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$EVWUDFW�
$QJLRWHQVLQ�FRQYHUWLQJ HQ]\PH �$&(� LQKLELWRU OLVLQRSULO LV DQ DFWLYH SKDUPDFHXWLFDO

LQJUHGLHQW SURGXFHG WKURXJK D VWHSZLVH FKHPLFDO V\QWKHVLV� $IWHU WKH V\QWKHVLV OLVLQRSULO LV

SXULILHG E\ D ORZ SUHVVXUH OLTXLG FKURPDWRJUDSK\� $ SRODU� ZDWHU�EDVHG PRELOH SKDVH LV

XVHG DV DQ HOXHQV� 3XULILHG OLVLQRSULO LV SUHFLSLWDWHG IURP WKH FRQFHQWUDWHG FKURPDWRJUDSK\

PDLQ IUDFWLRQV ZKLFK DUH SUHVHQWO\ FRQFHQWUDWHG WR D VSHFLILHG OLVLQRSULO FRQFHQWUDWLRQ LQ D

VLPSOH� VLQJOH VWDJH YDFXXP HYDSRUDWRU� (YDSRUDWLRQ RI ODUJH YROXPHV RI ZDWHU LV QRW

HFRQRPLFDO DQG DV DQ DOWHUQDWLYH VROXWLRQ D UHYHUVH RVPRVLV FDQ EH XVHG� $ VXLWDELOLW\ RI WKH

UHYHUVH RVPRVLV IRU FRQFHQWUDWLQJ WKH PDLQ IUDFWLRQV IURP WKH OLVLQRSULO FKURPDWRJUDSK\ ZDV

WHVWHG XQGHU YDULRXV SURFHVV FRQGLWLRQV RQ WKH SLORW SODQW XQLW RI RXU RZQ GHVLJQ� 7KH

UHVXOWV RI WKH H[SHULPHQWV DUH VKRZQ DQG GLVFXVVHG� $ UHTXLUHG IXOO�VFDOH SURGXFWLRQ

FDSDFLW\ DQG WKH UHVXOWV RI WKH H[SHULPHQWV IRUPHG D EDVH IRU D FDOFXODWLRQ RI D PHPEUDQH

DUHD IRU D IXOO�VFDOH XQLW DQG IRU DQ HVWLPDWH RI HQHUJ\ DQG LQYHVWPHQWV IRU WKH UHYHUVH

RVPRVLV DQG WKH HYDSRUDWRU� $ VLPSOLILHG FDOFXODWLRQ VKRZHG WKDW WKH XVH RI UHYHUVH RVPRVLV

LV HFRQRPLFDOO\ MXVWLILHG�

,QWURGXFWLRQ

$QJLRWHQVLQ�FRQYHUWLQJ�HQ]\PH��$&(�� LQKLELWRUV�� VXFK�DV�HQDODSULO�DQG�OLVLQRSULO�

DUH� HIIHFWLYHO\� XVHG� IRU� WKH� FRQWURO� RI� K\SHUWHQVLRQ� DQG� FRQJHVWLYH� KHDUWK� IDLOXUH�����

/LVLQRSULO� GLK\GUDWH�� FKHPLFDOO\� 1�>1�>��6����FDUER[\���SKHQ\OSURS\O@�/�O\V\O@�/�

SUROLQH�GLK\GUDWH�� LV�SURGXFHG�V\QWKHWLFDOO\�E\�PHDQV�RI�D�VWHSZLVH�FKHPLFDO�V\QWKHVLV��

$IWHU� � WKH� V\QWKHVLV�� OLVLQRSULO� LV� SXULILHG� E\� D� ORZ�SUHVVXUH� OLTXLG� FKURPDWRJUDSK\��$�

SRODU��ZDWHU�EDVHG�PRELOH�SKDVH� LV�XVHG�DV�DQ�HOXHQV��3XULILHG� OLVLQRSULO� LV�SUHFLSLWDWHG�

IURP�WKH�FRQFHQWUDWHG�FKURPDWRJUDSK\�PDLQ�IUDFWLRQV�ZKLFK�DUH�SUHVHQWO\�FRQFHQWUDWHG�

WR�WKH�VSHFLILHG�OLVLQRSULO�FRQFHQWUDWLRQ�E\�HYDSRUDWLRQ�RI�ZDWHU�LQ�D�YDFXXP�HYDSRUDWRU��
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(YDSRUDWLRQ�RI�ODUJH�YROXPHV�RI�ZDWHU�LV�QRW�HFRQRPLFDO�DQG�DV�DQ�DOWHUQDWLYH�VROXWLRQ�D�

UHYHUVH�RVPRVLV�FDQ�EH�XVHG��

5HYHUVH� RVPRVLV� LV� D� SUHVVXUH�GULYHQ� PHPEUDQH� SURFHVV� ZKHUHE\� WKH� QDWXUDO�

SKHQRPHQRQ� RI� RVPRVLV� LV� UHYHUVHG� E\� WKH� DSSOLFDWLRQ� RI� SUHVVXUH� WR� D� FRQFHQWUDWHG�

VROXWLRQ� LQ� FRQWDFW�ZLWK� D� VHPL�SHUPHDEOH�PHPEUDQH��� ,I� WKH� DSSOLHG�SUHVVXUH� H[FHHGV�

WKH� VROXWLRQ¶V� QDWXUDO� RVPRWLF� SUHVVXUH�� WKH� VROYHQW� ZLOO� IORZ� WKURXJK� WKH� PHPEUDQH��

,RQV�DQG�PROHFXOHV�GLVVROYHG� LQ� WKH�VROXWLRQ�DUH� UHMHFWHG��7KH�UDWH�RI�VROYHQW� WUDQVSRUW�

DFURVV�WKH�PHPEUDQH�GHSHQGV�RQ�WKH�PHPEUDQH�SURSHUWLHV��WKH�VROXWLRQ�WHPSHUDWXUH��WKH�

RVPRWLF�SUHVVXUH�RI� WKH� VROXWLRQ�DQG� WKH�DSSOLHG�SUHVVXUH��7KH�SKHQRPHQRQ�RI� UHYHUVH�

RVPRVLV� KDV� EHHQ� NQRZQ� IRU�PRUH� WKDQ� D� FHQWXU\�� EXW� WKHUH� KDV� EHHQ� QR� FRPPHUFLDO�

LQWHUHVW� LQ� WKH� LQGXVWULDO� XVH� RI� PHPEUDQHV� GXH� WR� WKHLU� ORZ� SHUPHDELOLW\�� 7KH�

EUHDNWKURXJK� LQ�WKH�LQGXVWULDO�XVH�RI�UHYHUVH�RVPRVLV�PHPEUDQHV�ZDV�WKH�GHYHORSPHQW�

RI�DV\PPHWULF�� WKLQ�VNLQ�FHOOXORVH�DFHWDWH�PHPEUDQHV�E\�/RHE�DQG�6RXULUDMDQ�LQ�������

1RZDGD\V��UHYHUVH�RVPRVLV�PHPEUDQHV�DUH�RI�D�EURDG�FRPPHUFLDO� LQWHUHVW�DQG�XVHG�LQ�

PDQ\� LQGXVWULDO� DSSOLFDWLRQV� LQ� YDULRXV� LQGXVWU\� EUDQFKHV�� VXFK� XV� FKHPLFDO� SURFHVV�

LQGXVWU\�� ELRWHFKQRORJ\�� SKDUPDFHXWLFDO� LQGXVWU\�� IRRG� SURFHVVLQJ�� WH[WLOH��

VHPLFRQGXFWRU�� PHWDOV� DQG� PHWDO� ILQLVKLQJ� LQGXVWU\�� SXOS� DQG� SDSHU� LQGXVWU\�� HWF��

$SSOLFDWLRQV� DUH� YDULHG� DQG� LQFOXGH� SRWDEOH� DQG� KLJK� SXULW\�ZDWHU�SURGXFWLRQ�� SURFHVV�

DQG� HIIOXHQW� ZDWHU� UHXVH�� UHFRYHU\� RI� FKHPLFDOV� DQG� PHWDOV� IURP� SURFHVV� VWUHDPV��

ZDWHU�RUJDQLF� DQG� RUJDQLF� PL[WXUHV� VHSDUDWLRQ�� GDLU\�� MXLFH� DQG� EHYHUDJHV� SURFHVVLQJ��

OLJKW�EHHU�DQG�ZLQH�SURGXFWLRQ�DQG�IHUPHQWDWLRQ�SURGXFWV�UHFRYHU\�DQG�SXULILFDWLRQ����

7UDGLWLRQDO� WHFKQRORJLHV� DUH� VXEVWLWXWHG� IRU� E\� UHYHUVH� RVPRVLV� GXH� WR� ORZHU�

LQYHVWPHQW��RSHUDWLQJ�DQG�PDLQWHQDQFH�FRVWV�DQG�RWKHU�DGYDQWDJHV�VXFK�XV�ORZ�RSHUDWLQJ�

WHPSHUDWXUHV�� VLPSOH� DXWRPDWLRQ� DQG� VWUDLJKWIRUZDUG� VFDOH�XS�� 8QIRUWXQDWHO\�� UHYHUVH�

RVPRVLV� PHPEUDQHV� KDYH� OLPLWHG� WHPSHUDWXUH� DQG� S+� RSHUDWLQJ� UDQJHV� DQG� OLPLWHG�

UHVLVWDQFH�WR�VRPH�FKHPLFDOV�VXFK�DV�FKORULQH�DQG�FHUWDLQ�RUJDQLF�VROYHQWV��DQG�WKHUHIRUH�

LW� FDQ� QRW� EH� XVHG� LQ� HYHU\� DSSOLFDWLRQ�� 5HYHUVH� RVPRVLV� FDQ� DOVR� QRW� EH� XVHG��ZKHQ�

VROXELOLWLHV�RI�VROXWHV�LQ�WKH�IHHG�VROXWLRQ�DUH�YHU\�ORZ�DQG�WKH\�SUHFLSLWDWH�UHDGLO\��2WKHU�

GUDZEDFNV��VXFK�XV�FRQFHQWUDWLRQ�SRODUL]DWLRQ�DQG�IRXOLQJ�SKHQRPHQD��ZKLFK�ORZHU�WKH�

SURFHVV� HIILFLHQF\�� DULVH� IURP� WKH� QDWXUH� RI� WKH� SURFHVV� LWVHOI� DQG� DUH� FRPPRQ� WR� DOO�
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PHPEUDQH�SURFHVVHV��%RWK�SKHQRPHQD�FDQ�EH�VXEVWDQWLDOO\�UHGXFHG�ZLWK�WKH�XVH�RI�WKH�

FURVV�IORZ�WHFKQLTXH��ZLWK�WKH�SURSHU�FRQVWUXFWLRQ�RI� WKH�PHPEUDQH�HOHPHQWV�DQG�ZLWK�

WKH� SURSHU� SUHWUHDWPHQW� RI� WKH� IHHG�� &RQFHQWUDWLRQ� SRODUL]DWLRQ� DQG� IRXOLQJ� DUH� RI� D�

FRPSOH[� DQG� WUDQVLHQW� QDWXUH� DQG� WKH\� DUH� YHU\� GLIILFXOW� WR� SUHGLFW�� HVSHFLDOO\� IRXOLQJ��

'HVLJQ�RI�D�IXOO�VFDOH�UHYHUVH�RVPRVLV�XQLW�KDV�WKHUHIRUH�WR�EH�EDVHG�RQ�SLORW�SODQW�WHVWV�

UHVXOWV�� 7KH� LQIOXHQFH� RI� WUDQVPHPEUDQH� SUHVVXUH�� WHPSHUDWXUH�� SHUPHDWH� UHFRYHU\��

YROXPHWULF�FRQFHQWUDWLRQ�IDFWRU�DQG�IHHG�SUH�WUHDWPHQW�PHWKRGV�RQ�IOX[��IRXOLQJ�UDWH�DQG�

PHPEUDQH�UHMHFWLRQ�SURSHUWLHV�KDYH�WR�EH�FDUHIXOO\�HYDOXDWHG�GXULQJ�SLORW�SODQW�WHVWLQJ��

DQG�DV�D�UHVXOW��WKH�PHPEUDQH�DUHD��RSHUDWLQJ�SUHVVXUH�DQG�WHPSHUDWXUH�UDQJHV��FOHDQLQJ�

LQWHUYDOV� DQG� IHHG� SUHWUHDWPHQW� PHWKRGV� RI� D� IXOO�VFDOH� XQLW� DUH� GHWHUPLQHG�� )LQDOO\��

EDVHG�RQ�WKH�UHVXOWV�RI�SLORW�SODQW�WHVWV��LQYHVWPHQW�DQG�RSHUDWLQJ�FRVWV�DUH�HVWLPDWHG��

7KH�VXLWDELOLW\�RI�WKH�UHYHUVH�RVPRVLV�IRU�FRQFHQWUDWLQJ�WKH�PDLQ�IUDFWLRQV�IURP�WKH�

OLVLQRSULO� OLTXLG� FKURPDWRJUDSK\�ZDV� WHVWHG� XQGHU� YDULRXV� RSHUDWLQJ� FRQGLWLRQV� RQ� WKH�

SLORW� SODQW� XQLW� RI� RXU� RZQ� GHVLJQ�� 7KH� UHVXOWV� RI� WKH� SLORW� VFDOH� H[SHULPHQWV� DQG� WKH�

UHTXLUHG�IXOO�VFDOH�SURGXFWLRQ�FDSDFLW\�IRUPHG�D�EDVH�IRU�WKH�FDOFXODWLRQ�RI�D�PHPEUDQH�

DUHD� IRU�D� IXOO�VFDOH�SODQW�DQG� IRU�DQ�HVWLPDWH�RI� LQYHVWPHQW�DQG�RSHUDWLQJ�FRVWV�RI� WKH�

UHYHUVH�RVPRVLV�XQLW�DQG�WKH�HYDSRUDWRU��

�

'HVFULSWLRQ�RI�WKH�UHYHUVH�RVPRVLV�SLORW�SODQW�XQLW

7KH�UHYHUVH�RVPRVLV�SLORW�SODQW�XQLW�KDV�EHHQ�GHVLJQHG�IRU�D�SLORW�VFDOH�WHVWLQJ�RI�

YDULRXV�DSSOLFDWLRQV�DQG�IRU�D�SLORW�VFDOH�SURGXFWLRQ��7KH�XQLW�FDQ�EH�RSHUDWHG�HLWKHU�LQ�D�

EDWFK�RU�LQ�D�FRQWLQXRXV��VLQJOH�SDVV�PRGH�RI�RSHUDWLRQ��,Q�WKH�EDWFK�RSHUDWLRQ�PRGH�WKH�

SHUPHDWH�LV�UHPRYHG�IURP�WKH�V\VWHP�DQG�WKH�FRQFHQWUDWH�LV�UHF\FOHG�EDFN�WR�D�IHHG�WDQN��

$W� WKH� HQG� RI� WKH� EDWFK� SURFHVV� WKH� FRQFHQWUDWH� LV� GUDLQHG� IURP� WKH� IHHG� WDQN�� %DWFK�

V\VWHPV� DUH� XVXDOO\� GHVLJQHG� WR� RSHUDWH� ZLWK� D� FRQVWDQW� IHHG� SUHVVXUH� DQG� GHFOLQLQJ�

SHUPHDWH�IORZ�ZKLOH�WKH�IHHG�EHFRPHV�PRUH�FRQFHQWUDWHG��,Q�WKH�FRQWLQXRXV��VLQJOH�SDVV�

PRGH�RI�RSHUDWLRQ�ERWK�WKH�FRQFHQWUDWH�DQG�WKH�SHUPHDWH�DUH�UHPRYHG�IURP�WKH�V\VWHP��

7KH� IORZ� RI� WKH� SHUPHDWH� DQG� D� SHUPHDWH� UHFRYHU\� DUH� XVXDOO\� NHSW� FRQVWDQW� LQ�

FRQWLQXRXV� PRGH�� ZKLOH� WKH� YDULDWLRQV� LQ� IHHG� FRQFHQWUDWLRQ�� WHPSHUDWXUH� DQG� IRXOLQJ�

HIIHFWV�DUH�FRPSHQVDWHG�IRU�E\�DGMXVWLQJ�WKH�IHHG�SUHVVXUH��
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7KH� SLORW� SODQW� XQLW� ZDV� FRQVWUXFWHG� IURP� WZR� IHHG� WDQNV�� WZR� KLJK� SUHVVXUH�

SXPSV�� D� SUHVVXUH� YHVVHO� IRU� D� VSLUDO�ZRXQG� PHPEUDQH� HOHPHQW�� D� KHDW� H[FKDQJHU��

PHDVXULQJ� VHQVRUV�� UHJXODWLQJ� YDOYHV�� DQ� HOHFWUR�FDELQHW� ZLWK� SURJUDPPDEOH� ORJLF�

FRQWUROOHU�� WXELQJ� DQG�PDQXDO�YDOYHV��$�VLPSOLILHG� IORZ�FKDUW�RI� WKH�SLORW�SODQW�XQLW� LV�

VKRZQ�LQ�)LJXUH����

7KH� IHHG� LV�SXPSHG�IURP�RQH�RI� WKH�VWDLQOHVV�VWHHO� IHHG� WDQNV� WKURXJK�D�SUHILOWHU�

����WR�WKH�PHPEUDQH�HOHPHQW�E\�WZR�KLJK�SUHVVXUH�FHQWULIXJDO�SXPSV��3��DQG�3���&51�

���*UXQGIRV��'HQPDUN���7KH�IORZ�UDWH�RI� WKH� IHHG� LV� UHJXODWHG�PDQXDOO\�E\�EDOO�YDOYHV�

9���9���9��DQG�9���7KH��´�VSLUDO�ZRXQG�PHPEUDQH�HOHPHQW� LV�SODFHG�LQ� WKH�SUHVVXUH�

YHVVHO�����PDGH�RI�D�FRPSRVLWH�PDWHULDO��3KRHQL[�9HVVHOV�/WG���8QLWHG�.LQJGRP���7KH�

RSHUDWLQJ�OLPLWV�RI�WKH�SUHVVXUH�YHVVHO�DUH����EDUV�DQG����&��7KH�YHVVHO�LV�PRXQWHG�LQ�D�

YHUWLFDO�SRVLWLRQ�ZLWK�D�GUDLQ�YDOYH�DW� LWV�ERWWRP��:LWK�VXFK�D�FRQVWUXFWLRQ�D�FRPSOHWH�

GUDLQDJH� RI� WKH� FRQFHQWUDWH� LV� SRVVLEOH�� 7KH� FRQFHQWUDWH� FDQ� IORZ� IURP� WKH�PHPEUDQH�

HOHPHQW� WKURXJK�WKH�WXEH�DQG�VKHOO�KHDW�H[FKDQJHU�����EDFN�WR�RQH�RI�WKH�IHHG�WDQNV�RU�

WKURXJK�WKH�FRQFHQWUDWH�RXWOHW��7KH�FRQFHQWUDWH�SUHVVXUH�FRQFHQWUDWH�IORZ�LV�UHJXODWHG�E\�

D� SQHXPDWLF� UHJXODWLQJ� YDOYH� 59� �� �6DPVRQ�� *HUPDQ\��� 7KH� UHWHQWDWH� IORZ�UDWH� LV�

PHDVXUHG�E\�D�IORZ�PHWHU�)7����5RWDPHWHU���5RWD��*HUPDQ\��DQG�WKH�IORZ�UDWH�RI�WKH�

SHUPHDWH�E\�D�IORZ�PHWHU�)7����5RWDPHWHU���5RWD��*HUPDQ\���7KH�FRQFHQWUDWH�LQOHW�DQG�

RXWOHW�SUHVVXUHV�DUH�PHDVXUHG�ZLWK�SLH]RHOHFWULF�VHQVRUV�37��DQG�37���PHDVXULQJ�UDQJH�

�����EDU��:LNDWURQLF��:LND��$XVWULD���7KH�WHPSHUDWXUH�RI�WKH�FRQFHQWUDWH�LV�UHJXODWHG�E\�

D�VHOI�RSHUDWHG�WHPSHUDWXUH�UHJXODWRU��7HPSHUDWXUH�VHQVRU�77��LV�FRXSOHG�WR�D�WKHUPRVWDW�

7&�DQG�WR�D�UHJXODWLQJ�YDOYH�59����6DPVRQ��*HUPDQ\��ZKLFK�FRQWUROV�WKH�RXWIORZ�RI�WKH�

FRROLQJ� ZDWHU� IURP� WKH� WXEH� DQG� VKHOO� KHDW� H[FKDQJHU� ����� 7KH� WHPSHUDWXUH� RI� WKH�

FRQFHQWUDWH�LV�PHDVXUHG�E\�WKH�3W�����VHQVRU�77���-XPR��$XVWULD���%RWK�IHHG�WDQNV�DUH�

HTXLSSHG�ZLWK�WKH�VWDQGDUG�S+�ZHOG�LQ�VRFNHWV��,QJROG��0HWWOHU�7ROHGR��6ZLW]HUODQG��LQ�

ZKLFK� WKH� VWDQGDUG� S+� HOHFWURGH� KRXVLQJV� �0HWWOHU� 7ROHGR�� 6ZLW]HUODQG�� FDQ� EH�

PRXQWHG��7KH�S+�LV�PHDVXUHG�ZLWK�D�S+�PHWHU�S+7��(QGUHVV�+DXVHU��*HUPDQ\��DQG�S+�

HOHFWURGH��0HWWOHU�7ROHGR��6ZLW]HUODQG���

7KH� SLORW� SODQW� XQLW� RSHUDWLRQ� LV� FRQWUROOHG� E\� DQ� LQGXVWULDO� SURJUDPPDEOH� ORJLF�

FRQWUROOHU���6\VPDF�&���+6��VHULHV��2PURQ���-DSDQ����7KH��3/&�LV��FRQQHFWHG��WKURXJK��D�
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)LJXUH �� 6LPSOLILHG IORZ�FKDUW RI D UHYHUVH RVPRVLV SLORW SODQW XQLW� /HJHQG� ��� IHHG WDQNV� ��� SUHILOWHU�

3��ILUVW VWDJH KLJK SUHVVXUH IHHG SXPS� 3��VHFRQG VWDJH KLJK SUHVVXUH IHHG SXPS� 3,�SUHVVXUH LQGLFDWRU�

��� SUHVVXUH YHVVHO ZLWK WKH �´ VSLUDO�ZRXQG PHPEUDQH HOHPHQW� 37��SUHVVXUH VHQVRU DW WKH LQOHW RI WKH

IHHG WR WKH SUHVVXUH YHVVHO�PHPEUDQH HOHPHQW� 37��SUHVVXUH VHQVRU DW WKH RXWOHW RI WKH FRQFHQWUDWH IURP

SUHVVXUH YHVVHO�PHPEUDQH HOHPHQW� )7��FRQFHQWUDWH IORZ�PHWHU� )7��SHUPHDWH IORZ�PHWHU� 77��3W���

WHPSHUDWXUH VHQVRU� 59��HOHFWURSQHXPDWLF UHJXODWLQJ YDOYH IRU WKH FRQFHQWUDWH RXWOHW SUHVVXUH�FRQFHQWUDWH

IORZ�UDWH FRQWURO� ��� WXEH DQG VKHOO�KHDW H[FKDQJHU� 77��WHPSHUDWXUH VHQVRU� 7&�WHPSHUDWXUH UHJXODWRU�

59��FRROLQJ ZDWHU RXWIORZ UHJXODWLQJ YDOYH� S+7�S+ PHWHU�

�

56���&� SRUW� ZLWK� D� WRXFK� VHQVLWLYH� /&'� JUDSKLFDO� GLVSOD\� �2PURQ�� -DSDQ��� )RU� WKH�

FRPPXQLFDWLRQ�ZLWK�D�SHUVRQDO�FRPSXWHU�DQ� LQWHUIDFH�KDV� WR�EH�XVHG��&,)�����2PURQ��

-DSDQ��� 7KH� SURJUDPPDEOH� ORJLF� FRQWUROOHU� KDV� HLJKW� DQDORJ� LQSXWV� ������ P$��� WZR�

DQDORJ� RXWSXWV� ������ P$��� VL[WHHQ� GLJLWDO� LQSXWV� DQG� VL[WHHQ� GLJLWDO� RXWSXWV�� $QDORJ�

VLJQDOV� IURP� WZR� SUHVVXUH� WUDQVPLWWHUV� �37��� 37���� WHPSHUDWXUH� WUDQVPLWWHU� �77����

FRQFHQWUDWH�IORZ�WUDQVPLWWHU��)7����SHUPHDWH�IORZ�WUDQVPLWWHU��)7���DQG�S+�PHWHU��S+7��

DUH�WUDQVIHUHG�WR�WKH�3/&�DQG�VKRZQ�RQ�WKH�GLVSOD\��7KH�3/&�LV�SURJUDPPHG�WR�VXSSRUW�

IRXU� GLIIHUHQW� FRQWURO�PRGHV�IHHG� EDFN� FRQWURO� ORRSV�� FRQVWDQW� IHHG� SUHVVXUH�� FRQVWDQW�
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SHUPHDWH� IORZ�UDWH�� FRQVWDQW� FRQFHQWUDWH� IORZ�UDWH� DQG� FRQVWDQW� YROXPHWULF�

FRQFHQWUDWLRQ�IDFWRU��$�VLPSOLILHG�IORZ�FKDUW�RI�WKH�SLORW�SODQW�XQLW�DQG�PHDVXUHG�YDOXHV�

DV� ZHOO� � DV� WKH�PHQX� DQG� WKH�PRGH� RI� RSHUDWLRQ� NH\V� DUH� VKRZQ� RQ� WKH� GLVSOD\�� 7KH�

SXPSV�DUH�VZLWFKHG�RQ�RII�E\�SUHVVLQJ� WKH� WRXFK�VHQVLWLYH�SXPS�V\PEROV�RQ� WKH� IORZ�

FKDUW��6LPLODUO\��PHQXV�DQG�PRGHV�RI�RSHUDWLRQ�DUH�FKRVHQ�E\�SUHVVLQJ� WRXFK�VHQVLWLYH�

NH\V�� 7KH� VHW� SRLQWV�� ORZ�� DQG� KLJK�DODUP� OLPLWV�� UHJXODWRUV� FRQVWDQWV� DQG� RWKHU�

SDUDPHWHUV� FDQ� EH� VHW� LQ�PHQXV��$� EHHSLQJ� VRXQG� DQG� EOLQNLQJ� OLJKW� DUH� WXUQHG� RQ� WR�

VLJQDOL]H� WKDW� WKH� DODUP� OLPLW�� HLWKHU� ORZ� RU� KLJK�� KDV� EHHQ� UHDFKHG�� ZKLOH� WKH� DODUP�

GHVFULSWLRQ�LV�VKRZQ�LQ�WKH�DODUP�KLVWRU\�ORJ��

�

([SHULPHQWDO�

([SHULPHQWDO� PHWKRGV�� 3LORW� VFDOH� WHVWV� RI� WKH� FRQFHQWUDWLQJ� RI� WKH� OLVLQRSULO�

FKURPDWRJUDSK\�PDLQ�IUDFWLRQV�ZLWK�WKH�UHYHUVH�RVPRVLV�ZHUH�GRQH�ERWK�LQ�D�EDWFK�DQG�

LQ� D� FRQWLQXRXV� RSHUDWLRQ� PRGH� XQGHU� YDULRXV� RSHUDWLQJ� FRQGLWLRQV�� $� �´� )LOPWHF��

%:��������VSLUDO�ZRXQG�UHYHUVH�RVPRVLV�PHPEUDQH�HOHPHQW�ZLWK�����P��RI�WKH�DFWLYH�

VXUIDFH� DUHD� ZDV� XVHG� �7KH�'RZ�&KHPLFDO� &RPSDQ\�� 8�6�$��� $� UDWHG� SURGXFW� ZDWHU�

IORZ� UDWH� RI� WKH� PHPEUDQH� HOHPHQW� LV� DSSUR[LPDWHO\� ���� /�K� RU� ��� /�KP�� DQG� WKH�

PLQLPXP�VDOW�UHMHFWLRQ�LV�������7KH�SHUPHDWH�IORZ�UDWH�DQG�VDOW�UHMHFWLRQ�DUH�EDVHG�RQ�

WKH� VWDQGDUG� WHVW� FRQGLWLRQV�� �����SSP�1D&O�� ���EDUV�����&��S+����SHUPHDWH� UHFRYHU\�

���� �7KH� 'RZ� &KHPLFDO� &RPSDQ\�� 8�6�$��� 7KH� PD[LPXP� SHUPLVVLEOH� RSHUDWLQJ�

SUHVVXUH� LV� ��� EDUV� DQG� WKH�PD[LPXP� RSHUDWLQJ� WHPSHUDWXUH� ���&�� 7KH� RSHUDWLQJ� S+�

UDQJH�LV������������

(IIHFWV�RI�WKH�FRQFHQWUDWLRQ�RI�WKH�OLVLQRSULO�LQ�D�IHHG�VROXWLRQ�RQ�WKH�SHUIRUPDQFH�

RI� WKH� SURFHVV� ZHUH� HYDOXDWHG� ZLWK� EDWFK� H[SHULPHQWV�� ZKHUH� WKH� FRQFHQWUDWH� ZDV�

UHF\FOHG�EDFN�WR�WKH�IHHG�WDQN�DQG�WKH�SHUPHDWH�ZDV�GUDLQHG��7KH�H[SHULPHQWV�ZHUH�GRQH�

ZLWKLQ� WKH� OLVLQRSULO� FRQFHQWUDWLRQ� UDQJH� IURP� �� J�/� WR� ���� J�/�� 7KH� IRXOLQJ� UDWH�ZDV�

VWXGLHG� LQ� D� FRQWLQXRXV�� VLQJOH� SDVV� RSHUDWLRQ� PRGH� DW� D� FRQVWDQW� IHHG� VROXWLRQ�

FRQFHQWUDWLRQ�� 7R� NHHS� WKH� IHHG� FRQFHQWUDWLRQ� FRQVWDQW�� ERWK� WKH� FRQFHQWUDWH� DQG�

SHUPHDWH�ZHUH�UHF\FOHG�EDFN�WR�WKH�IHHG�WDQN��7KH�H[SHULPHQWV��ERWK�LQ�WKH�EDWFK�DQG�LQ�

WKH�FRQWLQXRXV�RSHUDWLRQ�PRGH��ZHUH� UXQ�DW�D�SHUPHDWH� IOX[�������/�KP��� WHPSHUDWXUH�
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������ �&� DQG� SHUPHDWH� UHFRYHU\� �������� WR� VLPXODWH� WKH� IXOO�VFDOH� LQGXVWULDO� SURFHVV��

ZKLFK�LV�QRUPDOO\�RSHUDWHG�ZLWK�WKH�FRQVWDQW�IOX[��DV�FORVH�DV�SRVVLEOH��

0HPEUDQH� UHMHFWLRQ� SURSHUWLHV� ZHUH� HYDOXDWHG� ZLWK� D� PRQLWRULQJ� RI� OLVLQRSULO�

FRQFHQWUDWLRQV� LQ� WKH� FRQFHQWUDWH� DQG� LQ� WKH�SHUPHDWH��6DPSOHV�RI� WKH�FRQFHQWUDWH�DQG�

WKH�SHUPHDWH�ZHUH� WDNHQ�DW�FHUWDLQ� LQWHUYDOV�GXULQJ� WKH� WHVW� UXQV�DQG�DQDO\]HG�ZLWK� WKH�

GHVFULEHG�DQDO\WLFDO�PHWKRG��

$QDO\WLFDO� PHWKRG�� 7KH� FRQFHQWUDWLRQ� RI� OLVLQRSULO� LQ� VDPSOHV� ZDV� GHWHUPLQHG�

ZLWK� D� KLJK� SHUIRUPDQFH� OLTXLG� FKURPDWRJUDSK\��$Q�+3������+3/&� V\VWHP� �+HZOHWW�

3DFNDUG��86$��ZLWK�D�GHJDVVHU��JUDGLHQW�SXPS��DXWRVDPSOHU��FROXPQ�WKHUPRVWDW�DQG�89�

GHWHFWRU�ZDV�XVHG��7KH�FKURPDWRJUDSKLF�V\VWHP�ZDV�FRQQHFWHG�WR�D�SHUVRQDO�FRPSXWHU�

DQG� FRQWUROOHG�ZLWK� D� &KHP6WDWLRQ� VRIWZDUH� �$JLOHQW� 7HFKQRORJLHV�� 86$���$Q�+3/&�

FROXPQ� ZLWK� WKH� GLPHQVLRQV� RI� ���� [� ���� PP� ZDV� SDFNHG� ZLWK� �PP�+\SHUVLO� 2'6�

VWDWLRQDU\�SKDVH��7KHUPR+\SHUVLO�/WG���8.���$�JUDGLHQW�ZDV�XVHG�IRU�FKURPDWRJUDSKLF�

VHSDUDWLRQ� ���PLQ�� ���%����PLQ�� ����%�����PLQ�� ����%�������PLQ�������%�����PLQ�

�����%�����PLQ����%�����PLQ�����%���7KH�PRELOH�SKDVH�$�ZDV�PDGH�ZLWK�����RI�WKH�

SKRVSKDWH�EXIIHU�VROXWLRQ�DQG�ZLWK����RI�DFHWRQLWULOH��LVRFUDWLF�JUDGH��0HUFN��*HUPDQ\��

DQG� WKH� PRELOH� SKDVH� %� ZLWK� ���� RI� WKH� SKRVSKDWH� EXIIHU� VROXWLRQ� DQG� ���� RI�

DFHWRQLWULOH��7KH�EXIIHU�VROXWLRQ�ZDV�SUHSDUHG�E\�GLVVROYLQJ������J�RI�VRGLXP�GLKLGURJHQ�

SKRVSKDWH� GLK\GUDWH� �S�D��� 0HUFN�� *HUPDQ\�� LQ� ����� P/� RI� 0LOOL4� ZDWHU� DQG� ZLWK�

DGMXVWLQJ�RI�S+�RI�VROXWLRQ�WR�����ZLWK�D�VROXWLRQ�RI�����SKRVSKRULF�DFLG��S�D���0HUFN��

*HUPDQ\���7KH�IORZ�UDWH�RI�WKH�PRELOH�SKDVH�ZDV�����P/�PLQ�DQG�WKH�WHPSHUDWXUH�RI�WKH�

FROXPQ����&��/LVLQRSULO�ZDV�GHWHFWHG�DW�����QP��7KH�UHWHQWLRQ�WLPH�ZDV�����PLQXWHV��

�

5HVXOWV�DQG�GLVFXVVLRQ�

6RPH� UHVXOWV� RI� DQ� H[WHQVLYH� SLORW� SODQW� WHVWLQJ� SURJUDPPH� DUH� VXPPDUL]HG� WR�

LOOXVWUDWH� WKH�PRVW� LPSRUWDQW� DVSHFWV�ZKLFK� KDYH� WR� EH� FRQVLGHUHG� IRU� WKH�52� SURFHVV�

GHVLJQ��VXFK�XV�HIIHFWV�RI�YDULRXV�RSHUDWLQJ�YDULDEOHV��FRQFHQWUDWLRQ�RI� OLVLQRSULO� LQ�WKH�

IHHG� VROXWLRQ�� S+�� WHPSHUDWXUH�� SHUPHDWH� UHFRYHU\� DQG� IHHG� SUHVVXUH�� RQ� WKH� SURFHVV�

SHUIRUPDQFH�DQG�PHPEUDQH�UHMHFWLRQ�SURSHUWLHV��
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H[SHULPHQW $

H[SHULPHQW %

SHUPHDWH IOX[

FRQFHQWUDWH LQOHW SUHVVXUH

WHPSHUDWXUH

SHUPHDWH UHFRYHU\

)LJXUH �� 7KH LQIOXHQFH RI WKH OLVLQRSULO FRQFHQWUDWLRQ� WKH WHPSHUDWXUH DQG WKH SHUPHDWH UHFRYHU\ RQ WKH

SHUPHDWH IOX[ DQG WKH IHHG SUHVVXUH GXULQJ EDWFK FRQFHQWUDWLRQ RI OLVLQRSULO ² UHVXOWV RI WZR H[SHULPHQWV

�)LOPWHF� %:������� �´ VSLUDO�ZRXQG 52 PHPEUDQH� S+ ������

�

7KH� UHVXOWV� RI� WZR� H[SHULPHQWV� ZKHUH� WKH� LQIOXHQFH� RI� WKH� FRQFHQWUDWLRQ�� WKH�

WHPSHUDWXUH�DQG�WKH�SHUPHDWH�UHFRYHU\�RQ�WKH�SHUPHDWH�IOX[�DQG�WKH�IHHG�SUHVVXUH�ZDV�

VWXGLHG�DUH�VKRZQ�LQ�)LJXUH����,Q�WKH�H[SHULPHQW�$�OLVLQRSULO�VROXWLRQ�ZDV�FRQFHQWUDWHG�

LQ�D�EDWFK�PRGH�IURP�����WR������J�/��7KH�SHUPHDWH�IOX[�UDLVHG�IURP�LQLWLDO����/�KP��WR�

���/�KP���GHVSLWH�RI�KLJKHU� OLVLQRSULO� FRQFHQWUDWLRQV�DQG�GHFUHDVH�RI� WKH� IHHG�SUHVVXUH�

IURP� ����� EDUV� WR� ����� EDUV�� 7KH� UHDVRQ� IRU� VXFK� EHKDYLRXU� ZDV� WKH� FKDQJH� LQ�

WHPSHUDWXUH��ZKLFK�LQFUHDVHG�GXH�WR�IULFWLRQ�ORVVHV�IURP�WKH�LQLWLDO������&�WR�������&�DW�

WKH� HQG�� 7KH� UHYHUVH� RVPRVLV� SKHQRPHQRQ� H[LKLELWV� D� VWURQJ� GHSHQGHQFH� RQ� WKH�

WHPSHUDWXUH��,I�WKH�WHPSHUDWXUH�LQFUHDVHV�DQG�DOO�RWKHU�SDUDPHWHUV�DUH�NHSW�FRQVWDQW��WKH�

SHUPHDWH� IOX[� ZLOO� LQFUHDVH� DOPRVW� OLQHDUO\��������� ,Q� WKH� H[SHULPHQW� %� WKH� VROXWLRQ�

FRQFHQWUDWLRQ�ZDV�EHWZHHQ������J�/�DQG������J�/��WKH�WHPSHUDWXUH�URVH�IURP�������&�WR�

���� �&�� WKH� IHHG�SUHVVXUH� IURP������ WR������EDUV�DQG� WKH�SHUPHDWH� IOX[�GURSSHG� IURP�

�����/�KP��WR������/�KP���7KH�IOX[�GHFUHDVHG�GXH�WR�WKH�FRQFHQWUDWLRQ�FKDQJH�GXULQJ�WKH�

RSHUDWLRQ��7R�NHHS�WKH�SHUPHDWH�IOX[�FRQVWDQW�WKH�IHHG�SUHVVXUH�VKRXOG�KDYH�EHHQ�UDLVHG��

7KH� VXPPDUL]HG� � GDWD� RI� D� IHZ�EDWFK� FRQFHQWUDWLRQ� H[SHULPHQWV� � DUH� � VKRZQ� � LQ� � WKH�
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IHHG SUHVVXUH

SHUPHDWH IOX[

)LJXUH �� 7KH LQIOXHQFH RI WKH OLVLQRSULO FRQFHQWUDWLRQ RQ WKH SHUPHDWH IOX[ DQG WKH IHHG SUHVVXUH GXULQJ

EDWFK FRQFHQWUDWLRQ RI OLVLQRSULO ² VXPPDUL]HG UHVXOWV RI ILYH H[SHULPHQWV� 7KH SHUPHDWH IOX[ ZDV NHSW

DSSUR[LPDWHO\ ����� /�KP
�
GXULQJ WKH H[SHULPHQWV� �)LOPWHF� %:������� �´ VSLUDO�ZRXQG 52

PHPEUDQH� SHUPHDWH UHFRYHU\ ������� ����� �&� S+ �������

WLPH �PLQ�
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SHUPHDWH IOX[

FRQFHQWUDWH LQOHW SUHVVXUH

WHPSHUDWXUH

SHUPHDWH UHFRYHU\

)LJXUH �� 6WXG\ RI D IRXOLQJ SKHQRPHQRQ GXULQJ WKH FRXQWLQXRXV� VLQJOH�SDVV RSHUDWLRQ PRGH DW D

FRQVWDQW IHHG VROXWLRQ FRQFHQWUDWLRQ� �)LOPWHF� %:������� �´ VSLUDO�ZRXQG 52 PHPEUDQH� OLVLQRSULO

FRQFHQWUDWLRQ ���� J�/� SHUPHDWH UHFRYHU\ ������� ����� �&� S+ �������
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)LJXUH� � ��� 7KH� SHUPHDWH� UHFRYHU\� � ZDV� ������� DQG� WKH� WHPSHUDWXUHV� ������ �&�� 7KH�

DYHUDJH� SHUPHDWH� IOX[� ZDV� ������ /�KP�� DQG� WKH� IHHG� SUHVVXUH� ������ EDUV� DW� D�

FRQFHQWUDWLRQ�ORZHU�WKDQ����J�/�DQG�DERXW����EDUV�DW�D�KLJKHU�FRQFHQWUDWLRQ��

$�IRXOLQJ�SKHQRPHQRQ�ZDV�VWXGLHG�LQ�WKH�FRQWLQXRXV��VLQJOH�SDVV�RSHUDWLRQ�PRGH�

DW� D� FRQVWDQW� IHHG� VROXWLRQ� FRQFHQWUDWLRQ�� 7KH� UHVXOWV� DUH� VKRZQ� LQ� )LJXUH� ���

7KHFRQFHQWUDWLRQ� RI� OLVLQRSULO� ZDV� ����� J�/�� WKH� SHUPHDWH� UHFRYHU\� ������� DQG� WKH�

WHPSHUDWXUH��������&��7KH�SHUPHDWH�IOX[�DQG�WKH�IHHG�SUHVVXUH�ZHUH�QHDUO\�FRQVWDQW�IRU�

PRUH� WKDQ���KRXUV��7KH�IOX[�ZDV�������/�KP��DQG� WKH� IHHG�SUHVVXUH�DSSUR[LPDWHO\����

EDUV�� )RXOLQJ� ZDV� QHJOLJLEOH� EHFDXVH� RI� WKH� JRRG� TXDOLW\� RI� WKH� IHHG� VROXWLRQ� QRW�

FRQWDLQLQJ�DQ\�SUREOHPDWLF�VROXWHV�ZKLFK�FRXOG�UHYHUVLEO\�RU�HYHQ�LUUHYHUVLEO\�IRXO�WKH�

PHPEUDQH��

7KH� SLORW� SODQW� WHVWLQJ� VKRZHG� WKDW�ZLWK� D�PRGHUDWH� IHHG� SUHVVXUH� WKH� SHUPHDWH�

IOX[�������/�KP��FDQ�EH�NHSW�RYHU�WKH�ZKROH�FRQFHQWUDWLRQ�UDQJH��7KH�SHUPHDWH�IOX[�RI�

WKH�OLVLQRSULO�VROXWLRQ�LV��FRPSDUHG�WR�WKH�SHUPHDWH�IOX[�RI�D�VDOW�VROXWLRQ�UHSRUWHG�LQ�WKH�

PHPEUDQH� VSHFLILFDWLRQ������� UHODWLYHO\� KLJK�� 7KH� UHDVRQ� IRU� WKH� KLJK� IOX[� LV� WKH� ORZ�

RVPRWLF�SUHVVXUH�RI�WKH�OLVLQRSULO�VROXWLRQ��ZKLFK�LV��FDOFXODWHG�IRU�WKH�FRQFHQWUDWLRQ�����

J�/�����EDUV��

0HPEUDQH�UHMHFWLRQ�SURSHUWLHV��ZKLFK�DUH�DOVR�RQH�RI�WKH�LPSRUWDQW�DVSHFWV�ZKHQ�

FRQVLGHULQJ� WKH� 52� SURFHVV� GHVLJQ�� ZHUH� HYDOXDWHG� WRJHWKHU� ZLWK� WKH� VWXG\� RI� WKH�

SHUPHDWH� IOX[�EHKDYLRXU��7KH�FRQFHQWUDWLRQ� �RI� OLVLQRSULO� LQ� WKH�FRQFHQWUDWH�DQG� LQ� WKH�

SHUPHDWH� ZHUH� PRQLWRUHG� GXULQJ� WHVW� UXQV�� 7KH� UHVXOWV� DUH� VKRZQ� LQ� WKH� )LJXUH� ���

1HJOLJLEOH� FRQFHQWUDWLRQV� RI� WKH� OLVLQRSULO� LQ� WKH� SHUPHDWH� WKURXJKRXW� WKH� ZKROH�

FRQFHQWUDWLRQ�UDQJH�LQGLFDWH�D�YHU\�KLJK��DOPRVW�FRPSOHWH�UHMHFWLRQ�RI�WKH�PROHFXOH�7KH�

UHMHFWLRQ�RI� DQ\� VROXWH�FDQ�EH�GHVFULEHG�PDWKHPDWLFDOO\��ZLWK� WKH� UHMHFWLRQ�FRHIILFLHQW��

ZKLFK�LV�GHILQHG�DV�������

�

� � 5

&
S

&
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�

ZKHUH�&S��LV�WKH�FRQFHQWUDWLRQ�RI�WKH��VROXWH�LQ��WKH�SHUPHDWH�DQG�&F�LV�WKH�FRQFHQWUDWLRQ�
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)LJXUH �� 7KH FRQFHQWUDWLRQ RI WKH OLVLQRSULO LQ WKH SHUPHDWH DV D IXQFWLRQ RI WKH FRQFHQWUDWLRQ RI WKH

OLVLQRSULO LQ WKH FRQFHQWUDWH ² VXPPDUL]HG UHVXOWV RI VHYHQ H[SHULPHQWV� �)LOPWHF� %:������� �´ VSLUDO�

ZRXQG 52 PHPEUDQH� SHUPHDWH IOX[ ����� /�KP
�
� SHUPHDWH UHFRYHU\ ������� ����� �&� S+ �������

�

RI�WKH�VROXWH�LQ�WKH�FRQFHQWUDWH��:KHQ�WKH�VROXWH�LV�QRW�SUHVHQW�LQ�WKH�SHUPHDWH�WKHQ�WKH�

UHMHFWLRQ� FRHIILFLHQW� LV� �� DQG� WKH� PHPEUDQH� UHMHFWV� WKH� VROXWH� HQWLUHO\�� :KHQ� WKH�

FRQFHQWUDWLRQV�RI� WKH� VROXWH� LQ� WKH�SHUPHDWH� DQG� LQ� WKH�FRQFHQWUDWH�DUH�HTXDO�� WKHQ� WKH�

UHMHFWLRQ� FRHIILFLHQW� LV� �� DQG� WKH� PHPEUDQH� GRHV� QRW� UHMHFW� WKH� VROXWH�� 7KH� OLVLQRSULO�

UHMHFWLRQ�FRHIILFLHQW�FDQ�EH�FDOFXODWHG�IURP�WKH�EDWFK�FRQFHQWUDWLRQ�H[SHULPHQW�GDWD�ZLWK�

WKH�XVH�RI�WKH�IROORZLQJ�HTXDWLRQV�������
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5/63 ��������

H[SHULPHQW $� FRQFHQWUDWH

H[SHULPHQW $� SHUPHDWH

H[SHULPHQW %� FRQFHQWUDWH

H[SHULPHQW %� SHUPHDWH

)LJXUH �� 7KH SORW RI WKH QDWXUDO ORJDULWKPV RI WKH FRQFHQWUDWLRQ UDWLRV DJDLQVW WKH QDWXUDO ORJDULWKPV RI

WKH YROXPHWULF FRQFHQWUDWLRQ IDFWRUV �9&)� IRU WKH OLVLQRSULO �/63� ² VXPPDUL]HG UHVXOWV RI WZR

H[SHULPHQWV� 7KH EODFN FRORXUHG V\PEROV UHSUHVHQW WKH YDOXHV FDOFXODWHG IURP WKH FRQFHQWUDWLRQV RI

OLVLQRSULO LQ WKH FRQFHQWUDWH DQG WKH JUH\ FRORXUHG V\PEROV WKH YDOXHV FDOFXODWHG IURP WKH FRQFHQWUDWLRQV RI

OLVLQRSULO LQ WKH SHUPHDWH� �)LOPWHF� %:������� �´ VSLUDO�ZRXQG 52 PHPEUDQH� SHUPHDWH IOX[ �����

/�KP
�
� SHUPHDWH UHFRYHU\ ������� ����� �&� S+ ������

�

ZKHUH�&F� LV� WKH� OLVLQRSULO� FRQFHQWUDWLRQ� LQ� WKH�FRQFHQWUDWH� LQ� WLPH� W��&��F� LV� WKH� LQLWLDO�

OLVLQRSULO� FRQFHQWUDWLRQ� LQ� WKH� FRQFHQWUDWH� DQG�&S� LV� WKH� OLVLQRSULO� FRQFHQWUDWLRQ� LQ� WKH�

SHUPHDWH�LQ�WLPH�W��7KH�YROXPHWULF�FRQFHQWUDWLRQ�IDFWRU�9&)�LV�GHILQHG�DV�

�

� � 9&)
9

9
 �

� � � � � � � � ����

�

ZKHUH�9�LV�WKH�FRQFHQWUDWH�YROXPH�LQ�WLPH�W�DQG�9��LV�WKH�LQLWLDO�FRQFHQWUDWH�YROXPH��7KH�

GHWDLOHG� GHULYDWLRQ� RI� WKH� HTXDWLRQV� FDQ� EH� IRXQG� LQ� WKH� OLWHUDWXUH���� ,I� WKH� QDWXUDO�

ORJDULWKPV� RI� WKH� FRQFHQWUDWLRQ� UDWLRV� DUH� SORWWHG� DJDLQVW� WKH� QDWXUDO� ORJDULWKPV�RI� WKH�

YROXPHWULF� FRQFHQWUDWLRQ� IDFWRUV�� D� VWUDLJKW� OLQH� ZLWK� WKH� VORSH� HTXDO� WR� WKH� UHMHFWLRQ�
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FRHIILFLHQW�LV�REWDLQHG��7KH�SORW�IRU�OLVLQRSULO�LV�VKRZQ�LQ�)LJXUH����7KH�VORSH�RI�WKH�OLQH�

ZDV�FDOFXODWHG�ZLWK�D� OLQHDU� UHJUHVVLRQ��7KH�DOPRVW�FRPSOHWH� UHMHFWLRQ�RI� WKH�OLVLQRSULO�

ZDV�H[SHFWHG��EHFDXVH�RI�LWV�UHODWLYHO\�KLJK�PROHFXODU�ZHLJKW��������J�PRO���

$� VLPSOH� H[DPSOH� LOOXVWUDWHV� WKH� FDOFXODWLRQV� RI� WKH�PHPEUDQH� DUHD� IRU� WKH� IXOO�

VFDOH�52�XQLW�DQG�WKH�HVWLPDWLRQ�RI�HQHUJ\�UHTXLUHPHQWV�DQG�WKHLU�FRPSDULVRQ�ZLWK�WKH�

HQHUJ\�UHTXLUHPHQWV�RI�D�VLQJOH�VWDJH�YDFXXP�HYDSRUDWRU��7KH�FDOFXODWLRQV�DUH�EDVHG�RQ�

WKH�UHVXOWV�RI�WKH�H[SHULPHQWV��([DPSOH����P��RI�WKH�OLVLQRSULO�VROXWLRQ�KDV�WR�UHDFK�WKH�

FRQFHQWUDWLRQ� RI� ��� J�/� IURP� WKH� LQLWLDO� FRQFHQWUDWLRQ� RI� �� J�/� ZLWKLQ� �� KRXUV�� 7KH�

SHUPHDWH�IOX[�LV����/�KP���WKH�IHHG�SUHVVXUH����EDUV�DQG�WKH�SHUPHDWH�UHFRYHU\������

7KH�YROXPHWULF�FRQFHQWUDWLRQ�IDFWRU��9&)��LV�FDOFXODWHG�IURP�WKH�UDWLR�RI�WKH�ILQDO�

FRQFHQWUDWLRQ�RI�WKH�OLVLQRSULO��&��WR�WKH�LQLWLDO��&���FRQFHQWUDWLRQ�
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WKH�YROXPHV�RI�WKH�FRQFHQWUDWH��9��DQG�WKH�SHUPHDWH��9S��DUH�FDOFXODWHG�DV�IROORZV�
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WKH�UHTXLUHG�PHPEUDQH�DUHD��$��LV�FDOFXODWHG�IURP�WKH�SHUPHDWH�YROXPH��SURFHV�WLPH��W��

DQG�SHUPHDWH�IOX[��MS��

�

� � $

9
S

W M
S

/

K / KP
P 

�
 

�
 

����

� �� �
�� �

�
�� � � � ����

ILQDOO\� WKH� IHHG� IORZ� �4IHHG��� WKH� SRZHU� RI� WKH� IHHG� SXPS� �3)3�� HQG� WKH� WKHRUHWKLFDO�
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HQHUJ\� FRQVXPSWLRQ� IRU� FRQFHQWUDWLQJ� WKH� VROXWLRQ� ZLWK� WKH� 52� �(52�� DUH� FDOFXODWHG�

IURP�WKH�UHTXLUHG�SHUPHDWH�IORZ��4S���WKH�SHUPHDWH�UHFRYHU\��35��DQG�WKH�IHHG�SUHVVXUH�

�'SIHHG��

�

� � 4
IHHG

4
S

35

/ K
/ K 

�
 

�
 

����
��� ����

���
����

�
� � �

� ����

�

� � 3
)3

4
IHHG
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IHHG
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52

3
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�

�

(YDSRUDWLRQ� RI� DQ� HTXDO� DPRXQW� RI� ZDWHU� DW� ��� �&� LQ� WKH� VLQJOH�VWDJH� YDFXXP�

HYDSRUDWRU��S �����PEDUV��'+HYDS� �����N-�NJ�ZDWHU��UHTXLUHV��((9��

�

� � (
(9

P +
HYDS

NJ N- NJ 0:K �  �  '
�

� ����� ���� �� � � � �����

�

RU� ���� WRQV� RI� D� VXSHUKHDWHG� VWHDP� ��� EDUV�� ���� �&��� FRQGHQVHG� DQG� FRROHG� WR� ��� �&�

�6'+ ����� N-�NJ� VWHDP��� 6LPSOLILHG� FDOFXODWLRQV� QRW� LQFOXGH� K\GUDXOLF� DQG� HOHFWULF�

HIILFLHQFLHV� RI� SXPSV�� DQ\� K\GUDXOLF� DQG� WKHUPDO� ORVVHV� DQG� HQHUJ\� UHTXLUHPHQWV� RI� D�

YDFXXP�V\VWHP��52�KHDW�H[FKDQJHU�DQG�HYDSRUDWRU�FRQGHQVRUV��

(OHFWULFLW\� FRVWV� IRU� LQGXVWULDO� FXVWRPHUV� HTXDOV� ������N:K� DQG� VWHDP� ����WRQ�

��������N:K���7KH�FRVWV�IRU�FRQFHQWUDWLRQ�RI�RQH�EDWFK���P���RI�WKH�OLVLQRSULO�VROXWLRQ�

ZLWK� WKH� UHYHUVH� RVPRVLV� DUH� ������� 7KH� FRVWV� IRU� WKH� HYDSRUDWLRQ� DUH� KLJKHU�� �������

GHVSLWH�WKH�PRUH�H[SHQVLYH�HOHFWULFLW\��

,QYHVWPHQW�FRVWV�RI�D�IXOO�VFDOH�52�XQLW�DUH���������WR����������DQG�RI�D�VLQJOH��

VWDJH�YDFXXP�HYDSRUDWRU����������WR�����������



$FWD�&KLP��6ORY���������������������

-� 5åHQ� '� 6HQLFD� 0� 8ãWDU� 3� 'UQRYãHN� 6� .RJHM� $� 3DYNR� &RQFHQWUDWLRQ RI OLVLQRSULO SXULILHG«

����

�

&RQFOXVLRQV�

(YDSRUDWLRQ�RI� ODUJH�YROXPHV�RI�ZDWHU� IRU�FRQFHQWUDWLQJ� WKH�PDLQ�IUDFWLRQV� IURP�

WKH�OLVLQRSULO�FKURPDWRJUDSK\�LV�QRW�HFRQRPLFDO��)RU�WKLV�UHDVRQ�D�FRPSDUDWLYH�VWXG\�RI�

HQHUJ\�DQG�LQYHVWPHQW�FRVWV�IRU�WKH�UHYHUVH�RVPRVLV�DQG�HYDSRUDWLRQ�ZDV�GRQH��7KH�SLORW�

SODQW�WHVWLQJ�VKRZHG�WKDW�ZLWK�D�PRGHUDWH�IHHG�SUHVVXUH�WKH�SHUPHDWH�IOX[�������/�KP��

FDQ�EH�NHSW�RYHU� WKH�ZKROH�FRQFHQWUDWLRQ�UDQJH��)RXOLQJ�ZDV�QHJOLJLEOH�EHFDXVH�RI� WKH�

JRRG� TXDOLW\� RI� WKH� IHHG� VROXWLRQ� QRW� FRQWDLQLQJ� DQ\� SUREOHPDWLF� VROXWHV�ZKLFK� FRXOG�

UHYHUVLEO\� RU� HYHQ� LUUHYHUVLEO\� IRXO� WKH� PHPEUDQH�� 5HMHFWLRQ� RI� OLVLQRSULO� E\� WKH�

PHPEUDQH� LV� SUDFWLFDOO\� FRPSOHWH�� $� UHTXLUHG� IXOO�VFDOH� SURGXFWLRQ� FDSDFLW\� DQG� WKH�

UHVXOWV�RI�WKH�H[SHULPHQWV�IRUPHG�D�EDVH�IRU�D�FDOFXODWLRQ�RI�D�PHPEUDQH�DUHD�IRU�D�IXOO�

VFDOH�XQLW�DQG�IRU�DQ�HVWLPDWLRQ�RI�HQHUJ\�UHTXLUHPHQWV�DQG�HQHUJ\�FRVWV�IRU�WKH�UHYHUVH�

RVPRVLV�DQG�WKH�VLQJOH�VWDJH�YDFXXP�HYDSRUDWRU��7KH�FDOFXODWLRQ�VKRZHG�WKDW�WKH�XVH�RI�

UHYHUVH�RVPRVLV�LV�PRUH�HFRQRPLFDO�WKDQ�HYDSRUDWLRQ��

�

$FNQRZOHGJHPHQWV�

7KH�DXWKRUV�ZLVK�WR�VLQFHUHO\�WKDQN�0U��-DQH]�1RVDQ�IURP�$%1�G�R�R��&HOMH��6ORYHQLD��

ZKR�XQVHOILVKO\�VKDUHG�KLV�YDVW�NQRZOHGJH�RI�PHPEUDQH�SURFHVVHV�ZLWK�XV��0U��1RVDQ�

KDV�DOVR�FRQVWUXFWHG�WKH�GHVFULEHG�52�SLORW�SODQW�XQLW��

�

/LVW�RI�V\PEROV�XVHG

$� PHPEUDQH�DUHD��P���

&� FRQFHQWUDWLRQ��PJ�/��J�/��

&F� FRQFHQWUDWLRQ�RI�VROXWH�L�LQ�

FRQFHQWUDWH��PJ�/��J�/��

&��F� LQLWLDO�FRQFHQWUDWLRQ�RI�VROXWH�L�LQ�

FRQFHQWUDWH��PJ�/��J�/��

&S� FRQFHQWUDWLRQ�RI�VROXWH�L�LQ�

SHUPHDWH��PJ�/��J�/��

((9� HQHUJ\�FRQVXPSWLRQ�RI�

HYDSRUDWLRQ��N:K��

(52� HQHUJ\�FRQVXPSWLRQ�RI�52�

�N:K���

'(HYDS��HQWKDOS\�RI�HYDSRUDWLRQ��N-�NJ��

MS� SHUPHDWH�IOX[��/�KP���

P� TXDQWLW\�RI�ZDWHU�IRU�HYDSRUDWLRQ�

�NJ��

/63� OLVLQRSULO�

S� SUHVVXUH��PEDU�EDU��

'SIHHG� IHHG�SXPS�SUHVVXUH��EDU��

3)3� IHHG�SXPS�SRZHU��N:��

35� SHUPHDWH�UHFRYHU\�

5� UHMHFWLRQ�FRHIILFLHQW�RI�VROXWH�L�

4IHHG� IHHG�IORZ��/�K��P��K��

4S� SHUPHDWH�IORZ��/�K��P��K��

W� WLPH��V��K��

9� YROXPH�RI�FRQFHQWUDWH��/��P���
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9�� LQLWLDO�YROXPH�RI�FRQFHQWUDWH��/��

P���

9S� YROXPH�RI�SHUPHDWH��/��P���

9&)� YROXPHWULF�FRQFHQWUDWLRQ�IDFWRU�

�

5HIHUHQFHV�DQG�1RWHV�

�� %ODFNORFN 7�-�� 6KXPDQ� 5�)�� %XWFKHU -�:�� 6KHDULQ :�(� -U�� %XGDYDUL -�� *UHQGD 9�-�

-� 2UJ� &KHP� ����� ��� ��������

�� &OHDU\� -�'�� 7D\ORU� -�:� 'UXJ ,QWHOO� &OLQ� 3KDUP� ����� ��� ��������

�� 7RGG� 3�$�� +HHO� 5�&� 'UXJV ����� ��� ��������

�� 6LQJK� 5� 8OWUDSXUH :DWHU ����� �� ������

�� 3DXO� '�+� 8OWUDSXUH :DWHU ����� �� ������

�� 3DXO� '�+� 8OWUDSXUH :DWHU ����� ��� ������

�� 6HQLFD� '�� .RJHM 6�� 3DYNR� $� $FWD &KLP� 6ORY� ����� ��� ��������

�� 5LOH\ 5�/�� HW�DO� 'HVDOLQDWLRQ ����� ��� �������

�� 5DXWHQEDFK� 5� 0HPEUDQYHUIDKUHQ� *UXQGODJHQ GHU 0RGXO� XQG $QODJHQDXVOHJXQJ�

6SULQJHU�9HUODJ� %HUOLQ� ����� SS ��������

��� %\UQH� :� 5HYHUVH 2VPRVLV� $ 3UDFWLFDO *XLGH IRU ,QGXVWULDO 8VHUV� 7DOO 2DNV 3XEOLVKLQJ

,QF�� /LWWOHWRQ� 8�6�$�� �����

��� &KHU\DQ� 0� 8OWUDILOWUDWLRQ DQG 0LFURILOWUDWLRQ +DQGERRN� 7HFKQRPLF 3XEOLVKLQJ &RPSDQ\

,QF�� /DQFDVWHU� 8�6�$�� �����

��� .XONDUQL� 6�6�� )XQN (�:�� /L 1�1� 8OWUDILOWUDWLRQ� LQ 0HPEUDQH +DQGERRN� HGLWRUV :LQVWRQ�

:�6�� 6LUNDU� .�.� 9DQ 1RVWUDQG 5HLQKROG� 1HZ <RUN� ����� SS� �������

��� 3RUWHU� 0�&� ,QGXVWULDO 0HPEUDQH 6HSDUDWLRQV 7HFKQRORJ\� FRXUVH QRWHV� 7KH &HQWHU IRU

3URIHVVLRQDO $GYDQFHPHQW� 8�6�$� �����

��� )LOPWHF 0HPEUDQHV� 3URGXFWV DQG 6SHFLILFDWLRQ *XLGH� 'RZ /LTXLG 6HSDUDWLRQV� 7KH 'RZ

&KHPLFDO &RPSDQ\� ����

��� KWWS���ZZZ�ILOPWHF�FRP RU KWWS���ZZZ�GRZ�FRP�OLTXLGVHSV�LQGH[�KWP

��� 3HUU\� 5�+�� *UHHQ '� 3HUU\CV &KHPLFDO (QJLQHHUVC +DQGERRN� 0F*UDZ+LOO %RRN &RPSDQ\�

����

�

3RY]HWHN

/L]LQRSULO MH DNWLYQD IDUPDFHYWVND XþLQNRYLQD L] VNXSLQH $&( LQKLELWRUMHY� 3URL]YDMDPR JD

VLQWHWVNR ] YHþVWRSHQMVNR VLQWH]R� 3R NRQþDQL VLQWH]L JD RþLVWLPR ] QL]NRWODþQR WHNRþLQVNR

NURPDWRJUDILMR SUL NDWHUL XSRUDEOMDPR SRODUQR PRELOQR ID]R QD YRGQL RVQRYL� /L]LQRSULO SR

NRQþDQL NURPDWRJUDILML L]ROLUDPR L] JODYQLK IUDNFLM ] RERUMDQMHP� *ODYQH IUDNFLMH

NRQFHQWULUDPR Y HQRVWDYQHP HQRVWRSHQMVNHP YDNXXPVNHP XSDUMDOQLNX� .HU XSDUMDQMH

YHOLNLK NROLþLQ YRGH QL HNRQRPLþQR ODKNR ]D NRQFHQWULUDQMH XSRUDELPR UHYHU]QR RVPR]R�

8SRUDEQRVW UHYHU]QH RVPR]H ]D NRQFHQWULUDQMH JODYQLK IUDNFLM VPR SUL UD]OLþQLK

REUDWRYDOQLK SRJRMLK SUHYHULOL V SRVNXVL Y SLORWQHP PHULOX� 5H]XOWDWL SLORWQLK SRVNXVRY WHU

åHOMHQD NDSDFLWHWD LQGXVWULMVNH QDSUDYH VR ELOL RVQRYD ]D L]UDþXQ SRWUHEQH SRYUãLQH

PHPEUDQ WHU ]D RFHQR VWURãNRY HQHUJLMH LQ LQYHVWLFLMH ]D UHYHU]QR RVPR]R LQ XSDUMDOQLN�

3RHQRVWDYOMHQ L]UDþXQ MH SRND]DO� GD MH XSRUDED UHYHU]QH RVPR]H HNRQRPVNR XSUDYLþHQD�


