH

SURnOH ZLOO EH 
oXVKHG
 GRZQ WKH SDFNLQJ� $V D UHVXOW� WKH HQWLUH SDFNLQJ ZLOO DJDLQ

EH XVHG IRU SURGXFWLRQ RI 07%(� UHVXOWLQJ LQ D KLJKHU FRQYHUVLRQ�

6XPPDUL]LQJ� ZH FDQ VD\ WKDW PDOGLVWULEXWLRQ GRHV QRW RQO\ KDYH DQ LQoXHQFH RQ WKH

LQWHUIDFLDO DUHD� EXW DOVR RQ WKH UHDFWLRQ UDWH SURnOHV� 7KLV KLJK VHQVLWLYLW\ LV TXLWH

UHPDUNDEOH VLQFH� HYHQ LQ WKH ZRUVW FDVH VFHQDULR ZKHUH WKH VXSHUnFLDO OLTXLG YHORFLW\

LQ WKH FHQWHU LV RQO\ �� � KLJKHU WKDQ LQ WKH RXWHU ULQJV� WKH &Y YDOXH LV OHVV WKDQ

����� 3HUU\ HW DO�� ������ VWDWH WKDW D &Y YDOXH RI OHVV WKDQ ��� IRU D GLVWULEXWRU LV

���
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)LJXUH ����� ,QoXHQFH RI LQFUHDVLQJ oRZ GRZQ WKH FHQWHU RI WKH FROXPQ RQ SURGXFW

SXULW\

DGHTXDWH� SURYLGHG WKH PDOGLVWULEXWLRQV DUH UDQGRPO\ GLVSHUVHG� 7KDW WKLV PD\ QRW

EH WKH FDVH LV VXJJHVWHG E\ WKH YDOXH RI WKH PDOGLVWULEXWLRQ LQGH[ 0,  ��

,Q WKH QH[W VHW RI FDOFXODWLRQV ZH KDYH UHYHUVHG WKH PDOGLVWULEXWLRQ SDWWHUQ XVHG LQ

WKH SUHYLRXV FDOFXODWLRQV DQG LQFUHDVHG WKH VXSHUnFLDO OLTXLG YHORFLW\ LQ WKH WKUHH

RXWVLGH ULQJV� XS WR D PD[LPXP RI DQ �� KLJKHU OLTXLG YHORFLW\� 6KRZQ LQ )LJ� ����

LV WKH FRQYHUVLRQ RI L�EXWHQH DV D IXQFWLRQ RI WKH ERWWRP SURGXFW oRZUDWH IRU WKH

YDULRXV PDOGLVWULEXWLRQ FDVHV REWDLQHG ZLWK WKH QRQHTXLOLEULXP FHOO PRGHO� ,W FDQ
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)LJXUH ����� SURGXFWLRQ UDWH SURnOHV REWDLQHG DW D ERWWRP SURGXFW oRZUDWH RI ���

PRO�V IRU 07%( FROXPQ DW WKUHH PDOGLVWULEXWLRQ FDVHV
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No Maldistribution

+2 %

+4 %

+6 %

+8 %

)LJXUH ����� ,QoXHQFH RI LQFUHDVLQJ oRZ FORVH WR WKH ZDOO RI WKH FROXPQ RQ L�EXWHQH

FRQYHUVLRQ

EH VHHQ WKDW WKH PD[LPXP DWWDLQDEOH FRQYHUVLRQ LV ORZHUHG E\ WKH PDOGLVWULEXWLRQ�

+RZHYHU� EHORZ D ERWWRP SURGXFW oRZUDWH RI ��� PRO V WKH FRQYHUVLRQ REWDLQHG

XQGHU PDOGLVWULEXWLRQ LV� LQ IDFW� KLJKHU WKDQ ZDV REWDLQHG ZLWKRXW PDOGLVWULEXWLRQ�

,Q WKLV FDVH� PDOGLVWULEXWLRQ DFWXDOO\ VHHPV WR LPSURYH WKH SHUIRUPDQFH RI WKH FROXPQ�

7KH REVHUYHG EHKDYLRU PD\ EH H[SODLQHG EDVHG RQ WKH HmHFW RI WKH ORVV RI LQWHUIDFLDO

DUHD RQ WKH UHDFWLRQ UDWHV� +LJOHU HW DO�� ������ SUHVHQW D SDUDPHWULF VWXG\ RI WKH

LQoXHQFH RI WKH PDVV WUDQVIHU FRHpFLHQW RQ WKH RYHUDOO FROXPQ FRQYHUVLRQ� 7KH\

���



FRQFOXGHG WKDW� EHFDXVH LQ WKH ORZ FRQYHUVLRQ EUDQFK WKH UHDFWLRQ LV SURFHHGLQJ LQ

WKH �ZURQJ� GLUHFWLRQ� WKH UHGXFHG IDFLOLW\ IRU PDVV WUDQVIHU ZLOO OHVVHQ WKLV HmHFW DQG�

WKHUHIRUH� UHVXOW LQ D KLJKHU FRQYHUVLRQ�

7R WHVW LI WKLV UHGXFHG IDFLOLW\ IRU PDVV WUDQVIHU UHDOO\ FDXVHV WKH REVHUYHG UHVXOWV�

ZH KDYH GRQH FDOFXODWLRQV LQ ZKLFK ZH KDYH UHGXFHG WKH LQWHUIDFLDO DUHD IRU WKH QRQ�

PDOGLVWULEXWHG FDVH E\ ��� )LJ� ���� SURYLGHV D FRPSDULVRQ RI WKUHH FDVHV� )LUVW�

WKH QRQPDOGLVWULEXWHG FDVH ZLWK EDVH FDVH LQWHUIDFLDO DUHD� REWDLQHG IURP WKH 2QGD

HW DO� ������ FRUUHODWLRQ� 6HFRQG WKH PDOGLVWULEXWHG FDVH� LQ ZKLFK WKH VXSHUnFLDO

YHORFLW\ RI WKH UHoX[ LQ WKH RXWHU WKUHH FHOOV ZDV LQFUHDVHG E\ ��� DQG WKLUG WKH

QRQPDOGLVWULEXWHG FDVH� LQ ZKLFK WKH EDVH FDVH LQWHUIDFLDO DUHD ZDV UHGXFHG E\ ��� ,Q

WKH VHFWLRQ RI WKH FXUYH DERYH ��� PRO V WKHUH LV D JRRG PDWFK EHWZHHQ WKH WZR FDVHV

ZLWKRXW PDOGLVWULEXWLRQ� +HUH� WKH GLmHUHQFHV EHWZHHQ WKH YDULRXV PDOGLVWULEXWLRQ

FDVHV DUH PDLQO\ GXH WR FRPELQHG HmHFWV RI WKH UHDFWLRQ DQG PDOGLVWULEXWLRQ DQG PDVV

WUDQVIHU� 7KH LQoXHQFH RI WKH LQWHUIDFLDO DUHD� DQG GLmHUHQFHV RI WKH LQWHUIDFLDO DUHD

RQ WKH SURFHVV DUH QHJOLJLEOH�

+RZHYHU EHORZ D ERWWRP SURGXFW oRZUDWH RI ���PRO V� WKHUH LV D FORVH PDWFK EHWZHHQ

WKH 
UHGXFHG�DUHD
 FDVH DQG WKH �� PDOGLVWULEXWHG FDVH� 7KLV OHDGV XV WR EHOLHYH WKDW�

LQ WKLV UHJLRQ� WKH REVHUYHG FKDQJHV GXH WR PDOGLVWULEXWLRQ DUH PDLQO\ GXH WR WKH ORVV

RI LQWHUIDFLDO DUHD�
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No Maldistribution

Outside +4 %

No Maldistribution
Interfacial Area -5 %

)LJXUH ����� ,QoXHQFH RI LQWHUIDFLDO DUHD RQ FRQYHUVLRQ RI L�EXWHQH

$QRWKHU LPSRUWDQW LVVXH WKDW LV DGGUHVVHG KHUH LV WKH QHHG IRU DFFXUDWH SUHGLFWLRQ

PRGHOV IRU LQWHUIDFLDO DUHDV DQG PDVV WUDQVIHU FRHpFLHQWV� ,Q WKLV H[DPSOH� D UH�

GXFWLRQ LQ WKH LQWHUIDFLDO DUHD RI �� UHVXOWV LQ VLJQLnFDQWO\ GLmHUHQW VWHDG\ VWDWH

EHKDYLRU� 0RVW SUHGLFWLRQ PRGHOV DUH QRW ZLWKLQ �� DFFXUDWH� LQGLFDWLQJ WKH QHHG

IRU LPSURYHPHQW�

,Q D nQDO VHW RI FDOFXODWLRQV ZH KDYH IRFXVVHG RQ VXSSO\LQJ PRUH OLTXLG WR WKH VLQJOH

FHOO QH[W WR WKH ZDOO� )LJ� ���� VKRZV WKH FRQYHUVLRQ RI L�EXWHQH DV D IXQFWLRQ RI

WKH ERWWRP SURGXFW oRZUDWH IRU YDULRXV PDOGLVWULEXWLRQ FDVHV� :H VHH DQ LQWHUHVWLQJ

���



GHYHORSPHQW LQ FRQYHUVLRQ ZLWK LQFUHDVLQJ WKH OLTXLG oRZ WR WKH RXWHU ULQJ� ,QLWLDOO\�

ZH VHH DQ RYHUDOO LQFUHDVH LQ FRQYHUVLRQ ��� FXUYH�� $ IXUWKHU LQFUHDVH WKHQ OHDGV WR D

GURS LQ FRQYHUVLRQ DQG LQ D VKLIW RI WKH GRZQVZLQJ RI WKH FRQYHUVLRQ WR ORZHU ERWWRP

SURGXFW oRZUDWHV� 7KH REVHUYHG EHKDYLRU LV FDXVHG E\ WZR SKHQRPHQD� $ PRGHUDWH

LQFUHDVH LQ WKH oRZ WR WKH RXWHU ULQJ ZLOO FDXVH WKH oRZ IXUWKHU GRZQ WKH FROXPQ WR

EH PRUH HYHQO\ GLVWULEXWHG WKDQ LV WKH FDVH IRU WKH QDWXUDO oRZ PRGHO� 7KH UHVXOWLQJ

oRZ PRGHO ZLOO EH LQ EHWZHHQ WKH QDWXUDO oRZ PRGHO DQG WKH XQLIRUP oRZ PRGHO DV

SUHVHQWHG LQ )LJ� ���� )XUWKHU LQFUHDVH RI WKH oRZ ZLOO PDNH WKH ORVV RI LQWHUIDFLDO

DUHD GXH WR PDOGLVWULEXWLRQ PRUH LPSRUWDQW OHDGLQJ WR WKH RYHUDOO ORZHU FRQYHUVLRQ

DQG WKH VKLIW RI WKH GRZQVZLQJLQJ FXUYH WR WKH OHIW� 7KLV LV VLPLODU WR WKH EHKDYLRU

LOOXVWUDWHG LQ )LJ� �����

��� &RQFOXVLRQV

&DOFXODWLRQV IRU VRPH PDOGLVWULEXWLRQ FDVHV KDYH LQGLFDWHG WKDW WKHUH LV VRPH FRUUH�

VSRQGHQFH EHWZHHQ WKH REVHUYHG GHYLDWLRQV RI WKH HpFLHQFLHV IURP 
LGHDO
 EHKDYLRU

DQG WKH FXUUHQWO\ DYDLODEOH PHWKRGV IRU UHSRUWLQJ PDOGLVWULEXWLRQ� WKH &Y YDOXH DQG

WKH PDOGLVWULEXWLRQ LQGH[0,� ,W VKRXOG� KRZHYHU� EH QRWHG WKDW LQ VRPH FDVHV� WKHVH

SDUDPHWHUV SURYLGH LQDGHTXDWH LQIRUPDWLRQ� ,W LV JHQHUDOO\ WUXH WKDW PDOGLVWULEXWLRQ
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+10 %

)LJXUH ����� ,QoXHQFH RI LQFUHDVLQJ oRZ FORVH WR WKH ZDOO RI WKH FROXPQ RQ SURGXFW

SXULW\

���



UHVXOWV LQ ORVV RI HpFLHQF\� EXW SRRUHU PDOGLVWULEXWLRQ GRHV QRW QHFHVVDULO\ OHDG WR

SRRUHU HpFLHQF\� 6LPXODWLRQV VKRZ WKDW HYHQ IRU ELQDU\ PL[WXUHV� SDFNLQJ +(73V

FDQ EH D IXQFWLRQ RI WKH KHLJKW RI WKH SDFNLQJ�

(pFLHQFLHV DQG +(73V LQ PXOWLFRPSRQHQW V\VWHPV WHQG WR EH FRQIXVLQJ� DQG WKH

HmHFW RI PDOGLVWULEXWLRQ RQ WKHVH SDUDPHWHUV LV DPELJXRXV� :H KDYH VKRZQ IRU WZR

WHUQDU\ V\VWHPV WKDW GLmHUHQW PDOGLVWULEXWLRQ SDWWHUQV FDQ UHVXOW LQ VXEVWDQWLDO GLI�

IHUHQFHV LQ FROXPQ EHKDYLRU� ,Q VRPH FDVHV� FKRRVLQJ D GLmHUHQW PDOGLVWULEXWLRQ

SDWWHUQ PD\ OHDG WR D FRPSOHWHO\ GLmHUHQW SURGXFW IURP D FROXPQ� 7R WKH EHVW RI RXU

NQRZOHGJH� VXFK DQ REVHUYDWLRQ KDV QRW EHHQ PDGH EHIRUH� 7KLV REVHUYDWLRQ QHHGV

H[SHULPHQWDO YHULnFDWLRQ�

)RU UHDFWLYH V\VWHPV� KDYH IRXQG WKDW LQ VRPH FDVHV� FROXPQ EHKDYLRU GXH WR PDOG�

LVWULEXWLRQ PD\ EH H[SODLQHG EDVHG RQ WKH ORVV RI LQWHUIDFLDO DUHD GXH WR OLTXLG DQG

YDSRU FKDQQHOOLQJ� +RZHYHU� WKH SHUIRUPDQFH RI SDFNHG UHDFWLYH GLVWLOODWLRQ FROXPQV

DSSHDUV WR EH PXFK PRUH VHQVLWLYH WR PDOGLVWULEXWLRQ WKDQ RQH ZRXOG H[SHFW� EDVHG

VROHO\ RQ ORVV RI LQWHUIDFLDO DUHD� ,Q WKHVH FDVHV� WKH LQWHUDFWLRQ EHWZHHQ PDOGLVWULEX�

WLRQ DQG WKH UHDFWLRQ LV YHU\ LPSRUWDQW�

7KLV ODUJH VHQVLWLYLW\ LQGLFDWHV WKH QHHG IRU UHDOLVWLF oRZ PRGHOV� VLQFH VPDOO GLmHU�

HQFHV FDQ KDYH ODUJH HmHFWV� ,W UHPDLQV� KRZHYHU� XQFOHDU DV WR KRZ WKH SUHGLFWLYH

���



TXDOLW\ RI WKH QRQHTXLOLEULXP =RQH�6WDJH PRGHO SUHVHQWHG KHUH GHSHQGV RQ WKH oRZ

PRGHO XVHG� ,Q WKLV ZRUN ZH KDYH FRQVLGHUHG RQO\ WKH VLPSOH PRGHO IRU oRZ DV

RXWOLQHG E\ =XLGHUZHJ HW DO� �������

���



5HIHUHQFHV

q $EXIDUHV� $�$� DQG 'RXJODV� 3�/�� ������� 0DWKHPDWLFDO PRGHOLQJ DQG VLPXOD�

WLRQ RI DQ 07%( FDWDO\WLF GLVWLOODWLRQ SURFHVV XVLQJ 63(('83 DQG $VSHQ3OXV�

7UDQV� ,&KHP(�� ��� � � ��

q $JUHGD� 9�+�� 3DUWLQ� /�5� DQG +HLVH� :�+� ������ +LJK�SXULW\ PHWK\O DFHWDWH

YLD UHDFWLYH GLVWLOODWLRQ� &KHP� (QJ� 3URJUHVV� �� �� � ���

q $,&K(� ������ %XEEOH WUD\ GHVLJQ PDQXDO� 3UHGLFWLRQ RI IUDFWLRQDWLRQ HpFLHQF\�

$,&K(� 1HZ <RUN

q $LQVZRUWK� ������� %RRPLQJ 07%( GHPDQG GUDZV LQFUHDVLQJ QXPEHU RI SUR�

GXFHUV� &KHP� (QJ� 1HZV� �����

q $OHMVNL� .� ������� &RPSXWDWLRQ RI WKH UHDFWLQJ GLVWLOODWLRQ FROXPQ XVLQJ D

OLTXLG PL[LQJ PRGHO RQ WKH SODWHV� &RPSXW� &KHP� (QJQJ�� ��� ��� � ���

���



q $OHMVNL� .�� 6]\PDQRZVNL� -�� DQG %RJDFNL� 0�� ������ 7KH DSSOLFDWLRQ RI D

PLQLPL]DWLRQ PHWKRG IRU VROYLQJ UHDFWLYH GLVWLOODWLRQ SUREOHPV� &RPSXW� &KHP�

(QJQJ�� ��� ��� � ���

q %DFNKDXV� $�$�� ������� &RQWLQXRXV SURFHVVHV IRU WKH PDQXIDFWXUH RI HVWHUV� 86

SDWHQW ���������

q %DFNKDXV� $�$�� ������� $SSDUDWXV IRU SURGXFLQJ KLJK JUDGH HVWHUV� 86 SDWHQW

���������

q %DFNKDXV� $�$�� �����D�� 3URFHVV IRU SURGXFLQJ KLJK JUDGH HVWHUV� 86 SDWHQW

���������

q %DFNKDXV� $�$�� �����E�� 3URFHVV IRU HVWHULnFDWLRQ� 86 SDWHQW ���������

q %DUERVD� '�� DQG 'RKHUW\� 0�)�� �����D� 7KH LQoXHQFH RI HTXLOLEULXP FKHPLFDO

UHDFWLRQV RQ YDSRU OLTXLG SKDVH GLDJUDPV� &KHP� (QJ� 6FL�� ��� ��� � ���

q %DUERVD� '�� DQG 'RKHUW\� 0�)�� �����E� 7KH VLPSOH GLVWLOODWLRQ RI KRPRJHQHRXV

UHDFWLYH PL[WXUHV� &KHP� (QJ� 6FL� ��� ��� � ���

q %DUNHU� 3�(� DQG 6HOI� 0�)�� ������� 7KH HYDOXDWLRQ RI OLTXLG PL[LQJ HmHFWV RQ

D VLHYH SODWH XVLQJ XQVWHDG\ DQG VWHDG\ VWDWH WUDFHU WHFKQLTXHV� &KHP� (QJ�

6FL� ��� ���

���



q %DXU� 5�� +LJOHU� $�3�� 7D\ORU� 5�� DQG .ULVKQD� 5� ������ &RPSDULVRQ RI HTXL�

OLEULXP VWDJH DQG QRQ�HTXLOLEULXP VWDJH PRGHOV IRU UHDFWLYH GLVWLOODWLRQ� &KHP�

(QJ� -RXUQDO� VXEPLWWHG IRU SXEOLFDWLRQ�

q %HQQHWW� '�/�� $JUDZDO� 5�� DQG &RRN� 3�-�� ������� 1HZ SUHVVXUH GURS FRUUH�

ODWLRQ IRU VLHYH WUD\ GLVWLOODWLRQ FROXPQV� $,&K( -RXUQDO ��� ��� � ���

q %HQQHWW� '�/� DQG *ULPP� +�-� ������ (GG\ GLmXVLYLW\ IRU GLVWLOODWLRQ VLHYH

WUD\V� $�,�&K�(� -RXUQDO ��� ��� � ���

q %HUJ� � '�$� DQG +DUULV� 7�-�� ������� &KDUDFWHULVDWLRQ RI PXOWLFRPSRQHQW GLI�

IXVLRQ HmHFWV LQ 07%( V\QWKHVLV� ,QG� (QJ� &KHP� 5HV� ��� ����������

q %LOOLQJKDP� -�)�� %RQDTXLVW� '�3�� DQG /RFNHWW� 0�-�� ������� &KDUDFWHUL]DWLRQ

RI WKH SHUIRUPDQFH RI SDFNHG GLVWLOODWLRQ FROXPQ OLTXLG GLVWULEXWRUV� ,&KHP(

6\PS� 6HU� ���� ��� � ���

q %UDYR� -�/�� 3\KDODKWL� $�� DQG -�DUYHOLQ� +�� ������ ,QYHVWLJDWLRQV LQ D FDWDO\WLF

GLVWLOODWLRQ SLORW SODQW� 9DSRU�OLTXLG HTXLOLEULXP� NLQHWLFV DQG PDVV WUDQVIHU

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

q %UDYR� -�/�� 5RFKD� -�$�� DQG )DLU� -�5�� ������ 'LVWLOODWLRQ FROXPQV FRQWDLQLQJ

VWUXFWXUHG SDFNLQJV� $ FRPSUHKHQVLYH PRGHO IRU WKHLU SHUIRUPDQFH� �� +\�

���



GUDXOLF PRGHOV� ,QG� (QJ� &KHP� 5HV� �� ��� � ���

q &DUUD� 6�� (� 6DQWDFHVDULD� 0� 0RUELGHOOL DQG /� &DYDOOL �����D� 6\QWKHVLV RI

SURS\OHQH R[LGH IURP SURS\OHQH�FKORURK\GULQV � , .LQHWLF DVSHFWV RI WKH SURFHVV�

&KHP� (QJ� 6FL� ��� ���� � ����

q &DUUD� 6�� 0� 0RUELGHOOL� (� 6DQWDFHVDULD DQG *� %X]]L �����E� 6\QWKHVLV RI

SURS\OHQH R[LGH IURP SURS\OHQH FKORURK\GULQV � ,,� 0RGHOLQJ RI WKH GLVWLOODWLRQ

ZLWK FKHPLFDO UHDFWLRQ XQLW� &KHP� (QJ� 6FL� ��� ���� � ����

q &DVWLOOR� )�-�/�� DQG 7RZOHU� *�3�� ������ ,QoXHQFH RI PXOWLFRPSRQHQW PDVV

WUDQVIHU RQ KRPRJHQHRXV D]HRWURSLF GLVWLOODWLRQ� &KHP� (QJ� 6FL�� ��� �������

q &KDQ� +�� DQG )DLU� -�5�� ������ 3UHGLFWLRQ RI SRLQW HpFLHQFLHV RQ 6LHYH WUD\V

,QG� (QJ� &KHP� 5HV� ��� ��� � ���

q &KDQJ� <�$�� DQG 6HDGHU� -�'�� ������� 6LPXODWLRQ RI FRQWLQXRXV UHDFWLYH GLV�

WLOODWLRQ E\ D KRPRWRS\ FRQWLQXDWLRQ PHWKRG� &RPSXW� &KHP� (QJ� ��� ����

� ����

q &LULF� $�5� DQG 0LDR� 3�� ������ 6WHDG\ VWDWH PXOWLSOLFLWLHV LQ DQ HWK\OHQH JO\FRO

UHDFWLYH GLVWLOODWLRQ FROXPQ� ,QG� (QJ� &KHP� 5HV� �� ���������

���



q &LULF� $�5�� DQG *X� '�� ������� 6\QWKHVLV RI QRQHTXLOLEULXP UHDFWLYH GLVWLOODWLRQ

E\ 0,1/3 RSWLPL]DWLRQ� $�,�&K�(�-� ��� ���� � ����

q 'DYLHV� %�� -HQNLQV -'�� DQG 'LOIDQLDQ� 6�� ������ 'LVWLOODWLRQ ZLWK FKHPLFDO

UHDFWLRQ � 7KH GLVWLOODWLRQ RI IRUPDOGHK\GH VROXWLRQV LQ D VLHYH SODWH FROXPQ�

,�&KHP�(� V\PS� VHU�� ��� �� � ��

q 'H*DUPR� -�/�� 3DUXOHNDU� 9�1�� DQG 3LQMDOD� 9�� ������� &RQVLGHU 5HDFWLYH

'LVWLOODWLRQ� &KHP� (QJ� 3URJ� ��� �� � ��

q 'HXIHOKDUG� 3�� +DLUHU� (�� DQG =XJFN� -�� ������ 2QH�VWHS DQG H[WUDSRODWLRQ

PHWKRGV IRU GLmHUHQWLDO�DOJHEUDLF V\VWHPV� 1XPHU� 0DWK� ��� ��� � ���

q 'RKHUW\� 0�)� DQG *� %X]DG� ������� 5HDFWLYH 'LVWLOODWLRQ E\ 'HVLJQ� 7UDQV

,&KHP(� �� SDUW $� ��� � ���

q (GZDUGV� '�3�� .ULVKQDPXUWK\� .�5�� DQG 3RWWKRm� 5�:�� ������� 'HYHORS�

PHQW RI DQ LPSURYHG PHWKRG WR TXDQWLI\ PDOGLVWULEXWLRQ DQG LWV HmHFW RQ VWUXF�

WXUHG SDFNLQJ FROXPQ SHUIRUPDQFH� SUHVHQWHG DW $,&K( DQQXDO PHHWLQJ� 0LDPL

%HDFK� )ORULGD

q (OGDUVL� +�6�� DQG 'RXJODV� 3�/�� ������� 0HWK\O�WHUW�EXW\O�HWKHU FDWDO\WLF GLV�

WLOODWLRQ FROXPQ� 3DUW ,� 0XOWLSOH VWHDG\ VWDWHV� 7UDQV� ,&KHP(� �� �������

���



q (YDQV ,,,� 5�%�� :DWVRQ� *�0�� DQG 0DVRQ� (�$�� ������ *DVHRXV GLmXVLRQ LQ

SRURXV PHGLD DW XQLIRUP SUHVVXUH � -� &KHP� 3K\V�� ��� ����

q (YDQV ,,,� 5�%�� :DWVRQ� *�0�� DQG 0DVRQ� (�$�� ������ *DVHRXV GLmXVLRQ LQ

SRURXV PHGLD �,,� HmHFW RI SUHVVXUH JUDGLHQWV� -� &KHP� 3K\V�� ��� ����

q )URPHQW� *�)�� %LVFKRm� .�%�� ������ &KHPLFDO 5HDFWRU $QDO\VLV DQG 'HVLJQ�

6HFRQG HGLWLRQ� :LOH\� 1HZ <RUN� ����

q *DXWUHDX[ DQG 2
&RQQHOO� ������� (mHFW RI OHQJWK RI OLTXLG SDWK RQ WUD\ Hp�

FLHQF\ �&KHP� (QJ� 3URJ� ��� ���

q +DXDQ� 6�� +HUW]EHUJ� 7�� DQG /LHQ� .�0�� ������� :K\ 0HWK\O�WHUW�EXW\O�

HWKHU SURGXFWLRQ E\ UHDFWLYH GLVWLOODWLRQ PD\ \LHOG PXOWLSOH VROXWLRQV� ,QG� (QJ�

&KHP� 5HV� ��� ��� � ���

q +LJOHU� $�� 7D\ORU� 5� DQG .ULVKQD� 5�� �����E� 1RQHTXLOLEULXP 0RGHOOLQJ RI

5HDFWLYH 'LVWLOODWLRQ� 0XOWLSOH VWHDG\ VWDWHV LQ 07%( V\QWKHVLV� &KHP� (QJ�

6FL�� ��� ���������

q +RHN� 3�-�� :HVVHOLQJK� -�$�� DQG =XLGHUZHJ� )�-� ������� 6PDOO VFDOH DQG ODUJH

VFDOH OLTXLG PDOGLVWULEXWLRQ LQ SDFNHG FROXPQV� &KHP� (QJ� 5HV� 'HV�� �� ���

� ���

���



q +XDQJ� &�� <DQJ� /�� 1J� )�7�7�� DQG 5HPSHO� *�/�� ������ $SSOLFDWLRQ RI

FDWDO\WLF GLVWLOODWLRQ IRU WKH DOGRO FRQGHQVDWLRQ RI DFHWRQH� D UDWH�EDVHG PRGHO LQ

VLPXODWLQJ WKH FDWDO\WLF GLVWLOODWLRQ SHUIRUPDQFH XQGHU VWHDG\�VWDWH RSHUDWLRQV�

&KHP� (QJ� 6FL� ��� ���������

q +XJKHV� :�%�� ������ .LQHWLFV DQG PHFKDQLVP RI KRPRJHQRXV ROHnQ GLVSURSRU�

WLRQDWLRQ UHDFWLRQ� -� $P� &KHP� 6RF� ��� ��� � ���

q +XPSKUH\� -�/�� DQG 6HLEHUW� $�)�� ������ 1HZ KRUL]RQV LQ GLVWLOODWLRQ� &KHP�

(QJ� ��� �� � ��

q -DFNVRQ� 5�� ������� 7UDQVSRUW LQ SRURXV FDWDO\VWV� (OVHYLHU� $PVWHUGDP

q -DFREV� 5�� DQG .ULVKQD� 5�� ������ 0XOWLSOH VROXWLRQV LQ UHDFWLYH GLVWLOODWLRQ

IRU PHWK\O�WHUW�EXW\O HWKHU V\QWKHVLV� ,QG� (QJ� &KHP� 5HV�� ��� ���� � ����

q .H\HV� '�%�� ������� (VWHULnFDWLRQ SURFHVVHV DQG HTXLSPHQW� ,QG� (QJ� &KHP�

��� ����

q .LUVFKEDXP� (� ������ 'LVWLOODWLRQ DQG 5HFWLnFDWLRQ� &KHPLFDO 3XEOLVKLQJ &R��

1HZ <RUN

q .RRLMPDQ� +�$�� ������� '\QDPLF 1RQHTXLOLEULXP &ROXPQ 6LPXODWLRQ� 3K�'

'LVVHUWDWLRQ� &ODUNVRQ 8QLYHUVLW\� 3RWVGDP� 1HZ <RUN�

���



q .RRLMPDQ� +�$�� DQG 7D\ORU� 5� ������ 0RGHOOLQJ PDVV WUDQVIHU LQ PXOWLFRP�

SRQHQW GLVWLOODWLRQ� &KHP� (QJ� -RXUQDO �� ��� � ���

q .UHYHOHQ� '�:� YDQ� DQG .UHNHOV� -�7�&�� ������ 5DWH RI GLVVROXWLRQ RI VROLG

VXEVWDQFHV� 5HFO� 7UDY� &KLP� 3D\V�%DV� ��� � � ��

q .ULVKQD� 5� DQG :HVVHOLQJK� -�$�� ������� 7KH 0D[ZHOO�6WHIDQ $SSURDFK WR

0DVV 7UDQVIHU� &KHP� (QJ� 6FL� ��� ��� � ���

q .ULVKQDPXUWK\� 5�� DQG 7D\ORU� 5�� �����D�� $ QRQHTXLOLEULXP VWDJH PRGHO

RI PXOWLFRPSRQHQW VHSDUDWLRQ SURFHVVHV� ,� 0RGHO GHVFULSWLRQ DQG PHWKRG RI

VROXWLRQ� $,&K( -RXUQDO ��� ��� � ���

q .ULVKQDPXUWK\� 5�� DQG 7D\ORU� 5�� �����E�� $ QRQHTXLOLEULXP VWDJH PRGHO RI

PXOWLFRPSRQHQW VHSDUDWLRQ SURFHVVHV� ,,� &RPSDULVRQ ZLWK H[SHULPHQWV $,&K(

-RXUQDO ��� �������

q .ULVKQDPXUWK\� 5�� DQG 7D\ORU� 5�� �����F�� $ QRQHTXLOLEULXP VWDJH PRGHO RI

PXOWLFRPSRQHQW VHSDUDWLRQ SURFHVVHV� ,,,� 7KH LQoXHQFH RI XQHTXDO FRPSRQHQW

HpFLHQFLHV LQ SURFHVV GHVLJQ SUREOHPV $,&K( -RXUQDO ��� ����

q .ULVKQDPXUWK\� 5�� DQG 7D\ORU� 5�� �����G�� 6LPXODWLRQ RI SDFNHG GLVWLOODWLRQ

DQG DEVRUSWLRQ FROXPQV� ,QG� (QJ� &KHP� 3URF� 'HV� 'HY� ��� �������

���



q .ULVKQDPXUWK\� 5�� DQG 7D\ORU� 5�� ������� $EVRUEHU VLPXODWLRQ DQG GHVLJQ

XVLQJ D QRQHTXLOLEULXP PRGHO� &DQ� -� &KHP� (QJ� �� �� � ���

q .UHXO� /�8�� *RUDN� $�� DQG %DUWRQ� 3�,�� ������� 0RGHOLQJ RI KRPRJHQHRXV

UHDFWLYH VHSDUDWLRQ SURFHVVHV LQ SDFNHG FROXPQV� &KHP� (QJ� 6FL� ��� �� � ��

q .XELFHN� 0�� ������ $OJULWKP ���� GHSHQGHQFH RI D VROXWLRQ RI QRQOLQHDU V\VWHPV

RQ D SDUDPHWHU� $&0� 7UDQV� 0DWK� 6RIWZ� � �� � ���

q /DQGVFK�XW]HU� +� DQG %DUW� +��-� ������� +HWHURJHQHRXV UHDFWLYH GLVWLOODWLRQ

ZLWK D[LDO EDFNPL[LQJ DQG QRQHTXLOLEULXP PDVV WUDQVIHU� SUHVHQWHG DW $,&K(

$QQXDO PHHWLQJ� 0LDPL %HDFK� )O� SDSHU ��I�

q /HH� -�+�� 'XGXNRYLF� 0�3�� ������� $ FRPSDULVRQ RI WKH HTXLOLEULXP DQG QRQHTXL�

OLEULXP PRGHOV IRU D PXOWLFRPSRQHQW UHDFWLYH GLVWLOODWLRQ FROXPQ� &RPSXW�

&KHP� (QJ�� ��� �������

q /HZLV� :�.�� ������� 5HFWLnFDWLRQ RI ELQDU\ PL[WXUHV� ,QG� (QJ� &KHP ��� ���

q /RFNHWW� 0�-�� ������ 'LVWLOODWLRQ WUD\ IXQGDPHQWDOV &DPEULGJH� &DPEULGJH

8QLYHUVLW\ 3UHVV

q 0DUHN� -� ������� 5HFWLnFDWLRQ ZLWK D FKHPLFDO UHDFWLRQ� ,,� 3ODQW UHFWLnFD�

WLRQ RI D ZDWHU�DFHWLF DFLG � DFHWLF DQK\GULGH PL[WXUH� &ROO� &]HFK� &KHP�

���



&RPPXQ� �� ���������

q 0DVRQ� (�$�� (YDQV ,,,� 5�%�� DQG :DWVRQ� *�0�� ������� *DVHRXV GLmXVLRQ LQ

SRURXV PHGLD �,,,� WKHUPDO WUDQVSLUDWLRQ� -� &KHP� 3K\V�� �� ����

q 0DVRQ� (�$�� DQG 0DOLQDXVNDV� $�3�� ������� *DVHRXV GLmXVLRQ LQ SRURXV PHGLD

�,9� WKHUPDO GLmXVLRQ � -� &KHP� 3K\V�� �� ����

q 0DVRQ� (�$�� 0DOLQDXVNDV� $�3�� DQG (YDQV ,,,� 5�%� ������ )ORZ DQG GLmXVLRQ

RI JDVVHV LQ SRURXV PHGLD� -� &KHP� 3K\V� �� ����

q 0D[ZHOO� -&�� ������� 2Q WKH G\QDPLFDO WKHRU\ RI JDVHV 3KLO� 7UDQV� 5R\� 6RF��

��� �����

q 0RKO� .�'�� .LHQOH� $�� *LOOHV� (�'�� 5DSPXQG� 3�� 6XQGPDFKHU� .�� DQG +Rm�

PDQQ� 8�� ������ 6WHDG\ VWDWH PXOWLSOLFLWLHV LQ UHDFWLYH GLVWLOODWLRQ FROXPQV

IRU WKH SURGXFWLRQ RI IXHO HWKHUV 07%( DQG 7$0(� 7KHRUHWLFDO DQDO\VLV DQG

H[SHULPHQWDO YHULnFDWLRQ� &KHP� (QJ� 6FL� �� ���� � ����

q 0XUSKUHH� (�9�� ������� ,QG� (QJ� &KHP� ��� �������

q 1DZURFNL� 3�$�� ;X� =�3�� DQG &KXDQJ� .�7�� ������� 0DVV WUDQVIHU LQ VWUXFWXUHG

FRUUXJDWHG SDFNLQJ� &DQ� -� &KHP� (QJ� ��� ���� � ����

���



q 1HOVRQ� 3�$�� ������� &RXQWHUFXUUHQW HTXLOLEULXPVWDJH VHSDUDWLRQ ZLWK UHDFWLRQ�

$,&K( -RXUQDO� ��� ���� � ����

q 1LMKXLV� 6�$�� .HUNKRI� )�3�-�0�� DQG 0DN� $�1�6�� ������ 0XOWLSOH VWHDG\

VWDWHV GXULQJ UHDFWLYH GLVWLOODWLRQ RI PHWK\O�WHUW�EXW\O HWKHU� ,QG� (QJ� &KHP�

5HV� ��� ���� � ����

q 2NDVLQVNL� 0�-�� DQG 'RKHUW\� 0�)�� ������� 'HVLJQ PHWKRG IRU NLQHWLFDOO\ FRQ�

WUROOHG� VWDJHG UHDFWLYH GLVWLOODWLRQ FROXPQV� ,QG� (QJ� &KHP� 5HV� ��� ���� �

����

q 2QGD� .�� 7DNHXFKL� +� DQG 2NXPRWR� <�� ������ 0DVV WUDQVIHU FRHpFLHQWV

EHWZHHQ JDV DQG OLTXLG SKDVHV LQ SDFNHG FROXPQV� -� &KHP� (QJ� -DS�� �� �� �

��

q 2RVW� &�� DQG +RmPDQQ� 8�� ������ 7KH V\QWKHVLV RI WHUWLDU\ DP\O HWKHU �7$0(��

0LFURNLQHWLFV RI WKH UHDFWLRQV &KHP� (QJ� 6FL� �� ��� � ���

q 3HONRQHQ� 6�� .DHVHPDQQ� 5�� DQG *RUDN� $�� ������ 'LVWLOODWLRQ OLQHV IRU PXOWL�

FRPSRQHQW VHSDUDWLRQ LQ SDFNHG FROXPQV� 7KHRU\ DQG FRPSDULVRQ ZLWK H[SHU�

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

q 3HUH]�&LVQHURV� (�� *DQL� 5�� DQG 0LFKHOVHQ� 0�/�� ������ 5HDFWLYH VHSDUDWLRQ

���



V\VWHPV ,� &RPSXWDWLRQ RI SK\VLFDO DQG FKHPLFDO HTXLOLEULXP &KHP� (QJ� 6FL�

��� �������

q 3HUU\� '�� 1XWWHU� '�(�� DQG +DOH� $�� ������� /LTXLG GLVWULEXWLRQ IRU RSWLPXP

SDFNLQJ SHUIRUPDQFH� &KHP� (QJ� 3URJU� �� ��

q 3LQMDOD� 9�� 'H*DUPR� -�/�� 8ORZHW]� 0�$�� 0DUNHU� 7�/� DQG /XHENH� &�3��

������ 5DWH EDVHG PRGHOLQJ RI UHDFWLYH GLVWLOODWLRQ RSHUDWLRQV� $,&K( $QQXDO

PHHWLQJ� VHVVLRQ �

q 3RGUHEDUDF� *�*�� 1J� )�7�7�� DQG 5HPSHO� *�/�� ������� 7KH SURGXFWLRQ RI

GLDFHWRQH DOFRKRO ZLWK FDWDO\WLF GLVWLOODWLRQ 3DUW ,,� $ UDWH�EDVHG FDWDO\WLF GLV�

WLOODWLRQ PRGHO IRU WKH UHDFWLRQ ]RQH� &KHP� (QJ� 6FL� EI ��� ���������

q 3RUWHU� .�(�� DQG -RQHV� 0�&�� ������ 7KHRUHWLFDO SUHGLFWLRQ RI OLTXLG GLVWULEX�

WLRQ LQ D SDFNHG FROXPQ ZLWK ZDOO HmHFW� 7UDQV� ,&KHP( ��� ��� � ���

q 3RZHOO� 0�'�-�� ������ $ PHWKRG IRU PLQLPL]LQJ D VXP RI VTXDUHV RI QRQOLQHDU

IXQFWLRQV ZLWKRXW FDOFXODWLQJ GHULYDWLYHV� &RPSXW� -� �� ���

q 5DSHU� -�$�� 3LQF]HZVNL� :�9�� DQG )HOO� &�-�'�� ������� /LTXLG SDVVDJH RQ VLHYH

WUD\V RSHUDWLQJ LQ WKH VSUD\ UHJLPH� &KHP� (QJ� 5HV� 'HV� �� ���

���



q 5HKnQJHU� $�� DQG +RmPDQQ� 8�� ������ .LQHWLFV RI PHWK\O�WHUW�EXW\O HWKHU OLT�

XLG SKDVH V\QWKHVLV FDWDO\]HG E\ LRQ H[FKDQJH UHVLQ� , � ,QWULQVLF UDWH H[SUHVVLRQ

LQ OLTXLG SKDVH DFWLYLWLHV� &KHP� (QJ� 6FL� ��� ���� � ����

q 5HKnQJHU� $�� DQG +RmPDQQ� 8�� ������ .LQHWLFV RI PHWK\O�WHUW�EXW\O HWKHU

OLTXLG SKDVH V\QWKHVLV FDWDO\]HG E\ LRQ H[FKDQJH UHVLQ� ,, � 0DFURSRUH GLmXVLRQ

RI 0H2+ DV UDWH FRQWUROOLQJ VWHS� &KHP� (QJ� 6FL�� ��� ���� � ����

q 5LKNR� /�.�� /LQQHNRVNL� -�$�� DQG .UDXVH� $�2�� ������ 5HDFWLRQ HTXLOLEULD LQ

WKH V\QWKHVLV RI 7$0( DQG 7$(( LQ WKH OLTXLG SKDVH -� &KHP� (QJ� 'DWD ���

��� � ���

q 5LKNR� /�� DQG .UDXVH� $�'�� ������� .LQHWLFV RI WKH KHWHURJHQHRXVO\ FDWDO\]HG

WHUW�DP\O�PHWK\O�HWKHU UHDFWLRQV LQ WKH OLTXLG SKDVH ,QG� (QJ� &KHP� 5HV� ��

���� � ����

q 6DZLVWRZVNL� +�� DQG 3LODYDNLV� 3�$�� ������� 'LVWLOODWLRQ ZLWK FKHPLFDO UHDFWLRQ

LQ D SDFNHG FROXPQ� ,&KHP( 6\PS� 6HU� ��� �� � ���

q 6KRHPDNHU� -�'�� DQG -RQHV� (�'�� ������� &XPHQH E\ FDWDO\WLF GLVWLOODWLRQ�

+\GURFDUERQ SURFHVVLQJ� �� ��� � ���

q 6LLUROD� -�-�� ������� $Q LQGXVWULDO SHUVSHFWLYH RQ SURFHVV V\QWKHVLV� $,&K(�

���



6\PS� 6HU� QR� ��� 9RO ��� ��� � ���

q 6LPDQGO� -� DQG 6YUFHN� :�<�� ������� ([WHQVLRQ RI WKH VLPXOWDQHRXV VROXWLRQ

DQG LQVLGH�RXWVLGH DOJRULWKPV WR GLVWLOODWLRQ ZLWK FKHPLFDO UHDFWLRQV� &RPSXW�

&KHP� (QJQJ�� ��� ��� � ���

q 6QHHVE\� 0�*�� 7DGuH� 0�2�� 'DWWD� 5�� DQG 6PLWK� 7�1�� �����D�� (7%( V\Q�

WKHVLV YLD UHDFWLYH GLVWLOODWLRQ� �� 6WHDG\ VWDWH VLPXODWLRQ DQG GHVLJQ DVSHFWV�

,QG� (QJ� &KHP� 5HV�� ��� ���� � ����

q 6QHHVE\� 0�*�� 7DGuH� 0�2�� 'DWWD� 5�� DQG 6PLWK� 7�1�� �����E�� (7%( V\Q�

WKHVLV YLD UHDFWLYH GLVWLOODWLRQ� �� '\QDPLF VLPXODWLRQ DQG FRQWURO DVSHFWV� ,QG�

(QJ� &KHP� 5HV�� ��� ���� � ����

q 6RKOR� -� DQG .LQQXQHQ 6�� ������� 'LVSHUVLRQ DQG oRZ SKHQRPHQD RQ D VLHYH

SODWH� 7UDQV ,&KHP(� ��� ��

q 6SHV� ������� .DWDO\WLVFKH 5HDNWLRQHQ LQ ,RQHQDXVWDXFKHUNRORQQHQ XQWHU 9HU�

VFKLHEXQJ GHV FKHPLVFKH *HOHLFKJHZLFKWV� &KHPLNHU $WJ�&KHP� $SSDUDWXU� ���

�������

q 6WLNNHOPDQ� 5�0�� ������ *DV DQG OLTXLG PDOGLVWULEXWLRQV LQ SDFNHG FROXPQV�

3K�' 'LVVHUWDWLRQ� 'HOIW 7HFKQLFDO 8QLYHUVLW\� 'HOIW� WKH 1HWKHUODQGV

���



q 6WRWHU� &�)�� ������ 0RGHOOLQJ RI PDOGLVWULEXWLRQ LQ VWUXFWXUHG SDFNLJQV� )URP

GHWDLO WR FROXPQ GHVLJQ� 3K�' 'LVVHUWDWLRQ� 'HOIW 7HFKQLFDO 8QLYHUVLW\� 'HOIW�

WKH 1HWKHUODQGV

q 6WRWHU� &�)�� 2OXMLF� =�� DQG GH *UDDXZ� -�� ������� 0RGHOOLQJ RI K\GUDXOLF

DQG VHSDUDWLRQ SHUIRUPDQFH RI ODUJH GLDPHWHU FROXPQV FRQWDLQLQJ VWUXFWXUHG

SDFNLQJV� ,&KHP( 6\PS� 6HULHV ���� $��� � $���

q 6XQGPDFKHU� .�� DQG +RmPDQQ� 8�� ������� ,PSRUWDQFH RI LUUHYHUVLEOH WKHUPR�

G\QDPLFV IRU OLTXLG SKDVH LRQ H[FKDQJH FDWDO\VLV� ([SHULPHQWDO YHULnFDWLRQ IRU

07%( V\QWKHVLV� &KHP� (QJ� 6FL�� �� ���� � ����

q 6XQGPDFKHU� .�� DQG +RmPDQQ� 8�� �����D�� 0XOWLFRPSRQHQW PDVV DQG HQHUJ\

WUDQVSRUW RQ GLmHUHQW OHQJWK VFDOHV LQ D SDFNHG UHDFWLYH GLVWLOODWLRQ FROXPQ IRU

KHWHURJHQHRXVO\ FDWDO\VHG IXHO HWKHU SURGXFWLRQ� &KHP� (QJ� 6FL� ��� �����

����

q 6XQGPDFKHU� .�� DQG +RmPDQQ� 8�� �����E�� 0DFURNLQHWLF DQDO\VLV RI 07%(

V\QWKHVLV LQ FKHPLFDO SRWHQWLDOV� &KHP� (QJ� 6FL�� �� ���� � ����

q 6XQGPDFKHU� .�� ������ 5HDNWLYGHVWLOODWLRQ PLW NDWDO\WLVFKHQ )�XOON�RU� SHUSDFN�

XQJHQ � HLQ QHXHU 3UR]H{ ]XU +HUVWHOOXQJ GHU .UDIWVWRmNRPSRQHQWH 07%(�

���



3K�'� 7KHVLV� 7HFKQLVFKHQ 8QLYHUVLW�DW &ODXVWDKO� &ODXVWDKO =HOOHUIHOG� *HU�

PDQ\�

q 6XQGPDFKHU� .�� 8KGH� *�� DQG +RmPDQQ� 8�� ������� 0XOWLSOH UHDFWLRQV LQ

FDWDO\WLF GLVWLOODWLRQ SURFHVVHV IRU WKH SURGXFWLRQ RI WKH IXHO R[\JHQDWHV 07%(

DQG 7$0(� $QDO\VLV E\ ULJRURXV PRGHO DQG H[SHULPHQWDO YDOLGDWLRQ� &KHP�

(QJ� 6FL� �� ���������

q 6X]XNL� ,�� <DJL� +�� .RPDWVX� +�� DQG +LUDWD� 0�� ������ &DOFXODWLRQ RI PXO�

WLFRPSRQHQW GLVWLOODWLRQ DFFRPSDQLHG E\ D FKHPLFDO UHDFWLRQ� -� &KHP� (QJ�

-DS �� �� � ��

q 7D\ORU� 5�� .RRLMPDQ� +�$�� DQG +XQJ� -�6� ������ $ VHFRQG JHQHUDWLRQ QRQHTXL�

OLEULXP PRGHO IRU FRPSXWHU VLPXODWLRQ RI PXOWLFRPSRQHQW VHSDUDWLRQ SURFHVVHV�

&RPSXW� &KHP� (QJQJ� ��� �������

q 7D\ORU� 5�� .RRLMPDQ� +�$�� DQG :RRGPDQ� 0�5�� ������ ,QGXVWULDO DSSOL�

FDWLRQV RI D QRQHTXLOLEULXP PRGHO RI GLVWLOODWLRQ DQG DEVRUSWLRQ RSHUDWLRQV�

,&KHP( 6\PS� 6HU� ��� $��� � $���

q 7D\ORU� 5� DQG .ULVKQD� 5� ������ 0XOWLFRPSRQHQW 0DVV 7UDQVIHU� :LOH\� 1HZ

<RUN�

���



q 7D\ORU� 5�� 3RZHUV� 0�)�� /DR� 0� DQG $UHKROH� $�� ������� 7KH GHYHORSPHQW RI

D QRQHTXLOLEULXP PRGHO IRU FRPSXWHU VLPXODWLRQ RI PXOWLFRPSRQHQW GLVWLOODWLRQ

DQG DEVRUSWLRQ RSHUDWLRQV� ,&KHP(� 6\PS� 6HU� ���� %��� � %���

q 7KLHO� &�� 6XQGPDFKHU� .�� DQG +RmPDQQ� 8�� ������� 5HVLGXH FXUYH PDSV IRU

KHWHURJHQHRXVO\ FDWDO\VHG UHDFWLYH GLVWLOODWLRQ RI IXHO HWKHUV 07%( DQG 7$0(�

&KHP� (QJ� 6FL� ��� ��� � ����

q 9HQNDWDUDPDQ� 6�� &KDQ� :�.�� DQG %RVWRQ� -�)�� ������� 5HDFWLYH GLVWLOODWLRQ

XVLQJ $VSHQ3OXV� &KHP� (QJ� 3URJ�� �� �� � ��

q :D\EXUQ 7�/�� DQG 6HDGHU� -�'�� ������� +RPRWRS\ FRQWLQXDWLRQ PHWKGV IRU

FRPSXWHU DLGHG SURFHVV GHVLJQ� &RPSXW� &KHP� (QJ �� � � ��

q :HVVHOLQJK� -�$�� ������� 1RQHTXLOLEULXPPRGHOLQJ RI GLVWLOODWLRQ� ,&KHP( 6\PS�

6HULHV ���� � � ��

q :HVWHUWHUS� .�5�� ������� 0XOWLIXQFWLRQDO 5HDFWRUV� &KHP� (QJ� 6FL� �� ����

� ����

q :LMQ� (�)� ������ 7KH HmHFW RI OD\RXW SDWWHUQ RQ WUD\ HpFLHQF\� &KHP (QJ

-RXUQ� ��� ��� � ���

q ;X� ;�� =KDR� =�� DQG 7LDQ� 6�� ������ 6WXG\ RQ FDWDO\WLF GLVWLOODWLRQ SURFHVVHV�

���



3DUW ,9� D[LDO GLVSHUVLRQ RI OLTXLG LQ FDWDO\VW EHG RI FDWDO\WLF GLVWLOODWLRQ FROXPQ�

7UDQV� ,&KHP(� ��� �� � ��

q =KHQJ� <� DQG ;X� ;�� �����D� 6WXG\ RQ FDWDO\WLF GLVWLOODWLRQ SURFHVVHV� 3DUW ,�

0DVV WUDQVIHU FKDUDFWHULVWLFV LQ FDWDO\VW EHG ZLWKLQ WKH FROXPQ� 7UDQV� ,&KHP(�

��� ��� � ���

q =KHQJ� <� DQG ;X� ;�� �����E� 6WXG\ RQ FDWDO\WLF GLVWLOODWLRQ SURFHVVHV� 3DUW

,,� 6LPXODWLRQ RI FDWDO\WLF GLVWLOODWLRQ SURFHVVHV� 4XDVL KRPRJHQHRXV DQG UDWH

EDVHG PRGHO� 7UDQV� ,&KHP(� ��� ��� � ���

q =XLGHUZHJ� )�-�� .XQHVK� -�*�� DQG .LQJ� '�:�� ������ $ PRGHO IRU WKH FDO�

FXODWLRQ RI WKH HmHFW RI PDOGLVWULEXWLRQ RQ WKH HpFLHQF\ RI D SDFNHG FROXPQ�

7UDQV� ,&KHP( ��� SDUW $� �� � ��

���


